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Abstract

The MMR spectrum of 3-chlorothietahe”has been analysed by the use

of thfee éomputer techniques. These'are~ 1) Spectral decomposition

(DECOMP), 2) Spectral assignment (ASSIGN), and 3) Swalen and Rellly s

iterative program (NMRIT). DECOMP determlnes to a large extent the

frequencies and intensities of all lines which make up an unresolved

multiplet. ASSIGN calculates all possibie sets of energy levels which

are consistent with the observed frequencies and intensitles‘of the

completely resolved sPectrum MMRIT calculates, for each set of energy

' levels, the correspondlng coupling constants and chemical shifts if

they are real. Only one set of coupling constants-and chemlcal shlfts 
is consistent with the IMR spectrum of 3-chlorothietane. The chemical

shifts and vicinal coupling constants are guite normal. The geminal



Qcoupllng const&nt 1s -8 63 cps.- There 1s a large long-range coupllng
:.constant across the rlng of +3 12 cps. The other two 1ong range coupllng
coqstants are smaller and negatlve._ The geminal and 1ong range coupling

'constants‘are“compared With_theoretiqal'calculations;‘
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 Introduction

/

Four-membered ring compoundé are of muéh interest in NMRﬂ " The
molecular sfructures éf these compounds are relafifely well defined,
having been'detérmined exaétly-in several cases.t ™S Thus, - it should be
?oSsible to determine experiﬁentally thosé factors of geometry and/or
substitution which_are impdrtant iﬁ influencing coupling:constants and
chemical shifts. In addition the simplicity of thesé-molecules invites v
theoretical c&lcnl:l_a.’cic_msMn6 which can be cbmpared with experimental
results.

Furthef interest in thése mblecules, arising from the complexitf
of their spectra, involveslpossible large coupling.across the ring
between protoné sepafated by four saturaﬁed chemicél bonds. Such iong—-
range coupiing constant; ha&e ﬁeen.obsérvéd ih'both'saturated and
unsaturated sys’cems;.7 Observed douﬁling'ﬁhrough.four‘saturated boﬁds

7

has nearly always been less than'two cps alfhough exceptions have been

. found in such highly strained systemsias a.tricyclo-[l.l.l.O]?pentaﬂe,

_certain bicyclo-[2.1.1]-hexanes, [* 2730

7,11

and some bieyeclo-[2.2.1]-
heptanes. Although the eQuilibrium configuratién,of thesé strained
molecules is_oftén known, nd detailed knowledge of the.actgal bond ‘
lehgths aﬁd'bond angles is é?ailable; Furfhermore, the'compleiity.of

' 12-18

the MMR spectra rules out ﬁith‘féw exceptions the determinations of
~relative signs of the coupling conStantS. As a resulf any.successful
attempt to correlate longﬁrahgeicoupling constants with moleéﬁlar

structure or to make‘théoretical calculstions appears distant. However,
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if it is 1ndeed found that four-membered.ring compounds in general have
measurable lonaerange counling constants, this series of molecules will
provide a simple system in which to investigate this phenomenon.

This history led to the present investigetion of one membexr of this
series, 3-chlorothietane. Uhfortunatelv, itsAhighly-comtlicated non-
first-order spectrum.did not lend:itself to.easy analysis by conventional

.methods. The NMR parameters.of menv molecules having qﬁite’complex
spectra have been determined through the use of iteretlve computer
techniques, such as NMRIT developed by Swalen and Reilly;19 however,

in the case of four~membered ring compounds theSe methods have gener-

ally failed. Only a few highly substltuted molecules have been analyzedgo-gL

Awhlle such basic molecules as trimethylene oxide and trlmethylene sulflde,-'
despite much effort, have defied analysrs. |
This failure of NMRIT can be‘unaerstood.by a consideration'of the -

information necessary_for its success. Essentially it depends npon
sufficient prlor’hnowledge of the NMR parameters,.unavailable in the

 case of four-memhered riné compounds, so that'individualﬂexperimental.
transitions can be ass1gned to theoretically expected tran51t10ns, thus.
determlning the true energy levels of the molecule. In general these
energy levels are greetly overdetermlned by all of the trensitions,vso
that some transitions'needinot be assigned or can belassigned incorrectly
without causing failnre of the technique;‘ However, in the anelysis of

- 3=chlorcthietane as well as many Ouher molecules, the spectra are so 5

. highly mixed that many of the 1nd1v1dual lines cannot be resolved, even

under optimum experimental oonditlons.‘ Thus, there are two problems to

be solved to insure the successful analysis of these molecules. TFirst,

e



sl
as'many es possible'of'the'experimehtal:lines must'be.knowh accurately
. to insure the determination of the energy levels and to check the agree-
ment of the experimental spectrum with the celculated one. Second, the
analysis must be carried out so thz t it is not as dependent on prior
knowledge.of the approximate values of the WR parameters.

