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< ABSTRACT
A proton magnetic resonance study was carried out on
the hindered rotation of the dichloromethyl group in o,0,2,4,6~-

pentachlorotoluene., Two solvents, toluene-d, and méthylcyclo-

8

hexane, were used. Rate constants were determined by fitting
experimental spectra, obtained over a\temperature range of
-20° to 70°C,to computer-calculated spectra using linewidth
measurements, An effective transverse relaxation time was
e-stimated from the linewidth of a related compound present
as an impurity and the variation in relative shift with
temperature in the toluene-dg solution was accounted for by
an extrapolation from lower temperatures.

The activation parameters for the process were calculated
 from Arrhenius-type plots and from absolute reaction rate theorv.
Values for the enthalpy of activation were 14.6 £ 1.3 and 13.7
‘t 2.2 kcal/mole for the toluene-d8 and methylcycloherane solu-
tions respectively. The corresponding values for the free
energy of activation were 14.9 % 0,1 at 30.3°C and 15.0 £ 0.2

kcal/mole at 30.7°C. Both statistical and systematic error
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limits were estimated (the larger systematic ones are quoted
‘above). The mechanism for the rate process was discussed in
the light of the experimental evidence and an attempt was also

made to account for the magnitudes of the activation parameters.
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- CHAPTER I

Introduction




‘Nuclear magnetic resonance (NMR) is a useful tool for
the study of such rate processes as proton exchange, confor-
mational>equilibria and hindered internal rotation., If the
rate constants for these processes are comparable in magni-
tude to the total spread of the NMR spectra (10—1 to 10° sec~1)
profound changes in the shape of the signals may result from
changes in the rate. This line-shape change is the criterion
for the study of rate processes, There are several good reviews
which cover most aspects of this field in some detail (1-4).

Take as an example the case of two uncoupled nuclei in |

different environments. Assume that because of some rate pro-

cess the nuclei are exchanging sites. If the rate of exchange

is‘longh each nucleus will precess at its own particular Laxrmor
frequency and so two sharp resonance signals separated by a
chéracteristic chemical shift difference, 5vAB' will be observed.
As the lifetime becomes shorter the resonance peaks will broaden
as a consequence of the ﬁncertainty principle. The broadening
limit is reached when the lifetime is comparable to the chemical
shift difference between the two sites, at which point the two
.peaks coalesce. A further increase in the exchange rate is indi-
cated by é progressive narrowing of the single peak. Each nucleus
no longer has time to change phase at random between successive
exchanges and thus only an average magnetic field acts on each
nucleus. The limit of this line narrowing is determined by the

magnetic field homogeneity of the spectrometer.
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A great many rate studies have been carried out using NMR.
Unfortunately the quantitative results which were obtained in
the past were not very reliable even though many workers claimed
optimistic error 1imit§. The numerous conflicting results obtained
forbcyclohexane ring inversion and the hindered internal rota-
tion in amides (4) confirm the preceding statement. Two main
origins of the difficulties in obtaining reliable quantitative re-
sults are:

" 1. Dynamic parameters are very susceptible to spurious effects
such as field inhomogeneities or saturation.

2. The theoretical treatment of the experimental data has‘

in many cases been inadequate, mainly because approximate
formulae were applied inétead of the more coﬁ?licated
complete line-shape theory.

In the subsequent discussion the ﬁain points of relaxation
and the Bloch equations will be briefly reviewed since they form
the basis for the early, classical line~shape theories. The
quantgm mechanical approach based oﬁ density matrices will then
be discussed somewhat more fully., The methods for extracting
activation parameters from the data will be mentioned and‘finally
the various sources of error involved in the procedure will be

" reviewed.
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CHAPTER II

Theoretical Discussion




A. Relaxation and the Bloch Equations

Consider a nucleus of spin I and magnetic moment p _ vI,

where Y is the magnetogyric ratio, subjected to a steady magnetic
field H, in the Zz-direction. Classically U precesses about Eo

, where the vector.mO is in the

with angular frequency w.,= Yﬁo
negative Z-direction (assuming Y):O ). This angular frequency
is called the Larmor frequency. For an assembly of nuclei the
individual moments add to give a total magnetization M, but since
their phases are randomly oriented, only the Z-component, which
is denoted by My, will be non-zero. |

ﬁow if a radiofrequency field Hy, rotating in the x-y plane
at angular frequency g_in the same direction as W s is applied,
the individual moments will precess in phase and the x and y-compo-~
nents of M will no longer be zero. This perturbation also causes
(for spin 1/2 nuclei) the individua; z-components of the moments
to invert thus tending to equalize the population difference of

the two energy levels.

The classical expression:

aM
a‘; = Y(EXE‘) LI s e e (2—1)

describes the effect of the total field on the magnetization vectors.
The component equations of (2-1) referred to a reference frame rotat-
ing at angular frequency  about the z~axis can be shown to be (5)

du
dat

(w 'wo)v.

dv
dt

i

-(wo-. w)u + YHlMZ se s ce s (2"'2 )

aM
dc = TYHY



T

where u and v are the x and y-components of M in the rotating
reference frame,

The total magnetization is further influenced by two relaxa-
tion processes. The first of these, spin~lattice or longitudinal
relaxation, causes M, to decay to its equilibrium value Mg with
a characteristic time T;. The secona process, spin-spin or trans-
verse relaxation, causes u and v to decay to zero; that is, it

tends to make the individual moments lose their phase coherence

“in a characteristic time T,. More complete discussions of the

mechanism for relaxation may be found in variaus sources (3,6,7).

Equations (2-2) are modified by relaxation terms to yield

du u
dt = o™y - ¥y
av _-(iw w h4
at "o lu+ mM, - T, cees (2-3)
a
g = Y Hyv - (Mp-M0)
T1

Thé above equations‘are known as the Bloch equations (8) and a
fairly detailed derivation of them together'with their steady-
state solutions may be found in reference (5).

NMR spectrometers are built in such a way as to detect changes
in the x-y magnetization which may be written in complex form
as

G=u+iv cee (2-4)
The in~-phase component, u, corresponds to the dispersion mode

and the out-of-phase component, v, corresponds to the absorption

mode, It can be shown élassically (3) that the power absorbed

i
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(assuming no saturation) is

2
wyH 1M0T2

2 2
1+ T2 (wo— w)

This expression resembles the familiar Lorentz line-shape
equation (5). From equation (2-5) is easily derived the
formula for the linewidth at half-height of a resonance peak.

It is

Aw

jo

.]; .
2

il
3

(in radians/sec)

v -

1
Z.

A
[%)

h]
’ff"r2 (in H,) 're (2-6)

where Avl is the linewidth at half-height (in HZ).
z




B. Rate Processes

1. Early Line-=Shape Theories

All the early classical line-shape Ehgories were based on
the Bloch equations; The first treatment of the two-site exchange
problem was undertaken by Gutowsky, McCall and Slichter (9) and
was later elaborated on by Gutowsky and Saika (10) and Gutowsky
and Holm (11). TheAlast‘paper contains the most widely used
equations and approximations, but the general theory used is usually
referred to as the GMS theory. Essentially in all treatments
the Bloch equations were modified to take into account the ex-
change effects and were then solved directly.

