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ABSTRACT
STUDY OF HINDERED INTERNAL ROTATION IN SOME

SUBSTITUTED AMIDES BY NUCLEAR MAGNETIC
RESONANCE SPECTROSCOPY

By

William Chung-Tsing Tung

A Varian HA-100 high-resolution nuclear magnetic
resonance (NMR) spectrometer was used for measuring the
proton magnetic resonance spectra of several symmetrically
and asymmetrically N,N-disubstituted amides over a wide
range of temperatures. Due to inconsistencies in the
Varian temperature charts, the ethylene glycol and methanol
chemical-shift thermometers were carefully recalibrated.

A detailed description and discussion of the two cur-
rently most popular approximation methods used in the study
of the relationship between the rate of internal rotation
about the central C-N bond of symmetrically disubstituted
amides and the various observed line-shape parameters, are
presented. The theoretical two-site exchange line-shape
equation was programmed to fit the experimental spectra
to a set of line-shape parameters by a least-squares method.
The best sets of parameters were extracted from the observed

line shapes by this curve fitting procedure and the
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theoretical spectra were plotted for visual comparison with
experimental spectra. Both computer programs were written
for the CDC-3600 computer.

In the case of symmetrically disubstituted amides, all
three methods (intensity-ratio, peak-separation and total
line-shape) were used to study the rate of internal rotation
as a function of temperature. The results of these studies
are reported and discussed. Deuterated N,N-dimethylform-
amide (DMF) was used to eliminate the effect of spin-spin
interaction between the formal proton and the protons of
N-methyl groups and so obtain a more reliable rotational
energy barrier for DMF. A superposition technique was also
used to estimate the effect of spin-spin coupling on the
energy barrier of this amide using the digital computer.

A study of factors influencing the rotational energy
barrier obtained for N,N-dimethylcarbamoylchloride has been
made. It is shown that the methods of preparing and handling
the sample, as well as the method of referencing the NMR
signals, have an important effect on the values obtained for
the energy barrier.

The total line-shape analysis method was also applied
to evaluate the energy barriers of N-methyl-N-ethylacetamide,
N-methyl-N-n-butylacetamide, N-methyl-N-isopropylacetamide,
N-methyl-N-cyclohexylactamide and N-methyl-N-benzylformamide.
The results qualitatively indicate that the order of the
values of the energy barriers of these asymmetrically di-

substituted amides is parallel to the order of polarity
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of the N-alkyl groups.

The observed spectra of N-methyl-N-n-butyltrimethyl-
acetamide, N-methyl-N-c-naphthylacetamide and N-methyl-N-
phenylacetamide indicate that either the rates of internal
rotation about the central C-N bonds of these amides
were too fast, even at quite low temperature (-20°C), to be
detected or the bulky N-substituted groups lead to a single
stable isomer in the accessible temperature range.

The frequency factors obtained in this laboratory are

12 1 -
t12 16 10*7 sec~!. These are somewhat

in the range cf 10
higher than those reported earlier (3,4), but they are in
good agreement with the more recent values. The high values
are attributed to the increase of entropy in going from the
ground state of a disubstituted amide molecule to the transi-
tion state.

The rotational energy barriers in a number of N,N-
dimethylamides have been redetermined using the total line=-
shape analysis method. The new values are, in general, much
higher than those reported from intensity-ratio or peak-
separation studies. The effect of substituents on the
barriers has been discussed.

The effect of solvents on the rotational energy barrier
in DMF has been investigated. It is found that solvents of
lower dielectric constant than the amide itself lower the
barrier. These solvents appear to break up the dimers and
polymeric species which are important in the pure amides

and which tend to raise the barriers to internal rotation.
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INTRODUCTION

Rotation about the central C-N bond of amides and
substituted amides is not free and the energy barrier
restricting rotation is believed to arise, in part at least,
from the partial double-bond character of this bond (1).
The only general method for measuring these rotational
energy barriers depends on detailed analysis of the nuclear
magnetic resonance line shapes at various temperatures.

Phillips (2) proved that the doublet observed for the
N-methyl protons of N,N-dimethylamides was the result of a
chemical shift difference between the two methyl groups A

and B.

_ CHs (A)

™ CHs (B)

He also noted that the components of the doublet gradually
coalesce on raising the temperature and that the resulting
single line becomes narrower at high temperatures.

Gutowsky and Holm (3) developed a theory relating the proton
line shape to the rate of rotation about the C-N bond and
evaluated the rotational energy barriers in N,N-dimethyl-

formamide (DMF) and N,N-dimethylacetamide (DMA) from



measurements of the rates of rotation at different tempera-
tures. Application of the Arrhenius equation (rate =
Ae-Ea/RT) to this rate process permitted values of the
rotational energy barrier E, and the frequency factor A to
be evaluated.

Because of the general interest in the origin of ro-
tational energy barriers, and also because the NMR method
provides the only precise method for studying a series of
substituted amides, many investigations have been made since
1956. Rogers and Woodbrey (4) showed that the original peak-
sepération method (3) was not capable of great precision and
developed an intensity-ratio method which was used to study
substituent effects on the rotational energy barriers in
symmetrically N,N-disubstituted amides. They also studied
the effect of solvents on these barriers (5).

Allerhand and Gutowsky (6) developed the spin-echo
method for determining rates of internal rotation in amides
and applied it to determining the rotational energy barriers
in N,N-dimethylcarbamoyl chloride (DMCC) and in N,N-dimethyl-
trichloroacetamide (DMTCA). This method has the advantage
that it greatly extends the range of temperatures which can
be studied. Their values were consistently higher than those
of Rogers and Woodbrey and detailed investigation showed
that the intensity-ratio method is subject to certain
systematic errors in unfavorable cases. It became clear

that only by detailed fitting of observed line shapes to



those calculated with variable sets of parameters could
reliable rate constants be obtained.

The present research program consists of three parts:
(1) Re-examination of the high-resolution NMR method for
determining rotational energy barriers and development of
computer techniques for total line-shape analysis, (2) Ap-
plication of the methods so developed for treating proton
exchange between two sites, without any approximations or
assumptions, to a re-examination of the symmetrically
N,N-disubstituted amides, and (3) Extension of the total
line-shape analysis techniques to the measurement of
rotational energy barriers in a series of unsymmetrically
N,N-disubstituted amides which had not been previously

studied.



HISTORICAL BACKGROUND

High-resolution nuclear magnetic resonance (NMR)
spectroscopy may be used to determine the rates of many
processes. In 1953 Gutowsky and McCall (7) showed that
for protons exchanging between two sites the rate of
exchange may be related quantitatively to the line shape
provided the rate falls within certain limits. Since then
the NMR method has been used to measure the rates of many
proton interchange processes.

In his book Pauling (1) postulated that rotation about
the central C-N bond of amides would be restricted since
the bond should have coﬁsiderable double-bond character and
this was confirmed by Phillips (2) from an NMR study of
N,N-dimethylamides. Phillips (8) also discussed several
types of molecules in which internal rotations could be
studied by the NMR method. Phillips (2) showed that peaks
corresponding to the two methy1 groups A and B in N,N-di-
methylformamide (I) were chemically shifted in the NMR
spectrum and that these peaks coalesced at higher tempera-
tures to a single peak located at the average position.
From a theoretical study, Gutowsky and Holm (3) showed that
the apparent peak separation 6v of the partially coalesced
doublet could be related to the lifetime 27 of a given set

4



of protons at one site. They were able to evaluate the
rate of interchange of methyl protons in I between sites
A and B, and so the rate of interchange between isomers I
and II, for two amides. This may be considered a first

order rate process with rate constant k = 2T7.

R ™~ cHs (B) R ™ cHs (A)
I II

Treating the interchange as a rate process governed by the

Arrhenius equation

x = aeEa/RT

’

they obtained values for the energy barrier Ez hindering
rotation about the central C-N bonds in N,N-dimethylformamide
(DMF) (I, R=H) and in N,N-dimethylacetamide (DMA) (I, R= CHa)
of 7 £ 3 and 12 + 2 kcal/mole, respectively. The large
probable errors reflect the fact that the linewidths are
comparable to the chemical shifts between the peaks at the
low spectrometer frequency (vo= 17.735 Mhz) which they used.
Loewenstein and Meiboom (9) showed that the mean life-
time T of exchangeable nuclei at a chemical site could be
related to r, the ratio of maximum to central minimum v-mode
intensities. Rogers and Woodbrey (4) developed the intensity-
ratio method and applied it to the evaluation of internal

rotation energy barriers in an extensive variety of



substituted amides. In addition they treated the process

as governed by the absolute reaction rate theory equation

AFt

" RT
k = « %? e

and obtained values of the parameters AFt, AHt

and AS* of
that theory assuming the transmission coefficient « to be
unity. They also studied the effect of solvent on the
energy barriers (5).

Fraenkel and Franconi (10) compared actual with calcu-
lated line shapes through two parameters, the intensity
ratio r and the width of the collapsed doublet S. By this
method they evaluated the barrier to internal rotation in
DMF and in the protonated species DMF-H+ and showed that
the latter was larger by 3.1 kcal/mole. Their work indi-
cated that protonation occurs on oxygen rather than nitrogen
and this was later proved conclusively by Gillespie (11)
from NMR studies of solutions of DMF and DMA in fluoro-
sulfuric acid. Neuman (12) programmed the general line-shape
equations of Rogers and Woodbrey (4) to obtain energy
barriers from the intensity-ratio method for DMF, DMA and
dimethylthioacetamide (DMTA) in formamide solution.

Allerhand and Gutowsky (6) applied the spin-echo tech-
nique to determine exchange rates in the N,N-dimethyltri-
chloroacetamide (DMTCA) and N,N-dimethylcarbamoyl chloride
(DMCC) . They showed that accurate values of the exchange

rates for the protons could be obtained by determining the



decay amplitude of successive echoes in a Carr-Purcell

train and the method has the advantage that it can be used
to measure much more rapid exchange rates than can the high-
resolution methods. It has the disadvantage that no other
protons but the two exchanging sets can be present since

the resolution is low. Reeves (13) extended this method

to N,N-dimethyltrifluoroacetamide (DMTFA) and to N,N-di-
methylformamide-d; to obtain new values for the energy
barriers in these amides.

Fryer, Conti and Franconi (14) reviewed all work up to
1965 on energy barriers hindering internal rotation in
amides. They showed that values obtained in various labora-
tories disagreed beyond the stated limits of error and they
attempted to locate systematic sources of error and to
develop other line-shape parameters. They were able to show
that both the peak-separation method and the intensity-ratio
method were subject to systematic errors particularly as a
result of the inhomogeneous broadening of the lines in mag-
netic fields at present attainable.

It became clear about this time that the best way to
obtain reliable values of exchange rates and of energy
barriers from high-resolution NMR data would be to compare
the complete experimental spectrum with spectra calculated
using various parameters and select the parameters to give
best agreement between theory and experiment. Allerhand
et _al. (15), showed that good agreement between high-

resolution and spin-echo methods could be obtained for



energy barriers if adequate computer methods were used to
treat the data in each case. It has become necessary to
reinvestigate all the values of energy barriers obtained
using the older methods since systematic errors led to
values which were, in general, too low.

Neuman (16) used total line-shape analysis to rein-
vestigate the rotational barriers in DMCC and obtained a
value, E, = 16.9 * 0.5 kcal/mole, somewhat higher than that
reported by the spin-echo method (186) (Ea = 14.0 £ 0.9
kcal/mole) . The same method was used (17) to obtain a new
value for the rotational barrier in DMA-ds, Ea = 19.6 + 0.3
kcal/mole; the deuteration of the acetyl methyl protons
eliminates the spin coupling across the C-N bond and improves
the accuracy of the results. They used the line-shape
equations of Gutowsky and Holm to generate values of signal
intensity versus frequency for exchange between equally
populated sites for various values of the exchange rate 27.
The results were plotted and compared visually with experi-
mental spectra; a computer program developed by Roberts and
Gerig was used in their work. Conti and von Philipsborn
(18) have also reinvestigated several amides using every
precaution to eliminate systematic errors and report values
of DMF, DMF-d,, DMF--H+ and DMF--dl—H+ which should be quite
reliable. Unfortunately these new and carefully-obtained
results from the high-resolution method still differ in

several cases from those obtained by the best spin-echo



techniques and the source of these discrepancies is not
known.

Although most of the research so far has concentrated
on symmetrically disubstituted amides, the NMR method may
also be used to obtain rotational barriers in unsymmetrically
substituted materials. The earliest report of barriers in
such compounds was that by Franconi (19) who reported E, =
11, 12, and 11 kcal/mole for CgHsCHCH3NCH3CHO, CgHsCHoNCH3CHO
(MBF) and (CgHs) 2CHNCH3CHO, respectively. Mannschreck (20)
obtained the relative amounts of isomers I and II by the NMR
method in a series of compounds R3CONRiR> where Rz = 2,4, 6-
trimethylphenyl and Ri, Rz are various alkyl groups. He eval-
uated (21) the rotational barriers for the particular compound
with R; = CHs, Rz = benzyl, and Rz = 2,4, 6~trimethylphenyl
in quinoline solution and reports AF¥ = 23.1 kcal/mole.
If Rg = 2,4,6-tribromophenyl, AF¥ = 23.5 kcal/mole. Gehring
et al. (22), determined the barriers in several N-alkyl-
N-vinyl-amides by the peak-separation method. Gutowsky,
Jonas and Siddall (23) have made the only reliable study of
any unsymmetrically substituted amide for MBF where E; =
22.7 kcal/mole or 25 kcal/mole, depending on whether the
formyl or benzyl doublets are analyzed. A direct measure-
ment from the experimentally determined equilibrium constant
gave the value 20.0 kcal/mole. An intensive study of con-
formational isomerism in the much more complex N-acetyl-N-

methyl-2,4,6-trinitroaniline (24) has also been made.
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The values which have been reported for energy barriers
hindering‘internal rotation in pure substituted amides are
listed in Table 1 while Table 2 lists values obtained in
solution. Table 3 summarizes the data for the unsymmetrical-
ly substituted amides. 1In only a few cases have the values
been determined by fitting the complete observed line shape
to the theoretical expression. All values determined by
other methods must be considered as only estimates subject

to very large probable errors.
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THEORETICAL BACKGROUND

Introduction

Many atomic nuclei behave as though they are spinning
charged bodies and the circulation of the charge produces a
magnetic moment along the axis of rotation. Nuclei such
as 'H, 3c, '5N and °F are spherical, have no quadrupole
moment and their spin quantum number I = 1/2. When these
nuclei are placed in a magnetic field H, taken as the 2
direction, they will line up with the field (I, = +1/2) or
against the field (Iz = -1/2). The energy difference between
these two levels, AE, is proportional to the magnetic field
strength H at the nucleus and is equal to yYhH/2T, where 7y
is the gyromagnetic ratio of the nucleus, As for other
type of spectroscopy, NMR involves absorption of electro-
magnetic radiation whose energy AE is related to the fre-
quency v of the rf oscillator by the equation AE = hv.

To observe nuclear magnetic resonance absorption a fixed
frequehcy can be applied and the field varied until the
equation v = yH/2m is satisfied; energy is then absorbed by
the nuclei. 1In a typical experiment this flow of energy
induces a current in the receiver circuit which is detected

and recorded.
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In a uniform static field Hp the energies of the
two spin states are separated by an energy 2uHo, where |
is the maximum component of the nuclear magnetic moment.
For an assembly of nuclei (I = 1/2) at a certain thermal
equilibrium temperature T the ratio of the populations of
the two states is

%f = exp (:gﬁgﬂ? ~1 - g%%“ .

The probabilities of a given nucleus being in either the
upper or lower state are é(l-E%%)andé%1+HE%%), respectively.
The mean nuclear magnetic moment in the direction of the
main field is

—_— 2
L= e+ B9 -3 - Moy - e

and, in a unit volume containing N nuclei, the corresponding

paramagnetic volume susceptibility is

- NG Np?
Xo = H, kT °

Let n_ and n_ be the number of nuclei in the upper and lower
states, respectively; the difference n = n, - n_ (excess
number of nuclei per time) is a function of time. If n_ is
denoted as this difference after equilibrium is reached

the rate of change of populations can be expressed as

dn/dt = - (n - ne)/Tl .
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where T;, the spin-lattice relaxation time, is a measure of
the rate at which the spin system comes into thermal
equilibrium with the other degrees of freedom. The spin-
lattice relaxation time is related to W, the mean of the
two probabilities for the spin-state transitions upward

W_ —» W, and downward W, —>W_ by the expression

T = L = 1
172w (W= W)+ (W —>w) °

The experimentally observed line is always broader
(covers a range of several frequencies) than the sharp
signal at one frequency predicted by the quantum mechanical
calculation. There are several causes for the broadening.
First, it is due to spontaneous emission since the lower
limit of any spectroscopic line width is determined by the
finite lifetime of the upper state. The broadening caused
by this is negligibly small (25). Seccond, the spin-lattice
relaxation can cause line broadening. The finite lifetime
of the two states is important because of the pcssibility
of transitions between them being induced by the other
molecular degrees of freedom. The line broadening can be
estimated from the uncertainty principle AEAtaf, and this
implies that the uncertainty in the frequency of the absorp-
tion is 1/27At.

In the case of solids or highly viscous liquids the
direcf interaction of the magnetic dipoles causes greater

broadening than that from the spin-lattice relaxation process.
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Here the nuclei stay in the same relative positions for a
long time but the nuclei are in a variety of fields because
of the changing local magnetic field from the neighboring
dipoles. This relaxation process is characterized by the
spin-spin relaxation time Tz. In a fluid of low viscosity,
molecules undergo random motion (Brownian movement) and it
can be shown (26) that, providing this motion is very fast,
the local dipolar fields average out to a very small value.

A third cause of line broadening is the interaction of
the given nuclear moments with neighboring nuclei having an
electric quadrupole moment (I > 1/2). Quadrupolar broaden-
ing is important for protons attached to nuclei such as
nitrogen (I = 1 for %N) and often makes the absorption
peaks for such protons difficult to detect.

A final cause of line broadening is the inhomogeneity
always present in the static magnetic field Hp over the
volume of the sample. The observed spectrum at a fixed
frequency can be considered as a superposition of the
spectra from molecules at all different parts of the sample
each in a slightly different static field. Line widths in
high resolution NMR are ordinarily limited by the inhomo-

geneous broadening.



Chemical Shifts

The magnetic field strength at a particular nucleus
is usually less than the strength of the applied field Hgp,
because the motions of the electrons result in a diamagnetic
shielding effect. The local field experienced by the
nucleus is H = Ho(1 - 6), where 6 is the screening constant
and depends only on the position of the particular nucleus
in the molecule. Consequently, the resonance signal pro-
duced by each kind of hydrogen will come at a different
field strength. The difference in field strengths at which
the signals are obtained for nuclei of the same kind, but
located in different magnetic environments, is called the

chemical shift. It is dependent on the field strength.

