NMR Deter mination of the Rotational Barrier in N,N-dimethylacetamidel

Francis P. Gasparro, Department of Biochemical Sciences, Princeton University, Princeton, New
Jersey 08540 and Nancy H. Kolodny, Wellesley College, Wellesley, Massachusetts 02181

Purpose: The barrier to rotation in N, N-dimethylacetamide, NNDMA, is determined by
measuring changesin NMR line shapes as a function of temperature.

Nuclear magnetic resonance spectroscopy is one of the most commonly used spectroscopic
tools for studying dynamic processes. These dynamic processes can include conformational
changes and chemical changes. Examples of conformational studies using dynamic NMR are the
boat-chair interconversions in cyclohexanes and cis-trans isomerization. Chemical studies
include proton exchange reactions, such as the protonation of amines, keto-enol tautomerization,
and complexation. There are two requirements for the use of dynamic NMR. Thefirst
requirement is that the magnetically active nucleus, protonsin this case, must change
environments so that the chemical shift of the nucleus differs from one environment to another.
This processis called chemical exchange. The second is that the time scale of the exchange must
be slow enough or fast enough to cause the NMR lines to be broadened. The time scale where
broadening occursis called the NMR time scale. In this experiment the barrier to rotationin N,
N-dimethylacetamide is determined.

The beauty of this method is twofold. First, dynamic aspects of systemsthat are at chemical
equilibrium can be studied. For example, rate information can be obtained for virtual reactions,
such as the cis-trans isomeriation of N,N-dimethylacetamide, NNDMA, in which reactants and
products are chemically identical
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Second, the NMR time scale includes arange of reaction rates that are often encountered in the
laboratory, 107-10™s ™. In addition, rotational barriers in the range 12-80 kJ/mole can be studied
by this method?.

For NNDMA, if the -N(CH3), moiety rotates freely, we would expect the NMR spectrum to
consist of two singlets, with an intensity ratio of 2:1 (2 methyls on nitrogen, 1 methyl on the
carbonyl carbon). The NMR spectrum is not consistent with free rotation about the peptide bond.
Instead of one peak at 3 ppm and one at 2 ppm, there are two peaks at ~3 ppm in addition to the
one at 2 ppm. This nonequivalence results from the two -N-CH5 groups being in magnetically
nonequivalent environments. One methyl group is cis to the carbonyl bond and the other is cisto
the acetyl methyl group. The upfield resonance at ~3 ppm is assigned to the -NCH3; group cisto
the acetyl methyl; the downfield resonance at ~3 ppm is assigned to the -NCH5 group cisto the
carbonyl bond. The 2 ppm resonance is assigned to the acetyl methyl protons.

Theory

Line Shape Analysis: If two groups of chemically equivalent nuclei are exchanged by an
intramolecular process, the NMR spectrum is a function of the difference in their resonance
frequencies, va — Vg = Av, and of the rate of exchange, k. (A typical value for Av isabout 10 Hz.)
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The effects of exchange at several temperatures on the linewidths at v, and vg are shown in
Figure 1. At low temperatures the exchange is slow and k<< Av. The spectrum thus consists of
two sharp singlets at v, and vg (Fig. 1 A). At high temperatures the exchange isfast; i.e. k>>
Av and asingle sharp peak isobserved (Fig. 1 D). Thereis also an intermediate temperature
range over which the spectrum consists of two significantly broadened overlapping lines (Fig. 1
B).
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Figure 1. Effect of exchange of chemically
equivalent nuclei on NMR line shapes.

Usually spin-spin and spin-lattice relaxation determine the width of an NMR absorption
peak 3. Here we are concerned with the additional effect of exchange of two groups of
chemically equivalent nuclei on linewidth. The Heisenberg uncertainty principle states that the
product of the uncertainty in the measurement of the energy of a particular state, AE, and the
uncertainty in the lifetime of the state, At, is approximately equal tot1:

AEAt=h (1)

At isthe lifetime of the excited state. AE is related to the absorption linewidth for the transition,
Avy),, by:

AE=h AVl/z (2)
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Substitution into equation 1 showsthat AE isinversely proportional to the lifetime for the excited
state:

E_AEAt __1
AVi2="h" =That T 2nat )

An exact analysis of the line broadening produced by the exchange process is derived from the
Bloch equations?. The Bloch equations describe the motion of the bulk magnetic moment of a
sample in the presence of astatic field, H,, and arotating field, H,, perpendicular to H,.