A simpler treatment was worked out by McConnell (12) who genege
- alized the Bioch equiations directly to ihcludevexchange effeﬁLs,
In this way the previous, involved derivations were reduced to
simple aloebraic operations, and furthermore thg treatment of
saturation effécts could be.incorporated.

Generally the complete line-shape expressions derived from
thevGMS theory are not used directly, since various approximate
formulae have been deduced from them in order to calculate rate
constants. These approximations include the following:

1. Chénge in peak separation in the slow exchange region

ﬁelow coalescence (1ll).

2. Measurement of the intensity ratio between the two

maxima and central minimum of the spectrum below

coalescence (13).
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3. Measurement of line broadening in the slow exchange
region (14,15).

4. Measurement of line narrowing in the fast exchange
region (16).

5. Determination of the coalescence temperature from
which the rate constant may be deduced (4).

These methods have been widely used in the past, but in many
cases they have beén employed in situations where the theory does
not apply. One such example is the use of the GMS theory‘in cases ;
where there is strong coupling between the two exchanging protons.
In cases where there‘is only weak coupling, good fits have béen

obtained (17), but as a rule the generation of the complete line=-

shape using the guantum mechanical approach is much the superior
.method, It can easily include AB systems with strong coupling

as well as more complicated spin systems.
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2. Quantum mechanical Line-shape Theory.

This theory which was first given by Kaplan (18) and
extended by Alexander (19) and Whitesides (20) is based on the
density matrix formalism (21-23). Several other slightly differ-
ent = approaches have been taken since then (4,24,25). It is not
the purpose here to derive the basic theory or apply it in detail
to a particular case, since most of this work has been done in
the above references. Furthermore the theory and computer progrmam
which was used for calculating the rate constants in the present
ABX case, have been derived (26) using Whitesides' approach. A
very brief outline of this basic approach‘as it applies to a
simple exchanging AB system will now be given,

A list of the important equations from density matrix theory
'usedvin the following outline may be-found +in appendix I.

First of all, the spin product functionsused as the basis

set for the AB case are

¢1 =00,

¢, =af

2 (2-7)
¢, =Ba

3

§, =88

Since the spin angular momentum operators are proportional
to their component magnetizations, the x-y magnetization (from
equation 2-4) may be written as

. - + . -
Ix+1Iy—-I (2-8)




i
H
{
1
1
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where It is the raising operator. From equation (A-5) the

average value of the x-y magnetization iss

G = mft) | (2~9)

Using the basis (2-7) the matrix for 1t is

0 1 1 0
0 0 0 1
it o= 0 0 0 1
0 0 o o (2-10)
Therefore from (2-9) and (2-10) is obtained
=0, +0 +o o (2-11)
21 31 42 y3 .

The density matrix elements in (2-11) are calculated by sole .

ving the equation of motion (A-6) which has been modified

- as follows to account for exchange and relaxation:

=T I dp é&) 2-12)
ae Tt [p,}{j+ (dt> exch (dt relax (

The constant h has been omitted in the above equation so that
the Hamiltonian is now expressed in units of radians/sec.

The matrix form of equation (2-12) is easily calculated
(the matrices being given in appendix II). Then assuming unsa-
turated, steady~state conditions the left-hand side of (2-12)
may be set equal to zero, which results in a system of linear
algebraic equations from which the matrix elements of (2-11) may
be determined. Only the imaginary part of (2-11) which represents

the absorption signal detected by the spectrometer, is required
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for the final solution. It can be shown (20) that this solution

is ‘ 62
+ - T
S T < 575 3
A4-2JA3+A?_(?'-2 +J> + 2 + 16
(2-13)
62
+ C :

N} o
N

4
A% + 2383 + A2 ('%'2 -

Equation (2-13) defines the general line-shape function for an
exchanging AB system., The relaxation terms have been neglected
for simplification, so the expression is valid only in the inter-.
mediate exchange region where relaxation represents only a small
contribution‘to the total linewidth. Furthermore the units are
iﬁ radian/sec.

A simple explanation of how the general line-shape equation
is utilized in calculating AB spectra as a function of lifetime
will now be given. First of all, the chemical shift § and coup-
ling constant J are determined from the very slow exchange spectrum.
Using these values and a particular lifetime, a plot of the
right-hand side of expression (2-13) versus A is made. The result
is an.NMR absorption spectrum. A series of such spectra may be
calculated for a given range of lifetimes. Computer programs

are indispensable for calculating spectra in this way.

e 683 S o B B i e e 8 A A i ¢ 2 et
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C. Determination of Rate Constants and Activation Parameters

For the equal population two-~site exchange problem the mean
~lifetime U is simply the inverse of the rate constant k. Probably
the best way to obtain rate constants as functions of temperature
is to compare visually, computer-calevulated plots with the exper-
imental spectra. This method gives the lifetimes or rate cons-~
tants directly., With the wide-spread availability of computers
the approximations derived from the early GMS theory have become
more or less obsolete,

.The activation enexgy, E,, for the rate process may be

determined from the Arrhenius equation:

k =ae /R, (2-14)

‘where A is the frequency factor. Lf the rates are determined over
a series of temperatures, a plot of log k versus 1/T should yield
a sttaight line whose slope and intercept are proportional to Ep
and log A respectiveiy. This method implies that Ep and log A
are independent of temperaturé which is a good appzoximation if
the temperature range is small enough.

From the Eyring equation (27 )

—B- ~AG/RT
k= h € 7 ocoo'o. (2-15)

. where k is the transmission coefficient, kB-is Boltzmann's
constant and h is Planck's constant, the free enexrgy of activa-

tion 4 G¥may be calculated at a given temperature.
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Substitution of the thermodynamic equation
A GF = pHF- Tpg#E (2-16) Ly

into (2-15) gives

Kk, T
B -AH¥ f
k= TET SUTEL O AST/R (ol
It can be shown that (27)
AH# = EA - RT ce e : (2"'18)

Substitution of (2-18) into (2-17) and comparison of the result

with (2-14) shows that

A SF = 2,303R |:1og(£'§"BT) - l] eee (2-19).
Thus the enthalpy, AH#, and entropy of activation, AS#, may be
calculated from the Arrhenius plots and from equations (2-18) and
(2-19) respectively.
Howevef?‘according to Binsch (4), the above approach‘is not
consistent since Ep and log A are assumed to be temperature—iﬁde»
pendent while‘AH¢=and AST arxe depe;dent on the temperature. He

suggests that a more logical approach would be to obtain AH¢=and

AS* in the following way: Taking the log of both sides of (2-17)

yvields

A - AH¥ ( 1) Kg AS¥F
(k) = 3303 \F/Y19| =2 4 Tsomr (2-20)
log T .

Now a plot of log (k/T) versus 1/T should give a straight line whose
slope and intercept are proportional to AH# and pS¥respectively.
In this way the enthalpy and entropy of activation are assumed

to be independent of temperature,
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D. Sources of Error

Probably the greatest drawback in NMR rate studies is the
magnitude of the systematic errors inherent in the method. The
sources of these errors as they apply to GMS theory have been dis-
cussed in abrecént paper (28), It was found that in many éases
the classical equation was oversimplified or one of the approxi-
mate formulae was used in a case where it did not apply and thus
a serious systematic error was introduced.

