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ABSTRACT: A “one-pot” method for acquiring kinetic data for the 1] .
reactions of a series of substituted aromatic esters with potassium 0s YT e Ef T R
hydroxide using 3C NMR spectroscopy is described, which provides an TR B — R
efficient way to obtain sufficient data to demonstrate the Hammett 03 R*=0.991
equation in undergraduate laboratories. The method is time-efficient and 02 - Al
robust, and lends itself to group work. The high throughput nature of the 3 o
method allows collection of sufficient data to explore the transmission of |5 o
electronic effects between the aromatic moiety and the ester functionality [© .1 -
with varying chain lengths. 02
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H INTRODUCTION

The Hammett equation' bridges the concepts of equilibrium
and kinetics in an empirical but insightful way such that it is
desirable to include it in senior undergraduate courses,
particularly those involving the determination of reaction
mechanisms of organic processes.” For the dissociation
constants of m- and p-substituted benzene derivatives such as
benzoic acids and protonated anilines (Ky, where X denotes the
substituent) and the rate constants for reactions of similar
compounds (ky, where X is the substituent), the Hammett
equation allows the separation of a ‘substituent constant’ (o),
which is a measure of the electron-donating or -withdrawing
nature of the substituent, from a ‘reaction constant’ (p), which
is a measure of the susceptibility of a given reaction to the
nature of the substituents (eqgs la, 1b).

K
1 X =
Og( KH) re (12)

k
1 X =
Og( kH) e (1b)

The reaction constant for the ionization of benzoic acid is
arbitrarily defined as +1, and hence, the magnitude of the
reaction coeflicient for other processes allows comparison as to
whether they are either more or less sensitive to the electronic
nature of the substituents than is the ionization of benzoic acid.
The sign of the reaction constant in the kinetic form (eq 1b)
can provide information about the mechanism; a positive
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reaction constant indicates that the process is favored by
electron withdrawal from the aromatic ring by substituents and
a negative reaction constant indicates that the process is favored
by electron-donating groups." Applications of the Hammett
equation now encompass correlations of Hammett parameters
with NMR chemical shifts® and gas-phase ionization energies
from ab initio calculations.”

Previous papers> ' in this Journal have used between four
and 11 substituents (in addition to the unsubstituted parent
compound) to demonstrate the Hammett relationship, with
many using parallel collection of data by allocating students to
work with a particular substituted compound, then pooling data
from the whole class.”® This approach is vulnerable to
variations in the quality of data across the class due to differing
skill levels of students, or variations in conditions, in particular
temperature variations for kinetic experiments. These issues, in
particular the consequences of temperature variation across
multiple experiments, are eliminated when data for all
substrates are recorded in a single reaction mixture (‘one pot’).

Previous work'" has described a general ‘one-pot’ approach
to obtaining relative rates using the Menschutkin reaction
between substituted benzyl bromides and pyridine, and the
sodium borohydride reduction of substituted acetophenones.
The present work applies this approach to the reaction of
substituted esters with potassium hydroxide, a reaction
previously used to demonstrate the Hammett relationship.>"°

DOI: 10.1021/ed400701m
J. Chem. Educ. XXXX, XXX, XXX—XXX


pubs.acs.org/jchemeduc
http://dx.doi.org/10.1021/ed400701m
http://pubs.acs.org/action/showImage?doi=10.1021/ed400701m&iName=master.img-000.jpg&w=196&h=132

Journal of Chemical Education

Laboratory Experiment

6] (@]
= | 0>~ = | O\/ y | S 0
¥ s 0 s
R R R
1 2 3

R OR
a 4-OCH; -0.27
b 4CH; -0.1
c H 0
d 4-Br 0.23]
e 4-CF3 0.54
f 3-Br 0.39

Figure 1. Esters used in this experiment and the associated Hammett substituent constants (c)."®

Consider a series of competing reactions between a single
species, N, and multiple reactants x;. The relative rate constants
for two competing reactions can be obtained from the fractions
of the starting materials remaining at an arbitrary time after
initiating the reaction'! (eq 2).

k ln( X1,¢=0 >

k .
’ 1“() @)

The k; are the rate constants for the two competing reactions;
and x;,_, and x; are the concentrations of reactant i at the start
of the reaction and later at a time when all the concentrations
are determined together, res;)ectively. Unlike previous work
published in this Journal”'? and elsewhere,">™"° this
formulation removes the need for starting with equimolar
amounts of reactants, leaving only the requirement that the
extent of reaction can be determined for all species by whatever
analytical method is used at a single point in time after initiating
the reaction; that is, at the time of measurement, the residual
amount of the fastest-reacting species must be detectable along
with a measurable decrease in the amount of the slowest-
reacting species. In principle, even this constraint could be
relaxed by sampling the reactants more than once after the
reaction was initiated.

Only one paper dealing with experimental demonstration of
the Hammett equation previously published in this Journal has
used NMR spectroscopy to acquire kinetic data.” The ‘one-pot’
approach described herein minimizes spectrometer time by
requiring only two spectra: one of the mixture of the competing
reagents prior to addition of a common reagent and one at
some point after the addition of the common reagent.

