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ABSTRACT

:Avhigh respluticn'prctoﬁ magnetic'resoaanceyih-*
'vestigaticnvof the hindered rotation-of the dichloromethyl
. group in a, o, 2 3 6 - pentachlo*otoluene has been
conducted using a complete line-shape analysis of ‘the
: experxmental spectra. The rate process involved in the
rotation consists of a nonmutual exchange of three palrs
of protons between two unequally populated. conformatlons.
"The activation parameters were determined from a computa-
tional treatment‘of the experimental séectrafover a temper-—
ature range from 2550K to 378°K.’ The»Arfhenius activa—
‘tion energy for a 20 mole / solutlon of a.‘a, 2, 3 6 -
pentachlorotoluene has a calculated value>of 147010.3 Kcal
-%mole;la Treatment .of .the datalusing,tﬁe absolute reactlon
rate theory provided values for: the free energy of actlvatlon
(15. 4+0 1 Kecal mole'l at 2980K), the enthalpy of actlvatlon
(13.30.3 Keal mole~l) and the entropy of activation
(—7.030.7 eu). The results are comparedeith those of

analogous molecules. ’
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| CHAPTER I

INTRODUCTION




'2.
| Steady‘state nuclear magnetic resonance (ﬁﬁR)

Spectroscenf is a particularly versatile technique when
':T'aPPlied to the study of molecnlar and'electroniC'motions
v.'such as_hindered rotation about bonds, ring inverSions-and
,l:proton exchanges. It is most useful for the study of rate
'aiprocesses between states of thermodynamic equilibrium

;;1nvolving a barrier of between 5 and 25 Kcal mole 1,
Line—shapes of NMR spectra are frequentl& sensie
tive to the rate of the process.. If the rate is a functlon
b'ot,some experimental parameter‘which can be easily‘varied,'

. jsuch as‘temperature or pH, then the process is amenable to

‘_study by thc NMR technique. The advent of the high speed

rcomputer has made a complete quantum mechanical treatment |

" of the NMvaine—shapes possible. ‘Hence, a comparison of the
‘,experimental andvcalculatediNMR speetra can yield detailed

~ knowledge of the rate process. éeveral comprehensive
lreviems on this methed of analysisvare arailable'in the
literature (1-5).

This thesis deals specifically with the applica-
 tion of NMR to the investigation of the rate process in-
velVed in the hindered rotation of the dichlordmethyl group
in d, o, 2, 3, 6 - pentaChlorotoluene'(Z, 3, 6 - PCT). The

rate constants were obtained by fitting the experimental




3.
~spectra to.the computereslmnlated spectra calculated from &
i:complete quantum mechanical treatment of the exchange process.
The activatlon parameters were calculated from both the
' Arrhenius and absolute reaction rate. theories. Discussion
on the proton a551gnments,:the solvent shifts and the popula-v
:tions is‘glven invdetail in chapter Vf As well an assess-rv
ment_of the activation parameters is_made-by comparison with‘.

analogous molecules.




CHAPTER II

' THEORETICAL DISCUSSION.




A. Classical Line-Shape Theories

1. Relaxation and the Bloch Equations

In an external magne‘cic field Ha nucleus with spin

eangular momentum |I|=h {I(T+1) Y3 andlmagneticbmoment
2n
h= YI precesses with frequency Wo —'YH about the direction

Y“'v[k of thevmagnetic field.(conventionally the z direction)

vn;according to the\equation;j' |

%1’-‘ Y@ xH) - _— : : ’ ;'(.2‘-1)
‘When a number of magnetic nuclei are assembled in an exte*nal
{magnetic field all of the nagnetic dipoles ‘precess about the
direction of the magnetic field in random phase. The x and

‘ j'conponento of the resuleant nacroscoplc magnetizatlon M
- are therefore zero and the only‘nonézero-component is along.”
. tne z direction. |

| .If’the assembly of magnetic dipoles isvsubjected to
a secondary magnetic field'ﬁl osciliating at‘frequency w
in'the‘same direction as tne precessional'motion'in-the Xy
piane, then a certain degree of in onasevprecessional notion
resulﬁs. The x and y components of M become different from
zero-and the resultant macroscopic magnetization vector
precesses according to the equationm,

Sl;lvg_=y(b_'[x_}1). ‘ | (2-2)
dt ’ - : ‘

Relative to a frame of reference rotating about the z axis




'_ 6.
- nith'frequency Q; the components,of»equationv(Z—Z):can be

- written as

o meoww
at : | |
Ay = ~(uo -u) Mx + YHLMz (2-4)

AT s
' ThelﬁMR experiment innolves”tne’dececrion of‘changesbln.the _
Hmacroscopic magnetization in the xy plane. It 1s thereforek

v convenient to define the complex Xy magnet1zation G by

_A;he equation, | |

=My + Dy I .l T @-6)

- Using equation (2- 6) to combine equations (2-3) and (2-4) one
obtains, | ; ‘ | :

| _dg =ai(Wo - W)G + 1 Ynmz,' B ' ,» o L (2-7)

‘To ci;plete the description of the time-dependent behaviour
of;the macroscopic magnetization the‘in;eractions of the
magnetic nuclei with their environment must be considered.
’Such interactions are collectively referred to as relaxation
processes., According to Bloch (6) such processes can be
described by first-order rate processes characterized by

the relaxation times T, and T, Equations (2-5) and (2-7)

 can be modified to take the relaxation phenomena intoa




account to give the complete Bloch equations,

d¢ = - 1(wo - m)G + iYHlM - l;G | | (2-8)
dt. oo T2 -
‘“S_Mz’-.’fﬂl"y‘”-l-‘ 0 -M), - (2-9)
at - B S el

vv~h:jwhereiﬁo is,the:eqoilibtiumvvalue of M.

2. Classical Exchange Theory

The early attempts to develop a theoretical frame- -

work for the exchange phenomenon were all based on. the Bloch

equations (7-11). Bloch's description of the NMR experiment -

presumes a system,of independent'spins and therefore can
:not be‘expected:to apply in the case of a coupled system.
..Because of their limitédzapolieability,‘ana}ysisfof_line—

' shapes using the Bloch equations is now considered obsolete.




h.‘B. Quantum Mechanical Line—Shape Theorz

The 1imited scope of the approximations used in the
i deriv«tions of classical line—shape theory greatly restricts

‘their usefulness and validity. A quantum mechanical approach

'.vhbased on-the density matrix formalism was initiated by

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

::t Whitesides (14). Binsch (15) developed the theory in the
'vLiouville representation of quantum mechanics rather thanv“
: in_the Hilbert space representation. A brief presemtation
. of the quantum mechanical'treatment of>anlexchanging

- system isvnow given using the AB system as a specific.'

ex mple;

. Consider the situation where x identical coupled
nuclei of'spin %‘are 1ocated in n different magnetic environ-
'ments. In*order to calculate.the‘line—shape of the NMk |
-spectrum when the nuclei begin.to exchange, ‘it is necessary
Vto.firstrevaluatevthe total transverse magnetization,

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

be described by a state function ¥, which can be expanded»int
terms of‘a'complete set of orthonormal spin basis functions
U o
no=Jomtor. (2 - 10)

G can be determined from the equation,

G =.%€m Gp , : V : _ (23-'11)




9.

B where ?m_is_the popuiation of the spin Systeﬁ}in¢mag;.'

. netic environmeat m, and

Gy =y <I™> S (2;12)'
is the expectation value of the operator ¥, where I™ is the
lowering operator. ' o Zw

By combining equations (2~ lO) and . (2—12) one obtains

6n=y ] <, [Tle> o} o

o iy 31 B

v (2-13)
=y Tr(I™ |
.27

‘where pT. = cmjo§i'are the elements of the density matrix -

_vfor the mth magnetic envirconment. For an AB system'the

spin basis functions are generallv chosen to be oo aB Ra and

BB. Using this expansion set, one obtains

000¢0C o .
-= {10338 (2-14)
0110
Substitution of_equation (2#14) into (2-13) givee
Gy = y__ tom "“om‘ + o7 ‘+‘pm ) g S ,(2?15)

>- 12 13 24 34

‘for the AR case.

In the presence of relaxation and exchange the equation of

-motion is

R : R
dol_ 271 o ap! L
d‘t): " [ ,#ﬂ [dt: }relax.+ {dt ]exch. . (2-16)




o | | 10.
o= 2mi [D,ﬁ J ~po. +] (kg pl - kyy om) (2-16)
 where #™is the standard high—résblution spin Hamiltonian
fexpfessed-in'frequéncy units,

.~ Kkims kpy are the first order rate constants for the

- forward and reverse exchanges, and .= .

| Tom is thejtraﬁsverse rélaxatio#v;iﬁe;i 1“
'.Un&efvsteaAy stété,lunsatﬁfafedﬂéoﬁditiéné’th¢ 1éft~héné -
sidesvof gquationé'(2-16) becbme £ero and'a set.of linear

. equations for p?jiis obtained. VOhce tﬁé;elements p?j

. are kﬁdwn, Gy, and G can be readily evaluated from (2-15) i
~..and (gfil) and the lipgeshape_oﬁ.;he;ﬁ@R*éggcgra for differ-

" ent rate constants can be determined.’




