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Four Zn2+–azamacrocyclic complexes were investigated for their ability to catalyze the hydrolysis of the
toxic organophosphate (OP) pesticide diethyl paraoxon. Of the four complexes studied, Zn2+–1,5,9-triaza-
cyclododecane (Zn2+–[12]aneN3) was found to be the most effective catalyst with a pseudo-first order
reaction rate of k = 6.08 ± 0.23 � 10�4 min�1. Using 31P nuclear magnetic resonance (NMR) spectroscopy,
the two products diethyl phosphate (DEP) and ethyl (4-nitrophenyl) phosphate (E4NPP) were identified
for both catalyzed and background hydrolysis of paraoxon. Reaction rate and selectivity for formation of
the non-toxic DEP were observed to correlate with catalyst pKa. The rate of formation of toxic E4NPP,
however, was independent of both the presence and nature of the catalyst. The potential roles of buffer
concentration and product inhibition were also investigated. Background hydrolysis at elevated reaction
temperatures (50 �C) displayed no preference for DEP over that of E4NPP despite substantial differences
between the characteristics (i.e., pKa values) of the two leaving groups (ethoxide vs. 4-nitrophenoxide
anions). As with previous observations of these types of metal-catalyzed hydrolyses, we invoke the for-
mation of a trigonal bipyramidal-like transition state involving a Zn-coordinated phosphate bond, with
the leaving group at the apical position and the incoming HO� anion approaching from the opposite
end. Kinetic rates for catalytic hydrolysis display an overwhelming propensity for DEP formation, and
suggest the importance of steric restrictions on transition state structure, namely a concerted arrange-
ment of the azamacrocycle in opposition to the bulky 4-nitrophenoxy group.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

In spite of their usefulness as agricultural pest deterrents,
organophosphorus (OP) pesticides are known to possess physical
and chemical properties which cause detrimental environmental
and physiological effects [1–3]. For example, many OPs have high
boiling points and are relatively unreactive, making them poten-
tially persistent environmental hazards [4,5]. From a physiological
perspective, many are acutely toxic through their irreversible inhi-
bition of cholinesterases. The most acutely toxic OP compounds,
characterized by a high degree of reactivity and low chemical sta-
bility, have been developed and used as chemical warfare agents
(CWAs) for military and terrorist activities (e.g. sarin, soman, and
VX). These troubling properties reflect a critical need for
methodologies and technologies that are effective at neutralizing
the physical and biological impact of many OP compounds.

Azamacrocycle-based organometallic compounds are known
for their ability to catalyze the degradation of a wide variety of
carboxy- [6,7] and phosphorus-based [8–10] esters, making them
potential candidates for the degradation of toxic OP compounds.
1,4,7-triazacyclononane ([9]aneN3), 1,5,9-triazacyclododecane
([12]aneN3), 1,4,7,10-tetraazacyclododecane ([12]aneN4 or cyclen),
and 1,4,8,11-tetraazacyclotetradecane ([14]aneN4 or cyclam)
(Chart 1A–D, respectively) are members of this class of cyclic com-
pounds and are recognized as suitable ligands for a variety of metal
ions including Zn2+, Co3+, Cu2+, Ni3+, and Fe3+ [11–16]. In aqueous
solutions, the metal center coordinates the ligand’s nitrogen atoms
and a water molecule which may exist as a catalytically active
hydroxide ion at a suitable pH. The electronic properties of the
macrocyclic ligand and the number of coordinating nitrogens
directly influence the pKa [17]. For example, the coordinated water
of the Zn2+–[12]aneN3 complex exhibits one of the lowest known
pKa values (pKa = 7.3 in water at 50 �C) within this class of com-
pounds [18,19]. Thus, it is not surprising to find that even in
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Chart 1. Structures of the nitrogen-containing ligands used for Zn2+ catalyst
synthesis: (A) 1,4,7-triazacyclononane ([9]aneN3). (B) 1,5,9-triazacyclododecane
([12]aneN3), (C) 1,4,7,10-tetraazacyclododecane ([12]aneN4 or cyclen), and (D)
1,4,8,11-tetraazacyclotetradecane ([14]aneN4 or cyclam).

