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ABSlR.å,gT

A htgh resûlution Proton tnagtletic resonÉmce 1n-

vesÈigation of the híndered rotatí.on of the dfchloroqetþl

:group in o, ú, 2, 3, 6 - pentachlogotoluene has bee¡r

conductedusi.ngacorçl-et'e1.1tre-shapeana1ysisof.the

experÍmental spectra. The rate process involved in the

rotatlon consists of a nonmutuaL exchange of three paírs

of protons between two unequally populated confo¡:matÍons-
:

The activation parameters qrere deÈe:¡tined from a conputa-

tlonal treatment of the experimental- spectra over a temPer-

ature range fron 255oK to 37BoK. The Arrhenirrs a.ctiva-

tlon energy for a 20 nole Z solution of o, c, 2, 3. 6 '

pentachlorot,oluene has a calculated vaLue of L4.010.3 Kcal

=mole-l. Treatment .of the datal using the absolute reaction

rate theory provlded values for the free energy of activaËion
:

(15.410.1 Kcal mole-l at 298oK), Ëhe enthalPy of activatíon
l

(13.3t0.3 KcaI nole-l ) and the entropy of activation

(-7.010.7 eu). The results are comPared r¡ith Èhose of

analogöus molecul-es.
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2.

steady state nucl-ear magnet,lc resonance (M'fR)

spectroscopy is a Partlcularly versatile technfque when

applfed to the study of molecular and electronlc motLons

'such as hindered rotatfon about bonds, rLng lnverslons and

proton exchanges. It is most useful for the study.of rate

processes bet¡¡een states of themodynllfc equflf.brlum

, lnvolvfng a barrÍer of between 5 and 25 Kcal ¡ro1e-l.

Liue-shapes of NMR spectra are frequently sensi-

tive to the rate of the process. If the rate 1s a functíon

of some experlmental parameter whích can be easiLy varl'ed,

"r"h 
as temperature or pH, then the process is amenable to

study by the NMR technfque. The advenÈ of the htgh speed
lì,tr--... 

-, 
,.. : :-),t.'::.: '" ': :t '-' ' ,-t .," : :.'

.ii-ll.:iì:t::. 
_i

co¡puter has made a cornplete quantum mechanical treatment

of the Nt'lR l1ne-shapes possible. , Hence' a comparison of the

experinental- and calculated NIß sPectra can yield detailed

knowledge of the rate process. Several comprehensive

revÍews on this xnethod of analysis are avaflable fn the

literature (1-5)

Thls thesis deaLs specffically with the appllca-

tfon of NMR to the investl.gation of the rate process 1n-

volved in the hfndered rotatlon of the dichloronethyl grouP

fn c, dr 2r 31 6 - pentachlorotoluene (2r 31 6 - PCT). the

rate constants r¿ere obtained by fitting the experÍmeatal

,.: j'i ir.

ì:,:.

ir.:::



3.

spectra Ëo the. comPuter-sinulated sPectra calculated 'f-rom d-

compleÈe quantum mechanical treatment of the exchange process.

The actlvatÍon parameters were calculated from'both the

Arrhenfus and absolute reâctfon rate theorles. Discussion

on the proton assignments, the'solvent shlfts and the popula-

tÍons is given 1n detall Ín chapter V. As wellr an assess-

ment of the activation parameters is made by conparison ¡¡Lth

analogous rnolecules.
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A. Clas'sfcal tfry:.@-Jheories

1. Relaxatlon and the Blo-ch Equations

-]--.angular momenÈum lll=¡- {f (f+f)}v' and..magneÈic moment
2¡

g'= yI precesses with frequency oo = YH about the directLon

ofthemagneticfie1d(conventl.ona1J.ythezdfrection)

according to the equatíon,

dg
Ìrr -f(LxH) (2-1)

Wtren a number of magneËl.c nuclei are assembled in an external

magnetlc field all of the magnetfc dlpoles rpiecess about the

dfrection of the magnetíc fieLd ln random phase. The x and

y .ò"poounts of the resulianË macroseopic-magneÈization I'f

are therefore zero and the only non-zero comPonent 1s aLong

the z directlon

Tf the assernbly of magnetlc dipoles is subjected to
.

a secondary magnetic fleld H1 osclllatÍng at frequency ûr

Ín the same dlrectÍon as the precessional motion in the xy
','

plane, then a certaln degree of Ln phase precessional motion

results. The x and y comPonents of M become different from

zero and the resultant macroscopic magnetizaÈ1on vector

precesses according to the equation,

dM = v(E * Ð.
dr

(2-2)

t:

i.,.
t-:

r.:,
t,.,.

Relatfve to a frame of reference rotatlng about the z axis
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wlth frequêocf o¡ Èhe components of equation (2-2) can be

wrltten as

ti:tì:11 ".1.::::i

düx - (oo -ro) My
dr

dr
lIL = -(oo -c,¡) Mx * yul Mz

dMz a -]trf td7

dr

the NMR experiment lnvolves the detectfon of changes Ín the

DacroscopÍc nagnetizatlon in the xy plane.. It 1s ttrerefore

convenlent to define the complex xy nagnetÍzation G by'

the equatfon,

G=Mx+iMy

Uslng equat,lon:; (2-6) to combl.ne equatlons (2-3) and (2-4) one

oËtains,

39 =-t(r¡o - tu)G + f YHIM'
dr

to coipfete the description of the tl.ne-dependent behavlour

of the macroscopic magnetlzalLon the lnteracÈions of the

r¡r{ th thel r envir :onsldered.magnetie nuclef. wlth their environment must be (

Such ínteractions are collectively referred to as relaxation

processes. 
, 

According to BLoch (6) such processes can be

descrlbed by flrst-order rate Processes characterlzed by

the relaxatfon tÍnnes Tr and T2. Equatfons (2-5) and (2-7)

can be nodfffed to take the relaxatÍon phenomena fnto
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accounÈ to gÍve the cornplete 81och equatÍons,

dc- - 1(oo - to)G+ tTIllMz - t C (Z-g)
dE 12

dMz = - YI{1Mv 'rf ,"" - Mo), (2-Ð
dr

whqre Ms is the equllLbrlum vaLue of M,

2. Classfcal Exchange Theory

-

: The earLy atteTpts to develop a theoretical frame-

çork for the exchange phenomenon etere all based on the Bl-och

equations (7-11). Blochrs descrlptlon of, the NMR experiment

presumes a system of lndependent spÍns and therefore can

not be expecÈed to apply 1n Èhe case of a coupled system.

Because of their limited:eppl-icabilÍty, analysis of line-

shapes using the Bloch equations ls now considered obsolete.

l.it'i-j¿¡l;
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B. Quantum ìlechanLcal Line-Shape Theory

derivaÈlons of classical line-shape theory greatly testricts

thelr usefulness and valtdity. A quantum mechanlcal approach

basedonÈhedens1tymatrfxforma11smr,rasl.nftiatedby

Kâplan (12) and further developed by Alexander (13) and

l{trftesfdes (l-4). Bl.nsch (15) developed the theory 1n the

Llouvllle representation of, quantum mechanLcs rather than

fn the Hilbert sPace representatlon. A brief presentation

of the quantum mechanical treat¡nent of an exchanglng

ByÊten is now gíven using the AB system as a speciffc

example
I i .. ,

Conslder the situation where x Ídentical coupled

nuclei of spin 4 ate located ln n different magnetic environ-

ments. In' order to calculate the l-f.ne-shape of the NMR

' spectrum when the nuclei begln to exchange, lt 1s necessary

luate the total rtlzation,to first evaluate the total transverse magne

G (see.equation 2-6r. Each magnetic environment m can

be descrÍbed by a state functlon Y; which can be expanded ln

terms of a cornplete set of orthonor¡¡al spLn basis functlons

0i,

ü* - ,[crr Or , (2 - 10)

G can be detenrlned from the equatlon,

Ç=Iprc, (2-11)
m

[i-ií.:.;:; ii
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o:¿a

I ma8-where Fn 1s the populaÈLon of the spln system fr

neÈÍc envfronmeat m, and

(2;L2)

1s thê expeetatfon value òt ttre oPerator ryf, where I- is the
l-owering operator. 2¡

Bycomb1ningequations(2-10)and(2-L2)oneobÈa1ns

.r = L I..ô* lr-lot' oi, 
,

21r tJ
(2_13)

= I. Tr(r-Pn)
2¡

'

where Oî, = cr5cåi are the elements of the density matrlx

for the tth tugtetíc environment. For an AB systen the

spin basl-s function: are generally ct¡osen to be, cctaß,ßs and

ß8. Using this expansfon set' one obtafns

[o o o o]
r- = ll: r: I

Lo 11ol
(2-L4>

SubstltutLon of equatf-on (2'L4) into (2-13) gives

Gm = ï- (oî, * oî, * oÏo * oîo)

for the AB case.