In order to determine enough experimental lines to-apply NMRIT
successfully it is necessary~to utilize more powerful methods‘than
visual estimations of line positions and intensities;” Methematical
methods for improving the resolutionvof overlapping spectral lines have
been reported 25-29 but do not appear to be widely used. DECOMP, a
computer method of resolVing overlapping MR spectral peaks described
below, was found-extremely useful in this analysils and promises to be .
useful in the analysis of many similer spectra. -

DECOMP solves the first of the abome mentioned problems in the
analysis of complicated second-order NMR spectra. However, even with
. this technique one i1s left with the'problem of construetihg an energy
level diagram from the.ob-served_tran'sitions..''Whitman28 has discussed a
computer assignment techhique and has appliéd it to a well resolved
A B spectrum. Although in theory this technique could be applied to
any system with well resolved lines, it has two drawbacks: it becomes
prohibitively time consuming with larger systems and the program must be
rewritten for each system of different symmetry. ASSIGN, a computer
assignment technique described belowg helps to overcome these problems
and has been used sucoessfully‘for 3-chlorothietane.‘ |

Once all possible sets of ehergy levels.are knomh,-the chemical

shifts and the coupling constants can'easily be found by MMRIT. Any set
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of starting.parameters consistent with the symmetry.and equivaience
requirements of tme molecule will quickly converge to the correspohding
sets of parameters if they are real. Thﬁs, the second problem is solved,
and one may proceed directly from the experimental spectrum to the IMR
parameters in a systematic'manneriwith little or no previous knowledge

or estimates of those parameters.

Spectral Decomposition

Generally when an absorption spectrum consists of unresolved peaks, .

visual estimates of the total number of peaks and their positions_and
intensities are;made;using those maxima, minima, and inflection‘points
which are,visually.observable. Only e very small part of the information
available in the recorded spectrum is utilizec in this procedure. In:c
fact, the 1nten51ty at all p01nts on the abscissa prov1des information.

_ By usmng all of thls data far more informatlon can be extracted from the
spectrum then is possible by the usual v1sual procedure. |

One way of doing this is to consider an unresolved group as a

superposition‘of peaks of the same general type, e.g., Lorentzian, and

to minimize a least-squares fit to the experimental spectrum with respect.

to the parameters, 1nten51ty, half-w1dth and p051tlon, required to
‘describe the peaks. In the case of NMR, overlapplng absorptlon llnes
are caused by simllar nuclel haV1ng similar relaxatlon times, i.e.,
.half-w1dths. In order to reduce the parameters for n peaks from 3n to
7én + 1 the half-widths are assumea to be equal. Thisuassumption is not
necessaryy of course, ana 1f in fact.the’indiridual line "shapes do'turn_

out to be substantially different; a minor modification of the program

would allow all 3n variables to be used.
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The experimental spectrum, G(v), theﬁ;.is assumed to consist of

a superposition of lines having the same form

M
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where f(Awi,v-v;) is a shape function of half width Awi and centered
at v = v;, Ii is the intensity of the ith peak; and n is the number of
peeks in the multiplet. As stated above all of the half widths are

assumed equal. Hence,AWif= Av.
The function tovbe'minimized3.F; is a.least-squares'différeqce
function wvhich is a measure of the fit of the experimental data with

s

the curve calculated from equation 1.

m n -

. o 3 _ Tom S oy 12
F(Il,...In,vl,.._.?h,Av) - gl (e, - 2 _:cjf(m,ti-vjn (2)
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where m is the number of data points taken over the‘multiplet, end P

t

and ti are the ordinaht and abscissa of the 1 h date point.

The value of F after it has’been minimized is a measure of the fit.
- For a given number of varidbles fhis miﬁgﬁum value will be referred to
as the error function. |

Numerous computef prégrams are availéblevfor thé_minimization of
a function vaa large numbef of‘variablesf- Qne §f these whiéh'ap§earsv 
- to converge rapidly waé chbseﬁ.: This program.was adapted to minimize 
the functién given in équétion‘(Q). Mathematidél_défails of the.mini--

mization program are available elSeWhere.29  P
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A Torentzian shaée funétion wa.s Qriéinaily used, since it is a
good approximatidn to»manybslow'passage NMR Spéctra; Uﬁfortﬁnately it
is very difficult to estabiish end maintain épectrometer conditions
such thét‘perfect‘Lorehtzian curves are obtained over iong periods of
time. It is ?elafively easy, however, to 6btain high resolution curves
which have a slightly skewed‘Loréntz—like shape. In many cases these

veeks are sufficlently Lorentzian to be fit well assuming a Lorentzian

 shape function. In general a slight deviation from the ideal shape

does not substantially change line positions but can have a serious.
influence on the intensities of the peaks. For this reason-a "digital
shape function", reflecting the actual spectrometer conditions at the
time the spéctrum'is recorded, has been used. Considerable improvement
in the fit to spectfa consisting of skewed Lorentz-like peaké is thus
obtained. |

