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ABSTRACT

The high-resolution NMR rotary-echo technique developed
by Wells and Abramson regains the frequency selectivity lacking
in spin-echo methods employing high-power rf pulses. A general
theoretical treatment for the decay of the rotary-echo train is
made. Closed formulae to include chemical exchange are still
lacking but approximate equations for special limiting cases have
been derived. The hindered internal rotation about the carbon-
nitrogen bond in N,N-dimethylcarbamyl chloride (pDMCC) and N,N-
dimethylnitrosamine (DMNA) is studied. Activation energies and
frequency factors of 15.1 and 25.0 kcal/mole and 2.70 X 101! gnd
2.99 X 102 sec-! respectively are obtained for DMCC and DMNA
respectively, comparable to other spin-echo results. Pulsing at
sub-agudio frequencies, the rotary-echo decay is found sensitive
to unresolved scalar coupling to quadrupolar nuclei. The method
has been applied to determine the coupling constants JHCCN in
acetonitrile (CHaCN) and Jgoey 1D chloroform (CHCla), ;he—}esults
produced being in good agr;é;;ht to those obtained by other means.
The fluorine spin-rotation relaxation in liquid chlorodifluoro-
methane (CHFz2Cl) and difluoromethane (CH2Fz) has also been studied
by the selective rotary-echo technique using an indirect method
by which only the proton resonances, whose natural linewidths are
dominated by the rapid relaxation by spin-rotation interaction of

the fluorine nuclei coupled scalarly to the protons, need be ob-



iv
served. The symmetric and antisymmetric fluorine transition pro-
babilities kg and k, respectively for the two systems are deter-
mined at various temperatures ranging from 217° to 315° K. The
ratios ks/ka are found to be about 13 for CHF2Cl and about 9 for
CHpoFz independent of temperature indicating that the correlation
time T, for the change in angular momentum is much shorter than
the correlation time T2 for molecular reorientation.

A separate and unrelated study is made on the system N,N-
dimethyl-2,3-dihydroxy -3-phenylpropionamide,$CH(OH)CH(OH)CON(CHg) 2.
Preparation of the compound leads us to a closer study of the u-
sual organic peracid hydroxylation process and the stereochemis-
try of the epoxide-ring opening. Preliminary observations of the
effects of metal ions on the PMR 6f the system, the hindered in-
ternal rotation about the carbon-nitrogen bond and of the effects

of differential exchange among the hydroxyl protons are made.
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CHAPTER I

INTRODUCTION

Since the first successful detection of nuclear magnetic
resonance signals in bulk matter in late 1945 by Purcell, Torrey
and Pound (1) and by Bloch, Hansen and Packard (2), the subject
of nuclear magnetic resonance has developed in a remarkable man-
ner. The advantage of the resonance method is that it enables
one to select out of the total magnetic susceptibility a particu-
lar contribution of interest—here, the nuclear contribution,
though it is in general very weak compared to that of the orbital
electrons. |

By doing NMR experiments, we are using a nucleus as a mag-
netic probe to investigate the local magnetic effects inside a
molecular system. High-resolution work has shown that magnetic
nuclei can detect very small changes in chemical environment and
provide a number of important applications in various branches
of chemistry and chemical physics. Through modern developments
of instrumentation, the method has become one of the most power-
ful tools for investigating chemical problems. Nowadays, steady-
state NMR methods are widely used by organic chemists to assist
in structure determination and by inorganic and physical chemists
to investigate such problems as isomerism, tautomerism, chemical
equilibria, hydrogen bonding, reactiqn rates, chemical exchange

and relaxation processes.
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In spite of its usefulness and wide application, the stea-
dy-state NMR method suffers from certain limitations (3) in the
studies of kinetic rate and relaxation processes. Pulsed NMR
methods employing a single rf pulse (4) or a sequence of two or
more rf pulses (5, 6) have been shown to be better in some cases.
However, a disadvantage of the usual pulsed methods of high rf
power is the lack of selectivity on the various homonuclear spin
transitions which may occur in a high-resolution spectrum. The
current approach to this problem is to restrict attention to sys-
tems which, by simplicity or high symmetry, yield relatively sim-
ple spectra, or which can be so transformed by judicious isotopic
substitution.

From Solomon's rotary-echo éxperiment (7), it is seen that
the selectivity on frequency can be regained. By working in a
rotating frame coinciding with a particular transitlon frequency,
and with a rf amplitude low enough not to significantly perturdb
other nearby transitions one has, in the rotary-echo phenomenon,
a tool of low time resolution allowing direct time-dependent mea-
surement on isolated lines of a complex high-resolution spectrum.
Such high~resolution rotary spin echoes have been obtained by
Wells and Abramson (8) with slight modificaiton of Solomon's
method,

In what follows a general aspect of the high~resolution
rotary spin echoes will be given, but essentially the greater

part of this work deals with applications to a number of chemical



Oor chemico-physical problems.

A. The Rotating Frame and Spin Echoes

Some insight into the nature of magnetic resonance can be
obtained by consideration of the classical motion of a magnetic
dipole with angular momentum 3 in a magnetic field ﬁo. The equa-

tion of motion is

dJ=ﬁ°XHo

T (1.1)

where g is the magnetic moment of the magnetic dipole, Since

M= Y3, J can be eliminated and

ad _ - 2
= x (YHo) (1:2)

where ¥ igs the magnetogyric ratio.
In order to solve equation (1.2) it is desirable to trans-
form to a rotating co-ordinate frame of reference. According to

-

the general law of relative motion the time derivative %% of W
Y

computed in the laboratory frame and its derivative-gf computed
in the rotating frame are related through
ak 3, =

Where @ is the angular velocity of the rotating frame with res-
pect to the laboratory frame. Combining (1.2) and (1.3), the

motion of the magnetic moment in the rotating frame is given by

=3 X (YHo + @) (1.4)

ol
il

which has the same form as (1.2) provided the magnetic field Ho
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is replaced by an effective field H. = Ho + @/Y. By choosing a
rotating frame with o such that H = 0, we can readily solve for
the motion of { in a static field. Thus with

v = -vYHo (1.5)

%% = 0 and the magnetic moment is a fixed vector in the rotating
frame. Therefore, with respect to the laboratory frame 0 pre-
cesses with an angular velocity @,, called the Larmor frequency
of the spin in the applied field 8, given by equation (1.5).

If a second magnetic field, alternating at angular fre-
gquency Eo and with amplitude 2H;, or rotating at the Larmor fre-
quency ®, and with amplitude H,, is applied to the spin perpen-
dicular to the field Ho, a resonance condition is attained. In
the rotating frame the effective field He is equal to H, and is
always fixed and perpendicular to the axis of rotation, the z-
axis*, Let us take the x-axis in the rotating frame along H,,
then a magnetic moment that is initially parallel to the static
field Ho will precess at angular velocity YH, in the y-z plane,
but remaining perpendicular to H; always. If we were to turn on
Hy, for a short time t,, the moment would precess through an angle
8 = yH;t,. If t, were chosen such that & = m, the pulse (general-
ly referred to as a 180° pulse) would simply invert the moment.

e ——————— e

. *An alternating field 2H;coswot can be readily broken up
into two rotating components each of amplitude H,, one rotating
clockwise and the other counterclockwise. The component which
rotates in the opposite sense to the precession of the magnetic
moment can be shown to give negligible effects at or near reso-
hance for Hp sufficiently large.
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If ¢ =}j/é (a 90° pulse), the magnetic moment is turned from the

Z-direction to the y-direction. These are the bases of the spin-
echo method.

In actual experiments a large assembly of magnetic nuclei
is observed. The inhomogeneity of the applied field across the
Sample results in a spread YAHo in Larmor frequencies. High-re-
solution linewidths are predominantly broadened by this. By the
application of rf pulses the magnet inhomogeneity effects can
conveniently be removed. It has been shown that the decay of the
Precessing transverse magnetization following a 90° pulse and
caused by destructive interference between the contributions from
moments in different parts of the sample, precessing at different
Larmor frequencies is not an irrevefsible process (4). 90° re-
focussing pulses were first used by Hahn (5). The restoring of
the transverse magnetization gives rise to the so-called spin
echoes. The technique of 180° refocussing pulses was introduced
by Carr and Purcell (6). It is more elegant and the easiest to
interpret. These pulses applied at times T, 31, ..., (2n-1)T,

after the first 90° pulse give rise to spin echoes at time
2r, 4t, ..., 2nr, .... This latter method is the most widely
used at present, with the additional modificati on of Meiboom and
Gill (9) of a 90° rf phase shift between the initial 90° pulse

and the refocussing 180° pulses.

B. The High-Resolution Rotary Spin Echoes
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The high-resolution rotary spin echoes are obtained (8)
by a minor modification of Solomon's method (7) in effecting the
180° relative phase change between H; and the y-component of the
magnetization vector in the rotating frame. The modified method
proves to be particularly simple to apply with commercially avail-
able high-resolution NMR spectrometers and, in principle, offers
Some advantages in echo amplitude stability over the old one.
In the following we give a simple pictorial description of the
method, then the instrumentation, the procedure to obtain a 180°
Pulse and some discussions on the effects of radiation damping

and self-diffusion through the H; field gradient.

(a) General description of the rotary-echo method

An assembly of magnetic nuclei is immersed at thermal equi-
librium in a strong dc field Ho along the z-axis. For simpliclty
the high-resolution steady-state spectrum is assumed to be a sin-
gle line. At time t = O an oscillatory field of frequency wo
and amplitude 2H,; is gated on exactly at resonance, i.e. wo =
YHo. 1In the frame rotating at the spin transition frequency the
field along the x-axis is given by

H,(t) = H, + H;cos2wot . (1.6)

For Hq (and hence wg) sufficiently large the time dependent
term can be neglected. If H, satisfies the condition YH, >> Aw%,

where Awy is the half width at half height of the
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transition*, then the motion of the spin magnetization in the ro-
tating frame is simply a precession about the newly-established .
constant H,. This precession has been called "transient nuta-
tion" by Torrey (10) and is damped by the dephasing processes in
the rotating frame with a decay constant given by

Rzy = 4 (R: + Ra2) (1.7)

Wi

Where R, and R are the longitudinal and transverse relaxation
rates in the laboratory frame. Further the precession is more
Severely damped by the instrumental inhomogeneity in H,; generated
by a radio frequency solenoid. In the absence of nuclear fre-
quency modulation effects the undesirable dephasing caused by
H, inhomogeneity in the doubly rotating frame is reversible by
a technique analogous to the Carr-Purcell method (6) of removing
the effects of the Hy inhomogeneity in the usual spin-echo exper-
iment,

At time t =  the static field Ho is pulsed off resonance
in either direction by an amount h >> H; for a time t, sufficlent
to cause the magnetization to skip through 180° about the z-axis

in the first rotating frame**. Following this pulse, the magnet-

*The second moment of a spin transition in a liquid sam-
Ple is unchanged by spinning the sample in the inhomogeneous
field Ho, although the central transition may be dramatically
ngrrowed. By Awi We mean the residual width of this central
line, and ignore®the effects of the spinning side bands.
**For the general case of a multi-line homonuclear spectrum
covering a frequency range g, h must satisfy the more stringent
condition h >>  so as not to perturb the other transitions.
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l1zation continues to precess as before about H; and refocusses
along the z-direction at t = 2¢ giving rise to the "rotary spin
echo", the maximum of which is observed as the magnetization
again dips through the xy-plane at t = 2¢ + 57%7' As in the
Carr-Purcell experiment a sequence of identical 180° pulses can
be applied at times t = (2n - 1)T, and the magnetization is re-
focussed along the z-axis at times t = 2n7 giving a rotary-echo
sequence. The decay of the echo train is approximately expo-
nential with a decay constant Rz, given by equation (1.7), dif-
fusion effects being neglected. The magnetization trajectory
in the rotating frame is sketched in Fig. 1-17,

Some advantages of the present method over Solomon's
Phase shift method are i) the generation of a dc pulse is exper-
imentally simpler than the phase reversal of a high frequency
signal (v > 20 Mhz); and ii) errors in the echo amplitudes down
the echo sequence caused by a systematic error in the off-reso-
nance pulse do not accumulate as rapidly as those caused by a

Systematic error in the phase-switching angle. The present mod-

*This figure is helpful for visualizing the physical sit-
Uation but is not to be taken too literally. It is an over-
%implification in that the signal induced in the receilving coil
1s not related in a simple manner to the bulk nuclear magnetiza-
tion but isg weighted by the coupling between a particular nucleus
and the coil. Moreover, the spin locking experiments of Ostroff
and Waugh (Phys. Rev. Letters, 16, 1097, (1966)) and Mansfield
and Ware (Physics Letters, 22, 133 (1966)) indicate that such
diagrams can lead to qualitatively wrong results, and that in
general the response should be obtained from a Fourier analysis
of the complete pulse sequence.
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ification may be likened in this respect to the Meiboom-Gill mod-
1fication (9) of the initial Carr-Purcell experiment. A sketch

of the relative situations is shown in Fig. 1-2.

(b) Instrumentation

The high-resolution rotary-echo experiment was performed
on a Varian A56/SO high-resolution NMR spectrometer which has a
single coil probe and external field frequency lcck. The timing
logic set-up is sketched in Fig. 1-3. A master gating voltage
was obtained from the time-base of a Tektronix 547 oscilloscope.
This voltage switched the rf field H, to the probe coil by means
of a Tektronix co-axial switch (5W750 in Type 109 pulse generator)
with mercury wetted contacts (a transistor switch in the cathode
Circuit of the synthesizer rf output stage will also serve the
burpose) and simultaneously initiated the negative sawtooth se-
Quence of a Tektronix 162 waveform generator in gated mode.
The 25-volt dec pulses were delivered after an empirically adjust-
ed delay to the dc sweep coils from a Tektronix 163 pulse gen- |
€rator driven by the waveform generator. The nuclear signal was
feq through the A56/60 receiver and detector circults in the nor-
mal way and on to a readout device from the recorder output jack.
Usually the signals were photographed on Polaroid film from the
OScilloscope but it was found possible with samples of long re-
laxation time using low H, (< 1mG) to record signals directly

on a potentiometric recorder. The modification on the Varian
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high-resolution NMR spectrometer was straightforward. The band-
width of the output operational amplifier (Philbrick USA - 3)
was extended to about 500 hz by the addition of several extra
feed-back capacitors.

The rf leakage through the co-axial switch could not be
cCompletely eliminated, but the H; present in the nominal OFF po-
Sition was down some 60 db and was well below saturation level
Of all transitions. This leakage has the practical advantage of
a8llowing the experimenter to maintain the critical resonance con-
dition on a selected transition between experiments.

For both steady-state and rotary-echo work with the Varian
A56/60 high-resolution NMR spectrometer, the sample temperature
Was maintained in the built-in variable temperature probe by a
gas-flow system and the temperature regulated by a Varian V-6040
temperature control. Temperatures were calibrated with the ethyl-
ene glycol and methanol samples provided along with the Varian

instruments.

(¢) Adjustment of the 180° pulse width

The pulse length required to achieve a 180° rotation of
the magnetization about the ‘z-axis can be determined in a pro-
Cedure illustrated in Figs. 1-4% and 1-5.

First a resonance condition on a suitably narrow transit-
ion is obtained with a value of H,; below saturation (the rf leak-

age serves the purpose well). Under the combined influence of



Fig.
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this resonant H, and spin-lattice relaxation effects, the spin
magnetization comes to a position of equilibrium Ml(O) removed
from the thermal equilibrium in the absence of H;. The detected
signal S in absorption mode is proportional to M,, the component
of the magnetization vector along the out-of-phase axls in the
TOtating frame. Application of a large z-field pulse causes the
magnetization to precess about z and the signal following the
Pulse reflects the new out-of-phase component M' . If inhomo-
geneities in the off-resonance field h are neglected the effect
of a correctly-set z-pulse is to take M, to -M , i.e. to reverse
the sign of the steady-state signal, corresponding to a rotation
of the magnetization by 180° about the z-axis in the rotating
frame. Thus the 180° pulse width 1is obtained by adjusting for

Maximum signal deviation from the steady-state value.

(d) Effects of radiation damping

Radiation damping (11-1%) is the phenomenon that energy
is dissipated in the form of Joule heat because of the current
induced in the transmitter-receiver coil by the precessing mag-
Netization. This energy can only be provided by the nuclear
Magnetic energy of the misalignment of the magnetization and re-
Sults in a torque which tends to restore M to its equilibrium
POsition parallel to the applied field, without changing the
amplitude of M. The torque can be thought of as one equal to

M X H, in the rotating frame, where H, is the radiation field,
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parallel to B,, produced by the current induced in the coil by

the precession of M. The amplitude of ﬁr is given by (15)

H = 2qnQMsing (1.8)‘

r
Where n is the filling factor,

Q is the quality factor of the tuned receiver circuit

and g is the instantaneous angle between M and the z-axis.

The effective field H,' in the rotating frame at resonance

1s then given by
H," = H, - H, (1.9)

and the transitory precession of M is retarded by H, on the down-
Swing from its equilibrium position (0 < 8 < 1) and accelerated
on the up-swing (mm < 6 < 2m). In the absence of dephasing mech-
anisms which change the amplitude of M, the effect of H, can
only be a small and,in practice, negligible timing error (8) at
the signal maxims when M dips through the xy-plane. It is ex-
bected that H yields only second order effects down the rotary-
echo sequence when dephasing effects are taken into account.
The situation is analogous to the refocussing of radiation damp-

ing effects by 180° pulses in the Carr-Purcell experiment.