In the presence of rel-axation and exchange the eqrration of

motion Ls

-"- = 2r¡r [r"r"{ .[**Jr.l"*.* [å".Jsxch. 
(2-16)

l.

j

i:: l.la:..:::'' .ir : '-

I
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(2-L6)-d +[ it6pl-þ.'1p.)
12. fån

wherej/tris the standard hfgh-resolutfon spf'n Hamiltonian

expressed in frequency unlts,

klnr Ç1 are the flrst order raÈe constants for the

forward and reverse exchanges, and

T2¡ 1s the Èransverse relaxatÍon tlme.':.
Under steady sÈaÈe, unsaturated condiËions the left-hand

sldes of equatlons (2-16) becoure zero and. a set of lfnear
m ¡¡l

equations for Ot, ls obtaÍned. Once the eleurenËs 913

are known, Go, and G can be readily evaluated fro¡n (2-L5)

,1d (l-U) and .the Lf¡re-shape,of the -,Tf,,,,"ju.Ëra 
for,, liffer-

ent rate constants can be determined.
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C. ''Dete:mÍnatlon of Actívation Parameters

From a lfnear plot of the Arrhenius equatfon,

. (2-L7'lnk=-Ea/RTtrnA,

one can detemine a value for the actívatíon energy E¿.

fron the slope, and for the frequency iactor A fro¡n the

f.ntercept. The uáefulness of such a pl.ot 1s questfonable,

however, because lt presuPposes Ëhat Ea and A are temPer-

ature Lndependent.

The Eyrlng equaÈl.on'

k = rkb exp (-ac#/Rt¡,
h

(2-18)

where r'.is the transmissioar,coef fLcient'

k6 is Boltzmannrs constant, and

h-ts Planckrs constant

can be used to estimaÈe.the free energy of actLvation A#

from a single rate constant at the coalescence ËemPerature.

Better val.ues for the activatíon parametets can

be obtafned ff the rat,e constants for several temperatures

are knorm. SubstÍtuËion of the expressLon,

aG#=¿H.*-t¿s# (2-Le,

lnto equatton (2-18) and taking the logariÈhns of both

sides gives

ln (k/r) = 1-¿u#7n) Llr + ln (rkb/h) + as#/R Q-20l,

-.v

l. trì..j.,:,..,:.,.tiì
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Eence a plot:of ln(k/T) versus 1/T gfves a slope and lnter-

cept proportional Ëo the enthalpy of actfvatfon ÁH* and

the entropy of activatLon ÂS# respectLvely.

For the case involving exchange between trûo un-

equally populated sites the acÈfvatÍon parameters for the for-

ward and reverse dlrecËions are noÈ equal. The ratlo of the

rate'constanÈs for the fonrard and reverse dfrectfons are
't.-

rf the populatÍons ior the tr¡rolnversely related to the ratl.o

sLtes,

kAB P¡ = kg¡ P3, Q-ZL)

where the symbols have their usual meaning. If the populations

of the two sftes are knovm, the actLvation parameters for
'" tt:; 

':;:'r";'

both <iÍrections can be readily calculated.
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.The purp,ose'€f Èhis investfga'tlou is to detelrlûe

the ac.tåvaÈ1on parameters assocl-aÈed with the lnternal

hfndered rotation of' the dichloromethyl group 111 crrcrr2r 316 -

peûtachlorotoluene. At 254.6oK,the .ilichloronethyl grouP

ie locked Ín oae of trpo positions with- the tlro 'nethyl

chloriues straddling ofie of the two ortho chloriaes. The

cor!esPonding}IMRsPectrunattlristeTqeretl¡recons1stsof

two tndependent ABX.,spectra where the AB,,parts belong, ¿6 ¡¡"

rlng protons and the,X parts belong to the methine protons.

Äs the temperature ls increased the dichtoromethyl group

begLas to rotate and the correspond.Íng Protons of the two

ABX spectra begin Ëo exciz¿nge. Furt-her increases in te.lnPer-
.. .', .

ature result in the X protons coalescÍng firstly, the A

protons secondly, and,',the B protons finally. At 378.2oK

all the peaks have coal-esced and sharpened producing a

slnple ABX spectrr:ur.

By visually comparíng the experimental sPectra

wlth cornpuÈer-calculated spectra the rate consÈants at the

varlous temperatures are determÍned. The study Ís further

conplicat"{ by population differences betr¡een the two

conformations, temPerature dependent solvent shifts, and

difficulties in proton assignmenÈs.

|.::::

:.::.':.2
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EXPERIMENÎAL



t/--Xf i+.:::n

L6.
¿. Prãpåratfô" of 'a, c *

Flve grams öf 2 ,: 3¡ 6 - trlchlorotoluene t¡ere dÍssolved

1n.50 ml. of carbon tetrachloride 1n a cyllndrl.cal quartz flask.

.The solution was lrradÍaÈed wlth a Hanovia ultravlolet lamp ¡"-hil-e

chlorine gas was bubbled through the solutÍon vLa a gas dis-

persing tube. The progress of the reactlon r.ras rnonLtored by

PllR, and the chlorinatlon was continued until the spectrum no

longer lndlcated the presence of the rnethylene protons of the

tetrachloro intermediate at 5,12 pprn. The producÈ was purlfied

by vacuum sublimatLon.

An approximate 20 mole Z solution of c 
? 

s, 2, 3, 6 -

Pentachlorotoluene in toluene-dg was prepared and a small amount

of Tl{S added. The solutÍon was degassed using the freeze-pump-

than technÍque. The sealed tube was tested for breakage up to

L15oC 1n an oil bath.

* Thanks go to I'fr..K. Chum, Sumrner Student, Lg6g, for this
preparatfon.



17:

B. Proton Magngtfc Resonance_ Measq.rements . 
ì.

The :proton magnetfc resonance (rm.¡ sPecÈra

were'obtained at 60 MHz wlth a,Varian DA-60-I sPectrometer

equlpped with a VarLan V 4343 varfable-temperature controller

and at 100 MHz with a Varian HA L00 specÈrometer equípped

lllth a VarÍan V 6040 varlable-temperaÈure controller. The

spectra !'rere recorded with the spectrometers operatlng in

the frequency sweep mode and locked to Lnternal TMS.

The spectra of 2, 3, 6 - PCT at each temperature

!ùere recorded three to six tLnes at a sweep rate of 0.02

or 0.05 Hzfsec keeplng the amplitude of the rf. fleld

and filtering at a mlnlmum. The line positfons were cali-
:..

brated using perÍod averaging techniques.

Each tenperature was calibrated from the internal

shlft of ethylene glycoL (T>15oC) or methanol (T<1-5o6¡

f.m¡nediately before and after each run and ls accurate to tloK.
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Â-' GeaFrFl .Aþpgara$ce of SpecFra,aË Varfous lemperatures

Âccordlcg to'. the rotational energ:y barrier calculatlons

:cerri.ed. out receüt1y by Bar,be.r (16)r , ë ¡ e, 2, 3, 6 - penta-

d¡lorotoluene (2, 3, 6 - PGT) aÈ Lo¡s teûperatures (-2æC)

ed"sts;'1n Lïro rotatlo¡ral- confo:matisas. These ïoËamers are

retrated by a L80o interaal- rotaLioo of the. d.ichloromethyl

.g:roup and are shorrs. beJ-owrl

T
Hxcu Ft

,..,1

CI
-.\

-

Tt¡is l-80o rotation effectively changes the magnetic environ-

ûent of each proton. In the 1-ow temperature region where the

Iffetirnes of the two conformatíons are long, the proton

magnetlc resonance spectra (Plß) of 2, 3, 6 - PCT show a

slgnÍfieanË chemical shift beËween the correspondíng proËons

of each rotaÍrer. I{ence, PMR spectra in this ternperature

Eârlge consist of Ëwo independent ABX systems originatÍng from

ttre tr,ro i.ndependent rotamers. A typical 1ow temperature

spectrun of 21 3, 6 - PCT 1s shown aÈ Ëhe botton of figure 1.

U
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Ttre aromaËf.c porËlon of this spect,rum shows two AB quartets,

one with an internal chemícal shlft (ôn(f)S(Ð) o¡. L0.4L Hz

and the other with an ínÈernal shift (6t(ff).S(11¡) of 2.54 Hz.

(See table II, section C). The shfft betnreen the two methÍne

protons ilX(f) and H¡111¡ ls very:small at thÍs remperature

and as a resul-t, the two peaks are very nearly superímposed,.
:

Above the experimental spectrum in fígure 1 1s a schematic

representatíon of 1t. Incl-uded in the diagram is the correct

confornaËíonal assignment of thÀ trüo guartets as úell- as the

'lcorrect assignment of the lndividual peaks. A compl-ete

descriptíon of how these assÍgnments were made is gfven in

sectfons B and C of thls chapter.

If Ëhe rotatíon of the dÍchloromethyl group compl-etes

a 180o arc, H611¡ and H¡,(ff), as well- "" HS(t) and Hg111¡ r

have effeetívely exchanged sÍtes. The rate of these exchanges

lncreases wÍth increases in temperature produclng dramatíc

changes ln the appearance of the PMR specËra. The peaks

belongÍng to the corresponding protons of each rotamer begin

to broaden and move together. lfhen the rate of exchange ís

of the same order of magnitude as the frequency separatlon

1n the absence of exchange, the peaks coalesce and a sfngle

broad absorption peak results. Typical spectra lllustrating

the line shapes of.21 31 6 - PCT just before and afËer

coalescence are shown 1n ffgure s 2, 3, and 5. Figure 4

-ria--¡*i¡ jtf,;;_-ËÈa3itiËË;



FTGIIRE 1

of. 2, 3, 6 - PcT

t

the PMR spectrum of. a 20 moLe 7. solutíon

fn toluene-dg, at Z5t4.6oK.
:... , :::-t,tr,.
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fllustrates the 1ftre shape at coalescerÌce. l

'-.
. Further increases 1n t-hê rate oË excharrge cause a

eharpeaÍng of the broaf peaks, !ûhea the rate of exchærge

1é sufficiently rapid, the exchanging protoos experíence the

e¿utre average magnetic environment and a sitple ABX spectnrm

1s observed. The l-Í¡riting case 1s obt¿íned when the line

¡vidth is independ.ent of the exchange process. :-À t¡rpíc¡l

hÍgh temperature spectrum has been reprodueed ín fígure 6.
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FIGURE 2

The PlfR spectrum of. a 20 noLe % solution of. 2, 3, 6 - PCT

1n toluene-dg at 275.7oK.
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FIGURE 3

The PMR spectru¡ of. a 2O mole Z sotr*Èf-on of. 2, 3, 6 - pCT

in toluene-dg at 286.3oK.
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FIGURE 4

The Pl{R spectrum of a 2O urole Z solution of 2,3, 6 - pCT

in toluene-dg ar 298.80ç., ..._ :. .: . :. ,. ,l:, . ;. .r. - ..