11.

C;;Deterﬁination!cf Agtivaﬁidn Parameters
_Frémﬂaviineér plbt of the A:rhénius equation,
1n k = A.Ea/RT + 1n A, | -  .v bv' . ,,(2;17)
~ one ¢anAd¢térmipe a Valﬁévfér the aétivation'engfgy Ea,v
- from the slope, and for the frequenéyAfactor A from the
ihtercept. The uéefulnesé_of such a.plot»is questiéﬁéblé,
howeVer,,becaﬁse'it presuﬁposes that‘Ea‘and A are temper-‘
ature indepehdént. o e o
The Eyring equation,

k = kky exp (-AGF/RT), ST (2-18)

wheré'Kzis the transﬁissigéﬁcogfficient,
'kb,is Bolt;manh's‘éonétanﬁ, aﬁd
;h;is‘Planck's constant
" can be used to estimate.the free energy of activation AGH
from a single rate constant at the qoalescence temperéture.
.. Better values for the acti&atiénvparameters can
Se obtained if the rate cohstants for seﬁefal-témpératures
are known. Substitution of the expression,
AG¥# = AH# - TAS? | ‘ L (2-19)
into equation (2-18) and taking the logarithms of both
sides gives

In (k/T) = (-AH?/R) 1/T + 1n (cky/h) + AS*/R . (2-20)




1.
Hence a plot of 1n(k/T) versus 1/T gives a slope and inter-

: _d cept proportional to the enthalpy of activation AH*  and

:‘the entropy of activation AS* respectively.

| For the case involving exchange between two un-

‘.;Jequally populated sites the activation parameters for the'for—
'hward and reverse directions are not equal. The ratio of thet;

‘rate constants for the forward and reverse directions are

?inversely related to the ‘ratio of the populations for the two

lsites,“ | | |
kAB Pp = kBA Py, ' . | ', ‘ ’v o (2_215

ﬂ}where the symbols have their usual meaning. lf the populations

- of the_.wo sitea are known, the activation arameters for

both directions can be readily calculated




. CHAPTER III

NATURE OF THE PROBLEM




fThetpnrpose~of this investigationiis to determine~f:
»the:activation parameters associated with ‘the internal
dthindered rotation of the dichloromethyl group in @,a, 2 3,6 - o
'Apentachlorotoluene. At 254. 6°K the dichloromethyl group
:is locked in one of two positions with the two. methyl ‘

"chlorines straddling one of the- two ortho chlorines.v»Theﬂw

corresponding NMR spectrum ‘at this temperature consists of gfia

~_two independent ABX . Spectra where the AB: parts belong to thefff,f

1,ring”protonsvand the:X.partSJbelong~to~the‘methineuprotons,
As the temperature is increased theudichloromethylwgroup

;:begins'to rotate and theAcorrespondingfprotons of‘the‘twov

.EABX spectra begln to excnenge._ Eurther 1ncreases in temper—‘
'rature result in the X~ protons coalescing firstly, the A
protons secondly, and:the B protons finally. At 378.2°K
.allbthe peaks have coalesced and:sharpened-producing a,
simple ABX.spectrum.’ o

By visually comparing the experimental spectra
with computer—calculated spectra the rate constants at the :
. various temperatures-are determined. = The study is further
complicated by population differences betneen the two
conformations, temperature dependent solvent'shifts, and

difficulties in proton assignments.
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EXPERIMENTAL




B ‘°., o | . : e 16.

A. ?répératibn of'h, ay, 2, 3, 6 - Pentachlorotoluzne Solution;*

: Fi#e,gfa@s of 2, 3, 6 - trich1droto1uené were'diséolfed
 'iﬁ,50_m1; of carbon cétraqﬁi;ride in.a éjiindrical Quartzlflésk;
"‘The soluéion was irrédiatéd wiﬁh a Hanoviaﬁultra§iolét lamp'while _Y

Tchlofine gas Wéslbubbléd tﬁfough the sclution Qia a;gas dié- -

'v:{persing tuﬁe.] Ihe;progréss of thé ?eactiqn was monitored b§

jPMR, and the’éhlprination was éoﬁtinued until‘the spéctruﬁ no‘

._:,1opger iﬁdicated the preseﬁce of fﬁe'methylehévprotdns.of_the
. tetrééhloro intérﬁediate”at 5,12 ppm. The product was purified

_byxvacuum-sublimatidn.

. |

An appfoximate 20 mole Z solution of a, a, 2, 3, § -

-pentachlorotoluene ih toiueﬁé-ds was prepared and a small amouht
'-vof TMS added. The solution was degaséed uéing the>freeze—pump—
thaw techﬁique. The sealed tube was tested for breakage up to
115°C.in an oil bath. - |

% Thanks go to Mr. K. Chum, Summer Student, 1969, for this

preparation.

-




.

"B..ProtOn'Magnetic Resonance Measurements ’

The proton magnetic resonance . (PMR) spectra _],-"
1'were obtained at 60 MHz with a Varian DA—60—I spectrometer
.~ equipped with a Varian V 4343 variable-temperature controller; |
and at ibd.MHa withAa Varian HA 100 spectrometer ecuipped'.
with a Varian v 6040 variable-temperature controller.- The t
spectra were recorded with the spectrometers operating in

'the,frequency sweep mode and locked to internal TMS..

| "~ The spectra of 2, 3 6 - PCT at each temperature‘
were recorded three to six times at a sweep rate of 0.02
. or O.OSVHz/sec keeping the amplitude'of the rf. field
and filtering at a minimum. The 1ine positions were cali—
‘brated using perlod averagrng techniques -

o Each temperature was calibrated from the internal

’ shift“cf ethylene'glycol (T>leC) or methanol (T<15°C)

immediately before and after each run and is accurate to +1°K.




CHAPTER V

~RESULTS AND DISCUSSION
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19,

A Geperal Appearance of Spectra at.Various Temperétures

~,Accarding:tO“the.rotational euergy‘bérrier céiculations

.carried out receuntly by Barber (16); o, a, 2, 3, 6 - penta-

- chlorotoluene (2, 3, 6 - PCT) at low. temperatures (-20°C) o
-exists-in two-rotatianal.cbﬁformations. vThese rotamers are
télated&by a l80°vinternal'rotétionvof'the‘dichloromethyl’

;;g:uup,and.are Shown»below:l

This.iSOO rotation»éffectively change§ thé:magnetic environ-
vment.of each proton. Iniﬁhé'lowvtemperétufe region where the
Iifetimes of the two conformations.érekldng,'the proton
magnetic.resonanée spectra (PMR) of 2,>3;-6 - PCT sﬁow a
#ignificant chemical shift between the cérresponding protons

of each rotamer. Hence, PMR spectra in this temperature

‘range consist of two independent ABX systems originating from

the two independent rotamers. A typical low temperature

spectrum of 2, 3, 6 - PCT is shown at the bottom of figuré 1.




- 20,
-EjThe'aromatic portion of thie sPectrom sho&sitwo‘AB ooartets,
',oone with .an internal chemical shift (6A(I)B(I))oi 10 41 Hz
e and the other with ‘an internal shift (GA(II)B(II)) of 2. 54 Hz.
:v.(See table II, section C. The shift between the two methine

_ptotone HX(I’ and Hy(11) isevetyzsoali.at this temperature
N end ae»a result.the_twofpeake are.ﬁery nearlyvsuperimposed,”
o Atovevtﬁe experimeﬁtal spectrum‘in:figure_l'ie a schematie\
representation of it. Included in-the diagram’is the correct
conformational assignment of the two quértete_as.ﬁell as the
-correct assignment of the individual oeake; A complete
descriptioﬁ of how these assignments»were made is'given in
'sections B and C of this chapter.

o If the rotation of the diohloromethyl group‘completes

a 1809 erc, HA(I) and HA(II)"aS well‘as HB(I) and HB(II)’
:have effectively exchanged sites. The rate of these exchanges
increases with increases in temperatureiproducing dramatic
changeé in the appearance of the PMR spectra. The peaks
belonging to tﬁe cotrespondiné protons of each rotamer begin
to oroaden and move together. 'Wheo_the‘rate of exchange is

of the same order of magnitude as the frequency separatiom

in the absence of exchange, the'peaks coalesce and a single
broad absorption peak results. Typical spectfa illustrating
the line shapes of 2, 3 6 - PCT just before and after

coalescence are shown in figures 2, 3, and 5. Figure 4




- FIGURE 1

The PMR spectrum of a 20 mole ¥ soiutioﬁ of 2, 3, 6 - PCT

in:tplgepg~d8*at 254;69K, |
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. '23.1
111us£ra£és'the~1iﬁé;sha§e‘at-coaleéégnce. ;
'-= ?ﬁrtheifincreasesvin'thé'ra;evbf"excﬁgngéfgause a
'€shé;peﬁiﬁg_cf the broadipeaks.-fWhéﬁFthekraﬁevof,éxchangei'
,#é sufficiéntl% fapid,.thé'éxchéﬁging pfotbns gxpgriepce the "
same averagé mégnetic eﬁvironment,andva.siﬁple:ABX’épéctrum
:” is cbserved. The limiping cése i§;btaiﬁéd.wﬁen fﬁe.liﬁe 5
width;is‘indépeﬁdent of'fhe‘éxchangeiérééess; A typiéél_

high temperature spectrum has;been.repfoduce&iin.figﬁre 6.