() Self-diffusion through H, field gradient

For simplicity, consider a "single coil" NMR probe where
the rf coil acts both as the transmitter as well as the recelver
Coil. A time-dependent current I(t) = Telwolt flowing through

the coil is seen by cach nucleus in 1ts frame rotating at the
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Larmor frequericy wo as a constant current I, if displacement
current effects due to the time dependence in the laboratory
frame can be neglected®. The coil is idealised as a single
turn solenoid of radius a in the yz-plane and the sample volume
1s supposed to be an infinite cylinder of radius r, whose axis
coincides with that of the coil along x as in Fig. 1-6.

In cylindrical co-ordinates with the coil centre as ori-
gin, the values of the components of the field Hy in the rot-

ating frame are found to be (16)

a‘2 - 2 _ er\ T
Hx S Hci 1' LEK + p2 d.]
T {(a + p)% + x2]2 (a - p)% + x
2 2 2 ,
Hp = g 2% L -k + 2= 92 T X514 (1.10)
T [(a + p)2 + x2]%7 (a - p)% +x

He:o
where H, = %%% is the value of the field at the coil centre and
K and E are complete elliptic integrals of the first and second

kinds respectively in the argument k given by

K2 = 4ap , (1.11)
(a + p)2 + x2

The radial component H, is symmetrical about the x-axis, which

P
1s also the axis of mechanical spinning. For sufficiently high

Spinning rate (w, >> yH,, which is almost always the case in

p’
high-resolution experiments) the radial component at a given

Nucleus isg averaged to zero by the spinning in the absence of

e———
e ————— e

*This condition is well satisfied by NMR experiments in
Currently attainable dc fields.
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diffusion. Even if diffusion takes place through the radial
field gradient, it is expected that the averaged effect of Hj
is negligible.

The radial and axial dependences of the field H, are
shown in Fig. 1-7 for some given values of the x and p co-ord-
inates from tabulated values of K and E (17). It is seen that
the most severe gradient in H, is at those regions of the sample
near the coil wire, i.e. p/a > 0.5. By selection of sample tube
wall thickness one can control Pmax to 1limit the gradient in H, .
Moreover, the effects of molecular diffusion through the H, field
gradients can be eliminated completely by rapid pulsing. In the
case of moderate pulse rate the effects can be removed by extra-
Polating the decay rates against some function of the pulse re-
Petition time 21 to infinite repetition rate, i.e. 21 = 0. The
€xact form of the extrapolation function will depend on the de-
tails of the H, field gradients experienced by the active volume
Of the sample. Empirically it is found that a plot of Ry, vs
(2r)2 gives a linear variation within experimental errors and
Yields correct extrapolated values. Thus the nuclei experience
effectively a constant field gradient. A qualitative justifi-
cation for this is the smallness of the value of the self-diffu-
Slon coefficients (D ~ 1075 cmZsec”?) for most moblle organic
liquigs, Since the mean square Brownlan displacement A% in time
tis given by A2 = 2Dt, the diffusion distance after one second

is typically 5 x 10~2 cm or 1% of the sample diameter. Thus
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e .
ach nucleus diffuses through an‘essentially constant field gra-

dient for 21 sufficiently small.



CHAPTER TI
THEORY OF THE NMR ROTARY SPIN ECHOES

A general theory is developed from Bloch's equations (18)
in matrix form. Using the technique of matrix integral solution
Of coupled differential equations, an expression for the magnet-

ization at time 2nr after the nth refocussing pulse is derived
In the following section.
A. Theoretical Analysis

Tn matrix notation, Bloch's equations can be written as

gl\ti=§_'+a (2.1)

Where M ig 3 column vector whose entries are the three ortho-
€0na 1l components u, v and M, of the resultant magnetization with
respect to a frame rotating at the Larmor frequency uwo = YHo

about the z-axis. Therefore

- u

M=|v | (2.2)
[ M, |
[ -Ro & 0

B=|-5 -Ra -w, (2.3)

~ | 0 U)1 -R1

. [0

C={ 0 (2.4)
| R1Mo

and Ry = longitudinal relaxation rate,
Rz = transverse relaxation rate,

6 = w-wg = distance from resonance in radians per second,
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U)1 = YHI;
and My = the equilibrium magnetization.

To solve equation (2.1), put

Since B and C are time-independent,
av _ odM (2.6)
dt = =dt °

From equations (2.1), (2.5) and (2.6),

-

1=
2

s

[e])

t
therefore N(t) = egtﬁ(o). (2.7)
Now the effect of the 180° pulse in the rotary-echo method (8)
is to change the signs of u and v leaving M, unchanged .

[ -u
Therefore PM = | -
~3 Mz

-1 0 0]
~ o o0 1

&nd 1, to refer to times just before and just after the pulse

respectively. By (2.7)
- BT—o

N(t-) = e N(0),
and by (2.5)
M(1-) = B-iled H(0) - T

Since the effect of the 180° pulse on the magnetization vector

*S to change M into PM, therefore

-

M(r,) = Bi(r_) = p5"*leX'M(0) - €] .
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By (2.5), f(r.) = BBB [ eS'R(0) - G + C.

By (2.7), f(2r) = &2 H(r.)
- T ppp-1£71(0) + & (3 - BEETI)T.
Putting  E = e§T££§—1egT, (2.9)
and D = (é - ggg—i)a, (2.10)
T(2r) = (o) + "D,

Repeating the same procedure as before for another pulse, we

get N(4) = EZN(0) + (1 + E)e¥ D.
Similarly, ®(Er) = E'N(0) + (1 + E + E®)e™

Therefore, in general, we have

- — ,-:\L,—E BT =
N(2nt) = E*N(0) + Z—=—e= D. (2.11)
~ 1-E
But T 5_1[ﬁ -3
therefore ﬁ(EnT) = 5'1[ﬁ(2nT) - ¢7.
Simplifying, we get
- —_ % ’ET, -
M(2nT) = FPM(0) + (1 - F*)[+=—e~ (1 - B) - 11G
(2.12)
Where F = NTEegT (2.13)
and ¢ = B-1C. (2.14)

The first term in (2.12) gives an approximately exponen-
tal decay of ﬁ while the second term is a correction arising

from the T, asymmetry associated with the rotary spin echoes.
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This correction oscillates in magnitude, being larger for the
odd echoes.

In the usual spin-echo case, the magnetization vectors
have axial symmetry along the z-direction about which they pre-
Cess. TIn the case of rotary spin echoes, symmetry along the x-
aXis about which the magnetization vectors precess 1s destroyed
by Ty relaxation towards the z-direction. The effect of this
Ty asymmetry is shown pictorially in Fig. 2-1. Analytically,
the Ty asymmetry makes the equation (2.1) inhomogeneous and so
1s there the second non-exponential term in (2.12). However,
ir Ty, is extremely long or, w,; >> %1 the second term drops off
Or is negligible to good approximation. So in practice the echo
amplitudes decay exponentially as the condition wy, >> %1 is
generally satisfied., Therefore

M(2nT) = E“M(O) (2.15)

holds to good approximation.

B, Nutational Signals Between Pulses

From equations (2.5) and (2.7)

M(t) g-ltegt{gﬁ(o) + G} - C]
- Ai(0) + B1E) - BT, (2.16)

Including damping due to inhomogeneous fields

m(t) = e A (M(0) + 2-16} - 2'15]. (2.17)

il

R = #(R, + Rz) and diagonalizing B in (2.3),
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w2 + 82cosat absinat -w.86(1 - cosat)

=z -adsinat a®cosat -aw,sinat (2.18)
-w,86(1 - cosat) aw,sinat &% + w,®cosat

2
Where a2 =y,~ + 62,

Getting the inverse of B and multiplying to C in (2.4), we have

(1)16
-1 M
B 1c = ﬁz—;%;z Rw . (2.19)
-(R2 + 62)

- 0
Using equations (2.17)-(2.19) and that M(0) =1 0 J , we get,
Mo

before any pulse is applied,

-Rt
-R'tre . M
u(t) = e [~ (8Rw,sinat + abdw,cosat) - 6w1]R2 Y- (2.20)
- - M
vit) = ¢ R't[e Rt(Rwicosat - awysinat) - Rw1]§§~$jg§ (2.21)
M, (t) Rt e R 2. 2 t) R2 2 M
2 = e [ = (Rw,2%sinat + awjy®cosat) + + & ]R2 — .
(2.22)
For 5 = o, equations (2.20)-(2.22) reduce to
a(t) = o, (2.23)
-R't. -Rt Mo
v(t) = e (e (Rw,coswst - wy2sinw,t) - Rw1]§§———-—§,(2.24)
+ wq
- - ‘ M
M) = e Ri'tre Rt(Rwisinwit + w,2cosw,t) + Rz]ﬁz—:ga-g. (2.25)
1
If R << w,, the equations further reduce to
u(t) = 0, (2.26)
v(t) ~ e % T Rosinw, b, (2.27)
Mz(t)z e_R‘t'e—RtMoCOSQ)1t . (2.28)
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If R << w, << &, equations (2.20)-(2.22) become

u(t) ~ e_R'tﬁgLMo(e_thos at - 1), (2.29)
- 1 -

v(t) ~ e R R Egsin at (2.30)
-R't

M (t) ~ e Mo . (2.31)

Adding (2.27) and (2.30) together

v(t) o e (RIFR)E(y onging, ¢ +8,°f8in at)  (2.32)

8lves the nutational signal due to one on-resonance and one
far-off-resonance magnetization. This signal consists of the
Usual damped sine waves of frequency w;, modulated by high-
frequency oscillations of much smaller amplitudes.

Referring to Fig. 2-2, we notice that, between pulses
in g sequence, the nutational signals resemble each other in

alternate periods of duration T in the on-resonance case,

27T Istecho

¥

Ist pulse 2nd pulse

Fig. 2-2. Nutational signals between pulses.
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Therefore, from equations (2.27) and (2.28), for periods before
€ach pulse

v(t) ~ —e-R*tMosinwl(t - 2nr), (2.33)

-~
M, (t) ~ e & CMycosw,(t - 2nt) (2.34)
where R* = R' + R and t is between 2nt and (2n + 1)7.

For periods after each pulse
—R# '
V(t) ~ € R tMosianEE(n + 1)T - t]) (2.35)

M, (t) ~ e_R*tMocoswl[E(n + 1)t - t] (2.36)

and t is between (2n + 1)t and 2(n + 1)7.

In the off-resonance case, the magnetization vector after
& pulse does not precess in the same cone as before; so there isg
N0 simple general expression available. But if the dc pulse is
applied in such a way that the same cone of precession is fol-
lowed after each pulse, the same treatment as in the on-reson-
ance case can be applied. In this latter case the pulse changes
the sign of y leaving those of x and z unchanged, and the angle

Of rotation about the z-axis during the pulse duration is smal-

ler than 180°.

C. On- and Off-Resonance Cases

(a) On resonance, & = 0

-Rz O 0
The matrix E = 0 =Rz -wy . (2.37)
0 W4 ‘R1

If Ry =Rs =R = 4#(R; + Ra), B can be diagonalized easily. And
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as obtained according to (2.13)

F=e 2Rp, (2.38)
Fh= e_enRTE for n odd (2.39)
or e ePRTr  ror n even (2.40)

~
~

where I is the identity or unit matrix.

Thus in general, the even echo amplitudes and the odd echo am-
Plitudes each decay exponentially with a rate equal to the mean
relaxation rate as was obtained by Torrey (lO). The factor 5

in the expression on the right hand side of (2.39) for n odd
results from the use of a cycle of pulses of order two, and is
analogous to the result in the Carr-Purcell experiment (19). In
the following, we assume R; = Rz unless explicitly taken other-
wise owing to nuclear transfer effects, SO that the odd echo am-
Plitude progression coincides with the even echo amplitude pro-

gression and the decay is exponential for all echoes.

(b) off resonance, & # O
For Ry = Rz = R = %(R, + Ra), diagonalization of the

matrix -R 5 0
B=|-6 -R -u (2.41)
0 W1 -R

enables one to get F. And as obtained according to (2.13),

[8"{20;1-cos a0 # 5(1-cofar)f w0 -Zasecarf Wi 8oiar) 25w, (I~ mar Vet §es ar
-2
e RT

F = 2a8sinatf(ef+8csar)
3 a4

a*(zsz.',.‘a} -at) -2a3%, 401~ cosnt )

(2.42)

2 8w, (I-tesa® IR §"cos aT) 2a%h, 40 at(i-cosaT) s‘»wﬂzazu,‘mm(z— £o30T)

Where a = (UJ12 + 52)%..
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From (2.42) one can hardly see how the echo magnetization M(2nr)
decays because of its complexity but empirically the echo ampli-
tude decays away very rapidly for & large as the Ho inhomogeneity
begins to come into play on top of that of H; and the pulses are

lneffective in refocussing under such conditions.

D. Effects of the Ho Inhomogeneities

Normally in high-resolution NMR experiments on spin %
Nuclei, the observed linewidth is determined predominantly by the
Magnet inhomogeneity and the distribution in observed resonance
frequencies reflects the distribution of the static field Hg
aCross the active volume of the sample. That a resonance signal
has g finite linewidth means that the experimental decay rate
Rexp is, to an extent, greater than the theoretical decay rate
Rz, obtained by considering a hypothetical signal represented
by a §-function at the Iarmor frequency wo = YHo. The correct-
lon necessary to account for this influence on the observed de-
Cay rate down the rotary-echo sequence can be obtained in the
following treatment.

For w, >> R,, from equation (2.15)

M(enr) = gnﬁ(o) (2.15)

where F = F(§,w,) is a function of the two independent variables

5

8 and w, and is given by (2.42). For a given value of w,, F is
thus a function of & only. So equation (2.42) reduces to (2.38)

When § = 0. Let us consider the difference in magnetization
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between the on-resonance and off-resonance cases at the first and

nth echoes for a given value of wy.

oMy = Ho(2r) - Hy(21) = (Eo - Eg)H(0).

- n-2 n-1,=
= (Eo - 56)(201’1 Ly go gé + ... gé M(0)
e nEon-lAM1 (2 .43)

assuming Fo ~ Fg for 8/w; << 1 and thus Fo commutes with Fg.

The subscripts o and § refer to the on- and off-resonance cases

respectively. Using (2.38) and (2.42) and that

-(1 - cosar)(w;® + 82cosar)

= nFon_l —29%1— adsinat (1 - cos art) .
~ a
sw,{1 - cosat(2 - cosar)}

(2.44)
For g rectangular line shape of full width 2Awé, the mean error

tan be calculated as follows:

Ve = nFo" 13N, (2.45)
Wi
wh i, = == M : 2 .46
ere AM, QAW% AM, (6)d6 ( )
—Aw%

Integrating for only the M, component, the component necessary
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in the correction calculation, we have

—_ - o(w,T - 2) w,272 - Bw,T
AMzn = nMoe 2nRT[%82 + ( 15 34 + 1 14 36 + ---]

(2.47)

where B = Aw%/w1, usually << 1

and the condition cos w,T = O has been imposed to get the upper
bound of AM,, .
From equation (2.47) and that

M,o(2nt) = Moe—anT,

the relative error
2

AM, o 2(wir = 2)ge w17 - BuiTge 4 g (2.48)

= 2g2
Wolonry = M85+ 75 =

Neglecting terms with higher order in B than the second,

o >

M
M,o(2nr) ~ &8%n. (2.49)

Therefore M,z(2n1) =~ (1 - 282n)M,0(2n1)

2
= (1 - %?t)M,o(EnT) (2.50)
where t = 2nr.
Since B2
3;_-1; << 1,
ha _ B2
1 - 3_T.t ~~ exp( BTt).
32 - t
Therefore M,g(2nt) ~ exp(- %?t)[e Rar Ty, 4 (0)]
= e_R“PtM,o(O), (2-51)
82
and Rexp = Rzr + 3. (2.52)
2
This correction %? can be made negligible by choosing Hy suffi-

ciently large, i.e. Hy >> AHo.
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Some experimental decay rates of the rotary-echo ampli-
tudes in degassed benzene with and without the sample spinning
are shown in Table I. The results show that the effect of in-
homogeneities in Hy can safely be neglected under ordinary ex-

perimental conditions.

Table I. Rs, in spinning and non-spinning samples of
degassed benzene, w; = 10 hz .

S —

2T (R2r )n (R2r )s _

(sec) {Non-Spinning Sample | Spinning Sample (Ra: )a (Ra ),
0.5 0.0862 sec-! 0.0827 sec-! 0.0035 sec-1?
0.63 0.0956 sec-? 0.0928 sec-1 0.0028 sec-!

E. Nuclear Overhauser Effect

Overhauser effect in metals (20) arises from the coupling
f-§ of the nuclear and electron spins through the longitudinal
relaxation mechanism of the S-spins. The pure nuclear analogue
of the effect has also been observed in heteronuclear systems
by Solomon (21) and by Solomon and Bloembergen (22). If an ex-
perimental method is selective enough, such an effect should also
be detected among homonuclear systems. The recent works of
Kaiser (23), Cocivera (24) and Brooks et al (25) provide enough
evidences for this.