In practice, the spectra‘are decompased in the following manneff
A spectrum of an unresolved groué:ﬁith good éignal to noise ratio is
digitized by one of various means. A single peak in the spectrum is
selected and digitized for use as the stendard shépe function. Points
6f the standard pesk are taken such‘thgt a linear interpblation ¢an be
used between adjacent points to providé‘g "continuous" curve. Althoughl
this standard peak need not belong to thé compoﬁnd undér investigation,
better results have been obtained when such a peek was selected. Esti-
mates are maede of frequenciés and intensities for those peaks which are
at a;l,visually_discernible. This data is fed intp'the computer and

the difference function is minimized. A theoretical spectrum is then

calculated using the calculated frequencies and intensities, and. this

vspectrum is plotted alongiwith the expefimental spectrum; In the
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fregquency recions where the fit is poor,estimated lines are edded. The
original results along With the adaitional estimates are then fed back
_ into the computer for anoche minimizauion of the Qifference function,
this time with more arbitrary parameters. This process is continued
until a sﬁfficiently goed £it is obtained.’ |

As one adde more and more peaks, the fit continues to‘improve
indefinitely, and it might appear difficult to determipe_the actual
number of peaks in a group. In pfactice, this problem resolves itself
“very hicely. .When DECOMP is allewed too many peeks to fit the observed
spectrum, one of the following three types of epurious resultejepcur.
The additional peak-can be used to fit noise;'this manifests ipself in
a small inteneityrioi the,additional‘peak.which is of the order of °
magnitude of the noise. Consequently the adiition of this'peak does:ﬁet
' Improve the resulting-efror function %y a reasonable percehtage.' Alter-
natively, the additional peak caﬁ be.used to correct e'line‘which is
too broead or.too.nerrow. If the line is too broad, the.additional line\'
will appear, with compareble intensity, very close to anialready existing
line. If the line is narrower than the standard lipe the extra.line will
appear very close to an already existingfline, but with negative inpensity.
Finally, the additional peek can be wasted by a551gning two Tines '
.VumneQiately on top of each other with the algebraic sum of their intensi-
ties equal to uhe'true intensity. In all instances 1nvestigatea s0 far,.
'these cases have been easy to recognize.

An example of,the method is shown in Fige. 1 and 2. The decombo-'

Sition of & group of twe ve peaks uSing the Lorentz spproximation is

shown in Fig. 1 while Fig.|2 shows the seme group decomposed using a
o 7 ‘ . A
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sténdard digital pesak faken‘from anéther éart df the spectrum; In the
Tigures, the dots ére the>origihal data poiﬁts'taken_from the experi- ®
mental spectrum, the %erticalvlineé are.the decomposed positiohs and ~
-intensities of the individual peaks, and the solid line is the calcﬁ-
lated spectrum based on the decomposed fréquéncieé and intensitiés.

Thé agreemént between the calculated and-experimeﬁtal spectra is
excellent. .Table 1 compareé values of positions and_;ntenSities for
ﬁhé.twelve lines among thé digital and Lorentzian decompbsitibns for
>the same group of peaks taken Irom two different spectré obtained

under different spectrometer 6perating conditioné. Spectrum 2 contained
lines which were quite skewed, and it méy be seenvthaf the agreement
between the two groups decomposed with the digital function is goodf
However, the values for intensities derived from the Loreptzian shapes
show a largér scatter.  In fact it was not possiblé to fit twelvé
iorentzian peaks to this spectrum. Several Sets Qf starting parameters

- were tried, includihg the best values from thé other:spectra,:but.one

‘peakx with negative intensity was still obtained.
Spectral Assignment

Once the ?requencies and intensities of all lineévin an NMﬁ'spéctfum
are kﬁown, there rgmainé the problem of building éonsistent‘sets-of spin
energy levéls‘which accéunt'for the experimental frequéncieé end Iintensi-
ties. In'the‘following discussion of ASSIGN; the wofd."transition".will .
‘be ﬁéed to‘déﬁoté an unknown trgnsitioh between two energy levels, énd #
the word "line" will be.ﬁsed to denote an ex@erimenﬁélly determined
transition. Thé‘purpése of ASSICGN, fhen, is té-assign the lines to ﬁhe

transitions.
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In order toﬁtéke advantaée bf gny information which limits the
frequency region in which a given ﬁfénsiﬁion.océurs, ASSIGN allows
coﬁstraints'to be’placéd on the ranges of linés_searched for a particular
type of transitioﬁ. 'This<copsiderabl& reduces the number of lines to be
searched for each assignment and, hence,.reduces the computer time
considerably. For examjle, in én A2B2X spectrum only the lines in the
X region of the spectrum are séarched for X transitions énd all of the
A2B2.lines need not be searched for A (or.B) transifi;ns; . Such infor-
mation might also be.obtained-from order Qf magnitude guéssés of the
épectral paraﬁeters. e