_§ Many of these systematic errors may be eliminated by using

; the quantum mechanical line-shape theory. However, even this
method suffers from the fact that the temperature range over

which significant specfral changes occur is rather small and that
thg spectral sensitivity is not uniformly distributed over this
range. Since changes in line-shape occur much more rapidly in the
intermediate region near the coalescence temperature than at the
extremes, the data in this region will be more reliable., Reeves
(2) suggests that the range of 1if¢times where detectable linewidth

changes occur is given by [

16 , 0.0016
=2 T w2
GvAB > > GVAB

At the limits of fast and slow exchange the main contributions

to the linewidths arise from the inhomogeneity of the external

magnetic field and the relaxation processes. In fact the following

equation has been given (29) to represent this fact:

L L
L .=,
Ty = T3 7T

where 1/T, is a measure of the observed linewidth at half-height

of the resonance peak and T, is called the effective relaxation
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time. Tg is the transverse relaxation time and l/Té is a
measure of the inhomogeneity and other instrumental contribu-
tions to the linewidth. A properly chosen value of the effective
T, is requirea for the line-shape expressions. It is often
deduced from the linewidths of a peak at very fast or very

slow exchanges or from some standérd peak due to a non-exchang-
ing proton. Equation (2-6) is then used to obtain T2 from the
linewidth. However, such a value is not very reliable since

TZ is different for nuclei with different environments and

varies with temperature (17). Furthermore the inhomogeneity

contribution is extremely sensitive and difficult to keep

constant. The error due to an improperly chosen T, will be

38

extremes, but the total effect will be an observable error
in the slope of the Arrhenius plot.

Another systematic error will be introduced if the relative
chemical shift of the two exchanging protons is temperaturé-
dependent. Since this shift can usually be measured only at
the slow exchange limit, it has been considered constant in
many calculations. If in fact there is a temperature variation,
the calculated rates will be wrong especially in the coalescence
region (17) and a significant systematic efror will result in
the actiwation energy. One way to correct for this error is to
measure the relative shift at several slow exchange temperatures
" and to extrapolate into the fast exchange region. Various

workers have applied corrections of this kind (30-32).
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The effect of thevpreceding errors in the activation para-
meters increases iﬁ the following order: AG¥* (AH¥ (AS#, These
differences follow directly from the equations used to calculaﬁe
Athe parameters (29}.

In addition to the sys;ematic errors, numerous experimental
errors may arise from instrumental difficulties. These include
temperature variations, field inhomogeneitf and saturation effects
(28). A knowledge of the accurate sample temperature is imperative
in rate studies. Fiuctuations may result from variations in heater
current or flow rate of the gas. There will also'be temperature
gfadients within the probe which become more serious the farther
away from normal magnet temperature the measurement is being
performed. However, if the temperature is determined with the
standard methanol or ethylene glycol samples immediately before

lbr after a run is made, the uncertainty in the relative tempera- %
éure should be less than %1°C,

Serious distortions of the resonance peaksvwill result from . L
an inhomogeneous magnetic field, the use of excessive filtering |
and from saturation effects. Inhomogeneity will cause excessive
broadening which will have serious effects in the slow and fast

exchange regions. . This effect is especially noticggble when the

temperature is suddenly changed and for this reason the resolu-
tion should always be checked for each temperature run. Satura-

tion and too much filtering will also cause distorted line-shapes
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and so must be carefully avoided. If there precautions are
taken the observed resonance peaks should approximate true

Lorentzians as implicitly assumed by the underlying theory.




CHAPTER IIX

Nature of the Problem
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At -40°C the proton magnetic resonance of «,0,2,4,6-pentachlo=
r§toluene consists of an ABX spectrum, the AB part due to the ring
protons and the X part due to the methine proton. As the compoundl
is heated the AB part broadens and finally coalesces into a single
peak at 20°c. Upon further heating this peak begins to sharpen
until at 70°C an A2X spectrum is observed ( a doublet for the
ring protons and a triplet for the methine proton). From these
observations it is clear that a rate process involving hindered
rotation of the dichloromethyl group of the compound must be tak-
ing place.

The purpose of this investigation is to determiﬁe rate
constants and activation parameters for this hindered rotation
by matching eyxperimental and cémputer—cal:ulated spectra. An

attempt to explain the mechanism for this rate process will also

be made,
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A, Compounds

The compound «,0,2,4,6-pentachlorotoluene (pentachlorotoluene)
was prepared in the following three steps:

1. Ring chlorination of m-toluidine

The method of White and Adams (33) was followed., m-tolui=-
dine was first acetylated with acetic anhydride and the
product chlorinated by passing a continuous stream of chlo~-
rine into the mixture for six to eight hours. Thg acetyl
derivative was qonverted to the free amine, 2,4,6-trichlo-
ro-3=-amino toluene, by addition of sulfuric acid and steam
distillation.
2. Deamination
The method used was similar to that of Chattaway and Evans
(34). A solution of sodium nitrite in ethanol was added
to ‘an ethanolic solution of the trichloro-m-toluidine pre-
pared above and the mixtu;e was agitated. After being
allowed to stand for several hours the mixture was steam
~distiiled; Thé product 2,4,6-trichlorotoluene crystallized
s | out in the collecfion flask., Its purity was checked by
its melting point (25 ~ 27°C) and by the appeafance of.the
NMR spectrgm of a 10 ﬁole% solution of the compound in

carbon disulfide.

3. Chlorination of the sidechain

The trichloro derivative from the preceding step was chlo-

rinated under UV light for three hours at which time its
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weight indicated that it had been dichlorinated. The
produét a,0,2,4,6-pentachlorotoluene was distilled
three times, the distillate being collected, and its
purity deduced from the @ppearance of its NMR spectrum,
There was one small impurity peak in the spectrum which,
from subseguent work in this laboratory, has been shown
to be due to o,0,a,2,4,6~hexachlorotoluene. Its presence
in no way affected the rate study; in fact this peak
was used to obtain an estimate of the effective T2. %:E
The other chemicals used were toluene~dg, methylcyclohexane
(MeC6Hll), carbon disulfide'(csz), acetone, dimethyl formamide
- (DMF} , cyclopentane (CSHIO) and tetramethylsilane (TMS). They
were obtained from'the tolléwing.chemica; companies and used
without fﬁrther purification:‘bAldrich Chemical Co. Inc.,
Nuclear Magnetic Resonance Specialties, Matheson Coleman and

Bell, and Chem Service,
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B. Proton Magnetic Resonance Measurements

All proton magnetic resonance (PMR) spectra were measured on
a Varian DA-60 I Spectrometer operated in the frequency sweep mode
and locked to intérnal TMS., Calibrations were carried out by period
averaging-techniques, all spectra being recorded at least four
times. The shifts were reported with an accuracy of % 0,005 ppm
and the errors in the coupling constants were standard deviations
from the mean. Approximately 15 mole % solutions of pentachloro-
toluene in toiuene—ds, Me Cghjj, CSy, acetone and DMF were pre-
pared(with about 1 mole % of C5H10 added to each one, Each solu-
tion was degassed using the freeze-pump~thaw technique,

The temperature studies were then carried out as follows.
After each sample had been heated in a bdiling water bath to see
Qhethe¥ the tubes could withsténd fhe added pressure, PMR spectra
were recorded at approximately 10° intervals., The spectrometexr
was equipped with a Varian V-4343 variable temperature contfoller.