For systems containing more than one magnetic nuclear
Species or more than one group of magnetically equivalent nu-

clei of the same species, scalar interaction JI, .1, as well as
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intermolecular and intramolecular dipole-dipole 1nteractions
give rise to cross relaxation in the longitudinal magnetization
(21) of the nuclear spins. So for a two-spin system, Bloch's

equations for the M, components are modified to:

g%[.%.a. = ~Rya (Mza = Mo;) - O(Mzb - MOb) (2'55)
(_i%/[_%_b = -Ryp (Mpp - Mop ) - o(M;, - Mo, ) (2.54)

where R,, and R,, are the conventional longitudinal relaxation
rates for the spins A and B respectively and ¢ 1s the so-called
Cross relaxation rate.

To include this nuclear Overhauser effect, let us assume
that a rotary-echo experiment be performed on a homonuclear
system whose high-resolution spectrum consists of two lines
separated by §. Sitting exactly on resonance at one signal,
if &8 is sufficiently larger than yH,, the effect of H, on the
other is negligible apart from the nuclear Overhauser effect.
Then the modified Bloch's equations for the systems are

du - -Ru

&l
=

"RV - W 1Mz

Qa'Qa
<
I

(2.55)

g

o+

UJiv - RMZ - O'Mz' + RMO + OM'O

(ST o7

dbéz' - - oM, - RM; + oMy + RM'q

where the longitudinal and transverse relaxation rates are as-
sumed to be all equal to R, and again the cross relaxation rate

is denoted by o.
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In matrix notation, the coefficient B is given by

-R 0 0 0
0 -R i UE] 0
0 W4 -R -0

-0 0O -0 -R

QA
I

The off-diagonal elements are wy; and 0. 0, being usually smaller
than R, is of course much smaller than w;. Neglecting o in the
array, the matrix can be broken down to a 2 X 2 matrix

[ -R -W,

o5

as in the case excluding nuclear Overhauser effect (see page

30). Thus for w, >> g, rotary-echo decays are not affected by

the nuclear Overhauser effect to first order.



CHAPTER III
CHEMICAL EXCHANGE STUDIES

The hindered internal rotation about the C-N bond in N,N-
dimethylcarbamyl chloride and the N-N bond in N,N-dimethylnitro-

samine was studied at various temperatures by the high-resolu-

tion rotary-echo method.

A. Hindered Internal Rotation

According to the resonance theory (26), the C-N bond in
amides, the N-N bond in nitrosamines and the O-N bond in nitrites

can assume double bond character owing to resonance forms of the
type

Rz
AN + 3
R} Ra “Ra .
The partial double bond character imparts a planar configuration

to such systems and the barrier to internal rotation may be quite

high put usually not so high that the cis and trans isomers can
be separated by physical methods. Without the necessity of sep-
arating the isomers, the NMR technique provides a convenient
Method to study compounds of such types. In fact, there have
been many publications on the application of NMR methods to the

study of hindered internal rotation (27).

Because of the variations in the method of experimentation

and evaluation of data, discrepancies in various activation par-
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ameters reported by independent workers for the same chemical
System are great. For N,N-dimethylcarbamyl chloride the steady-
State results of Rogers and Woodbrey (28) and of Allerhand and
Gutowsky (3) are low in both the activation energy and the fre-
Quency factor. Using the spin-echo method aided by a high speed
computer, Allerhand and Gutowsky (3) and Krakower (29) produce
independently more promising results. Recently, Neuman, Roark
and Jonas (30) perform a detailed kinetic study of the system
Using the computerised total line-shape fitting method. They
Obtain 16.9 £ 0.5 kcal/mole for the activation energy and a
value of -1.6 eu for the entropy of activation. N,N-dimethyl-
Nitrosamine has been studied independently by Phillips (31) and
Blears (%2) using the steady-state NMR method. The reported
activation parameters are in reasonably good agreement to the
Spin-echo values obtained by Abramson et al (33) and Krakower
(29). 1In general, the factors affecting the accuracy of the
various NMR methods in the determination of chemical exchange
rates are analyzed and discussed in a recent work by Allerhand,

Gutowsky, Jonas and Meinzer (34).

B. Exchange Effects in High-Resolution Rotary Echoes

Consider a system in which a nuclear spin 1s reversibly

transferred between two non-equivalent sites A and B uncoupled

to each other.

(a) Slow exchange
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In the slow exchange region, two
Sitting on resonance at signal A and of

B by s the modified Bloch egq

40
distinct signals exist.
f resonance from signal

vations as generalized

= Wy T Wy,
by Hahn and Maxwell (35) and McConnell (36) can be written as
', | [Ra -k, 0 0 Ky 0 0 u, 1 I 0o ]
Ve 0 -Raa-k, -~w, 0 Ky 0 Va 0
q (Mza 0 Wy Ria —K, 0 0 Kp= 0 |Mza) [|R,,Mu+oM,
Tt |y, |= K, 0 0 -Rapy~ky 8 0 U i+ 0
Vy 0 K, 0 -6 -Rzp ~ky -0y Vb 0
M, 0 0 k,- O 0 wy  ~Ryp ~Ky| {Mpy] |OMa+R, Moi;
(3.1)

where k, and k, are the exchange rateso

respectively. The cross relaxation bet

ut of the sites A and B

ween M,, and M,, 1s in-

cluded to account for the nuclear Overhauser effect.

Assuming Ria = RIb = R2a = R2b = R’ ]
ka = kb = k
and Moa = MOb = MO’

[-R-k 0 0 k
0 -R-k

|
e
-
o
O N O e

the matrix B =

0 k-0 0 wq

0

k

0 k 0 -8
| O

Here ¢ is generally smaller than R and
k except for extremely slow exchange.
gonal makes it justifiable to neglect i

diagonal k's in the slow exchange limit

(3.2)
o |
o !

- .

o . (3.3)
0 |
k -UJ1 l
-R-k_i

is usually smaller than
Its being far off the dia-
t along with the off-

. With the off-diagonal
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kK's and ¢ neglected, the E matrix can be ﬁartitioned into the
on-resonance and off-resonance parts.

Now two cases arise. If signal B is very far from reso-
nance, i.e. § >> w,;, the 180° pulses have no refocussing effect
on the fanning out magnetization vectors at site B. So the sig-
nal B decays rapidly in the rotating frame and has no contribution
to the subsequent echoes. Thus only the resonant part of the
matrix need be considered. Solution for the on-resonance case
leads to a rotary-echo decay rate Ro, given by

Rz, = 5(R1 + Re) + k (3.4)
The term k on the right hand side of equation (3.4) means that
the signal A loses magnetization each time a nuclear spin trans-
fers out of site A and does not regain magnetization from site B
because the net contribution from the spins transferred back from
site B is averaged out to zero. Thus the contribution of k to
this decay differs from the contribution to the steady-state
linewidth as calculated by Piette and Anderson (37).

If signal B is not very far from resonance, i.e. &6 S w1,
both sienals A and B contribute to the echo amplitudes, and the
situation is complicated as the off-resonance matrix 1s hard to
handle. Considering the situation phenomenologically, the aver-
age fractional loss of magnetization as a result of a transfer
from one site to another is found (Appendix A) to be sinzg, where
a = tan‘l(%l). Thus in the slow exchange region and for

5<UJ1

~



(R;y + Rp) + (sinz—g—)k. (3.5)

N =

R_2r =

(b) Fast exchange

In the fast exchange region, only one signal exists and it
appears at the first moment of the individual site precession fre-
quencies. On resonance at this signal and with the same notations

and assumptions as above, the matrix B can be written as

C_R-k _% 0 k 0 0]
% ~R-k -w; O Kk 0
0 w; -R-k O 0 k-g!
Kk 0 0 =R-k % 0
o k 0 -2 -R-k -u,
0 0 k-g O w1 -R-k|.

In fast exchange, g is negligible compared with k, i.e. k-g is
practically equal to k. So cross relaxation has again no effect
here, k being large, the matrix cannot be simplified as in the
case of slow exchange. And unfortunately, there is no other
Justifiable approximation that can be taken. Manipulation uth
the complete 6 X 6 matrix is beyond possible and no closed for-
mula is obtained. Thus for the calculation of exchange rates in
the fast exchange region reported in this work

Ra, = %(R1 + Rz + Aw_,) (3.7)

r

. . . . . * 3 **
1s used, where Aw,, 1S the equilibrium line width due to exchange

*The line observed 1s the exchange narrowed component
while the broad component is not detected because of its great
width in high~-resolution steady-state measurements and because
it decays away very rapidly in rotary-echo measurements.



43
in a high-resolution steady-state spectrum. And according to

Piette and Anderson (37)
2

o
Awe

K =-§ (3.8)
in the fast exchange region.

The fast exchange case is different from the slow exchange
case because the site magnitizations are conserved in the for-
mer and not in the latter. The validity of equation (3.8) in
calculating exchange rates in this region is justified because
of this conservative property and that the k is large and the
pulse rate 1/2¢ (at sub-audio frequencies) is small. So under
such experimental conditions the nuclear spins under observation

exchange many times between pulses and the equilibrium linewidth

can be approximated as in the long 7 limit of the BRW theory (38).

C. Experimental
(a) Preparation of samples

Commercially available N,N-dimethylcarbamyl chloride was
purified by several vacuum fractionations. N,N-dimethylnitrosa-
mine was prepared by the reaction of dimethylamine hydrochloride
(0.25 mole, 20.5 g.) and sodium nitrite (0.3 mole, 21 g. in 50
ml, of 6N hydrochloric acid solution). The mixture was distilled
rapidly to dryness and the distillate was treated with an excess
of potassium carbonate. The resulting yellow non-acldic aqueous
solution was shaken with LI portions of ether each 50 ml, The e-

ther extract was dried over freshly baked anhydrous potassium
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carbonate. Removal of ether under reduced pressure left a yel-
low 0il, The oil was purified by three successive distillations.
The boiling point of the final product was 150-151°C.

The samples used in this investigation were prepared in
thick-walled cylindrical glass tubes of bore about 3 mm in diam-
eter, The tube containing the sample was mounted on a high va-
Cuum system and the sample was thoroughly degassed by freezing
With liquid nitrogen and then allowing it to warm to room temp-
erature under vacuum. This freeze-pump-thaw procedure was re-

Peated several times and the tube was finally sealed off.

(b) Determination of exchange rates

For each temperature, the decay of the rotary-echo amp-
litudes was photographed for each of eight pulse separations
(21 = .2, .25, .32, .4, .5, .63, .8 and 1 sec.). Then for each
Photograph corresponding to a certain pulse separation echo amp-
litudes were plotted against time. The points lying quite close-
ly on a straight line in a semi-log plot showed that the decay
was exponential and the slope of the straight line gave the de-
cay rate for that particular pulse separation. The decay rates
depend somewhat on the pulse separation indicating self-diffu-
Sion effect, etc. Plotting the decay rates against (27)2, the
square of the pulse separation (see pageEO), and extrapolating to
infinite pulse rate (i.e. 27 = 0), the extrapolated decay rate

was taken to be the decay rate Ry, of the rotary-echo train free
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Fig. 3-2. Ry extrapolation plot for N,N-dimethylnitrosamine.
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from diffusion effect at a certain temperature. Such extrapola-
tion plots are shown in Figs. 3-1 and 3-2. 8light deviations of
points for 2¢ small from linear behaviour are presumably due to
overlapping of echoes in the train when r < @/wl. Being selective,
the rotary-echo method is non-conservative in the magnetization
for exchange unlike the spin-echo experiment. Therefore, ex-
change effects are not pulsed out and, in general, the diffusion
extrapolation removes only the effects of diffusion leaving those
of the exchange in either the slow or the fast limit unaffected.
Then for each temperature, the chemical exchange rate (k) was
determined from Rs, according to equations (3.4), (3.5) or (3.7)
and (%.8) as the case may be. Values of activation energies

E, and frequency factors vo were obtained from the Arrhenius

plots,

in k = 1n yo - %L'T . (3.9)

D. Results
(a) N,N-dimethylcarbamyl chloride (DMCC)

T, and T, values and their temperature dependence for N,
N-dimethylcarbamyl chloride were obtained from the published re-
sults of Allerhand and Gutowsky (3). The chemical shift between
the two methyl resonances was assumed independent of temperature,
and the value used in the determination of exchange rate in
the fast exchange region for DMCC was our low temperature high-

resolution limit of 6.6 hz. The exchange rates at various
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Chemical exchange rates for N,N-

Temp. (°C.) Ra, 2 (R, + R2) k Remarks
8 .286 .233 JA41

18 .328 .196 1.00 k obtained

23 .380 .182 1.45 according to

27.5 .701 .178 3.49 eqn. (3.5)

30 472 .170 2.40

83 848 .099 130

92 .525 .094 229 k obtained

5 68 according to
108.5 .225 .065 3 (3.7) & (3.8)
128 .150 077 1350
Table ITII. Comparison of activation parameters
for N,N-dimethylcarbamyl chloride.
kcal mole AS eu
Method E‘(mole) o 326°K Vo @ 306° |Reference

Rotary-echo 15,1 + 1.0 14.5 2.70 X 1011} - 8.1 present
Spin-echo 14.0 £+ 0.9 13.4 7.90 X 10!'°] -10.5 3
Spin-echo 14.0 £ 0.7 13.4 1.03 X 10t} -10.3 29
Steady-state 7 -
(int. ratiO) 9-7 + 0-5 9.1 2.50 X 10 26.8 3
Steady-state : 6 -
(peak sep.) 8.6 + 1.7 8.0 7.95 X 10 29.0 3
Steady-state 6 -
(int. ratio) | [+2 * 0.5 6.7 1.30 X 10 32.6 28
Steady-state 12| _
(t1s Fit) 16.9 £ 0.5 16.3 7.95 X 10 1.6 30
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Fig. 3-3.

Arrhenius plot for N,N-dimethylcarbamyl chloride.
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temperatures were presented in Table II, the Arrhenius plot shown

in Fig. 3-3% and the activation parameters listed in Table IIT.

(b) N,N-dimethylnitrosamine (DMNA)

T, was determined by the method of adiabatic passage with
sampling (APS) fully described by Anderson (39) and was found to
be quite temperature independent within experimental errors, over
the temperature range from 54° to 134°C, T, = 10 + 0.7 sec. The
temperature independence can be attributed as the result of two
effects counteracting each other, namely nuclear relaxation by
magnetic dipole~dipole interactions in liquids demanding increase
of relaxation times with increasing temperature while the pro-
duction of small but increasing amounts of paramagnetic nitric
oxide in the sample as the temperature 1s raised speeding up the
relaxation (33).

Exchange rate calculated from the Rp 's assuming T, equal
to T, gave a non-linear Arrhenius plot (rFig. 3-4). The discrep-
ancies, particularly severe for k small were found to be due to
differential contribution to the relaxation processes by scalar
coupling to a quadrupolar nucleus (see Chapter IV). Correcting
for J-coupling (JHCNN taken to be 1.24 hz and Ty 5 mgec.) the
exchange rates wé;e ;e—determined. The exchange rates at various
temperatures in both cases were presented in Table IV, the Arr-
henius plot shown in Fig. 3-4 and activation parameters listed

in Table V.
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Table IV, Chemical exchange rates for N,N-
dimethylnitrosamine.
[ i * o*
T L (° _ corrected for
emp. (°C) Rz, k , T,=T» assumed | k T-coupling

54 .205 .105 .005

71 214 114 014

90.5 234 134 034

97 .5 315 .215 .115

108 370 270 .170

115 461 361 261

126 641 541 Al
\_, 134 1.105 1.005 .905

#

Obtained according to equation (3.4).

Table V. Comparison of activation parameters
for N,N-dimethylnitrosamine
[ 1
¥ (keca
AHT (===) $
keal mole AS™ (eu)
Method a (ESIE) o 163 °% Vo @ 463 °K Referencse

Rotary-echo | 25.0 £ 2.5 24,1 2.99 X 1013 0.25 | present
Spin-
(o5 igg?) 22.9 & 1.7 22,0 |6.04 X 10%2| - 3,90 33
?g;n;::?? 21.9 + 1.6 21,0 |1.00 X 10%*%} - 2,93 33
?g%g‘igg§ 19.7 + 3.4 18.8 {1.13 X 10''| -10.9 29
Spin-
(g;nr:§h§ 25.5 + 2.5 24,6 11.20 X 10'%|  1.04 29
§;::iy;:;a§e 23.0 22,1 |0.70 X 10'3| - 2.85 31
Steady-state 11
(int . ratio) 25.0 £ 5.0 24,1 1.60 X 10 -10.1 32




53

E. Discussion
It so happens that the two systems chosen in the present

chemical exchange studies contain nuclel possessing quadrupole
moments in the molecules apart from the protons of interest. Due
to rapid relaxation of the chlorine and nitrogen nuclei in DMCC
and of the nitrogen nuclei in DMNA by interaction of the quad-
rupolar moments with the electric field gradients in non-shper-
ically symmetric environments, the indirect scalar coupling of
the quadrupolar nuclei to the protons is not resolved. But under
such conditions the quadrupolar nuclei usually provide a relaxa-
tion mechanism for the protons, known as scalar relaxation of the
second type (40). It is observed that if the scalar relaxation
contribution is sufficiently large it shows up in the rotary-

echo decay rate Rp, (see Chapter IV).

In DMCC, such an effect is not detected in the rotary-
echo measurements. This is not unexpected because the coupling
constants between the protons and the quadrupolar nuclel are
small and the relaxation times of the quadrupolar nuclei short.
While the JHN!S and TlN's for similar compounds are of magnitude
about 0 to 0.5 hz (41) and 1 msec (42) respectively, the Ige1

between the protons and chlorine four bonds apart is practically

Zero and T for similar compounds are of magnitude about 10

1Cc1’
to 100 ysec (43).