It has been shown (27) that the screening constant for

the nucleus of atom A may be written as

6A=6AA+5AA+25AB+5};‘in (a)
B#A g

where GdAA is the diamagnetic Langevin-type circulation of
electrons on atom A. The contribution of the local dia-
magnetic currents on the hydrogen nucleus itself can be

estimated from the Lamb formula
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Here p is the electron density of the electrons associated
with the hydrogen atom and may be represented by Xwis,
where A measures the effective number of electrons in the

-

hydrogen 1ls atomic orbital wls(=w e T in atomic units).
The expression for dd may then be integrated and expressed

as

A e2
3mc"‘Ao

The second term of Equation a results from the mixing of
ground and excited electronic states by the magnetic field
which produces a paramagnetic current on this atom. Pople
(28) has shown that an excited state contributes to the
local paramagnetic current on an atom if it corresponds to
the transfer of an electron between p-orbitals or d-orbitals.
It vanishes for electrons in a s-orbital since these have
zero angular momentum. Fluorine chemical shifts are largely
dominated by the paramagnetic term, but for hydrogen this
term is generally small. The term iGAB is the shielding
BFA

contributed by the electrons of all the other atoms in the

molecule while GA

ring is the contribution from a ring current

which cannot be localized on individual atoms. The combined
effects of the diamagnetic and paramagnetic currents on
other atoms is largest if the electrons on a near-neighbor
atom have a large and anisotropic magnetic susceptibility.
Consider a nucleus of spin I at a distance R from an
axially symmetric anisotropic molecular grouping whose mag-

netic susceptibility is yx; along the z axis and Xy along
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the x and y axes. If the line from the nucleus to the group
makes an angle © with the z axis and the field H is along
the z axis (as indicated in the diagram), then it may be

shown that (5)

o
|

2 3
zz = Xyl (1-3cos<@) /R
6 = x,/R3
yy XL
= - s 2 3
Csexe X, (1-3sin“@) /R

X
and the average correction to the screening for a molecule

in solution becomes
Ac = (Xll- xl)(i-Scosze)/SRa .

The ring current contribution has been evaluated (28)
for aromatic ring systems. When the magnetic field is applied
perpendicular to the plane of the ring a circuylation of the 7
electrons is induced which is equivalent to a current. The
ring acquires an induced magnetic moment in a direction
opposite to the applied field. If the applied field is in
any other direction the induced moment will be different

and G_ is quite anisotropic. Pople has shown that A6 =

ing
6" - 6 may be written
e R

A6 = 2mc® (R+d)° '

where R is the ring radius, and d is C-H bond length for the

particular case of aromatic hydrocarbons.
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Complete calculation of the chemical shielding for a
molecule is rarely possible since the required wave functions
are not usually known. Only for protons in very simple
molecules have accurate quantum mechanical calculations been
possible. However, various empirical schemes have been
proposed to correlate chemical shifts.

Primas, Arndt and Ernst (29) postulate that the chemical
shift of a particular nucleus can be considered as the sum
of several characteristic contributions from the various

groups; the chemical shift can be estimated empirically from

T =Tog + £ C.T.
J 3]

Where T is the 7 value of a hydrogen nucleus, To = 9,067,
Tj is the contribution from a group and cd is the number of
times such a group occurs in the molecule. In their paper,
detailed information concerning the choice of parameters To
and Tj is given.

Maslov (30) devised a semiempirical method for calcu-
lation of chemical shifts and magnetic shielding constants.

He used an "equation of weighted averages":

= 1
B, s Z04B; .

where S = Zéj is the valency of the coordinating group,
common for all representatives of the chosen family of mole-
cules which are related in structure. B, and Bj are the

value of a particular property, such as chemical shift and
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magnetic shielding constant, for molecules j which are given
in the paper, and for molecule i which is unknown. This
method has advantages over simple additivity relationships.
He gives extensive tables of Bj values for various families
of organic molecules.

Many other workers have tried to correlate qualitatively
chemical shifts and molecular properties. Packer (31) has
found that the 3P chemical shifts in (CF3)2PX compounds
depend linearly on the electronegativity of the X group, and
that deviations from this relationship are probably due to

the magnetic anisotropy of the P-X bond.

Solvent Effects on Chemical Shifts

When molecules are dissolved in a solvent there are
additional contributions to the chemical shifts of solute
nuclei from the solvent molecules. The commonly used expres-
sion for the chemical shift & observed for a particular

species in solution is (32,33):

6 = 5B + &, + 6w + 6E + &

A C

where the contributions to & are: 6B from the bulk magnetic

susceptibility of the solution; 6, from the anisotropic

A

diamagnetic susceptibility of the solvent molecules; 6w

from van der Waals interactions with the neighboring mole-

cules; 6E from the polar effect caused by the charge dis-

tribution in the neighboring molecules which leads to an
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electric field acting on the solute molecule thereby
perturbating its electron structure and hence magnetic
screening constant, and éc from the formation of solute-
solvent complexes.

In the presence of the external magnetic field the
solvent molecules will be diamagnetically polarized and
this polarization may produce a magnetic field at the nucleus
and consequently contribute to the screening constant of the
given nucleus. This secondary field depends upon the shape
of the sample. It is zero for a spherical sample and is
2mxv/3 for a cylindrical sample.

The anisotropic term GA' depends on the shape of the
solvent molecules, their magnetic anisotropy and their
orientation with respect to the solute molecule and the mag-
netic field. Solvent molecules such as benzene, which have
disc-like shapes, will have large induced moments when the
ring is at right angles to the field, and since their shape
enables them to lie closer to the solute molecule when they

are in the configuration a; than in the configuration ap

— O

—_
Q
H

ay az as dg
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the contribution of a; may be expected to dominate. This
would lead to a mean diminution of the external field at the
solute protons and, consequently, a resulting shift to high
field because the secondary magnetic field due to the in-
duced magnetic moment is proportional to the inverse third
power of the separation.

Using the same argument, rod-like solvent molecules
such as carbon disulfide and acetylene, whose largest magnetic
susceptibility is along the axis of the rod, would lead to a
low-field shift. The arrangement a4, becomes the most sig-
nificant one and leads to an enchancement of the applied field.

For a disc-like solvent molecule close to a solute mole-
cule the ‘screening constant is 6, = -2n(Xx, - xl)/SRa, where
X” and Xi are the magnetic susceptibilities parallel and
perpendicular to the symmetry axis, R'(whose magnitude R must
be large in comparison to the molecular dimension) is the
vector from the origin of the solvent molecule to the center
of the solute molecule, and n is the number of solvent mole-
cules which are considered close enough to contribute to 6A.
The magnitude of % is B-T/cos 6, where 7 is the unit vector
along the molecular symmetry axis of the solvent molecule and
© is the angle between ﬁ‘and T. Likewise the screening con-

stant for the case of rod-like solvent molecule is expressed
as 6, = +n(X“ - X)) /3R3,
Schug (33) assumed that liquid solutions are completely

random in nature and that the anisotropic shift is therefore
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directly proportional to the volume fraction of the aniso-
tropic species; he then tried to calculate the anisotropic
shift GA produced by cylindrically symmetrical solvent
molecules. He found that including all the anisotropic
molecules in the solution, rather than nearest neighbors
only, provided theoretical anisotropic shifts comparable to
those observed.

In case of polar solutes the interactions between the
solvent and solute molecules perturb their electronic
structures and the resulting distortion leads to a solvent
dependent nuclear screening constant term, the van der Waals
term. This arises because the electronic environment of the
nucleus is distorted by the interaction between the solute
and solvent molecules causing the solute electrons to be
attracted by the neighboring molecules. The diamagnetic
screening is therefore reduced and nuclear resonance occurs
at lower field strength. This contribution can be expressed

as (34,35):

20 D oh (e,
where n is the refractive index of the solvent, a is the
solvent molecular radius, h is Planck's constant, vi and vz
are the mean absorption frequencies of the solvent and solute,
and ¢ corresponds to a bonded hydrogen atom.
For polar solutes the observed large solvent chemical

shifts are due to the effect of the reaction field. This is
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a secondary electric field arising in the polar or polariz-
able solvents under the influence of solute molecules
which carry a permanent dipole moment. The model used by
Onsager (36) and Buckingham (37) assumes that the entire
molecule is reduced to a point dipole in the center of a
cavity surrounded by an isotropic, homogeneous, polarizable
continuous medium of fixed dielectric constant. They (37)
showed that the electric field at a particular nucleus
arising from a polar group in the remainder of the molecule
can lead to chemical shifts proportional to the first
power of the field strength. The change in the proton
screening constant of a proton of an X-H bond when it is

subject to an electric field E is equal to
A6 = -2 x 107*%E, - 1071°E%

where E_ is the component of E (e.s.u.) in the bond direc-
tion. An electric field in the X-H direction would be
€©Xpected to draw the electronic charge between the nuclei
toward the X atom, thereby causing its resonance to occur at
1 ower magnetic field strength, while a field in the H-X

QA3 rection leads to resonance at higher fields.

Spin-Spin Splitting

A systematic study of multiplet splitting by Gutowsky
_And McCall (38) showed that fine structure may arise in

[ny molecule containing two or more nuclei which resonate at
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different field strengths; that is, if the nuclei are either
of different isotopic species or are chemically shifted.

The multiplet fine structure ig caused by mutual magnetic
interactions between the nuclear spins giving rise to a set
of values of the total magnetic field at a given nucleus.
The interactions are transmitted by the bonding electrons
(39) and the magnitude of the interaction is the spin-spin
coupling constant J.

The interaction can be divided theoretically into three
parts (40,41). 1In the first of these one nuclear magnetic
moment induces orbital electronic currents which consequently
induces magnetic fields at the site of the second nucleus.

In the second, the electron spins interact with the magnetic
moment of one nucleus producing an electron spin polarization
which is then transferred to the adjoining nuclei. However
the two parts just mentioned are very small in comparison
with the third part which is the Fermi contact interaction
and is the most significant contribution to the overall spin-
Spin coupling. 1In this the interaction between nuclear
MoOments and the spins of electrons in s-orbitals produces an
€ 1l ectron spin polarization proportional to the density of the
S electron at the nucleus. In molecular orbital theory the
SP in coupling constant, Jag May be written in terms of the wave
Tuanctions of the ground and excited states Yy wj. Summing
OYer occupied and unoccupied levels for i and j, respectively,
occ unocc.

Jp -2 = Wi¥ila W¥)p
B . .
i j (ej - €;3)
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where (ej—ei) is the energy difference between the ground
state ¢, and the unoccupied excited state ej and is always
positive. From the above expression the sign of the coupling
constant depends on whether the molecular orbital is sym-
metric or asymmetric. The symmetric molecular orbitals
have the same sign at atom A and atom B, and the asymmetric
molecular orbitals have different signs. For transitions
from symmetric to symmetric or from asymmetric to
asymmetric molecular orbitals, the contribution to J, the
spin-spin coupling constant, is negative. Transitions
from symmetric to asymmetric molecular orbitals, or vice
versa, gives a positive contribution to the coupling constant.
Pople (41) used this molecular orbital theory in the
study of spin-spin coupling between directly bonded
atoms where the contact term is usually dominant. His calcu-
lations indicate that the coupling constant is negative when
one of the atoms is fluorine. For long-range spin-spin
interactions over four or five chemical bonds. the theoretical
S tudy becomes much more difficult. It can be treated as a
" particle in a box" problem. The linear paths are more
©mnergetically favorable than those with high curvature in
Tt he long-range delocalization of electrons (42). Hence long-
X &ange couplings are largest when a linear path can be drawn
between the coupled nuclei to include the intervening bonds

P articularly when these latter form a conjugated system.
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Double Irradiation

When two non-equivalent magnetic nuclei A and X are
coupled together by indirect spin-spin interaction, the
absorption peak for each nucleus is split into a multiplet.
If one of these nuclei (X, say) can be made to transfer
rapidly between its various spin states then the multiplet
for the other nucleus (A) will average out to a single
peak located at the center of the original multiplet.

This process occurs naturally if one of the nuclei possesses
an electric quadrupole moment since the fluctuating electric
field gradients arising from molecular motions will induce
transitions between the spin states of the nucleus with

the quadrupole moment. The decoupling can also be induced
artificially (43-45) by application of a second rf field at
the resonance frequency of the X nucleus while observing the
A nuclei at their resonance frequency. Sufficient rf power
at the X resonance frequency will then induce transitions
among the spin states of the X nuclei and the A resonance
peaks will not show multiplet structure from coupling with
X nuclei.

Bloom and Shoolery (46) have made a quantum mechanical
analysis of the effects of radiofrequency fields on nuclear
spin coupling. They were able to predict the nature of
intermediate spectra between the unperturbed multiplets
and the totally collapsed multiplets when the second radio-

frequency was changed. The double resonance method has
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been applied to the measurement of chemical shifts (44)
and to the determination of the relative signs of coupling
constants (48).

Bloch Formulation of the Nuclear
Induction Experiment

To describe the time dependent variation of the com-
ponents of the total nuclear magnetic moment per unit volume,
Bloch used a set of phenomenological equations (26). First,
a set of coordinates should be defined. Let Z be the di-
rection of the magnetic field, with field strength Hg, and
X be the direction of the rf field with angular frequency w
and amplitude 2H;. The three components of the total field

vector H; are:

H = 2H; coswt ; Hy = 0 ; H, = Ho (1)

If the vector ﬁ=(Mx,My,Mz) is the resultant nuclear moment
per unit volume, the primary purpose of the theory is to
formulate the variation of this vector with the time.

Let the resultant angular momentum vector of all the
nuclei in a unit volume be A. Then, from the classical
mechanical definition of torque, the torque acting on the

nuclei is

=l

=T (2)

and T is also equal to (M x H . The magnetic moment M is

equal to the product of the angular momentum and the
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gyromagnetic ratio,

M =~vA . (3)

Combining equations 1, 2, and 3, the time variation
of the total magnetic moment vector M (or macroscopic

moment), can be written

&

=+vy[M x H] . (4)

Q

t

For a set of nuclei with spin 1/2 in a steady magnetic field
Ho along the Z direction the Z component of (M x H) vanishes,

and the X and Y components are

Q%§ = woMy, (5)
ig.¥=_a)oMx (6)
dM, _

—d% =0 (7)

where wg = YHo is the angular frequency of the Larmor
precession.

By introducing appropriate damping terms, the relaxation
effects can be added to above equations. M, will vary and
approach an equilibrium value of Mg. For N nuclei of spin
1/2 in a unit volume, Mg may be written

2
Mo = E%T_H-Q— = XoHo , (8)

The rate of approach to equilibrium is dependent on the spin-

lattice relaxation time T;:



Mz _ Mz - Mg (9)
dt Ty .

For the same reason the X and Y components must also be modi-
fied. According to the solutions of Equations 5 and 6, the
component perpendicular to Ho rotates with the Larmor fre-
quency about the Z axis. Individual nuclei will get out of
phase due to relaxation effects and Mx and My will decay to
zero. By analogy with the argument for the longitudinal
component, the change of Mx and My will also have an exponen=-

tial character governed by the equations,

v = 1

M= - (Tg)Mx (10)
° - _ 1

My = (—,1,2)14y (11)

where the time constant Ty is called the transverse relaxa-
tion time.

Up to this point, the discussion is only concerned with
the nuclei in a fixed field Hy along the Z direction. 1In
the NMR experiment an additional field H;, perpendicular to
Ho and rotating with angular frequency w, must also be con-
sidered. The vector H in. Equation 4 then will have additional
components Hx = H; coswt, Hy = - H; sinwt and Hz = Ho. The
complete Bloch equations can be obtained by combining the

contributions from Equations 9, 10, 11, and 4:

= 1 - M—X
M, = (MyHo + MzHlslnwt) To (12)
ﬁ = vy (M_Hjcoswt - M_Ho) - Mz (13)
y z X T2
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= - ] - - &Zﬂﬂ
M, v ( Mxﬂlslnwt Mychoswt) Ty (14)

Equations 12, 13, and 14 are derived with respect to a set

of fixed axes; they can be transformed to a set of axes
rotating with frequency w about the Z axis. The new compon-
ents of Mare Mz, u, andv, where u and v are the in-phase and
out-phase components of M since they are parallel and perpen-
dicular to the direction of H;, respectively. The relation-

ships between components are

M_ = ucoswt - vsinwt (15)

M, = usinwt - vcoswt (16)
and

u = M _coswt - Mysinwt (15-a)

v = -M_sinwt - Mycoswt . (16-a)

The Bloch equations in the rotating coordinate system
can be obtained by substituting Equations 15 and 16 into the

Bloch equations for the fixed coordinate system and are:

du u —

T (wg = w)v =0 (17)
dv v _

at T 15 " (wo = wWv + YH1M, = O (18)

dt E =Y Hpv = ¢ (19)

where wo - w = <YHo — w and wy = YH:.
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In most NMR experiments the steady state solutions of
the above set of equations are of interest. They can be
solved by requiring the time derivatives to be zero and M,

to be constant. The values of Mz, u, v then become:

2
u = Mo 'YHlTEZ(a)O = (D) S > (20)
1 + Ta(wo - w)2 + y3HIT,.To
v = -M YH To
© 1 + T5(wo - W)= + Y"HIT1T2 (21)
= 1 - Ts((l)o - (l))2
Mz = Mo 7T7% T5(wo - w)< + Y=HIT1T> (22)

The rate of absorption of energy per volume is -MydH,/dt
and Mx can be obtained by reconverting the above components

to the fixed laboratory axes. Then,

M = %‘MOVTa To (wo-w) 2H3 coswt + 2H; sinwt (23)

X 1 + T5(wo-w)“ + Y“HIT1T2

Inspecting -deHx/at, it is seen that there is a term propor-
tional to coswtsinwt which averages to zero and a term pro-
portional to sin®wt that averages to 1/2. The average rate
of absorption of energy per unit value is then

— WyHIMqT» ) (24)

1 + T5(wo - w)= + YHIT1T2

This expression has a maximum value when w is in the vicinity
Of the Larmor frequency. With a small oscillating magnetic

field, H1 << 1/WTiT- , Equation 24 becomes

g(v) = “WH§T§M° (25)

1 + T5(wo-w) 2
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which has a peak value of 2Tz. In Equation 25, g(v) is
called the line-shape function which in practice, however,

cannot always be approximated by a Lorentz-type curve.