In addition, ASSIGN is compietely_geﬁerai forbany syétem of sping
of any symmefry. This generality arisés from.the use bf-a computaticnal
algorithm, part of the input to ASSIGN, which‘guides the maﬁner of assign-
ing the lines for a givgn systemn. This algorithm'is easil& constructed
for any given system, e.g., ABC or”.AgB%X. Of course if is necessary to
make up the algorithm only oﬁce for each type of system. The firét step
in the conétfuction of the computational algorifhm is to work out the
 symmetry basis functions for the system and ﬁo draﬁ‘aﬂ enérgy level dia-
gram for each symmetry group. Next all transitions ére pﬁt onto the
‘diagram and the type of nucleus associated with éaéh traﬁsition is deter;
Hmined. For sdme molecules it will be strbng;y suspected that s&me-transi-

tions will have vanishingly smallvintensities,' If this is so, these:
transitions can be left oﬁt} The transitions are nexf”humﬁered in the
order in which it is desired.towassign lines to them. This is doné.so

as to allow the maximum’ number of checks against frequency and intensity
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28,30

sum rules ot the earliest possiblé time in the assignment procedure.

- Fig. 3 shows the energy level diagram for the ABC case with the energy

levels numbered. The transitions are also numbered and labeled as to type.

An algorithm for the ABC case appears in Table.Q; . The second column

‘specifies the type'of transition, i.e., what range of lines should be

tried, as possible assigmments for the transition. The next two columns

give the upper and lower energy levels for each transition. Minus signs
are attached to en energy level number after all transitions to and from

that energy level have appeared in the algorithm. This indicates that an

»intensity-cheék for that energy level is to-Be mede after a line Iis

assigned to that particular transition. The frequency check column -
contains a "1" when the transition under consideration completes a

frequency sum rule "loop™, and a check of this loop'is to be made.

In order to use the intensity sum rules it 1s necessary to normalize B

the total spectral intensity to n-Qn—;; where n is the number of protons.

The.sum of all'transifionAintensities fraﬁ’a giyén energy level will then
be-2m plus thé sum ofvali'transitioﬁ intensities.to that.energy levei,'_
where m is the Z component of the épih angular momentum associated with
that energy level.'_In Table 2 the.sum of intensities column lists the_»

value of 2m for .each of the energy levels.

ASSIGN can best be explained by following it thrqugh the ABC case

- given in Teble 2. The first energy level is set equal to zero. As the

"assignments are made the other energy levels are calculatéd; by adding

the frequency of the assigned line to the upper energy level of <the-tran-

t

_ sition. ASSIGN initially assigﬁs the first A line tb transition 1, the

first B line to transition 2 and the first.C line to transition 3, thus

N

LY
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temporarily establishing EQ, Eé, and Eh' The'ingensities of each of
these lines are subtracted from the éum of intensity (SI) associated

with E., i.e., 3, as they are assigned. The minus sign at the upper

17
energy levél for transition 3 causes a check to be made to see if the
value of SI at El is zero to within * A, an input parameter. This
criterion assures that the sum of the intensities of the three lines
assigned is 3. If not, fhe program negates the last §§signment and
-continues on through the range of the type C lines. If none of these
fit, the program backs up one step to the B transition and tries the
next line in the B range, and then goes béck through‘the range gfithe
'C lines again. This,is repeatéd uﬁtil three lines are found, one froﬁ
each of the specifiéd ranges, which havé the total intensity required by
the,intenéity sum rule. |

Next, the‘fourth transition is assigned.fhe first unused line from
the C range, thus establishing EG' ‘Transition 5 is assigned the first
unused A line._ This.last assignment establishes E6 a second time and
hence 1t is possible to make a frequency check around thé loop of transi-
tions 1, L4, 3, and 5. If E6 is not the same by botﬁ paths to within B,
another input parameter, i.e., 1 + U4 - (3¢+'5)'>'8, then the next unuséd
A line ié assigned to”transitién 54  This is continued until the sum rule
is satisfied or until the A_rangé is exhausted.A‘If no consistent assign;
meﬁt is found then the nekt C line is assigned to trensition 4 and the ‘
search continued. If no two lines,iwﬁen assigﬁed to trénsitions L and 5
are consistent with‘thg teﬁporary_values of E, and Eh; ﬁhen}tﬁe program

2

must ?ack up furthervyet and find another set of'three linesfwhich_satisfyi

the intensity sum rule associated with E, - The program continues in this
AN L
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menner until a complete setvef\llnee'is aeeigned;':Tne assigned tran-
sitions and energy leyelé are printed out and tﬁe‘pfocess is continued
ntil a1l possible sets of transitions and energy levels are obtained..
All 15 lines in an ABC eysfem can be‘assigned.to.all_possible
arrangemenfs, consistent with the sum rules in 0.05'minufes by'en IEM
709&.,'The 2l lineevin an A2B2 systeﬁ require between 1 end 3 minutes.
. There are several furthervaepects-of ASSIGN which can be quite

useful at certeiﬁ peints ih a problem. It is quite possible fhat ene‘

of more fi?st order lines in tﬁe algorithm;de not.appear in theyspectrum
due to lack of.resolution or low intensity. If this occurs in.the middle
of the sequence, no assignment'weuld be poesible even thougﬁ each of the
energy levels ie esfablished by several paths. There is no a priofi ﬁa& :
.to know where such a llne will occur so a prov1s1on is made to allow the .
inclusion of one or morev"dummy'_lines which can fit'by assigning a E