In DMNA the nitrogen nucleus q to the methyl groups has
similar small JHN and T1N as in DMCC and gives negligible sca-

lar relaxation as expected. However, the g-nitrogen is usually
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Comparatively more strongly coupled to the protons, JHCCN
about 1.1 to 1.4 hz (41), and has relatively long Tlﬁj 4~to 6
msec (42). By a method of trial and error to obtain a best fit
to theoretical results, values of 1.24% hz and 5 msec are obtained
for the Tyopy end Ty of the B-nitrogen. These correspond to an
effect opr.Z sec—! in the rotary-echo decay rate. The temper-
ature dependence of TlN through an assumed activetion process on
the reorientational correlation time rz = (Tz)oee/RT, € ~ 2 kcal

mole-!, is found to be of little significance here and is neglected

s
in the calculation. On the same basis, the effect due to coupling
to the g-nitrogen is more than an order of magnitude smaller and
i1s not important in the experiment.

In the present study of hindered internal rotation the
rotary-echo results are closely comparable to those of the spin-
echo experiments (see Tables III and V). The smaller absolute
values of ASt obtained here for both the systems, DMCC and DMNA
reflect that the activation parameters thus obtained are closer
to their true values as the entropy of activation As¥ for the
transition over the barrier hindering internal rotation should
be sround zero since there is little change in the degree of
randomness in the activated complex.

The NMR methods which have thus far been applied to de-
termine rate constants are i) the high-resolution steady-state

methods (27), ii) the high-resolution multiple resonance methods

(4%, 45) and iii) the spin-echo methods (3, 19, 33, 38, 46-52).



55
A general limitation of the steady-state methods is that they are
sensitive only for processes in which the exchange rate is com-
parable with the splitting, in radiang/sec, being averaged out.
Once the exchange narrowed limit of a single sharp line has been
approached, further increases in rate do not affect the usual
high-resolution steady-state spectrum appreciably. The method
of total line shape fitting by high speed computers is not free
from this limitation. Another drawback of the steady-state me-
thod is that the chemical shift has to be known in order to de-
termine the exchange rate. The chemical shift is usually obtained
by 'freezing out' the exchange either by making measurements on
each species in the absence of the other, in dilute solution, or
by going down to temperatures sufficiently low so that the effect
of exchange on the chemical shift 1s negligible. But then it is
$t111 necessary to assume that the chemical shift is temperature-
independent. If the opposite is the case, variations in the
chemical shift with temperature may produce considerable errors
in the calculated rates. The high-resolution multiple resonance
methods also suffer from the limitation that the exchange rates
mist be below that corresponding to coalescence of signalsat diff-
erent sites. So the aﬁplicable range is quite limited. The spin-
echo methods employing a Carr-Purcell sequence cover not only the
ranges accessible to the above methods but also extend to much
faster rates. Some other desirable features of the method are 1)

that it is not necessary to make any assumptions about the values
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of the chemical shift and the transverse relaxation time as in
the steady-state method. These quantities are obtained as an ex-
tra bonus from the rate studies, and ii) that Hgp inhomogeneity
effects are eliminated in the spin-echo method and less expensive
magnets can be used instead of the high-resolution magnets.

The main disadvantage of the spin-echo method is its lack
of selectivity. The selective deuteration of sites unaffected
by exchange is in general difficult enough to 1imit the scope of
the spin-echo method when protons are observed. Also the effects
of H,; inhomogeneities in the spin-echo experiment will produce
errors which are cumulative. These have not in general been con-
sidered in the rate studies to date and may probably be the most
Serious source of errors in the Carr-Purcell method for obtain-
ing exchange rates. Such errors would cause experimental values
of AH* to be too low, as seems to be the case. With rotary
echoes, the high-resolution of the method provides sufficient
selectivity even among homonuclear systems and inhomogeneity eff-
ects of both H; and Ho are eliminated. Moreover, with the special
capability of determining long relaxation times or low decay
rates, the method extends its application at both ends to cover
an overall range comparable to if not larger than that of the
Spin-echo method. The main drawback of the rotary-echo method
to date is that it requires knowledge of the relaxation times and
in some cases, the chemical shift to determine exchange rates.

To give some general ideas about the rellability of the
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different NMR methods in chemical exchange studies, an approxi-
mate comparison of the ranges of applicability for the wvarious
methods is shown in Fig. 3-5. The ranges for the steady-state
methods are generally quite limited mainly by the magnet inhomo-
geneity and by the sensitivity of the chosen parameters. Multi-
Ple resonance methods are of course only applicable below coales-
cence. The pulsed methods have much wider ranges. The dotted
lines in the figure show possible extension of the ranges by
either varying some experimental parameters or by taking great-
er pains in the experiments. The rotary-echo method, though not
applicable for quite some range around the coalescence point,
has quite a wide overall range from end to end. To a first app-
roximation, the intrinsic reliability of the methods should be
pProportional to the range of experimental values covered by each.
So it is obvious that the pulsed methods are more reliable on
this basis. By and large, this newly-developed rotary-echo method,
Pulsing at sub-audio frequencies, possesses the resolution of the
steady-state methods on one hand and has some of the merits of

the pulsed methods on the other.
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CHAPTER IV
SCAIAR COUPLING WITH QUADRUPOILIAR NUCLEI

In the chemical exchange studies by the rotary-echo me-
thod in the previous chapter, it was noted that differential
contributions to T, and Tz relaxation processes from scalar

coupling of protons to a quadrupolar nucleus can show up in the

proton rotary-echo decay rate Rz, . To substantiate that the ro-

tary-echo decay, pulsing at sub-audio frequencies, 1s sensitive
to unresolved scalar coupling to quadrupolar nuclei, the systems

acetonitrile (CHsCN) and chloroform (CHCls) were studied with

the aim of obtaining JECCH in CHaCN and JHQQl in CHCls. The

—

contributions of scalar relaxation to Ts of the protons in these

two systems were expected to be detectable.

A. Theory of Scalar Relaxation

In the systems CHsCN and CHClas, reorientation of the
Molecules provides an effective relaxation mechanism for the
Nitrogen nucleus in the former and the chlorine nuclei in the
latter through their quadrupole interaction (53) with the elec-
tric-field gradients fixed in the molecular frame. If Tq 1s the
appropriate correlation time for the reorientation of the fielq
€radients, 93%9 is the quadrupole coupling constant in ra-
dians per second and n is the asymmetry parameter, then the re-

laxation times (qu and qu) for the quadrupolar nucleus of spin
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S in the extreme narrowing limit are given by (54)

1 1L _ 3 _28+3 1, n2)e28d)a,

T Tp, 40 s2(es - 1) 3 A ’ (4.1)

T1q
Ty, and Tp, are usually very short for quadrupolar nuclei in

non-spherically symmetric environments. 1In these two systems,
the fast relaxation of the quadrupolar nuclel induces rapidly

fluctuating magnetic fields at the protons under observation

through the indirect scalar coupling, JHCCE in CHsCN and J cel

in CHCls. This mechanism has been described as a type II scalar
relaxation by Abragam (40). Specifically, the contributions to

the relaxation processes for the spin I by the scalar interact-

ion are
1 _2(2ng)e Taq
(F)ee = S5=8(8 + (574, )%7,, 2 (4.2)
1 _ (en3)2 + Taq i
(T21 )sc = 3 S(S + l)[Tiq 1 + (wi - W, )2T2q2]'( -3)
Generally, | (0, - w,)]Taq >> 1 > Tyqs Taqs (4.4)

SO this mechanism does not usually contribute to T,y but it does
affect Tp, unless Tz, (along with T;,) is so small that

(w, = wy)2Tp 2 << 1 (4.5)
when the contributions to both T,, and Tz, are infinitesimally
Small. Combining the contribution (DD) due to dipole-dipole
interaction and that due to scalar coupling, Solomon and Bloem-
bergen (22) obtain the following for the relaxation times (T,
and T,) of a nuclear species coupled to a quadrupolar nucleus

of spin 8, itself relaxing with time constants Ty, and Tp,:
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2
T
-%‘- = DD +M—LS(S+1) : 24q (4.6)

1 3 1+ (0 - ws)®3T5,2
1 ernd )2 To,
I T, o+
T2 DD + 3 S(S + 1)[ 1q 1 + (wi - ws )2T2q2]

(4.7)
When the condition (4.4) is satisfied, the indirect scalar cou-
pling, although only a weak interaction, can serve as an effect-

ive T, relaxation mechanism, and from (4.6) and (4.7). one

obtains
2
e R i L TC I DU (4.8)
T2 Ty 3

To allow for the possibility that there are N equivalent quadru-
polar nuclei in the molecule, more or less independently relaxed
and coupled to spins under observation, the integral factor N

has been introduced to equation (4.8) by Freeman, Ernst and

Anderson (55) to give

1 1 N(2mJ )2
T 3 S(S + 1)Tyq . (4.9)

If the N quadrupolar nuclei do not relax independently, NS(S + 1)

in equation (4.9) has to be replaced so that
g !2
%L - TL = 22? s(s + 1)1y, (4.10)
2 1

where S{S + 1) is the weighted contribution to S(S +1) from the

Various resultant vector combinations of the N spins. Evaluation
of S{S ¥ 1) for N = 3 is shown in Section C where the calculation

1s done.

B. Experimental
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(a) Preparation of samples
Spectral grade acetonitrile and chloroform were further
distilled once and then were degassed and sealed in cylindrical

Class sample tubes of bore about 3> mm in diameter ..

(b) Rotary-echo measurements

The rates of decay of the echo envelope in the rotating
frame were obtained with the rotary-echo instruments described
in Chapter I. The intensity of H; used was 2.5 milligauss and

the frequencies of pulsing ranged from 1 to 5 sec~!. The decay

rates ( ) free from diffusion effects were obtained by extra-

1
T2r
bolation to infinite pulse rate.

(c) T, measurements

The longitudinal relaxation times T, were determined by
the method of saturation-recovery with sampling with a Varian
A56/60 high-resolution NMR spectrometer. This method employs
a repetitive Ho field sweep and two levels of H;, the saturating
(~3 mG) and the sampling (~0.001 mG) levels. The Varian spect-
rometer was slightly modified so that i)} it could be switched
€asily between two predetermined levels of H,, and ii) connect-
lons to the dc sweep coils of the dc magnet were provided.

The repetitive Ho sweep was obtained by feeding recurrent
Waves from a Tektronix Type 162 waveform generater to the dec
Sweep coils. The recovery of the signal after the saturating 0,

Was turned down was sampled with low H; and was recorded with a
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Honeywell Electronik 19 recorder connected to the recorder out-

put of the Varian spectrometer.

C. Calculation of Results

(a) Acetonitrile (CHsCN)

The T,, for N in CHaCN was taken from the value 5.0 msec

measured directly by an rf pulse method by Moniz and Gutowsky

(42). f%—and Ti measured in this experiment for the protons
r

in CHaCN were

A -1
T 0.091 sec
1
= 0.1 ec-1,

Ta, 9 s
But 1 _ 1,1 .1

To. 2(T1 + 75
therefore ;L-—-;L-= 2 —l—-—-l— = 0.198 sec-t,

T2 T, (T2r T1) 7
Using equation (4.8)

J = 1,23 hz.

HeoN

(b) chloroform (CHCls)

The T,, for Cl in CHCls was taken from the linewidth
measurement for the chlorine nuclei in chloroform by Winter
(56). Half width at half intensity of 22 gauss gave T,, equal

to 17.4 psec. é%-and Té— measured in this present experiment
1 r

for the proton in CHCls were
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= 0.0143 sec-1?

T 0.0523 sec-1t,
2
Th 1 _ 1 _ 11y
erefore - T = 2( ) = 0.076.
Assuming the three chlorine nuclei are relaxing independently

in the molecule and using equation (4.9)

J 5.5 hz

Heel
as was obtained by Winter (56).

It is very likely that the three chlorine nuclei do not

relax independently, so we have to treat them as a whole. In

this way, combining the three % - spins vectorially there are
1 possible combination of total spin

2 possible combinations of total spin

3 possible combinations of total spin

4 possible combinations of total spin

M= RN O O VRO

2 possible combinations of total spin
The total number of possible combinations is 12, each of equal
probability in the classical high temperature limit of molecular

J states. Therefore the weighted mean

57 ,14.325

SEF T =3 (35 + 253+ 333 5.3 + 2531

‘3
(

I'\)lb-—‘

4,11)

= 8.25.

Using this value in (4.10), we get

HCCLl © 6.3 hz.



65
Actually there are two chlorine isotopes C1%5 and ¢127

both of spin % and an isotopic ratio of 3 to 1. However, the

ratio (57)

(J2T1  )as _ (xaa)e(%al)z ~ 0.9
(J2Tyq)ar Y27 %93

and the contributions to (TE - %1) from either spin differ lit-

tle so the complications due to the presence of two isotopes

have been disregarded.

D. Discussion

(a) Acetonitrile (CHaCN)

The experimentally determined T,, 11.0 sec. is in agree-

ment with the value obtained by Boden et al (58) for the methyl

protons in the same compound. The calculated Tz, 3.46 sec. is

much shorter than the T»°, 11.2 sec. of Boden et al (58) obtain-
ed by the Carr-Purcell spin-echo method at high pulse rate.

The difference is due to the fact that the contribution of sca-
lar relaxation to the T, process is eliminated by the high fre-

qQuency pulses (pulse separation smaller than the relaxation time

for the quadrupolar nucleus). So Tp of 3.46 sec. is the trans-

verse relaxation time where both the dipole-dipole and the sca-
lar contributions are effective as is given by (4.7), while T, °
of 11.2 sec. results from only the dipole-dipole contribution
and under the generally satisfied condition (4.4). T>° should

be equal to T, according to equation (4.6). Thus Boden's T, °
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of 11.2 sec. is in agreement with our T; of 11.0 sec.
The calculated JHCCN of 1.23 hz is also in agreement with
the value of 1.2 hz scaled down from the N!° coupling constant

of Binsch et al (41) and with the value of 1.38 hz determined

indirectly by Boden et al (58).

(b) cChloroform (CHCls)

Our experimentally determined T,, 70 sec. is longer than
that of Winter (56), 42 sec. for the proton in chloroform. The
calculated Tz from our Tz, is 11.1 sec., also slightly longer.

Jd of 5.5 hz is obtained as Winter on the same assump-~

HCC1
tion that the three chlorine nuclei relax independently. Doing

away with the assumption, fresh calculation gives Jy..; a value

—

of 6.3 hz.

Coupling constants between proton and chlorine separated
by two bonds are lacking for comparison. However, some values
for the coupling between proton and fluorine two bonds apart
have been reported: 60 hz for JHCF in monofluoroethane (59) and
81 hz for Tyep in l—fluoro-E,E-Ei;hloroethylene (60). Scaling
by YC%/QF azkg}ding to the theory of nuclear spin-spin inter-
action (61), we get 6.26 hz and 8.45 hz for JECQL' The values
of 6,3 hz for J calculated for chloroform appears to be

HCC1l
better than the value of 5.5 hz obtained on assumption that the

three nuclei relax independently.

From the above results in this present experiment, it is
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obvious that the rotary-echo method with pulsing at sub-audio
frequencies is sufficiently sensitive to detect the effects of

unresolved scalar coupling to quadrupolar nuclei.



CHAPTER V

F19 SPIN-ROTATION RELAXATION
IN THE LIQUID PHASE

The fluorine spin-rotation relaxation in liquid chloro-
difluoromethane (CHF,Cl) and difluoromethane (CHzF2) has been
Studied indirectly by selective rotary-echo experiments on the
Proton resonances, whose natural linewidths are dominated by the
Yapid relaxation by spin-rotation interaction of the fluorine nu-
Clei coupled scalarly to the protons. A full report on the ex-

Periments is shown in the following sections.

A. Introduction

Spin-rotation interaction between the nuclear spin vector
T and the overall molecular rotational angular momentum vector
J is one of the hyperfine interactions important to microwave
Spectroscopy (62). This type of interaction, of form

I.c.7,

Where g is the spin-rotation coupling tensor, was first found
in the hydrogen molecule by Kellogg et al (63, 64) in 1939 us-
ing molecular-beam techniques. Since then there have been a
Number of measurements on this interaction in which a variety
°f techniques were used to suit the molecule and the particular

Measurement desired.

Because the spin-rotation interaction involves the nu-
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Clear spin and is magnetic in nature, its effects are also de-
tectable in NMR measurements. In NMR, the interaction modulated by
collisions which cause a time dependence'in J, can provide an
effective relaxation mechanism (65) for the spins. It is found
that the effect is particularly important with systems in the
gaseous phase and with systems containing heavier magnetic nu-
clei. Generally, from experimental data obtained so far, the
Spin-rotation contribution to relaxation is at least two orders
Of magnitude bigger in the gaseous phase than in the liquid
Phase (66). The protons in gaseous methane and its deuterated
modifications (67, 68) and the fluorines in the gaseous fluoro-

methanes (69, 70) have been found to be relaxed mainly by spin-

rotation interaction. In liquids proton spin-rotation effects

are negligible but those of fluorine and other heavier magnetic

Nuclei are still dominant (66, 71, 72) at temperatures around the

lce point or above. That the spin-rotation interaction is small

for the proton and much larger for fluorine is implicit in the
Proportionality which Ramsey (73) has pointed out between the
Spin-rotation interaction constant and the second-order para-
Magnetic term in the nuclear magnetic shielding, in as much as
the latter is small for protons (73) and large for fluorines

(72).