FIGURE 2

~ The PMR spectrum of a 20 mole % solution of 2, 3, 6 - PCT

in toluene-dg at 275.7°K.
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The PMR spectrum of a 20 mole % solution of 2, 3, 6 - PCT

‘in toluene-dg at. 286.3%,
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" FIGURE &4

The PMR épectrum of a 20 mole % solution of 2, 3, 6 - PCT

[An toluene-dg ar 298.8%,
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- FIGURE 5

" The PMR'vspectrum of a 20 mdle._% solution of 2, 3, 6 — PCT

in toluene-dg at 320.19,
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. FIGURE 6

:The PMR spectrum of a 20 mole Z solution of 2, 3, 6 —,PCT,

in_toluene-dg at 378.2°.
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”B;jConformational.Assignment-at'Low.Temperatures”

- The problem of assigning the,two.ABX'spectré.fo the
;vapproprigte‘confofmationS»wasvsolved.by making use of the
udaté:available;forza.similar'mqlgculé, 0y Oy 2y by 6 -

cpentachlorotolﬁene'(PCT).

The’vaiﬁes reported‘byiFuﬁr(17) 'for:JAXfaﬁd Jéxlafe
0.48+0.02Hz and less than 0.1Hz, respéc£iveiy{ "The similar4
_.ify:between.PCT ana 2, 3, 6~ PCT spggesis«similar stereo;
specific coupling constants for 2;’3,;6 ﬁ'?CT. It can be
seen from the prévious diégrams‘for_Z; 3; 6 - PCT that the
"Zig~Zag" pathway Eeﬁwegﬁ.the'ﬁi(iiiiaga ﬁB(II)[protoﬁs
of 2, 3, 6 - PCT is essentially the same as the.pathway
bet&een the Hy énd HA protons of III. It'is also clear that
the Hy(1) and Hp(y) protoms of 2,‘3, 6 — PCT are spatially

related in the same way as the Hy and Hp protoms in III.

‘Therefore, one may predict with someAconfidence that JBX(II):'

0-532 and‘JBX(I)< 0.1Hz. Schaefer et al have.rgportéd similar

stereospecific coupling constants for a, o, 2, 6 - tetrachloro-

lnéne.ﬂé).
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- Knowing these stereospecific coupling constantslit

is then a simple task to ass1gn the correct ABX spectrum to

'the correspondlng rotamer. It is well known that for systems

'_vwhich have small internal shifts, small long range coupling <

constants are not observable due to the phenomenon of

"virtual coupling (3). If the‘quartet with the 1nterna1 shift_itv
of §AB = 10. 41HZ belongs to conformation II then the

| coupling constant of 0.5Hz w1ll be evident in the spectrum

However, if the tightly coupled quartet(5AB = 2. 54Hz)

belongs to conformation II then no splittlng due to JB(II)X(II)

“=0,5Hz Wlll be apparent,vAIn the actual spectrum, no splittlng
»;due to a coupllng constant in the order of 0. 5Hz is observed |
(although fhe spectrometer is caﬂable of resolv1ng spllttinas
vof 0.2Hz quite easily). Therefore, the correct assignment

must be the latter. Thus, for conformation II:

S (11)B(IT)= 2.54Hz

JB(II)X(II) = 0.5Hz
andvfor conformation I:
SA(1)B(1) = 10.41Hz '

CJIB(I)X(T) = 0.1Hz

‘The computer program, DNMR (15), used.to simulate the .

high resolution spectra in the study of the rate process,

vividly illustrates the correctness of the conformational
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'18531gnment. The.computer“waSainstructedvto.simulate;the 1uw”

xtemperature spectra assoc1ated with.each of the two pcssible

b‘-uconformational assignments. In figures 7(a) an& 7(b), the

-Calcomp plots of the two. possibllitles have been reproduced.' In -

| ffigure 7(a) the Calcomp spectrum represents the 1ncorrect assign—

"ment (1 e. the AB quartet w1th 5AB 10 41Hz belonglng to

Vfconformation‘II) ' In»flgure 7(b) the Calcomp spectrum representsﬁ

the correct a351gnment (1 €. the AB quartet w1th 5AB 2 S54Hz -
v,belonglng to conformatlon II) Above each of the Calcomp plots
“the spectra are 111ustrated schematlcally be51de the corres- o

- pondlng conformatlons. The striklng's;m;larlty-between thev
Calcemp plot of f re.7(5‘ aﬁd theteétuel-ekﬁerimental speetfum
(cf; figute 1) leaves little'doubt;about‘the accufacy of this

~assignment.




~ Incorrect conformational assignment at low temperatures.
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FIGURE 7(b)

. Correct conformational assignment at low temperatures.
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"”erc;»Fruton Assigﬁments
In.the preceding section the ass1gnment of the quartets
to the,ccrrect conformation was discussedw However; nothing
has yet been sald about how the varinus peaks within the two

' qnartets were assigned to the correct protons. . It'1s the

purpose'of this sectlon to explain how thxs was acccmplished.

~ 1. Proton As51gnment of High Temperature Spectra

In the,hlgh temperature reglon above the coalescence
‘y.temperature, the PMR spectrum of 2, 3, 6 - PCT consists of
an asymmetrical AB quartet and a sharp methlne proton peak.
"(See flgure 6). The two high fleld peaks of the quartet are
scme';.hat broader than the two lcv f..eld “eak ,. presumably
-because of long.range coupling from thefmethine.protoﬁ to
‘the HB proton(17 18).1f JB(II)X(II)— 0.5 Hz and JB(I)X(I)

- < 0. le, then the peaks due to the HB proton W111 be approxi-
vvmately 0.3‘Hz broader than»those dee to;the.HA protons in
the'limiting case when the rotatioe ispVery‘rapid-and,the
f'coupiing constants arevaﬁeraged.iv This‘reaseping sﬁggests
that the Hp proton lies to high field efbthe HA proton in

the hlgh temperature region. The coupling constants, chemical
‘shifts and line widths of the high temperature region are

given in table 1.

* Jax =0. Then in.the limit of rapid rotation Jgx(1) + Jpx(II)

2

"=0.5+ 0.1 =0.3 and Jax(1) + JAX(II) = 0
. 2 , : :
-2




e :Chemicéi'shiftsg coupling constants and line

TABLE 1

widths of the ring protomns at temperatures above the coalescence

",* Aii chemical shifts, coupiing constants and linewidths'are'repprted in Hertz as obtained
L f_at 60MHz unless otherwise indicated. |

. #*Errors quoted are the standard deviations.

témpératUreA ‘ ' o
S R TCRE TN VU I T S U R v ‘ _ Halflﬁeight Linewidths
- Temp(oK) - SAB(Hz)% 84" 8B . Jpp . Line #1  Line #2  Line #3  Line #4 1/T
323.5  4.,88:.25%% 400.89£,18 396.01x.01 8.80%.12 0.53£.05 0.68:.05 1.6:.1  1.2x.1  3.091x10-3
3330 4.99%,18  402.37+.14" 397.38%,14 8.79+.19 0.40:.01 0.53£.02 0.93:.01 0.73%.04  3.030x10-3
343.7 . 5.08:.16  403.88£.11 398.80.11 8.74£.06 0.36%,01 0.49£.05 0.64%.06 0.58:.03  2.909x1073
C349,2 5.12%,11 ' 404.80.09  399.68%.09 8.74%.07 0.35:.05 0.42:.03 0.58+.02 0.50%.01  2.864x10-3
3615 5.21%.11  406.26£.10 401.06%.10 872508 0.35:.04 0.41%.04 0.54%.03 0.53£.04  2,766x10-3
| 378.2  5.%t.24  408.24#,17 402.90%.17 8.76£.10 0.33:.09  0.47+.04 0.56£.05 0.45%.04 2.644x10-3

‘oY
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* In the tefperature range above coalescence the chemi—_‘

:cal shift of a particular proton is simply a weighted mean (3)

(with respect to populations) of the chemlcal~shi£ts_of the

tyo:exchanging'protons in the absence'of:exchange.
”-pThatvis, at high temperatures .
=P *Papdaan 00 G-D

‘SB = P(I)‘SB(I) + P(II)GB(II) | , "(4-2)

u;where GA, GB are the high temperature chemical shifts of Av
‘and B respectlvely, V
GA(I)’ 8A(1I)> GB(I)’ 53(11) are the low temperature
V'chemical shifts of A(I) A(II) B(I), B(II) respectlvely, and
| P(I)s P(II) are the relative populations *% of conformations

. I and II normallzed to 1.

% These equations are rigorously valid only in an ideal
~ solution where there are no solvent effects. It was found,

" however, that for a 20 mole % solution of 2, 3, 6 - PCT

in toluene - dg that all solvent effects were linear with
' respect to 1/T. Hence, it is a simple task to make the

"appropriate alterations to equations (4-1) and (4-2).

>‘Sol§ent effects are fully discussed in a later section.

