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EXPERIMENT 21
NMR Study of a Reversible Hydrolysis Reaction

The hydrolysis of pyruvic acid to 2,2-dihydroxypropanoic acid is a reversible reaction
giving rise to the following equilibrium in aqueous solution:

CH,COCOOH + H,0 = CH;C(OH),COOH (n
v

In this experiment, nuclear magnetic resonance (NMR) techniques will be used to deter-
mine the specific rate constants k' and k" for the forward and reverse reactions as well as
the value for the equilibrium constant K. Like the hydrolysis of many other organic com-
pounds, this reaction can be acid catalyzed and the effect of hydrogen-ion concentration on
the kinetics can be studied. Furthermore, the dependence of &/, k', and K on temperature
will be measured and used 1o evaluate activation energies.

THEORY

A first-order reaction is ordinarily understood to be one in which the rate of dis-
appearance of a single species is proportional to the concentration of that species in the
reaction mixture. This terminology is often used even when strictly speaking the total reac-
tion order is different from unity, owing to the participation of additional species in the
reaction that are themselves not consumed (i.e., catalysts—H" in the present instance) or
the participation of substances that are present in such large amounts that their concentra-
tions do not undergo significant percentage change during the reaction (H,O in the present
instance). It would be more correct in such cases to state that the reaction is first-order with
respect (o a given disappearing species.

The reversible pyruvic acid hydrolysis proceeds kinetically along both an uncata-
lyzed and an acid-catalyzed path:

Path 1

o OH
cujgfmon + Hloécmé)cocm @

OH

Path 11
CH;‘Cfooou + H* == CH;C"*—COO0H very rapid to equil. Ky (3)
OH
OH

CH,(I:+7c00H + H,o%cugcl—coou +HY ]

OH OH
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Inroducing an abbreviated notation for convenience such that A = CH,COCOOH,
B = CH,C(OH),COOH, and AH* = CH,C*(OH)COOH, one finds

+ % = k{(A) = k§(B) for path [ 5)
+ dL—lr” = k/(AH") = k{(H"}(B) (6a)
= k/K(H"}(A) — k{(H"XB) (6b)
= K{(H*)YA) = k{(H")}(B) for path II (6e)

where (X) denotes the concentration of species X. In Egs. (5) and (6a), the quantity (H,0),
which is constant, has been incorporated into & and k. respectively. Equation (6b) has
made use of the equilibrium approximation K, = (AH*)(A)(H™) for reaction step (3). The
overall rate of change in (B) is given by the pseudo-first-order expression

) »
dt
where
o=k + EHY (8a)
K= kg + ka(H™) (8b)
‘When reaction (1) achieves equilibrium, the thermodynamic equilibrium constant K
is given by
(B
K= Bl 9)
(Al

and the principle of detailed balancing' then yields

? = kj(A)y = ki(B)y =0 forpath 1
1!
ik (10a)
K
and
dm) = K{(H'XA), — Ky(H )B) =0 forpath Il
e I (105)

K

Dependence on Temperature. The effect of temperature on specific rate con-
stants is well described by the Arrhenius expression

-‘\-m:xp( g'i’_) (11

where A is a temperature-independent frequency factor and E, is an activation energy,
interpretable as the energy required to reach the transition state or activated complex.
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Arrhenius plots of In k versus 1/T should yield a straight line with a negative slope, and the
activation energies for the forward and reverse reactions are given by
_gd ik _ _pdink
d(yT) “ d(/T)
In addition, the effect of temperature on the equilibrium constant K is governed by the
Gibbs-Helmholtz equation,

E‘.Iz

(12)

dink _ _AH®

dyT) R a3

where AH® is the molar standard enthalpy change for the reaction. It follows from Eqs.
(10) to (13) that
AR® = Ef - E} (14)

METHOD

The use of NMR techniques to investigate the present system is based on an experi-
ment first described in Ref. 2. Two quantitative aspects of NMR spectra are involved.
The first is the familiar fact that the integrated band area is directly proportional to the
concentration of nuclei that give rise to that band. Thus the equilibrium constant X can be
obtained from the ratio of integrated band areas for CH,C(OH),COOH (species B) and
CH,;COCOOH (species A). The second aspect, concerning the dynamic information that
can be obtained from band-shape analysis, is less familiar and will be summarized below.