Theories of nuclear magnetic relaxation by spin-rotation

Interaction in gases (68, T4, 75) and in liquids (66, 76, 77)

have been developed. Experimentally the problem has been tackled
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by two approaches: direct and indirect. In the direct method,
the relaxation times of the nucleil relaxed by spin-rotation in-
teraction are measured directly and the spin-rotation contribu-
tions separated from the other contributions if necessary. This
method has been applied quite extensively to both gases (67, 68,
74, 78, 79) and liquids (66, 80, 81, 82). In the second method
one needs not look at the nuclei relaxed by spin-rotation inter-

action. Instead one observes the relaxation of the other nuclei,

indirectly or scalarly coupled to the nuclei relaxed by spiln-

rotation interaction. For CHzF> and CHsCHF> in the gaseous phase

Where the fluorines relax predominantly by spin-rotation inter-
action, Flynn and Baldeschwieler (70) obtained the fluorine tran-
sition probabilities from the differential linewidths of the pro-
ton resonances without looking at the fluorines at all. In the

liguid state, high-resolution spectral linewidths are determined

mainly by magnet inhomogeneity. The differential relaxation ob-
served in the gaseous phase is covered up by inhomogeneity effects.
Using the nuclear Overhauser effect (20, 83), Kuhlmann and Bald-

eschwieler (84) and Kanazawa (85) were able to study thre F1® spin-

rotation interaction of the difluoroethylenes in solutions by

working on the proton resonances only. In this chapter we wish

to report a second indirect but straight-forward method in the

studies of the F!® spin-rotation relaxation in liquid CHF>Cl and

CHaF» using high-resolution rotary-echo techniques.

B. Proton Resonances in A Xz Systems
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In the systems we study A is H' and X, F!'°. n takes on

the values 1 for CHFsCl and 2 for CHoFps.

(a) An AX, system-— CHF5C1
The Hamiltonian for the AX, system (CHF-Cl) can be writ-
ten as
K = -wgK,(H) - epkKy(F) + egr [I(1)-I(2) + I(1)-I(3)] (5.1)

where K(H) = T(1)

R(F) = T(2) + T(3)

wy = YgHo

wp = YpHo

f@gr 1s the scalar coupling constant between the proton and

the fluorine,
Yy and Yr are the magnetogyric ratios of proton and fluorine
Tespectively,
and Hp is the applied dc magnetic field.

The spin-product basis functions for the system can be
readily written and the appropriate linear combinations of these
basis functions consistent with the C, symmetry of CHF,Cl are

€iven in Table VI.

In this representation the Hamiltonian is diagonal and
therefore the basis functions are the eigenfunctions. The allowed
Proton transitions with their relative widths due to rapid fluo-
rine relaxation are shown in Table VII.

A schematic energy-level diagram for the system is shown
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Wave
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functions for an AX, system,

Basis Spin-product
functions| functions | F, |K, (H)| K (F)|Symmetry| (e, |%|ep, )
®4 aaa 3/2| % 1 Al -3 (wy+owp-fyp)
P2 /3 alaptea) | 2| % 0 Al ~twy
®3 /% a(aB-Ba) | % | % 0 A ~twy
04 aBB -2 | % -1 Al -% (wy-2wp+Ryy)
©s Baa £ | -% 1 Al % (wy-20p-Ryyw)
v |5 8aB+sa) | -3 | -2 | O A oy
®s  |,5 B(aB-Ba) | -3 | -} | o© At By
®a 8BB -3/21 -} -1 A 1 (wg+owp+lypw)
Table VII., Allowed transitions in the H! spectrum of CHFsCl.
Label | Transitions| Energy | K(F) | K, (F) | Symmetry | Rel. width
S1” 1 = ¥s WH-8/{F | 1 1 Al ke + ka
Cq Q2 = ¥s W 1 0 Al 2ks + kg
sit ©s - ®s | wgtRgp | 1 -1 Al K + Kk
Co ¥3 = ¥7 wy 0 0 AN 2Ka
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Fig. 5-1. Schematic energy-level diagram for an AX; system.

in Fig. 5-1. The levels belonging to the A' and A'' representa-
tions are shown separately. The allowed proton transitions are
shown by full lines while the allowed fluorine transitions by
dashed lines between the levels. Antisymmetric fluorine transi-
tions are shown by dotted lines. High-resolution proton spectra
of the system in the liquid and gaseous phase are similar to
those for CHyF, in Fig. 5-4, With reference to Fig. 5-1, it is
clear that rapid fluorine relaxation will provide an effective
transverse relaxation mechanism for the proton transitions be-
tween states with parallel fluorine spins, K(F) = 1. Proton
transitions between states with antiparallel fluorine spins,
K(F) = 0 are not affected by the symmetric fluorine relaxation
but by the much less frequent antisymmetric transitions. There-
fore the central component in the proton triplet is made up of

one broad and one sharp line superimposed on each other as shown
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Fig. 5-2. Schematic PMR spectrum for A X, systems.
(A = H', X = F19)

schematically in Fig. 5-2. In rotary-echo experiments, if a
proton transition, say the S;” is irradiated selectively, (see
Fig. 5-1) the population of the levels 1 and 5 will be disturb-
ed and transient effects will take place via the rapid fluorine
transitions. These rapid fluorine transitions show up as proton
relaxation in the rotary-echo measurements. Let us define

k, as the symmetric fluorine transition probability,

Amp = 1,
and k, as the antisymmetric fluorine transition probability,

amp = +1,0.
Then by considering the rapid fluorine transitions as a means of
transferring magnetization among the proton resonance lines with
rates k, and k, as shown in Fig. 5-2, or by considering the con-
tribution of the rapid fluorine relaxation to the line widths of

the proton transitions in a way similar to that used by Flynn
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and Baldeschwieler (86), the proton decay rates in the rotating
frame for the various components in the proton multiplet can be

written in terms of Rqeg, Rog and the k's as shown below:

Ropg (Cip) = % (R1g + Rpg) + 2k, + k, (5.2)
Ropr (Co) = 5 (Ryg + Rom) + 3K, (5.3)
Rorn (81) = 5 (Rig + Rom) + K, + K, (5.4)

(b) An A-X, system — CHoF»

The Hamiltonian for the AzXz system (CHoF5) can be writ-

ten as

) -

(2

)

X = -wgK,(H) - opKz(F) + fgp [I(
+ (3

1)-T(3) + I(
T(2)-T(3) +

Il

where K(H) T(1) + I(2)
R(F) T(3) + T(4).

The basis functions consistent with the Cs, symmetry of CH-F, are

il

the eigenfunctions of the Hamiltonian and are shown in Table VIII.
The allowed proton transitions with their relative widths due to
rapid fluorine relaxation are shown in Table IX. A schematic
energy-level diagram for the system is shown in Fig. 5-3. The
levels belonging to the A; and B; representations are shown sep-
arately. Full lines between levels show the allowed proton tran-
sitions, dashed lines, allowed fluorine transitions and dotted
lines, the antisymmetric fluorine transitions. High-resolution
proton spectra of this system in the liquid and gaseous phase

are shown in Fig. 5-4. The set of equations (5.2)-(5.4) also

applies here. A high-resolution fluorine spectrum of CHzF, in
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Wave functions for an AzXs system.

fugiiigns Sp;g;giggggt F K, (H) K, (F)|Symmetry oy | %], )
®1 aaaa 2 1 1 Ay _wH_wF+RHF
¢o Jiaa (aB+3a) 1 1 0 Ay ~wy,
Ps Viaa(aB-Ba) 1 1 0 B, -y
®a /3 (aB+Ba)aa 1 0o i 1 A, ~wp
¢s /%(aB-Ba)aa 1 0 1 B, ~op,
¥s aaBs 0 1 -1 Ay ‘_wH-H”F_RHF
7 3 (aB+Ba)(ap+Ba)l O 0 0 Ay | 0
®s i(aB-Ba)(aB-Ba)l O 0 0 A, 0
o 3(ap+8a) (aB-Ba)| O 0 0 B, 0
P10 3(aB-Ba) (aB+Ba)| O 0 0 B, 0
P11 BBaa 0 -1 1 A, Wytp=Ryn
P12 /388 (aB+Ba) -1 -1 0 Ay wy
®13 /388 (aB-Ba) -1 -1 0 B, wy
P14 /% (aB+8a)BB -1 0 -1 Ay W
P15 /3 (aB-Ba)BB -1 0 -1 B, wp
Y18 3883 -2 -1 -1 A, wH+wF+RHF
Table IX. Allowed transitions in the H! spectrum of CHoFs>.
Label|Transitions | Energy | K(F)|K, (F) | Symmetry | Rel. width
1 T Pae
Sy” 0o = P11 | wH_RHF 1 1 Ay ke + k,
S e = o o § .
C, ©r = Pyo Wy 1 0 Ay 2k, + k,
L | e e N S
S, s 9o | YEtmp |1 | -1 Ay k, + Kk,
P—— -t - Ep 3 - QOYQV R e —— - e
Co ©s = ©1a wy 0 0 B, 3k,
{
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Fig. 5-3. Schematic energy-level diagram for an A-X> system.

the gaseous phase is shown in Fig. 5-5. The line widths of the
fluorine resonances are equal within experimental errors to those
of the side transitions in the gas phase proton spectrum of the

compound as expected.

C. Experimental
(a) Preparation of samples

The CHF>-Cl and CHoF> were purchased from the Matheson Co.
Inc. and the Pierce Chemical Co. respectively. No further puri-

fication was made except for a simple vacuum distillation prior
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Fig. 5-4. High-resolution PMR spectra of CHzFa.

(Pressure of gas ~10 atmospheres)
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to the preparation of sample in tubes. For each compound the
samples were prepared in pyrex glass tubes of two different
sizes: 2 mm i.d. - 5 mm o.d. tubes for work with the Varian
A56/60 spectrometer and 6 mm i.d. - 8 mm o.d. tubes with the
NMR specialties pulse machine. Degassing was done by the usual
freeze-pump-thaw method repeated four times. Several samples
prepared this way gave consistent T; values for the protons,
showing that negligible amount of paramagnetic impurities (e.g.

oxygen) is present.

(b) Rotary-echo measurements

The decay of the rotary-echo train for the protons was
measured selectively on each individual component of the proton
multiplets using the Varian A56/60 high-resolution NMR spectro-
meter modified for the purpose. For the side peaks in the proton
triplet, the decays are the same within experimental errors and
are governed by a single exponential. For the central peak a
double exponential decay is observed as expected, in that the
central peak is a superposition of a broad and a sharp line of
equal intensity. The decay rates in the rotating frame, Ropy(C,),
Ropp( Co) and RorH(S:) were obtained from semi-log plots of the

rotary-echo amplitudes against time.

(¢) High-resolution steady-state measurements
Steady-state spectra were obtained on the Varian A56/%O

high-resolution NMR spectrometer for both protons and fluorines.
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The gas phase spectra were improved by signal-averaging using
a Fabri-Tek 1064 instrument computer with a Model SD-2 digitizer

and a Model SW-3 NMR field stabilizer and sweep control.

(a) T, and T, measurements

Proton T,'s were measured by two methods: i) saturation-
recovery with sampling on the Varian A56/60 high-resoltuion NMR
spectrometer, ii) m - n/Q pulse sequence on the NMR Specialties
pulse machine. The T,'s are consistent from individually pre-
pared samples. Fluorine T,;'s were measured by only the second
method but at two different frequencies, 15 and 56.4 Mhz. All
To's were measured by the Carr-Purcell spin-echo method on the
NMR Specialties pulse machine. The proton Tz's depend on pulse
separation. For the shortest pulse separation (21 = 0.5 msec.)
available for the present work because of the large time base
used, only the spin-rotation contribution was pulsed out (27<<
T,p, 1/Jgp) while the scalar relaxation due to coupling to the
quadrupolar chlorine in CHF,Cl was not (2t >> Tipy). With our
shortest pulse separation the measured Top for CHF:Cl was still

not free from the scalar relaxation of the coupled quadrupolar

chlorine.

(e) Sample temperature control

For work with the Varian A56/60 high-resolution NMR spec-
trometer the sample temperature was maintained in the built-in

variable temperature probe by a gas-flow system and the tempera-
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ture regulated by a Varian V-6040 temperature control. Temper-
atures were calitrated with the ethylene glycol and methanol sam-
ples provided. For work with the NMR Specialties pulse machine,
the sample temperature was maintained by an Alnor temperature
control system consisting of a DN-20 pyrotroller and a S5 percent-
age power control unit. The temperatures were calibrated by
sticking in a thermometer taking the position of the sample in

the probe. For both temperature controls the sample temperature

attained was steady and accurate with £0.5°K.

D. Results

The experimental relaxation rates are given in Table X.
Using equations (5.2)-(5.4) the fluorine transition probabilities
are calculated and shown in Table XI. The fluorine transition
probabilities k's are assumed to be due to spin-rotation inter-
action predominantly, as the dipole-dipole contribution given
essentially by the proton relaxation rates 1s found to be much
smaller than that of the former mechanism over the temperature

range in our experiment. The contribution from chemical shift

anisotropy has been found to be negligible (66), (Tl_)CSA < 10”2,
1F

In confirmation, we find the fluorine relaxation rates to be

field-independent. Semi-log plots of the fluorine transition

probabilities k's and the proton relaxation rates R's against

the inverse of the absolute temperature are shown in Fig. 5-6

for both CHFsCl and CHzF:.

Some scalar coupling constants for the compounds are found



83

€207 €207 |T€0":19¢0" | LSO" 6£0°| 610" 120" |520° Nmo.,mmm..mmmm: i
oza- [5nz" (512" {662 |g0c- l0oe-| 0tz |61z |06s- | cre-] 0. Gge o5
19" ' 62" 1! €0" 1 mw.mwm:.mumﬂ.m 19" 7628 4 €O" 499" ¢ et ¢ gI ¢ mOHxLWmmewawwmmmme
0957001174627 .0 1,08 o2h | 0951 40%t=| s52=| 0 |02 o2 | (Do) duag
! SISHD ST HON&”EO« T msmpm%m
o ,wmmNmo pue 1DZ4H) I0J SOTYTTITARAOId UOTITSUBLY SUTIONTI °IX 9TA®RL
tTeoang-2aep| ~ - - 1 - - Wom:. - - - -] - mmmm.ﬂﬂms 9T = 1g) 42y
mocmswmm.MW? - M - sw - - - ”mH:. - - - - - 06% mam
T189a0ng 118D mHH.WmNo.mwmo. 650" 00" |20 GET'IOHT*|G9T"|G6T" 082" 062" |(Sw G = 1g) Hey
Mocmswmm mMWM : w m | w M
» gus |OT} 4L071550"16¢0" 620" 220 Hmo.wm@o. 940" | 2€0" :mo.wwﬁo. Hiyg
lgse omm._omm m@m oR mm: G6¢* 0ot o2k logh®’ 0eg” 696° | eps  (Tg)H 2y
ocom->AMpomwowH 091" 051" m:H o:H ot mmﬁz(mwm;;mWw,mwmmsfmmm 012" | Teajueo (Op)H <2y
»mpm.mmm.wm@ 099 S19" CgL] m,.@wf?@.:m.ﬂ 628" 068" 056" | TeArues (10)H 52y
pasn SpOUIN o@mn,oo:uwommumoo P TN ommnwoo:|”omm|”oo o0C oCt so5. GOHpmmemg
| (0,) 242HD (Do) TOZdHD

"S4°%HD Pue TOS4HD J0OJ

§83®J UOT]BXEBISJI TBiIUswIIadxy

‘X 91q®BL



R or k

.05

.02

Fig.

1 4 L] ) L 0

T i . J 4 .
: {
- CHyF, CHF,CZ i
- . A A ks )
a
fs]
(e}
= - O .
N v
o v
= v & -
v ) \/
1 v
A v
% X 103
{ 1 4 1 1 I 1 I i 1 !

3 4 5
: 9
5-6. Semi-log plot of relaxation rates and transition
probabilities vs 1/T for CHF>Cl and CHoF».



85

Table XIT. Scalar coupling constants for CHF,Cl and CH,F,.

-
Compound Jup (hz) Joisy (hz)
CHF»C1 63.3+.2 228.4+.5
CHoF» 50.24.2 183.4+.5

from the liquid phase high-resolution spectra and are listed in
Table XITI.

High-resolution steady-state fluorine NMR measurements at
315°K show that the fluorines absorb at 4187 hz in CHFsCl and
8313 hz in CHoF, both towards high field with reference to CClaF.
Using the fluorine nuclear shielding constant scale of Hindermann
and Cornwell (87), the fluorine paramagnetic shielding c; for
CHF>C1 and CHoF, are obtained. According to Ramsey (88) and
Flygare (89) the second order paramagnetic term in the shielding
is proportional Jjointly to the product of the spin-rotation in-

teraction constant (C) and the moment of inertia (I) character-

istic of each system. Using an approximate equation for an

asymmetric-top molecule (89)

P MC e2 '\
OF = BmgpG ~ 3mc® 2&Ziri (5.6)

where M is the proton mass,
m is the electron mass,

gp 1s the nuclear g factor for the nucleus F,
G is the average rotational constant

e is the electronic charge
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¢ is the velocity of light,
Z; is the atomic number of the ith atom in the molecule,

rs is the distance between the nucleus F in question and

the ith nucleus and
i numbers all the nuclei in the molecule except the nucleus

F

and I = 1 (T + I,, + Izz) of the inertia tensors calculated for

p,
the systems in Appendix B, the constant C =-% (C

XX

«x T Cyy +C..)
of the spin-rotation interaction tensor (Appendix C) for each
system is found and listed in Table XIII along with the moment of

inertia (I). From Hubbard's theory of nuclear magnetic relaxa-

Table XIII. Some molecular parameters for CHF,Cl and CHoFs.