Chart 2. Structures of parathion (O,O-diethyl O-(4-nitrophenyl) phosphorothioate,
left) and its oxidase metabolite, paraoxon (O,O-diethyl O-(4-nitrophenyl) phos-
phate, right).

Scheme 2. Paraoxon degradation products, diethyl phosphate (DEP, left) and ethyl
(4-nitrophenyl) phosphate (E4NPP, right) by a general Zn2+-catalyst.
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slightly basic solutions, complexes with low pKa values (such as
Zn2+–[12]aneN3) overwhelmingly exist in their activated
hydroxide ion forms (e.g. >94% Zn2+–[12]aneN3–OH� vs. <6%
Zn2+–[12]aneN3–OH2 at pH = 8.5 in water at 50 �C). This value is
quite low compared to those exhibited by Zn2+–cyclen (pKa = 8.0)
[18,20] and Zn2+–cyclam (pKa = 9.8) [20]. Under the same
conditions, Zn2+–cyclen and Zn2+–cyclam have active fractions of
76.0% and 4.8%, respectively.

Though metal–azamacrocycle complexes are potentially effec-
tive catalysts for neutralization of OP pesticides and CWAs, cat-
alytic activity is not a sufficient criterion for determining ideal
candidates for decontamination applications. The hydrolysis
should not generate products that can bind the metal center (e.g.
the thiolate generated from VX hydrolysis) and cause inactivation
of the catalyst [21]. Product selectivity must be considered, as
many degradation products display toxicities similar to those of
the pesticides and CWAs themselves. For example (see
Scheme 1), EA-2192 (S-[2-(diisopropylamino)ethyl] methylphos-
phonothioate), generated from the hydrolysis of the nerve agent
VX (O-ethyl S-[2-(diisopropylamino)ethyl] methylphosphonoth-
ioate), is known to display similar toxicity to its parent compound
[22]. Thus, an effective catalyst from a neutralization perspective
should display selectivity towards the production of degradation
products which are nontoxic in comparison to their parent
compounds.

Lastly, within the realm of CWA decontamination, the applied
technology needs to be selective only against the agents, leaving
surfaces, expensive equipment, and contaminated areas as intact
as possible. To date, effective decontamination technologies make
use of excess amounts of highly corrosive and caustic solutions
such as bleach and other basic formulations (pH > 11) [23–25].
Extensive efforts, including those described herein, are now being
directed towards the development of affordable catalytic technolo-
gies for the large-scale defeat of these toxic substances.

In the present work, we assess a panel of four zinc(II)–aza-
macrocyclic complexes for effectiveness in the degradation of the
OP pesticide paraoxon (O,O-diethyl O-(4-nitrophenyl) phosphate),
the oxidase metabolite of the pesticide parathion (O,O-diethyl O-
(4-nitrophenyl) phosphorothioate) (see Chart 2). The complexes
were evaluated for their catalytic properties in AMPSO (N-(1,1-
dimethyl-2-hydroxyethyl)-3-amino-2-hydroxypropanesulfonic
acid) buffer (initial pH = 8.5) at 50 �C, and the extent of paraoxon
degradation was followed using 31P nuclear magnetic resonance
Scheme 1. General hydrolysis of the nerve agent VX (O-ethyl S-[2-(diisopropy-
lamino)ethyl] methylphosphonothioate) resulting in a similarly toxic product, EA-
2192 (S-[2-(diisopropylamino)ethyl] methylphosphonothioate).
(NMR). Timescales for complete degradation were on the order of
days for solutions containing 10 mol% catalyst relative to the initial
paraoxon concentration. Selectivity of the reaction products, non-
toxic diethyl phosphate (DEP) and the potentially toxic ethyl (4-ni-
trophenyl) phosphate (E4NPP), was monitored as well (Scheme 2).
For the most active catalyst, Zn2+–[12]aneN3, we further investi-
gated the effects of substrate concentration, buffer concentration,
and product inhibition on overall catalytic activity.

