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A kinetic study of the reaction of ethyl pyruvate (A) with diethyl phosphite (B)
yielding 2-diethoxyphosphonyl-2-hydroxypropionic acid ethyl ester (C), an inter-
mediate product for the preparation of 2-dihydroxyphosphonyl-2-hydroxyprop-
ionic acid, which can be used as a corrosion and scale inhibitor, was carried out
in the present work by using the technique of proton nuclear magnetic resonance
("H-NMR) spectroscopy. The "H-NMR spectra of the reaction mixture show that
the singlet at 2.078 assigned to CH;COCOOEt (reactant A) was reduced, while
that at 5.486 assigned to the hydroxyl proton of the reaction product C was
increased with the progress of the chemical reaction, making possible a kinetic
study of the reaction mentioned. The reaction of A with an equimolar amount of
B yielding C was found to be of second order (first order with respect to A and
first order with respect to B). On the other hand the reaction between A and B
when the reagent B is in excess (molar ratio n,/ng =1:3) was found to be of
pseudo-first order with respect to A, although we believe that the apparent and
not the intrinsic order of the reaction is changed by using a 1:3 ratio of reagents.
Arrhenius activation parameters (E,, In 4, AH* and AS™) were computed in both

cases.

Most characteristics of nuclear magnetic resonance spec-
tra are influenced to some extent by the various motions
of the molecules, ions or atoms containing, or in the vi-
cinity of, the nuclei observed. These effects provide sev-
eral methods of studying a wide range of kinetic phe-
nomena.

Among the many types of rate processes amenable to
NMR study are (i) the formation of urethane,' (ii) the
functionalization of polymethyl acrylate by reaction with
ethanolamine,” (i) the enzymatic hydrolysis of various
disaccharides,® (iv) the immobilization of polymers,*
(v) the cationic homo- and copolymerization of trioxane,’
(vi) the thermal imidization of polymers,®’ (vii) the radi-
cal polymerization of diethylaminoethyl methacrylate,®
(viii) the phase separation of various solutions,” (ix) the
chemical kinetics of various sol—gel systems,'® and (x) the
hydrolysis, adsorption and dynamics of silane coupling
agents of silica surfaces.!!

Dialkyl phosphites add readily to the carbonyl groups
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of simple aldehydes and ketones, to give 1-hydroxyalkyl-
1-phosphonate esters.'? The reaction is catalyzed by the
presence of catalytic amounts of a strong base.'® In some
cases the reaction occurs in the absence of added base.
Very strong electrophilic carbonyl compounds, such as
chloral,'*"> react with the neutral species even at room
temperature. It is believed that the rate of the reaction
with the tiny proportion of the phosphite form,
(RO),P(OH), is high enough with a very reactive sub-
strate to account for the reaction. Nucleophilic attack of
the phosphorus on the carbonyl carbon occurs; this is
followed by a proton transfer that stabilises the adduct:'®

|
RO\ﬁFC\Qa'

ro” No—H (RO):P(0)—C —OH

Addition of dialkyl phosphites to be carbonyl group
can be reversed, but equilibrium favours addition under
normal conditions.
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The present investigation deals with the kinetic study
by '"H-NMR of the reaction between ethyl pyruvate and
diethyl phosphite on the basis of the simple integration
curve of the "H-NMR spectra. More particularly, the re-
action of ethyl pyruvate with diethyl phosphite to afford
2-diethoxyphosphonyl-2-hydroxypropionic acid ethyl es-
ter was selected:'’

OH
]
CH3COCOOEt + (EtO)oP (O)H —— (Et0),P —C—COOEt

CHs

The carbonyl! group of ethyl pyruvate is strongly elec-
trophilic owing to the presence of the electron-withdraw-
ing ester group in the a-position, thus favouring the nu-
cleophilic attack of phosphorus. A kinetic study of the
reaction between ethyl pyruvate and diethyl phosphite
was carried out in a molar ratio 1:1 and 1:3. In the latter
case, diethyl phosphite acted both as a reagent and as
reaction medium.