The function for the lineshape® in the case of two equivalent exchanging groups with no
coupling is given by

) KT (va - VB)2
g(v) = (1/2(VA +Vp) - V)2 + 4T[2T2(VA - V)z (VB - V)z @

where g(v) istheintensity at the frequency, v, K isanormalization constant, and 1 = 1/k where k
isthe rate constant for the exchange. Equation 4 isvalid as long as the line broadening caused by
processes other than exchange is negligible. T, va, andvg are functions of temperature and
cannot be determined separately. Computer programs are available in which estimated values for
T, Va, and v are used to generate g(v) which is then compared to the experimental spectrum.
Vauesfor 1, v, andvg are chosen such that the deviation between the experimental and
calculated lineshapesis minimized. Alternatively various approximations can be made which
apply over different ranges of exchange rates.

Approximate Methods for Evaluation of Rate Constants .

A series of approximationsis available for the calculation of exchange lifetimes depending on
the rate of exchange as categorized in Figure 1. These approximate methods provide less accurate
results than does curve fitting equation 4, but are often sufficient quick estimates. These
estimates can then be used as initial guesses for chemical exchange simulation programs. Here
we assume that the line widths for both transitions, A and B, are the same. The line widths are
the full width at half-height as defined in Figure 1.

Slow Exchange: At slow exchange rates the spectrum consists of two lines. In thisregion T >>
(Va -Vg) ™. For the A transition equation 4 reduces to

KT,,'
2A
g(v) = . ®)
1+ 412T,,2 (VA - V)?

where T,," isthe spin-spin relaxation time. Comparison of equation 5 to the exact function
shows that the linewidth of thelineat v, is

0 1
(Ava) Yy =TT 0 (6)

| ntermediate Exchange: In the intermediate exchange range

1 1

e
(Avp)y, = I (7)



Rotational Barrier 4

Exchange results in broadening equal to () . A value for k (= 1/1) is determined by comparing
linewidths at half height of exchanging peaks to those of peaks recorded at temperatures where
the rate of exchangeisvery small:

k= % [(AVA)(la/2 - (AVA)(;/Z} (8)

Often T,a" isvery long (=5 sec.) so the second term in equation 8 can be dropped. The rate can
also be related to the change in peak separation. Equation 9 applies over the limited range where
there is extensive overlap between the two separate peaks (but not too close to coalescence, see
below)

k=L Tav2- avdl 2 9
—\/E[vo-ve] (9)

where Av; isthe peak separation in Hz, and the subscripts (i = e or 0) are defined in Figure 1.
A third method applies in the intermediate exchange region. In the ratio method, Kk is
calculated from the ratio of the intensities of the peaks, |y, t0 the intensity midway between the

peaks, I min, With r= I a1 min @and

Avg 1y 1
K="+ 2-) 7" (10)

Coalescence Temperature: The coalescence temperature is defined as the temperature at which
the appearance of the spectrum changes from that of two separate peaks to that of asingle, flat-
topped peak (see Figure 1C). At thistemperature

AV,

k=" (12)

Fast Exchange: At temperatures above the coal escence temperature, the spectrum consists of a
single peak. In thisregion T << (v, - vE;)'l and equation 4 reducesto
KT,'
g(v) = (12)
1+ 412T,2 (VA + VB - 2)2

with /Ty = (U/Toa' + 1/T2g")/2. The fast exchange limit is sometimes called extreme narrowing.
If the signal is not completely collapsed, i.e., the process is slow enough to contribute to its width
but is still well beyond the rate corresponding to separate signals, the following approximation
results

_ TtAVG2 1

) [(AV 1/2)e - (AVA)i/Z}

(13)

Accuracy: The equations above are very approximate. For example, equation 13 gives greater
than 15% error in k values that are within afactor of two of the coalescence k. These errors are
systematic and produce large errors when curve fitting to get activation energy parameters. These
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equations are useful for estimating k values, but the results are best obtained by full curve fitting
to equation 4 (e.g. using the “Exchange” Web page).