The Line-Shape Equation with Exchange

The Bloch equations can be directly generalized to in-
clude the effect of exchanging nuclei (49). Let nuclei X
transfer back and forth between two different molecular
environments A and B, where A and B are sites with different
local fields giving two absorption peaks shifted by +déw/2
and -6w/2 from their average angular frequency o6w. Time
spent in the transition state can be assumed to be short and
can be disregarded. The lifetimes of X at site A and site B

are denoted by T, and T respectively. In other words, the

A B’
probability of X at site A moving to site B is 1/1,, and
for the reverse process in 1/TB. The rate of exchange of
protons between the two sites can be expressed by the follow-

ing equations (12):

dNa _ _ 1_

T N NA (26)

dNg _ _ 1_

I =5 VB (27)

PA - PB (28)

TA TB

= 'A"B_ (29)
T + T
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where N, and NB are the number of labeled X nuclei at site A

and site B, t is the time, and Pp and py are the fractions

of X nuclei at site A and site B at time t, respectively.
Having the above consideration in mind, the magnetiza-

tions can be written as the sum of the contributions of A

and B systems:

u = u, toug (30)

vV = v, + Vp (31)
_ A B

M, =M +M, (32)

where v, u and Mz denote the components of X nuclear mag-
netization. which are in-phase andout-of-phase with the effective
rotating components of RF field, and in the direction of the
large stationary field, respectively.

The Bloch Equations 17, 18 and 19 can be modified to

accommodate the kinetic effects and take the forms (46)

Uy + AwAvA = -uA/T2A + uB/TB (33)
ug + AvaB = -uB/TgB + uA/TA (34)
; - Mo u, = =v_ /T + v /T = wlMA (35)
A A A A’ "2a BB z

. - _ _ B

Va AwBuB = vB/TgB + VA/TA wle (38)
°A A B

= T - T

M ~D1v, Mo/ 15 MIZ‘/TIA + Mz/ B (37)

B B B B
=) = T - T
Mz iv Mo/ 1 Mz/TlB + Mz/ A (38)



38

In the preceding equations M% and Mg are the equilibrium
Z magnetizatioms of X nuclei at site A and site B; AwA and

AwB are the differences between War W and w, the angular

frequency of the RF field, respectively. Ti, and Tz, can

A

be defined as:

1 _ 1

1
= = 4 = 39
TlA TlA TA (39)
L= 2 4L (40)
2p 2p a

and similar definitions hold for Tig and Tagi TlA and T2A
are the longitudinal and transverse relaxation times of

nuclei X at site A, and Tig and T2B of nuclei X at site B.

By comparing Equations 33-40 with the original Bloch
equations the reason for the modification made becomes evi-
dent. Equation 33 has two additional terms on the right
hand side, -uA/TA and uB/TB. The first term measures the

rate at which u, decreases due to the chemical exchange of

A
u magnetization out of A site; and the second term measures
the rate at which Uy increases because of the chemical ex-
change of u magnetization from site B to site A. The same
argument is also applicable to Equations 34 to 38.

In order to apply Equations 33 to 38 to reaction rate
determinations, the assumption that the relaxation times
TlA’ TgA, TlB and TgB are independent of Ta and TB must be
made. This assumption is most readily realized when the X

Nuclear relaxation is due to time-dependent perturbations
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which are of high frequency relative to Tgl and Tgl.

The modified Bloch equations also imply the requirement that
the X nuclear magnetizations of the A and B systems are inde-
pendent of one another (except for the chemical kinetic

exchange effect).

For slow passage in an NMR experiment

ot s o — A _ B _
Uy Sup = vy SV =M= M 0 (41)

which transforms the set of coupled differential Equations
33-38 to a complete set of ordinary simultaneous linear
equations in six unknowns which can be solved numerically.
Equations 33 to 39 can be applied to the case of hindered
internal rotation in disubstituted amides which is a typical
two-site exchange problem. If the RF saturation is neglig-
ible, the total 2 magnetization M, becomes unaffected by the

kinetic process (50):

A B
M =MA+MB=M0=M%+M%=M = Mo (42)
z z z . Pa Py

By summing over all X nuclei, the RF magnetization can be
written as

M =u+iv =M, + MB = up + ivy + ug + ivg (43)

Substituting Equations 28, 39, 40, 42 and 30-33 into the

above expression the resulting equation is

M = -iogMg (AT 7B +(7AaTB +papp) (44)
(1 + 1,8,) (1 + 15B,)-1
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1

. 4 .
Ton -idwg and BB = idw, - (45)

where BA = TaB

The real part of Equation 44 gives the dispersion u-mode
line-shape equation and the imaginary part gives the absorp-

tion v-mode line-shape function in terms of the rate

constant:
g = ~@1Mo [QP-{1-T(pg/T2p + pp/T2B) }R] (46)
- ~wiMo [P{1 + T(pp/T2p + pa/T2p)} + QRI]
v = - e (47)
P + R
where
P = T[E—;E-_" AR+ (é%)zl +Pa +PB =5 - 1007
2A+428B ) T2B T2A
o)
Q = T[Aw - 59(pA - pg) ]
- I S S Sw 1 1
and R = Aw[l + T(TaA + Tas)] + T2 (T2B Taa )+
dw
e (pA - pB) .

When a set of line-shape parameters is known, the intensities
at the corresponding values of w can be calculated from
Equation 47. Upon differentiating this equation with respect

to Aw, the resulting equation has the following form:

272AMw° + 31°BAw* + 473CAw® + (BD-AE) Aw?

+ 2(CD-AF)Aw + (CE-BF) = O (48)

where



<>
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P p
= 2 . = 2 B _ A
A=r1 (TA/TgA + pB/TzB), B =T 6w(T2B T2

= (902 - 2 JA L _ T 2 2
c = (5% [1-(py - pp)° + 7] + TopTay 1 +p; +pg +

- _PB PA 1 1 A

— 4 = + +
T(TgA + TgB)] * TppPy (TEA T3, Tz
D = [1+ r(ai— + -,fi—)]2 - 218
2a 2B

- 1 4

E = éw(D + 218) [ p, - pg + T(TZB T2B)]

2 -1
s2 +2—-(D-2'rs) )

and F

When Equation 48 is solved, one of two cases can occur.
With a large value of 7 (slow exchange) three of the five
solutions of the fifth-order equation are real and correspond
to the two maxima and the central minimum of the uncoalesced
doublet. 1In case of small 7, in other words fast exchange,
only one solution is real, the central maximum for the

coalesced doublet.

Computer Programs for Exchange Calculations

In the last few years the application of electronic
computers to the exchange problem has been reported (51,12,
52) . T. Nakagawa (53) reported a computer program based on
Equation 47 which gives intensities éorre8ponding to a set
Of line-shape parameters. The program is very simple; it is
€Ssentially a couple of do-loops with no adjustments included.

Two programs written by Gutowsky's group (53) and one by
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Saunders (55) have been used on several NMR problems. Line
shapes of fluorine magnetic resonance spectra and the con-
formational isomerization of 1,1-difluorocyclohexane have
been studied with the first program (53). In this program
the rate constant is the only variable parameter, and often
the single-parameter curve fitting does not yield very
satisfactory results because Equation 47, on which the program
is based,makes the assumption that the values of the line
widths and the peak separations in the absence of exchange
hold for the entire temperature range. In this laboratory,
as well as in several -others (54,15,25), this assumption is
found not to be valid. This point will be discussed quanti-
tatively in the Discussion section of this report.

Saunders (55) program has been used to study exchange
among many sites. A correction to the line-shape function
for field inhomogeneity can be built into the computer pro-
gram by use of the convolution integral; this permits the
introduction of any desired line shape. -Let the intensity
function without correction be Y'(w) and the desired function
be S (w), the corrected intensity function is then expressed
as

Y() = [ slw-w") T (@) dw . (49)
- 00

Anet (56) used the approach mentioned above in the.study of
ring inversion in cyclohexane-d;;; he reported that the
results from the programs with and without the convolution

integral were almost identical.
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All three principal methods (42,51) will be subject
to a significant systematic error if each of the doublet
peaks is itself a spin-spin multiplet from coupling with
other protons; for instance, in N,N-dimethylformamide the
two N-methyl peaks are each split into a doublet by spin
coupling between the formyl proton and the methyl groups.
With this complication the procedure for evaluation of the
exchange rate constant must be modified. Four approaches
can be used.

(1) Isotopic substitution: When the formyl proton in

DMF is substituted by deuterium the coupling constant
becomes negligibly small, because the ratio of the coupling
constant of the two isotopes with the third nucleus is pro-
protional to the ratio of their gyromagnetic ratios which is
0.1535 for deuterium and hydrogen.

(2) Double irradiation: In the case of DMF the secondary
doublet can be eliminated by irradiation at the frequency of
the formyl proton using an external oscillator or noise
generator. This method permits decoupling the protons when
enough rf power can be introduced.

(3) Quantum mechanical approach: When two nonequivalent
protons exchange between the two sites and couple with each
other to form an AB spin system, the coupling complication
can be resolved theoretically by using the density matrix
method. The basic formulation is worked out by Kaplan (57)

and Alexander (58,59). The theoretical line-shape equation
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describing the two exchanging protons can be calculated

by deriving the Boltzmann equation for the average density
matrix, and the exchange process is described by exchanging
the indices of the spin coordinates in the spin wave func-
tion. The equations derived with this approach have been
used in several exchange problems (60,61,62). A very explicit
application is the study of conformation and internal rota-
tion in a nitroaromatic amine by Heidberg et al. (63). The
equation used is:

v = C(7+b+ - Say4 + vy b_ - Sa

2 2 az +b2
a s~ + b+ _2 -

) (50)

where

a+ = [(wo-w) + #J)2 - (7 Y T, )2 - 62 - &32 + 2
b+ = 2[(wo-w) + &3] (1™ + To-1) ¥ J3/y

Y £ = ((Do—(L)) £+ J

n
I

2/1 + 1/T> .

It describes the line shape for a system of two exchanging
protons which couple with each other. If the coupling constant
J in the equation is equal to zero Equation 50 will be re-
duced to a simpler form, identical to the classically derived
Equation 47. This approach could be used for the disubsti-
tuted amides, but the quantum mechanical derivation becomes
extremely complex because of the large number of spins in

this problem and has never been reported.
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(4) Superposition: The doublets at each N-methyl peak
can be considered as the superposition of two sets of
identical methyl doublets with centers separated by (Ji +
Jz2) /2, where J; and J- are the coupling constants between
the two methyl groups and the formyl proton. Method III can
be modified to accommodate this improvement.

In order to evaluate the activation energy for the ex-
change process in N,N-disubstituted amides the classical
Arrhenius rate equation (64,65) can be written as

E

_ i —a
log © = 109 5% *+ 37303 RT (51)

Where T is the inverse of twice @ the rate constant of the
exchange process, R is the molar gas constant, A is the fre-
quency factor and Ea is the activation energy, or the energy
barrier of the system. The quantities A and Ea can be
evaluated from the slope and the intercept of the best
straight line when log % is plotted vs. 10%/T°K.

Assuming that this exchange process obeys the absolute
rate equation (66), the free energy of activation AF¢ for

the internal rotation problem can be written as

£ _ ¥
AF (T) RT 1ln K

- RT 1ln(rate constant-h)/(«kT)

2.303RT log 27«kkT/h
2.303 RT(10.319 + log T + log 271)

(52)
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where h is Planck's constant, k is the Boltzmann constant
and « is the transmission coefficient, which is equal to

unity when every activated complex breaks up to give products.

Chemical Shifts of the Methyl Proton Peaks

Much research has been done on the assignment of the
peaks of the doublet to the respective methyl groups in N,N-
dimethyl amides. The resonances corresponding to the two
N-methyl groups of N,N-dimethylformamide can be distinguished
because each is split into a closely-spaced doublet by spin-
spin coupling with the formyl proton (67) and the coupling
constants differ. The high-field signal in pure DMF is
most strongly coupled to the formyl proton and so is trans
to the formyl proton. In N,N-dimethylacetamide the two
N-methyl resonance peaks may also be distinguished because the
high-field signal is broader. Each component of the doublet
is presumably an unresolved quartet with the coupling con-
stants to the acetyl methyl proton different. The N-methyl
resonance which shows the greater broadening must be trans
to the acetyl methyl group.

A second method for assigning the N-methyl resonances
is based on the fact that addition of an aromatic solvent
produces large changes in the relative chemical shifts of the
two N-methyl groups (67). As the concentration of the N,N-
dimethylamides decreases, both N-methyl resonance signals

are shifted to higher fields but the original lower-field
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signal shifts by a much larger amount. At a certain concen-
tration the doublet coalesces and further addition of sol-
vent causes the original low-field signal to cross over the
original high-field peak, with consequent change in the sign
of the chemical shift between them.

This phenomenon can be explained by the fact that the
amide molecules associate with the aromatic solvents in such
a way that the nitrogen atom with its fractional positive
charge is situated close to the region of high 5 electron
density of the aromatic ring and with the negatively-charged
carbonyl oxygen atom as far from the center of the ring as
possible. The amide molecule retains its planar configura-
tion so the solute and solvent molecules become parallel and

coplanar as shown below:

In this arrangement the N-methyl group trans to the
carbonyl oxygen atom will be near the center of the ring
and, consequently, the diamagnetic anisotropy of the benzene
ring will affect this N-methyl group more than the other,
tending to shift it to higher magnetic field. Hatton (67,68)
measured the chemical shifts of N-methyl groups of DMF in
both aromatic and non-aromatic solvents. In non-aromatic
Solvents the mean chemical shifts of the two peaks due to

the N-methyl group do not change with respect to the internal
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reference. However, the peak separation between them de-
creases as the mole fraction of the amide is.reduced. This
is probably due to the mutual iﬁteraction of the amide mole-
cules by dipolar association.

Of considerable importance in the present studies of
rates of internal rotation in the N,N-disubstituted amides is
the question of whether or not the peak separation changes
with temperature. It can only be precisely measured at
temperatures low enough that exchange broadening is small.
It has then been usual to use this value at all higher tempera-
tures in the calculation of rate constants. However, Whittaker
and Siegel (69) made measurements on the temperature dependence
of this separation, over the accessible range, using solutions
of amides in acetone-dg, hexamethyldisiloxane and CFClj; as
well as the pure amides. They noticed that the maximum value
of chemical shift at low temperature is strongly dependent on
the nature of the solvent. The peak separation decreases
rapidly as concentration decreases, but different limiting
values are reached at infinite dilution in different solvents.
This behavior indicates the possibility of dimerization or
hydrogen bond formation. They also found that the peak
separation increases as the temperature decreases from the
coalecence point but tends to level off at some intermediate
temperature. When the temperature is reduced even further,
the rate of increase of the peak separation may change

indicating that effects other than internal rotation must
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enter. They suggest that the correct peak separation dwg
in the absence of exchange can be obtained by plotting the
observed peak separation ow vs. temperature. This will yield

a plot of the following type:

dw

5(,00

and the correct value of dwo is obtained by a 'reasonable’
extrapolation (perhaps to the freezing point) of the linear
portion "a" of the curve.

The unusual behavior of the éw vs T° curves may be
explained qualitatively. The planar amide molecules tend
to associate (68), and this association may change the
magnetic anisotropy of the carbonyl bond since it has been
shown (70) to be quite sensitive to the charge distribution
in the bond.

The average half-life of a given dipolar interaction
increases with decrease in thermal motion and increase
viscosity. Consequently, the average magnetic anisotropy of a
carbonyl bond increases with decrease in temperature and
the chemical shift of the methyl groups should increase as
temperature decreases. This explains the sudden change in

Slope at temperatures lower than "a". At high temperatures
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the fast rotation about the C-N bond probably prohibits
significant dipolar association because of the steric
effects. Based on this mechanism, the Ej obtained from the

high temperature data should be more reliable.






EXPERIMENTAL

Preparation of Amides

The compounds used in this investigation are listed in
Table 4 , along with their boiling points and appropriate
literature references. N-methyl-N -butylacetamide and
N-methyl-N-cyclohexylacetamide are prepared (67) by the ad-
dition of one mole of acetyl chloride in ether (or benzene)
slowly with stirring into an ether (or benzene) solution of
two moles of the respective amine. Sub-zero temperatures
should be maintained at all times, but freezing should be
avoided. The mixture is then allowed to warm up to room
temperature with stirring. After several hours, the amine
chloride is dissolved in a minimum amount of water. The
aqueous layer is then extracted three times by ether (or
benzene) and the organic extract is combined with the original
organic portion which contains the desired amide. The com-
bined organic solution is then washed with minimum amount
of 20% potassium carbonate solution, in small éortions, until
neutral. The organic layer is dried over anhydrous
potassium carbonate overnight, and the amide collected by

vacuum fractional distillation.
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N-methyl-N-ethylacetamide is prepared by addition of
an aqueous solution of two moles of NaOH slowly into an
aqueous solution of one mole of N-methyl-N-ethylamine hydro-
chloride. One mole of acetyl chloride is then added gradual-
ly to the above mixture. The temperature should be kept
between O and 10°C throughout the experiment. The aqueous
layer is separated and then extracted several times by either
ether or benzene. The organic extract is combined with the
original amide layer and dried over anhydrous potassium car-
bonate. The solvent is evaporated and the amide is collected
by vacuum fractional distillation.

N-methyl-N-isopropylacetamide is prepared by addition
of one mole of acetyl chloride slowly with stirring to an
aqueous mixture of one mole of N-methyl-N-isopropylamide and
one mole of sodium hydroxide. The temperature should not ex-
ceed 10°C. The remaining procedures are the same as for the
preparation of N-methyl-N-ethylacetamide.

The purity of t-butylbenzene, trifluoroacetic acid, S-
tetrachloroethane and hexamethyldisiloxane was checked by NMR
spectra after vacuum fractional distillation. All the sample

tubes are sealed at a pressure of 10”* mm of Hg and a small

amount of HMDS is added to the sample as an internal reference.

HMDS is a good internal reference for this study because it
has a higher boiling point (about 100°C) than the con-
ventional reference, tetramethylsilane, TMS (b.p. 27°%) .

At room temperature the chemical shift of HMDS is 0.05 &
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0.005 ppm from TMS. After the sample tube is sealed, it

is tested by heating in an o0il bath to a temperature twenty
degrees above the highest desired probe temperature. 1In
general practice chemical shifts are measured against a
reference compound and the most common reference compounds
for protons are water, benzene, TMS and HMDS. The chemical

shifts are given here as the dimentionless numbers
& = (H, - Hr)HQ'1 x 10° ppm

where H, is the resonance field for the nucleus in the
particular molecular environment and H_ is the resonance
field for the reference compound. Ocasionally an external
reference was used to eliminate the solvent effect. This is
done by sealing the reference compound in a capillary tube
which in turn is supported in the center of the sample tube
by Teflon plugs. The results using the external reference
technique are not entirely satisfactory for two reasons.
First, at high temperatures the vapor pressure of the sample
tends to push the Teflon plugs upward out of the sample
region. Second, the capillary tube can cause very high spin-
ning noise, due to the high sensitivity of the 100MHz instru-
ment. Also, the relative chemical shifts measured by the
external reference technique must be corrected for the dif-
ference in the bulk diamagnetic susceptibility x between

the compound and the reference material. The correction

factor for a cylindrical sample is
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27
t = (X e g X

corr obs ref

In some cases the correction factor is found empirically to

be 20-30% greater than the theoretical value 2mAX/3 (71,72).
Ad can be measured by the method (73) suggested by Frei and
Berstein. - They used two small reference containers, one
spherical and one cylindrical in the regular 5mm sample tube.
The difference between the two sharp signals from the two
reference cells, is linearly dependent upon the volume sus-
ceptibility of the sample contained in the sample tube accord-

ing to the expression

6cy1(R) - 6sph(R) = [gcyl— gsph][Xv(R) - XV(S)] ,

where the chemical shifts are in ppm and g is a geometrical
constant which depends only on the shape of the interface

between the reference and sample. (g —9g h) can be deter-

cyl “sp

mined by calibration with liquids of known volume suscepti-

bility. In the ideal case it is equal to %1 .