All temperatures were determined immediately after each calibra-

8 T A S R Kbt A N A 0 L TSR 100 i 0 i i

tion using an ethylene glycol or methanol standard and the graph
of internal shift versus temperature prepared by Varian. Optimum
resolution at each temperature was checked by the appearance of
the methine proton peak and the CgHjg standard peak. All spectra

were recorded with a sweep rate of 0.02 H,/sec. , i:g
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All the chemical shifts in this study are given in PPM
to low field of internal TMS and all coupling constants and
1inewidths at half-height are reported in H,.

The proton chemical shifts and coupling constants for
the 10 mole % solution of 2,4,6-trichquptoluene were deter-
mined from its spectrum by simple first order rules. The .

results were as follows:

va 7.162 * 0,005 ppm

Vy 2.369 £ 0,005 ppm
dax = 0.48 + 0,02 Hy
where A refers to the ring protons and X to the methyl protons.

Of the temperature studies carried out, rates were deter-

minaed anlyv £~
............ 1y r
low temperature spectrum of the CS, solution was an ABC and

rates could not be determined with the present computer program.

The solute came out of solution in the acetone and DMF solvents

‘before the slow exchange temperature could be reached.

Some of the PMR spectra at various temperatures are shawn
in figures 1,2,3,5 and 6. Proton assignments were made for
the ABX spectra obtained at the lowest temperatures (figures
1 and 2) with reference to the following conformation of

pentachlorotoluene (later shown to be the ground state):
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The doublet to lowesé field was assigned to Hx'_ Its low
shielding was due to the magnetic anisotropy of the ring and
hydrogen~bonding with the ortho-chlorine atom (35). Further-

more its long-range coupling to only one ring proton was con-

sistent with the zig~zag rule (36). H, was less shielded than

HB because of the sidechain chlorine atoms and therefore its
resonance was to lower field. The slight broadening of the

HB resonance lines seemed to indicate a small coupling (<o.1 Hz)
to Hx. Finall& the greater chemical shift difference between
the H

A and HB resonance peaks in the toluene-dg solution was

due to an aromatic solvent induced shift (ASIS).

A complete list of the chemical shifts and linewidths

at half-height of the resonance peaks in the spectra of the
toluene~d8 and MeCgHy, solutions is given in Tables I -Vi .
The widths at half-height of the CgHjg and impurity peaks are

also shown.
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FIGURE-I

The PMR spectrum of a 15 mole % solution of

pentachlorotoluene in toluene-dg at ~-39.7%,
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FIGURE 2

The PMR spectrum of a 15 mole % solution

of pentachlorotoluene in MeC.Hy4 at -37.0%.




i

I i

g Y t ‘
) \g‘j ! f A %} { k\ Xy 4 hﬂéJ %‘ A4 JMJ %
o i il l:jf‘; f{*ﬁi ' ' é},»,“fi,’i;*ﬁ %u%w ‘aﬁ%

| {

- 7356 7282 7171 PPM

Heo —~



FIGURE 3
The PMR spectra of 15 mole % solutions
of pentachlorotoluene in (a) MeCgHj, at

71.9°C and (b) toluene-dg at 72.6°C.
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TABLE - I

Chemical shifts and linewiaths of the HA resonance

peaks below coalescence for the Toluene-dg solution.

'fgg . CHEMICAL SHIFTS (PPM) AND LINEWIDTHS (H,,)
-39.7 6.634% 6.625 6.598 6.590
0.46 0.40 0.49 0.40
-24,9 6.699 6.691 6.663 6.655
~ 0.91 - rx 0.93 -
-8.8 6.761 - o 6.722 -
1.11 - | 1.09 -
-3.2 6.783 - 6.747 -
3.93 - 1.47 -
2.7 6.798 - 6.769 -
4.56 - | - -
10.0 6.781 - - -
| 4,22 - - -

* In this and subsequent tables the shifts are given in the
first row and their respective linewidths at half-height
in the second row opposite a given temperature.

*% dash means that the resonance peaks have begun to overlap.
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TABLE - II

Chemical shifts and linewidths of the HB and HX

resonance peaks below coalescence for the toluene-

d8 solution,

CHEMICAL SHIFTS (PPM) AND LINEWIDTHS (Hz)

TEMP . . *%k
(c) Hp Hy csHio IMP.
- =39.7 6,391  6.355 7.197 7.188
0.50 0.49 * ~ 0.39 0.28
-24,9  6.466° 6.430 7.216  7.206
: 0.55 0.54 0.42 0.32
- 8.8 6,542 6,507 7.237  7.231  7.226
0.62 . 0.70 : 0.29 0.21
- 3.2 6.571 .6,536 7.244 7,238 7.233
. 1.09 3.77 o 0,32 0.20
2.7 6,595 6,562 7.249  7.243 7,238
4.56 - 0.37 0.20
10.0 76.610 - 7.253 7,248 7,242
0.20

- - 0.24

required or is available for the given space.

*x This represents the impurity peak.

* A blank in this and subsequent tables means that no data are

[
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TABLE - IIX

Chemical shifts and linewidths of the HA and Hx
resonance peaks above coalescence for the toluene-
d_ solution.

8
TEMP. CHEMICAL SHIFTS (PPM) AND LINEWIDTHS (Hz)
©c) Hp H,, CeHin IMP,
27.2  6.760 7.273  7.267  7.262
| 5.82 0.33 0.28
| 30.3 6.767 7.276  7.270  7.265
; 4.43 0.29 0.29
f 34.2  6.777 ' 7.277  7.272 . 7.267
: 3.64 : 0.32 0.20
] 49.9  6.824 7.290  7.284  7.279
? 1.14 0.34 0.24
: 58.8  6.844 7.298  7.292  7.288
é 0.83 ‘ 0.30
72.6  6.882 6.878 7.305  7.300  7.295

ki 0.70 - 0.36

1
i

e A B 8 S 0 0 A S8 o B o 5050 0 e s et =



TABLE - IV

Chemical shifts and linewidths of the Hp
resonance peaks below coalescence for the
MeCGHll solution.

34

TEMP- :
(OC) CHEMICAL SHIFTS (PPM) AND LINEWIDTHS (H
: ~37.0 - 7.306 7.298  7.270  7.262
5 . o 0,41 0.83 0.42  0.41
-17.0 7.316 7.309 7.280  7.272
0.94 - 0.92 -
- 8.5 - 7.287  7.279
: 1.08 - 0.99 -
- 0.2 7.221 - 7,287 -
1.39 - - -
7.3 7.287 - - -
. 6.45 - - -
14.4 7.268 - - -
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TABLE - V
Chemical shifts and linewidths of the HB

and Hy resonance peaks below coalescence
for the MeCgHjj solution

TEMP. CHEMICAL SHIFTS (PPM) AND LINEWIDTHS (Hz)
(o]
(°c) Hy Hy CsH1g IMP,
-37.0 7.18  7.151 7.361  7.352
0.45 0.37 0.46 0.26
-17.0 7.197 7.161 7.366  7.356
0.45 0.43 0.32 0.20
- 8.5 7.205 7.170 7.369  7.364  7.359
0.51 0.62 : 0.30 0.18
- 0.8 7.226 7.174 7.372 7.366  7.360
0.91 - 0.27 0.18
7.3 7.218 - 7.373 - 7.368  7.362
- - . ' 0.28 0.18
14.4  7.232 - 7.374 7.369  7.364
- - 0.24 0.18

e . S e e B
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TABLE - VI

Chemical shifts and linewidths of the HA
and Hy resonance peaks above coalescence
for the MeCGHll solution

0.75 - 0,32 0.21

TEMP. CHEMICAL SHIFTS (PPM) AND LINEWIDTHS (Hz) ;
(o) ’ :
(°c) Hy Hy CgHig IMP.
23.5  7.256 © 7.376  7.370  7.365 :
3.35 0.31 0.20 "
30.7  7.256 7.378  7.372  7.367 A '
1.70 ' 0.30 0.20 ;
43.5  7.260 7.38  7.374  7.370 | | i
0.94 0.28 0.18 i
52.8  7.263  7.258 7.381  7.375  7.370 | ;
0.80 - 8.21 c.18 g
71.9  7.266  7.261  7.384 7.378 7.374 . ]
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The results of standard ABX analyses (7) of the lowest

temperature spectra (figures 1 and 2) as well as simple first

oxder analyses of the highest temperature A,X spectra (figure

3) of the two solutions are given in Table VII.

