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Abstract N-(phosphonomethyl)-L-proline is an analogue of glyphosate. The protonation
for N-(phosphonomethyl)-L-proline was studied by potentiometry, calorimetry, *'P NMR
spectroscopy and quantum chemical calculations to further understand the protonation
process of glyphosate. The results confirmed that the order of successive protonation sites
of totally deprotonated N-(phosphonomethyl)-L-proline are a phosphonate oxygen, amino
nitrogen, and finally the carboxylate oxygen. The results can improve the understanding of
the biological activity of these types of molecules in solution.
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1 Introduction

Protonation reactions are very important for a biological active molecule because of its
ability to switch from a proton-acceptor to a proton-donor molecule with only small
changes in the pH. This enables, for example, transporting protons from one molecule to
another without wasting much energy on either binding or releasing the proton, which
would inevitably be the case in a strictly proton-accepting or proton-donating molecule.
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N-(phosphonomethyl)-L-proline (H;L) is an analogue of glyphosate with biological
activity [1]. It appears that this molecule may be a potential substrate or inhibitor of the
enzyme, which uses proline as its reagent. Proline and its analogs or homologs are very
important chiral sources that have wide applications, for instance in stereo-selective syn-
thesis, enantio separation and biochemistry. Due to its ability to coordinate in various
fashions under different reaction conditions, N-(phosphonomethyl)-L-proline has been used
to construct metal carboxylate-phosphonates with novel architectures [2-8]. However, the
protonation of N-(phosphonomethyl)-L-proline in aqueous solution has not been reported
so far. Thermodynamic data that describe the solution behavior of this molecule are scarce.

Both glyphosate and N-(phosphonomethyl)-L-proline molecules possess three donor
groups, an amine group, a carboxylate group, and a phosphate group. The protonation
reactions of N-(phosphonomethyl)-L-proline were investigated in this work by poten-
tiometry, calorimetry and NMR spectroscopy. The results from this similar molecule will
provide further evidence concerning the protonation steps of glyphosate and be helpful in
gaining further insights into the chemical processes of glyphosate in the environment.

2 Experimental
2.1 Chemicals

All chemicals were reagent-grade or higher quality. Milli-Q water was boiled to remove
carbon dioxide and then used for the preparation of all solutions. The chemicals used in the
synthesis of N-(phosphonomethyl)-L-proline (H3;L) were all purchased from Aladdin
(China). The ligand was prepared according to the method reported in the literature [9, 10].
The purity, checked by alkalimetric titration, was higher than 99%. A stock solution of the
ligand was prepared by dissolving the desired amount of the solid in a solution containing
0.5 mol-L~! NaCl (>98%, Aladdin). Working solutions of NaOH and HCI containing
NaCl were standardized by titration with potassium hydrogen phthalate (primary standard,
Alfa Aesar) and Trizma base (crystalline, Sigma), respectively. Carbonate contamination
in NaOH titrant solution is less than 0.5%, determined from blank acid—base titrations by
Gran’s method [11]. The ionic strength of all working solutions was maintained at
0.5 mol-L™! (NaCl). Deuterium oxide (99.8% D, J&K) was used to prepare sample
solutions for NMR experiments.

2.2 Potentiometry

The electromotive force (emf, in millivolts) was measured using a potentiometric titrator
(888 Titrando, Metrohm) equipped with a combination pH electrode (6.0259.100 Unitrode,
Metrohm), in an argon atmosphere to avoid the interference of carbon dioxide. All titra-
tions were carried in a 100 mL capped cell. Both the cap and the cell were water-jacketed
and maintained at 25.0 °C by circulating water from a constant-temperature bath [12, 13].
The uncertainty of temperature is £0.1 °C. Prior to each titration, an acid—base titration
with standard HC1 and NaOH solution was performed to obtain the electrode parameters,
which allowed the calculation of hydrogen ion concentrations from the electrode potential
in the subsequent titrations, conducted at the same condition of temperature and ionic
strength. A detailed description of the calibration of electrodes has been provided else-
where [13]. To minimize systematic errors and to check the repeatability of the
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measurements, multiple titrations were conducted with solutions containing different
concentration of the ligand (Cy as total ligand concentration) and acidity (Cy for total
hydrogen ion concentration). Usually, about 50 points were collected for each titration. The
protonation constants (log;q f§) were calculated by a nonlinear regression program [14].