2. Materials and methods

2.1. General

All reagents used were of analytical grade, purchased from com-
mercial suppliers, and used as received. The cyclam ([14]aneN4)
and [12]aneN3 ligands were purchased from Alfa Aesar (Ward
Hill, MA), [9]aneN3 was purchased from TCI America (Portland,
OR), and cyclen ([12]aneN4) was purchased from Strem
Chemicals (Newburyport, MA). The syntheses of all catalysts
employed in this study were carried out as previously reported
[17]. Paraoxon, zinc perchlorate hexahydrate, and AMPSO were
purchased from Aldrich Chemicals (St. Louis, MO). The different
AMPSO buffers used (0.1, 0.25 and 0.5 M; pH 9.1 at 25 �C in
water, 8.5 at 50 �C in water, 8.1 at 50 �C in a mixture consisting
of 50% H2O, 37.5% D2O, and 12.5% CD3CN) were prepared
using Milli-Q water and were refrigerated until use.
Hexamethylphosphoramide (HMPA), a common internal chemical
shift standard for 31P NMR experiments, was purchased from
Sigma Aldrich (St. Louis, MO). Deuterated acetonitrile (CD3CN)
and water (D2O) were purchased from TCI America (Portland,
OR). All pH values are expressed on an absolute scale in reference
to water as the standard state solvent.

2.2. Sample preparation

Kinetics of paraoxon hydrolysis were monitored with 31P NMR.
The NMR samples were prepared in triplicate as follows: in a 5 mm
NMR tube, 50 lL of a 40 mM solution of HMPA in D2O was added to
200 lL of the AMPSO buffer using a pipette. 100 lL of the stock cat-
alyst solution (5.45 mM in D2O) was added via pipette. 50 lL of a
0.109 M solution of paraoxon in CD3CN was added to the solution
and incubated at 50 �C in an oil bath. This yielded 13.6 mM para-
oxon and 1.36 mM catalyst in a mixture consisting of 50% H2O,
37.5% D2O, and 12.5% CD3CN. In all cases, the initially colorless
solutions eventually turned bright yellow, indicating the
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Fig. 1. Degradation of paraoxon at initial pH = 8.1 (0.1 M AMPSO) at 50 �C in the
presence of each catalyst and a control consisting of buffer alone. Data were fit via
nonlinear regression to a decaying exponential function with constant offset. ‘‘Zn2+’’
is omitted from all legends to increase readability.
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generation of 4-nitrophenol (4-NP). Throughout the course of these
reactions (at an initial pH of 8.1 and kept at 50 �C for a week), the
HMPA remained unreactive, making it a suitable choice as an inter-
nal standard for both chemical shift and quantitation purposes.

2.3. NMR analysis

All experiments were conducted on a Bruker Avance III
600 MHz instrument equipped with a Bruker QNP 5 mm cryoprobe
(Bruker Biospin, Billerica, MA) at 30.0 ± 0.1 �C. The pulse sequences
used were default experiments provided by the manufacturer.
Ninety-degree pulse lengths of 18.2 ls for 1H and 9.0 ls for 31P
were manually determined via nutation experiments.