fre . uency equal to the dlfference between the Lpper and lower energy
v levels for the last frequency ass1gnment in the loop. This line would be
assigned an intensity of zero. TFor example, if two comblnation lines in
‘the ABC system discussed abeve were not seen, twe dummy lines could be
used wnlch would eventually be a551gned as’ two of the lines 13, lh and
15. The use of such lines greatly increases the time. reoulved since they
have to be assigned through the entlre scheme,.lf it is assumed that one
has no idea where they might be‘needed.’ For'the ARBC cdse cited above,

the computer time was incieased froﬁ 0.05 miﬁutes to O.S.mlnutes. Clearly
for sYsteme with g large mmber of spins, it is desirable te know which
.transitions will have neéligible intensities;t This inforﬁation can olten'
be found by a computer calculatlon of the expected transitions for the

molecule using order of magnitude guesses for the unknovm,parameters.

~
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ASSIGN can be made to converge'muCh more rapidly if the fféquencies

of some of the transitions are known exactly, or even within a small

range. This typé of information might be obtainable from tickling

expe:c'iments,3:L or from calculaﬁions based on order of megnitude guesses
for the unknown parémeters. It is then possible to designate that
transition as a unigue type in theualgorithm and restrict the assignment
to one of a few lines. If‘several such transitions are_#nown and fixed
in this manner,va'considérable reduction in time is realized. Iﬁ this
way, any knowledgevabout the éoﬁpling constants or chemical shifts can
be used to restrict the limits of search for given transition;.

In casé a molegule has transitions of several different symmgtr&
types, each symmetéy type may be assiéned separately. After one obﬁains
all poséible assignments for the first symmgtry type, one u§eé-ﬁhé same
data for the second symmetry class. However, on the second run, a
vector 1s added which indicates ﬁhe lines which have already been.

assigned in a previocus assignment..
Experimental

The 3-chlorothietane'was synthesize&vaccording to the probeduré of
32,33 : ,

Dittmer and Christy. The final distillation;_carried out on a

spinning band.column, yielded several fréctions. Only the middle constant
boliling fractions were used to obtain the NVR spectra. The samples,

containing a small amount of tetramethylsilane as an internal reférence,

were degassed under vacuum and;the tubes were sealed.

Spectra were recorded on a Varian A-60 spectrometer which had been

modified by replacing the 25 rpm sweep motor with a 2 fpm motor, allowing
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very slow sweep rates. The X and the AéBé parts of the 3-chlorothietane
spectrum were taken separately with a sweep width of 50 cps and a sweep
tﬁne of 1250 seconds. The spectra were filtered at 0.2 cps to reduce

the noise and to facilitate the subsequent digitization.
Spectrum Analysis

The two best resolﬁed spectra were used for the analysie. A
" Benson-Lehner "OSCAR" x-y analogue to-digital reader; dlreCuly coupled
to an IBM 026 card punch was used to digitize the spectra.

The experimental spec»rum of 3-chloroth;etane in Fig. 4 was -
decomposed using the’DECOMP program described above. A total of 64
lines were resolved and ere shown in fng 5. .in these'figufes, the
_ exberimental data pointe, as read by the "OSCAR" are shown as dots. The
results of DECOMP are ehown as vertical lines, an& the calculated spectrum
based on the freguencies. and inﬁensities resulting from the.deCOmposition
is showvm as a solid curve.; As can be seen, the agreement beoween the
.calculated curve and the date points isvvery good ; ﬁowever, use of. the
OSCAR introduces some noise which could be avoided‘b& use of a direct
coupled A/D converter. The line‘posiﬁioné and their decompoeed inten-
sities are tabulated in Table 3. | |

These results were putiinto the ASSIGN progrem discussed above,
along with reasonable limits on the frequenoies for the various types
of transitions. ASSIGN yielded three sets of.energy levele consistent:
with the-frequencies and infensities as deﬁerﬁined by DECOMP. These |

energy levels are listed in Taeble 4. The various sets of energy levels.
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were put inﬁo NMRIT. Two of‘éhe séts of ehefgy'levels:corresponded to
complex parametér;.ds was ghowﬁ by the failure of NMRIT to'conyerge.
The other set of energy levels correspohds to a real set of parameters.
These parameters‘are.also listed iﬁ Table 4. The numbering systém
used for the prétons is shown in fi«. 6. |

As a check on this determination. of the NMR parameters, fhe cal-
culated spectrum based on these bérameterslis compared with the experi- .
mental Spéctrum and the decomposed linesvin Fig. 7. ”Igwfﬁis figure,
the top curve with its set of vertical lines éorfesponds'to fhe theoret- ¢
ical spectrum based upon the IR parametefsblisted in Téble b, an@ upon
the experimehtally determinéd line shape function. The bottomﬁéurve is
the experimental spéctrum and the.boftom set of vertical liﬁes éorreﬁ
éponds to the line positiéns and intensities found by decbmposition of

the spectrum. As can be seen, the agreement is magnificent.