TABLE - VII

Proton chemical shifts and coupling constants
for the ABX and A,X spectra of the toluene--d8

and MeCgHy, solutions

TOLUENE--d-8 MeC6Hll
ABX
va (ppm) 6.611 + 0.005 7.282
Vg 6.374 7.171
Vo 7.192 7.356
g Jpp (Hz) 2.14 + 0,04 2.14 £ 0.04
;
| Jax 0.52 % 0,02 0.50 % 0,02
Ipx 0.01 0.01
AsX
va (ppm) 6.880 7.264
vy 7.300 7,379
Tpy (HZ) 0.30 % 0,02 0.33 % 0,02




CHAPTER VI

Discussion. of Results
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A. Treatment of Data

1. Determination of Rate Constants

The rate constants were obtained by matching the linewidths
at half-height of the resonance peaks of the experimental speé-
tra as closely as possible to the calculated widths. These
calculated widths were obtained from the computer program for
ABX exéhange (26) which gave widths at half-height for the
peaks in the AB part of the spectrum as a function of lifetime.
The input parameters were 6vAB, Japr Jaxe Jgy and T,.

The two main problems associated with this rate determina-
tion Qere:

(1) A method had to be found

'I‘2 value,

(2) A method had to be found to account for the varia=

tion of GVAB with temperature in the toluene-dg
solution, : giﬂf
How these two problems were dealt with will now be discussed.

(1) Effective Relaxation Time Problem

The following three methods were employed to obtain an

effective T2 for use in the ABX exchange program:

a. T, was calculated at each temperature from the linewidth
at half-height of the CSHlO peak using the formula

Avi =1
T

2

S|
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In this way values ranging from 2.4 to 4.2 sec. were
obtained.

b . The C5H10 peak widths were used with the "correct"
equation (2-6),

Avl = Hl

z T2
This time smaller values, ranging from 0.8 to 1.3 sec.
were obtained,

c.. The linewidths of the impurity peak were used in equa-
tion (2-6). Since these linewidths varied very little
with temperature, an average T2 was calculated for each

solution. These values were 1,38 sec. for the toluene-

dg solution and 1.59 sec. for the'MeC6Hll solution,

Three sets of rate constants for each solution were cél;
culated using the above methods. A linear relationship was
assumed between log k and 1/7 aﬁd least squares analyses were
carried out on the data. The activation energies were calcu-
lated by multiplying the slopes by 2.303R. All the data along
with the result§ of the least squares analyses are collected

in Tables VIII and IX.

-
[
i
I
b
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TABLE VIIIa

Rate constants for the toluene—d8 solution

using the three methods for obtaining Ty

TEMP l. 103 "
ec) T X METHOD a METHOD b METHOD ¢
fOK"l) T (sec) log k Tsec. " log k T (sec) log k
72.6° 2,892 0.00115 2,939 - - 0.00033  3.481
58,8 3,012 0.00185 2.733 =z - 0.00105 2.979

49.9 3.095 0,00295 2.530 0.00168 2,775 0.00230 2,638
34,2 3.253 0.0105 1,979 0.00980 2,009 0.0101 1.99%6
30.3 3.295 0.0126 1.900 0.0120 1,919 0.0122 1,914

27.2 3,329 0.0150 1.824 0.0154 l.812 0.0156 1.806

110.0 3,531 0.115 0.939 0.125 0.903 0,125 0.903

2.7 3.625  0.190 0.721 0,220 0.658  0.211 0.676

-3.2  3.704  0.318 0.498  0.375 0.426  0.366 0,437

~8.8  3.782  0.645 0.190  0.950 0.022  0.865 0.063

-24.9 4,027 - - 3.50 ~0.544 - -
TABLE VI1lb

Results of least squares analyses of data from
Table VIII-a

§, METHOD SLOPE INTERCEPT 6* § x103 ) E
: {ox x 107} {kcal/mole)
- -3.,23 12.4 0.086 0.09 0.3 14.8
b. . -3.61 13.8 0.107 0.13 0.4 13.8
C. -3,78 14.4 0.057 0,06 0,2 17.3

* Gy,ém ~and §j, represent the standard errors in log k, the

"alone and the intercant racnactivelw.
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TABLE IX-a

Rate constants for the MeC_.H 3 Solution using
the three methods for obtaining T,

1 3
TEMP T x 10 ‘METHOD a METHOD b METHOD ¢
(°c) (9x~1) 1. (sec) log k T (sec) log k T (sec) log k
52,8 3,067 0,00520 2.284 - - 0.00780 2,108

43,5 3.158 0.00790 2,102 0.00560 2,252 0.,0105 1.979
30,7 3,291 0.0196 1.708 0.,0177 1,749 0.0214 1.670
23.5 3.370 0.0387 1.412 6.0373 1.428 0.0397 1.401

14,4 3.477 0.0671 1.173 0.0665 1.177 0.0690 1.161

7.3 3.565  0.0840 1,076 0.0780 1,098  0.0891  1.050 |
-0.8  3.671  0.0333  0.478 0,370  0.432  0.288  0.541 E
-8.5 3,778  1.01  -0.004 1,40  -0,146  0.815 0,089 §
-17.0 3,903 1,72  -0.236 - - 1.25  =0.097 §

b TABLE IX-b f

Results of leéast squares analyses of data L
from Table IX-a j

METHOD SLOPE INTERCEPT § § xl10° 8 B

o 3 Yy m b A

(K x 10°) (kcal /mole)
E -2.81 10.8 0.075 0.09 - 0.3 12.8
b. -3.75 14,2 0.134 0.20 0.7 17.2_

c. -3.12 12.0 0.108 0.14 0.5 14.3
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The blanks in the precéaigéiﬁgbles represent points
which were disregarded in the ;éqéfqéquares analyses because
a very poor linewidth fit was obtéiﬁéd; These points also
deviated by a large amount fromkthé;§traight line plots.
Weighling the points at the ends 6% £hé;plots less than those
in the middle was also tried, sin¢§ £ﬁé intermediate points
are more reliable. However, the aifferencesinvolved.-lay within
the experimental errors, so all ppiﬁts_used were taken with
equal weight,

The three methods used for g$ﬁ§iping T2 will now be
discussed in the light of the preéédinq'results. With method
(a) , when experimental and calculatédkwiaths were matched at
the high temperature limit, no splittihg was observed in the
calculated spectra. For the low ﬁéﬁpgréture spectra, the cal=-
culated peaks were not split és ﬁuéﬁ aé:the experimental ones.
The corresponding Arrhenius plots‘é§§iétea greatly from the
straight line at these extremes. Whéh_ﬁethod (b) was used,
the calculated, fast exchange liné@ié#ﬁiapproached a limiting
value which was larger than that ofkthéfexperimental peak,

A greater deviation from the straighﬁ}li%e than that obtained
ffom method (a) was observed. Finéily method (c) yielded results
similar to the first one; howevef asﬁégéer straight line was

obtained. In all cases the fit ih“thé7intermediate exchange

region was reasonably good.
In the present study it wés‘fihglly decided to use
method (c¢) in determining the activation parameters for the

following reasons:

]
i
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1. The impurity peak was due to a compound closely
related to pentachlorotoluene,

2., The width of the peak varied very little with
temperature.