As 31P spectra are straightforward to interpret with relatively
few, well-resolved resonances, this nucleus was chosen to monitor
paraoxon degradation. To allow proper quantitation for the kinetic
experiments, measurements of the longitudinal relaxation time T1

were conducted for each 31P resonance. A traditional inversion
recovery pulse sequence was used and the resulting data were fit
to an exponential growth function. The reference compound
HMPA had the longest measured T1 of 9.6 s, so the recycle delay
was set at approximately five times this value (50 s) to allow for
full relaxation to the thermal equilibrium distribution. For decou-
pling experiments, 1H inverse gated decoupling was applied via a
WALTZ-16 sequence with 14.3 kHz bandwidth. For proper quanti-
tation, experiments were performed in triplicate and 31P peaks
were integrated and normalized against the peak area of the
HMPA internal standard.
Table 1
Pseudo-first order time constants, reaction rates, and half-lives for paraoxon
degradation at initial pH = 8.1 (0.1 M AMPSO) at 50 �C in the presence of each
catalyst and a control consisting of buffer alone. Data were fit to a decaying
exponential function with constant offset.

Catalyst s (hr) k (min�1, �104)

Zn2+–[12]aneN3 27.4 ± 1.0 6.08 ± 0.23
Zn2+–cyclen 33.0 ± 0.8 5.05 ± 0.12
Zn2+–cyclam 58.6 ± 2.0 2.84 ± 0.10
Zn2+–[9]aneN3 106 ± 10 1.56 ± 0.15
Buffer (control) 130 ± 16 1.28 ± 0.15
3. Results and discussion

3.1. Measurement of Catalyst pKa’s

The pKa of the leaving group is dependent on the solvent and
temperature, with literature values typically given for an aqueous
solution at room temperature. Here, we used a matrix consisting of
50% H2O, 37.5% D2O, and 12.5% CD3CN at 50 �C, necessitating a
determination of the pKa’s under these non-standard conditions.
These experiments are described in Supplementary Section S1.
Briefly, 1H NMR chemical shifts were recorded at a variety of pH
values and the pKa values were obtained from a least-squares fit-
ting procedure [26]. The results were as follows: Zn2+–[12]aneN3,
pKa = 6.66 ± 0.10; Zn2+–cyclen, pKa = 7.75 ± 0.13; Zn2+–cyclam,
pKa = 10.02 ± 0.82; AMPSO, pKa = 8.06 ± 0.11. A value of the pKa

for Zn2+–[9]aneN3 was not determined as its structure is still under
debate.

3.2. NMR spectral assignment

31P NMR spectra were taken over several days to monitor the
course of paraoxon degradation and subsequent generation of its
byproducts. 31P chemical shifts for paraoxon, DEP, E4NPP, and
HMPA were assigned as described in Supplementary Section S2.
The chemical shifts were as follows: dParaoxon = �6.73 ppm,
dDEP = 0.60 ppm, dE4NPP = �5.11 ppm, dHMPA = 29.65 ppm. A typical
31P NMR spectrum is shown in Supplementary Fig. S2.

3.3. Degradation of paraoxon

Fig. 1 shows the decrease in paraoxon 31P signal intensity asso-
ciated with the degradation of paraoxon by the four catalysts
under study. Background hydrolysis in AMPSO buffer alone is also
given as a control. The data were taken at three to four time points
each day over the course of a week and were normalized and fit
using Origin 9.0 (OriginLab, Northampton, MA). The fit assumed
first-order kinetics with a single exponential decay term plus off-
set, I ¼ ð100� I1Þ expð�t=sÞ þ I1. Here, I is the signal intensity at
time t; s is the reaction time constant (s = 1/k), with k the overall
pseudo-first order reaction rate constant), and I1 is the remaining
intensity at long time points (offset). Further commentary on this
point is given in Section 3.9.

Paraoxon degradation in the presence of the Zn2+–[12]aneN3

catalyst was observed to occur rapidly compared to the other cat-
alysts and the buffer. The cyclen-based complex displayed a
slightly lower activity, while the cyclam-based complex displayed
a small, but still enhanced activity. The Zn2+–[9]aneN3 complex
displayed little hydrolytic activity, exhibiting only a slightly better
kinetic rate than that due to buffer alone. The paraoxon data were
described well by the single exponential decay rates given in
Table 1. Also given are the reaction time constants s.