Parameters CHF,-C1 CHo-F >
R R TE S R ey
| I 1.67 X 10-38 gm. cm®. 6.58 X 1073° gm. cm2,
¥ at 315°K | 2.10 X 10-!* sec. 1.21 X 10-1% sec.
| T2 at 315°K | 7.0k X 107'% sec. 4,48 X 10712 gec.
% €o i 2.17 + .1 kcal mole. 2.16 + .1 kcal mole,

tion by spin-rotation interactions in liquids (76) assuming iso-
tropic rotational diffusion we have

2kTC2T
(TI)SR === "1 (5.7)

in the extreme narrowing limit. Putting the experimental Rip's

obtained for the systems at 315°K and the calculated values of C

s . .
r, and T, are correlation times for the change in angular

momentum and for molecualr reorientation respectively.
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and I in equation (5.7), the T, for each system is obtained and
shown in Table XIII. The To's at 315°K are also obtained (Table
XIII) from the experimental Rig's for the systems at the same
temperature assuming that the Rig's are predominantly due to in-
tramolecular dipole-dipole interactions. The activation energies
(es) for molecular reorientation are obtained from the slopes

of the Ryy vs 1/T plots (Fig. 5-6) and are listed in Table XIIT.

E. Discussion

For the spin 1 nuclei in the two systems studied, the pro-
bable relaxation mechanisms that may be effective in the liquids
are the dipole-dipole interaction and chemical shift anisotropy
modulated by molecular reorientation, spin-rotation interaction
modulated by collisions and scalar relaxation due to coupling
indirectly to a quadrupolar chlorine in one of the systems, CHFCl.
These are discussed in this section in the light of our experi-

mental results.

For the protons, spin-rotation and anisotropic chemical
shift contributions are negligible and only the dipole-dipole
interaction contributes to the RlH's. From the general BPP theo-
ry (65) it can be shown that for this relaxation process,

vy~ ( H? dav Te (5.8)

Rig =

Rip =
where ¢ H2 >AV is the mean square magnitude of the field fluctua-

YF2 ( H® >AV T2 (5.9)

o Wil

tion at each nucleus,
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To, the correlation time for molecular reorientation. Be-

cause YH ~ Yp and T, 1is virtually the same for H and F as both
nuclei are in the same essentially rigid and nearly spherical
molecule

Rig =~ Ryp-
The observed difference in RlH and RlF will be discussed later
in this section.

Usually in the extreme narrowing 1limit R; = Rp. This is
observed in the RlH and R2H for CHzF,. In CHFyCl the proton REH
is quite different from R,y. As described by Abragam (40), the
rapid relaxation of the quadrupolar chlorine induces rapidly
fluctuating magnetic fields at the proton through the scalar re-

laxation of the second type and contributes only to T, under the

condition
2 2
(o = o) ®T100® >> 1

where wH'and wCl are the proton and chlorine resonant frequencies

respectively and TlCl’ the chlorine spin-lattice relaxation time.

Accordingly (40)

_ _ fg-c1® -
QH_Cl = Ry - Rig 5 S(s + 1) TlC1 k1T101 (5.10)

where S is the spin of the chlorine nucleus.

But T,.; is given by (54)
2 .2
S S (1 + IL)(E_QQf%Z = KoT2, (5.11)
T 1 3 #
1C1
therefore
= K (5.12)

Q_c1 = KoTs
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T. is the correlation time for molecular reorientation and should
be the same as the T, in the dipole-dipole contribution. Semi-
log plot of @y o~ for CHF-Cl against the inverse temperature
(Fig. 5-6) gives, within experimental errors, an inverse temper-
ature dependence to that of the dipole-dipole contribution (the

RlH's) as expected from theories.

For the fluorines scalar relaxation contributes only to
the T, by the same token as above and does not affect the fluc-
rine T;. The fluorine transition probabilities are due overwhelm-
ingly to the spin-rotation interaction modulated by collisions.

Contribution from anisotropy of the fluorine chemical shift has

been shown to be negligibly small (66), (T%E)CSA < 10-2. 1In
addition the fluorine relaxation rates have been found to be
field-independent, within experimantal errors. Over the temper-
ature range covered in the experiment the dipole-dipole contri-
bution can also be neglected in comparison to the spin-rotation
contribution.

In considering the contribution to relaxation by the spin-
rotation interaction it is found that this interaction contains
two time-dependent parts —the molecular reorientation and the
angular momentum modulated by collisions. Approximate express-
ions have been derived (76, 77, 84, 90) for the correlation func-
tions by assuming that the angular momentum and the orientation
of the molecule are independent? This should be a good approx-

imation if the correlation time for the change in angular moment-

*For an alternate treatment on a less restrictive assump-
tion, see Ref. 67, Appendix B.
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um, T,, is very different from that for molecular reorientation,
To .o

When T, << Ts, according to Kuhlmann and Baldeschwieler
(84) the fluorine transition probability (k,) between states of
the same symmetry is given by

k, = \ —_

_ 2. 2 >  LBye 2 ! 2
= ?YF Tl[ifgzk,y,z(ClJ ) 1{Jo >AV|<a|IA¢l(F)'a >I (5'13)

where A Mg = +1
T1 = % [I(1) + L(2)} # 1{L,(1) + 1,(2)]]
<J°2>AV = the mean square angular momentum
and gA is the totally symmetric part of the spin-rotation in-
teraction tensor in the molecule-fixed co-ordinate system.

For transitions between states of different symmetry, and t,<<75,

the antisymmetric fluorine transition probability (k.) is given

by
K, = Wy ;{:
- %YFZTIEi,J,=x,y,z(CiJB)23<J°2>Av|<a|IBM(F)*b>|2 (5.14)
where M = Amg = +1 or O
Igy = Iy(1) - Iy(2)

and gB is the antisymmetric spin-rotation interaction tensor in
the molecule-fixed co-ordinate system.
Thus when 1, << 12 the symmetric and antisymmetric transition
probabilities are all governed by the same correlation time ..

They then have the same temperature dependence and their ratio is
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independent of temperature but depends on the magnitudes of the
symmetric and antisymmetric spin-rotation interaction tensors.

When T, >> Tz, Kuhlmann and Baldeschwieler (84) showed
that the symmetric transition probability depends on both 1, and
T2, (1, will dominate due to the condition T; >> T2 unless the
spin-rotation interaction tensor is very anisotropic) and the
anitsymmetric transition probability is dominated by tz. Thus
k, and k, will show different temperature dependence.

From our plot (Fig. 5-6) the fluorine transition probabi-
lities, due predominantly to spin-rotation interaction, show
marked differences in the temperature dependence from that of the
dipole-dipole interaction as expected from theories. For both
of the systems the k, and k, lines are parallel showing the same

temperature dependence. It is thus apparent that within the

framework of the theory the condition Tt << T2 holds for both
CH,F» and CHFsCl between 217° and 315°%. At 315°K values of 7,
and 7o calculated from experimental relaxation rates show con-
firmatively that 77 << T2 (see Table XITI). For lower tempera-
tures the condition must be true as T, decreases while 15 in-
creases as the temperature drops. The ratios between the sym-
metric and antisymmetric transition probabilities are independ-
ent of temperature and for CHFz2Cl

Ky _ Cax2 + Cyy® +Coz® +C2% +Ciy® 15
K Coy? + Cpa2 + Cypx2 + Cyp?

and for CHxF»o

Xy
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2 2 2
_Ilz.s.zcxx + Gy~ Gy, ~ 9.
2 2
& CXZ + sz

The symmetric and antisymmetric spin-rotation interaction ten-
sors for the systems are shown in Appendix C.

In ordinary longitudinal relaxation processes the relaxa-
tion rate R, is made up of both the symmetric and antisymmetric
transition probabilities. For both CHF-Cl and CHoF, the indi-
rectly found fluorine transition probabilities k, and k‘ at 315°K
add up to be equal, within experimental errors, to the directly
measured RlF at the same temperature (see Tables X and XI).

In our experiment the fluorine longitudinal relaxation

rate RlF in CHF,Cl is found to be greater than that for CH,F,.
RIFTCHng) 415

Hubbard's isotropic rotation theory (76) of spin-rotation re-
laxation in liquids shows that for a particular temperature the
spin relaxation rates are proportiocnal to C2I7,; in the extreme
narrowing limit. Since ¢, is proportional to L/?Z for a part-
icular temperature (76)

(Riplgr @ g"z'i_z

using the values of C, I and rz obtained separately from other

sources
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in reasonably good agreement to the experimental ratio of 1.18.

Transient homonuclear Overhauser experiments* done on the
protons of the systems show that the rate for a transition to
attain a new steady state when another transition is irradiated
by a strong H, is much faster than the rate of return of the tran-
sition to thermal equilibrium when Hs is removed. The time re-
quired for 'heating' up is found to be comparable to the TlF's,
while that for 'cooling' down comparable to the TlH's. This is
because that the rate-controlling steps are different for the
two transient processes. The rate of attalning a new steady
state in the presence of H, is determined primarily by the fluo-
rine relaxation probability, while the rate of return to thermal
equilibrium is determined by the proton relaxation probabiltiy.

The rotary-echo method used 1n the present study gives
quite similar results as the other indirect method using one ob-
serving and one irradiating fields of different intensity. Essen-
tially the method reported here employs the same rf field both
for irradiating and for observing. Thus this method provides a

straightforward though indirect means of studying spin-rotation

relaxation in liquids.

*Double resonance experiments performed on a Varian HA100

high-resolution NMR spectrometer.



CHAPTER VI

A CHALLENGING SYSTEM

N, N-DIMETHYL-2 , 3- DIHYDROXY~ 3- PHENYLPROPTIONAMIDE
3CH( OH) CH( OH) CON( CH3) »

This compound is a very interesting system. It has two
dissimilar asymmetric carbon atoms and therefore exhibits optical
isomerism and at the same time diastereoisomerism. There are
altogether four isomers, the d-erythro, the l-erythro, the d-threo
and the l-threo forms. Not considering the isomeric modifica-
tions, each isomer in itself presents a sufficiently challenging
system. It has lone pairs of electrons on the oxygen and nitro-
gen atoms in the amido group and can act as a ligand. Being an
amide, the C-N bond has a partial double bond character hindering
internal rotation about that bond. The two vicinal hydroxyl
groups give an interesting research idea about proton exchange
in the glycol. In the following sections, we venture to take a

further look into the above mentioned properties.

A. Preparation of the Compound

Attempts to prepare dl-erythro-N,N-dimethyl-2,3-dihydroxy-
3-phenylpropionamide by the usual organic peracid hydroxylation
of dl-trans-N,N-dimethylcinnamamide gave unexpectedly a 40:60
mixture of both diastereomers, the threo form being predominant.

The anomaly prompted a closer investigation of each of the inter-
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Attempts to prepare dl-erythro-N,N-dimethyl-2,3-dihydroxy-3-phenylpropionamide by
the usual organic peracid hydroxylation of di-trans-N,N-dimethylcinnamamide gave un-
expectedly a 40:60 mixture of both diastereomers, the threo form_being predominant, The
anomaly prompted a closer investigation of each of the intermediate stages in the overall
hydroxylation process. Epoxidation of di-trans-N,N-dimethylcinnamamide by monoper-
pKthalic acid gave only dl-trans-N,N-dimethyl-3-phenylglycidamide. Opening of "the epoxide

by acids gave a mixture of dl-erythro and di-threo diols in a ratio of 40:60. cis-N, ,N-Dimethyl-

rin )
3-p%|enylglycidamide, when subjected to the same ring-opening processes, also gave a mixture,

but in a ratio of 75:25.
Canadian Journal of Chemistry. Volume 45, 2123 (1967)

The hydroxylation of an alkene by acid-
catalyzed hydrolytic cleavage of the epoxide
ring initially given by the reaction with
organic peracids is commonly regarded
(1-3) as leading stereospecifically to trans
addition. In this paper we draw attention
to an olefinic system which yields pre-
dominantly the c¢is addition product when
subjected to this treatment.

Hydroxylation

dl-trans-N,N-Dimethylcinnamamide
(trams 1), m.p. 94-95 °C, was hydroxylated
by the standard method with hydrogen
peroxide and formic acid (4). The epoxide
II that was first formed was rapidly
opened in the formic acid solvent to give
the hydroxy formyloxy compound III.
Hydrolysis of the monoformate III with
base gave N,N-dimethyl-2,3-dihydroxy-3-
phenylpropionamide (IV). 1V, after re-
crystallization from benzene, melted sharp-
ly at 92-93 °C; the product could not be
separated by thin-layer or column chroma-
tography on alumina.

The 60 MHz proton magnetic resonance
spectrum of IV in CDCl; or D,O at 42 °C
displays not one but two N-methylamide
doublets around r 7.2 of different intensity,
the intensity ratio being independent of
temperature over the range —50 (in CDCl;)
to +200 °C (in molten neat product). The
splitting within each pair is the normal
amide chemical shift caused by the mag-
netic anisotropy of the carbonyl bond, and
by hindered rotation about the carbon-
nitrogen bond (5-7). The coalescence
temperature for both pairs was 60-65 °C in
CDCl;, and 75-80°C in D;O. The two
lines remaining above 75 °C did not coa-
lesce even up to 200 °C in the molten prod-
uct. In addition, the proton magnetic
resonance spectrum shows two AB quartets
around 7 5.2 arising from the vicinal
methine protons, the less intense quartet
having J about 5 Hz, and the more intense
having J about 6 Hz. The intensity ratio
of these quartets is identical (within experi-
mental error) with that of the N-methyl
group. The doubling of both the N-methyl
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CH=CHCON(CH,), 1,0,

HCOOH,

1 (trans)

CH(OH)CH(OH)CON(CH,),

OH”

v

and the vicinal methine proton spectrum
cannot be ascribed to rotameric isomeriza-
tion in IV caused by hindered rotation
about the CH—CH bond as a result of
intramolecular hydrogen bonding or by
steric factors, etc., because () the intensity
ratio is temperature independent (8), (47)
the observed value for Jym, (5-6 Hz) is
indicative of an averaged vicinal coupling
over the three rotamers (9, 10), and (zi7)
the hydroxyl proton resonance in CDCl; at
7 = 6.2 shows no evidence of a strong intra-
molecutar hydrogen bond (11).

We therefore ascribe the doubling ob-
served in the spectrum of IV to a mixture
of diastereomers. Specific trans hydroxyla-
tion of trans 1 would vyield erythro 1V,
whereas non-stereospecific hydroxylation
gives both the erythro and threo isomers.
Integration of the peak heights in the
nuclear magnetic resonance spectra of three
independently prepared samples yielded a
relative intensity ratio of 1:(1.5 & 0.2)
for the two isomer concentrations.

The above interpretation was confirmed
by comparison of the spectrum of 1V with
that of the threo 1V (m.p. 117-118 °C)
obtained by hydroxylation of trans 1 with
KMnO, (12), and by mixed spectra of the
two products. The proton spectrum of the
threo isomer is identical with that of the
major component of the organic peracid
hydroxylation product. As a further check,
the synthesis of pure erythro diol amide
(erythro 1V) by KMnO, hydroxylation of
¢is-N,N-dimethylcinnamamide (cis 1) was
desirable, but attempts to prepare cis I
were unsuccessful. However, we conclude
that the performic acid hydroxylation of
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/( )\
(——CHON(CH,),

©

1
lHCOOH

C(HCOO)CH(OH)CON(CH,),

i

dl-trans-N,N-dimethylcinnamamide (frans
I) gives predominantly cis hydroxylation
in a 60:40 ratio.

LEpoxidation

To discover where thie non-stereospeci-
ficity occurs, each of the individual stages
involved in the overall hydroxylation
process was investigated. Oxidation of
dl-trans-N ,N-dimethylcinnamamide (irans
I) by monoperphthalic acid gave only
trans epoxide (irans II), as expected for
specific ¢ts addition to the double bond (2,
3, 13-16). The trans epoxide was identified
by comparison of its nuclear magnetic
resonance spectral parameters (Table I)
with those obtained by Tung et al. (17) for
trans-N,N-diethyl-3-phenylglycidamide. A
mixture of cis- and trans-N,N-dimethyl-3-
phenylglycidamide was also prepared from
benzaldehyde and N,N-dimethyl-a-chloro-
acetamide by Darzens condensation (17,
18) ; the isomers were separated by chroma-
tograply on alumina to give a light-yellow
liquid (b.p. 176 °C under 3 mm pressure)
and a colorless solid (m.p. 96-97 °C). The
nuclear magnetic resonance spectrum of the
liquid was identical with that of trans 11
prepared by epoxidation of trans I with
monoperphthalic acid; the spectral param-
eters of the solid in CDCIl; agreed with
those for cis-N,N-diethyl-3-phenylglycid-
amide (17), and confirmed the assignment
of the cis form to this isomer.