Discussion

The vicinal coupling constants in 3-chlorothietane are gquite similar

22,2
20,22, 2k and are in

'to those found in other L-membered ring coﬁpounds
agreement with the usﬁél’correlations with dihedral angleé,'substitution,
and bond'lengthsf. The geminal coupiing égnstant, howefer, is smaller |
(more positive) than those found iﬁ other L-membered ring molecules.gn_g.e’214
These previous resulfs,vfanging frém -10 éps to -17 cps, are in 21l cases
found in substituted cyclobutanés,‘wheréas the constant réported here is

in a substituted thieténe. ‘This result is to'belexpecﬁed in light of
Pople's recent moleéular.orbital treaﬂment of geminal.protonvcdupling

5

constants. His theory predicts a ?ositive shift in the geminal coupling

constant for an electronegative sulfur atom « to the geminal hydrogens.
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The long-range coupling constanﬁs‘are'quite interesting. One is
unusually la*ge and 1s po iﬁi e. The other two are not only smaller
but also negative. Beforevdiscussing these long-range coupling constants
further, some estimates of the geometry of the molecule are in order.

The exact structure of 3-chlorothietane has not been determined.

However, for our purposes the structure can be surmised from that of

3

chlorocyclobutane which has been determined exactly. Chlorocyclobutane
is puckered in its ground vibrational state. The equilibrium angle is
about 20°. The amount of puckering in & ring can be considered to arise-

from two opposing forces. One is ring strain which tends to keep the

ring planar. Thevother is a tendeney to pucker'arising from the'preferredA

~

staggered coni 1guratlon of the hydrogen atoms or other substituted atoms
en the adgacent ring carbon atoms. - In chlorocyclobutane the puckering
tendencies seem to be stronger and tne rlng is bent. -In considering
3—chlorothiefane we are subtracting from both of These forces. The ring
;sulfur atom decreases the rihg sfrain and thus would allow fef nore
puckering, but the loss of one methylene éioub decreases the-tendency
toward the staggered eonfiguratibn. The relafive sizes'of~the§e £vo
ffects would determine whether chlofbthietane_is more or.lese puckeredi
than chlorocyclobutane. For the purpoeestef‘the'following ealculetions
we will assume the nucxerlng is roughly the same 1n the two molecuWee.
From the MR data alone 1t is not pos31ble to determlne whether the
quasi-axial or the quasi-equitoriel protons account for the large cross
ring COupling.. Empiriéal evidence indicateslthat iﬁ nearly;all cases
one specific eonfiguiation, thet ip whichvboth protoné end all of the

connecting bonds are nearly coplanar, allows, an,oﬁservable long-range
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coupling constant. On this bﬁsis,vone would:be teﬁpted to say that the
‘ quasi—équitorial ﬁfoﬁoqs accoﬁn@lfor ﬁhe_large coupling, since they are
moré nearly in é staggéred planar. configuration. However, this is by
no means conclusive, since there,have been excép@ions to this "planar
zig-zag" :r'ule.'?"3lL v | |

Some evidence as to whiéh prdtons»show the large long-range coupling
constant can be obtained by épplying Kar@lusf correlation between vicinal
coupling constantsvand dihedra,l.a.ngles.)+ Using the aﬁé;iable data én
chlorocyclobutane, it is found that the dihedral angles between H3 and
the equitorial protons is 28°, waile that betweeﬁ H3 and the aiié;

\

protons is‘155°. Using Kerplus' reéﬁlts, one would predict J3equi = 5.6 cps
and J3ax = 7 cﬁs. Therefore, this would indicété.that protons 1 and 2,
which are coupled b& 3vcp§, are indeed thg eqﬁitorial protons.

Recently, Bérfield? has made some theoretical calculations of
long-range coupiing constants using valence bond wave functionsf These
calculations4indicate an angularvdependence of the ldng-raﬁge coupling
constants through four saturated bonds. ‘In Tgble 5 are shown the éontri—
_butibns to the various long~range couplihgs byiboﬁh pgths.aroﬁnd the
ring. Tﬁe appropriate ahgles were calculated for;the chiorocyiobutane
molecule, and the contribufions to the couplings were taken from FPig. 2
in Barfield's paper. It_cah be seen that Jl? is predicted to be the
largest and positive, Jus is‘?redicted to be small and negaﬁive, aﬂd
Jl5r= Jgﬁ are predicted to ?e small and positiveﬂ~ Only the goupling-
between the equitorial and aXial'pfotdns fails to agree qualitatively |

with Barfield's theory. '
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Of course, exact agreement between experimental coupling constants
and the theoretical predictions would have been surprising. The eppli-
cation of Barfield's theory is based on many simplifying assumptions

such as perfect SP34carbon hybrid orbitals, no hetero aftoms in the

coupling path, and bond lengths equal to those in ethane. ‘Furthermore,

H

Baxr
bond) contribution to the coupling coﬁstants..'Any "direét" (through
spéce) contribution has been neglected. The;e appréximations could
easily account for‘the discrepancies foﬁnd. As more of these four-
membered rings are analysed, it shoﬁld e possible to discover more

guantitative relationships between molecular structure and the.long-

range coupling constants. o N ' J
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Table 1.