::t-r'r,:r i: i
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FIGÜRE 5

The PlfR spectrnm of. a 2O moLe Z solution of 2, 3,'6 - PCT

Ín toluene-dg at 320.1tf.
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The PMR

FIGTIRE 6

spectrum of a 2O moLe it solutÍon

in toluene-dg ar 378.2of.

of2,3,6-PCT
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B- Goaformational Assl

-

Ihe problen of assígolng the two ABX spectra to the

4ryroprlaÈe eonforilatioas r^ras solved by :malciog use -of the

data avaíLa.ble.Írot a sÍq{14r'moleculer Gr cL , 2, 4, 6 -

pentachlo¡otoluene (PcT)

CI
'-cl

cr CI

ïhe values reported by'l'uhr (17) for j* and Jr* are

0.4810 .02H2 and less than 0 .LEz, respectively. The simil-ar-

Lty between PCT anð.2, 3, 6 - PCT suggests similar stereo-

specific coupling constants f.or 2, 3, 6 - PCT. It can be

seen from the previous díagrams f or , | 3 ri, 6 - PCT that Èhe

"Zíg-Zag" pathway between th" HX(ff) *d HS(ff) protons

of. 21 3, 6 - PCT is essentialLy the same as the pathütay

betweeu the H¡ and H6 protons of III. It ís al-so clear that

the tI¡ç¡¡ and IIg(t¡ erotons of 2, 31 6 - PCT are spatially

related in the same !üay as the H¡ and Hg protons in III.

Therefore, one nay predict with some confídence thaË Jg¡111¡ =

O.5Ez æd JAX('¡ < 0.1IIz. Schaefer et aL have reported similar

stereospeciflc coupling constants for a, t, 2, 6 ' tetrachloro-

luene CfB ) .

t{--

cr

III

l:1.
l:+::

l_1 r'-L:..r- -t

i;r4.r;,".,.-i,:i r.¿ii :,..,

Ii .: *r:'' ..-r.:'
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Knol1ng these stereospecifíc coupJ-ing constants it

1s then a sÍmple task to assígn the correct ABX spectrum to

the corresponding rotamer. It is well known that for systems

whfch have smal-l lnternal shifts, smal-l long rangê coupLlng

constantsarenotobservab1eduetoËhephenomenonof

vlrtual coupLing (3). If the quartet, wÍth the ínternal shíft

of 6A8 = LQ.4LÍtz belongs to conforrnatlon II, Ëhen Êhe

:,
coupllnþ constant of 0.5112 wil-l- be evident ín the sPectrum.

Horrever, if the tightl-y coupled guartet(ôeg = 2.54H2)
':

belongs to conformaËion II, then no sp1-itting due.to Jg(II)X(II)

',=O.5Hz wil-l- be apparent. In Ëhe actual spectrr:m, no spfitting

due to a coupling constant 1n Ëhe order of 0.5H2 is observed

(although the spectroneter Ís capable of resol-'¡ing splittings

of 0.2H2 quÍËe easÍly). Therefore, the correc! asslgnment

must be the laËter. Thus, for conformaËÍon II:

j: i+:Ìl:'l

'.. :-. '':

The compuËer program, DNIÍR (15)' used.to simul-ate the

hígh resolution spectra in the study of the rate process'

vÍvidly Íllustrates the correcËness of Èhe conformatlonal

.,t:. .'_.--
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assigrlleflt. ÏAe coquter. lras, iluttrtrcted to simúate the lotr

tery€rrature spectra associated Ìrtth each of the two possible

eoqfornaËíonal, assigrræûts. IE figures,T(a) aî6'7 (b), the

Galconp pl-ots of' the trrc possfbilitÍes, have been.reproduced. In

ff.gure 7(a) the Calcoqp spectrum represefÌts the incorrect asslgn-

ueot (i.e. the AB quartet Ìrith ôAB = L0.4l-Ez belongÍng to

eonformatrì.on II). In ,figure 7(b) the'Calcomp spectrum represents

th" "orr"et assignment (i.e. the,!s quartet'w'ith,ôaB = 2.54F,2 '

belonging to confor¡ration II). Above each of tbe Caleomp plots

the speetra are illusürated schematicaffy teside the coÏÏês- :

ponclîng conforuations. The striki¡g srmilaríty between the

Calconp plot of figure 7,G) and the actual experimental- spect;unr

(cf. figure 1) l-eaves littLe doubt aåouË'the accuracy of Ëhrs

'

assf.gnment.



FIGUP.E 7 (a)

IncorrecË conformational assîgnment aË l-or¡r Ëemperatures.
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Correct conformational assignment at low temperatures.
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'€- trotoc Ass f gl.ments
æt.

le:tbe,prece.dfu.g seccion the, assigmeat of the quar'tets

ta tbe eorrect confo:matiøn was .dfscugse¿- Bowever' aotting

h¿s y"eÈ beeu said about ho¡¡ the various peaks ¡çlthlu the two

füEerteEs were assigued to ihe correc! Protons. 'IÈ i-s the

purpose. of thls sectÍoa to explaln how ttris ç¡as aceomPlished.

1. Proton As.tægg"J of lli-gÞ TemFerature' SPectra

:' Io the hieh temperaÈule region above the coalescence .

teE¡I'erature'"thePMRspectrumof2,3,6-Pc1cons1stsof

æ €¡syrrmetrical- AB guartet and a sharp metl¡ine'Proton peak.

(See figure 6). Tt¡e tr^ro high field peaks of the quartet are ,

scneç'hat broader than Èhe tr+c 1o:l fiel-C peal'-s, presunably

because of long rarìge couplÍng from the:methine Proton to
''

the Eg proton (17r1S). If Jts(Ir)X(II)= 0.5 Hz and Js(r)x(r)

< 0.182, ,then the peaks due to the EB, Proton !,7i11 be approxí- 
:

nately 0.3 IIz broader than those due to the HO Protons Ín

the liniting case r¡hen the rotation is v-ery rapid a¡rd the

coupling constants are averaged.* This reasonÍng suggesÈs

that the llg proton Líes to high field of the H6 proton in

the high Eemperature region. The coupling constants, chemical

shifts and 11ne widÈhs of the high temperature region are

given in table l-.

* JÆ( = Q. Then in the limit of rapíd roËation JnX(f) + Jnx(II)
2

= 0.5 + 0.1 = 0.3 and J¿111) + JAX(II) = 0

-õ

t..:.l:..



ChemLcal shlfts n

.l

temP(oç¡

couplfng constante and l1ne widths of the rlng protons at temperatures above the coalescence

temPerature

323,5

333,0

343,7

349,2

361.5

,318,2

ôan (n¿) *

4. 88t.25**
4. 99 t. 18

5 .08r. L6

5 . 12t. 11

5. 21t.11
;.i

5ì34t,24

400 . 89 !. L8

402,37t.L4

403 ! 8Bt. 11

404 . 80t. 09

406 .2 6r. 10

408,24!,,L7

64

396.01-t.01 8.q01.L2 0.53r.05 0.68t.05

397.381.14 8.79!.L9 0.40r.01- 0.53t.02

398.80r.1-1 8. 74!,06 0.36r.01 0.491.05

399.68r.09'8.74t.07 0.35r.05 o.42!.03
401.06t.1-0 8.72!.08 0.35t.04 0.411.04

402.901.17 8.76t.L0 0.331.09 0,47t.04

ôg

* All chemicaL shffts, coupllng constants and lfnewfdths are reported ln Hertz as obtaLned

aÈ 60Mlz unless othemfse fndicated.

¡t*Efrots quoted are the standard deviatlone.

J¡s
Ital-f Hetght

Line /11 LLne lÍ2
Llnewldths
Line /13 Ltne /t4

1.6r.1
0. 93r.0L

0.64t. 06

0.581.02
0 .541.03

0. 56t.05

l_. 2t. 1
o. 73r.04

0.58r . 03

0 . 50r.01
0. 531. 04

0 .45t.04

3.091x10-3

3.030x10-3

2.909x10-3

2.864x10-3
2,766xLO-3

2.6442LO-3

L/T

l
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In the t,ehperature range above coalescence the cherni-

cal shlft of a partlcular prot-on 1s sinply a r4telghted nean (3)

(r¡1th respect to populatlons) of the chemical shifts of the

tr¡o exchanging protons in the absence of exchange.