Epoxide Ring Opening

Treatment of dl-trans-N,N-dimethyl-3-
phenylglycidamide (frans 1I) with 809,
aqueous formic acid, followed by base
hydrolysis, and treatment with 25%, sul-
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TABLE 1

Nuclear magnetic resonance data at 60 MHz and 42 °C

Chemical shifts

SCH3—CH, Tt
Compound Solvent - CH; (7) (}ill) ) He () Hp(r) bas (Hz) (ﬁf)ﬂ
trans 1 CDCl; 7.01 — 3.18 2.42 45.5 15.5
trans 11 CDCly 7.03 6.92 6.5 6.38 5.96 25.0 2.0
cis 11 CDCl, 7.29 7.12 10.0 6.13 5.79 20.5 4.5
threo IV CDCl; 761 7.7 265 563 533 18.0 65
DO 7.41 7.27 8.5 5.32 5.21 6.5 7.0
erythro IV CDCly 7.26 7.11 9.0 5.37 5.09 17.0 5.5
D.0 7.09 6.98 6.5 5.19 5.13 3.5 6.0
DISCUSSION

furic acid in aqueous acetone both gave a
mixture of diastereomeric glycols (approxi-
mately 409, erythro (inversion) and 60%
threo (retention), as in the performic acid
hydroxylation product). Formic acid was
deliberately used in the opening of the
epoxide to make the reaction conditions in
this isolated step as similar as possible to
those involved in the hydrogen peroxide ~
formic acid hydroxylation process. The
ring opening was repeated with dilute
sulfuric acid to avoid using a base in the
process. The possibility of isomerization in
the alkaline hydrolysis of the glycol mono-
ester was excluded by the observations of
Curtin et al. (19) and by the fact that the
same mixture was obtained from ring
openings with and without alkaline hydrol-
ysis. Opening of the ring in dl-cis-N,N-
dimethyl-3-phenylglycidamide (cis 11) with
the same two processes gave approximately
759%, of erythro IV (retention) and 25% of
threo IV (inversion).

We point out that, in the present case,
trans epoxide gave a mixture of diastereo-
meric diols when the ring was cleaved with
dilute sulfuric acid, in agreement with the
results of Curtin et al. (19) but in contrast
to the results of Tung et al. (17), who ob-
tained only erythro diol from trans-N,N-
diethyl-3-phenylglycidamide. Our cis epox-
ide opened with more or less the same ease
as the trams, giving also a mixture of
diastereomers, again in contrast to the
observation of Tung et al. (17), whose cis
epoxyamide resisted ring opening under
more or less the same conditions.

Epoxide ring opening has been the sub-
ject of several recent reviews (13-15).
Normally the ring opening is accompanied
by Walden inversion at the reaction site
independently of whether the reaction is
conducted in acid, neutral, or basic media.
This has led Parker and Issacs (14) to
formulate the mechanism in terms of either
a true Sx2 process or what they call a
“borderline Sx2"' process, a subtle distinc-
tion being drawn between the relative
proportions of bond forming and bond
breaking in the transition states. However,
both descriptions imply configuration in-
version. Acid-catalyzed cleavage proceeds
by initial protonation of the epoxide oxygen
(13), but the subsequent steps in the mech-
anism are apparently the same as those in
neutral or alkaline ring opening. In acid
niedia the possibility of an Sg1 mechanism
through a stable carbonium ion yielding
mixed stereochemical products seems to be
ruled out by the great stereospecificity of
the process in most cases.

On the other hand, there are a number of
examples of ring openings which give com-
plete retention of configuration (19-23).
These cases are characterized by having an
aryl and (or) a carbonyl group directly
bonded to one or both of the epoxide ring
carbon atoms. For complete retention of
configuration, neither the Sy2 nor the Sy1
mechanism can be the general explanation.
A retention scheme resulting from two
inversions at the reaction site has been
proposed by Wasserman and Aubrey (22)
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by invoking neighboring-group participa-
tion (24, 25).

R N

+
.. /OH\C RS Inversion CHr—(‘/{_C,:{OH
R C/H, >/C—HR’ ’ 0—C'—R
(6] llnversion
A\ /,H
R_.J-C—-C\-’Of'{
CH, COR

An alternative mechanism (proposed by
Brewster (20)) that accounts for retention
is ion-pair formation between the charged
nucleophilic reagent and the charge center
of the protonated oxygen and developing
carbonium ion pair.

ot
+ — e
AOHS A Ry \
H-C C--CeH, —> .°C C-.
/[ H-~ ~CeH
CQH CH, alls
g CeHs CH,
A _OH
C C.
H4 N Collg
CsH; CH,

This ion-pair mechanism changes into the
internal displacement mechanism (Sy7) of
Ingold (26) when the attacking ion is
attached exclusively to the epoxide oxygen,
and into the modified Sy2 mechanism of
Parker and Isaacs (14) when the attacking
jon is attached to the incipient carbonium
center.

Moreover, there are several cases, in
addition to the one reported here, of epoxide
ring openings yielding both stereoisomeric
products (19, 27-29). Again, the parent
epoxides contain an aryl or carbonyl func-
tion attached to the epoxide carbon atom,
and the double-inversion mechanism may
be operative. Our results can be explained
by the Wasserman-Aubrey sequence if the
intramolecular complex at the transition
state is weak, so that a balance is struck
between the normal Sy2 inverting path
and the path through the weak complex
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yielding retention. The higher specificity
of the reaction from the ¢is isomer com-
pared with that from the frans isomer is
understandable in terms of a stabilization
of the four membered ring transition com-
plex relative to the cis reactant as a result
of the aryl-carbonyl repulsion present in
the cis reactant. In the case discussed here,
the neighboring-group effect could operate
alternatively through the lone pair on the
nitrogen atom. We have no evidence to
choose between the two, apart from
analogy with the other carbonyl systems
which give retention.

It is conceivable that the few non-
stereospecific ring openings occur by an
Sx1 mechanism through a stable carbonium
ion. However, it is difficult to see why a
carbonium ion should then not occur in
those similar cases which lead specifically
to retention of configuration. A related
criticism may be levelled at the double-
inversion process. Specific retention in the
neighboring group participation scheme
implies a specific stable intramolecular
interaction; again, it is difficult to under-
stand how such an interaction can compete
with 1009, effectiveness against the normal
Sx2 process in most of the cases in which it
is detectable.

Until answers to problems such as these
are given, we agree with Curtin et al. (19)
that epoxide ring openings, at present, are
of dubious reliability for demonstrating
configurational relationships.

EXPERIMENTAL

dl-trans- N, N-Dimethylcinnamamide (irans I)

The procedure was similar to that of Cromwell
and Coughlan (30). A solution of dimethylamine
9.5 g, 0.21 mole) in 50 ml of benzene was added
slowly, with constant stirring, to a solution of trans-
cinnamoyl chloride (16.7 g, 0.1 mole) in 100 m! of
benzene cooled in a water bath, After all of the amine
solution had been added, the reaction mixture was
stirred at room temperature for 4 h. The hydro-
chloride that precipitated was removed by filtration
at the pump, and the filtrate was washed with two
100 m! portions of 3 N HCl-NaCl solution and then
twice with 3 N NaCl solution. The benzene solution
was dried over anhydrous sodium sulfate and the
solvent removed under reduced pressure. The solid
was recrystallized from a 50:50 mixture of benzene
and petroleum ether (b.p. 65-110 °C), yield 90%,
m.p. 94-95 °C.
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Hydroxylation of di-trans- N,N-Dimethylcinnamamide
(trans I) with Hydrogen Peroxide — Formic Acid
A solution of 17.5 g (0.1 mole) of trans I in 100 ml
of 98-1009, formic acid was cooled in a cold water
bath; 25 g (~0.2 mole) of 30% hydrogen peroxide
was added, with constant stirring, during about
10 min. Then the reaction mixture was kept at
4045 °C, with constant stirring, for 24 h. The
solvent was removed under reduced pressure and
the residue heated under reflux with sufficient 3 N
aqueous NaOH at 100 °C for 1 h. The product was
extracted with chloroform, the extract dried, the
solvent removed under reduced pressure, and the
residue recrystallized from benzene, yield 409, m.p.
92-93 °C.

dl-threo- N, N-Dimethyl-2,3-dihydroxy-3-phenyl-
propionamide (threo IV)

The procedure was similar to that of Boeseken
(12). A solution of 17.5 g (0.1 mole) of frans I in
500 ml of 95% ethanol was cooled in an ice-salt
bath. A solution of 18 g (0.12 mole) of KMnO, and
12 g (0.1 mole) of anhydrous MgSOy in 300 ml of
water was then added during 2% h, the temperature
being kept at about —10°C. The ice bath was
removed and the reaction mixture stirred at room
temperature for another 24 h. The mixture was
then filtered and the filtrate evaporated nearly
to dryness under reduced pressure. The residue
was treated with 250 ml of warm water and the
solution filtered. The water was then removed
under reduced pressure, the residue dried, and the
solid recrystallized from benzene, yield 256%, m.p.
117-118 °C.

dl-trans-N, N-Dimethyl-3-phenylglycidamide
(trans I1)

A solution of 17.5 g (0.1 mole) of frans 1 in 100 ml
of benzene was mixed with 36.5 g (0.2 mole) of
monoperphthalic acid in 600 ml of ether, and refluxed
for 6 h. The solvent was then removed under reduced
pressure and the residue dried under vacuum. The
solid was digested with 500 ml of chloroform that
had been dried over anhydrous potassium carbonate,

the mixture was filtered, and the solvent was re-
moved from the filtrate, leaving a viscous oil. The
oil was chromatographed on alumina, with benzene
as eluent. Some unreacted frans I was washed down
in the first portion, and the required epoxide in the
following four. The epoxide was a light-yellow liquid
boiling at 180 °C under 3.5 mm pressure, yield 30%,.

cis- and trans-N,N-Dimethyl-3-phenylglycidamide by
Darzens Condensation (17)

A solution of potassium #-butoxide (11.5 g,
0.103 mole) in 100 ml of dried {-butanol was added
to a mixture of 10.6 g (0.1 mole) of benzaldehyde
and 12.2 g (0.1 mole) of N,N-dimethyl-a-chloro-
acetamide under an atmosphere of nitrogen at
about 10 °C during 14 h. The reaction was allowed
to proceed for another hour, and the alcohol was
removed under reduced pressure. The residue was
treated with 100 ml of ether and sufficient water to
dissolve the potassium chloride. The ether solution
was washed with saturated sodium chloride solution,
dried with anhydrous sodium sulfate, and evapo-
rated to dryness. The viscous oil was distilled under
vacuum, and the fraction distilling at 170-175 °C
under 3 mm pressure was collected, yield 65%,.

Separation of cis and trans-N,N-Dimethyl-3-phenyl-
glycidamide by Chromatography on Alumina

Five grams of the distilled epoxyamide was chro-
matographed on alumina. The series of eluents used
was 50:50 hexane-benzene, benzene, 50:50 benzene—
chloroform, and chloroform; 2.2 g of a light-yellow
liquid was obtained from the first few portions of
eluate, followed by about 0.8 g of mixed compounds
and finally 1.5 g of a white solid. The yellow oil
distilled at 176 °C under 3 mm pressure, and the
solid, after being recrystallized from benzene,
melted at 96-97 °C.

Treatment of trans-N,N-Dimethyl-3-phenylglycid-
amide (trans I11) with Formic Acid and Sodium
Hydroxide

To a mixture of 5 ml of 98-1009, formic acid and

2 ml of water was added 1 g of trans 11. The reaction

mixture was kept at 4045 °C in a water bath for
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3 h and the solvent removed under reduced pressure.
The residue was heated under reflux with sufficient
dilute aqueous NaOH at 100 °C for 1 h. The product
was extracted with chloroform, dried, and evapo-
rated to dryness under reduced pressure. The residue
was then used directly for nuclear magnetic reso-
nance measurements without further recrystalliza-
tion. The spectra showed that the sample was pure.

Treatment of trans- N, N-Dimethyl-3-phenylglycid-
amide (trans 11) with Dilute Aqueous Sulfuric
Acid

To a mixture of 10 ml of 309, sulfuric acid and

5 ml of acetone was added 1 g of trans II. The
reaction mixture was kept at 40-45 °C in a water
bath for 3 h, the solvent removed under reduced
pressure, 10 ml of fresh water added, and the mixture
extracted with chloroform. The chloroform extract
was dried and evaporated to dryness under reduced
pressure. The residue was then used for nuclear
magnetic resonance measurements without further
recrystallization.

Treatment of cis-N,N-Dimethyl-3-phenylglycidamide
(cis 1I) with Formic Acid and Sodium Hydroxide
The procedure was the same as for trans 11.

Treatment of cis-N,N-Dimethyl-3-phenylglycidamide
(cis I1 ) with Dilute Aqueous Sulfuric Acid
The procedure was the same as for trans 11.

Nuclear Magnelic Resonance Spectra

The spectra were run on a Varian A56/60 instru-
ment, with tetramethylsilane as an internal standard
in those samples run in CDCl; at room temperature
and below, and as an external standard in those
samples run in D,0.
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mediate stages in the overall hydroxylation process. Epoxida-
tion of dl-trans-N,N-dimethylcinnamamide by monoperphthalic acid
gave only dl-trans-N,N-dimethyl-2-phenylglycidamide. Opening of
the epoxide ring by acids gave a mixture of dl-erythro and dil-
threo diols in a ratio of 40:60. Cis-N,N-dimethyl-3-phenylglycid-
amide, when subjected to the same ring-opening processes, also
gave a mixture, but in ratio of 75:25. The usual trans-hydroxy-
lation method being non-stereospecific here, the compound was
finally prepared in its diastereoisomeric form viz. dl-threo-
N,N—dimethyl-2,3-dihydroxy-3-phenylpropionamide by cis-hydroxy-
lation with potassium permangarmate. The details of the whole
investigation have been reported in Canadian Journal of Chemistry,

Volume L5, 2123-2128 (1967), a copy of the reprint being en-

closed.

B. Effects of Metal Ions on the PMR of the Compound

It has been postulated that an amide 1s coordinated to
metals via the carbonyl oxygen (91). Some researchers, however,
believe in complexation via the amino nitrogen (92, 93). There

have also been suggestions for an amide to be bridging or bi-

dentate in complex formation (94, 95). Being an amide, the com-

pound &CH(OH)CH(OH)CON(CHs)z is a potential ligand.
NMR methods have been applied to observe complex formation
between metal ions and diamagnetic ligand molecules. If the met-

al ions are also diamagnetic, complex formation usually results
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in small low field shifts of the NMR signals for the ligands.
While free or unbonded diamagnetic metal ions produce negligi-
ble change in magnetic shielding they may lower the spin-lattice
relaxation time of the magnetic nuclei slightly (96). If the
metal ions in solution of the ligands are paramagnetic, fluc-
tuation in the local field produced by the paramagnetic ions are
great enough to broaden the absorption lines sufficiently to pre-

vent detection unless the ions are only weakly paramagnetic or

in very low concentration. This is because the electronic mag-

netic moments are very large (compared with those of the nuclei)
and provide an efficient relaxation mechanism to shorten T, con-
siderably (97). Bloembergen, Purcell and Pound (65) have de-
rived an expression for T; in terms of the number N of paramag-
netic ions of effective magnetic moment y. ., in 1 c.c. in a so-
lution of viscosity M as shown below.

1= 12mY2MN,,, 7/5KT (6.1)

T
If the paramagnetic metal ions form complexes in scolution the NMR
spectrum of the nuclei in the ligand sometimes shows unusually

large chemical shifts (98 - 101). These large shifts are thought

to be due to a slight transfer of unpaired electron spin from the
paramagnetic ion to the ligand molecule and the unpaired spin igs

then transmitted to the other nuclei in the ligand molecule by

the contact mechanism. Also if complexation occurs in solution

the apparent value of pe,, will be concentration-dependent and

can be used as a means of studying such equilibria. Another eff-
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ect which may be used for the same purpose is the concentration-

dependent shift of the NMR signals caused by the presence of pa-
ramagnetic ions (102, 103).

Some preliminary observations of the effects of the znt™t,
catt, met+, mitt, cutt, crttt Fet™™ and Mn™t ions on the PMR
spectrum of the system @CH(OH)CH(OH)CON(CHs)2 in deuterium oxide

solution were done. With the diamagnetic zZn** or catt ions, so-

lutions of the amide and metal ions in molar ratios of 1:1 and

2:1 respectively, gave no detectable shift nor broadening of the
NMR signals of the ligand in deuterium oxide. The strongly para-
magnetic ions, Crt*T, Fettt or Mntt even in quite low concentra-

tion (less than 0.05M) broaden the resonance lines to a nearly

undetectable level. With Fett, Nitt, or Cutt ions, the resonance

signals of the ligand are shifted up-field and at thg same time
broadened as the ion concentration increases. Variations of the

chemical shift (8) and half width at half height (Aw%) of the
signals with concentration of Fett ions in deuterium oxide solu-
tion were obtained as shown in Table XIV. For comparison, the

Variations of § and awi for the absorption signal of pure water

were obtained and shown in Table XV.

From these preliminary observations 1t is not possible to
tell whether metal-amide complexes are formed in solution or not;
neither can it be certain that the observed up-field shift of
greater than half of a kilohertz is due to isotropic contact in-

teractions or to the usual effects of paramagnetic ions or to an



Table XIV.

proton resonances with concentration of Fett

98

Variation of Chemical shifts and half widths of

ions in D,0

solution of dl-threo-#CH(OH)CH(OH)CON(CHs)».