3. A good fit between experimental and calculated
spectra was obtained in the intermediate exchange
region.

4. The best straight line plot was obtained using this
method.

From this discussion it should be noted that an error
in T, introduces a large systematic érror into the activation
parameters. An estimate of this error was obtained by ﬁaking
the difference between the largest and smallest activation
energies and frequency factors obtained from the least squares
analyses in the three.methods (Tabies VIII~h and IX-b). These

results are listed below.

, MAX i
SOLVENT PARAMETER . UNCERTAINTY §
Toluene-dg EA‘ *+ 1.3 kcal/mole f
189 A + 1,0
MeCgHy1 ' Ep * 2.2 kcal/mole
log A 1,7

Various methods used by other workers to determine an

effective transverse relaxation time may be found in the follow-

ing references (31,37-40).
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(2) variable Shift problem

At =40°9C the chemical shift difference between the ring
proton resonance peaks of pentachlorotbluene was much larger
in the toluene-dg than in the MéCGHll solution, Furthermore
there was a much greater highfield shift of these peaks in the
toluene-d8 solution. From this evidence it was clear that
an aromatic solvent induced shift (ASIS) effect was being
observed. Essentially this effect is concerned with the large
magnetic anisotropy of aromatic rings. Because of this ani-
sotropy, protons of a compound, dissolwved in an aromatic
solvent, which are situated above the ring and near the six-
fold axis experience large upfield shifts relative to those
of the same compound in ah "inert" solvent such as cyclo-
hexane. An increase in temperature causes a decrease in the
ASIS and hence downfield shifts df thé proton resonance peaks.
Good reviews and discussions of the ASIS have been given (41,
42).

In the pregent study the relative shift of the fing
proton resonance peaks of the toluene-dg solution decreased with
increasing temperature because Hp was experiencing a larger
ASIS than Hp. The probable reason for this larger effect is
that it is easier for the aromatic ring of the solvent to lie
directly over Hp bécause there is less steric hindrance in
this position. In any case the relative shift as a function
of temperature was éstimated before coalescence by comparing
the peak positions of the experimental spectra with those

which were calculated by assuming a constant shift of 14,17H;.
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These results aré ‘listed in Table X-a. As can be seen from
the plot of this data in figure 4 the relationship is linear
over this temperature range. Therefore the relative shift at
higher temperatures was estimated by extrapolation, these
results being shown in Table X-b.

A new set of rate constants for the toluene-dg
solution was’ determined using the new values of relative shift,
Svaps which were just calculated. The effective relaxation
time of 1.38 sec. was used., The new rate constants along with
the least squares analysis are given in Table XI.

The new activation energy obtained when the shift i
-variation was accounted for differed by 2.1 kcal/mole from
that obtained by assuming a constant éhift. The difference
between this activation energy and that for the MeCgH, ¢ solution
was within the standard error limits. ‘Therefore it was conclu-

ded that this type of correction should be made and all subse-

quent activation parameters were calculated on this basis.

4

H

{

i

H

i
L
;

{

i

Further discussion of this systematic error may be found in

several papers (17,30,31).
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TABLE - Xa

Variation in relative shift with temperature
of the ring protons for the toluene-dg solu-

tion,
;
TEMP. (©cC) Svap (Hy)
~39.7 14,17
-24.9 13,54 |
- 8.8 ‘ 12,99
- 3.2 12,62
2.7 12.48

TABLE - Xb

Variation in relative shift with temperature
of the ring protons for the toluene-d8 solu=-
tion,estimated by extrapolation.

TEMR, (°C) Svap (Hy) §
10.0 12,17
27.2 11.48
30:3. 11.35
34.2 11.20
49.9 10.57
58.8 10.21 - §

72.6 9,65



FIGURE 4
A plot of the chemical shift difference GVAB
between the ring proton resonance peaks of the

toluene-d8 solution versus temperature,
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TABLE XI
Rate constants for the toluene—d8 solution determined by

using a T, of 1.38 sec. and by varying the relative shift

TEMP. (°c) T * 10 T(sec.) log k
72.6 2,892 0.00071 3.149
58.8 3.012 0.0020 2.699
49.9 3,095 0.00419 2.378
%.2 3.253 0.,0157 1.804
.3 3.295 1 0.0184 1,735
27.2 3.329 0.0227 1.644
10.0 3.531 0.116 0.937 1
2.7 3.625 0.214 0.670 :
~3.2 3.704 0.347 0.460 }
~8.8 3.782 0,777 - 0,110 1
-1
Slope = 3.32 x 10° %
Intercept = 12,7
§ =0.052 . _ .
61 = 0.05 x 10~ %k
& = 0.2
E. = 15.2 kcal/mole
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Several spectra of the toluene-d8 and MeC6Hll solutions
at various temperatures are shown in figures 5 and 6 together
with their corresponding calculated spectra which were plotted
on the Calcomp plotter. Details may be found in reference (26).
An effective T, of 1.38 sec. and a variable shift were used
in the calculations for the toluene-d8 solution and an effective
Ty of 1.59 sec. was used in those for the MeCgHjj solution., The

Arrhenius plots for the two sclutions are shown in figures 7

and 8,

A U AT i R NS A A BT s S B30 b E i g 5 50 1 o o s




FIGURE 5

Experimental and calculated PMR spectra of
the ring proton resonance peaks for the
toluene~-d_ solution at various temperatures
and corresponding lifetimes.
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FIGURE 6

Experimental and calculated PMR spectra of
~ the ring proton resonance peaks for the

MeC6Hll solution at various temperatures
and corresponding lifetimes,
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A plot of log k versus i for the toluene-—d8
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FIGURE 8

A plot of log k versus 1 for the MeCgH, ; solution,
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2. Calculation of Activation Parameters

The Arrhenius parameters, Ep and log A have already
been calculated. The "best" values reflect the incorporation

of a reasonable T2 estimation and a correction for the variation

in relative shift with temperature, These values are listed
in Table XII.
The enthalpies and entropies of activation were determined
by the following two methods:
(a) Equations (2-18) and (2-19) were used. The values
were calculated at 303.5°K for the toluene-d_ solu-

8

tion and at 303.99K for the MeC H,; solution since

6
these temperatures were close to the coalescence point

where measureable exchange was occurring.

(b) Plots of log<k>versus 1l were made (4) from which

T, T

the enthalpies and entropies could be calculated.