That 1s, at high temperatures *

ôA = P(r)6t(r) * P(rr)ôe(g) (4-1)

where ô4, ô3 are the hlgh temperature chemical shifts ot O

and B respectively,

,, ôAqI¡, ôe{ff¡, ôn(I)' 6n(II) are the low temperature

ehemical shffts of A(I), A(II), B(I), B(II) respectÍve1y, and

P(r), P(rr) are the reLative populations ** of conformations

I and II normalÍzed to 1.

l

* These equatf.ons are rLgorously valid only Ín an ideal
solutfon where there are no solvent effects. It was found,

however, that for a 20 ¡nole Z solution of 21 31 6 - PCT

fn toluene - dg that all solvent effects were llnear r¿ith
respect to 1/T. Hence, it Ls a sirnple task to make the

approprfate alterations to equations (4-1) and (4-2)

Solú'ent effect,s are fully discussed ln a later section.

1s suggested 1n a later sectfon that the ratío, P(f)/p(ff)
0.91, is essentially constant over the temperature range

the rate study.

** It

of
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FIGURE 8

High tenperature chemical shl-fts versus 1/T.

. Data plotted found fn table I.

6A = (-16,95011_33) LlT + (4S¡.26!.44,
correlatfon coefficÍent = 0.99969

ôB = (-15,7601130) IlT + (444.75t0.41)

correl-ation coefficient = 0.99969



/tf

CHEMICAL SHIFT(Hz)

/d

I
/I

/

.. i

r.^

I
f

(¡)

. . .:!l
. ,-^\i¡r

.:.1 ::åll

-lX
-.\o

'ü)

.."'t..:... . '

'..',;:l,:'.l ';



. i::'i?,i:!J.::{.;i4
ì:.:: ì :::.::t'::

FIGURE 9

A plot of ô4g versus LlT.

Data plotted found Ín table I.

6A8 = (-955141) LlT + (7,86t,t2)
correlatÍon coefficient 0.9945
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TABTE II

Chemfcal ehffts and couplfng constants for Ëhe protons of confornatlon I at tenpetaturee beto¡r Èhe

coal-escence Ëemp€:rature.

Temp(oç¡

2s4.6

258.0

266.7

275,7

6a(r) (ttz)*

387. 54!.09***
388. 45r.09

390,97!,L9

392,72!,L6

ôn 1r¡ (tt")

?t411 chemicaL shffts arg reported 1n Ílz at 60llllz unlese

**The center of the AB quartet belongfng to conformatfon

the 4 Lfnes comprislng the quartet.

:t**fþs errors quoted are the sËandard devl-ations.

377.t4!,09
378. 01È. 09

380.47r.19

382 . 15r. t-6

o* (t)

10 .411. 12

L0. 44r. 1.0

10. 51Ì.23
10.57r.1.7

ô*(t)

: t:ii
,:ì):,

438. 40tO . r
439 .031.02

439 . 69t .05

440 . 20t.01

Center I**

382.341.03

383.23r .04

385,72!,07

387.43t.07

Jas1l¡ (Hz)

otherwLse fndLcated,

I.was obtafned by taking the mean of

8.76!.07
8. 78t. 13

8.74t.16
8.651. 17

s\¡

Ìi
,:l[



Chemlcal shffts
the coalescence

TE}fP

and coupllng congtantg
tempsratute. .'' ) :

254,6

258.0

266.7

?75,7

6a1n¡*

385. 7

386.5

388.9

390.5

TASIE III , 
,

for the proËono of, co-¡rformatlon II at teurpereturee belott

*The chemlcal ehfft beÈween the t¡,ro rlng protone of conformatlon II ls too small to permtÈ

nor¡ral analysls of the AB quartet. The splltting of the Èwo central peaks le not reeolved

and hence an exact evaluation of ôAB(II) fs noE possíble from the 60 MHz spectra. The

same quartet ls, however, adequately resoLved tn the 100 MHz spectra. Therefore, ft Ls

posslble to evaluate 6¿¡(ff) at 100 MHz and consequently to determlne Èhqt the ehlft aE

60 MItz at 243oK is 2.54H2. By adding or subsrractLng 2,5412 ùo the center of the quartet

at 60 MHz, one ls able to obtain the proton shifts of Hg(tt¡,and HR(ft).

The coupl-1ng constant iAg(II) was obtatned as hrelL from the j-00 llHz Bpectra.

ön (n)

388.2

389 .0

39L.4
393.0

ôa¡(rr)

,.';.

2.s4
2,Stt

2,54

2.54

.ôx(*) CENTER II Jen(lr)

438. 75t i I
439.03t.02

439.69r.05
440. 209.01

386 , 96r,02
387. 71"t.09

390, 14r.14
391.73t.08

i..l.r

8.89t. 15

8, ggt . 15

8,89r .15

8.89t .15
'I

s.
æ
a-

:ri;l



FIGURE 10

The four possible proton assÍgnments at low tenperatures.
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51.
TABLE IV

Chenfcal Shifts of the Four Posslbl-e Assignments

Asslgnment P (f)o e(t)+P 11r¡6 A(rr) P 1r¡ô B (r)+P (rr)ô B (rr) ô 4srt*

L

2

3

4

381.61

386.58

382.,9L

387.88

387.88

382.91

386.58

38r..61

-6.27

+3.67

-3.67

+6.27

*P(f) and PçtI), the popul-ations of conformaËions I and II

respectÍvelyrhave relaËive values of 0.48 and 0.52. For

a compl-ete discussíon of the populaÈion difference see

Section E.

** A typical error in this value would be t.3IIz.



52'
ExÈrapolatlon'oi the high temperature data Ëo the Low

tenperature range (see figures -7 and 8) predfcts a value for
ôAg = +4.10r.28H2 at 254.6oK. cornparlson of this varue with

Éhg,'values cálculated for the four posstrble proton assignments

elearly shor¡s that AssignmenË ll2 Is the correct one.

t:r,r-\::;:- '-4 Ll
li1-.4+1Y*!

t.:

I ..:..: ..-.
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D. Ratlonalfzatlon of the Chemícal Shifts

Thls sectlon concerns the rationalizatlon of the

relatfve shifts of the varfous protons of. 2, 3, 6 - PCT.

Although nu¡erical values for the effects contrfbuting to the

shlfts are not aval.lable for the most part, a quaLitative explan-

atLon of all the chemical shifts is possible. This sectlon has

been subdivlded into tlro parts. The ffrst parË fncludes a

dlscussÍon of, the chemical shífts of the ring protons Ln the

absence of the dichloro¡nethyl group (1.e. in l-, 2, 4 - tri-

chlorobenzene), and the second part completes the ratfonaLíza-

tf.on with a discussion of the shifts in the presence of the

dlchloromeÈhyl Broup
:

1. In the Absence of the Dichloromethyl Group

(a) Substftuent Effect

Rlchardson and Schaefer

s'cherne by which the substituent

of halogenated benzenes could be

trLchlorobenzene*, they observed

Un Íf .e. H5) was L0.86Hz to hlgh

H¡ (i.e. H5,).

(19) reported an addftfvfty

effects on the proton shffts

predlcted. For 1, 2, 4 -

that the proton shift for

ffeld of the shíft for

* 3Z rnolar solution Ln cyclohexane measured at 60MHz.
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(b) Solvent Effects

Itasylf.shen and Schaefer (20) have,recently derrised

a* eryfrf.ca1 sche¡ne for predLet{ng Èhe effects of solvent on

thè,ches¡icaI shifts of poLysubstituted benze¡.es, By using

the sol-r¡ent shift constants* for ch-forine ia the, ortho.n meÈa

and para positions (ôcå, acfi and ac$) oo" obraías ôg and 64

f.n an aromaÈic solvent by símp1y addÍng the appropríaÈe con-

EÈant to':the values of 6g and. ô4r recorded'ln a cycl-ohexane

golutlou. R.elative to their values ía cyclohexane the solvent

effects predlcted for an aromatic soLvent are

6A = 33.87H2x*

ôB = 34'62H2

It appears from these predÍctÍons that the solvent effect on

the two protons is almost, ldentical, dífferent only by 0.75H2.

Therefore, both the subsÈituent effects and the solvent

effects lndfcate that in an aromatic solution of L, 2, 4 -
trichlorobenzene, IIg will lie to hfgh fÍeld by Ho by approxi-

nately (10.86 + 0.75) Hz.

* The solvenÈ shift constants are deffned by: A = shíft
1n cyclohexane - shifÈ in benzene.

,crc Hz at 60 MHz.

::i;.:
'.t'.;-

tl:: -i:;:- 3 il i :::ii ¡

ì-: l :--
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2. Tn the'Presànce cjÏ the Dfchloro¡nethvl Group

(a) Steric Effects

, 1) Confomation I

. The effect on proton shifts by sterÍc repulsion of

two chloro groups fn an ortho-dLsubstituted benzene nolecule

lras measured by Richardson and Schaefer (19). It appears for

2, '3, 6 - PCT that sterfc Ínteractf.ons between the ring

chlorLnes and the side-chain chlorines influence the proton

shlfts more strongly than do other effects

repel. the ortho chlorÍne producÍng a slight buttressing

effeet on the ¡reta chlcrine.

Fv-,:"-'l;,

.::':.:::

t....:

Hxcr Fr

consequentLy the H4 protott is srightry deshielded

the Hg proÈon experíences no net effect because ít

removed frorn the chlorine-chlorÍne interactÍons.