2-Diethoxyphosphonyl-2-hydroxypropionic acid ethyl
ester has been hydrolyzed in the presence of acids to the
corresponding phosphonic acid, which can be used as
corrosion and scale inhibitor.'”"'®

OH O oH
| H0
(EtO)zP—-(|J —COOEt ——  (HO),P —cI: —COOH
e
CHs CHg

The reaction of ethyl pyruvate with diethyl phosphite is
therefore of interest because affords on intermediate
product for the synthesis of a hydroxy- and carboxy-sub-
stituted phosphonic acid. Phosphonic and bisphosphonic
acids containing hydroxy and/or carboxy substituents
have valuable properties as ferrous corrosion inhibitors
and scale control additives for circulating water sys-
tems.'”'® Along with polyelectrolytes, they are among the
most effective scale inhibitors, and are able to retard or
to block the growth process, even though their added con-
centrations are far below the stoichiometric quantity nor-
mally needed for coordination of the cations in solution.

Experimental

Reagents. Diethyl phosphite (Merck) was purified by dis-
tillation under reduced pressure. Ethyl pyruvate (Aldrich)
was used as supplied.

Apparatus. Proton nuclear ~magnetic resonance
(*H-NMR) spectra were obtained on a Varian T-60A
spectrometer operating at 60 MHz and at 30°C, the nor-
mal probe temperature, with an average deviation in total
integral reproducibility of about 29,. Chemical shifts (8)
are given in ppm with tetramethylsilane as internal stan-
dard.
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Infrared (IR) spectra were recorded on a Perkin-Elmer
710B spectrophotometer with NaCl cells.

Oil baths stirred and heated at a constant temperature
(+0.5°C) were used for the kinetic study of the chemical
reaction.

Preparation and characterization of 2-diethoxyphosphonyl-
2-hydroxypropionic acid ethyl ester. A flask equipped with
a magnetic stirrer and a condenser was charged with a
mixture of ethyl pyruvate 989, (7.12 g, 60 mmol) and
diethyl phosphite (8.28 g, 60 mmol). The mixture was
stirred and heated at 70-75°C for 90 h. A small amount
of the unreacted starting materials was subsequently re-
moved from the reaction mixture by distillation under re-
duced pressure (0.9 mmHg). 2-Diethoxyphosphonyl-2-
hydroxypropionic acid ethyl ester was obtained as a
viscous undistillable liquid (13.50 g, 93%).

IR (neat) cm™': 3480-3250 (OH stretching); 2960,
2926 (C-H stretching); 1744 (C=O stretching); 1408
(OH deformation); 1280 (C-O-C stretching); 1257
(P =0); 1070-995 (P-O-C).

'"H-NMR (neat) &: 5.48 (s, 1H, OH); 3.83 (m, 6H,
OCH,CH,); 1.30 (d, J,ccn = 16 Hz, 3H, PCCH,); 1.05
(t, 9H, OCH,CH,).

General procedure for the kinetic study of the reaction be-
tween ethyl pyruvate and diethyl phosphite. A flask equipped
with a magnetic stirrer and a condenser was charged with
a mixture of ethyl pyruvate (reagent A) and diethyl phos-
phite (reagent B) in a molar ratio 1:1 or 1:3. The mixture
was heated by means of an oil bath at a constant tem-
perature of 50, 60, 70, 80 or 100°C for various times,
depending on the working conditions. The reaction was
monitored by "H-NMR spectroscopy. For this purpose,
aliquots of the reaction mixture were obtained at regular
times, and after cooling at ambient temperature they were
immediately examined by '"H-NMR. All the experiments
were repeated three times, so the given values of rate con-
stants in Tables 1 and 2 are the average values of these
three measurements. In all cases the reaction was moni-
tored up to about 95%,, as was justified from the NMR
integration height of CH;COCOOEt near 2.076.