The free energies of activation were calculated from the
Eyring equation (2-15) at 303.5°Kk for the toluene-dg solution
and at 303.9°K for the MeCgHyq solution. gv

A compiete list of all the activation parameters for both

solvents with various error estimates is given in Table XII.
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TABLE XII

Summary of activation parameters.

ACTIVATION Toluene~-dg MeC_H

11
PARAMETER VALUE ERRORS * VALUE ERRORS

Ep 15.2 + 0,2 1.4 14,3 + 0.6 1.3

kcal/mole) 0.5 1.3 1.2 2.2

log A 12.7 £ 0,2 1.0 12.0 + 0.5 1.7

AG# 14,9 + 0.1 0.1 15.0 + 0,2 0.1
(kcal/mole) (at 303.5°9K) (at 303.99K)

AHE a.l4.6 + 0.2 1.4 a.13.7 *+ 0.6 1.3

kcal/mole) 0.5 1.3 1.2 2,2
“(at 303.59K) (at 303.99K)

b.14.6 + 0.2 1.3 b.13.7 + 0.6 2.2

AS¥F a.=3.7 £ 0.7 4,4 a.~7.1 * 2,2 7.8
.u.) (at 303.5°9K) (at 303.9°K)

b.-1.1 £ 0,7 4,4 . b.-4.4 £ 2,2 7.8

* First error column contains the standard error and 90% confidence
limits; second column contains max. and min. slopes error and T
error, -When only two errors are listed, first column contains

standard error and second the T2 error.
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3. Errors

The errors in the activation parameters were estimated in
three ways. The first way was a statistical method in which
both standard errors and 90% confidence limits were calculated
(43). The errors in Ep and AH* were based on the standard error
in estimating the slope of the straight line in the least squares
analysis. The errors in log A and AS*were based on the standard
error in the intercept, while those for AG*¥ depended upon the - |
standard error in estimating log k.

The second way of calculating errors was based on the
difference between the maximum and minimum slopes of the straigﬁt
lines which could be drawn through the given set of points,
Assuming that all input parameters were correct, the error in
‘the lifetime would arise from efrors in obtaining the widths
of the various peaks in the experimental spectra., In the inter-
mediate to fast exchange region these width errors were standard
deviations from the mean. Thus from the two extreme values of
Avy ; »the errors in log k were estimated. The difference between
thgse two values corresponded to the maximum uncertainty in
log k for a given temperature. In the slow exchange region the

uncertainties were obtained from the large range of k values

“in which every experimental linewidth would match with the calcu~
lated linewidths. These errors in log k are indicated by ver-
tical lines drawn through the points in figures 7 and 8. The
uncertainty in temperature, assumed to be % 1%c, is also shown

on the plots by a horizontal line through each point., Therefore
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the total uncertainty is represented by a rectangle. Two straight
lines, pivoting about the coalescence temperature, were drawn in
sush a manner as to pass throughvalmost every rectangle (44,45).
From the difference in the slopes of these two lines was obtainea
an estimation of the exror in the activation energy.

Finally, the error introduced by the effective T2 has
already been calculated in the preceding section. All the error
estimates are listed in Table XII,

Comparing these results, it is seen that the statistical
estimations are fairly small whereas the systematic errors in-
troduced by the uncertainties in log k and in T2 are much
larger. It is felt that in all NMR rate determinations estimates
cf the systematic exrors involved should be made. Far too many
results have been reported with only standard errors listed, and

these are probably much too optimistic.
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B. Mechanism for the Hindered Rotation

From the spectra of pentachlorotoluene at -40%c (figures 1
and 2), a mechanism for the hindered rotation is now proposed.

It may be represented by the following equilibrium equation:

Ch.. 8

Several pieces of PMR evidence indicate that the equivalent
conformers, I and V, represent the ground states for the rate
process. First of all, the low field shift of the HX resonance may

be attributed to these conformers. Since the methine proton lies

é in the plane of the ring, it is strongly deshielded by the mag-
netic anisotropy and by hydrogen-bonding té the ortho-chlorine
afom {35). Sécondly, a large five-bond coupling of 6.50 Hz ﬁas
observed between HA and HX, but only a very small coupling.((o.l Hz)
was observed (indicated by the broadness of the peaks) between

Hg and HX. Examples of such stereospecific coupling have been

' noted before (36) in such compounds as vinyl formate (46) and
ortho-hydroxy benzaldehydes (47). It was concluded that it is
the "straightest" zig-zag path which results in the largest

coupling (36). Finally, in tetrachlorotoluene no coupling was



. observed between the methine proton and the para ring proton (35).
This fact is again consistent with the molecule's spending most
of its time in conformations I or V. The lifetimes of the other
conformers must be very small at low températures or else some
para coupling via the hyperconjugative mechanism (48) would have
been observed.

Rotaticon of the dichloromethyl group im seVerely restricted
at low temperatures due to steric hindrance between the sidechain
and ring chlorine atoms and by hydrogen-bonding between the methine
?roton and the ortho-chlorine atom.(35). The equivalent conformers
IT and IV in which the chlorine atoms are eélipsed,are the most
sterically hindered of the intermediate states and probably rep=-
resent the transition states., Conformer III is somewhat less ster—
ically hindered and as such will have a slightly lower energy. The
ground states, I and V, will be stabilized by the hydrogen-bonding
and will have the lowest energy. The proposed free energy change
for the rotationél process is represented éraphically in figure9.
As can be seen from this diagram, the free energy difference between
the transition states and coiformer III is very small compared to
that between the ground and transition states.Therefore once the

‘molecule is in transition state II, the probability of its return-

ing to ground state I or continuing across the barrier to ground
state V will be the same., For this reason the transmission coef-
ficént used to calculate the free energy and entropy of activation

was taken to be 1/2.



FIGURE 9

A gyraphical representation of the free energy
change for the hindered rotation in pentachlo- :
rotoluene. ' .
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In a recent study of the conformation of 1,3,5-trimethyl-
2~-isopropylbenzene {(49), the grqund and transition state con=~
formers chosen were completely analogous to the ones chosen in
the present study.

The broadening of the AB portion of the spectrum as the
compound was heated {(figures 5 and 6) was evidence that the
dichloromethyl group was beginning to flip from conformations I
to V at an appreciable rate., As a result the environments of
the ring protons were being interchanged. The single broad
peak observed at the coalescence temperature indicated that
the rate of rotation of the dichloroﬁethyl group was compar-
able to the chemical shift difference between the two ring
protons.b The sharp doublet due to the ring protons at about
70°C indicated that rotation Qas fast enough so as fo cause
»HA and HB to experience the same‘average environment. The

and H, was also an average, 1 (0.5 + 0,1)

coupling of Hy to H
2

A B

H,, if it is assumed that J is about 0.1 H_.
BX z

T I e et T T T 2 L A0 A L 5 L A e s a

VThe methine resonance peak experienced no similar broadening
as the rotational rate was varied sinée the environment of this
proton was identical in both ground state conformations. The
signal merely changed from a sharp doublet due to the stereo-
specific coupling at slow exchange, to a sharp triplet due to ;ﬂ%
thé average coupling at fast exchange,

The values obtéined for the activation energy and enthalpy
(Table XII) were fairly large. This high barrier is probably

the result of steric effects and of hydrogen-bonding (35). Another



63

_cdntribution to the barrier may be hyperconjugation between the
sidechain chlorine atoms and the Il system (35,50).