(le)

is

while

far

ii) Conformation Ir

In conformation II, the side-chain chlorines steri-



lsrt+r¿¿':,:l

çaIly ir¿teract

EB(ff) ProÈon.

56

wiÈh an ortho chlorine forcing Lt near:er

XO

Hence, the Hr(lt) proton is deshielded as a.result of this

steric fnteraction. Consequently, it would'be expected on the

basÍs of these sÈeric interactions thaÈ the l-ine position of

Hg(ff ) ruould be far dormfiel"d from the line posftion of Hg11).

Sfr¡ilar deshielding effects have been reported for d: c, 2, 6 -

teÈrachlorotoluene (18) and PCT (17)

On the other hand, Hl(ff) does not'experience the

snall- deshÍelding effect whÍch He(f) does. The 1800 rotation

of the dl.chloronethyl group from conforrnatÍon I to confor:nation

II resul.ts in an Íncrease of the dfstance between H6 and C13;

the sIÍght buttressing effect simÍlar to the one in conforma-

tion I, from the methyL chlorines to the H4 proton, is non-

existent in conformaÈion II. Therefore, on the basis of sterÍc

repulsion, the line position of H¿(f) Ls predictably to Lowfield

r
H

;r:.Ì::ç,t
ì : i.r.,
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of HAç11¡ by a snall amounr.

One last poÍnt should be enphas lzed; because of the

relatfve proxinity of Èhe Hg protons to, the dichloronethyl

group, Ehelr line positions are much more sensitive to rotatfon

of the dichLoromethyl group than are the l1ne positlons of the

HA proÈons.

(b) SolvenË Effect :.::
ì f) Conformation l

resfde as far away as possibLe from Èhe electron-rich portfon

of the solute molecule (21). The electron-rich portlon of

conformation I is located at ''the dichlorornethyl group. There-

fore, the sol-vent molecule is L1ke1y to prefer the oríentation
:

shov¡n ln the diagraur below:

I
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Because the H6 aad HB protons are nearLy equidistant

(e .Of and 5..68 respectively:t) fron the tÌro methyl chlorines,

theyexperienceapproximate1ythesameso1ventshift.

, 11) Confonnatlon II

Again, the toluene-dg nolecule prefers to sft as far

away as possible from Ehe two nethyl chlorLnes. However in

conformacion II the H¡ and Hg protons are not equidistant
oo(6.04 and 4.94 respecÈively:t) from the two meÈhyl chlorÍnes.

Accordingly, the solvent molecule 1s probably shifted to a

positl.on slÍght1y nearer the H6 proton than the Hg proton.

C

-Hx(DUT

Hence one predicts a negllgible difference between the effect

of the solvent on H611¡ 3od Ht(ff¡, but a downfield shift on

HS(ff) relatfve to Hg11¡.

(c) oipole Moments

.dichLoro¡nethyl group has a dfpole moment assocíated

r¡1th lt. As the dichloro¡nethyl group rotates from confo¡:nation

*Based on a scale dÍagra

I
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Itoconfo¡mationII,.thed1rect1onof.the.<lfpo1emoment

ehanges accardingly.. Because the H¡ proton 1s para to the

dfchlorornethyl group, lt experiences the same el-eêtric fteld

fron thfs dipole in the two confotnations. However, the Hg

proton 1n the meta positÍon experiences a different electric.:
ffeld Ín the tsro confor:natlons. Nevertheless, consídering

there1atÍve1y1argedistancebetr.¡eenthedichloromethy1

group and the ring protons (electric fiel-d from the dipole

moment decreases as L^), lt fs probably safe' to assume that the
¡5

dipole moment effect on the proton shífts Ís relatively small.

(d) Sunimary

Intramolecular sÈeric effec.ts and al-so solvent effects

predict that the Hs(n) proÈon w111 be shífted dor¡nfield from

the IIg(1) proton. The solvent effect causes little dífference

between the Line positions of H¡11¡ and Il A(II), but the

steric effects force Ht(ff) to be sllghtly upfield from H411¡.

These predictíons are 1n accord with the assign en of the

spectra given in Section C.

FinalJ-y, the methine protons rvhich lie 1n the plane

of the ring experience Èhe magnetl.c anisotropy of the ring

and hence are strongly deshielded. Furthermore, the ínter-

action of the methine protons s¡ith the ortho chlorines seems

to be slgnificant. The slight buttressfng effect between the
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the ortho and meta chlorLnes apparenÈly nakes the lnteraction

beÈsreen HX(ff) and the ortho chlorine larger than the fnter-

actLon betr¡een HX(f) and the ortho chlorine. Thls would

explain whl H¡¡111¡ fs sllghtly to 1ow field of H¡ç11¡. (See

Sectlon E)
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E. Relative Populatlons of the Two Conformation

1. I,cw TemDerature Populations

rnethl.ne protons of the two conforoatlons are sufficiently

separated to allorv an accuraÈe esËimation of thelr retrative

Lntensities. Although crystalll.zation of the 2, 3, 6 - PCT at
'

low temperatures restricts the temperature range Ln which such

a determinatfon can,be conducted, the results consLstentLy

lndÍcate that the low fleld peak is more íntense than the

htgh ffeld peak. A si¡nil-ar estimatlon of the relatÍve 1n-

tensities of the two AB quartets was also mad.e. However,

beeause of the large degree of overlap of the ûro quartets, the

results of this investigation are subject to greater random

errors. The correlatlon bethreen the two methine proton peaks

and their corresponding quartets is quite evÍdent from table V

and table VI; namely, that the high field nethine peak

orfginates from conformatlon I and the low fiel-d methfne peak

origfnates from conformatlon II.

Although the estimatlon of the relatíve íntensities

of the nethine peaks is restricted to a l-0o temperature range,

the value of the ratfo is essentfally constant over thls range.

KnowLng the value for the population ratio allo¡ss the calcu-

latl.on of the difference in free energy (ACo¡ between the t¡vo
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ÎABLE V

fe.letfve InÈensiEies of th. &(f) 4od EX(ff¡ neaks in the

fn the lolr temperature reglon.

teanperaeure Ratfo:* Ux(f)/EX(¡1)

100 MItz

60MIIz data

z33.OoK

236.50K

240,50r

243.00K

*The ratLos
'r*Jrfþs errors
***lhis value

.911.06**

, .9þ.06

.']
given here r¡ere deteruined by weiehf_ng.

quoted are the standard deqiations.

was obËained from 100 ìfHz spectra.

TABLE VI

Relativc intensities of the AB(I) quartet to the AB(II) quartet

1n the low temperature region.

lemperature Ratf.o3 AB(I)/AB(II)

243.00K 0.91r.06*
254.60K 0.92r.06

t From 100 MHz spectra, the lntensity data from the

specÈra are belfeve<l. to be more reLÍable than the

because there is a lesser degree of peak overlap.
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.l¡stãmers at these lrrw temperatures. At 2430K,

PI lPtt = e:cn (-aco¡- -Lr. Rf-

túrere P1lP11 = 0.91t0.05"

,Iberefore, ÀGo = 50+20 caU¡noLe. Heace at 243oK, conforna-

.É*IIis50caUno1emoresÈabI-e,.than'coufor:mationT.
',2.Efgh TemperâÈúre lgpgþliols.

a) The Assumptíon

The validity of extrapol-ating the low temperature

populations ís dubious because it 1s not known how ÀGo varies

with temperature. Ivforeover, except for the 1-0oK range at,1or,¡

tenperatures, +-here rdas no method available to Tneasure ÀGo

directly. Hence, we make Èhe assumption that the difference in

free energy AGo between the two conformations is constant over

the temperature range tn whích the rate study fs conducted

(254.69K to 378.2oK). Such an assumption predicts a negli-

gttle difference ín popul-ations at ,the two extreme temper-

. aÈures of the rate study. (At 254.60, P1/P11 = 0.91; at 378.20,

P1/P¡1 : 0.93). This small difference Ís wel-l within experi-

mental error, and therefore the value 0.91 was used throughout.

b) The Justffication

Thfs section díscusses the asumption that AGo is

Lndependent of temperature.
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The difference ln free energy 1s related to the

difference in enthalpy ÁIto and the dffference ín entropy

ASo by the eguation,

AGo = ÂHo - TASo.
a

(4-5)

It is quÍte evident that AGo is independenÈ of temperature

only if 
^Ho 

is independenÈ of temperature and ÅSo 1s zero.

Each of these condltions ís now consldered.

GovíL and Bernstein (22,23) suggest a nethod for

calculating the difference in enËropy between two rotarners in

solution. In general, the dtfference between the entropies

of two rotamers can be expressed as the sum of contrÍbutions

fron the Èranslacional (AS¿), vibrational (ÂS.r), and rotarÍonal

.;. :j.:;':li

(aSt¡ motions,

f.e. ÁSo = 
^SË 

+ ÂSv + ÂSr . (4-6)

Because the mass of the t\^ro rotamers Ís the same, Èhe contri-

butfon frorn the translational rnotion is zero. As well, the low-

lyÍng vfbratlonal- frequencies of the two conformations are

Iikely to be very nearly equal and therefore ÂSr, = 0. Hence,

lt 1s the rotational motion which generally makes the greaËest

contribution to ÂSo. ÂSI. can be calculated directly from the

relatfonship

Âsr = L ln {Ix(r) Iy(r) Iz(r) / Ix(rr) Iy(g) Iz(¡)} G-t)
where I¡¡, Iy, T7 are the prfncipal monents of inertia. The
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productsIx(r)It(r)Iz(r)aadI¡(II).Iy(rr)Iz(rr)
are evaluated by draw'ing a scale diagraur of the t¡¡o confo::ura-

Èloosandusingthe.methodout11nedbyDavidson(24).Itis

found, however" that the two products ¿rïe very nearLy identical*.