Spectrometer

A Varian HA-100 high-resolution proton-stabilized NMR
spectrometer was used in this investigation. A V-4311(100
MHz) fixed frequency rf unit and a V-4333 variable temperature
probe were used to obtain the proton magnetic resonance sig-
nals. A V-3506 flux stabilizer is used to stabilize the Hgp

magnetic field to about one part in 10®. The Vv-4354A
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internal-reference proton stabilization unit provides NMR
stabilization by locking the magnetic field to a reference
proton signal of the sample. Frequencies were counted with

a Hewlett-Packard 5245L frequency counter.

Temperature Calibration

The temperature of the sample is controlled by a V-4341
variable temperature system which has a temperature range of
-60-200°C. At ambient temperatures and above the nitrogen
gas is heated inside the probe to the desired temperature
and allowed to flow around the sample tube. For low tempera-
ture studies liquid nitrogen is used to cool the nitrogen
gas. The temperature controller circuits limit the maximum
temperature variation at the heat sensor to + 1°c.

Since the temperature dial on the V-4341 has a calibra-
tion accuracy of only + 3 degrees, ethylene glycol and
methanol chemical-shift thermometers are used for more accur-
ate work in the high-temperature range (60-160°C) and the
low-temperature range (-40° to 40°c), respectively.

These two chemical-shift thermometers have been care-
fully calibrated in this laboratory using a copper-constan-
tan thermocouple which was inserted in the spinning sample
tube and the voltage output recorded on a Sargent recorder.

A least-squares analysis of each set of data provided the
necessary temperature-chemical shift correlation expressions.

These correlations were used in all the following experiments
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to provide precise values of the sample temperatures.
For the high-temperature range the resulting expres-

sion is
T°K = -(56)1.017 + 464.9 (a)

where 6 is the difference between the two chemical shifts
in ethylene glycol. For the low-temperature range the

calibration equation is
TOK = -(6)1.076 + 464.7 (B)

where 6 is the difference between the two chemical shifts
in the methanol spectrum.

A cross check has been made between the above cali-
brated temperatures and the temperatures from the calibra-

tion charts provided by Varian, and the results are listed

below:

Ethylene Methanol

glycol Ad Varian Eg. A Ad Varian Eq. B
155 cps 32°% 34.3% || 146 cps 37.5% 34.5°%
159 28 30.2 150.5 32 29.8
163 24 26.1 154.5 217 25.5
167 20 22.06 158 23 21.7

All the results in a given row are from the same temperature
setting on the V-4341 unit. Columns 2 and 5 are obtained
from the charts provided by Varian Associates and it is

evident that these two columns are not consistent in the
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region where they overlap (20 to 40°C). The values in
columns 3 and 6 are obtained from Equations A and B,
respectively, and are quite consistent,so these two equations
can be used with confidence.

In addition to using the differences of the chemical shifts
of ethylene glycol and methanol, Glew (74) used a mixture of
3 mole percent tetramethylsilane, 61 mole percent m-chloro-
phenol and 36 mole percent trifluoroacetic acid as an NMR
thermometer. This mixture is useful in the temperature
range -10 to +30°C. The analytical expression for this

thermometer is

On _ _ -
T C 87.961 1.0736(60H 6ArH)

where 60H

proton chemical shifts in cps, respectively. The sensitivity

and 6ArH are the phenolic and the aromatic ring

of this thermometer is claimed to be 1.8 times greater than
that of methanol but it was not used in this work. Duerst
(75) has a similar thermometer which employs a mixture of
51.8% water, 48.1% methanol and 0.1% HCl, by weight. The

temperature and chemical shift relationship is

™°c = 160.0 - 90.5 (S)

where S is the peak separation in ppm between the two sharp

signals.
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RESULTS

Computer Methods in NMR Studies
of Rate Processes

Methods for Evaluating Rotational Enerqy
Barriers in Amides

Several methods have been used in the last ten or
eleven years to determine the energy barriers for internal
rotation in molecules from NMR data. Three of them will
be discussed here.

Method I--The Intensity-ratio Method

Woodbrey and Rogers (4,50) imposed the requirements
1 1 - - = :
Ton <LSw>> Top ' PA = Pm and Ty = Tg = 27 on Equations 47
and 48 to obtain an expression for rate constant 1/27 in
terms of the ratio r of the maxima to central minimum
of the doublet:

+ -3
Lo Moo oy (22 p) ). (53)

v gz
The method then consists of measurement of the intensities
of the maxima and of the minimum of the doublet correspond-
ing to the two different magnetic environments for the
N-methyl groups in the N,N-disubstituted amides. The in-

tensity ratio is obtained at each temperature and, combining

59
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it with the peak separation in the absence of exchange, the
- rate constant 1/27 can be evaluated from Equation 53.

This method is, in general, used for exchanges with
intermediate rates and the applicable temperature range is
usually only about 25.degrees. For obvious reasons, the
upper temperature limit is the coalescence temperature.

The intensity ratio can be measured quite accurately in the
moderately«fast exchange region but the errors are the
largest in the slow-exchange region where small fluctuations
in the base line and the central minimum will cause a large
error in the value of the intensity ratio. Inhomogeneous
broadening also tends to cause systematic errors.

A mathematical evaluation of this method was made by
Allerhand and Gutowsky (15) who showed that, for a given
6wm2° product, the percent error in calculating the rate con-
stant increases with decreasing exchange rate and decreases
with an increasing value of the éwmgo product.

In the case where the natural line widths 1/T2p and
1/T2p are comparable in magnitude to the peak separation in
the absence of exchange, the overlap effect should be con-
sidered. Woodbrey and Rogers (50) substituted 24w = dw_;
and T —» c© into Equation 48 to solve for a corrected dw.

A slight improvement may be made on the value of the energy
barrier when the value of dw corrected for overlap is used.

The improved intensity-ratio method can be programmed

for the digital computer and the computation procedures are
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summarized as follows:
1. Substitute 1 —> @, pp. T2pa, T2p and 6woo into
Equation 48 to calculate the corrected peak separa-

tion in the absence of exchange,

2. Use the corrected peak separation dw, the line
shape parameters mentioned above and Equation 48 to
solve for the precise positions of the maxima and

the minimum, varying T each time by a small increment.

3. For each set of frequencies found in step 2 above,
the corresponding relative intensities of the maxima
and minimum can be obtained from Equation 47 so the

ratios of the maxima and the minimum are obtained.

4. Compare all the calculated intensity ratios from
step 3 with the experimental intensity ratios and
choose the one closest to the experimental value .
The corresponding T is the best value for that

particular experimental spectrum.

It is obvious that this computation is very time con-
suming because it requires the computer to solve a large
number of fifth-order equations. A computer program,
BARRIER, has been written for this calculation. For a
typical experimental spectrum, 250 T values ranging from

10”*

to 10° are used,requiring 20 minutes time on the
Control Data 3600 computer. This procedure is seen to be

rather impractical, particularly in view of the systematic
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errors inherent in the intensity-ratio method.
This program is not included as an Appendix since it
was not extensively used in this research; however, the

program is available.

Method II--Peak-Separation Method

The peak-separation method was developed by Gutowsky

and Holm (3). When the line widths %Z are small compared

to the peak separations dw in the absence of exchange the

%% terms can be neglected in Equation 48. Neglecting over-

lap, the experimentally observed peak separation 6we can

be expressed as

5
(:5%)=i/1--,;2§-52 i (54)

When Equation 50 is written in terms of cycles/sec. the

equation has the following form

1
T

=L Js5v2 - v2 . (55)

N2

In this method the frequency separation in the proton mag-
netic resonance spectrum of the N-methyl doublet at differ-
ent temperatures is measured. From Equation 55 the corres-
ponding rate of internal rotation 1/27T can be calculated
for each temperature. Fitting the data to an Arrhenius-type

-Ea/RT

rate equation, 1/2T = RAe , the energy barrier E and

the frequency factor A can then be obtained from the slope
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and the intercept of the straight line plot of log 1/27
vS. 1/T°K. The least-squares method may be used to obtain
the best values of E; and A.

The program NMRTAU was written for the CDC-3600 com-
puter to carry out the above operations. It prints out =T
values at each temperature,and the values of E; and log A
evaluated by the peak separation method, using a least-squares
fit of the data (Appendix III).

bwe becomes decreasingly sensitive to rate of exchange
as the exchange becomes slower. At very low temperatures,
where the exchange is quite slow, the error in determining
dwe becomes large. The other shortcoming is that the major
change in the peak separation with exchange rate takes place
over a very narrow temperature range, 0.45 16w £ 2. For
fast exchange, the rate constant obtained from Equation 55
is always inaccurate (48). The peak separation method is,
therefore, not a reliable technique for obtaining precise

kinetic data.

Method III--Total Line-Shape Analysis

From Table 1 values of the internal rotation energy
barrier for a given amide are seen to vary widely, depending
on which particular approximation method (intensity-ratio
method or peak-separation method) was used. Both are subject
to large systematic errors and disadVantages. The most
logical and desirable method is to determine the exchange

rate from the high resolution NMR spectra by using Equation 47



64

directly, without further assumptions or approximations.
When a set of adjustable line-shape parameters T, pjp,
dw, 1/T2p, 1/T2p, and Aw are substituted into Equation 47,
the complete spectrum can be calculated. The computer
program NMRFIT (Appendix I) will compute the spectrum based
on any given set of the above parameters. The calculated
spectrum is then compared with the experimental spectrum
and the computer will continue to search for the best combi-
nation of the parameters until the value of X (calculated

1

.)2 is not improved by further

intensityj_- observed intensity i
changes. The program NMRFIT is thus able to extract the best
combination of the above parameters to fit a given experi-
mental spectrum. It must be kept in mind that NMRFIT is
only a numerical operation and it is possible that the iter-
ation procedure may stop before reaching the best fit. This
is possible if it is trapped in a local minimum. To avoid
such a situation the input parameters should be as close to
the true values as possible.

The best parameters selected by NMRFIT are then used as
input in the program NMRPLOT (Appendix II) which will plot
out the entire calculated spectrum so it can be checked

visually against the experimentally determined spectrum.

Treatment of Data

The line-shape Equation (47) was derived from the modi-
fied Bloch equations and kinetic considerations. The ideal

approach for extracting line-shape parameters from the
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experimental spectrum is to substitute a number of sets of
parameters into the theoretical equation,calculating a
theoretical spectrum in each case, comparing these with the
observed spectrum and identifying the set of parameters
which will provide the best fit. The comparison can be
done either visually or mathematically. The most common
mathematical criterion used is the least-squares curve fit-
ting procedure (76,77,78).

The ordinary least-squares operation involves three

steps (79). First, suppose the line-shape equation is

Y, = AX, + BU, + CZ, + DW, (56)

where Y, is the intensity at a particular frequency, and

A, B, C, D are the line-shape parameters such as peak
separation, half-width at half-height and exchange rate
constant. The other variables xi, U.’ Zi and Wi are simple
functions of the frequency. Second, the sum of the squares

of the absolute deviations of the calculated values of Y

from those observed should be minimized:

Y, - (Axi + BU; +CzZ, + DWi) = Dev (57)
- 2 _ 2
>:[Yi (Axi + BU; + czi + DWi)] (Dev) (58)
d=(Dev)® _ _ _ _
SA = 3 2)[Yi (Axi + BU, + czi + DWi)]Xi 0 (59)

Differentiation of 3(Dev)? respect with B, C, and D yields

= 2
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ZUiYi Azxiui + BZUi + c):ini + DZWiUi (61)
= 2
ZZiYi Azxizi + BZUiZi + cz:zi + DZWiZi (62)
SW.Y. = ASX.W. + BSU.W. + C3Z.W. + D3W.2 (63)
1l 1 1l 1 1 1 1l 1 1

Third, Equations 60, 61, 62 and 63 can be solved simultan-
eously for the values of line-shape parameters, A, B, C and
D, which will give the best fit.

The ordinary least-squares treatment of data occasion-
ally gives experimentally impossible results and, in other
cases, reasonable values for the parameters can only be ob-
tained by treating part of the data rather than the entire
set of values.

Instead of solving the above set of equations directly,
an alternate procedure can be used. The estimated para-
meters are substituted into the line-shape equation in such
an order that the least certain parameter will be adjusted
first. An arbitrary adjustment increment or variation func-
tion is assigned to each parameter. The sum of the squares
of the differences between the calculated and observed in-
tensities is compared with that obtained in the previous
trial (80). If this sum is smaller than the previous sum,
it indicates that the correction adjustment is in the
right direction, otherwise the sign and magnitude of the
previous adjustment increment are changed. This procedure
was programmed and the description of the program and the

flow chart are given in Appendix I.
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High-resolution Spectra

The proton magnetic resonance spectra reported on the
following pages are obtained from the HA-100 MHz high-resolu-
tion spectrometer at room temperature. The chemical shifts
were measured in ppm from the internal reference HMDS,
chosen as zero. Indication will be given when other reference
compounds are used.

The spectra of N,N-dimethylformamide, N,N-dimethyl-
acetamide, N,N-dimethylcarbamyl chloride and N,N-dimethyltri-
chloroacetamide can be found in Woodbrey's thesis (50). 1In
the spectra of these compounds the two N-CHsz groups give
rise to a doublet. The signal at the higher field is due to
the methyl group which is in a position trans to the carbonyl
oxygen atom, while the one at the lower field is due to the
cis methyl group. In the case of N,N-dimethylformamide, the
two peaks of the original doublet are further split into
doublets by the formyl proton. The coupling constants are
0.7 and 0.9 cps for the low and high field peaks,
respectively. This additional splitting is not observed for

the other amides mentioned above.

N,N-Dimethylpropionamide

The proton magnetic resonance spectrum of N,N-dimethyl-
propionamide is given in Figure 1. One N-methyl group has
a resonance signal at 2.91 ppm and that of other N-methyl is

located at 2.77 ppm. The quartet between 2.333 ppm and 210.7
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ppm is due to the methylene protons, whereas the triplet
between 1.015 ppm and 0.867 ppm arises from the methyl
protons of the ethyl group. These multiplets result from
the spin-spin coupling between the methyl protons and the

methylene protons of the ethyl group.

N, N-Dimethylacrylamide

The proton magnetic resonance spectrum of pure N,N-
dimethylacrylamide is shown in Figure 2. The doublet at
2.98 ppm and 2.837 ppm arises from the two N-methyl groups.
The peak at 2.837 ppm arises from the N-methyl group which
is cis to the carbonyl oxygen atom. The line widths of the
two peaks are about the same, because of the negligible
spin-spin coupling with the proton of the vinyl group.

The remaining signals are from the protons of the vinyl
group. Such a complicated spectrum arises when the chemical
shifts and the spin-spin coupling constants are comparable

and it can be analyzed by standard methods as an ABC spectrum.

Asymmetrical N,N-Disubstituted Amides

In this type of compound, the intensities of the two
components of the N-methyl doublet are different, because the
equilibrium proportions of the two isomers differ. The rela-
tive populations of the two rotational isomers are propor-
tional to the relative intensities of the two N-methyl

peaks.
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N-Ethyl-N-methylacetamide

The proton magnetic resonance spectrum of N-ethyl-N-
methylacetamide is shown in Figure 3. The resonance peaks
at 1.92 ppm and 1.895 ppm arise from the CH3-CO groups of
the two rotational isomers. The quartet at 3.27 ppm is
from the N-methylene protons and the 'doublet' splitting
of this quartet is from the two rotational isomers. The
methyl signal at 2.901 ppm and the N-C-CHz triplet at 1.040
ppm are assigned to the respective N-alkyl groups which are
in a position trans to the carbonyl oxygen atom, while
N-methyl peak at 2.741 ppm and the N-C-CHsz triplet at 0.935
ppm are associated with groups located cis to the carbonyl
oxygen. The different line widths of the two methyl peaks
are probably a result of weak spin-spin coupling with the
0=C-CHj protons. The difference in spin-spin coupling con-
stants is averaged out at elevated temperature, and conse-

quently the line widths become equal.

N-n-Butyl-N-methylacetamide

The proton magnetic resonance spectrum of pure N-n-
butyl-N-methylacetamide is shown in Figure 4. The triplet
at 3.225 ppm is from the N-CHp protons and the rather large
line width of this triplet is probably caused by the super-
position of two triplets from the two rotational isomers.
The doublet at 1.94 ppm and 1.885 ppm is from the acetyl
protons of the two rotational isomers. The N-methyl peak

at 2.74 has been assigned to the group which is in a position
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cis to the carbonyl oxygen atom and the trans N-methyl peak
is located at 2.893 ppm. The unresolved signal at 1.341

ppm is from the N-C-CH>-CHz protons.

N-Cyclohexyl-N-methylacetamide

The proton magnetic resonance spectrum of N-cyclohexyl-
N-methylacetamide is shown in Figure 5. The peaks of the
acetyl protons of the two rotational isomers are located at
1.942 ppm and 1.89 ppm. The N-methyl peak at 2.644 ppm is
assigned to the group which is cis to the carbonyl oxygen
atom, while the peak at 2.752 is assigned to the N-methyl
group trans to the carbonyl oxygen atom. The two broad and
weak peaks at 4.245 ppm and 3.508 ppm are from the protons
at the l1-position of the cyclohexyl rings of the two rota-

tional isomers.

N-Isopropyl-N-methylacetamide

The proton magnetic resonance spectrum of the N-iso-
propyl-N-methylacetamide is shown in Figure 6. The acetyl
proton peaks are at 1.928 ppm and 1.876 ppm. The N-C-(CHs)2
resonance peaks appears as two doublets at 1.112, 0.99 ppm
and 1.047, 0.916 ppm. The N-methyl peak at 2.609 ppm and
the methine septet at 4.726 ppm are assigned to the isomer
in which these groups are located cis to the carbonyl oxygen
atom, while the N-methyl peak 2.726 ppm and the methine
septet at 4.016 ppm are assigned to the isomer in which the

respective groups are trans to the oxygen atom. The relative
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population is about 60% for the isomer with the N-methyl

group trans to the carbonyl oxygen atom.