The values of the freeenergy of activation for the toluene-
dg and MeC6Hll solutions were withiﬁ standard error of each other.
The small deviation in this parameter was not unexpected (29).
Moreover these values were in good agreement with that estimated
(15 £ 1 kcal/mole at 250C) for tetrachlorotoluene (35),

Finally the relatively low frequency factors and negative
entropies obtained in this work deserve some comment, So-called
"normal"” frequency factors are usually considered to lie near
log A = 13.0 and associated entropies are small and positive
(51). A good discussion of the sign of the entropy in terms
of a three-dimensional potential energv diagram has been aiven
in reference (52). In essence it was stated that a negative
entropyvindicates that the reaction path is very constrained
and that there are very few degrees of freedom in the transition
state. In pentachlorotocluene, as pointed out previously, the
transition state must be very sterically hindered and as such
will have very few degrees of freedom. Therefore negative
entropy values should not be unexpected. However the systematic
errors associated with the entropy values obtained in this work
were all larger than the value itself and so too much significance

should not be placed on the negative sign,
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C. Summary and Conclusions

A proton magnetic resonance study of the rate process
involving the hindered rotation of the dichloromethyl group in
a,0a,2,4,6~pentachlorotoluene was carried out using the complete
line-shape method.

- Temperature studies in the range, -40° to 70°C were performed
on the compound in two solvents,toluene—d8 and methylcyclohexane,
The spectra at -4Q°C were analyzed using standard ABX procedures.
The unusually large five~bond stereospecific coupling between
the methine proton and only one of the ring protons followed
the zig-zag rule. The difference in the relative chemical
shift of the ring protons between the two solvents was a result
of the aromatic solvent induced shift.

Rate constants were determined by matching the linewidths
at half-height of the resonance peaks of the experimental spectra
to those which were calculated as a function of lifetime by com-
puter. The procedure was complicated by the fact that an effective
relakation time was difficult to determine and that the relative
chemical shift of the ring protons in the toluene-d8 solution
varied with temperature. An effective relaxation time was finally
deduced from the linewidth of the impurity peak due to hexachloro-
toluene, and the variation in shift was accounted for by an extra-
polation from low temperatures. |

The various activation parameters for the hindered rotation
were calculated from Arrhenius plots and from absolute reaction

rate theory. They are listed in Table XII. The values obtained
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for the toluene-d8 and methylcyclohexéru solutions were in
reasonable agreement when the variation in chemical shift was
taken into account. Both statistical and systematic error
limits were estimated for these parameters, and it was concluded
that all future rate studies should not be considered complete
without some indication of the systematic errors involved.
Finally a mechanism was proposed for the rotation of
the dichloromethyl group. Various pieces of evidence were put
forward to show that the ground state conformation of the mole-
cule is that in which the methine proton lies in the plane of
the ring. The chlorine atoms are eclipsed in the transition

state. It was concluded that the main contributions to the

R N T T S VPR T S L\;“d'ﬁhh‘u’-f\ e o Tnon e e
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that the negative entropy values were the result of the constrained

transition state.

i
i
y
i
i
|
}
!



i
z
.
i
!
|
i
i
i
1
3
!
H

66

D. Suggestions for Future Research

A temperature study was undertaken for pentachlorotoluene
in Cs,, but since the slow exchénge spectru®™ was an ABC systeﬁ,
raﬁes could not be determined with the present computer program.
An obvious extension of this work would be a rate study for this
solution using an ABC exchange program.

Work needs to be done on various derivatives of pentachlo~
rotoluene, Other halogens or nitro groups could be substituted
for one or more of the chlorinés. Then the difference in acti-
vation parameters could be interpreted in terms of steric and
charge effects.,

Finally the present study could be repeated on a 100 MH,

- spectrometer. This would almost double - the relative shift of

the ring protons and thus provide a good check for the present

results,
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Density Matrix Equations

Complete derivations of the equations shown here may be
found in refercences (21-23),
The average value of some observable Q in state IW> is
given by .
? =¥ U (a-1)
<e>=<y loly >

If [¢k> is expanded in terms of a complete set of ortho-

normal basis functions ¢i as

p.D0= Ic ¢ (a-2)
l 4 i ki¢1
then equation (A-1l) becomes-
{od>= 7 c* o L. lole > (a-23)
Ak i,9 ki kiMitetty

The density matrix element pji is defined by
pji = c;ickj (n-4)
Therefore the average value of Q may be written as
9> # TripQ) = Trigpe) (a-5)
where p and Q are the matrix representatives of their resp-
ective operators in the basis ¢i.

The relation describing the time~dependence of the density

matrix operator is
do _ i{p,fﬁ] (A-6)
dt - h

where # is the Hamiltonian for the system.
For a spin system at thermal equilibrium, an explicit

expression for the operator p is

T N A R A A S € R B T L e L At e S 2 S i e
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e
P = R . (A~7)
e

This equation holds when the ¢ ‘s are eigenfunctions of 7
i

and the Ei's are their corresponding eigenvalues,

i
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Matrices required for Exchanging AB Line-shape Derivation

For a derivation of the equations contained here see
refereﬁces (20,206).

The exchange term is

- -
0 - - 0
P13 7 P1p Pya " Py5
do’ = P33 = Pyp P33 =Py P3p = Pa3 Py - Pog
dt/exch =t (A-8)
Pa1 ™ P3p Pa3 T Pay Poy T P33 Poyt Py
0 p -p o] -p 0
B 43 42 42 43 N
The relaxation term is '
{p_ - p) P : P p 7
AR - 12 . 13 _ 14
™ — o L
1 Ty Ty
§E> - - 2L °__.*2 - 23 - (a~9)
dt/relax Ty Ty Ty 2
_Pa C Pz g melyy ey,
Ty T, T . T
Pa1 _Pa Pa3 by, = Plyy
" . “E
5 2 2 2 1]

Evaluation of the commutation relationship in equation (2-12)
requires a knowledge of the Ilamiltonian. The form of this Hamil-
tonian in a reference frame rotating at anqular frequency w about

the stationary field ﬁa is

H R Fo 1

where }§° = [YHo(l-ol) - w]Iz(l) + [YHo(l-o‘z) - w]IZ(Z)
H = JI(1)+1(2)
Jtt . yHl[Ix(l) - IX(Z)]
and ol and 02 are the shielding constants for the A and B nuclei

respectively, J is the coupling constant, and I(1) and I(2) are the
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spin angular momentum operators for the nuclei.

The four required matrix elements of the commutation rel~

ationship [p SR = I '] are

- o .
_p,jﬁ +3\‘L’]21 = (=0 =58 +%J )021 - ?st3l
p"‘j.&o +%l]3l = (=A +%8 +5J )031 - 12Jp21
- o (A~10}
' = - -
-p'%'+%]42' (=B +38 =33 )p,, + %0 45
- o : o )
where A = © - %YHO(Z-OI‘-QZ)
§ = YHO(OZ-Ul) z chemical shift difference between HA and

HB resonance peaks.

Using certain approximations (19), the complete matrix for

gt
Lp oJb J is
0 -1 =1 0]
. 11 o0 0o -1
[p,&'@ ] = C (A~11)
- 1 0 0 -1
o 1 1 o0

where C = YZHHOHI and N =
i

2NKT
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