-culated from the above equêtioa

fs effectÍvely zero and hence each of the thre,e contributing , .

terms ís zero : '

Dlscussions of the ternperature dependence of the

enthalpy dlfferences beLween roÈaÈionaf isomers in' J-i.quíds

have been given elser¡here (3 122126141). In most ïate studies

fovolving unequal-Ly populated conformations, ÂHo fs assuned

to be constant (22,23r24). Since ASo=0, equation (4-5)

then inplfes that AGo and ÂHo are equal-. The contlnuity

which the high temperature chemical shifts display r,'ith the

weighted average of the low temperature shifts (see secËÍon C)

ls consfsÈent with the assumptlon that AGo(Ano). ís t€mperature

fndependent.

* Ix(r) Iy(r) Íz(t) =

rx(u) rv(¡r) rx(rr)

4,010 x 1017 (amu)z fA)6

= 4.015 x 1017 (anu)2 (R)6
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The Rate Process

DetermÍnation of the Rate Constants

.a). Computer Program DNMR

. Rate constants for the rotatÍon of the dichloro-

Dethyl group rsere obtained by conparÍng the lÍne-shapes of

theexperimenta1spectra!rfththosegeneratedbythe.

computer program DNMR (Dynamic Nuclear Magnetlc Resonance).

A complete descrfption of the program and the theory on

¡rhich ít fs based has been gfven elsewhere (15,27). nrf.fly,

DNMR ls a general line-shape computer program designed for

the cornputatÍon of complex exchange-broadened spectra. Its

algo1l-thrn-¡.is.,,basçd, oD ê..,:,complete, quantum mechanical theory

of exchange effects on high resolution NMR líne-shapes.

DNMR generates and plots conplex exchange-broadened NMR

specÈra from input data which include chemical shifts,

couplíng constants, relaxation tLrnes, rate constants,

¡¡r¡aJ- 
^^^1¿-^ -^--G^ê^-Âpopulations and certain scalLng parameters.

Many alternative methods for selecting an effectlve

transverse time have been suggested in the literature (28-30).

Barber (16)and Fuhr (17)obtaLned their val-ues from a con-

slderation of the hal-f-height lÍnewidth of an iurpurJ.ty peak.

Peellng (31) determined the effective transverse relaxation

tfne from the half-hetght lfnewidths of his sample 1n the

lä.?ä;liìí:i*i

:f:.

i.' :.
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or practical reasons rle

chose to calculate the effective transverse relaxatl.on time
i,. ,.. ,,.,a .fora11theproËonsfn2,3,6-PCTfrontheha1f-hetght

lfne'*ldth of the peak belonging to the H¡ proton at theÃ

highesttemperaturerecorded.Atthishfghtelrperaturethe
. : :. ;11new1dthisindependentoftheexchangeProcessandis

::. :.,:. 
I

deternined only by the transverse relaxation mechanism and ,-:.i, ,,,,

...1,,.-,,,. .the resolution of the magnet. The effectfve transverse 
:

relaxationtimerirsre1atedtotheha1f-height]-1ner¿Ídth

^ô% 
by the equation (5):

À6å = L, (4-s)
Trz

Hence, for a value of ÀôL = .4O Hz,
I,

Tå = 0.80 seconds. 
lz
i

i

However¡ Donê of the methods outlined above including our 
I

own ís infallible, and therefore, an ínescapable error
i:,: ,,.,fs Lntroduced fnto the rate study. This wtll be further :,.:ìÌ;::+

i:r:;:.:.-,::
l._:,: :: -:,discussed 1n the sectLon on errors. ::ì,::.:.:.r;.

i;'r,1 
ì,..:,:,:

c). Solvent Effects

In a prevfous section it rpas described how an

extrapolation of the high temperature shifÈs shows contin-

ufty with only one of four possibLe proton assignments at

low temperatures. This temperature dependent behaviour of the

proton shiits is typical of aromatic solvents like toluene-dg.
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Dl.scussl.on. of thls aromatÍc solvent induced shif t (ASrs) fs

available Ln several sources (L7r32,33).

For'a rÍgorous evaluaÈl.on of the rate constants,

these solvenÈ effects should be taken into account. For

a solution of 2, 3, 6 - PCT in toluene - dg there are thro

basfc types of Ëenperature dependent solvent effects r¡hich

were considere<i. the first one lnvol-ves determining how the

average l1ne posirÍon of A(I) and:A(II) and the average l_Lne

posltion of B(I) and B(II) varies with remperature. The

second one in'¡olves dete¡ming how the separatlon betr¿een

A(I) and A(II) and berween S(t) and B(ff¡ varles wirh

temperature.

The first pròblen was solved by a treatment of the
'

high temperature data. The best correlation coeffÍcient r¡as

obtalned by assurning an inverse relationshÍp* 6.areen the

chemlcal shift and temperature. rt then becomes a simple

matter to calculate the average line positions of the tr^¡o A

protons and the two B protons in the temperature range

where the spectra are broadened by exchange. The results

of these calculations aÌe given in table VII. The plot of

the high temperature chemical shlfts of the A and B protons

ls shown in figure 11.

* It fs recalled that in the section discussing the lorv
temperature proÈon assignments a sinilar relationship
was assumed.

l'-...-....

;:.itt.'rl _il:l

'-:-.rl.::::

i ¡:-:i': i;
i::1::ì:
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TABLE VII

The calculated ASIS for the average line posltLon of A(I) and a(II)
(i.e. ô¿) and the average l1ne posLtion of B(I) and B(II)(i.e- ôg)

Temperature (oK) ô4 Gz) ôs'(Hz)

378.2
:

361.5

349.2

343.7

333.0

323.5

323.5

320,1

315.5

309.3

306.3

304.5

301.0

298.0

29L.O

289.8

286.3

284.5

28L.7

275.7

4O8.24t+

406.2æc

404.80*

403.88*

402.37*

400.89*

400.87f

400.31r

399.54+

398.46i'

3g7 .g2+

397 .60t
396.95+

396.38t

395.O2+

394.77+

3g4.06+

393 .69r

393.09+

391.85+

4O2.g0t

401.06*

399.68*

398.80*

397 38rr

396.01*

396.02t

395 .51t
3g4.7gt

393.79+

393.28+

3,g2.gst

392.38r

391 .86r

390.58t

390.36+

389.70f

389.34+

388.79t

387 .59+

*Îhe values for ô6 and ôg 1n the temperature range 323.5 to
378.zoK nrere measured direcÈly from the experimental spectra.

tCalculated fro¡n a plot of 66 and ôg Vs, 1/T using the data
from the temperature rang,e 323.soK to 378.2oK. (See figure 11).
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The.low tenperature shtft data ç¡ere used to deÈermine

how the separation between A(I) and A(II) and B(I). and

B(II) varles with tenperature. It r¡as found that thfs type

of solvent shift was small and that 1t affects the value for

the raÈe constant,s almost negligibly. Nevertheless, a

ssrall correctÍon r¡ras made for the separation between B(I)

and B(II) 1n the rate study. The relevant data are given ln

table VIII, and a pLot of ôn(f), ôr(II), ôe(fl), 6e(I)

versus t/t ts given in figure 11.

By making use of the data fn tabtres VII and VIII

and figure 1-1, one may calculate what ô411)r ôl(ff), ô¡(I),

6S(ff) ç¡óuld be at any temperature rn the absence of exchange.

Ttrese calculated values are recorded in table IX.

Because the separatfon betrveen A(I) and A(II) is

so smal1 (about ZHz), the corresponding peaks are relatively

insensitfve to changes fn the rate constants and hence it is

unnecessary to make corrections for the solvent shifÈs

6e(f)e(ff). The separatLon betrveen the two B protons is

much greater, horvever, and the peaks belongÍng to the B

protons demonstrate dramatic changes as Ëhe rate constant

ls varied. For this reason sre directed the greater part of

our attention and effort to fitting the peaks belonging to

the B protons.



TABLE VIII

Caleutrated ASIS fo¡ the separation,between B(I) ar;d B(II)
(t.e. ôs(r)s(p)) ana A(I) au.d A(II) (i.e. 6e(r)e(11)).

leuperature Utxto-3 ôs(r)¡(rr)* ôa(r)e1n¡+

, 254.6

258.0

266.7

275.7

28r.7

284.5

286.3

289.8

29L.O

298.0

301;0

r 304.5

306.3

309.3

315 .5

320.L

323.5

333.0

343.7

349.2

361.5

378.2

3.928

3.876

3.750

3.627

3.551

3"515

3.495

3.451

3.436

3.356

3.322

3.294

3.265

3.233

3.170

3.L24

3.091

3.003

2.909

2.864

2.766

2.644

11.06

11.00

10.93

10.85

10.79

LO.77

LO.76

10.79

LO.72

to.67
10:65

10.61

10.60

+0.58
¡.0.54

10.51

10.49

LO.44

10.40

10.36

10.31

10.20

r.85
1.95

2.07

2.22

* Values reporÈed for the temperature range 254.6 to 275.7oK were
-¡neasured from the experÍmental spectra. The values for the
temperature range 28L.7 to 376.2 r.¡ere calculated from the least
squares treatment of ðg11¡g(lt) vs. UT.
ô¡(r)B(rr) = (667!39) LIT + (8.43t.13)
correlation coefficient = .9933

t Because of the relativel-y srnalL values for 6611¡A(II)
no correcÈion was macie for the ASIS or ôe(f)e(ff).
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' r Èrcunr tr
Che¡nical shifts of the rÍng proÈons versus L/T.