N-Methyl-N-benzylformamide

The proton magnetic resonance spectrum of N-methyl-N-
benzylformamide is shown in Figure 7. The peaks from the
N-methyl protons and benzyl protons cis to the carbonyl
oxygen atom are located at 1.321 ppm and 3.168 ppm,
respectively, while those from the N-methyl protons and
benzyl protons trans to the carbonyl oxygen atom are at 1.348
and 3.168 ppm, respectively. The low field doublet is from
the formyl protons in the two rotational isomers. The unre-

solved signal at 5.956 ppm is from the ring protons.

N-n-Butyl-N-methyltrimethylacetamide

The proton magnetic resonance spectrum of N-n-butyl-N-
methyltrimethylacetamide is shown in Figure 8. 1In this
s pectrum only one set of N-alkyl resonances is found. The
N-methyl resonance is located at 2.937 ppm and the N-CH>
triplet is at 3.272 ppm. The high-field strong single peak
is from the t-butyl protons. The unresolved high field
signals are assigned to the protons of the N-C-CH>-CHz-CHj
group. No doublet appears for the N-methyl group when the
sample temperature is increased from -20°% to 80°%C indicat-

ing that there is only one isomer in this temperature range.
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N-Methyl-N-a-naphthylacetamide

The proton magnetic resonance spectrum of the solution
of N-methyl-N-a-naphthylacetamide in CHCls is shown in
Figure 9. Only one peak is found for the N-methyl protons
at 3.46 ppm and the proton signal from the acetyl methyl
group is located at 1.863 ppm. The solvent peak is at
7.648 ppm. When the sample temperature is varied from -20°%¢
to 65°C, no evidence for the existence of a second rota-

tional isomer was obtained.

N-Methyl-N-phenylacetamide

The proton magnetic resonance spectrum of N-methyl-N-
phenylacetamide in CCl4 solution is shown in Figure 10.
Again only one isomer is found in the temperature range
-20°% to 60°C. The resonance peaks at 3.126 ppm and 1.706
are assigned to N-methyl protons and acetyl methyl protons,
respectively. The unresolved ring signal is located between

7.241 ppm and 7.174 ppm.

Hindered Internal Rotation of Substituted Amides

The hindered internalrotations about the central C-N
bond of some N,N-disubstituted amides were studied, and the

results are reported as follows:

N,N-Dimethylformamide _

The experimental and calculated data are tabulated in

Table 7 and Figure 14. The internal rotation of pure
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DMF-d; and its solutions in F3CCOOH,S-CzH>Cl,and é-c(cns)s
were also studied and the. results are tabulated in
Tables 5, 9, 11, and 13, respectively. These data are
plotted as logio T against 103/T°K in Figures 13, 15,

16, and 17.

N,N-Dimethylacetamide

This compound has been studied in both the pure form
and in solution in F3CCOOH. The calculated and experimental
data are tabulated in Tables 15, 17, and 19, respectively.
The data obtained by total line;shape analysis (T.L.S.) are

plotted as log;o T against 103 /T°K in Figures 19 through 21.

N,N-Dimethylpropionamide

The results for DMP were evaluated by all three methods
and tabulated in Table 21 and the results from T.L.S. are

plotted as logio T against 103/T°K in Figure 22.

N,N-Dimethylacrylamide

The data are tabulated in Table 23, and the results
from T.L.S. are plotted as log;o T against 102/T°K in

Figure 23.

N,N-Dimethyltrichloroacetamide

The results for DMTCA are tabulated in Tables 25 and 27
and the T.L.S. outputs are plotted as logio T against

103/7°K in Figures 24 and 25.



N
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N,N-Dimethylcarbamoylchloride

The results for different samples of DMCC are tabulated
in Tables 29 through 36, and the T.L.S. outputs are plotted

as logyo T against 103/1°K in Figures 26 through 31.
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Figure i1:. Temperature dependence of observed and
calculated spectra of DCON(CHs)z.

Observed Calculated

422.2°k

412.5%k

403.9%k




.88

Figure 12 cont'd.

388.6°K

<

379.0°K

-

370.3%K

_




89

almwv 8%°2 = Mwb\mOﬁ =3utod adouadsaTeod
poyzaw stsiieue adeys-aull Te3IOL ++
20U8I9J9X TRUISIUT S SWIL xxx
poy3zau uotjexedas=ieodd xx
poy3jau OT3IRI-AJTSUDIUTI «

¥1°877T 609°2- 98S¥%2°0 L2S6%°0 69¢°2
L°8TT 96%°2- 906T¢°0 LO66Y°0 86¢°2
S°6TT $S2°2- T2LSS°0 T€26%°0 292
€°S0T 200°2- 6€566°0 62L6%°0 14 AR
T€°S0T $98°T- 699¢°T SL66F%°0 9LV 2
¢TT1°66 989°T- ¢8S0°2 ST6°7T 8¢0°2 80T0OS "0 ¥1S5°2
¥0°96 L82°T- ¢€¥80°% L88°2 860° ¥ 68L8%°0 ¢LS" 2
vL2°96 66T T- 6LTE"9 9T7°¢ YLV ¢6%°0 L09"2
L0096 LOO"T- 68%8°6 GG2- ¢ 26°L ¥8S0S°0 629°2
L89°96 $28°0- 0°ST $S°¢ 686°L T€90S°0 SL9°2
LSO L6 SLS 0- 88S5°92 8L9°¢ L6C"6 78%TS°0 L2
9¢%T1°0 8T 6CT 62T0S°0 9LT ¢
92S2°0 88°8LT 9T¢L%"0 TLT ¢
oas/pex ++°S°1 x%x"8°d *» 41
+t 4 44t BOT D9S_QT X 1 D980T X 1  D9§5_,0T X 1 vq M 1/ 0T
x%x" % (YHO)NODQ @and yo puoq N-D
Texjusd ay3l 3InOge UOT3LIOI TRUXSIUT JO ajed ayjz Jo aouspuadep aanjexadwsl °G aIqel



90

Table 6. Thermodynamic and kinetic parameters for
internal rotation about the central C-N bond
of pure DCON(CHa) 5, from different methods.

Method E, Log 2p AF;73 8%k

kcal/mole kcal /mole

I.R.” 16.22 10.56 20.688

P.s.” 6.441 5.212 20.08

T.L.A. 27.19 16.67 21.156

*

FR = = 16.2 Hz.

6“%0
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Table 8. Thermodynamic and kinetic parameters for in-
ternal rotation about the central C-N bond of pure
HCON(CH3) 2 with CgHsC(CH3) 3 as internal reference.

$

Method Ea Log 2A AF375 9

kcal/mole kcal /mole
+

I.R. 14.67 9.808 20.56

p.s.” 3.006 3.399 19.88

T.L.A. 23.52 14.7 20.99

%* ¥
T.L.A. 24.15 15.06 20.99

*PR = 15.8 Hz.

*

With no spin-spin coupling correction.

* *
With spin-spin coupling correction by superposition.
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Figure 14. Plot of logyo T against 103 /1°Kk for pure HCON(CHs) 2

with spin-spin coupling correction included by
superposition, with CgHsC(CH3)3 as internal
reference.
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Table 10. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of DCON(CHjs) >
in F3CCOOH solution.

Method Ea Log 2A AF;37 9
, kcal/mole kcal/mole
I.R.” 14.0 10.35 18.55
p.s.” 8.154 6.711 18.17
T.L.S. 16.78 12.09 18.48

*
FR = 13.0 Hz.
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Figure 15. Plot of logio T against 103/T°K for DCON(CHs3)»
in F3CCOOH solution.
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Table 12. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of DCON(CHs)2 in
S— CzH2Cl,4 solution.

%
Method Ea Log 2A AF o
: 379.9°K
kcal/mole kcal /mole
I.R.% 15.43 10.13 20.9
p.s.” 6.499 5.22 20.47
T.L.S. 18.96 12.14 21.01

*
FR = 13.9 Hz.
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Figure 16. Plot of log;o T against 103/T°K for ~-0.67 mole
fraction of DCON(CHz)2 in CzHxCl, solution.
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Table 14. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of DCON(CHs)
in CeHsC(CHs)a.

e ————————————————————

+
Method Ea Log 2A AF3 (o)
80°K
kcal/mole kcal/mole
I.R." 14.56 9.657 20.76
P.S. 14.76 9.719 20.83
T.L.A. 21.63 13.61 20.92

*
FR = 9.7 Hz.



103

0.0 |

Loglo T

Figure 17.

2.6 2.7
102 /7°k

Plot of logipo T against 103/T°K for DCON(CH3s) »
in CgHsC(CHga) 3 solution (~-0.7 mole fraction).
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Figure 18. Temperature dependence of observed and calcu-
lated proton magnetic resonance spectra of
CH3CON (CHa) 2 -
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Table 16. Thermodynamic and kinetic parameters for internal

rotation about the central C-N bond of

CH3CON (CH3) 2 . ¥

+
Method Ea Log 2A AFSSOOK
kcal/mole
kcal/mole

I.R.” 12.71 9.748 17.925
p.s.” 15.17 11.39 17.874
T.L.A. 22 .56 16.06 18.199

*
TMS as internal reference.
FR = 17.2 Hz.

¥* %



1°¢

0°2-

108

*90UDI9IFIX TeuIxd3UT se SWIL U3TM
‘2 (SHO)NOD®HD @2and 103 xoa\mOﬁ jsutebe 1 OTboT FOo 3014

*6T 2anbrg

1 9Tpo



109

*9DUDI9J9I [eRUIDIXD Se SAWH

* %

*S°I°1L woxy 3ITnsay
98°2 = A I/0T =3utod aouadsaf{eod

*

87°G¢CT 6¥6°2- ¥€2TT°0 6000S°0 0L 2
88°92T 22L°2- SS68T°0 9000S°0 8¢L°2
6%°62T S6¥%°2- SS6TE°0 $200S°0 8L 2
82°8TT 6%T°2- S20TL"O 6900S°0 ¥28°2
86°TTT 606° T~ L2¢2°T Lg20S°0 998°2
YT LOT G89°T- 2L90°2 ¥76°7T 820°2 2L20S°0 806°2
S8°90T S¥¥°"T- GGBSG°¢ ST ¢ GL8° 2 6SLEV "0 L¥6°2
22°0TT 9Le"T- T802'¥ 6TL ¢ STT° ¥ 688715 °0 L86°2
TS°90T ¥L6°0- $00°0T 660°¥ $0¢°9 $T€0S°0 ¥c0°¢
60°LO0T TLO O~ 80¢° T2 972°S c¥9°8 $.88%°0 9L0°¢
SLLT 0= 9S8%°0 98¢6¥%°0 eT ¢
628L0°0 SL°6TT 09%0S°0 LBLT ¢
Oas/pex ST L °s°d ‘¥ I
L | »1 OTBoT D@s 0T X 1 09s _OT X 1 D95 0T X 1 Vg A 1/07T

*

»x° 2 (SHO)NOOFHD 3O puoq N-D
Tex3juad ay3z 3jnoge UOT3IL3IOI TRUISIUT JO 23X 3aYyj Jo aduapuadsp aanjexsdws] °/LT a1qel



110

Table 18. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of
CH3CON (CH3) 5 . **

$
Method Ea Log 2A AF
kcal/mole kcziaﬁgle
I.R.* 17.29 12.69 18.0
P.S.* 10.55 8.367 17.73
T.L.A. 27.16 19.0 18.36

¥* %
HMDS as external reference.
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Table 20. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of CH5CON (CH3) >
in F3CCOOH.

+

Method Ea Log 2A AF2950K
kcal/mole kcal/mole
I.R.* 18.24 14.91 16.033
P.S.* 24.23 19.33 16.144
T.L.A. 24 .54 19.57 ’ 15.72

*
FR = 6.9 Hz.
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Figure 21. Plot of logipo T against 103/TOK for CH3CON(CH3z) 2
in F3CCOOH solution.
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Table 22. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of
C2HsCON (CH3) 2 .

+
Method Ea Logio 2A AF o
kcal/mole kcziiﬁglg
I.R.” 13.65 10.85 17.17
p.s.” 17.83 13.61 17.12
T.L.A. 21.44 15.92 17.2

*
FR = 13.9 Hz.
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Figure 22. Plot of log;o T against 103/1°k for pure
C2HsCON(CH3) 2.
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Table 24.
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Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of
CH22CHCON (CH3) 2 -

Method E, Logio 2A AF§18.8
kcal/mole kcal/mole
I.R.* 9.845 8.43 16.65
p.s.” 9.092 7.901 16.66
T.L.S. 17.82 13.95 16.66

*
FR = 15 Hz.
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Table 26. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of
CC13CON (CH3) 2 . **

.}

+
Method Ea Logio 2A AF o
kcal/mole kealimole
I.R.. 14.21 12.49 15.02
p.s.* 13.71 12.13 15.02
T.L.A. 22.11 18.47 15.013

* .
FR = 28.6 Hg.
* ¥
HMDS as external reference.
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Table 28. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of
CC1laCON (CH3) 2. **
Method Ea Logio 2A AF;93 6K
kcal/mole :
kcal/mole
I.R.” 16.71 14.42 14.96
P.s.” 14.88 13.05 14.97
T.L.A. 21.07 17.66 14.96

*
FR = 28.6 Hz.

* %

TMS as internal reference.
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Table 29. Temperature dependence of the rate of internal
rotation about the central C-N bond of
CLCON(CH3) 2 .**

.
—_—  — ——————— . ———

10°% /1% pa* Logio T*
3.456 0.55 0.10924
3.03 0.5018 0.380
3.181 0.424 ~1.0044
3.135 0.5046 -1.250
3.110 0.5055 -1.325
3.070 0.502 -1.495
3.029 0.4829 -1.738
2.974 0.4925 -1.958

AEa = 21.91 kcal/mole
Logio 2A = 16.21

TAY ¥ = 17.36 kcal/
F321.5°K = . cal/mole
*Results from T.L.S.

**Not degassed, cyclohexane as external reference.
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Figure 26.

3.1 3.2
103 /1°k

Plot of log;o T against 103/1°K for pure
ClCON(CH3) 5, with cyclohexane as external
reference.
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Table 30. Temperature dependence of the rate of internal
rotation about the central C-N bond of
CLCON(CHg) o .**

103 /1°K pp* Logio T*
3.618 0.515 0.5
3.482 0.4829 0.172
3.315 0.4959 -0.616
3.274 0.509 -1.162
3.184 0.505 -1.168
3.125 0.509 -1.3401
3.096 0.495 -1.444
3.072 0.503 -1.535
3.015 0.508 -1.755

AE; = 17.7 kcal/mole

Logio 2A = 13.45

+

317.5°K =18.17 kcal/mole

AF

*
Results from T.L.S.

¥* ¥
Saturated with O and TMS as internal reference.
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Table 31. Temperature depende
rotation about the
C1CON(CH3) 2 .**

1

nce of the rate of internal
central C-N bond of

103 /7°K pa¥ Logio T*
3.618 0.4650 0.4623
3.422 0.4989 -0.1910
3.315 0.5006 -0.875
3.262 0.5096 -1.2479
3.184 0.5141 -1.277
3.125 0.5033 -1.438
3.096 0.4815 -1.541
3.072 0.5074 -1.64
3.02 0.5088 -1.751

E; = 13.79 kcal/mole

Log 2A = 10.88

¥

AFz47.5%K

= 17.79 kcal/mole

¥*
Results from T.L.S.

* %
From K and K, not purified,

as internal reference.

not degassed, cyclohexane
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Figure 28. Plot of logyo T against 103/7°K for not purified
ClCON(CHgz) 2, not degassed, with HMDS as external
reference.
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Table 32. Temperature dependence of the rate of internal
rotation about the central C-N bond of

C1CON(CHg) 2 .**

103 /T°k Pax Logi1o T*
3.311 0.4930 -0.412
3.181 0.5034 -1.025
3.168 0.4952 -1.047
3.135 0.4947 -1.217
3.086 0.5180 -1.384

E; = 20.02 kcal/mole

Log 2A = 14.93

* —
AF314.5°K = 17.4 kcal/mole

*
Results from T.L.S.

* %
Highly purified (V.P.C.), degassed, HMDS as external

reference.
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Figure 29.
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Plot of log;o T against 103/1°K for highly
purified C1CON(CH3)>, with HMDS as external
reference.
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Table 34. Thermodynamic and kinetic parameters for internal
rotation about the central C-N bond of
C1CON (CH3) 2 . **
+
Method E; Logio 2A AF314 5k
kcal/mole kcal/mole
I.R.* 11.8 9.609 16.89
P.S.* 12.5 10.08 16.84
T.L.S. 21.36 16.06 17.14

*
FR = 11 Hz,

* ¥
Highly purified, degassed, TMS internal reference.
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Table 36. Thermodynamic and kinetic parameters for internal
- rotation about the central C-N bond of

C1CON (CH3) 2 . **
Method E; Logio 2A AF;14 5%k
kcal/mole kcal/ﬁole
I.R.* 12.9 10.37 16.9
P.S.* 11.24 9.19 16.93
T.L.S. 23.16 17.32 17.1

*FR = 11 Hz.

**HMDS as external reference.



Mol/€0T .
c°¢ 2°¢ T°¢ o°¢
I T \J

140

1°g

0°2-

0°T-

1 OThon

0°0

°9dUdI98IdX Teuxsixsa se SAWH
Yy3tm ‘Z(SHO)NODTD @and 103 X _I/c0T 3Isurebe 1 OTBoT Jo 3014 °Tg¢ @anb1d




141

N-Methyl-N—ethylacetamide

This compound was studied by T.L.S. and the calculated
results are tabulated in Table 37 and plotted as logyo T

against 103/T°K in Figure 32.

N-Methyl-N-n-butylacetamide

The internal rotation of this compound was studied by
T.L.S. and the results are tabulated in Table 38 and plotted

as logyo T against 103/71°K in Figure 33.

N-Methyl-N-cyclohexylacetamide

The results from T.L.S. of this compound are tabulated
in Table 39 and plotted as log;o T against 102/7°K in

Figure 35.

N-Methyl-N-isopropylacetamide

The results from T.L.S. of this compound are tabulated
in Table 40 and plotted as log;o T against 103/TOK in

Figure 38.

N-Methyl-N-benzyl formamide

The results from T.L.S. of this compound are tabulated
in Tables 41 and 42, and plotted as logio T against 103 /1°k

in Figures 39 and 40.
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Table 37. Temperature dependence of the rate of internal
rotation about the central C-N bond of
CH3CON (CH3) CoHs .
PA*
o
103 /77K pa* = Logio T* Ei;/sec
3.070 0.49937 0.998 -1.192 100.48
3.042 0.50694 1.028 -1.303 100.56
3.014 0.50514 1.021 -1.447 100.33
3.002 0.52473 1.104 -1.532 100.28
2.987 0.50171 1.007 -1.602 101.89
2.960 0.51488 1.061 -1.716 100.05
2.957 0.50476 1.019 -1.710 98.477
2.940 0.51352 1.056 -1.818 103.39
2.934 0.50882 1.036 -1.835 106.32
2.905 0.49797 0.9919 -2.033 116.97
2.900 0.50667 1.003 -2.033 112.31
2.880 0.49253 0.971 -2.463 117.19
2.865 0.49292 0.972 -2.168 105.29

Coalescence point

*Results from T.L.S.
E; = 22.85 kcal/mole

Lo
AF

g 2A =
¥ o
338.2°K

16.53

103/T2K 2 2.9.