- %% It is suggested in a later section that the ratiq'P(I)/P(iI)

"= 0,91, is essentially constant over the temperature range

of the rate study.
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If a Plot of the high temperature chemical shifts ’GA :

'and S versus l/T is made*, then the weighted mean of GA(I)

:wh . 7-;-#"‘.1, and GA(II)’ and SB(I) and GB(II) can be deduced at any

temperature. Such a plot is shown in figure 8. | In figure 9

oa straight line PlOt* of 5AB versus 1/T has been reproduced

"312. Proton Assignment of Low Temperature Spectra.

Consider the spectra of 2 3, 6 - PCT at temperatures

vih;below the coalescence temperature. The’reievant data'are
"given in tables II-and III. At 254.6°K (figure l)_there'arer
dtwo AB quartets with GA(I)B(I)l= 10.41Hz and GA(II)B(II)
2, 54Hz. There_are in fact, four possible ass1gnments of the
protons of low temperatures; they are shown»invfigure 10,
3 Eac of ‘these four combinations predict a different ﬁeighted'.
average of GAB. as defined by
Sap.= {P(I)‘SA(I)+P(11)5A(11)} - {P(I)GB(I)"'P(II)GB(II)} (4-3)
The four 1nternal‘chemical shifts (GAB) predicted by each

 of the four possible assignments are~éiven in table IV.

% Such augraph inherently takes into account any solvent

effects.




" . FIGURE 8

High temperature chemical shifts véréusvl/T.,

: Data'ﬁlotted found in téble'Ii
8y = (-16,950:133) 1/T + (453.26%.44)
" correlation coefficient = 0.99969

8 = (-15,760130) 1/T + (444.75£0.41)

" correlation coefficient = 0.99969

Legend: &) ......;.....}..: []v
’ 63 .no‘oad--oono-o- l
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" "FIGURE 9

A plbt of-SAB versus 1/T.

- Data plotted found in table I.

8up = (-955241) 1/T + (7.86£.12)

. correlation coefficient 0.9945
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TABLE II

Chemical shifts and coupling consténts for the protons of coﬁformationiI at temperatures below'théj e

coalescence temperature.

Temp(ok) . Sa(r) (B2)*  Spyy (Ha) Sa(y %k Center 1#x  Jpm(1y(H2)
254.6 387.54:.09%%%  377.14:.09  10.41:.12  438.4030,1. 382.34%.03  8.76%.07
258.0 388.45%.09 378.012.09  10.44%.10  439.03:.02  383.23+.04 . 8.78%.13
266.7  390.97:.19 380.47£.19  10.51%.23  439.69%.05  385.72%.07 = 8.74%.16

275.7  392,72%#.16 - 382.15%,16  10.57+.17  440.20%.01  387.43:.07  8.65%,17

*All chemical shifts are reﬁorted:in’Hz atf60MszunleSS otherwisé iﬁdiéétéd,

**The center of the AB Quartet belonging to conformation I was obtained by taking the mean of
the 4 lines comprising the quartet. ' ) ' A

*%%The errors quoted are the Standard'deviétions,

o




N TABLE 111‘

Chemical shifts and coupling constants for the protons of conformation II at temperaturea below
the coalescence temperature._' . A ,

TED Saanyx  Ssamy Sas(iny - Sxan CENTER IL  Jan(rny
254.6 5.7 388.2 254 4387551 386,96%,02  8.89:.15 .
258.0 386.5 o as9.0 2,54 439,03:.02 . 387.71:.09  8,89%,15
266.7 388.9 3914 . 2.54  439.69%.05  390,14x.14 - 8.89%.15

©275.7 . . 390.5 - .. 393.0 2,5 - 440.20:.01 391,73:.08  §,89%.15

*The chemical shift between the two ring protons of conformation II is vtoo small to permit

'_normal analysis of the AB quartet. The splitting of the two central peaks is‘ not resolved
and hence an exact evaluation of 5AB(II) is not possible from the 60 MHz spectra. The
same quartet is, however, adequately resolved in the 100 MHz Spectra. Therefore, it is

| possible to evaluate §AB(1I) 8t 100 MHz and consequently to determine thet the shift at |
60 MHz at 243°K is 2.54Hz. By adding or substracting 2. 54/2 to the center of the quartet

} at 60 MHz, one is able to obtain the proton shifts of HB(II) and HA(II)

The coupling constant JAB(II) was obtained as well from the 100 Mz spectra.




" FIGURE 10

' The four possible proton assignments at low temperatures.
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Chemical Shifts of the Four Possible Assignments

TABLE IV

3

Assigament P (}ys, 1)+ (11)8A(ID) :?<I)§B(1)+P(II)GB(iI)' JVES

1 j _*381.61

2 -‘386;58.
~v3,__ 'f382191
s

387.88

387.88
- 382.91
~ 386.58

'381.61

-6.27

+3.67

+6.27

*P(I) and P(II),thgvpopulations of-;onformations I and II

respectively, have relative values of 0.48 and 0.52. For

a complete discussion of the population difference sece

Section E. -

*% A tjpical error in ﬁhis value would be %.3Hz.




R 5AB = +4.10:.28H2 at 254.6°K' Comparison of this value with .

. Extrapolatioﬂ'of_rhe high temperature data to the low

: temperature range (see-figures 7'and 8) predicts a value for

-the values calculated for the four possible proton assignments

‘clearly shows that Assignment #2 is the correct one.
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 fD.;Rafiona1ization of the ChemicaI:Shifts

This section concerns the rationalization of the

' ;re1ativé’shifts of ;hE'variéus ﬁrotoﬁs bf‘Z; 3, 6 —‘PCT..'

- -Although numerical ﬁalues for ;hé éffécté concfibutiﬁg'to'the.
§h4fts are not.avéilablé_for the most part, a qqalit#tive éxpianf 
»“{#tibn'of all the chemiéai Shiftsiis §6$siBi§,_ﬁThis seétion héé

'_,been subdividedvinto two parts; Thelfirst[pé:t includes a

fdiscussion‘of the cheﬁicél shiffs‘ofjthe #iﬁg bfotons iﬁ the
absence of the dichio;omethyl gr6u§ <i.e. in i, 2;'4 - tri-.
‘chlorobénZene), and the second part complétés.the rationaiiza— j o » t' §
:tion witﬁ a diScussiﬁh-of the“shifté in'the preéencevof the. |
"dichlorgyethyl_gropp. |

1. In the Absence of the Dichloromethyl Group

(a) Substituent Effect
Richérdson'and Schaefer (19) reported én additivity
scheme by which the substituent effects onfthe_proton shifts

~of halogenated benzenes could be predicted,, Fof 1,>2, 4 -

trichlorobenzene*, they observed»that_the proton shift for

o
&

Hp (i.e. H5) was 10.86Hz to high field of the shift for

HA (iuec H6)c

% 3% molar solution in cyélohexane measured at 60MHz.




(b) Solvent Effects

wasylishen and Schaefer (°0) have recently dev1sed
u,anuempirical scheme for predicting the effects of solvent on
1;thevchemica1'shifts of polysubstituted'benZenes. By using
:_jthe solvent shift constants* for-chlorlne 1n the ortho, ‘meta

.;"and/para positions (AC%, ACl and ACl) one: obtalns ég and GA

v'-.lin an aromatic solvent by simply adding the approprlate con—~ '

%fstant to the values of 8p and 5A recorded in a cyclohexane

:; solution. Relative: to theit values:ln.oyelohexane the solvent
effeets predicted for an aromatic‘solvent are 'i. A ,;

§A = 33.87Hz** '
g = 34.62Hz

lt appears fron these preoietions tnat the eolvent‘effect on .
.the.two ptotons is almost identical,‘different.only by 0.7532,
'Therefofe,.both the substituent effects and the solvent
'effects indicate'that in an aromaticvsolution of l 2, 4 -
‘trichlorobenzene, HB w1ll lie to high f1e1d by Hy by approxi-

‘mately (10. 86 + 0.75) Hz.

* The solvent shift-constants are defined by: A = shift

in cyclohexane - shift in benzene.

*% Hz at 60MHz..
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'2.,lg'the'Presence g; the Dichloromethyl Group
i. | (a) Steric Effects  _ | |
l) Confornation I ‘ |
bj‘, The effect on proton shifts by steric repulsion of

two chloro groups in an ortho—disuhstituted benzene molecule

was measured by Richardson and Schaefer (19) It appears foric

'2 3 6 - PCT that steric interactions between the ring
ichlorines and” the side~chain chlorines influence the proton .
"shifts more strongly than do other effects.

| vIn conformation I, the methyl chlorines sterically
Irepel the ortho chlorlne produc1ng a slight buttre531ng

'effeﬂt on the meta chlc*ine.

:Consequently the HA proton is slightly deshlelded (19) while
the Hg proton experiences no net effect because it is far
removed from the chlorine-chlorine interactions.v |

ii) Conformatlon 11

. In conformation II, the side-chain chlorinesfsteri-




| | s6
cally interact with an orthe chlorine foreing“it nearer the .

Hp (1I) proton.