2.3 Microcalorimetry

Microcalorimetric titrations at 25.0 £ 0.1 °C were performed on an isothermal titration
microcalorimeter (TAM-III) that measures the heat flow among the reaction vessel, ref-
erence vessel, and a heat sink maintained at a constant temperature [12, 13]. Both chemical
and the electrical calibrations were performed to validate the performance of the instru-
ment. The ligand was maintained in the 750 pL reaction vessel and stirred with a gold
propeller at 80 rpm. The titrant (~ 50 mmol-L ™' NaOH) was added into the vessel through
a Hamilton 250 pL syringe with stepwise 5 pL additions. About 50 injections were made
in each experiment. Multiple titrations using different ligand and acid concentrations were
performed to reduce the uncertainty of the results. The observed reaction heat (“partial” or
stepwise () is a function of a number of parameters, including the concentrations of
reactants, the protonation constants (log;o ) and the enthalpy of protonation of the ligand
(AH). Using the stoichiometric concentrations of the reactants and the protonation con-
stants measured by potentiometry in this work, the enthalpies for protonation of N-
(phosphonomethyl)-L-proline at 25 °C were calculated from the calorimetric titration data
[15].

2.4 NMR Spectroscopy

3P NMR experiments were performed on a 400 MHz Bruker Avance spectrometer.
Samples were prepared by dissolving 80 mg solid N-(phosphonomethyl)-L-proline in 4 mL
of D,O. After the ligand was completely dissolved, the whole solution was divided equally
into four parts. The pH of each part solution was adjusted by adding HCI or NaOH to cover
a wide pH region (1.5-13.5). An aliquot of each solution was pipetted into an NMR sample
tube for the NMR experiments. H;PO,4 in D,O was used as reference and the shift of 3lp
for H3PO, in D,O was set as O ppm. The protonation constants for H,O solutions were
assumed to be applicable. The acidities (expressed as pD = —log;o[D"]) in D,O were
obtained by using pD = pH + 0.40 [16].

2.5 Quantum Chemical Calculations

The electron correlation effects were included by employing density functional theory
(DFT) [17, 18] methods at the PBEQ-D3 (BJ) [19-22] level of theory. The triple- basis set
6-311 + G(d, p) was used to describe the H, C, N, O and P atoms. The default fine grid
(75, 302), having 75 radial shells and 302 angular points per shell, was used to evaluate the
numerical integration accuracy. All of the species were optimized in aqueous solution
while using the conductor-like polarized continuum model (CPCM) [23, 24] model with
universal force field (UFF) radii [25, 26]. The natural atomic charges and Wiberg bond
indices (WBIs) [27] were calculated on the basis of natural bond orbital (NBO) [28-30]
theory. The WBIs between two atoms are a measure of the bond order and, hence, of the
bond strength between these two atoms [31]. All calculations were carried out with the
Gaussian 09 program [32].
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3 Results and Discussion
3.1 Protonation Constants of N-(phosphonomethyl)-L-proline

Representative potentiometric titrations of N-(phosphonomethyl)-L-proline at 25 °C and
the fitting curves are shown in Fig. 1. There are three successive protonation reactions in
the pH range of this study. The fourth protonation reaction, on the second oxygen atom of
the phosphonate group, occurs outside the normal pH range and so is not considered here.
The speciation during the course of the titration experiment is superimposed on these plots.
The protonation constants (log;q f§) of the molecule were calculated and are reported in
Table 1. The protonation constants of glyphosate from the literature are also listed in
Table 1 for comparison. The protonation constants of N-(phosphonomethyl)-L-proline are
larger than those of glyphosate by one order of magnitude. The trend reflects the electron
density on the central amine: the electron-donating pyrrolidine ring makes N-(phospho-
nomethyl)-L-proline more basic than glyphosate.