For an idealized case (perfectly homogeneous magnet, low transverse fields, steady-
state conditions, no saturation effects), an NMR absorption line in the frequency domain or
the Fourier transform of a free induction decay has a Lorentzian profile’
e
1+ dmi(v — v )13
When » = v, which corresponds to the ition where the freqy of the
field matches the Larmor frequency v, the intensity achieves its maximum value 7, = C75.*
The constant C depends on several nuclear and instrumental parameters that do not vary in
a given experiment. An ideal Lorentzian line shape is characterized by a full-width-at-half-
maximum (FWHM) W given by

Iv) = (15)

W(Hz) = L(s‘:deaun (16)
=l

since I(v) = Iy2 at v = vy = (27T5)"". The quantity T; is called the spin-spin relaxation
time or the rransverse relaxation rime, since it governs the decay of the transverse magne-
tization M, (1) ~ exp(—#T).

Typical proton NMR T values are of the order of 1 s, so W= 0.3 Hz would be
expected if there were no chemical ge and no i ibutions to W.
However, there are always small magnetic field inhomogeneities that spread the Larmor
frequencies slightly. If one assumes that the line shape remains Lorentzian, Eq. (15) can
easily be modified by replacing T; with an effective value T3, where

I I
W(Hz) = E = (E)-# Wi (7

and 7% reflects the instrumental contribution as well as the natural line width.**
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FIGURE 1
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Chemical Exchange. If the chemical system under investigation contains mag-
netic nuclei that can transfer rapidly between two different environments, this chemical
exchange can have dramatic effects on the NMR spectrum. In our case, the methyl protons
occupy site A in pyruvic acid and site B in dihydroxypropanoic acid, and they switch back
and forth due to the reversible hydrolysis reaction. The general equations for two-site ex-
change are fairly complex,*® but the qualitative changes in the spectrum due to A — B
exchange are shown in Fig. 1. At slow exchange rates (small values of ¥ and &), two non-
overlapping lines are observed with FWHM values W, and Wy given by

1 1
W, = i aWy = — 4K 18]
TR v sl
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Thus, for very small rate the widths are domi d by the effective 73 values
that would pertain in the absence of exchange. In this limit the mean lifetimes 7, = 1k’
for a nucleus in envi nt A and the anal 7y = UK for envi B are long

compared to the time required for a magnetic transition, and both lines are “sharp.” As
¥ (and k" = k/IK) increases due to changes in (H*) or temperature, the lines grow wider.
1f & grows sufficiently large, the lines become very broad and overlap, then merge into
a single line, and this line becomes ively sharper as k" i 10 increase, as
shown in Fig. 1. The initial broadening of the lines described by Eq. (18) is an example of
lifetime broadening®® that follows from the Heisenberg uncertainty principle in the form
AE - Ar = 2. In our case, since AE = hAv and Ar = 7, this condition is Av - 7 = |27
and therefore W = 2Ar = I/m7.

EXPERIMENTAL

Descriptions of the general features of continuous-wave NMR (CW-NMR) and Fourier-
transform NMR (FT-NMR) spectrometers are given in Exps. 32 and 43, respectively. The
instructor will provide specific operating procedures for the particular instrument to be used
in this experiment and will suggest choices of operational parameters such as sweep rates
(CW sp ) or isition times (FT sp ). The shimming of the NMR
probe to achieve the narrowest possible line width (smallest W,,,) is important and should
be practiced on some convenient reference sample, perhaps pure pyravic acid. It is also
essential to obtain expanded-scale spectra, and care should be taken that enough digitized
data points are acquired across a peak to allow an accurate determination of integrated band
areas and widths. It should be stressed that high-quality spectra with optimal resolution are
required, and the radio-frequency (B,) field should be well below saturation levels.*

Pyruvic acid is hygroscopic and may polymerize or decompose somewhat on stand-
ing at room temperature; impure samples are yellowish. A supply of pyruvic acid should
be purified in advance by vacuum distillation to remove water, decompasition products,
and any other impurities. With the use of a laboratory pump, this distillation can be carried
out anywhere between 20 and 50°C depending on the pressure achieved. Be sure to add
boiling chips or use a magnetic stirrer (better at lower pressures) to prevent bumping. The
distilled material should be a clear, colorless liquid. Store the purified pyruvic acid in an
airtight container in a refrigerator. I solutions are made up in advance, they should also be
stored in small sealed tubes kept in a refrigerator. Under such conditions, solutions should
remain sufficiently stable for 4 or 5 days.

Prepare the solutions listed in Table 1. The HCI is reagent-grade concentrated
hydrochloric acid containing ~38 percent HCI by weight (about 12 M). Note that the
solvent consists of a mixture of H,O and D,0, the latter added to provide a NMR lock.

TABLE 1
Pyruvie

Soln. Acid, mL HCI, mL H;0, mL D,0, mL
1 1.0 0 110 0.10

-} Lo 0.10 1.00 0.10

3 10 0.20 090 0.10

4 Lo 030 0.80 0.10

5 1.0 0.40 0.70 0.10

6 1.0 0.50 0.60 0.10
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“The concentration of D,Q is fixed at the same value for all the solutions in order to hold
constant any possible isotope effect on the rates. Caution: Since pyruvic acid is irritat-
ing to the skin and concentrated HCI can cause severe burns, solution handling should be
carried out wearing gloves.