Hence, the'HB(II) proton iskdeshielded as e=resu1t of this
o steric interaction. Consequently, it-would'be exoected oo tﬁeb‘
- basis . of these sterlc 1nteractlons that the 11ne positlon of
 HB(II) would be far downfleld from the 11ne position of HB(I)
CSimllar deshieldlng effects have been reported for a, a, 2, 6 -
tetrachlorotolueﬁe (18) and PCT (17). _ .;_ . - .

On the other hand Hp(11) does not ‘experience the

‘small deshlelding effect which HA(I) does. The 180°»rotatlon
of the dichloromethyl group from conformatlon I to conformatlon
IT results in an increase of the distance between Hp and Cljz;
the slight buttressing effect similar‘to the-one in cooforma—
tion I, from toe methyl chlorines to the Hy proton,'is non-

" existent in conformation II. Therefore, on the basis of_steric'

repulsion, the line position of HA(I) is predietably to lowfield
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- of Hy(11) by a small amount.

One last point should be emﬁhasized; because of the

"felatifé»Proximity of the Hg profdhé t6 the dichloromethyl o

bgfdup, their liné positidns are much more éensitive‘to rotaﬁion
'  of'£he dichloromethyl group ﬁhan ére.fhe'liﬁg pOSitidhs of fhe
Byprotons. T R |

(b) Solvent Effect

i)”Co#fdrmafion I
In general, afomatic'SOIVenﬁ molecules,éréfer to
'_teside as fér away a§ éoséible from‘the electron-rich portioh
~of the sdlute.méleéuié (21). The‘eiéctroh—richvportion of
conformatién I is located-at?fhe dithoromethyl group. -There-
fbre, the sol§ent moiecuie is likeiybto preferithe ofientation

shown in the diagram below:
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'nécAuée the HA.and.HB'protons-are nearly equidistant |
3(6 OX and 5. 6X respectively*) from the two methyl chlorines,
they experience approximately the ‘same solvent shift.

| ii) Conformation II

Again,_the toluene -dg molecule prefers to sit as far
aﬁay as possible from the two methyl. chlorines. However-in,"
v _conformation II the HA and HB protons'are not equidistant

:“(6 OA and 4, 9A respectively*) from the two methyl chlorlnes. T

'Accordingly, the- solvent molecule is probably shlfted to a

'vposition sllghtly nearer the Hp proton than the HB proton.

BN
- So-ta

Hence one predicts a negligible difference between the effect‘
of the solvent on HA(I) and HA(II)’ but a downfield shift on
'HB(II) relative to HB(I)

(c) Dlpole Moments

The_dichloromethyl group has a dipole moment associated

with it. As the dichloromethyl group rotates from conformation

*Based on a scale diagram.
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1 i‘:ér_.;:onfiorm»a:tibn. 11, the 'dir‘gcticn*o:f"v'the:'&v'iﬁolé moment
,éhgnges éccor&iégiy5< Becauéé.the HA pr6tonvié para: to thé
‘dichloibmefh?lhétoué; it‘eipériéﬁc§é theléamevelebﬁfiévfiéldx
from thisvdipole in the two confofmaﬁioﬁs;_vHowe§ef,vthe Hy
.prdton in the met; positioﬁlexperiencesva different_electric
qﬁfiel&'inith; fwo-coggormatiﬁns. Neverﬁheless,3considefi£g 
;fhe relatively large»distan;e.bethén the dichloromethyl

: groupAand thé ring protons (elect:ic field from thé dipoie
-ﬁxomerit decreases as %3)’-, it is -ﬁrobably safe to assume that the
'°;dipole moment effect on the proton shifts is felatiVely small.
| “_A(d)VSUmmary |

‘Intramolecular sterié.effec;s and also solvent effects

v predict that the Hp(11) protoﬁ will'Be shifted downfield from
;the HB(1) préton. The solvent éffect causes little difference
‘between the line positions of HA(I)'éhd H p(11), but the
:’stgriq éffects force HA(II) to be slightly upfield from HA(i)'
».These‘predictions are in accord with the assignment of the .
spectra givén in Section C. -

| | Finally, the methine protons which lie in the plane
cf the ring experience the magnetiq..aniSOtropy.of the ring
ahd hence are strﬁngly deshielded. Furthermore, the inter-

action of the methine protons with the ortho chlorines seems

to be significant. The slight buttressing effect between the




) 60.

J’;the:ortho-gnd meta chlorines’appéreﬁtly makes the interactioh
 : beswggn HX(II) and the'ortho‘cﬂlorinevlargef:than the inter-
- écﬁion'beywéeﬁ‘ﬂxgi) and theabftho chlofi;é. Thié wbﬁld
,:explaia why Hx(il)vié sligh;ly to_low'fiel&:of'ﬂx(l); (Sée

i Sectidn E)




' rintensities} Although crystallization of the 2,3, 6 - PCT at

61.

E. Relative Populations of the Two Conformation

1. Low Temperature Populations

"At low temperatures, the two peaks belonging'to the
methine protons of the two conformations are sufficiently‘

separated to. allow an accurate estimation of their relative

’ ~_low temperatures restricts the temperature range in which such

‘a determination can be conducted the results consistently
indicate_that the low field peak is more intense than the
.‘uhigh.field peak. A similar estimation of the relative_in—
tenSities of the two AB quartets uas also made. However,
_because of the large degree of overlap of the ‘two quartets, the
‘results.of this investigation are subject to greater random |
. errors. The correlation between the tw0‘methine proton peaks
',and-their‘corresponding‘quartets is quitelevident from table V
and table VI; namely, that the high tieldvmethine peak
'originates from conformation I and the low'field methine peakA
"originates from conformation lI.~

, Although the estimation of the relativevintensities
of the methine peaks is restricted to a 10° temperature range,

~the value of the ratio is essentially constant over this range.

Knowing the value for the population ratio allows the calcu-

lation of the difference in free energy (AGO) between the two
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TABLE V 2

Relative Intensities of the HX(I) and HX(II) peaks in the

in the IOW‘temperature region.

Temperature . 7 Ratio:* Hx(I)/HX(II)
.~ 233.00K ' S 2,91+ .06%%
| 236.5%% o .92e.06
s o R T e
-240.5°K - S 921,06
CO263.09K L gB#.05%k

'*The ratios given here were determined by weighing;
:%%The errors quoted-are.the'standardfdeviations..

-~%%*This value was obtained from 100 MHz spectra.

, TABLE VI -
Relative intensities of the AB(I) quartet to the AB(II1) quartet

in the low temperature reglon.

: Temperature : © . Ratio: AB(I)/AB(II)

~+ 243.00K o 0.91%.06%
254.60K | - 0.92%.06

* From 100 MHz spectra, the intensity data_from the 100 MHz
' spectra are believed to be more reliable than the 60MHz data

because there is a lesser degree of peak -overlap.




',rdtamersfat'these 1;w temperatures. At:243°K, -

PI/PII = éxP (- g;) -

_where Py/Pyy = 0.91#0.05.
‘A,Thereforé,;AG° = 5020 cal/mole. Hence at 243K, conforma-
tion II is 50 cal/mole more stablegthanvconformation I.

"22;High Tempéfature-POpulationsv 

a) The Assumption

" The #alidity‘of extrééoiating the l§wftemper3turel
.ﬁopulatibns is dubioué’becauseLit is noé.known_how,ACO varies
-Lwith témperature. Méreovér; exceptvfor the 106K range at . low
-témperatﬁrés, there was no method aﬁailaﬁlé-tb méasure AG°
directlj.' Hence, we make ﬁhe assumption thac the‘difference.in
free energybAGo between the tﬁovconfofmatiqns is constant'dver
the.tempéfature range in which'tﬁe ré;e study is conducted
| (254.6°K to 378.29K). Such an assumption predictsza negli-~
gible differeﬁce in populations at the ﬁwo extreme temper-
- atures of the rate study.‘(At 254.69, Py/P11 = 0.91; at 378.29,
PI/PII = 0.93). This small differénce is well within experi-
mental error, and therefore the valué 0.91 was used throughout.

b) The Justifiéation

kThis section diséusses the asumption tﬁat AGo ié

independent of temperature.




'-_ The diffefence in free energy is related to the

difference in enthalpy AE® and the differeﬁce in entropy
1‘aVAS° bf,thé‘equation, | '
"_ AG°‘=~Aﬁ° - Tase. o (4—5)
. _iﬁ is quité evidént that AGO is inde?endent of'temperatufe
. ; only:if AHC is iﬁdependen# of‘temperéturejandxAS° is.zgro.'
lEaéﬁlbf‘fhese condiﬁions is'ﬁoﬁbconsideréd; | ‘

~ Govil and Bérnsteinf(22;23j sugges£ié method for
3 calculating the difference in entropy betweeﬁ tﬁo rotaﬁé:s_in
V"éblutipn. In genefal,ithe‘differgnce Bétwééh‘;he entro?ies
;qfvtwo fotamers can be expressed as the sum of contributions-
::'fréﬁ tﬁé-iféﬁéléﬁibhalv(ASt);yiBfétibnal (ASV); aﬁd'rotatidnél
(ASr) moﬁions, | | | |
 >i.e. ,Asb = ASp + ASy + ASy . - ' ,  - (4-6)
‘-_Becausevthe mass of the twé.rOtamers is the same, thebcontri—
bution from the traﬁslétional motion is zero. As‘well, thé low-
‘lying vibratibnal ffequencies‘of‘thé two cbnfofmationsrarg
likely‘to be very nearly equal and thefefore ASv = 0. Hence,
it is thé‘rbtational motionvwhich generally makes the greatest
cpntfibution to ASO, AS. can bg calcﬁlated:directly from fhe
relationship

©aSr =% In {Iy(ry Iyn) z(n / kxan ~an zanpt ©-D

where Iy, Iy, I; are the principal moments of inertia. The
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~products Iy(ry Iy(r) Iz¢n) and Lan Iyan zan

- are evaluated by drawing.avscale diagram of the two conforma-

':ions,and using the method og;lined,by'navidson (24). -1£ is‘
ff-foﬁnd, however, thét.the twc-produqts,arejvery.nearly identical%. :
I@érefofe,_the vaiue for’ASr'cﬁlguiafed;f:éhﬁthe aﬁove.équation f ﬂ"
ff ¥i§;éf£ective1y,zero and.henée each of tﬁé thrég*hont:ibuting

terms is zero.