3.2 Enthalpy of Protonation of N-(phosphonomethyl)-L-proline

Calorimetric information provides revealing insights into solute—solvent interactions. This
improved understanding of solute behavior is particularly useful in studying complex
biomolecules such as proteins, where an accurate thermodynamic description of the
component amino acids may help to elucidate the structure, folding, and other functions of
biomolecules. Data of the calorimetric titrations for the protonation of N-(phospho-
nomethyl)-L-proline are shown in Fig. 2. The calculated enthalpies for protonation of the
ligand at 25 °C are also presented in Table 1. Stepwise, the enthalpies of protonation
reaction are —33.0 £ 0.3 kJ'mol™' (for HY + L~ = HL?*"), —0.1 & 1 kJ-mol™" (for
H" 4+ HL>™ = H,L"), and —16.9 #+ 3.0 kJ-mol " (for H" + H,L~ = HsL). It should

100

80

60

Species%

Titre(mL)

Fig. 1 Potentiometric titrations for the protonation of N-(phosphonomethyl)-L-proline at 25 °C;
I = 0.5 mol-L™! NaCl. Initial solution: V = 20.95 mL, n;5- = 0.1120 mmol, ny+ = 0.3949 mmol, titrant:
73.20 mmol-L~! NaOH. Symbols: red solid square, experimental data (—loglo[H+]); black dashed line,
fitting (—log o[H1]); solid lines, percentages of species relative to the total N-(phosphonomethyl)-L-proline
concentration (black, HiL; red, H,L™; blue, HL27; green, L37, where H;L stands for the neutral N-
(phosphonomethyl)-L-proline in solution) (Color figure online)
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Table 1 Thermodynamic parameters for the protonation of N-(phosphonomethyl)-L-proline and glyphosate
at (25.0 £ 0.1) °C

Ligand Reaction logio B AH (kI-mol™")  Tonic medium
o H+ 13 = HL?> 10.60 £ 0.03 —334+0.7 0.5 mol-L ™! NaCl, this work
Nvg\() JH4 L —HL- 15854006 —33.1+08 0.5 mol-L™" NaCl, this work
0™y 3H+L» =H;L  17.56 £ 0.1 -50 £3.0 0.5 mol:L™' NaCl, this work
Ny H+L* =HL> 9.66 £0.06  —32+03  1.0molL ' NaClO, [12]
%0 ° 9.83 £ 0.03 0.5 mol-L ™" NaCl, this work
2H+L* = H,L- 14.86 +£ 0.12 —34.1 +£0.3 1.0 mol-L~! NaClO, [12]
15.14 £+ 0.06 0.5 mol-L ™! NaCl, this work
3H+L> = H;L 16.44 £ 0.15 —-59 + 2.0 1.0 mol-L~" NaClO, [12]
17.25 + 0.06 0.5 mol-L™" NaCl, this work
Fig. 2 Calorimetric titrations for Titrant (uL)
the protonation of N- ) 0 50 100 150 200 250
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25°C, I = 0.5 mol-L ™' NaCl. a : | ' | '
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Stepwise heat (right y axis, navy o) 1 rol
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speciation of N- ]
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T x v

(solid line, left y axis, pink: H;L,
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L3~ where HsL stands for the Time (S)
neutral N-(phosphonomethyl)-
L-proline molecule in solution) 100
versus the titrant volume. Initial 5
solutions in cup: V = 750 pL, 80
npa- = 3.065mol, R =
ny+ = 13.239umol. Titrant: 8 60 e
49.92 mmol-L ™" NaOH, S I =
injection volume: 5.0 uL (Color 8 40 8
figure online) ) T
20
0 v T v T y T v T v 0
0 50 100 150 200 250