Table 1. Rate constants, k, determined by NMR spectros-
copy, for the synthesis of 2-diethoxyphosphonyl-2-hydroxy-
propionic acid ethyl ester with equimolar amounts of ethyl
pyruvate and diethyl phosphite, at various temperatures.

T/K 10%?/Imol™ "' s~
323.2 2.14+0.02
333.2 4.34+0.26
343.2 9.1740.30
353.2 17.844+0.67
373.2 64.36+0.33

2 All errors given in this and at the following tables are stan-
dard errors.



Table 2. Rate constants, k, determined by NMR spectros-
copy, for the synthesis of 2-diethoxyphosphonyl-2-hydroxy-
propionic acid from the reaction between ethyl pyruvate (A)
and diethyl phosphite (B), when the reagent B is in excess
(na:ng=1:3), at various temperatures.

T/K 10%/s ™"

323.2 1.22+0.08
333.2 3.24+0.14
343.2 5.45+0.83
353.2 8.49+0.58
373.2 39.98+0.21

Results and discussion

The reaction of ethyl pyruvate with diethyl phosphite af-
forded 2-diethoxyphosphonyl-2-hydroxypropionic acid
ethyl ester.'” The latter was characterized by IR and 'H-
NMR spectroscopy (see Experimental section). Upon
heating the reaction mixture at 50-100°C, no isomeriza-
tion of the reaction product to the corresponding phos-
phate was observed.'’

Oc‘)H 0

|
(EtO)zP—tlz—COOEt ~—— (Et0);P—0—CH —COOEt
|
CHG CHg

Figs. 1 and 2 present the NMR spectra of ethyl pyruv-
ate (A), diethyl phosphite (B) and 2-diethoxyphosphonyl-
2-hydroxypropionic acid ethyl ester (C) mixture when
na:ng = 1:1 and n,:ng = 1:3, respectively, as a function of
the reaction time and at 333.2 K.

Upon comparing Figs. 1 and 2 it is seen that the
progress of the reaction could be followed by 'H-NMR.
More particularly, the singlet near 2.078 assigned to
CH;COCOOEt was reduced, while that near 5.485 as-
signed to the hydroxyl proton of the reaction product was
increased, with the progress of the chemical reaction. In
addition, a doublet (J,ccy = 16 Hz) associated with these
methyl protons of the reaction product appeared around
1.308. The right leg of this doublet overlapped with the
left leg of the triplet near 1.056 assigned to the CH;CH,O
protons. The reaction was completed when the singlet at
about 2.078 disappeared. Furthermore, the proton of the
singlet at 5.485 exchangeable with D,0O shows the pres-
ence of the hydroxyl group. Finally the multiplet near
3.833 was assigned to the methylene protons (OCH,CH,)
of the reagents ethyl pyruvate and diethyl phosphite, as
well as of the reaction product (the ethyl ester of phos-
phonic acid and carboxylic acid). Note that the total
number of methylene protons appearing near 3.838 re-
mained constant during the reaction course. Therefore,
the kinetic study of the reaction can be based either on
the ratio of the NMR integration height of
CH,COCOOEt near 2.075 to that of OCH,CH, around
3.838 or on the ratio of the NMR integration height of
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Fig. 1. "H-NMR spectra of ethyl pyruvate and diethy! phos-
phite equimolar mixture at various times and at a constant
temperature (T=333.2 K).

hydroxyl proton of the reaction product near 5.488 to
that of OCH,CH,; around 3.833, which is kept constant
during the whole experiment.

A reaction is classified as first-order if a plot of In ¢,
against ¢ gives a straight line according to the equation

Inc, =In(cy)y — kt 1)

There are two possibilities for second-order reactions:
the rate may be proportional to the product of two equal
concentrations or to the product of two different ones.
The first situation corresponding to equimolar amounts of
the two reactants (n,:ng = 1:1) gives the eqn. (2),
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Fig. 2. "H-NMR spectra of ethyl pyruvate (A) and diethyl
phosphite (B) mixture, when the reagent B is in excess

(ng:n,=3), at various times and at a constant temperature
(T=333.2 K).