Each solution should be prepared in a small test tube or vial that can be sealed airtight
for refrigerated storage prior to transfer to an NMR sample tube. In order to calculate the
HT concentration in each solution, the molarity of the concentrated HCl is needed. If this is
not given by the instructor, it can be determined either by titration or by a density measure-
ment (using tables in the CRC Handbook of Chemistry and Physics).

The NMR spectrum of pure pyruvic acid consists of two resonances—one due to the
carboxyl proton at 8.67 ppm and another due to methyl protons at 2.55 ppm (relative to
tetramethylsilane as the reference).” The separation between these two peaks is dependent
on the purity of the sample—the greater the purity, the greater is the separation. Taking
the spectrum of pyruvic acid will allow a qualitative check on sample purity and will also
provide practice with shimming a sample for optimal resolution (narrow lines),

The spectrum of an aqueous solution of pyruvic acid consists of a total of three bands
for the species involved in the equilibrium given by Eq. (1). The methyl protons of pyru-
vic acid give a band A with a chemical shift §, = 2.6 ppm; and the methyl proton band
for dihydroxypropanoic acid, denoted band B, occurs at &; = 1,75 ppm. A third band at
a larger & value represents the resonances of the carboxyl, hydroxyl, and water protons.
This band is a singlet since the proton exchange rate between —COOH, —OH, and H,0
environments is very rapid. The positions of all three bands will vary somewhat with the
composition of the solution.

Dependence on Hydrogen-lon Concentration. Solutions 1 through 6 will be
studied at a constant temperature of 25°C in order to determine the acid-catalyzed rate con-
stants & and k. If the NMR sample tubes have been filled with cold solutions, bring these
tubes up to room temperature before inserting them into the spectrometer and allow about
5 min for the tubes to come to thermal equilibrium with the probe. You should then lock on
and shim each sample tube to achieve the narrowest possible line widths.

The two methyl peaks should be recorded on an expanded scale in order to achieve
good width Asthe H" ion changes, the peak positions will shift
appreciably and it will probably be necessary to change the screen scan parameters, Inte-
grate the band area for each peak and determine the widths W, (for pyruvic acid) and Wy
(for dihydroxypropanoic acid). As these data are being obtained, make preliminary plots
of line widths versus the hydrogen-ion concentration. These plots should be linear, as indi-
cated by Eq. (19) in the Calculations section, If the points for any of the samples deviate
substantially from the linear trend of the other data points, this is probably due to improper
shimming and you should reshim that sample and repeat the measurements.

Temperature Dependence of Uncatalyzed Rate. The line widths and band
areas for solution | (containing no HCI) will be measured as a function of temperature over
the range 45 to 65°C. This will allow a determination of the 7 dependence of the equilib-
rium constant K and an approximate evaluation of the activation energies for the forward
and reverse reactions.

Reinstall sample tube 1 in the spectrometer and adjust the probe temperature control-
ler to 45°C. After the sample has reached 45°C (~10 min), relock and reshim the sam-
ple. This shim setting will be maintained for all the temperature runs. Once the methyl
spectrum has been recorded and plotted on an expanded scale and the determination of
integrated band areas and FWHM line widths has been completed at 45°C, raise the tem-
perature by 5°C intervals and repeat the process until you reach 65°C. As you increase the
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sample temperature, the peaks will shift laterally across the sereen. This drift in the peak
positions will stop when the sample comes to thermal equilibrium at each temperature set-
ting, and this fact can be used as an indication of how long you should wait before taking
data at each temperature.

As before, it is useful to make preliminary plots as the data are being obtained; in this
case, plot log W versus 1/T (K™'). Any data points that deviate seriously from linearity
should be repeated if time allows.

CALCULATIONS

For both the isothermal series of runs on samples 1 through 6 and the temperature-
dependence runs on sample 1, make a table of your results, For each run, specify the H*
concentration and/or temperature and list for both methyl band A (pyruvic acid) and band
B (dihydroxypropanoic acid) the band position, the FWHM width W (Hz), and the inte-
grated area. If possible, obtain an ASCII file of /(v) intensity data, which will allow a least-
squares fit to the peaks with a Lorentzian form with baseline corrections; see Exp. 43. This
permits a check on the actual line shape and an independent determination of area and
width values.