Discussions of the temperatgré dépendence of the -

‘~_ éntha1py differences between rotational isomers. in liquids

.have'been given elsewhere‘(3,22,26;415._{In-mqst rate:sfudies o o '512
» ~involving. unequally populated co_nf.o’rmatio.nvs,\AH6 is aésumed |
;'ﬁoibé}ébnstént,(22,23,24), sgnge AS%=0, equation (4-5)
theﬁ implies that AG° and Aﬁo'ére equalg.‘fhe continuity
 which the high temperatu;e chemi;al shiffs disﬁlay with'thg
weighted avérage of the low température shifts1(see section C)
is coﬁsistént with the assﬁﬁptien that.AGQ(Aﬁo):is'temperature

independent}

* 'IX(I) Iy(1) Iz(r) = 4.010 x 1017 (amu)z»(X)6

an Iran xan = 4015 x 1017 (am)? @6
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F. The Rate Process

1. Determination of the Rate Constants

: ¢a).‘Computer Program DNMR

. Ratevconstants for the rotation of the dichloro-

’ méthyi group were obtained by compariné the line-shapgs of

-thé experimentai spéctrabw1th those génerafed-bf'thé_.ﬂ
computer.progrém bNMR (DYnaﬁic’Nucléar’ﬁagnetic'Resonance);

- A cqmplete‘description of‘the pfogrém épd:the'théory on
which it is basgd has been given elsewhefev(15,27); Briéfly;

ﬁNMR is a generalbliné¥shape computer program designeé fof

' the computation of complex exchange-broadened spectra. Its

algorithn: is'based on a.complete quantun mechanical theory
'  ;;‘é;cﬁéngé‘éffecté‘on high';égbiégiﬁ;ﬁﬁﬁﬁmiiﬁé—sﬂépes.
‘DNMR generates and plots compiex exchange—broadened NMR
spectra froﬁ input data which include chemical shifts,
coupling constanté, feléxation~timeé, rafé constants,
.pﬁpulations and gértain scaling‘parameters;‘

b). Effective Transversé RelaxationITime

Many alternative methods for selecting an effective
transverse time have been suggested in the literature (28-30).
Barbér (16)and Fuhr (17)obtainéd their values from a con-
sideration of the half-height linewidth of an impurity peak.

Peeling (31) determined the effective transverse relaxation

time from the half-height linewidths of his sample in the




67.

region of the slow exchange. For practical reasons we

 chose to calculate the effective transverse relaxation time

| ffoi{ all the protons in 2, 3, 6 - PCT from the half-height
31fhewid§h of the peak belongiﬁg‘to.the HA proton at the
.highést temperature recorded. At-this high teﬁperature the
 1inewidth"is independéﬁt of thé:éiéhéﬁgé process and is

determined only by the transverse relaxation mechanism and

f’the resQlution of the magnet. The effective transverse

relaxation time Té is related to the half-height linewidth
ASY by the equation (5):

46%?1:, . T - (4’-3> 
'H‘}L'z )

Hence, for a value of A8k = .40 Hz,

| Té = 0.80 seconds. |
 ’Hdwever; none of the methods outlined above including'our
.owﬁ is infallible, and thefefore, an inescapable error

is introduced into the rate sthdy. This will be further

discussed in the section on errors.
“¢). Solvent Effects
In a previous section it was described how an

‘extrapolation of the high temperature shifts shows contin-

uitybwith only one of four possible proton assignments at
‘low temperatures. This temperature dependent behaviour of the

proton shifts is typical of aromatic solvents like toluene—ds.ﬁQ
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ﬂdDiscussion of this aromatic solvent 1nduced shift (ASIS) is
h_available in several sources (17 32, 33)

For a rigorous evaluation of the rate constants,
"these solvenc effects should be taken into account. For .
~a solution of 2, 3, 6 - PCT in toluene - d8 there are two

' {basic types of temperature dependent solvent effects which _

~_:’were considerea. The first one involves determinlng ‘how therr“

: 'fi’average line positlon of A(I) and A(II) and the average line

‘position of B(I) and B(II) varies with tenperature; The
L_second’one inV01ves'determlng how-the senaration between
.ZilA(I) and A(II) and between B(l) and:B(Il)’varies with
temperature.

The first prbblen was solved by a treatment of the
.high‘temperature data. The bestﬂcorrelation coefficient was
" obtained by assuming.an inverse relationship#* between the
chemical shift and temperature.k It then becomes a simple
vmatter to calculate the average line positions of the two A
‘protons and the two B protons in the temperature range.
where the spectra are broadened by exchange. The results
.-of these calculations are givenvin table VII. The plot of
the high temperature chemical shifts of the A and B protons'
is shown in figure 11. |
* It is recalled that in the-section discnssing the low

temperature proton assignments a similar relationship

was assumed.




TABLE VII

o Thé‘calculated'ASIs for the average line position of A(I) and A(il)
(i.e. 6,) and the average line position of B(I) and B(II)(i.é. ég)

B 69,

| Temperatpré (°k) 55 (Hz) &g (Hz)
- 378.2 . . 408.24% 1402.90%
3615 406.26% 401.06%
349.2 . 404.80% 399.68%
3437 403.88% 1398.80%
333,00 402.37% 397.38%
323.5 . 400.89% 39601+
323.5  400.87+ ' 396.02+
©320.1  400.31% ~ 395.51+
315.5 399,54+ 394,79+
309.3 . 398.46% 393.79+
306.3 . 397.92+ 393,28+
~ 304.5 ©397.60% 392.99+
301.0 0 396.95% 392,38+
298.0 | 396,38+ 391.86+
- 291.0 . . - - 395.02+ 390.58+
- 289.8 o 394.77% 390.36+
286.3 394.06% .~ 389,70+
284.5 . 393.69% 389,34t
281.7 | ©393.09% 388,79+
387.59+

- 275.7 .391.85+

*The values for §, and SB in the'temperature‘range 323.5 to
378.20K were measured directly from the experimental spectra.

tCalculated from a plot of §, and &g Vs. 1/T using the data
from the temperature range 323.50K to 378.20K. (See figure 11).
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" The low temnerature,shift’data vere used to determine

‘how the‘separation between A(I)7and A(II) and B(I) and
YB(lI) varies with'temperature. It was founo that this type .-
of solvent shift was small and that it affects the value for-
_the rate constants almost negligibly. Nevertheless, a.
' small correction'waS'made for the'separation betveen B(I)
and'B(II) in the rate study. The relevant data are given in
table VIII, and & plot of 8B(I)> 53(11), sA(H), aA(I)
‘versus 1/T is given in figure 11. ‘

By making use of the data in tables VII and VIII'
 and figure 11, one may calculate what GA(I)’ 6A(11)5 GB(I)’
SB(II) would be at any temperature 1n the absence of exchange.
These calculated values are recorded in table IX.

Because the separation between A(I) and A(II) 1s
so small (about 2Hz), the correspondlng peaks are relatively
insensitive to changes in the rate constants and hence it is
unnecessary to make COrrectionsIfor the'solvent shifts
5A(I)A(Il)- The separation between the two B protoms is
much greater, however, and the peaks-belonging to the B
protons demonstrate dramatic changes‘as the rate constant
is varied. For this reason we.directed the greater part of

our attention and effort to fitting the peaks belonging to»

the B protons.
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TABLE VIII

"Vf Céiculatgd ASISEfq;wtﬁé-sepa:étionfbetweén ﬁ(I);éﬁd-B(II)'i

(i"e‘f,GB(I)B(II))'”‘ and 'A(‘I) and_,A(II) (.i'.e.- GA(I)A(II))' .

b "Iem?ératﬁre‘ 5':v _1/Tx10’3_' . ;53{1)3(11)*1 ' “;”sAtI)A(iI)*'
254.6  3.928 - . 11.06 - - 1.85
258.0  3.8%6  11.00 - 1.95
266.7  3.750 - 10.93 - 2.07
275.7 3.2 10.85  2.22.
- 281.7 ©3.551 10.79 R :
286.5 . 3,515 1077 =
. 286.3 3.495 1076 -
289.8 351 1073 -
201.0  3.436  10.72 -
298.0 3.356 10.67 -
3010 - 3.322 - 10.65 . ="
- 304.5 o386 10.61 e |
©306.3 3.265 - 10.60 ST '_ |
309.3 3.233 10.58 SERES | |
315.5 3.170 10.54 -
3201 o 3.124 © o101 -
1323.5. 3.000  10.49 =
333.0  3.003 - 10.46 R
343.7 2.909 10440 =
349.2 2.864 10.36 =
1 361.5 2.766 10.31 -
3718.2 2.644 - 10.20 -

* Values reported for the temperature range 254.6 to 275.79K were
-measured from the experimental spectra. The values for the.
temperature range 281.7 to 378.2 were calculated from the least
squares treatment of Sp(y)g(rr) vs. 1/T. :

- 8B(I)B(II) = (667x39) 1/T + (8.43%.13)
correlation coefficient = .9933

1t Because of the relatively small values for»SAti)A(II)
no correction was made for the ASIS on Sp(1)A(11)




7 FIGURE 11

Chemical shifts of the ring.protdns_versus'llT.