Frequencies and Intensities Obtained by Decomposition

of a Superposition of Pesks from Two Spectra

" Decomposition with Digital Standard Peak . _ Decomposition with Lorentz Shapé Peak
: _§B§EE§EE_}_ ' ‘ Spectrum”?'_ ' \v\“ SEectfum 1 Spectrum 2

Frequency(cps) Intensity Frequency(cps) Intensity Frequency(cps) Intensity Frequency(cps) IhtEnsity

10.063  .0.904 , 10.053 0.925 gy 10,063 0.920 ©10.063 0.921
_,8'71?. | 0.860 o ;8;72h - 0.913 - o 8.673 :.1.176' 8.685 1.334
8.529 A »l;83Q:- - 8.578 '0;983 : 8.508  2.096 - 8.734  -0.1k2
B3 22t 88 2080 8503 1.789 © 8536 1.860
".5.3§9"‘ 0.88 8.39h  1.656 | - 8.328 0;511' | '8.u20 - 2.851
‘ 7.889_' 2.356 . 7f889i 2361 ' 7.873  2.581 ~"7.891 .. 2.377
7.;50i? 1;536‘ , 7153 1.620 o 7;123 1.380 7.149 1.531
:76,815:-.~ 1.006 - 6791 1.boy | 6778 .1.53§ | 6.784' . 1.479
6.683 1.&56 ’ - 6.663 1,06 _: 668 1.329 46.6&2 1.083
6.368 . 1.779 - 0 6.356 L.7Thg 6.993 1.661 6.348 1.680
5.935  0.512 sl 0.575 5833 0.537 5.88%  0.539

5.695 0.643 _' 5.662 | 0.580 v 5.648 0.486 5.676 0.487

..-[‘a‘_. .
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Table 2.

Algorithm for ABC Caée'

Frequency

Energy Level .

1sition

o
o

Tr

Upper

Check

Lower
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ﬁ
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Table 3

Average DECOMP Values of Two Spectra

" Frequency. (cps)

- -206.710. -

Line ‘Intensity .
1 -326.430 0.73k -
2 -318.750 0.757
3 -318.Lk97 0.919
I - -317.880 0.843
5 -316.728 0.915
6 -310.856 0.951
7 -309.776 0.683
8 -309.619 1.213
9 -309. 4kL5 1.303
10 -309.317 0.605
11 -308.309 - 1,117
12 -302.091 1.031 °
13 . =301.383 1.273

1k -300.909 1.1
15 -299.969 1.243
16 -292.650 Cl.272
17 ~231.010. 0.387
18 -230.754 0.405 -
19 -229.907 1.hk81 -

20 -229.225 1.530
21 -228.045 1.117
22 -227.417 1.089"
23 - 222,446 1.629 -
oL -222.065 1.585
25 -221.548 0.331 -~
26 -221.342 0.437
27 -220.645 1.648
28 =220.532 - 1.906
29 -220.425 S 1.7438
30 -220.255 2.237
31 -219.413 1.199 -
32 ~-219.357 - 0.752 -
33 ~218.926 - 1.268
3k ~-218.545 S 1.210
35 -212.936 1.314
36 -212.813 . 1.485
37 ~211.737. o 2.524
38 -211.0k2 1.68L
39 ~210.945 1.919
Lo .-209.837 ~1.038
L3 - -207.803 - 0.982
‘@ -207.643 1.209
L3 - 2.665
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Teble 3 (Conbtinued) .

Line Frequency (cps) " Intensity
L -206.457 2,961
L5 -20k. 835 1.-735
L6 -20k. 8ok 1.929
L7 ~-200.639 0.883
48 ~-199.225 0.936
Lo’ - -199.054 1.854
50 -198.97L - 2.102
51 -198.858 “0.961
52 -198.370 2.377
53 -197.611 1.ko2
54 -197.252 1.431
55 -197.080 1.309
56 -196.740 1.632
57 -196.255 0.523
58" '=196.073 0.537
59 ~191.792 0.947
60 -190.532 0.6kL2
61 " -189.610 1.094

62 -189.305 - 1.080
63 -188.730 .0.b12
6L -187.952 0.38L
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Table-h

Energy Levels,anvaarameters of All Possible Assignments of

3-Chlorothietane |

Assignment 1 Assignment 2 Asgignment 3

>77-

576.581

- No. Energy Level (ecps) . Energy Level (cps) Energy Level: (cps)
] -568.782 -569.932 . -570.037
2 -276.137 - -277. 401 -277.672
3 -347.827 -3L6.567 -347.012
Lo -343.242 -349.407 -349.039 .
5 -370.415 . -371. 47173 - =371.2L7
6 - -372.639 - -371.5k2 -371.857
7 -46.185 -L5.162 . -b5.588
8 -46.48s -b7.5L0 -46.899
9 -69.L78 -70.764 - -70.332°

10 -72.665 ~71. kb - =71.867

1 -127.777 -128.890 -128.509

12 -151.029 -1k9.8LL -150.236

13 -151.078 - -150.116 -1kg.g7h

ik -159.L72 -158.488 -158.290

15 -159.8L2 -158.619 -159.088

16 ~171. 443 -172.628 C=172.030

17 1183.055 181.797 182.405.