= 17.7 kcal/mole
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: 103 /1°k

Figure 32. Plot of logip T against 103/1°K for pure
CH3CON(CHa) CoHs.



144

Table 38. Temperature dependence of the rate of internal
rotation about the central C-N bond of
CH3CON (CH3)C4Hg.
3 o PA
103%/T°K pa* K =— Log T* FR*
Pg rad/sec
2.996 0.53854 1.17 -1.537 95.693
2.994 0.53501 1.15 -1.528 92.0
2.960 0.53737 1.16 -1.725 99.04
2.957 0.52949 1.425 -1.699 93.39
2.931 0.53245 1.139 -1.857 98.677
2.919 0.53535 1.15 -1.903 98.867
2.988 0.53682 1.159 -2.037 105.54
2.880 0.53343 1.143 -2.158 105.28
2.870 0.53331 1.14 -2.158 102.11

E; = 24.2 kcal/mole

Log 2A

+
AFz40 . 6% =

17.39

17.64 kcal/mole
Coalescence point = 103/T8K = 2.93.

*
Results obtained from T.L.S.
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2.9 3.0
102 /1°k

Figure 33. Plot of log;o T against 103/T°K for pure
CH3CON(CH3) C4Hg.
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Observed Calculated
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Figure 34. Temperature dependence of observed and
calculated proton magnetic resonance spectra
of CH3CON(CHj3) (CgHi11) .
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Figure 34 cont'd.

320.7°K

314.1°%k

305.1°k
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Table 39. Temperature dependence of the rate of internal
rotation about the central C-N bond of
CH3CON(CH3)c-CgH11 »

a (@) - PA *

10°/T°K Pp* K =— Log T FR*

Pg rad/sec
3.277 0.54209 1.184 -0.519 70.506
3.184 0.55304 1.237 -1.208 70.081
3.14 0.53812 1.165 -1.401 69.62
3.118 0.53740 1.162 -1.525 72.112
3.107 0.53542 1.15 -1.544 70.261
3.102 0.5059 1.023 -1.678 80.555
3.08 0.52832 1.12 -1.696 73.38
3.06 0.50537 1.02 -1.83 76.633
3.029 0.49833 0.993 -1.952 72.543

Ea = 26.2 kcal/mole
Log 2A = 19.38

AF*

321.9°K

= 17.06 kcal/mole
Coalescence point = 103/T2K = 3.07.
*Results from T.L.S.
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Figure 35. Plot of logi;o T against 103/T°K for pure
CH3CON(CH3) CgHi1 -
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Observed Calculated

330.8°%Kk

325.0°K

322.3°k

Figure 37. Temperature dependence of observed and calcu-
- lated proton magnetic resonance spectra of
CH3CON(CH3) CH(CH3) 2 -
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Figure 37 cont'd.

318.9°Kk

305.6%
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Table 40. Temperature dependence of the rate of internal
rotation about the central C-N bond of
CH3CON(CH3) CH(CH3) 2.

102 /T°K pA* K = 2. Log T* FR*

Pg rad/sec
3.27 0.52148 1.089 -0.608 72.864
3.47 0.5534 1.239 -1.269 70.445
3.15 0.56307 1.289 -1.394 72.140
3.13 0.56352 1.29 -1.493 72.593
3.11 0.56439 1.296 -1.572 72 .868
3.10 0.546 1.203 -1.68 76.465
3.07 0.5284 1.12 -1.819 78.295
3.06 0.526 1.11 -1.908 78.130
3.02 0.53 1.13 -2.062 72.507

Ea = 26.77 kcal/mole
Logio 2A = 19.81

¥ _
AF321.5°K = 17 kcal/mole o
Coalescence point = 103/TCK = 3.1.
*Results from T.L.S.
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Figure 38. Plot of logio T against 103/T°K for pure
CH3CON(CH3) CH(CH3) 2«
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Table 41. Temperature dependence of the rate of internal
rotation about the central C-N bond of
HCON (CH3) CH2CgHsg . * * *

103/1°k  Pp* K = Pa Log T** Log T¥ FR*
Pp rad/sec
2.660 0.45464  0.8336 -1.127 -1.126 123.68
2.631 0.46424 0.8665 -1.185 -1.185 127.28
2.617 0.46065 0.854 -1.318 -1.318 124.45
2.595 0.45165 0.843 -1.324 -1.324 123.56
2.563 0.46894 0.883 -1.546 -1.546 125.88
2.537 0.44872 0.814 -1.64 -1.640 123.39
2.511 0.45936 0.85 -1.823 -1.823 130.46
2.481 0.46796  0.88 -1.912 -1.912 125.31
2.446 0.49468 0.9789 -2.165 -2.164 135.22

Ea = 23.24 kcal/mole
Log 2A = 14.57
AF$ = 20.88 kcal/mole

394.5°K o .
Coalescence point = 103/TCK = 2.48.

*
Results from T.L.S.

* ¥
Superposition technique is used and J: and Jz are assumed

to be 0.4 cps and 0.6 cps.
*
T.L.S. on the benzyl - doublet.

* %
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103 /7°k

Figure 39. Plot of logio T against 103/T°K for pure
HCON(CH3) CHoCgHs (from benzyl protons) .
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Table 42. Temperature dependence of the rate of internal
rotation about the central C-N bond of

HCON(CH3) CH2CgHg . ***
103 /T°k Py* =Pa Logio T* FR *
Py rad/sec
2.660 0.54595 1.2024 -1.003 110.69
2.631 0.52486 1.1046 -1.262 111.47
2.617 0.57939 1.3468 -1.301 115.41
2.595 0.52920 1.124 -1.381 110.4
2.563 0.58639 1.418 -1.596 115.1
2.537 0.55102 1.227 -1.753 117.35
2.511 0.20404 0.25 -1.766 165.37
2.481 0.51246 1.0511 -2.023 124.89
2.446 0.49656 0.9863 -2.162 123.03

Ea = 22.87 kcal/mole

Logio 2A = 14.41

AF394.2°K = 20.68 kcal/moée B
Coalescence point = 10°/T_K ¥ 2.48.

*Results from T.L.S.
*
T.L.S. on the formyl doublet.

¥* %
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10°/7°k

Figure 40. Plot of logio T against 103/1°K for pure
HCON(CH3) CHzCgHs (from the formyl doublet) .



DISCUSSION

Methods for Obtaining Rate Data from NMR Spectra

The values reported in this thesis for the energy
barriers hindering internal rotation in suﬁstitutedramides
have been obtained using three different methods for ana-
lyzing the NMR data. These are the peak-separation method,
the intensity-ratio method and the method of total line-
shape analysis. These methods will now be discussed from
the viewpoint of selecting the most practical procedure for

applications to chemical problems.

Method I--The Intensity-Ratio Method

This method is based on the measurement of the ratio
of maximum to central minimum intensities in a partially
coalesced doublet. Any factors which produce errors in
this ratio will reduce the accuracy of the results. These
factors include spin-coupling in the case where it is small
enough to broaden the lines but not sufficiently large to
give higher multiplets. In molecules such as DMF this
introduces an important error and must be taken into account

in the calculations or eliminated. A second error may arise

160
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from overlap of the components of the doublet if the chemi-
cal shift between them is not large compared to the line
width. This can be corrected for in the calculations (4),
but makes it difficult to measure energy barriers when the
chemical shift is less than about 5 Hz. The most important
error in this method arises from the inhomogeneous broaden-
ing of the lines when the static magnetic field varies over
the sample volume and, particularly, when the field inhomo-
geneities change during a given series of measurements.
Even though care is taken to tune the spectrometer for maxi-
mum field homogeneity at each temperature the line widths
in the absence of exchange are limited by this factor and
it varies from one measurement to another. Line broadening
from this source decreases the maxima and builds up the
minima giving intensity ratios which are too small. A sys-
tematic error is thereby introduced into the rate constants
and the energy barriers. It is this factor which is
primarily responsible for the energy barriers being too low
when determined by the IR method. A final difficulty is
that the intensity ratio can only be determined with pre-
cision from the temperature where exchange broadening first
causes the doublet components to overlap,up to the coales-
cence temperature. This range is scarcely large enough for

the accurate determination of energy barriers.
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Method I;:—The Peak-Separation Method

This method requires the precise measurement of the
apparent chemical shift between doublet components at
various temperatures. It is more difficult to make this
measurement precisely than it is to measure the intensity
ratio, particularly near the coalescence point where the
peaks are broad and flat, and it is subject to the same
digadvantages as the former method. When the chemical shift
in the absence of exchange is small, overlap must be con-
sidered. Gutowsky and Holm (3), who originally applied
this method to the study of energy barriers in DMF and DMA,
at a spectrometer frequency of 17.735 Mhz, suggested that
going to higher spectrometer frequencies would redqpe the
overlap error. The temperature range accessible by this
method is unusually small because in the région of slow
exchange the peak separation changes only very slowly as
the rate of rotation changes while in the region near the
coalescence point the errors in the measurement are large.
Woodbrey (50) has discussed the dependence of the peak separa-
tion on rate of exchange. The peak-separation method is the
easiest but the least effective one to use in practice.

The disadvantages of these first two methods and their
range of effectiveness have been discussed by Fryer et al.
(14) . They developed a system for combining several tech-
niques, using data points obtained by each only in the

temperature range where that method gives best results..
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In this way they obtained plots of rate constant vs
temperature covering a wide range of temperature with

reasonable precision.

Method III--Total Line-Shape Analysis

The only generally satisfactory method for extracting
kinetic results from NMR data is to compare the actual
line shape observed with spectra calculated using various
combinations of the NMR parameters. To obtain the best
values of these parameters some curve fitting procedure is
required and the digital computer is the only rapid way to
achieve this. It has been shown in this work that, for
exchange between two sites, the parameters required are:
(1) the chemical shift FR in the absence of exchange, which
may itself depend on temperature; (2) the relative pOpuia-
tions of protons at sites A and B, Pa

dividual line widths in the absence of exchange 1/T2A and

and Py’ (3) the in-

1/T2B; and (4) the rate constant for the exchange process
1/27.

The chemical shift in the absence of exchange FR has
been assumed constant over the entire temperature range
employed in most previous studies. However, it has been
recently shown (23) that it often does change with tempera-
ture. It should, therefore, be introduced into the line-
shape analysis as an adjustable parameter to be determined
at each temperature. The curve fitting procedure used in

this work has provided the values of FR shown in the final



164

column of each of the above tables. It is seen that they
tend to decrease with increasing temperature until about
the coalescence temperature when this trend seems to stop
and even reverée. At low temperatures the amides are highly
associated (69) and these changes in FR must result partly
from the changes in degree of association with temperature.
The population factors Pp: Pg should be exactly 0.5
for symmetrically substituted amides but the computer may
select a slightly different value since the experimental lines
are not always completely symmetrical. For the unsymmetrical
amides pp may take values other than 0.5, but should approach
0.5 with increase in temperature. In practice this factor
changes only slightly with temperature and Gutowsky was able
to use the constant value of Py = 0.54 over the entire
temperature range covered in his investigation of N-methyl-N-
benzylformamide (23) without introducing appreciable error
into the rate constants. In this work the program NMRFIT
provides values of Pp: Pg at each temperature.
The line widths 1/T2A and 1/"1‘2B should be equal for
the symmetrically substituted amides and at low temperatures
should be about equal to the line width for the reference.
As the temperature increases and exchange broadéning becomes
important the "natural" line widths become relatively unim-
portant and the computer tends to select very small values
for these parameters. These values have no particular sig-

nificance and the rate constants are not appreciably altered
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if these values are fixed throughout at the values they

have in the absence of exchange.

Errors in the Measurement of
Rotational Barriers

Values reported for the rotational barriers in a given
amide have varied widely. Thus for N,N-dimethylformamide
values from 7 to 28.2 kcal/mole have been reported (Table 1),
with frequency factors ranging from 10% to 10*7. Woodbrey
investigated in detail the random errors in these parameters
as determined by NMR and showed that the 90% confidence
limits for values of E; were usually within %+ 1 kcal/mole
of the reported values. The large deviations from one
laboratory to another, and even within the same laboratory
when measurements are made under different conditions (Table
2) , must come from important systematic errors.

Fryer, Conti and Franconi (14) attempted to determine
the reasons for great Variations observed. They considered
particularly the effects of field inhomogeneities and
gradients (which lead to non-Lorentzian line shapes) and
the systematic errors associated with the methods for
analyzing NMR data. 1In this work we have considered the
possible effects of impurities, of dissolved oxygen, of the
standard used (external or internal) and of the number of
data points taken and the temperature range covered. The
results for a study of N,N-dimethylcarbamolychloride are

shown in Table 44. In each case the field has been optimized
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at each temperature, using the 100 MHz instrument, and the
total line-shape method for analyzing the data has been used.

It is seen at once that impurities lower the rotational
barrier markedly. Even with purified samples the line
broadening from dissolved (paramagnetic) air may be signifi-
cant as shown by the fact that a sample saturated with oxygen
gas gave a much lower barrier (17.7 kcal/mole) than that
obtained under optimum conditions (21.4 kcal/mole).

The use of an external reference appears to lead to
systematic errors which produce values of the rotational
barrier which are too high. Since spinning sidebands become
more significant with the arrangement used for external
referencing the intensity distribution is altered and this
result is not unreasonable. The most reliable values for
DMCC appear to be E; = 21.4 kcal/mole and log A = 16.1 ob-
tained with internal TMS reference. It may similarly be
noted that the usé of external HMDS reference for DMA gave
a value of E; larger by 4.5 kcal/mole than that obtained
with internal TMS. The lower value is preferred in each
case since the best values reported from other laboratories
for DMCC and DMA are 16.9 and 20.6, respectively (Table 1).

Although the values reported here for the rotational
barriers in the N,N-dimethylamides agree fairly well with
the most recent numbers from the literature and differences
are still well beyond the rather small statistical errors

(about #+ 0.3 kcal/mole) computed by probability theory in
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the usual manner. The conclusion must be that all the im-
portant factors determining these values have not been
isolated and fully taken into account yet. The present
values (Tables 43, 44, and 45) represent the results of
reducing all the known systematic errors to a minimum.

One possible source of the differences between the
present results and those reported in the literature is the un-
known effect of the internal reference material which must
be used in our work to provide a stable lock signal.

A rather large amount of reference (0.2-0.3 mole fraction)
must be used and a solvent effect on the barrier is quite
possible. Use of an external reference gives less reliable
results because of spinning problems. Use of an external
lock requires (in our laboratory) going to a spectrometer
frequency of 60 MHz where the chemical shift is smaller

and the errors correspondingly larger. For this reason we
have no completely reliable data on the amides with which
to compare our internally referenced samples. Most other
authors have used internal TMS in unspecified amount so
similar observations hold. The spin-echo measurements are,
however, made with pure materials as are all our externally
referenced measurements.

It has frequently been noted by investigators in this
field (16) that values of AF¥ obtained in various labora-
tories tend to agree quite well; the disagreement is in the

values of E3 and log A. For this reason we should
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particularly stress the interpretation of the AF# values
when discussing substituent effects. Our values of AF*
almost always agree + 0.2 kcal/mole with the best litera-
ture values.

The values of E; obtained by the computerized versions
of the peak-separation method and the intensity-ratio
method are included in the tables of data for the various
compounds. These values are consistently lower than those
obtained by total line-shape analysis. Since they are less
reliable than the latter they will not be used in the dis-
cussion.

Rotational Barriers in Symmetrically
Substituted Amides

The energy barriers for internal rotation about the C-N
bond in the disubstituted amides are much higher than those
for internal rotations in ethane, amines, alcohols and
ketones, all of which have values about 3 kcal/mole (37).
The extra height of the barrier for internal rotation about
the C-N bond in amides is believed to result from large
partial double bond character in the C-N bond. There is a

variety of evidence that

.. ' ‘\.
-9<§:C ___N,/-R RN . Nt/'R'
" N ge R N R"
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structures I' and II' contribute about equally to the
resonance hybrid (97,99). However, there has not been
enough data of sufficient reliability to evaluate the effect
of substituents R,.R', R" on the rotational barrier despite
the many articles which have appeared on the subject (see
HISTORICAL BACKGROUND). Since the substituent effects
should lead to a better understanding of the origin of the
barrier an attempt has been made to obtain more precise
values for a series of N,N-dimethylamides. The results
are summarized in Table 1.

The value obtained here for the rotational barrier in
DMF (24.2 kcal/mole) is close to the mean of the best two
values available in the literature and there now appears to
be reasonable agreement that this value is in the range
24 £ 2 kcal/mole. The higher value (27.4 kcal/mole) ob-
tained with DMF-d; and internal TMS may reflect the diffi-
culty of using this standard for the measurements at higher
temperature since it is volatile and boils out of the solu-
tion causing the internal-lock signal to be erratic; the
higher value is, therefore, considered less reliable. Any
isotope effect should be small and less than the uncertain-
ties in our values for the barriers. The value for DMF-d;
will be free of any error from overlap effects but the DMF
result has been corrected for overlap so any residual error
from this source should be small. A careful spin-echo

study of DMF-d; has yielded a value E; = 22 kcal/mole (93)
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and the less reliable study of Franconi et al. (14), made
by a combination of approximate methods, a value E = 27.4
kcal/mole.

The value of 22.6 kcal/mole found here for the rota-
tional barrier in N,N-dimethylacetamide is close to the
best value in the literature, 23.0 kcal/mole. Neuman and
Jonas (17) have reported 19.6 kcal/mole for DMA-ds but this
difference may represent a true isotope effect, at least in
part. They suggest that the decreased electronegativity
and hyperconjugation plus the smaller effective size of CDj
relative to CHz could lead to a decrease in AF¢ in the

¥ (18.2)

deuterated compound. However, our best value for AF
in DMA is identical with theirs in DMA-ds so no isotope effect
on AF# has been established.

Three factors may be of particular importance in deter-
mining the size of the rotational barriers. (1) Increasing
steric size of the substituent group might be expected to
lower the barrier as a result of relief of steric strain in
proceeding from the planar ground state to the rotational
transition state in symmetrically substituted amides.

(2) Increasing resonance donation of charge (by hyperconju-
gation in this case) should also lower the barrier since
cross-conjugation would tend to compete with the principal
resonance which provides the large partial double-bond

character. Thus, contributions of structures such as III

would reduce the partial double-bond character of the
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central C-N bond and so the barrier. (3) Increasing in-

ductive donation of charge from the group X will tend to

N O, g O~ (O
/
x— “~CHj; x ~~CHs X~ CHs
I II III

favor form II and reduce the barrier. Neuman and Jonas (17)
have shown that these ideas are in semi-quantitative agree-
ment with experiment by correlating AF¢with the substituent
constants 0* and ES which measure polar effect and combined
steric size and resonance effect, respectively.