It should be noted that the catalytic activities of these species
are quite low, with only up to a five-fold enhancement over the
hydrolysis rate in buffer alone for the best catalyst, Zn2+–
[12]aneN3. Such rates are hundreds of times slower than for cat-
alyzed methanolysis of paraoxon using similar catalysts [27]. It
should be kept in mind, however, that catalyzed methanolysis
imposes an additional constraint on paraoxon decontamination –
namely, the inclusion of methanol in the cleanup process. Real-
world decontaminations are likely to be performed in aqueous
environments, necessitating the use of large amounts of methanol
for such catalysts. Moreover, any potential in vivo treatment appli-
cations must be conducted in an aqueous medium. Thus, an aque-
ous catalyst may be an advantage over one utilizing methanolysis,
even if it has a significantly lower activity. Additional studies to
improve the catalytic activity of these catalysts should be per-
formed. For instance, covalent attachment to various members of
the cyclodextrin family might allow the exploitation of an
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Fig. 2. (a) DEP generation and (b) E4NPP generation at initial pH = 8.1 (0.1 M
AMPSO) at 50 �C in the presence of each catalyst and a control consisting of buffer
alone. The legend given in (b) applies to the data in both (a and b). ‘‘Zn2+’’ is
omitted from all legends to increase readability. The curves result from nonlinear
least squares fits to single exponential growth functions but mainly serve to
guide the eye.
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Fig. 3. Comparison of paraoxon, DEP, and E4NPP reaction profiles for 10 mol%
(1.36 mM) Zn2+–[12]aneN3 catalyst in pH = 8.1 (0.1 M AMPSO) at 50 �C. Curves are
fits to single exponential functions but mainly serve to guide the eye.

Table 2
Pseudo-first order time constants, sDEPð¼ k�1

DEP , for DEP formation at initial pH = 8.5
(0.1 M AMPSO) at 50 �C in the presence of each catalyst and a control consisting of
buffer alone.

Catalyst sDEP (h)

Zn2+–[12]aneN3 26.6 ± 0.7
Zn2+–cyclen 31.5 ± 0.8
Zn2+–cyclam 50.8 ± 1.4
Zn2+–[9]aneN3 87.5 ± 3.8
Buffer (control) 132 ± 47

126 D.J. Kennedy et al. / Inorganica Chimica Acta 436 (2015) 123–131
additional hydrophobic interaction and substantially increase the
catalytic rate.

3.4. Formation rates of DEP and E4NPP

Fig. 2a and b show the intensities for DEP and E4NPP formation,
respectively, for all catalysts. Fig. 3 compares the paraoxon, DEP,
and E4NPP 31P intensities for the most effective catalyst, Zn2+–
[12]aneN3. Prior to a more formal analysis, two conclusions can
be made by inspection of these graphs: (1) regardless of the selec-
tivity of the catalyzed hydrolysis for one byproduct over another,
both DEP and E4NPP are generated in significant quantities; and
(2) DEP formation is favored over E4NPP formation for catalysts
with lower pKa values. Table 2 contains the reaction time constants
for DEP formation extracted using a first order exponential growth
model. Note that only for the Zn2+–[12]aneN3 and Zn2+–cyclen cat-
alysts is there statistical similarity in the values of s for paraoxon
degradation (Table 1) and sDEP for formation of DEP. This is due
to the overall rate of paraoxon degradation, k, being a sum of the
DEP and E4NPP reaction rates (k ¼ kDEP þ kE4NPP). See Section 3.9
for a more detailed analysis.