1 1 X @
—= + kt

ca  (cado

while the second, corresponding to the case in which re-
agent B is in excess (n,:ng = 1:3) gives the following re-
lation:'®

In fa_ In (CA;O + [(cado — (ca)o it ©)

Cs 4:9)

It is characteristic of first- or second-order reactions
that, as eqns. (1)—(3) show, all that need be measured to
see whether or not a reaction is first- or second-order are
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the concentrations of the reactants or of the product at
various times. The measurement of any quantity that is
proportional to these concentrations can therefore be
used, and the actual concentrations need to be calculated.
Thus, if some quantity, such as the heights 4,, h and A
of the steps obtained in the present work by the integral
mode of the NMR spectra (cf. Figs. 1 and 2), are related
to the concentrations c,, ¢y and c¢. or to the equivalent
numbers of nuclei underneath the signals, by the propor-
tionally equations:

¢; = Mulho . (c)o = Mh?lho 4)

where i= A or B or C, then egns. (1)-(3) become

h hS
In 2=In 2kt (%)
ho ho
hy h h h
== 2kt =4 (ca)y — kt=-2+ 107kt (6)
hy hQ e hQ h2
n 2 B (k (h8 hU)) k (M
n—=In—+1{— - <
I g hy A B

Considering that during our experiments we can mea-
sure by the NMR technique only the heights A, and A,
which are proportional to the respective concentrations
c, and c¢ as can be seen from Figs. 1 and 2, eqn. (7) can
be converted into the following relation, applying the sto-
ichiometric proportionalities (n,:ng=1:3) used in the
present study:

h S /A
In —2——=-ln 24 (— (hS - h%)) ke (8)
(ho(ca)o ) h$ hy
—_— hC
A
since
hohy ho(cs)
hy = ‘;lo"—hc=°k"°—hc ©)

In the last two equations A, is the height of the step in
the integral mode of the NMR spectra assigned to
OCH,CH,, which is kept constant during the whole ex-
periment, since the methylene groups both of the reac-
tants and the reaction product appeared in the same spec-
tral region. The ratio A,/h, is used instead of the absolute
height 4, in order to avoid accidental experimental errors,
because measurements of the heights of the integration
steps were performed utilizing different spectral ampli-
tudes in each case. The value of £ corresponding to the
NMR spectra of CH;COCOOE:t is referred to the initial
concentration of ethyl pyruvate (zero reaction time), while
a value of A =1.07 mol 17! was found experimentally
from the known values of (c,),, 4, and A%, via eqn. (4).

All the experimental data are plotted according to eqns.
(5), (6) and (8) in order to verify the order of the reaction
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Fig. 3. Plot of egn. (6). The experimental data were obtained
from the NMR spectra of ethyl pyruvate and diethyl phosphite
equimolar mixture (7T=353.2 K).

under the experimental conditions used. Figure 3 shows
the variation of hy/h, vs. ¢, when equimolar amounts of
the two reactants were used. This plot shows that the
reaction between equimolar amounts of ethyl pyruvate
and diethyl phosphite is of second order (first order with
respect to ethyl pyruvate and first order with respect to
diethyl phosphite), since all the experimental data obey
only eqn. (6). On the other hand, Fig. 4 shows that the
reaction between ethyl pyruvate (A) and diethyl phos-
phite (B), when reagent B is in excess (n,:ng = 1:3), is of
first order with respect to A, since all the experimental
data are fitted only to eqn. (5). We believe that the ap-
parent and not the intrinsic order of the reaction is
changed by using the 1:3 ratio of reagent, since such a
ratio is not large enough to assume that the reaction is
going to be pseudo-first order.