Data plotted found in tables VII and IX.

8p = (-16,950+133) 1/T + (453.26£0.44)
~correlation coefficient = 0.99969

§g = (-15,760£130) 1/T + (444.75:0.41)

correlation coefficient = 0.99969

Legend:
SB at high temperatures
Sp at high temperatures
»GB(II) at low temperatures

- $p(1) at low temperatures

6A(II) at low temperatures
5A(I) at low temperatures

,OD@pmm '
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" TABLE IX

»v;{gglculated;values.for'the chemical shifts of the ring.protons ‘
' of 2,3,6-PCT. : ’

o T OO my o %BMD San rap
 254.6% 387.54 377.14  385.7 388.2
258.0 388.45 378.01  386.5 . 389.0
. 266.7  390.97 - 380.47 3889 39L.4
. 275.7 39272 382.15 - 390.5  393.0
 281.7  394.00 383.39 392,20 394.19
- 284.5 394.59 383.96 392,79 394.72
286.3 394 .96 1384.32 ' 393.16 395.08
289.8  395.67 © 385.00 393.87  395.72 g
2910 395.92 385.22 394,12 395.94 | ?
©298.0 397.28 386.53 .  395.48 397.19 L §
301.0 367.85 387.06 395.05 357.70 -
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
320.1 401.21 390.26  399.41  400.76
‘323.5  401.77 - 390.78 399.97  401.26
333.0 403.47 392.16 ~ 401.27 403.60
© 343.7 406.80  393.60  402.98 - 404.00
349.2 405.70 394.50 403.90 404.86
361.5 407.16 - 395.91 405.36 406.21

378.2 - 409.35 397.97 407.55 408.17

* The values reported for the temperature range 254.6 to 275.7
inclusive were measured directly from the experimental spectra.
The remaining values for temperatures 281.7 to 378.2 were

calculated from the data given in tables VII and VIII.
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By varying the rate cohstants and making the appro-

priate corrections for the solvent shifts, the experimental

spectra were fitted to the Calcomp plots generated by the

computer. Representative experimentalvand calculated spectra

~at various temperatures are shown in figures 12 to 17. The
rate éonstaﬁts+ correspdnding to the various femperatures are

found in table X.

j25 Calculation of the Actiyatioﬁ Parameters

Two methods were used to calculate the ectivation
»perameters of the roﬁation. FrombEyfiqg‘s transitien~
state theory (the absolute reaction rate‘theory) oee obtains

the equation:

log k) = -mH] 1, + log xk, + AT -9
' T 2.303R  T° h 2.303R

Hence a plot of log ( ) versus 1/T (see table X) glves a

straight line whose slope and 1ntercept* are proport10nal to

' AHévand AS% respectively. Such a plot is reproduced in

figure 18. Knowing AH? and AS?, one may calculate AGi, the
free energy activation, from thevequation:
ach = anlb - 1ast o (4-10)

The results of these calculations are recorded in table XI.

+ These rate constants cerreSpond to the rate process from con-

formation I to conformation II.

* x was assumed to be } since the potential energy diagram is

essentially symmetrical about the transition state (34,35).




TABLE X

Rate censtants at various temperatures

76.

log k

T(OK) 1/1x103 kt K/T log(k/T)

254.6% 13928 0.35 - - -
258.0% . 3.876  0.80 - - -
266.7% 3,750  1.5£.25  0.0056  -2.250  0.176
$275.7 13.627 - 2.75:.25 0.0099 =-2.001  0.439
281.7 3.549  4.25¢£.25 0.0151  -1.820  0.628

284.5 3.515  5.25:.25 0.0185  =1.734  0.720

286.3 3.493  6.0£.25  0.0209 -1.679  0.778

289.8 3.451  8.75:.5  0.0302 -1.520  0.942
2910 3.436 - 8.75:t.5  0.0301 -1.522  0.942

298.8 3.356  16.0%1.5 0.0537 -1.270 1.204
301.0 3.322  24.0£2.5 0.0797 -1.098  1.380

304.5 3.284  31.0t3  0.1018 ~0.992  1.491
1306.3 3.265  32.5:3  0.1061 ~0.974  1.512

309.3 3.233  36.5%4 0.1180 -0.928  1.562

315.5 3.170  56.0t5  0.1775 ~0.751  1.748

320.1° 3.124  85.0:10  0.2655 -0.576  1.929
' 323.5 131001 11015  0.3400 ~0.468 2,041

333.0 3.003  350:50  1.051 +0.022  2.54
343.7+ - - _— - -

349.2+ - - - - -

361.5% - - - - -

378.2% - - - - -

"t These rate constants were evaluated using the shift data in

i ) _ R R L - ' =
table IX, Ty = 0.80 sec ’JAB(I) = JAB(II) = 8.75 Hz, Jax(1) =

= JAX(II) = -0.1Hz, JBX(II) = 0.5 Hz and JBX(I) = 0.1Hz.

* Values for these temperatures were found to have large error

limits and were not included in the evaluation of the activation

parameters.




. FIGURE 12

Experimental and calculated PMR“spectra of a 20 mole %

solution of 2, .3, 6 - PCT in toluene-dg at 254.6°
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. FIGURE 13

- Experimental and calculated PMR spectra of a 20 mole % N ‘ o

- solution of 2, 3, 6 - PCT in toluene-dg at 275.79K
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'FIGURE 14

Experimental and calculated PMR speétra of a 20 mole %

solution of 2, 3, 6 - PCT in toluene-dg 286.3°K
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" FIGURE 15

Experiﬁental‘and célculated'PMR'spectrg of a 20 mole A

solution of 2, 3, 6 - PCT in tciuene—dg at 298.8°k
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" FIGURE 16

Experimental and calculated PMR spectra of a 20 mole %

~ solution of 2, 3, 6 - PCT inrtoluene—ds at 320.19K
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g - FIGURE 17

E Experimental and calcul.ated‘PMR,speétra of a 20 mole %

_solution of.2, 3, 6 - PCT in toluene-dg at 378.29%
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ActiﬁationlparameterS'were also calculated: using-
the Arrhenius equation,

logk = -E; 1 + log A ©(4-11)

1
2.303R T

_ A plot of:log k versus 1 (see table X) givés a SIOpe'and
iﬁteréept propbrtional'zq.the energy ofvéctivétién Eé and‘
" the fréquency‘facto: A, This,piot ié-showﬁ in figure 19,
.and the activation pafaﬁéters aré iecorded inataﬁle_XI.' For
purposes of comparison tablein includes thé‘activation para-
'.meters for the binderéd internal rotation'of the dichloro-
mgthyi groups in a, a, o', a' - 2; 3,'5% 6 ~.octachloroxylene
(0CX) (16} and im PCT (17,27).

A modified versipnvof the energy,plot calculated
by Barber (16) is given in figure 20. His calculations which
are based on modified Buckingham and/érvvan der Waals poten-
 tial functions (39,40) do not make aﬁy éllowances for the
possibility‘of buttressing bétwéen'ortho’and met# chloiines and
hencé are pot entirely représentativé'éf fhe rotation in 2, 3,
6 - PCT. Slight modifications to cofrect for the buttressing
effects in 2, 3, 6 - PCT aré suggested in figure 20 by broken
lines. An exblanétion ofvfhese modifications will now be
presented; _

The small difference ih freevenergy (AG® =50 cal/mole)
between the two conformations is believe& to originate from

the steric interactions between the ring and side-chain




FIGURE 18

in table X.

iog (k/T) = (—2905i60) (1/T) + (8;4910;21)

correlation coefficient = 0.9974.
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FIGURE 19

Arrhenius plot of log k versus 1/T.. The-data'plotted are found

in tablé X.

log k = (-3010£60) 1/T + (11.40%0.21)

correlation coefficient = 0.9974
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_ TABLE XI

Summary of the activation parameters found for 2,3, 6-PCT in toluene—dg, for oxc(lﬁ),

and

for PCT (17 27)

TRANSITION STATE PARAMETERS

ARRHENIUS PARAMETERS
Compoupd Solvent Ea(Kcal mole‘l) Log A - AH#(Kcal mole'l)‘ AS*(eu) AG#(Kcal mole“l)
©2,3,6-PCT* | Toluene-dg 14.0£0.3 11.3+0.2 © 13.3%0.3 -7.0£0.7  15.4%0.1(2989K)
ocx Toluene-dg 13.6:0.4  11.3%0.3 13.1:0.4  -7.3:1.3  15.420.1(286%K)
PCT - Toluene-dg 15.2£0.2  12.7%0.2 14,.6£0.2  -=1.1%0.7 14;9:0.1(304°K)
PCT Methylcy- '14.3%0.6 12.0%0.5 13.7:0.6 - -4.432.2  15.00.2(3049K)
o : v clohexane - . _ o T S , o :
- PCT Carbon 14.2:0.3 11.9£0.2 13.730.3 © =4.4%1.0  14.9%0.1(291°K)
disulfide . ’ . S : .