B EXPERIMENTAL OVERVIEW

In this laboratory experiment, students compare the p values
from Hammett plots for the reaction, with potassium
hydroxide, of ethyl benzoates la—d, ethyl phenylacetates
2a—e, and ethyl trans-cinnamates 3a—df (Figure 1). The
reaction is exemplified by the conversion of ethyl benzoates
la—d to potassium salts 4a—f (Scheme 1). The outcome is that
the students learn how modification of the carbon chain
between the carbonyl moiety and the aromatic ring affects the
communication of electronic effects between the para- or meta-
substituent on the ring and the reaction center; these changes

Scheme 1. Reaction of the Ethyl Benzoates 1la—d with
Potassium Hydroxide in Ethanol
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are observed as changes in the p value as determined from the
slope of the corresponding Hammett plot.

B EXPERIMENT

Students carry out the experiment individually and sub-
sequently pool their data. Two 3-h periods over consecutive
days are used to complete the experiment. Students prepare
mixtures in ethanol containing approximately equimolar
amounts of either benzoates la—d, phenylacetates 2a—e or
cinnamates 3a—d,f, with the total concentration of esters being
ca. 0.4 mol L™". A ®C NMR spectrum is recorded of an aliquot
of the reaction mixture prior to reaction. While having the
species present at approximately equal concentrations simplifies
analysis, this is not a requirement for the subsequent
calculations with the formulation shown in eq 2, unlike
methods previously reported,”'>™"> and therefore reduces the
impact of student error on the experiment outcome. The only
other reagent required for the reaction is ethanolic potassium
hydroxide (ca. 0.1 mol L"), which is added to initiate the
reaction. Full experimental details are provided in the
Supporting Information.

After the reaction mixture is heated at reflux overnight, the
solvent is removed and the extent of conversion of the ethyl
esters is determined by dissolving the residue in deuterated
acetone and analyzed using *C NMR spectroscopy. Once
again, the procedure is robust as the nature of the calculations
means that the absolute extent of conversion of the ethyl esters
to the corresponding salts is irrelevant, while the quantity of
potassium hydroxide used is chosen such that consumption
gives straightforward analysis. Variations from this still allow the
subsequent calculations to be carried out, and neither this exact
concentration nor complete reaction of the hydroxide are
necessary for the experiment to be successful.

The extent of conversion of the ethyl esters is determined by
comparing the integration of a signal due to the esters relative
to the signal due to benzophenone standard (5 ca. 197) in a *C
NMR spectrum of the reaction mixture prior to addition of the
potassium hydroxide and at completion of the reaction. A
relaxation agent (chromium(III) acetylacetonate) is required to
ensure rapid relaxation of all the *C nuclei, coupled with an
appropriate pulse sequence (see Supporting Information) to
allow integration of the signals. Benzoates 1la—d are quantified
using the signals due to the methylene carbon of the ethyl
functionality (8 ca. 62); phenylacetates 2a—e using the signals
due to the carbonyl carbon (§ ca. 172) and cinnamates 3a—d,f
using the signals of the carbonyl carbon (§ ca. 167). In each
mixture, the rate of reaction of each substituted species is
determined relative to the unsubstituted case using eq 2 and a
Hammett plot constructed from the resulting data.

B HAZARDS

Students must wear gloves, safety glasses and lab coats at all
times during the experiments. Potassium hydroxide is corrosive
and ethanolic solutions of such should be handled with care.
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Figure 2. Representative *C NMR spectra (100 MHz) at 25 °C of a s

olution containing a mixture of the ethyl benzoates la—d before (top) and

after (bottom) reaction with potassium hydroxide in ethanol at reflux. Signals shown in the inset correspond to the methylene carbon of the ester

functionality of benzoates 1la—d.

Ethanol and acetone-dg are flammable. While of low toxicity,
care should also be taken with chromium(IIl) acetylacetonate
(a serious irritant), benzophenone and esters 1la—d, 2a—e and
3a—d/f, along with the mixtures containing the corresponding
potassium salts.

Bl RESULTS AND DISCUSSION

Second-year undergraduate students (16 students) readily
completed the experiment with one set of esters, and third-
year undergraduate students (12 students) with two sets of
esters. There was no significant difference in performing the
experiment based on experience, with the exception of the
efficiency that having spent more time in the laboratory brings.
Thus, this experiment is demonstrated as robust, and functions
well for students with a range of abilities. Students were
provided with the NMR spectra from their samples, along with
a spreadsheet (with instructions) to work through in the
following week (see Supporting Information).