The rate constants, k, for the synthesis of 2-diethoxy-
phosphonyl-2-hydroxypropionic acid ethyl ester are given
(with the aid of the reaction between ethyl pyruvate and

-6.0
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Fig. 4. Plot of eqgn. (5). The experimental data were obtained

from the NMR spectra of ethyl pyruvate (A) and diethyl phos-
phite (B) when ng:n,=3 (T=353.2 K).

diethyl phosphite, obtained by the NMR spectroscopy) in
Tables 1 and 2 and are shown as Arrhenius plots in
Figs. 5 and 6. The best straight lines through the experi-
mental points were calculated by a least-squares analysis.

The activation parameters £, and In A4, calculated from
the known Arrhenius equation, are given in Table 3. In
the same table are compiled the activation parameters
AH” and AS™ determined from the following relations:

AH#* = E, - RT (10)

kT
AS* = [lnA -In (7) - 1] R (11)

where T (=345.2 K) is the average working temperature
and k is Boltzman’s constant.

It can be seen from Table 3 that the activation pa-
rameters found in the present work for the two cases
applied (n,:ng =1 and n,:nz = 1:3) are almost identical.
This suggests that the energy barrier for the synthesis of

-8.0 1

-10.0 +

In (‘k./ 1 mol™ s7!)

-12.0 T
2.60 2.80

T
3.00 3.20

10°K/T

Fig. 5. Arrhenius plot for the synthesis of 2-diethoxyphosphonyl-2-hydroxypropionic acid ethyl ester with equimolar amounts

of ethyl pyruvate and diethyl phosphite.
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Fig. 6. Arrhenius plot for the synthesis of 2-diethoxyphosphonyl-2-hydroxypropionic acid ethyl ester from the reaction between

ethyl pyruvate (A) and diethyl phosphite (B) when ng:n,=3.

2-diethoxyphosphonyl-2-hydroxypropionic acid ethyl es-
ter is independent of the ratio of the reactants used, since
as it was pointed out earlier the apparent and not the
intrinsic order of the reaction is changed by varying the
ratio of the reagents from 1:1 to 1:3. A similar result was
obtained by J6nsson and Flodin' in a kinetic study of the
formation of polyurethane, which has been followed by
in situ "H-NMR. Another important conclusion can be
drawn from the negative values of the entropy of activa-
tion, AS¥, according to which the less free translations
and rotations are lost and are replaced by vibrations, al-
though solvation is an appreciable factor in determining
the entropy of the system.

The reaction was kinetically studied for a long period
of time (20 h in the case of n,:ng = 1:1 and 7 h in the case
of ny:ng=1:3) and it was almost completed, as the ex-
perimental data show. The linearity of the curves in
Figs. 3 and 4 over the whole timescale shows that the
dilution caused by the production of the product and the
changes in polarity and viscosity during the whole ex-
periment do not influence the determined rate constants.

A comparison of the present results with others in the
literature is not possible, because as far as we know the

Table 3. Activation parameters (E,, In A, AH* and AS™) de-
termined by the NMR spectroscopy, for the synthesis of 2-di-
ethoxyphosphonyl-2-hydroxypropionic acid ethyl ester from
the reaction between ethyl pyruvate (A) and diethyl phosphite
(B).

Parameter nying=1:1 nyng=1:3
E,/kd mol™’ 68.4+0.7 6745
In{A/lmol~'s™") In(A/s™ ")
In A 14.740.3 13.6+2
AH” /kJ mol ™" 65.6+0.7 64+5
AS*/Jmol” K™ -132+3 -1424+14
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kinetic study of the reaction between ethyl pyruvate and
diethyl phosphite is presented for the first time here.

From the results presented in this paper it is demon-
strated that the simple methodology of NMR spectros-
copy based on the heights of the steps of the integration
curve can be used successfully in a kinetic study of the
very important reaction between ethyl pyruvate and di-
ethyl phosphite for the synthesis of 2-diethoxyphospho-
nyl-2-hydroxypropionic acid ethyl ester, which can be
used as a ferrous corrosion or scale inhibitor.
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