Titrant (uL)

be pointed out that the value of the enthalpy of the second protonation reaction is much
smaller than for the first and third steps. It was well known that amine nitrogen atoms are
less hydrated than the oxygen atoms of carboxylate or phosphate groups in aqueous
solution. So, less energy is released upon amino nitrogen protonation compared to pro-
tonation of the carboxyl or phosphono groups. For example, glutaroimide-dioxime mole-
cule (H,A) is a cyclic imidedioxime moiety that can form during the synthesis of the poly-
amidoxime sorbent and is reputedly used for the extraction of uranium from seawater [33].
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There are three steps of protonation, from A®~, through HA™ and H,A, and then to H;A™.
The acid strengths of the oxime groups are very weak. The first two stepwise protonated
sites are oxygen atoms of the oxime group and the third protonation reaction occurs on the
nitrogen atom [34]. The first two stepwise enthalpies for the protonation of glutarimide-
dioxime are —36.1 kl-mol™! (for H" + A2 = HA™) and —33.6 kl-mol™' (for
H™ + HA™ = H,A), while the enthalpy change for last step protonation reaction is
7.3 kI-mol ! (for HY + H,A = H3A™") [33]. Another example is that aminocarboxylic
acids, which exist in aqueous solutions as zwitter ions, where the amine nitrogen is pro-
tonated and possesses a positive charge, leaving the carboxylate oxygen unprotonated with
a negative charge. The variations of enthalpies for the protonation of N-(phospho-
nomethyl)-L-proline suggest that the second protonation occurs on the amino nitrogen atom
while the first and third protonations occur on oxygen atoms.

3.3 3P NMR

NMR spectroscopy is a powerful technique for studying both the qualitative and quanti-
tative relations among different organic molecules [35-37]. For example, NMR spec-
troscopy can provide reliable pK, data below pH =2 and above pH = 12 when
potentiometric titration can not accurately discriminate between water’s reactions with the
base or acid and those of the ligand [38]. 31p NMR spectra of four solutions (solutions a, b,
¢, and d) were collected to help identify the protonation sites of the molecule (Fig. 3). The
acidities (expressed as pD = —log;o[D™]) of the solutions are 13.1, 7.1, 3.4, and 1.5, for
solutions a, b, c, and d, respectively. The dominant species of N-phosphonomethy-L-proline
in these solutions are calculated to be as following: solution a, L3~ (100%); solution b,
HL*~ (98%); solution ¢, HL.™ (97%), and solution d, H3LL (90%). Therefore, the variations
in *'P NMR spectra from solution a to d can be discussed as reflecting the stepwise
protonation of totally deprotoned N-(phosphonomethyl))-L-proline.

(d)
H,L(D,L)

(c) 6 8 10 12 14

1 H,L(D,L)
r T T T T T T T T T 1

(b) 6 8 10 12 14
l HL*(DL*)

(a) 6 8 10 12 14

L® l

T T T T T T T T T

6 8 10 12 14

*'P Chemical shift(ppm)

Fig. 3 'P spectra of four N-(phosphonomethyl)-L-proline solutions. The acidities (expressed as
pD = —log;o[D*]) of the solutions are: a 13.1, b 7.1, ¢ 3.4, and d 1.5, respectively
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Usually, as the protonation reaction occurs closer to the phosphorus atom, the larger is
the >'P NMR spectra chemical shift (i.e., the ‘‘proximity effect’’) [12, 39]. As shown in
Fig. 3, in going from solution a to b, the dominant species changes from L?~ to HL>™,
representing the first protonation step (H™ 4+ L*~ = HL?"). The change in the chemical
shift (~7.49 ppm) is the largest, suggesting the first protonation occurs on the phosphonate
oxygen atom as described by Fig. 4a, b. From solution b to solution c, the dominant species
changes from HL*>™ to H,L ™, representing the second protonation step (H' + HL> =
H,L™). The chemical shift change (~1.50 ppm, Fig. 3b, c) is smaller than the first pro-
tonation step, but larger than that (~0.37 ppm, Fig. 3c, d) of the third protonation step
(H" + H,L~ = H3L), which suggests that the second protonation occurs on the amino
nitrogen atom and the third protonation occurs on the carboxylate oxygen atom. Generally,
the basicities of the amino and imino nitrogen atoms are higher than that of a carboxyl
group. The successive protonation sites of totally deprotonated N-(phosphonomethyl)-L-
proline in order are expressed as Fig. 4.

3.4 Conformational Study of the HL>~ Species of N-(phosphonomethyl)-L-
proline

To gain deeper insights into this protonation reaction, we further studied this process by
quantum chemical methods. The best solvation model should involve the explicit inclusion
of waters in the first hydration shell combined with a continuum solvation model for the
remainder of the hydration shell [40]. Likewise, for comparison, the continuum solvation
model was also used for all of the hydration shell in this work.