3.5. Demonstration of reaction order

As demonstrated in Sections 3.3 and 3.4, the application of a
single exponential decay term with offset seems to describe the
data quite faithfully. For true first-order kinetics, a reactant is
simply converted to a product and the reaction is described by a
single exponential decay. Catalytic reactions involving short-lived
transition states are considered pseudo-first order, but are also
well-described by single exponential functions. For each of these
processes, the reaction rate is unaffected by initial substrate con-
centration (compared to, e.g., a Michaelis–Menten mechanism
observed with dinuclear zinc complexes reported previously
[28,29]). If paraoxon degradation by the zinc(II) catalysts in the
present study behaves in a pseudo-first order manner, an increase
in initial substrate concentration should not impact the overall
reaction rate constant. Thus, we labored to determine the kinetic
order by examining the effect of varying paraoxon concentration
on the reaction rate time constant for the best catalyst, Zn2+–
[12]andN3. In these experiments, the catalyst concentration was
kept constant at 1.36 mM Zn2+–[12]aneN3, or 10 mol% of the nom-
inal 13.6 mM paraoxon initial concentration.

Fig. 4 shows how increased initial substrate concentration
affects paraoxon degradation. At very short times, the reactions
proceed similarly regardless of initial paraoxon concentration. It
appears, however, that the reaction rate decreases with increasing
initial paraoxon content for the long time data points (i.e. data col-
lected after 1000 min). Table 3 contains reaction time constants for
the 13.6 mM paraoxon concentration and increased concentrations
of 20.4 mM, and 27.2 mM. These measurements represent 1.5�
and 2.0� increases in the initial paraoxon concentration, respec-
tively. Note that the reaction time constants are not strongly
affected by varying the substrate concentration. Rather, it is the
asymptotic behavior that is affected by increasing initial paraoxon
content. That is, the offset I1 is observed to increase with paraoxon
concentration. Additional analysis is provided in Section 3.9.
3.6. Product inhibition studies

It has been well documented that for a wide variety of metal-
based catalysts, reaction products can be equally good ligands as
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Fig. 4. Normalized paraoxon content as a function of initial paraoxon (substrate)
concentration at initial pH = 8.1 (0.1 M AMPSO) at 50 �C for the catalyst
Zn2+–[12]ane–N3 (1.36 mM). The curves represent single exponential decay terms
with offsets.

Table 3
Pseudo-first order time constants for paraoxon degradation as a function of initial
paraoxon concentration at initial pH = 8.1 (0.1 M AMPSO) at 50 �C for the catalyst
Zn2+–[12]ane–N3 (1.36 mM).

[Paraoxon] (mM) s (h)

13.6 27.4 ± 1.0
20.4 30.4 ± 0.2
27.2 31.2 ± 0.4
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Fig. 5. Effect of product inhibition via 4-nitrophenol (4-NP) on paraoxon degrada-
tion at initial pH = 8.1 (0.1 M AMPSO) at 50 �C for the catalyst Zn2+–[12]ane–N3

(1.36 mM). Concentrations of 4-NP are relative to an initial paraoxon concentration
of 13.6 mM. Curves are the result of fits to decaying exponential functions with
constant offsets.

Table 4
Pseudo-first order time constants for paraoxon degradation as a function of 4-
nitrophenol (4-NP) concentration at initial pH = 8.1 (0.1 M AMPSO) at 50 �C for the
catalyst Zn2+–[12]ane–N3 (1.36 mM).

[4-NP] (mM) s (h)

0.00 27.4 ± 1.0
2.72 24.0 ± 1.7
5.44 23.3 ± 2.0
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Fig. 6. Effect of buffer concentration on paraoxon content at initial pH = 8.1 at 50 �C
for the catalyst Zn2+–[12]ane–N3 (1.36 mM) and an initial paroxon concentration of
13.6 mM. Curves are the result of fits to decaying exponential functions with
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the desired ligand itself. This catalyst ‘‘poisoning’’ diminishes or
eliminates catalytic ability and is known as product inhibition.
For the zinc–azamacrocycles considered presently, it was not
known if the phosphorus-containing byproducts DEP and E4NPP
would behave in such a manner. Competition at the zinc center
by these compounds would retard hydrolysis, precluding access
to the active hydroxide.