Finally, in comparing values of E, or AF* in different
compounds possible solvent effects must be borne in mind.
Even in going from one pure amide to another differences in
size and shape of the molecules, and in dielectric constants
of the liquids, may alter rotational energy barriers.
Further effects from internal reference materials used in
the NMR studies are probable.

A significant decrease is observed in both AF¢ and Eg

* = 21.0, E; = 24.2) to DMA (aF* =

on going from DMF (AF
18.2, E3 = 22.6). Substitution of hydrogen by methyl will
both increase the size of the group and its ability to
donate electrons inductively and both these factors should
lower the rotational barrier. Hyperconjugation may also

be significant through the contribution of additional

structures of type IIILwhich also would reduce the barrier.
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(o] CHj
Se—n<
H;I-/C + CHs

111’

A further decrease in E, and AF¢ is observed in going
from DMA to N,N-dimethylpropionamide and can be attributed
to both the increase in steric size of the group and in the
inductive donation of charge when the methyl group is re-
placed by ethyl group.

It was suggested by Rogers and Woodbrey (4) that sub-
stituents in which cross conjugation with carbonyl oxygen
would be important should lead to decreased double-bond
character in the central C-N bond and lower barriers. The re-
sults for N,N-dimethylacrylamide (E; = 17.8, AFF = 16.7) and
N,N-dimethylcarbamoylchloride (E; = 21.4, AF* = 17.1) bear
out this hypothesis, although the effects are not large.

In the case of N,N-dimethyltrichloroacetamide the
rotational barrier (E; = 22.1 kcal/mole) is very close to

* is 3.2 kcal/mole lower. The trichloromethyl

DMA but AF
group is much more polar than methyl which would tend to
increase the barrier but the larger size should oppose this
and evidently is the more important factor since a net de-
crease is observed.

The limited data available on substituent effects in
N,N-dimethylamides indicates that the polar effect of the

group is of relatively small importance since even the most

polar groups (CF3, CCls) lead to rotational barriers not
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greatly different from DMA. Steric effects appear to be
more important since all the compounds studied have lower
rotational barriers than DMF. Resonance effects are per-
haps most important since a substantial drop in the
barrier occurs when groups capable of conjugating with
the carbonyl group are introduced (Q, CHz=CH-, Cl). Much
more research will be required to evaluate the influence
of each of these factors.

The rotational energy barriers for DMF and DMA in
trifluoroacetic acid solution, where the principal species
are expected to be DMF—H+ and DMA—H+, have been measured.
The values for DMF-H' (oFF = 18.5, E, = 16.8) are surpris-
ingly low since previous investigators have reported much
higher values for DMF—H+. One might expect a higher barrier
than in DMF itself since protonation on the oxygen atom
~. _ * ~CHa 6\ __+ CHs
,/'c T N~\~ //,C T N‘\\
R CHs R CHj

Iv ) I

occurs and the contribution of resonance structure IV should
be more important for the cation, where there is no separa-
tion of charge, than the corresponding structure (I) would
be for DMF where there is a large separation of charge. It

may be noted that although their absolute values are higher

than ours,Conti and von Philipsborn (18) did observe a

decrease of 3.4 kcal/mole in E; and of 2 kcal/mole in aF?
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on going from DMF-d to DMF-d—H+. It may be that steric
strain is greater in the protonated species thus destabi-
lizing the ground state and lowering the rotational
barrier. The expected increase in barrier on protonation
does occur with DMA, however. Here E5(24.5 kcal/mole) has
increased 1.9 kcal/mole going from DMA to DMA—H+ although
AF* has decreased by 2.5 kcal/mole. It was not possible
to make precise measurements of the cations in 100% sul-
furic acid because of the high viscosity; Franconi and
Fraenkel (10) reported such measurements for pMF-H' but
found that exchange protolysis was the dominant process
with DMA.

Solvent Effects on Rotational Barriers
in Amides

The effect of added solvent on the rotational barrier
in DMF has been investigated by studying solutions of DMF-d;
in S-tetrachloroethane and in t-butylbenzene. Choosing
Ey = 24.2 as the best value for the barrier in DMF, and
neglecting any deuterium isotope, effect, the rotational
barrier is lowered by 2.6 kcal/mole in going from the pure
material (containing, however, t-butylbenzene as an internal
reference) to a solution with about 0.4 mole fraction S-
CoHoCl,. Since the dielectric constant of §-tetrachloro-
ethane ( 8.2) is considerably lower than- that of pure DMF
(37.8 at 25°C) the polar ground state of the amide molecule

should be destabilized relative to the less polar transition
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state and the barrier lowered as is observed. Similarly,
going from DMF containing only enough t-butylbenzene to
maintain a lock signal to DMF containing about 40 mole
percent solvent has lowered the barrier from 24.2 to 21.6
kcal/mole. Neuman et al. (16), however, found a slight
increase for the rotational barrier for DMCC on dilution in
carbon tetrachloride (but a decrease in AF# of 0.5 kcal/
mole) . Our results indicate that both E, and AFt are lowered
on dilution in a solvent of dielectric constant lower than
that of the pure amide.

It should be noted that any solvent (other than an
amide solvent) will tend to break up the structure believed
to be present in these liquids. The structure arises from
two factors-—hydrogen bonding between two or more coplanar
amide molecules and van der Waals forces between the planar
molecules which tend to stack with their planes parallel.
Both these factors will tend to increase the energy necessary
for rotation of the -N(CHa)> group. There will be a tendency
then for solvent molecules of other types to lower the
rotational barriers by breaking up this structure.

If the hypothesis is correct that solvents of ﬁigher
dielectric constant stabilize the ground state more than
the excited state, then solvents of dielectric constant
higher than the pure amides should increase the barrier.
This appears to be true since Neuman and Young (12) report

a value of E; = 26.3 kcal/mole for a 10 mole percent solution
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of DMF in formamide and a value of E, = 24.7 for a 10 mole
percent solution of DMA in formamide and the dielectric
constant of formamide (e = 109.5 at 25°C) is higher than
that of DMF (e = 37.8) or DMA (e = 37.9). Neuman and
Jonas (17) also find that the value of E; for DMA is

1 kcal/mole higher in 9.5 mole percent dimethylsulfoxide
(¢ = 48.9) than for the pure liquid. Unfortunately, no
other data for solvent effects on rotational barriers have
been reported using total line-shape analysis and the
precision of the older work is in doubt.

Rotational Barriers in Unsymmetrically
N,N-Disubstituted Amides

A number of older measurements made by the peak separa-
tion method (Table 3) have been reported for unsymmetrically
N,N-disubstituted amides. However, these are subject to
considerable uncertainty and the only reliable values,
derived from total line-shape analyses, are those for the
barriers in N-methyl-N-benzylformamide (23) and N-acetyl-N-
methyl-2,4, 6-trinitroaniline (24). In this investigation
N-methyl-N-benzyl formamide was studied to permit comparison
with the work of Gutowsky, and rotational barriers for four
N-methyl-N-alkylamides not previously studied have been
obtained by the total line-shape analysis method.

In the case of N-methyl-N-benzylformamide the formyl
proton is a doublet which coalesces at higher temperatures

and the methylene protons of the benzyl group are a chemically
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shifted doublet which also coalesces on heating so both
can be used to evaluate rotational energy barriers. The
values so derived, E; = 23.2 kcal/mole from benzyl protons
and E; = 22.9 kcal/mole from formyl protons, may be com-
pared with the values E; = 25.0 kcal/mole (benzyl) and

E, = 22.7 kcal/mole (formyl) obtained by Gutowsky et al.
(23) . The agreement is good and, in the case of the AF¢
values, is excellent. They also determined Ez by a direct
equilibration method and obtained a value of 20 £ 3 kcal/
mole. Our values agree better with each other than do
those of Gutowsky perhaps because we corrected for spin

coupling between the formyl and benzyl protons. This was

done by estimating the cis and trans couplings and super-

posing two doublets separated by (Ji + Jz2)/2. Although
the fine structure is not resolved the line broadening from
the spin-coupling will introduce errors into the rate con-
stants unless corrected for. The corrections are small
(see Table 41).

In the series of substituted acetamides studied here

(V-VIII) the rotational energy barriers are, respectively,

Ox _ o 0. -CHs Ox,. -~ CHs
e >c — N__ C-N_ _cnm
CH3 TSCHxCHs CHj CH2CH2CH2CH3 CH3 -
CH
v VI VII CcHa— \CH2
N

- N
CH3 NcuCHs

Hgj
VIII
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22.9 kcal/mole, 24.2 kcal/mole, 26.2 kcal/mole and 26.8
kcal/mole. This order roughly follows the order of in-
creasing size of the groups. The steric substituent con-

stants E, (98) for CzHs, n-C4Hg, ¢-CeHii: and i-CgH; are,

S
respectively, -0.07, -0.39, -0.79 and -0.47, with cyclohexyl

out of line. However, if the values of AF¢ are compared

then the order is exactly that that of the E, constants

¥

S
=17.7, 17.6, 17.1 and 17.0 for V-VIII, respectively).

(AF
However, the barriers would not be expected to increase with
increasing size of substituent, but rather to decrease
because the steric strain would be relieved in the rotational
transition state. It therefore appears that the increasing
electron donating powers of the groups must be the dominant
effect. The 0* constants for>C2H5, n-C4Hg, c-CgHi11 and
i-C3H7 are -0.100, -0.130, -0.150 and -0.190, respectively.
Electron donating substituents on nitrogen couldbincrease
the rotational barrier by stabilizing the polar structures
of type II which are responsible for the partial double-bond
character of the central C-N bond. A more electronegative
substituent such as 2,4,6-trinitrophenyl should then lower
the value of E; and Weil et al. (24) report E; = 19.7 kcal/
mole for N-methyl-N-acetyl-2,4,6-trinitroaniline.

The spectra of N-methyl-N-n-butyltrimethylacetamide,
N-methyl-N-a-naphthylacetamide, and N-methyl-N-phenylacetamide

were also studied, but only one N-methyl resonance peak
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was observed for each amide. It could be that: (1) the
rate of rotation about the central C-N bond is very fast
(1/Ta52v(vA - VB)) and only an average of the two N-methyl
resonance peaks is observed, (2) the two N-methyl resonance
peaks have the same chemical shift, or (3) only one isomer
is present. The first possibility is not likely, because
all three amides have been studied in the temperature .range
of -20°C to 65°C, and thére is no evidence for two rota-
tional isomers, The second possibility is also improbable,
because all the other disubstituted amides did give two
distinctive N-methyl resonancé peaks, so the chance for
these three amides to all accidentally have equal chemical
shifts for cis and trans methyl groups is very small. The
explanafion for the observed single N-methyl resonance peak
then must be that there is one dominant isomer, and the
steric effects of the bulky substituent group slow the
internal rotation about the central C-N bond in these amides.
These amides may not be planar in the ground state as a
result of steric interactions.

An inspection of the tables containing the activation
parameters obtained from different methods indicates that
the values of energy barriers and of log A have tended to
increase when increasing care has been taken in conducting
the experiments and in analyzing the experimental spectra.
In several cases, the frequency factors are larger than the

usually accepted value for unimolecular reactions,
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6 x 10*2sec™® at 300°K. However, this is not unexpected.
From transition state theory the discrepancy reflects an
entropy increase in going from the normal amide to the
transition state. The large values of AS¥ observed may
be rationalized in the following way. Amide molecules
are known to be approximately planar, hence in the ground
state the resonance structure II is favored. The transi-
tion state for the internal rotation process is non-planar,
and its electronic structure will be better represented
by structure I. In the ground state an amide molecule
tends to dimerize with another amide molecule to form a

rigid configuration such as X.

/’

+
6 \
N

R/ e

X

Comparing the configuration of the more polar ground state
with the less polar activated state it can be seen that in
the activated state the amide molecule has less constraint,
or more degrees of freedom than in ground state, conse-
quently a positive activation entropy is expected in going
from ground state to the activated state. There may even

be an additional positive contribution to AS* because of
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desolvation, since it should be more difficult to solvate
the non-planar transition state. The high values of the
frequency factors for internal rotation about the central

C-N bond in amide molecules are thus reasonable.



SUMMARY

(1) Two approximate methods, the intensity-ratio and
peak-separation methods for determining rate constants
from NMR data, have been evaluated and shown to lead to
systematically low values for rotational energy barriers in
amides.

(2) A total line-shape analysis method has been developed
for obtaining rate constants from NMR data over a wide
temperature range. It fits the experimental curve to a
"best" set of NMR parameters by a least-squares method and
performs all computations and cufve'plotting using the CDC-
3600 computer.

(3) A study has been made of the effects of such
factors as sample purity, dissolved oxygen and method of NMR
referencing on the rotational barrier of N,N-dimethyl-
carbamoylchloride.

(4) The barriers hindering internal rotation in a series
of substituted N,N-dimethylamides have been obtained by the
total line-shape analysis method and compared with previous
values.  Substituent effects have been discussed.

(5) The effect of solvents on the rotational barrier in

N-N-dimethylformamide has been studied.

185



186

(6) The barriers hindering rotation in a series of
unsymmetrically N,N-disubstituted amides have been
determined by the NMR method and the factors affecting the

rotational barriers discussed.
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APPENDIX I

NMRFIT

Description of variables:

P(1)
P(2)

P(3)
P(4)

P(5)
P(6)

N

is
is
of
is
is
of

the T value or the inverse of twice the rate constant.
the population fraction of the lower field component
the doublet.

the position of the center of the doublet.

the peak separation of the doublet in the absence
exchange.

is the half width at half height of the lower field
component in the absence of exchange.
is the half width at half height of the higher field
component in the absence of exchange.

is

the number of experimental points.

COMPOUND identifies the spectrum.

X(I) is the experimental frequency reading.
Y(4,1)
Y(3,1)
Y(6,1)
Y(5,1)
Y(2,1)

B
c(1),
TR

TRY

is

I
is
gi
is

is the experimental intensity at X(I).
is the calculated intensity at X(I).
is ¥v(4,1)-¥(3,1), at x(I).
is the calculated intensity of the first doublet.
is the calculated intensity of the second doublet,
which is to be superimposed onto the first doublet.
the intensity adjustment constant.
=1 to 6, are the initial adjustment increments.
the number of times the program passed through a
ven point in SIZE.
the desired number of trials.
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Flow Chart for
NMREFIT

Read N,CONPOUND P(3)

|

Read estimated
P(I)’I=1$2$4,5v6’

1 .
[Print N,COLEOUND )
|

Print P(I)'s

yes N €
o)

Read X(I),
Y(4,I)

no I=N
yes

Define starting
adjustment increments

L.

Call ADJ*
|3
yes
o-<ﬁt=ﬂp>
yes
Print Y(4,I),X(I),
Y(é,I);I=l’oooN

|
Print F(1) |

END
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Flow Chart of ADJ.

TRIAL=0.0
T=large number
V=1 + C(K)

=

[Caii s1zE]

TO=0l1ld sum of Sq.
T=sum of Sq. from SIZE
TRIAL=TRIALS + 1

yes- TRIALS-TRY=0>>

yes
P(K)=P(K)+V

Change sign and
adjust C(K)

Readjust C(X)

Print SO,TR,TRIALS
J’KQP(K)SC(K)’B

Return

* Ref.80
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Define \'
|

1
Use lineshape Egt.
to calculate
Y(5,I)'s

I
Displace P(3)
by (J1+J2)/2
]
Use lineshape Eqt.

to calculate Y(2,I)'s

Y(3,1)=B x (¥(5,1)+1(2,1)),

>, (Y(4,1)*¥(3,1))%=50

no

Define TR
and functions <—— C
governing A,B

—>

Adjust Y(3,I) by
A factor

|
¥, (Y(4,1)-¥(3,1))%=57

no <<i§§:>

yes

no | 4&%%;” no

[Change sign yes

and reduce V Return to ADJ
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PROGRAM NNV FIT
COMYMON Xeo Yo Poe Co Be QO TP:Y'W_NQ Ke Je Le TRe RCe TA, TR
DINENSION X(ZCN) e Y (H410N)eFP(6)4C(H)eR(1)aIN(E)
THIS PROGRAM IS TO FIT Tri FXDTDIYENTAL DOUSLET OF DISURSTITUTED
AMIDE QR ANY TuwD SITE [XCHANGE DROSLAM
X 1S THE FRYGUENCY IN CyrLifs AN Y IS IN RPELATIVE INTENSITY
P(l)y IS THE TAU P(2) IS KD RFLATIVI POOYULATICN OF THE TwO SITES
P(2) IS THFE CENTER CF THE TwO PTAKS P(4) P(5) F(6) ARE THE
PZAK SEP +HALF CL Tl LIMDWIOTHES AT THE AE?FNCF OF EXCHANSGE

1 FORMAT (13+¢A841E10e7)

10 READ 1 oNGCTHPIUND 4P (3)

3 FORMAT (SE10eN)
READ 3¢ P(1)ePR(2)4P(4) P (%) P(A)
P(A)=P(4)¥6e2132% ] 6027

4 FORMAT (#1DATA CF CRTCTRUNM %A1
PRINT 4 ¢CO7O0UND

S FORMAT (AF10e72)
PRINT SeP(1)e2(2)ePP(2) 9P (4) PP (R)eP(E)

22 FCRIMAT (/% P MDD COoneT NO CONST ADJ INT
1 $0 TR TRIALS*/)
PRINT 22

[F (NelLZeQ) 0 TO 1S
NI 11e I=1eNek
2 FCRMAT (8T 10e3)
READ 2e¢X ()Y (41 ) e X(T+1)aY(4a141)eX(14+2)eV (4l 4+2)eX(14+3)eY(441+3)
11 CONTINUE
SO = 1640
TRYS = 25,0
P=0e%
P0=0e4
Cll)=Ne2 & ClZ)=
C(a)=Cael2 & C(5)
00 14 N3=1410
DO 14 K=146
CALL ADJ
14 CONTINULED
7 FORMAT (% X C35 v
PRINT 7
8 FORMAT (1F1Qel s4F17e )
ND 33« 1=14N
DRINT Se X(1) V(29I )eY(4al)aYV(A])
33 CONTI NUF
6 FORVMAT(///7#I_LGTA )= F10.3)
A=zALCGIT (P (1))
PRINT 6447
GO TO 1C
1S5 CONT INUE
£ND

O ® C(6)Y=Ne"2

\

n o

DD
i

N)

(@]
>
-

Y 078§ Y DIFF #)
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SUFROUTINE ADU

COMNMON Xog Yo Po Co My S04 TRYRe Ny Ko Je Le TRe 204 TA, TA
DIMENSION X(200)eY(He10D)eF(H)YaC(H) P (1) e30(6)
TRIALS = N0

T = G999V ,0

V=1,0+C(X)