Temperature Dependence of the Exchange Rate

The cis-trans isomerization of N,N-dimethylacetamide is an activated process. The temperature
dependence of the rate constant is used to calculate the activation energy for the conformational
change. The relationship between the rate constant at different temperatures and the activation
energy is

Ea(1
|nk=-§(f) +InA (14)

so that aplot of Ink vs. /T will yield astraight line with slope = -Eg/R. (R=8.314 J mol-1K-1).
The Gibbs Free Energy of Activation, A;G#, is also very useful for characterizing the transition
state of akinetic process. A/G” isrelated to the rate constant by:

- ArG::j

D R

where m is the order of the reaction™. For first order processes, such as this conformational
change, m=1 and:
)
kT\ | RT
K= (Fj e\ RT
Since A/G* =AH* - T AT

) [
k:(l%)e RT /gl R (17)

A non-linear curvefit of equation 17 divided by T is the best way to calculate the activation
parameters. If anon-linear curve fit program is not available, alinear curve fit may be used.
Dividing equation 17 by T and taking the In of both sides gives:

|n@ :-Ar:# @ +A§¢ " |n® (18)

and can be handled analogously to equation 14. For convenience note that:

(16)

K
In (ﬁ) = In( 2.0836x10™) = 23.7600 (19)

The Entropy of Activation, A;S#, is often the most useful way of characterizing the transition
state of a chemical reaction, because it gives an indication of the change of disorder asthe
transition state is formed.

The activation energy and the enthal py of activation can be related since

Ea=AH* + mRT (20)
and for afirst order processm=1.

Experimental



Rotational Barrier 6

A 15 volume percent solution of freshly distilled N,N-dimethylacetamide (NNDMA) is
prepared by weight in carbon tetrachloride containing 2% tetramethylsilane (TMS). The sample
istransferred to a clean and dry nmr tube, degassed, and permanently sealed. Degassing is
required to remove paramagnetic oxygen which, if not removed, would result in an additional,
indeterminate line broadening. To be sure that the sealed nmr tube can withstand exposure to
high temperatures, the tube should be immersed in an oil bath and heated to ~80°C.

Determine the NMR spectrum of the sample at room temperature, 50°C, 64.5°C, and 70°C. A
series of spectraisrecorded at each temperature until no further change in spectral characteristics
(line-width or peak separation) is observed to ensure that temperature equilibration has been
established’. The following instructions supplement the "ICON NMR Routine Instructions.”

Procedure

The solution doesn't contain a deuterated solvent, so you will not be able to lock the NMR or
do automated shimming. Rather, make sure the NMR is tuned up well, by running a spectrum of
the standard ethylbenzene in D6-acetone solution in the normal way. But, after running the
ethylbenzene spectrum, use the following steps to change to your sample.

Stay in the X-Win NMR screen after taking your ethylbenzene spectrum:

1. To change samples, on the command line, type:  ro off
and then: g

2. Place your sample in the magnet and type: ij
3. To start the sample spinning type: ro

Accept the defaults for turning the spinner on and the 20 Hz spinning rate, by pressing

returns.
4. Determine the temperature in the probe by pulling down the Windows menu and choosing
“Temperature Control.” A new dialog window will be shown. The current temperature will be
shown. Leave this window open, you will need it later.
5. Now take your new spectrum by typing: rga

and then: Zg

6. Do the Fourier transform by pulling down the Process menu and choosing “Fourier transform.”
Do an automatic phase correction by pulling down the Process menu and choosing “ Auto phase
correction.”
7. Expand the region around the doublet. Use the instructions in Appendix A to determine fiveto
eight points on the spectrum for use with the spectrum simulation computer program.
8. In the “ Temperature Control” window, click on the “Change” button. Type in the desired
temperature into the Target Temperature field. Click the heater On/Off button (it reads Off if the
temperature controller isn’t On). Check the current gas flow. Use the [] button to the right of the

flow indicator field to increase the flow to 535 L/h, if necessary: click once on[=] and wait for

the pressure to stabilize before clicking again. Allow 4-5 minutes for temperature equilibrium to
be established at each new setting.
9. Repeat steps 5-8 for the remaining temperatures.
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Calculations

The temperature in this experiment is never low enough to observe the slow exchange limit.
The value of Avg isdlightly larger than the room temperature value of the peak separation, use 77
sec’t. The data are divided into three groups corresponding to intermediate exchange, coal escence
temperature, and fast exchange. Then equations 8, 9, 10, 11, and 13 are used to calculate k. For
intermediate exchange you can choose equation 8, 9, or 10, which ever iseasier. Use the
downfield, cis, peak of the doublet for your measurements, to avoid the effects of coupling
between the trans N-methyl group and the acetyl methyl group. Use 5 sec. asaguessfor Toa'.
Equation 6 then can be used to calculate (Ava)1,, .