A pair of representative '*C spectra of mixtures of the
benzoate esters 1la—d before and after reaction with potassium
hydroxide are shown in Figure 2; equivalent spectra for the
phenylacetate and cinnamate cases are given in the Supporting
Information. While the spectra are complex, in each case the

signals due to the esters are readily identified. The "*C spectra
presented were obtained at a resonance frequency of 100 MHz,
which is not prohibitively high for teaching use, though clearly a
greater magnetic field would increase dispersion further. While
the inherent insensitivity of the method (due to the low natural
abundance of *C and its low magnetogyric ratio) does mean
that the acquisition time for each spectrum is ca. 90 min (full
details in Supporting Information), only two spectra are needed
to complete an entire Hammett plot and the process can be
automated. The data shown in Figure 2 from one student
sufficed to generate the Hammett plot shown in Figure 3.

Independent of the level of the student, approximately 90%
of students obtained a linear relationship in their Hammett
plots (representative examples are provided in Supporting
Information). In cases where a linear relationship was not
observed, often one signal in the NMR spectrum was much
smaller than anticipated, suggesting incomplete dissolution
(either in the NMR sample or on addition of the standard
solution).

Subsequent to analysis of their own data, students were
provided with data from the remainder of the class (in each
class this meant between 5 and 8 data sets for each ester). This
allowed determination of reaction constants from averaged
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Figure 3. Representative Hammett plot constructed from the data
presented in Figure 2 for the reaction of ethyl benzoates la—d with
potassium hydroxide in ethanol at reflux.

relative rate data for each set of esters. When the class data were
pooled, the uncertainties in the averaged rate data were small
enough to allow clear discrimination between the electronic
effects for each class of ester (see Figure 4 and Figures S10—12
in the Supporting Information).
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Figure 4. Representative Hammett plot constructed from the relative
rate information from an undergraduate class for the reaction of either
ethyl benzoates la—d (red diamonds, R* = 0.998), ethyl phenyl-
acetates 2a—e (green diamonds, R* = 0.994), or cinnamates 3a—d,f
(blue diamonds, R* = 0.991) with potassium hydroxide in ethanol at
reflux. Each data point and the associated errors shown were calculated
from the relative rate of the corresponding substituent from at least six
separate experiments.

The p value for the reaction of ethyl benzoates 1la—d with
potassium hydroxide in ethanol at reflux from combined data
was typically found to be ca. 2, with individual student values
being in the range 1.5—2.5. This was in good agreement with
values in the literature for the same reaction carried out in a
range of solvents and at different temperatures (p = 1.8—
2.5717). Using the p value obtained, students were required to
describe the electronic demands in the transition state of the
hydrolysis of ethyl benzoates, based on the mechanism of the
reaction, and make comparisons with the p values of the other
two reactions subsequently.

Similarly, a p value of ca. 0.5 for the combined data (with
individual student values in the range 0.25—0.75) was observed
for the reaction of phenylacetates 2a—e with potassium
hydroxide in ethanol at reflux, which is in reasonable
agreement, particularly given the temperature difference, with

literature values for the same reaction carried out in 88%
ethanol—water at 30 °C (p = 0.82'7). For the reaction of ethyl
cinnamates 3a-d,f with potassium hydroxide in ethanol at
reflux, combined student data gave a reaction constant of ca.
0.9, with individual student data being in the range 0.6—1.2.
This value can be compared with the literature value for the
same reaction carried out in 88% ethanol—water at 30 °C (p =
1.27"), noting the temperature and solvent differences.

Students compared the relative electronic effects on the
reaction across the three classes of ester. This was done both by
simply combining all the data on a single plot (a representative
example is shown in Figure 4) to allow a visual interpretation
and also by comparing the reaction constants. Students then
calculated the attenuation factor (f) for a methylene unit and a
vinyl unit; these are simply the quotient of the reaction
constant for phenylacetates 2a—e and cinnamates 3a—df
respectively, with the reaction constant for benzoates la—d
(egs 3a, 3b). Typical attenuation factors determined were ca.
0.25 for the methylene unit (lower but comparable to the
literature value of 0.43 + 0.06'®) and ca. 0.45 for the vinyl unit
(in agreement with the literature value of 0.48 + 0.07'%). A
comparison of the two attenuation factors led to a discussion by
the students of the role of conjugation in transmitting
electronic effects. Feedback from the students confirmed the
efficacy of the experiment in communicating the importance of
structure in the magnitude of substituent effects.

_ pphenylacetates
fCH2 -
pbenzoates (33)
pcinnamates
fen—en =
/)benzoates (3b)
B SUMMARY

A fast and robust method to generate data for Hammett plots,
which can be used to introduce electronic effects in organic
reactions at the undergraduate level, has been described. The
combination of NMR spectroscopy to acquire kinetic data, a
simple method for processing that data, and a choice of reaction
and substrates that allows demonstration of the attenuating
effects of different groups, made this a very comprehensive and
engaging experiment. The experiment can be structured as a
group experiment by sharing the results for the different ester
systems between students without risking the quality of the
kinetic data used in the Hammett plots.

B ASSOCIATED CONTENT
© Supporting Information

Student experimental procedure, risk assessment, student
instructions for analysis, instructor’s notes (including for
NMR analysis), representative spectra and associated Hammett
plots, representative Hammett plots from combined class data,
Excel spreadsheets (instructor and student). This material is
available via the Internet at http://pubs.acs.org.
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