Data plotted found in tables VII and'IX.

ô4 = (-16,9501133) Llt + (453.26!0.44)

correlation coefficient = O.99969

ôu = (-15,7601130) Llt + (444.7510.41-)

correlation coefflcÍent = 0.99969

Legend:

69 at high ternperatures

ô¡ at hígh temperatures

6g(ff) at 1oç¡ temperatures

ô¡(f) at low temperatures

ôa(n) at lor.r temperetures

ôn(f) at low teîperatures
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ÎABLEIX 
:

Colcr¡l¿Èed values for the chenical shffts of the rlng protùus
:^ñ of 2,3#-PCT-

remp (oK) 6e(r) ôa(r) ðE (n) ôs(u) 
, ' ,,

254.þ* 387.54 377.14 385.7 388.2

258.0 388.45 378.01 386-5 389.0

266.7 3g}.g7 350.47 ' 388.9

275.7 392.72 382.15 390.5 393.0

28L.7 394.00 383.39 392.20 3g4-Lg

284.5 3g4.ss 383.96

286.3 394.96 384.32 393.16 395-08

289.8 395.67 385.00 393-87 395-72

zgL.O 395.92 385.22 394.L2 395 -94

298.0 397.28 386.53 : 395.48 397 -L9

301.û 397.55 387.06 :395.05 397 -7A

304.5 398.50 387.68 396.70 398.30

306.3 398,82 387.98 397.02 398-58

309.3 399.36 388.50 397.56 399-08

315.5 400.44 389.52 398.64 400.06

320.1 4oL.2L 390.26 3gg.4L 400.76

323.5 40L.77 390.78

333.0 403.47 392.L6

343.7 404.80 393.60 402.98 404-00

349.2 405.70 394.50 403.90 404.86

361.5 407.16 395.9L 405.36 406-2L

378.2 409.35 
. 3g7.g7 407.55 408.17

' :.t, ..

* The values reported for the temPerature range 254.6 to 275.7 i:'r":i:;':;'r'"

fnclusive Ítere measured directly from the experimental sPectra.

The remaiuing values for temperatures 281.7 to 378.2 were

calculated frou the daÈa gÍven ln tabLes VII and VIII.
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By varying the rate constants and makLng the aPPro-

príate corrections for the solvent shifts, the experÍmental

specÈra srere fltted to the Calcomp plots generated by the

computer. Representative experimental and caLculated spectra

, at varlous temperatures are. shown in figures 12 to L7. The

+rate consÈants' corresponding to the varfous temperatures are

found in table X. 
l

2. CalcuLatÍon of the Activation Parameters

Two methods were used to calculate the activation

parameters of the rotation. From Eyringls transition-

state theory (the absolute reacÈLon rate theory) one obtains

the equation:

log ,k., = -^Hf ,\ + 1og rk5 + ASI G-g)\;, ___:_ \;,,r2.303Rrh2.303R

Hence a plot of log ,k, versus 1-/T (see table X) gives a"w
straight line r¿hose slope and intercept't are proportíonal- to

JJ
AHi and ÂSi respectively. Such a plot is reproduced in

figure 18. Know:ing ln{ and as{, one may calculate ac{, the

free energy activation, from the equation:
JJJ

^cT=^HT-r^sT.
(4-10)

The results of these calculaÈfons are recorded in table XI.

f These rate constanÈs correspond to the rate process from con-

formatLon I to conformaÈion II.

* r r¡as assumed to be % slnce the potential energy dlagram is
essentially symmetrical about the transítÍon state (34,35).

l::¡.::j:
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TABLE X

Rate ccnstants at varLous

UTxlo3 kt

temperatures

klr loe(k/r)

76.

1og k

254.6tt

258.0*

266.7*

275.7

28t.7

284.5

286.3

289.8

29L.0

298.8

301.0

304.5

306.3

309.3

315. s

320.1

323.5

333.0

343.7*

349.2*

361.5*

378.2*

3.928

3.876

3.750

3.627

3.549

3.515

3.493

3.451

3.436

3.356

3.322

3.284

3.265

3.233

3 .170

3.r24
3:091

3.003

-

0.35

0.80

1.5r.25
2.75!.25
4.25!.25
5.25t.25
6.0!,25
8.751.5

8.75t.5
16.0r1.5
24.O!2.5

31.0t3

32.5!3

36.5!4

56.015

85.0r10

110115

350t50

:

0.0056

0.0099

0.0151

0.0185

0.0209

0.0302

0.0301

0 .0537

o.0797

0.1018

0.1061

0.1180

o.L775

o.2655

0.3400

1.051
:

-2.250 0.176

-2.001 0.439

-1.820 0.628

-L.734 0.72O

_L.619,: O.779

-L.520 0.942

-L.522 0.942

-L¿27O L.2O4

-1_.098 1. 380

-o.992 1.491

-0.974 1.512

-0.928 L.562

-0.751 L.7 48

-o.576 L.929

-0.468 2.04L

+o.022 2.54 t,.-:t.ì:

Í:,f:):i.These rate constants were evaluated using the shift data in
'table IX, T2 = 0.80 "."-l,JÆ(f) = J¿.S(tt) = 8.75 Hzr J¿¡11¡ =

= JAX(II) = -0.1H2, JSX(II) = 0.5 Hz and J¡X(f) = 0.1-Hz.

Values for these temperatures srere found to have large error
lfinits and were not lncluded in the evaluation of the activatlon

Para¡neters.
, :.:j:ri
1'"i "-:



Experimental- and

solution of. 2,

FIGURE 12

caLculated

3, 6 - PC.T

PMR spectra of a 20 mole

in toluene-dg at 254.6oX
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Experimental and

solution of 2,

FIGURE 13

cal,culated

3, 6. - PCT

PMR spectra of a 20 mole

,1n, toluene-dg at 275.7oK
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FIGURE 14

E:<perlmental and

solutf.on of. 2,

PMR spectra of a 20 mole

in toluene-dg 286.3oI(

calculated

3,6-PCT
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Experirnental and

solution of 2,

FTGURE 15

calculated

3,6-PCT

Pl"fR spectra of, a 20 mole

in toluene-dg at 29B.BoK
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ExperimentaL and

solution of 2,

FIGT]RE 16

calculated

3,6-PCT

PMR spectra of a 20 mole

in toluene-dg at 320.1oK
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FIGURE 17

ExperÍnental and calculated PMR spectra of a 2O moLe 7"

,,solutfon of",2, 3, 6 - PCi in, toluene-dg at 378.20ç
'
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Actlvation parameters were also calculated using

the Arrhenius equatÍon,

logk= -Ea 1*1ogA
z.go-3n T

A plot of log k versus 1 (see table X) gives a slope and
T

inEercept proporÈional to the energy of activation E" and 
, 

;

the frequency factor A. Thts plot ts shown ln ffgure 19,

and the actÍvation Parameters are recorded in table XI. For

purposes of comparison table XI includes the activation para-

meters for the hindered lnternal rotation oi the dichloro-

nethyl- groups in c, d, o , ct - 2, 3, 5, 6 - octachloroxylene

(Ocx) (L6) and in PCi (L7,27)

A modifíed version of the energy plot calculated

by Barber (16) ís given in figure 20. His calculatfons which

are based on nodÍfÍed Buckingham and/or van der Waals Poten

tf.al functions (39140) do not make any allor¡ances for the

posslbiJ-lty of buttressing between ortho and meta chlorines and

hence are not entlrely representative of the rotation in 2, 3,

6 - PCT. Sllght rnodificatíons to correct for the buttressing

effects in 2, 3, 6 - PCT are suggested ín figure 2Oby broken

Llnes. An exþlanation of these modificatlons r¡ill now be

Presented

The smal-l difference in free energy (^Go =50 cal/mole)

between the two conformaÈions is believed to originate from

the steric fnteractlons between Èhe ring and sfde-chain
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FIGURE ]18

Frr{no nl nl' af 1ac l¡ /T rrarcrtc 1 /T T}¡a áara al aÈ}arl a*o farr¡á
t-- - "^ v,v Lt -. ì/¡vsLLB

1n table X.