18 . 158.632 159.601 159.172

1 158.350 159.702 159.392

20 . 149.873 151.337 151.623 -

21 1ko.780 150.975 150.572

22 136.598 135.738 136.371

23 61.896 ° 60.761 o © 61.04L
2L 58.733 - 59.960 50.51k4
25 L0.779 11.985 L1.540
5 39. 566 - 38.329 38.757

27 380.656 - 379.349 379.793

28 '377.232 378. 456 - 378.030

29 357.555 358.715 . 358.289

30 357. Lok 356.362 . .. 356.729

31 251.267 250.095 - 250.232

32 728 576. 28k
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Table L4 (Continued)

Assignment 1. Assignment 2 Assignmenﬁ 3

*®

Wo. . Chemical Shift (cps) Chemical Shift. (cps) Chemical Shift (cps)

1 . -199.036 -169.040 L -199.123

2 -199.036 -199.0L0 -199.123

3 -308.780 -308.777 -308.78L

b -219.622 -219.826 -219.753 . -
5 -219.822

-219.826 =219.753

No. Coupling Constant. (cps) Coupling Constant: {eps) Coupling Constant. (eps)

12 3.116 0.606 1.119

i3 - 7.670 7.728 . 7.613°

ik -8.633 -8.633 -8.931

15 -0.751" -0.587 . 21.051 '
23 7:.470 7.728 7.613

ok -0.751 -+ -0.587 -1.051

25 -8.633 ©-8.633 -8.931 -

3 : .343 9.3k1 9.350

35 9.3Lk3 9.3k1 . 9.350

L5 -0.482 -3.006 - -2.585

Sum of .
Squares of ‘ o
Residuals = - .0096 .2023 1.5064 -
* B

Chemical shifts are medsured at 60 me relativeAto TMS.
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. .Theoretical Cohtributiénsiﬁo Long?Réhge Coﬁyling_donstants".'v_

~Path oo+ .Dihedral Angle * LI

L T R T AL R S
N CHCCoCH, S - 1ko o 220° RN '-“On7
R oy T fam® o aame T
"HlCdSCaH2.- o B30 : ”130 e R 0:5 L
‘ 5 h .‘_' ‘ ° e o i _ ST
HhCaCBCaHSJ“ e »i';’285 DA ,75:N _;  ﬁ;v k o 0.2 .

H C’so‘,'H5 o 200% e 260° 0 el Lo
o . | , .‘ ol ) q v. . . .l 'i . :.\_ -
| dlcacﬁc HS s -1ko L 75 o *;**fﬁ?.-caﬁv'f+o'3
c G scHs 30 .'-:"*26O't;;'~ \

bR T e T e
HuqacﬁcaH2 ,«_ Lo e8s R0t

BC Sy T a00% 1307

“ . : SRS PR S S
v ¢£ is the dlhedral angle measured clockw1se from the C -CB-C (C -S—Cf}

- plane to the C_ H (Hh) bond. Slmllarly ¢ 1s measured clockw1se from

3.

~ the Qaﬁcﬁ-ca,(c -8-C ) plane to the Cy ‘I (H ) bond ';”554
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" Figure Captions.

7 Figufe i:'Group-of“tweive peaks“decomposedtudtn‘Lonentszunction.:
, Dots are experimental p01nts, vertical llnes show positlon :QJ=_lt.,
: and inten31ty of peaks found by DECOMP the solid curve 1s-. o
'calculaued from the peaks represented by the vertlcal llness
Figure-?v'Group of twelve peaks decomposed with- digltal shape function.
;Fiéure-3_-unergy level dlagram for ABC example
Figure hl’uxperlmental spectrum of 3-chlorothietane (a) X region,vt'
t' ." () A2 - reglon ' '_ffp vd;;ind‘ d ﬁf: inv:!dfyk p':“_ 35_.
:Figure'5' Decomposed groups of peaks from the spectrum of 3 chlorothietane“'
a,b,c,d, . o
e,f,g,h »Iu81ng a digital shape functlon.
‘uFigurev6 3 chlorothletane, structure and 1dentif1catlon of protons
vnj Figure 7: Comparlson of results from NMRIT and DECOMP of the specurum
_of 3-chloroth1etane.;(a) X reglon, b) A reglon. Top‘ o
-curves are calculated using pos1tions and 1nten51ties of

’_vertlcal llnes representlng peaks obtalned w1th NMRIT

i,Bottom curves are exPerimental spectra, the vertical lines H:i

' 'show pos1tions and intens1ties obtained by DECOMP
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Figure 2
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Figure 5 (h)
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