DO 8 NI = 142

CONT I NUE

CALL S1Z2=

TO = T

T = SO

TRIALS = TRIALS + 160

1F (TRIALS = TRYSR) 56¢Ga0

CCNT I NUE

IF (T = TC)6e707

CONT IN9E

P(K)=D(K) *V

GO TO 13

CONT INUE

C(K) ==C(K)

V=160 + C(K)

P(K) =P (K) *V

CONT [ NUE

CONT I NUE

C(K)=C(<H¥TRIALS/10eC

FORMVAT (16411008 Xe4F124442F5eQ)

PRINT 10JeaP (<) sC(K)eFPeSDWTRWTRIALLS

RETURN

END

SUBROUTINE Sl12Z&

COMMON Xeo Yo Po Co Be S0e¢ TRYZ e No Ko Jo Le TR BCe TA. TO
DIVENSION X(Z02)eY(HIND,eP(E) L (E) R (1) (H)
S=CeN '
V=0eC25% (B=EC) //DSF(R=1C,

80=R

CONT [ NUE

DO 11 I = 1N

P=X(1)-P(2})

R=P#6 28723 2%] e N2™

TE=1 /(P (H)HC 4273702 3%1 ¢N"27)

TA=1 e /(P (S) %6 a2832%]1 eN27)

PRz=P (1 )% (1e/(TAXTR)=N*¥T+(F(4)/26)¥P(4)1/2e)+(1e=P(2))/TRA+P(2)/TA
C=P (1 )% (R-F(&)F(F(2)*2e=1e)/P0)

RI=R¥ (1e+P(1)#4(]1a/T2+1e/TT))FP(1) %P (L)X (1 e/TR=1e/TA)Y/2 e+
IP(4)*(P(2)%2e=10e)/20
Y(S5e1)=(PPX(1¢+P(1)*¥P(2)/TatP2(1)1%(1e=FP(2))/TAY+
ICH¥RRYI/Z(PIPEEE4 I IXTR)

J].:-’)Q-I’ 'I~J.?=Q.’7
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RE=X(I)=(P(3)+(J1+U2)1/2)
RS=RS*#6.2852% 1407275
PT=P(1)#(1e/(TAXTR)=REXRCH((P(4)=J1+J2) /2N ¥ ((P(a)=J1+J2)1/2e) )+
1(1e=P(2))/TI+02(2)/TA
Q=D ()X (RS=(FP(4)=J1+J2) 7 (P(2) %P e=10)/2%)
RT=RCH(1e4+P (1) ¥ (1e/TA+1e/TENI+P (1) X (P(4)=J14+I2)¥(1e/73=1/TAY/
124 (P(4)=J1+J2)V¥(P(P)*2Pe~1e)/20
Y(246]1)=(FPTH(1e+P(1)XP(2)/TE+P(1)X (1 e=P(2))/TA)+
1OQ¥RTI/Z(PTART+RT*RT)
Y(3e41)=83#(Y(Sel)+Y(2e]))
Y(6e1)=Y(SGa1)=Y(341)
SQ=Y(61)*Y (64 1)
S=S+£50
J=2

11 CONTINUE
GO TO 4

4 CONTI NS
TR=0eD
DO 8 N2 = 1.4
A = 1e0 + V

S5 CONTINUE

R=R#*A
SO = S
S = DeC

TR=TR+1e0
DO 6 I = 1N
Y(3el)=Y(3e1) %A
Y(6e1)=Y(dal)=Y(0])
Q=Y (61 ) X %2
S = S 4+ <0
€& CONTINUE
IF (S = SO) 54747
7 CONTINUEL
V==V¥0e25
8 CONTINUE
RETURN
END
TRUNWININCTCoW






APPENDIX II

NMRPLOT

The purpose of this program is to calculate and plot
out the spectrum from a given set of line-shape parameters
corresponding to those from the program NMRFIT which best
fit the experimental spectrum. The program can plot out
spectra on the same scale as those obtained experimentally,
so the calculated and observed spectra can be compared by

superimposing one on the other.

Description of symbols:

KAPPA identifies the spectrum.

KSCALE is the scale factor. If it is 1, the plot has a
50 cycle/sec sweep width, and if it is 2 a 100 cycle/
sec sweep width.

YY is the highest intensity, in centimeters, of the experi-
mental spectrum. This will set the upper limit of the
calculated spectrum.

RECORD is the compound name.

TAU is the inverse of twice of the rate constant.

PA is the fractional population for the low field peak.

R and S are the half width at half half height of the two
doublet peaks in the absence of exchange.

FR is the peak separation of the doublet in the absence of
exchange.

CEN is the center position of the doublet.

TOTAL is the calculated intensity.

Notes:

1) In order to produce the spectrum which best fits the experi-
mental one the line shape parameters should be taken from
the output of NMRFIT.

2) Before the plotter starts, the pen is at the right hand
side of the paper.
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The statement CALL PLOT (200,X,3) requests the total
number of inches desired for all the spectra to be
plotted. 1In this case, the request is 200 inches.

If more than one spectrum is desired, the data cards for
the additional spectra should be provided in the same
order as given in the comment statements at the beginning
of the program.

The program will correct the frequency readings by a
calibration factor, such as 1.025 in the statements 333
and 5. This quantity means that 1 cycle/sec. is equal
to 1.025 cm. This factor is dependent on the instrument.
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Flowvw Chart for NI'RPIQT

Start

Read J,KAAFA,
KSCALE

Request total No.

of inchs of plot

|

Read PA,R,S,FR,TAU

YY,N,RECORD,CEN

Print out input

Convert input to

rad./sec.

— [ call 1NTEN |

Calculate
intensity at
corresponiing
frequency

BIG=TOTAL(1l)

BIG-TOPAL(I)

20

no

I=XRANGE

yes

yes—

Read and
convert X(I)

to rad./sec.v

— < 0—

BIG=TOTAL(I)
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SX=1./(0.254x0.6283) 1 sx=1./(0.508x0.6283)
Plot X,Y
scale

Plot calculated
spectrum

|

Plot X(1),
Y(I) |

no *’ngi::::>

A < no @h>

END
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PRCGRAV NYSOLOT

PINFNSICN TOTAL(S00C) e XARPA(IN) o XA (1772 )aY (1PN ) eX(100) «~FN(])
CCSMMON TOTAL

IF U 1S 111 EXPT PTS wILL 2 INZLUDFO

IF U 1S 7ZERS +12T DATA CARD US A ANKTXDT PTS NOT READ IN

1ST CARD IS J

2ND CARD IS5 IOSNTIFICATICN CF SPECTRUYV

3RD 1 FOR SC CYCLE SWEFPT wIDTrFeZ2 FOR 100 CYCLE Se'te

4Tk CARD TAU AND YY HICH IS THT HIGHFRT EXPTe POINT IN CM
ReSeFRs AS PRINT/UT FROM NVFFIT

STH PAsRTFR WAICH ADS POPULATICNGLIMNE WINTHS AMD PEAC SFP,

AT THT ADSFNCE OF ROTATION

6TH NUMBFR COF SPUCTRAGRECCRD=CAMNDN NAYMFE ¢ONS [TIAN OF CENER CF [wan
PZAKS

7TH XeYe5s ARE THE RFLATIVE FROQUENTY AND INTEFNSITY 15 CFNTVETFR
FOR MORE THAMN ONE SPTCTRA. ROPEAT THE A20YE QORINED

2 FORMAT (4E1Ce0)
4 FORMAT (ZE10e0)
6 FORMAT (1003)
8 FORMAT (11)
32 FORMAT (3S10e7)
334 FORVAT (12)
75C FORMAT (/e4h PA=F11e%eEXesH P3=T11,%45X,

12H R=E12e¢5e2Xe3H S=C1266¢2X10H PFAK SEP=%11,%5)
751 FCZRMAT (/Z«BH TAU=F12456)
RIZAD 224 4J
O RIAD 64 <ARPDA
FEAD Beé S ALE
PRINT 64+ KAPTA
CALL PLOT (4004¢Xe2)
CALL PLCT (DeQ el e el a10CeellNy)
CALL PLOT (LeDe=20e024107ee1CT)
3 RPZAD 44TALWYY
IF (TAU) £e5al
1 READ 24PAFR RS

Piiz1e~PA

PRINT 790« FAPTI} 42477

IF (JelLEeC) CN TN 2223
101 FORVMAT ([348841710eN)
100 RZAD 101 +MsRZTCRDCEN

DY 3lel=1eNe4
FZAD B2eX(T)oM{I) e X (T +1) e (T+1)aXTH+2) e Y{T4+2)aX(T+2)eY (1 +3)
XC 1S X CCORu CZALLCUD FLO™ READIN X
31 CONTINUL

DO 335 =1eN
XC(I)=(FR/1eET=(TEN/1eCPo=X(1)))¥#6 2022

333 CONT INUE
CON/ERT CYCLUS/RTCe TC PADIANS/CT7,
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CR=FR/1e7"25
C=CX6 e 2827 /1eN2%
R=R#*6e¢2232/1 025
PRINT 751+« TAU
PR=] ¢ =PA

P=PA-P3
W=PA*R+PEI*S

Q=1 ¢+ TAUK (R+3)
VViz=FR

YV=2 ¢ ¥FR
KRANGE =YV /0125
NGO 10 =1 KRANGF

CALL INTEFN(TAUIR S eFReNWaPeCoTOTAL(T) eV eDPA P

VM =VV4+Ne 125

RPIG=TOTAL(1)

DO 20 1=2KRANGF
IF(RIG=TOTAL(I)) 25¢20e¢20
BIG=TOTAL(1)

CONT I NUE

YY=YY#]100 e /234

SY=YY/SIG

GO TO (21422) 0 SCALF
SX=1e/(01e2T6%( ¢H2337)

THIS 1S SCALE™ TO 1 CYCOLIT/CNa
GO TO 20

CEX=1 /(N eENAXN gAY

THIS IS SCALED TO 2 ZYCLT</CV.
CALL PLOT (NeNeQaNalal10NGgelnNty,)
X=C

DO 11 I=149

X=X+Z e0/2e%4

CALL PLCT (QeNeXelel0Negel1"D)
CALL PLOT (CoaleXel1e170ee1lCs)
CALL PLOT (NeNeXelelNDeal1NN,)
CLLLI. FLOT (CeDeDeNelellCDaelnng)
Y=C

NO 222 1=1+19

Y=Y+1e

CALL PLOT (Yol aelalDTeel""e)
CALL. PLCT (YsDelalelN0eel10)
CALL PLOT (YsDeQolelTNee1004)
CALL PLCT (OeQ 9 eCTelallCaelNnN,)
VI=0e129

N0 76 =1 KRANGH

CALL PLOT (TOTALC(I)eVIVelebYeiX)
VIMNzVIV+40e125

CCONT I .WLE

CLlLL PLCT (NeN el aN e eSSV ey



8
89

CALL PLOT (OeNeDeNel 1N g4 X))
IF (JelLE D) GO TO R3%F

DO 77 I=1«N

Y(I)=Y(1)/2.S4

CALL PLOT (Y(I)eXC(1)ea24¢10Nan

206

Cy)

CALL PLOT (DeC el eDNeCe1MN0eelNTy,)
CALL PLOT (0eD5¢0e0e2¢10Ne0lC0,)

CALL PLOT (0e0Ze0el301)

CALL PLOT (=CeCEe0eC%01)

CALL PLOT (=CeD5e=NeNS41"
CALL PLOT (QelHe=De%=0e 1)

CALL PLOT (0e05eNeNe1)

CALL PLOT (DaNeNelNel)

CALL PLOT (Y(I)eXZ(I)eNe10Ngo
CONT I NUFE

CALL PLOT (OeDeCel92¢1004¢95X)

S¥)

CALL PLOT (0eQeZleNeNelNPNGal1N",)
CALL PLOT (1165¢04C92¢1C0ee170,)

GO 7O 3

CALIL PLOT (Oels0eDe=148SY45X)
END

SUBROUTINE INTEN(TAVMRsSFR:
X=FR/2
PIN=TAVE(RXS=FT#F $X ¥ X )+
QIN=TAV¥* (F=PXX)
RIN=FXQ4+TLMEX (=R )+P %X
PIR=PIN¥DINFIIN>TIN

YeP e TCTALF o PA P73

TOTAL=(PIN* (] ¢+ TAVH(PRRXREPARC) )4 INXRIN)/PIR

ENC

'RUNe1 6294212041

1

TEST DATA

FCR AN UNS3SYAUETRICAL DCUILET



APPENDIX III
NMRTAU

In this program the rate constants for exchange between
the two sites are calculated. The program consists of two
parts. The first part of the calculation is based on Woodbrey's
intensity-ratio method and the second part of the calculation
is based on Gutowsky's peak-separation method (13). No cor-
rection for overlap of the doublet components is included
in this program because the observed line widths are small
in comparison to the peak separation of the doublet. The in-
puts are the observed lineshape parameters, intensities at
two maxima and central minimum, peak separations at each
temperature and in absence of exchange, and the temperatures
at which spectra were taken. The output is a list of temper-
atures and the corresponding 1/(2 rate constant) or 1/t
values and the energy barrier and the frequency factor

obtained by each method.

Description of symbols:

TEM is the experimental temperature in °.

BIG is the relative intensity of the first maximum.
SMA is the relative intensity of the central minimum.
BIGG is the relative intensity of the second maximum.
SPE is the peak separation at TEM.

FR is the peak separation in the absence of exchange.
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TAM

TAU

FRE

208

is the inverse of twice of the rate constant from the
peak- separation method.

is the inverse of twice of the rate constant from the
intensity-ratio method.

and EN are the energy barriers in kcal/mole from the
intensity-ratio and peak-separation methods,
respectively.

and FE are the logarithms of the frequency factors from
the intensity-ratio and peak-separation methods,
respectively.



209
Flow Chart for NMRTAU

Read in N

Read TEN, BIG,
SMA,BIGG,SPE,

FR
Calculate TAU(I) | )' Calculate TAK(I)
at TEM(I) at TaNM(I)
Tiet x§13=1/T°K‘ ) Let XX(I)=1/7°k
Y(I)=log TAU(I) | , YY(I)=log TAlM]
|2 : g
Calculate Calculate
):Xi P R XY | | x XXy ;‘.e:XXiYYi
K : ) ' . 2
r'zYi i L Xy - L z'YYi""’i'XXi
- No ‘ -No I=N
es
7 |
Calculate slope Calculate slope
and intercept and intercept
Print out . Print out
ENG,FRE ' EN,FE

End
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PROGRAY NVRTAU

THIS GIVES ENIRCY AND FRFGUENCY. Y INT RATIQ AND PFAC SFP
DIMENSION TAU(IO00) sFR(1CC)sRA(ION) e TNA(LINN) sRIC(1RN) eATRA(INNY o
1GPS(100) e TEM(170) o TUMX (SR ) ¢ CIIAV (BN ) ¢ SUMIXY (S0 ) o SHIMXD (TN) ¢ A(SD) o

(@]

(@)

1
2

10
33

11

POALEN) s ENG(ED) «FREIEN) o TAVINN)Y oSN 1INN) 4FS (107N,
ACSUX(ST ) e [UY(S2) e RUXY(TN)Y ¢ F1IN2 (=N,
X (EY)eaY(ECH XX (BD) oYY (=RD)

FORUMAT(12)

FORNMAT(651Ce)

ENG AND FRE AR FROM INT RATIONMETHOD

L IS THE NUYMSIR CF SPECTRA TC RF CALCULATEN
DO 144 L=1s14

READ 1 o8

IF(NJLESN)ICO TO 100

DO 1Ce I=1eM

TEVRP IN ZEZTIGCRAIRT e INTENSITIES ART RILATIVE LENCGTH
CPE AND FR ART IN CYTLFS

READ 26 TENMII)oaTIS(I) e NA(I)IeRFIZZ(I)aSRT (1) aFROT)
CONT [ NUF

FORMAT (14HBY INT RATIO /77)

PRINT 133

00 114 I=1eN
RAC(I)I=(3ICU1I)I+ 31553 (1))Y/(2e%EMA(])Y)

TAU( I )=SOGRTF(RA(I)+EORTF(RLE(T)I*%2e-RA(CIY)Y)Y/
1(3e1416XFR(T1)*¥1e4167) ’

FORVAT (¥TAU(H]I2F) =R 4 Teq o SXaH¥TEM(#][2% )% ¢ED47)
PRINT el e TAUCLI) el « T2 (1Y
XC1)=1e/(TEM(1)+27362)

Y(I)=ALOGIZ(T2U(1))

CONT [hUIE

LEASR SQUARE AEPLICATICON

SUUMX=0De

SUNY=Coe

SUMXY=0e

SUMX2=0,

DS 44 I=1aN

QUMIX =SV X +X (1)

SUNY=SUVY+Y (]

QUN Y =QUNVXY+X (T )*VY (1)

QUMY D =T MNP 4N ([ ) R

Fl=N)

A 1% THD SLOPE IND 2 16 TuE [NTECEPTON

Bz (FNFQUIXY =500 SX TNy /(TR m WX Dm C X 2D

Rz (GQUMYRSUYXE =AY TN ) S (FNC VYD =G %D )
ENS(L) =2 e 3% e R7 1A

FRE(L)=3

FORNAT (//¥T95(x12%) =% 451
PRINT ol «SFi5 () ol o557 (L)

CoTamX g #FRE(#I12%)=%4F 1N gRe///)
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c RY PEAK STP MITHID
Q9 FOOMAT (12H3Y PFAX SFP,  //)
PRAINT 99
DO 13e I=14N
TAM(TI)=1 e/ (1041422414 1AXTORTF(FR(TI)®*D4="DF ([ )¥¥2,4))
O FORMAT (H#TAV(H[2P*) =X aF 1N ¢ 2aCX ¢¥TE/ (¥][2%)=%4T1Mg7)

PRINT Dol o TAY(I) el oTEM(T)
XX([)=1e/(TEVA(1)+273e2)
YY(1)=ALOGIO(TAM(]))

13 CONTINUE

c LEAST SCURE APPLICATION
SUX=0e
SUY=0.
cUXY=De
SUX2=C"e

DN 66 I=1aN
SIX=SUX+XX (1)
CUY=SOY+YY (D)
SUXY=JUXY4XX(T)#vYY (1)
6 SUX2=SUXZ4+XX(1)*%2
FNN=N
c AALS SLOPRPEWHBI IS5 INTFCEPT
AAZ (FNN*SUXY=SUX#*SUY )/ (FNNXSUX2=-SUX%#2)
S8z (SUYRSUX2="CUXESUXY )/ (FRNN¥OUIX2 =S UX % #2)
EN(L)=2e3%]1 e937%AA
FE(L) =P8
7 FORMIAT (//7%5N(HIP*)=X qF 1N a3 eTX ¢ ¥FT (X[ 2%) #4511 Ce0///)
PRIMT 7oL «+EN(_) el «FF (L)
14 CCNTINUF
1CC CONT A=
END
tRUNSI 0701
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