Use the "Exchange" application to refine your ﬁ values by comparison to careful simulations of
the lineshape. "Exchange’ is available through the WWW course homepage.

Plot In k verses T™* to determine the activation energy and pre-exponential factor for the
exchangel-8. Use anon-linear curve fit program to fit k/T verses T using equation 17. If anon-
linear curve fit program is not available, plot In k/T verses T to determine A/H%, A%, and AG*
using equation 18. Use equation 20 to check the relationship between the experimental E, and
AHZ.

Discussion

Amides are the smplest model compounds for the peptide bond in proteins. The conformation
of the peptide bond plays an important role in determining the backbone structure of proteins®.
X-Ray crystallographic results indicate that the trans configurationl0 is the predominant form in
amides, polypeptides, and proteins. However, the cis form does occur in some proteins and
polypeptides!l.

The planarity of the peptide bond originates from the delocalization of the carbonyl el ectrons
and two resonance structures, (1) and (1), which can be drawn:

O  CH, O CH,
S S=
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H,C CH, H,C CH,
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Alternatively, the origin of this rotational barrier can be viewed in terms of molecular orbital
theory. After construction the sigma bonding skeleton, the carbon, nitrogen, and oxygen atoms
each have ap orbital “left over.” (See Figure5) One possible linear combination of the p
orbitals leads to a tbonding molecular orbital that extends over the three atoms.

CH CH, 00>

Figure 5. Pi-bonding molecular orbital for peptide group.
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Report

Include copies of the expanded ~3 ppm region of your spectra. In atable list the temperatures,
the line widths or r, the approximate k values, the equation you used at each temperature, and the
k from “Exchange.” Include your plot of Ink vs. /T and Ink/T vs. 1/T. Give the activation
energy, pre-exponential factor, AyH*, A,S*, and A;G* and their uncertainties propagated from the
uncertainties in the fit coefficients. Use equation 20 to check the relationship between the
experimental E, and AyH*. What is the predominant error in this experiment? Compare with the
literature values'. Give an example from your Organic text or other literature source of a process
that can be studied using dynamic NMR. How is dynamic NMR different from "classical"
Kinetics experiments?
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Appendix A. Measuring the line shape.

Thefirst goal is to determine the frequencies for the maximums of the two peaksin the
intermediate exchange regime, and the widths of the peaks for the intermediate and fast exchange
regimes. The value of Iy, and Imax can aso be determined for the intermediate exchange regime.
These parameters are used with the approximate calculations using Equations 8, 9, 10, 11, 13.

The approximate calcul ations can be greatly improved by comparison of the experimental line
shape with atheoretically calculated line shape from the “ exchange” Web applet. For these
comparisons we need to get afew more data points from the downfield peak.
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Use these instructions to measure the frequency and intensity data pairs along the spectrum. For
each type of spectrum use the following suggestions to determine the points that you need to
record. For example, the -8 point means the frequency and intensity at the point where the
intensity is about 1/8™ of the maximum intensity on the downfield side of the peak.

The spectrum is recorded in discrete intervals and straight lines connect these points.

Therefore, the cursor will appear to jump between data points. In other words, you won't be able
to find exactly the 1/8™ and ¥4 points. Measure the data points as close as you can to the desired

spot.

|nter mediate exchange: The -1/8", -4, max, %2, and /8™ points on the downfield peak; the
middle of the doublet, and the max on the up field peak.

Coalescence and Fast exchange: -1/8", -4, max, ¥, and 1/8" points.

Procedure:

1. Expand the doublet so that it fills the spectrum window.

2. Expand the peak height to full scale using the || or || button. Click on the grid button [##] .
Y ou should now see agrid on screen that is 8 grid boxes high.

3. Click the left mouse button in the spectrum window. A dialog box should appear that lists the
frequency and intensity at the current cursor location. Move the cursor to the desired frequencies
and record the frequency and the intensity at each point. Use the grid lines to locate the /8™ and
% points. Y ou only need three significant figures for the intensity.

Exchange Applet:

For usein the “exchange’ applet, the intensities are al relative, so you can divide all your
intensities by 1000 (or any other factor you would like) to make the magnitudes easier to enter
into the applet.

For the intermediate exchange cal culations you only need to include data pairs for the
downfield peak. However, the frequencies should always be relative to the center of the doublet.
In other words, always subtract the frequency at the middle of the doublet from your data points.
A typical data pair might be something like 31.23 Hz and 356.