For the constant-temperature data at 25°C, plot W versus the molar hydrogen-ion
concentration. It follows from Egs. (8) and (18) that

awy = L 2 o+ KLHY) = €y + KiHY) (19a)
Tix

Wy = L + ki + kfj(H*) = Cy + ky(H*) (19b)
T

where €, and Cy depend on T but not on (H"). Thus the slopes of the best linear fits to
these plots will yield values for & and &, and the intercepts Cy,y will give estimates of
(WT3) + k.

Since the integrated area of each methyl band is proportional to the concentration
of that solute species, it follows from Eq. (9) that the equilibrium constant K = (area),/
(area),. Calculate X values at 25°C from the arcas measured on samples 1 through 6.
Report a best average value for K at 25°C, weighing the results for various samples differ-
ently if that seems appropriate.

Compare the K value obtained above from integrated area data with the value of K
calculated from Eq. (10b) using your rate constants i:ﬂ and kjj, One can also use Eq. (10a)
to obtain a rough estimate of the magnitude of the effective T, values T3, and T3, and thus
get an idea of the values for kf and kj at 25°C. If one assumes /15, = T3, = C, at
25°C, Egs. (10a), (19a), and (19b) yield
Cp = Co
G -G
Calculate a value for C, using the known values of K and C,, Cj, (either the intercepts
from your plots or the 7W values for sample 1), and then obtain approximate values of
k{ and k.

For the high-temperature runs on sample 1, calculate K at each temperature from the
integrated area values and plot In K versus the reciprocal of the absolute temperature, Use
Eq. (13) to determine the standard enthalpy change AR, With the assumption that AH® is
independent of T down to 25°C, calculate an extrapolated value for K(25°C) and compare
this to your experimental K value determined at 25°C.

K= (20)
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An effort should be made to evaluate the uncatalyzed activation energies £/ and E]
from the W, and W width data obtained at high temperatures on sample 1. In this case
i(;{ = aW, — UT5, and &f = #Wy — /T3, and your data analysis will depend on what
values are assigned to /T3, and 1/T5, One possibility is to set 1/T3, and 1/T% equal to
zero, hased on the assumption that their values are negligibly small compared to k] and k§
at high temperatures. For this limiting case, make plots of In(zrW,) and In(7 Wy) versus 1/T
and use Eq. (12) to determine £ and E]. These values will be lower bounds on the correct
activation energies. A second possibility is to assume that 1/75, and 1/T3, = €, (the value
estimated at 25°C). For this case make plots of In{wW, — Cy} and In(7mWy — C,) versus
1/T and determine new values for £/ and £). Compare the difference (£/ — E) obtained
both ways with the value of AR

DISCUSSION

List the chemical shifts observed in the spectrum of pyruvic acid and comment (quali-
tatively) on the purity of the acid as inferred from a comparison with literature values.”
Also note changes in the chemical shifts of the two methy] peaks as a function of H™ con-
centration and temperature and suggest a reason for such changes.

Give the standard errors associated with the values of area and width that are deter-
mined from the line profile. Is the scatter in the data (K and wW,, #W}) as a function of
(H) or T consistent with those error estimates? Discuss other sources of error beyond line-
fit uncertainties. Comment on the agreement between (area)g/(area), and k{{/kf; as values
of K at 25°C. If the temperature dependence of the area ratio had been measured for sample
6 rather than sample 1, would the AH" value for the acid-catalyzed reaction be the same as
AH" for the uncatalyzed reaction? What difficulty would complicate matters if one tried to
determine activation energies from the temperature dependence of the line widths of acid
solutions (in addition to the problem of assessing the values of 1175, and 1/T55)?

On the basis of general concepts from statistical thermodynamics, what would you
predict to be the sign of AS” for reaction (1)? Use your data 1o estimate a value for AS®

al 55°C.
An interesting variation of this experiment involves using the same technique of NMR
line-width measurements to study the cis-trans exch: rate in N,N-di

By determining this raie as a function of iemperature over the range 300 to 500 K, one can
evaluate the rotational barrier for this cis-trans isomerization.*

SAFETY ISSUES

Solution handling should be done wearing gloves, since both pyruvic acid and con-
centrated HCl can cause skin damage. Use a pipetting bulb; do not pipette by mouth. Dis-
pose of waste chemicals properly.

APPARATUS

NMR spectrometer with peak-integrating and line-width measurement capability;
several stoppered bottles for pyruvic acid, HCI, and D,0; small beaker; six small stoppered
tubes or vials for solutions; precision 1-mL graduated pipette; small pipetting bulb; NMR
tubes; distillation apparatus for purifying pyruvic acid; refrigerated storage space; pyruvic
acid (10 mL); reagent-grade concentrated HC1 (3 mL); D;0 (2 mL); fume hood (optional).
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