* For 2,3,6-PCT the activation parameters'correspOﬁd to the rate process from conformation_ I to -

conformation II.

ve
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* FIGURE 20

A graphical'repregentatiqn.of the free energy change for the

hindered rotation in 2, 3, 6 - PCT.
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,chlorines. In conformation I, the buttressing effect

‘between the ortho and meta ring chlorines perhaps results

in stronger interactions between the ring and side-chain
chlorines. The absence of such an effect in conformation II

-ptésumably makes it morevStableAthan~conformation11.

. At this point it is convenient to discuss the .

‘similaritiéS'between‘PCT, 2, 3, 6 - ?CT and OCX. In a
sénse these threc molecules form avserieslin which che

. buttressing effect steadily increases. It is nocéd that

~ in PCT there is no buctréésing effect, in 2, 3, 6 -~ PCT

: tnere.is a buttressing effcct in'conformétion I but not
in conformation 11, and'in*GCX'thé buttressing effect is
present in both conformations of thc dichloronethyl
group. "If it is assumed that»the,main contribution to the
free energy diagram arises from the:steric interactions

" between the ring and side-chain chlorines énd’that hydrogen

bonding and other effects contribute much less, then the

relative magnitude of AG® and s6"

of the three molecules
can easily be explained. The absence of buttressing in §CT and

conformation II suggests that the ground state free

energy of PCT and conformation II are comparable in magni-
t tude. Similarly, the presence of the same type of buttressing
in conformation I and OCX suggests that.they have similar

ground state free energies. This leads to the conclusion




98,

5that the ground state_free.ene;gy of OCX_is.greater than
- that of‘PCT by an amount in the 6rder of.100vcai/po1e¥

| As well it is evident that AGy' of 2, 3, 6 -

PCT and AGéCX should Be ﬁer& nearly equal since the
 Bgttfessihg is the same for both c;anéition statés, The
.data in table.XI aié ébnsistent'wifﬁtthis;cdnclﬁsién.

1(AGI* = AGozx = 15.4+0.1 Kcal/mole);_ Further@ore,

. because of thevabsencé 6f;butfréssing.i§ coﬁfofmation II_and 

- PCT, AGli.and AG are expected fo»be of equal mégnitude.

#
PCT °
ﬁnfortunately there is no way of measuring AGié, but it Qeems
1ogicél to assign the same valué fdr AQi¥: as'for,AGééT' If
:thiS;agégﬁptipnvishvalid 9ne,qan»conc}ﬁde.that AGIi is less
tﬁan;Aéi.by‘an aﬁounF equalkfo AGOég ;‘AGééT = 0:410.2
Kcal/mole. e |

Table XI also showsvsimilar valﬁes of‘AS#'for'OCX»'
and 2, 3, 6 - PCT but a more positive value for the entropyv
of‘activation for PCT. This difference may be again‘linked
to the buttressing effect deécribed previously. This effect
increases the steric interactions more in the transition
state than in the ground sfate. A net increase in steric

# Because there are two dichléromethyl groupé in OCX the

ground state free energy relative to that of PCT is

approximately 2x50=100 cal/mole and not simply 50 cal/mole.
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interactions in the transition state relative to the ground

state is expected to decrease the number of degrees of

. freedom in the transition state and hence result in a

4

. - Lack and Roberts (36) observe a similar

#

negative AS
effect on AS’ in their conformational studies.

3, Errors .

The aﬁalysis of rete>pr0cesses by.the NMR,complete
line -shape methodvis frequently sutject tb lerge‘syeteﬁatic
- errors (37,38). Such errors are ﬁore evidentlin'the values
‘fer AS*, AH# aﬁd Ea than in the vaiue for AG#.
| Saturation, excessivevfiltering and field.inhomo-
Qgepeities sigpifieantly distort the‘liqe—shapes and therefore
mt;t be avoided.._Beeause tﬁe greateet eﬂanges in the line;.,' B k |
shapes oceur in theAtemperature range near the coalescence
temperature, the data obteined from this range should be

considered the most reliable.

The error introduced by the uncertainty in. the

value for the effective T, is relatively small in this rate
study. The experimental spectra used for the determination

for the rate constants were selected from the temperature

range where the peaks are broad due to exchange. In this
temperature range‘the contribution to the linewidth due to

the effective Ty is small in comparison to the contribution
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~ due to exchange and Hence the‘valnes'obtained for fhe
‘:ate:conStants are quite aécufate. |
In,a preceding>sectibn;'the apptoxiﬁation that AHO
'iis constant with temperature was made. Were this not true,
the values for the rate coﬁstants‘would be affected. |
f,Ne#ertheiess, fhé éize éf thevexpefiﬁéntal.errof in the
estimation of the rate cqnstants‘is;probably significantly
‘lérger than the magﬁitudé of the érrbr intro&uéé&'by this-
.approximatipn. | ' k
Tﬁe transmission‘coefficient-forvthe Eyring
eqﬁation was assumed to’have‘a valoe of %; This appears to
be a reasonable assumption providing the energy diagram is
syﬁmetrical about the transition state (34,35). Binséh
suggests (4) that a value of 1‘be uée&. ﬂoweﬁer, only AS#

is affected by the value chosen for the transmission co-

efficient.

Finally, the error which is quoted for the acfivation

parameters in table XI is determined from the standard
error given by the least squares analysis of the data in

table X.
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G. Suﬁmary and Conclusions

- A high resolution PMR ihvestigaﬁion of rhe hindered
: iﬁtefnal rotation of theldichloromeﬁhyl group in 2, 3, 6 -
- PCT has been conducted using a complete line-shape computer-
ized analysis ofvthe ekperimental spectra. The stﬁdvaas'
f ¢afr1éq out in a 20 mole % solution 6f>2, 3,'6 - PCT in
" toluene-dg over a temperature range.frbm 254.6 to 378,2°K;
The differenﬁ ﬁeaks at the various ﬁemperaturesIWere analyzed
and assigned to the corresponding'prbtons. Aéprpériate
'vﬁodifications for the different solVént shifté and prula;
- tions were made in tﬁe»treatment of.the data.

The actiyation parameters_for the‘rotational
_energy barrier wéfe caléulatéd in terms of the Arrhenius
and the absolute reaction raﬁe thedriés; they are recorded
‘in table XI. Comparison‘qf these results with those of
simiiar'molecuies indicate similar eﬁe:gy barriers for the
‘rotation of the dichioromethyl group in polysubstitutedv
tolﬁenes with chloro groups in the ortho posi;ion. The
larger free energies of activation and smaller entrofies of
activation for 2, 3, 6 - PCT and OCX in comparison with the
respective activation parametérs for PCT were explained in
‘terms of a buttressing effect between the meta and ortho
chlorines in 2, 3, 6 - PCT and OCX. ' The same buttressing

mechanism has also an effect on the difference in free




o o
»ecetgy bet&een the-two conformations of:PCT. Thie wae
"vmeasured by the difference in population and found to be
; 50_20 cal/wole. It is 1nterest1ng and probably 51gn1ficant

4

 that the same buttressing-effect~increases AG by 0. 4Kcal/mo;e

' '(i e. Achx - AG?CT = 0 4Kca1/mole9 but increases the" oround state

;fftee energy AGO by only 50 cal/mole.
It is concluded that the main contrlbutlon to

. the.energy barrler is steric h1nderance between-the chlorlnes.




. 103.

H. Soggestions for Future Research

- The results of this 1nvestiéat10n could be checked
'by a repetition of the study usino a 100 MHz spectrometer IR
- or 130 probe. This study suggests that the effects of
the buttressing can be measured. in three different ways:
- 1). By the relative stability of the conformations. 3
2). By the relative values of the activation parameters»
in PCT and OCX. | |
3) By the relative line p051t10ns of 6A(l) compared
to. 5A(II)’ GB(I) compared to SB(II) and 5X(I)
. compared to‘GX(II), .

Henee it should be possible‘to.obtain a good measure of the
'steric iateractions in polysubstituted benzenes by varying
the sutstituents. | |

A stddyvof the hindered.rotatioa of a trichloroé'
~ methyl group in’avoolysubstituted toluene would perhaps
provide'interesting results. With tﬁo ﬁalogeﬁs in the ortho
positions, the most-stable conformation &ould have two of
the side-chain chlorines above the plane of the ring and the
third below the plane. Consequently; the magnetic environment
above and below the ring would be different. ,A group with
protons out of the olane of.the ring could detect this

‘difference.
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