The structure of three possible protonation sites on N-(phosphonomethyl)-L-proline for
the first protonation species (HL>7): the phosphonate (OP), the amine (N), and the car-
boxyl (OC), were evaluated by the DFT calculations in aqueous medium. The optimized
structures of the stationary points are described in Fig. 5a, b and c. As shown in Fig. 5d,
the order of the relative energies for the three situations is H-L(OP) < H-L(N) < H-
L(OC), suggesting that the first protonation reaction at the phosphonate group forms the
most stable structure. As depicted in Table 2, moreover, the magnitude of WBIs is H-
L(OP) > H-L(N) > H-L(OC), which also is in good accordance with the changes of
energies. These calculations indicate that the first protonation reaction should occur upon
one of oxygen atoms of the phosphonate group.

3.5 Implication to Environmental Solutions

Most herbicides have acidic or basic functionalities. Depending on the both pH and the
protonation constants of active ingredient in the herbicide, different chemical species may
exist in the solution, including cationic, anionic, or neutral species, which generally have
different properties. Because both glyphosate and N-(phosphonomethyl)-L-proline

(e}
I . I . . I . N I
H
N\/T\o_ _H N\/FT\ _ H NHVFI’\O_ o NH\/I'T\O,
) OH OH OH
(e} o O 0" O 0" (0] OH
(a) (b) (c) (d)

Fig. 4 Structures of N-(phosphonomethyl)-L-proline connected with consecutive protonation reactions
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Fig. 5 The optimized structures for the first protonation speciation (HL>") by DFT calculations: a HL?~,
protonation on phosphonate; b HL>~, protonation on amine; ¢ HL?~, protonation on carboxyl (the H-L bond
lengths are also shown in the figure); d the relative energies for various possible HL?~ speciations; (d-1) the
continuum solvation model for all of the hydration shell; (d-2) the explicit inclusion for the first hydration
shell and continuum solvation model for the remainder of the hydration shell which corresponds to three
optimized structures in (a), (b) and (c), respectively

Table 2 Wiberg bond indices (WBIs) of various H-L bonds obtained by DFT calculations®

Species H-L (phosphonate) H-L (amine) H-L (carboxyl)

WBIs 0.655 0.652 0.607

# Explicit inclusion of the first hydration shell and continuum solvation model for the remainder of the
hydration shell

molecules possess the same donor groups, the results from this study further prove the first
protonation site of glyphosate is on the phosphonate group. The pH value is 7-8 for most
biochemical solutions, surface waters, and ground waters. For these aqueous solutions, the
dominant species of glyphosate and N-(phosphonomethyl)-L-proline is HL*". Our results
confirm that the dominant species of glyphosate and N-(phosphonomethyl)-L-proline
molecules in pH range 7-8 do not have the proton on the amino group but rather on the
phosphonate group (as shown in Fig. 6). We hope that, once the most stable glyphosate
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> N
-O/T\/N 0 OH
OH (0] o

(@ (b)

Fig. 6 Dominant species of glyphosate and N-(phosphonomethyl)-L-proline in the pH range 7-8:
a glyphosate, b N-(phosphonomethyl)-L-proline

species are determined, this knowledge may help in the study of the corresponding
complexation reactions of glyphosate with different metals found in the soil.

4 Summary

Protonation reactions of an analogue of glyphosate, N-(phosphonomethyl)-L-proline, has
been studied by thermodynamic experiments and quantum chemical calculations. The
results prove that the protonation reactions of fully deprotonated N-(phosphonomethyl)-L-
proline start with one of the oxygen atoms of the phosphonic group, followed by the amine
group’s nitrogen atom, and finally the carboxyl oxygen atom. This result further proves
that the first protonation site of glyphosate is not on the amino group but on the phos-
phonate group instead. The data from this work will help to understand glyphosate and N-
(phosphonomethyl)-L-proline chemical actions in biochemical solutions, surface waters,
and ground waters.
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