(k/r) = (-290s160) (1/r) + (8.4910.21)

correlation coeffÍcient = O.gg74.

l,:¡ :
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FIGURE 19

Arrhenius plot of Lo9 k versus L/T,

in table X.

data plotted afe forædThe

log k = (-30L0160) 1/T + (11-.4010.21)

correlation coefficient = O.9974
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Sunmary of the actfvation parameters found fot 2,3'6-PCT in toluene-dg, for OXC(16),

and for PCT (17,27)

Compound

2, 3,6-PCT:r

ocx

PCT

PCl

PCT

Toluene-dg

Toluene-dg

Tol-uene-d6

Methylcy-
cl-ohexane

Carbon
disulflde

TABLE XI

AP.RHENIUS PARAMETERS

E"(Kcal role-l) Log A

14.010.3 11.310.2

* For 2r3I6'PCT the actLvation parameters correspond to the rate. process fron confornatlon. I to
conformatton II

13.6t0.4

L5.2!0.2

L4 .3t0.6

14.210.3

1 1.3!0.3

L2,7!O.2

12.010.5

11.9t0.2

ÎRANSITION STATE PARA},IETERS

au+(rcat nole-l) ¡s#(eu) ¡c#(xcat mole-l)

13.3r0.3 -7.0!0.7 15.4t0.1 (298oK)

13 .1!0.4

L4.6!0.2

13 . 710.6

13. 7t0.3

-7.3t1_. 3

-1. 1r0. 7

-4.4!2.2

-4.411.0

15 .4r0. I (286oK)

14¡9t0.1(3O4oK)

L5 .0r0.2 (304oK)

14 .910. r (29loK)

l::l::

\o
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FTGURE 20

A graphicaL represenËation of the free

híntlered roÈation in 2, 3, 6

energy change for

. PCT.
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chlorlnes. In conformation I, the buttressfng effect

between the ortho and meta ring chlorínes perhaps results

in stronger interactl.ons between the ring and side-chaln

chlorfnes. The absence of such an effect in conformation II

presr:mably makes ít more stable than conformation I.

At thts pofnt ft fs convenfent to dÍscuss the

slmllarítLes betrveen PCl, 2, 31 6,- PCT and OCX. In a

sense these three molecules fo¡m a series in r.¡hÍch the

buttressing effect steadlly increases. It Ls noted that

ín PCT there is no buttressing effect , ín 2, 3, 6 - PCT

there is a buttressÍng effect in conformation I but not

Ín conformatÍon II, and íniCICX the buttressing effecË is

present in both conformations of the dichloromethyl

group. If it Ís assumed that the main contribution to the

free energy diagram arises fro¡n the steric inÈeractíons

between the ring and side-chain chlorines and that hydrogen

bonding and other effects contribute much 1ess, then the

relative nagnitude of ÂGo and ¿c# of the three molecules

can easlly be explained. The absence of buttressing tn iCf and

conformation II suggests that the ground state free

energy of PCT and conformation II are comparable in rnagní-

tude. Siurll-arly, the presence of the same type of buttressing

1n conformation I and OCX suggests that they have similar

ground state free energíes. This leads to the conclusion

ir.,:
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state free eaergy of OCX is greater thanthat the ground

that of FCT by ao amounË Ín the order of 100 caUmolet
I

As well tt is evident that ÂG1r .of 2, 3, 6 -
I

PCTand^c6cxshou1dbeverynear1yequa1-síncethe

buttressing1sthesameforbothtransitionstaËes'!lThe

data 1u table XI are consistent !,ttth 'this couclusion. l
rl-e). Furthermore,

because of the absence of butÈressing in confornation II and

PCÎ, 
^cIÍ 

and acrf,, are expected to be of equal någnitude.

: measuring ¿crÍ, but it seems

logÍcal to assign the same value for acrf as for oarÉr. If

th{s as¡gurption is valid jone can conclude that Acr! is less

than ôcf by an amount equal to AcoËx - oarÉ, = 0.410.2

Kcal/mole
I

Table XI also shor¡s simllar values of ASz for OCX

a¡d 2, 3, 6 - PCT but a more positive value for the enËropy

of act,ivation for PCT. ThÍs difference may be again línked

to the buttressing effect descrÍbed previously. Thís effecË

fncreases the steric lnteractions more in the transition

state than in the ground state. A net Íncrease ín steríc

* Because there are t$ro dichloromethyl- groups in OCX the

ground state free energy relative to that of PCT is
approximately 2x50=100 cal/mole and not simply 50 caUmol-e.

i,'-':a ::
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lnteractLons in the transition sÈate relatÍve to the ground

sËate ls expected to decrease the number of degrees of

freedom fn the transition staÈe and hence result ín a
J

negatlve ÂSÎ. Lack and Roberts (36) observe a sÍm1lar
Ieffect on ¿1S' Ín theÍr conformational studíes.

3. Errors

The analysl.s of rate processes by the NMR complete

l1ne -shape nethod fs frequently subJect Ëo large systenatÍc

errors (37138). Such errors are more evident in the vaLues

for ASf, ¿tt# and E, than in the value for ¡c#.

Saturation, excessive filtering and fleld Ínhomo-

,Fefgittes signrficantly distorË the line-shapes and therefore

must be avoided. Because the greatest changes in the líne-

shapes occur in the temperature range near the coalescence

temperature, the data obtained from this range should be

considered the most reliable.

error íntroduced by the uncertainty in the

value for the effective T2 is relatively srnall fn this rate

study. The experÍrnental spectra used for the deËerminatÍon

for the rate constants r.rere selected from the temperature

range where the peaks are broad due to exchange. In this

temperature range the contributíon to the l-inewidth due to

Èhe effective T2 is sraall- in comparison to the contríbutíon

1i:::1i1

i...'.
:ì-:l



due to exchange and hence the values obtained for the

rate constanËs are quite accurate

In a preceding section, the approxÍmatíon that AHo

1s constant wlth t,emperature was made. trIere thís not true,

Ëhe values for the rate constants would be affected.

Nelertheless, the sfze of the experLmental error in the

esÈimation of the rate constants is probably signÍficantl-y

larger than the magnitude of the error fntroduced by Ëhts

approxination.

The transmissfon coefficíenË'for the Eyring

equation úras assumed to have a value of 14. This appears t,o

be a reasonable assumption provÍding the energy diagram is

sl¡mnetrical about the transition state (34,35). Bínsch 
l

I
suggests (4) that a value of 1 be used. However, on1-y AS?

:

fsaffectedbytheva1uechosenforthetransrnissionco-

effÍcÍent ' ,,
,.ii.l;

Finally, the error r+hfch is quoted for the activatÍon ,, ì,

parameterslntab1eXIisdeterml.nedfromthestandard

error given by the least squares analysís of the data Ín

table X.
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G. Sumrarv and Concl-uslons

A hlgh resolution PMR fnvestigation of the hfndered

lnternal rotation of the dichLoronethyl group Ln 2, 3, 6 -

PCT has been conducted using a complete lÍne-shape computer-

lzed analysis of Èhe experÍmental- specÈra. The study was

carriedoutina20no].e,%so1ut1onof2,3,6-PCTin

toluene-dg over a temperature range from 254.6 to 378.2of.

The dlfferent peaks at the various temperatures erere analyzed

and assigned to the correspondíng protons. Appropriate

nodiffcations for the dífferent solvent shifts and popula-

tfons r¡ere made ln the treatment of the data.

The actÍvatfon parameters for the rotaËÍonal

energy barrier rnrere calculated in ter-ms of the Arrhenius

and the absol-ute reaction rate theories; they are recorded

ln table XI. Comparison of these results rrrith those of

sfurilar molecules fndlcate siurÍlar energy barriers for the

rotation of the dÍchlorourethyl group ín polysubstÍtuted

toluenes with chloro groups ín the ortho position. The

larger free energies of actfvation and smaller entropies of

acÈivatlon for 2, 3, 6 - PCT and OCX 1n cornparison with the

respective activation parameters for PCT were explaíned Ín

terms of a buttressÍng effect between the neta and orÈho

chlorlnes fn 2, 3, 6 - PCT and OCX. The same buttressing

mechanism has also an effect on the difference in free



LOz.

'eærgy beÊr¡een tbe ttrc conformatious of 'PCT. Thls vas

ueasured b;the dLfference ín population,and found to be

50120 caUnole. It is ÍnteresÈing and probably significant
Ithat the sarne br¡Ètressing effect increaseq 

^G- 
by 0.4Kca1./¡nol-e

(i.e. ÀGËCX - 
^cÉCf 

= 0.4KcaL/rno1e) but fncreases the'ground state

free energy 
^Go 

by only 50 cal/nole. 
:

,. i It is coucluded that the main contributíon to

the energy barrier is sterlc hinderance between the chlorines.

ri":tJ i.i'l-ã a\
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E. -suggestÍons for Future Resea_rch

The resuLts of this investigetion could be checked

.by a repetitlcn of the study using a 100 t"tttz specironeter

or e 13c ptob". Ttris study "rrr*."r" that the effecÈs of

the buctresslng can be measured in three different erays:

1). By the relatíve stability of the conformations.

2). By the relative values of the activation parameters

1n PCT and OCX.

3). By the relatfve line positions of ôe11¡ çompared

Ëo ôA(II), ôS(I) compared to ôgç¡1¡ ,and 6¡11¡

. compared to 6¡¡11¡

Hence it should be possible to obtain a good measure of the

sterfc Ínteractions Ín polysubstituted benzenes by varying

the substÍtuents

A study of the hindered rotatlon of a trichi-oro-

nethyl group in a poLysubstituted toluene woul-d perhaps

provide interestíng resulÈs. With two halogens Ín the ortho

posítions, the most sÈable conformation would have tr,ro of

the side-chaÍn chlorf.nes above the plane of the rlng and the

third below the plane. Consequently, the rnagnetic environment

above and below the ring would be different. A group wÍth

protons out.of the plane of the ríng couLd detect this

dlfference.
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