Fett ion H-0 - OH peak Phenyl peak N,N-dimethyl peak
concentration
in mole/litre| & hz | Awg hz| 8 hz Jawy hz | 8 hz Awy hz

0 558 1 412 1 159 1

.12 237 4.5 353 1.5 91 2

.17 193 13 221 1.5 -38 3

.25 150 18 112 2 -141 3.5

.5 38 35 -168 3 -410 b
Table XV. Variation of chemical shift and half width of the
proton resonance in pure water with concentration of Fet*ions.
Fett ion n
concentration § hz Aw% 2
in mole/litre

0 262 1.5

.12 24 4

.17 186 12

.25 145 20

.5 Ly 30

average effect of the two.

The clarification of these points

would be an interesting research problem but the techniques re-

quired for investigation are out of the scope of this work.

C. Hindered Internal Rotation
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Due to magnetic anisotropy of the carbonyl bond and hin-
dered internal rotation (see Chapter III, section A) about the
carbon-nitrogen bond, the two N-methyl groups of dl-threo-
®CH( OH) CH( OH) CON(CHgs) 2 absorb at different frequencies, 155.5
hz and 164,0 hz from TMS in D0 solution and 145 hz and 171.5
hz from TMS in CDCls solution. On raising the temperature, the
two methyl peaks collapse into one around 60-65°C in CDCls and
75-80°C in Dp0. The coalesced line sharpens on further heating.

NMR methods can be applied to study the hindered internal rota-

tion here. Any one of the high-resolution stecady-state methods

can be used but with some limitations. For the case where the

two peaks are wider apart the double resonance method (44, 45)

is also applicable. Spin-echo methods employing high power rf

pulses are not suitable as there are other protons not taking
part in rotational exchange but they will be affected and sampled

together with the methyl signals. On the other hand, the high-

resolution rotary-echo method would be useful here as its fre-
quency resolution makes it possible to study the methyl signals.
A detailed study on this system has not yet been made. This

point is raised here only to include all chemical or chemico-

pPhysical problems of interest that arise from the system &CH(OH)-

CH( OH) CON( CHg) » .

D. Proton Exchange
Another problem of interest presented by our compound is
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proton exchange. The compound is a dissymmetric glycol. Apart
from intramolecular exchange between the protons of the vicinal
hydroxyl groups, intermolecularly there can also be direct and
cross exchange between similar and dissimilar sites respective-

ly in different molecules as shown in the following scheme:

Il{ i
é—(ll—(:l——C<N/CH3
o 9 N CHs
ke
kl],k‘ Jxo
e
0O 0
| | 0
f—p— o o
3 H TS~CH,

There are altogether four different exchange rates. They can be
sorted out presumably by studying the differential collapse of
the Jycon couplings in the basic AB pattern of the methine pro-
tons,—or—in the resonances of the hydroxyl protons or both.
Detailed studies along these lines have not been made but
some interesting effects of differential proton exchange in the
AB spectrum of the methine protons have been observed. Fig. 6-1
shows a sequence of temperature runs from 40° to 120°C of the AB
methine proton and the hydroxyl proton resonances of the glycol
in acetonitrile solution. At %0°C the exchange among the hydro-
xyl protons is moderately slow. The spectrum of the AB methine

protons, each coupled to a hydroxyl proton, is not resolved and
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40°C
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Fig. 6-1. Thé methine and hydroxyl proton resonances of
d1l-threo-¢CH(OH)CH(OH)CON(CHa)2 in CHaCN solution.
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consists of two broad peaks corresponding to the A and B proton
transitions respectively (évg/ﬁHAHB ~ 3). The hydroxyl proton
resonances are also broad and nearly degenerate and appear as an
overlapping of two unresolved doublets. As the exchange rates
increase when the temperature is raised, the hydroxyl proton re-
sonance sharpens up and the AB quartet begins to emerge but the
A part and B part sharpen up at different rates reflecting the
difference in the exchange rates k; and ko.

In N,N-dimethylformamide solution, the methine protons
and the hydroxyl protons of the glycol have more or less the
same chemical shifts at 40°C. The spectrum consists of only non-
resolvable broad features overlappling each other. Addition of
traces of pyridine to the solution speeds up the exchange con-
siderably and the AB quartet comes out distinctly on top of the
hydroxyl proton resonances (Fig. 6-2). Lowering the temperature
slows down the exchange and the coupling of a hydroxyl proton to
each of the AB methine protons complicates the AB quartet which
finally becomes broad and unresolved again. The differential ex-
change effect i1s not as distinct in this N,N-dimethylformamide
solution as in the acetonitrile solution. A choice of the right
solvent will therefore facilitate the study considerably.

In general, the difficulties in the present case are the
temperature dependence of the hydroxyl proton resonances and the
shift degeneracies among the methine and hydroxyl protons or be-

tween the hydroxyl protons alone. The shifting of the hydroxyl
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proton resonances up-field as the temperature is increased is
due to a varying extent of hydrogen bonding among the hydroxyl
protons {104, 105). This effect, together with the shift degen-
eracies, makes the extraction of exchange data from NMR measure-
ments harder. TIn conclusion, the present problem is complicated
but interesting. Solution of such a problem requires high re-
solution and precision. The method of total line shape analysis
of a high-resolution spectrum by computer is preferable but the

selective rotary-echo method may provide an alternate way.



CHAPTER VII
SUMMARY AND CONCLUSION

The high-resolution NMR rotary-echo technique is a mod-
ification of Solomon's rotary-echo experiment. The difference
is essentially in the means of obtaining a relative 180° phase
change between the field H; and the y-component of the magnet-
ization vector in the frame rotating at the Larmor frequency.

The modified method proves to be particularly simple to apply
with commercially available high-resolution NMR spectrometer and
offers some advantages in echo amplitude stability. The effects
of radiation damping are refocussed to first order and that the
effects of molecular self-diffusion through the H;, field grad-
ients can be removed as in the Carr-Purcell spin-echo method.

A general theoretical treatment for the decay of the ro-
tary-echo train is made. It is obtained that for yH; much larger
than the natural relaxation rates involved, the rotary echoes de-
cay exponentially to good approximation. The solution for the
on-resonance rotary-echo decay can be obtained exactly but the
off-resonance case is still unsolved. The effects of the inhomo-
geneities AHo in the static field Ho can be made negligible as
long as H; is larger than AHo. DNuclear Overhauser effects aris-
ing from cross relaxation among the z-components of two or more
spectral magnetization vectors does not affect the rotary-echo

decay if none of the other magnetization vectors is much larger
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than the one under observation and if yH,; is much larger than
the cross relaxation rate involved.

Exchange effects in high-resolution rotary echoes are con-
sidered. Due to the complexity of the problem closed formulae
to include chemical exchange are still to be found but approxi-
mate equations for special limiting cases have been derived.
Hindered internal rotation about the carbon-nitrogen bond in N,N-
dimethylcarbamyl chloride (DMCC) and N,N-dimethylnitrosamine
(DMNA) is studied. Activation energies and frequency factors
of 15.1 and 25.0 kcal/mole and 2.70 X 10!! and 2.99 X 10!23 gec"!
respectively are obtained for DMCC and DMNA respectively. These
results are comparable to the spin-echo results and to some re-
cent results of the high-resolution steady-state methods. The
rotary-echo method, in chemical exchange studies, can cover quite
a large overall range of exchange rates but it suffers from the
drawback of requiring the knowledge of the relaxation times and
in some cases, the chemical shift to determine exchange rates.
Sometimes errors in the determination of the intermediate para-
meters may affect considerably the accuracy of the exchange rates
obtained.

In rotary-echo experiments pulsing at sub-audio frequen-
cies, it is found that the rotary-echo decay is sensitive to un-
resolved scalar coupling to quadrupolar nuclei. The method has
been applied to determine the coupling constants JECCH in acet-

onitrile (CHSCN) and Jyccl 1n chloroform (CHCls). The results
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obtained are in good agreement to those obtained by other re-
searchers with other means.

The fluorine spin-rotation relaxation in liquid chloro-
difluoromethane (CHF5Cl) and diflurom ethane (CHxF») has also
been studied. An indirect method is used in which the fluorine
transition probabilities are determined by observing only the re-
sonances of the protons to which the fluorines are scalarly cou-
pled. The method is based on the idea that the natural line-
widths of the proton resonances are dominated by the rapid re-
laxation by spin-rotation interaction of the fluorine nuclei.
With the elimination of magnetic inhomogeneity effects by the
high-resolution rotary-echo method differential linewidths are
observed among the proton triplet. Analytical equations are de-
rived which lead to the determination of the fluorine transition
probabilities from the rotary-echo decay rates Roypyg for the pro-
ton resonances. The symmetric and antisymmetric fluorine tran-
sition probabilities k, and k, respectively for the two systems
are found at various temperatures ranging from 217° to 315°K.

The same temperature dependences of k., and k, rhow that the cor-
relation time T; for the change in angular momentum is much short-
er than the correlation time T for moleccular reorientation. The
ratios k /k, are found to be about 13 for CHF-Cl and about 9 for
CHol"~» independent of temperature. Fssentially this present me-

thod cives quite similar information as the double resonance me-

thod of Kuhlmann and Baldeschwieler.
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In conclusion, the high-resolution NMR rotary-echo tech-
nique affords a frequency selective method for the study of slow
relaxation properties of individual transitions in a high-reso-
lution NMR spectrum. It has, in general, wide applications to
problems of chemical exchange, heteronuclear relaxation, etc.

To date the method is still in its first stage of developement.
Regarding the instrumentation, the switching transients have to
be further suppressed to give a better echo sequence. So far,
only sufficiently concentrated solutions or neat liquids which
give moderately strong signals can be used to give reasonably
good echo sequences. To study weaker signals, the signal to
noise ratio has yet to be ilmproved. On the theoretical side,
mathematical presentations of the rotary-echo decay with or with-
out exchange for signals on or off resonance have to be refined.
We believe that this method will acquire an important position

in the NMR field as improvements along the above mentioned lines

are made.
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APPENDIX A
PHENOMENOLOGICAL TREATMENT OF EXCHANGE BETWEEN TWO SITES

The average fractional loss of magnetization for every
transfer of spins from one site to another can be obtained by
taking the mean over a cycle of the fractional loss of magneti-
zation F(8) when a transfer occurs with an original phase angle

0 of the magnetization vector, provided the following conditions

hold:
kK << w, (A.1)
1
k << 3= o (4.2)

Condition (A.l) assures that there is a chance for a transfer
at any value of § between 0° and 360°, while condition (4.2)
assures that the chance for one particular spin to undergo more

than one transfer between two pulses 1s negligible.

(a) For transfers from the on-resonance site to the off-

resonance site

Fig. A-1 shows the projection of the precession paths of
the on- and off-resonance magnetization vectors on the xz-plane,
the y-axis being perpendicular to the xz-plane and pointing out-

wards. Starting from OA at t = 0, the on-resonance vector pre-

cesses in a circle about H, and is represented by AOK while the

off-resonance vector precesses in a cone about H,;: represented

by OAL. Consider a transfer from on-resonance to off-resonance

at an angle 6 where 6 is the phase angle attained when the vec-
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tor precesses about H; from OA to OB. After the transfer the
vector will precess about H,,, in a cone represented by OFG.

The phase angle ¢ of OB with respect to the new cone of precess-~

¥

A
F
d/
Hesg B
C
H, o - -
OA = 0K = OL = Mg
L " 1K
Fig. A-1. Projection of the precession paths of the

magnetization vectors on the xz-plane.

ion is given by

Mgsing _ 8in6
tan @ = Mpcosfcosa  cosfcosa (4.3)
and FE = Mo/sin®6 + cos®gcos®a . (A.4)

There is also a phase change (9 - 8) in the transfer. If

bk = ~ 1,
(UJ12 + & )i-

the loss of magnetization is mainly due to the phase difference
resulting from the transfer and the effective new amplitude
after the transfer for the vector of original amplitude Mg is

FEcos(p - 6). Simplifying, we get

new effective amplitude = Mo(cos®6cosa + sin2g).
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Therefore, the decrease of magnetization due to one transfer
= Mo (1 - cos®8cosa - sin2g)
= 2Mosin2%cos26
and the fractional loss F(8) is given by
F(e) = ESinzgcosze (a.5)

for a transfer occurring at an original phase angle 8.

(b) For transfers from the off-resonance site to the on-

resonance site

Similar treatment as the above leads to fractional loss

.. 2@
F(8) = 2sin®3cos2g - sinatanacoss. (A.6)

Taking the mean over a complete cycle and since

1 ‘T
EITJ cosfds = 0 and

(4}

A
—z-ﬁJOCOS gde = %)

the mean fractional loss for a correlated transfer (A-B and B-A

simultaneously) between two sites is equal to sinag

where a = tan"(JL) .
Wy



APPENDIX B
INERTIA TENSORS FOR CHF>Cl AND CHoF»

(a) cChlorodifluoromethane (CHF-C1)
With reference to Fig. B-1 and using the known atomic and
molecular parameters shown therein, the elements of the inertis

tensor for chlorodifluoromethane (CHF2Cl) are obtained.

3
3'
cl H = 1.008 amu
C =12 amu
H 173 A F=19  amu
Cl = 35.5 amu
& Y
L ?'
136 A
F

55715

Fig. B-1. The CHF2Cl molecule.

The primed frame has its origin at the central carbon
atom and the y'z'-plane is a plane of symmetry of the molecule.
The two fluorine atoms fall in the x'z'-plane. By the principle
of moments and by symmetry, the centre of gravity G of the sys-

tem is found at (0, 0.573, 0.071 in A). The frame having its
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origin at G is unprimed and has all its axes parallel to those
of the primed frame. With reference to the frame at G, the in-

ertia tensor L(G) for the molecule is found to be

101 O 0 )
1(g) ~ | 0 105 -L46| amuh®. (B.1)
~ o -46 95 |

Diagonalization of (B.l) results in the inertia tensor I(P) with

respect to the principal axes of reference for the molecule as

given by
101 0 0
I(P) ~ [ 0 146 0 amud® . (B.2)
~ L O 0 53

The principal axes are obtained by a rotation about the x-axis

in the counterclockwise direction through an angle of about 42°,

(b) Difluoromethane (CHoFz)

With reference to Fig. B-2 and using the known atomic and
molecular parameters shown therein, the elements of the inertia

tensor for the system are calculated.

0

jl%

= 1.008 amu
c =12 amu
F = 19 amu

Y

Fig. B-2. The CHzF2 molecule.
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The primed frame has its origin at the central carbon
atom and the y'z'!'-plane is a plane of symmetry of the molecule.
The two fluorine atoms fall in the x'z'-plane. By the principle
of moments and by symmetry, the centre of gravity G of the system
is found at (0, 0, -0.566 in A). The frame having its origin at
G is unprimed and has all its axes parallel to those of the primed

frame. The inertia tensor I(G) with respect to this frame is

found to be

) 16 0 o] .
1(G) ~| O 55 0| amuA B.
*’( 0 0 48 (3.3)

which is diagonal. The x-, y- and z-axes are, therefore, the

principal axes for the molecule.



APPENDIX C
SPIN-ROTATION INTERACTION TENSORS FOR CHF>Cl AND CHoFso

The symmetric and antisymmetric spin-rotation interact-

. B . .
ion tensors gA and g respectively in a molecule-fixed co-ordin-

ate system are given by

A= 3 ( L1 + Co ) (c.1)

R

B_1 -
Lr=1z ( L1 - Co ) (c.2)
where C, and C» are the tensors for the first and second fluorine

nuclei with reference to the same molecule-fixed co-ordinate

system,

(a) chlorodifluoromethane (CHF2C1)
With reference to Fig. B-1, in the unprimed frame, the
tensor C,; for a fluorine nucleus can be written as

Cxx ny sz
C Cy 2 (c.3)

gl = | Cyx Yy
Cox Cay Caz .
The tensor Qz for the other fluorine nucleus can be obtained by
a symmetry operation which interchanges the two fluorine nuclei.
Here a reflection with respect to the yz-plane interchanges the

fluorine nuclei and the application of the transformation to C,

gives
[ Cxx _ny sz
Cz = | ~Cyx Cyy Cya (c.b4)
sz zZy sz .
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From equations (C.1)-(C.4)
Cey O 0
QA = [ 0 Cry GCy: (c.5)
~ 0 C.y ©C;.
and
[ 0 Ciy Cyz
cP 7| Cyx (c.6)

Cix 0 0 .

(b) Difluoromethane (CHsF3z)

With reference to Fig. B-2, in the unprimed frame, the

tensor C, for a fluorine nucleus can be written as

Cxx O  Cez|
= 0 C 0] (C-T)

gi - Yy
Czx 0 G,

since C1 must be invariant under reflection with respect to the

xz-plane. The tensor gg for the other fluorine nucleus can be

obtained by a symmetry operation which interchanges the two flu-

orine nuclei. For example, 180° rotation about the z-axis inter-

changes the fluorine nuclel and the application of the trans-

formation to C, gives
I Cx x 0 _sz_
= 0 C,y 0 (c.8)
~Czx 0 Crz .

Co

From equations (C.1), (C.2), (C.7) and (c.8)

lc,, O 0
A=} 0 C, 0 (c.9)
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and

(c.10)