To assess the impact of product inhibition on the catalysts stud-
ied presently, various amounts of 4-NP, a potential inhibitor
formed during the generation of DEP, were added to an initial
paraoxon concentration of 13.6 mM. The most effective catalyst,
Zn2+–[12]ane–N3, was present at a concentration of 1.36 mM
(10 mol% relative to initial paraxon concentration). Fig. 5 shows
the impact on paraoxon degradation for 4-NP concentrations of
0.00 mM, 2.7 mM, and 5.4 mM (0, 20, and 40 mol%, respectively).
The time constants for paraoxon degradation under these condi-
tions are given in Table 4. At these concentrations of 4-NP, product
inhibition does not seem to be a problem. A similar lack of product
inhibition has been demonstrated for the catalytic hydrolysis of
bis(4-nitrophenyl) phosphate by a dinuclear Zn2+ azamacrocyclic
complex [30].
constant offsets.

Table 5
Pseudo-first order time constants for paraoxon degradation as a function of buffer
concentration at initial pH = 8.1 at 50 �C for the catalyst Zn2+–[12]ane–N3 (1.36 mM)
and an initial paroxon concentration of 13.6 mM.

[Buffer] (M) s (h)

0.10 27.4 ± 1.0
0.25 28.4 ± 0.6
0.50 25.4 ± 0.3
3.7. Effects of buffer concentration

To further investigate the impact of various reaction conditions
on catalyst performance, the effects of buffer concentration were
also considered. Fig. 6 compares results for the nominal 0.1 M
AMPSO concentration to those obtained for 0.25 M and 0.5 M con-
centrations. The extracted reaction time constants, shown in
Table 5, suggest that there is little effect of this concentration on
the hydrolysis of paraoxon. Only at 0.5 M is there perhaps an
increase in the overall rate of reaction, but that difference is slight.
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3.8. Acid generation effects

Despite the presence of buffer, significant acid generation due
to paraoxon degradation could result in a pH decrease, thereby
decreasing the fraction of active catalyst. Because the effective
reaction rate of a pseudo-first order catalytic reaction is dependent
on catalyst concentration, this decrease in active catalyst would
result in a time-dependent rate constant k ¼ kðtÞ over the course
of the observed reaction and a marked deviation from a simple
exponential decay. While this single exponential term seemed to
describe most of the data reported currently, the data considered
have shown a slight departure from simple exponential decay at
long time data points. In non-linear least squares fits to these data,
this manifests as a relatively small change in overall reaction rate
but a dramatic difference in the asymptotic behavior of the para-
oxon degradation profile.

Because the products DEP and E4NPP are both acids, the pH was
monitored as a function of time for the variable substrate
concentration samples. These time-dependent pH values were
then converted to active Zn2+–[12]aneN3 fractions, /ðtÞ via
Scheme 3. Proposed mechanism for the degradation of paraoxon to DEP via a

Table 6
Pseudo-first order reaction rate constants and selectivities for DEP and E4NPP formatio
experiments were performed at initial pH = 8.1 (0.1 M AMPSO) at 50 �C for catalyst conce

Catalyst kDEP (min�1, �104) kE4NPP (m

Zn2+–[12]aneN3 5.56 ± 0.47 0.506 ± 0
Zn2+–cyclen 4.32 ± 0.15 0.630 ± 0
Zn2+–cyclam 1.59 ± 0.10 0.652 ± 0
Zn2+–[9]aneN3 0.919 ± 0.046 0.591 ± 0
Buffer (control) 0.878 ± 0.077 0.602 ± 0
/ðtÞ ¼ 10 pHðtÞ�pKað Þ

1þ 10 pHðtÞ�pKað Þ ð1Þ
where pKa = 6.66 for this catalyst. Results are given in Fig. 7.
The behavior of pH and paraoxon concentration are similar

amongst the three initial substrate conditions at short time data
points. For pH data beyond ca. 1000 min (0.69 days), however,
there are dramatic differences amongst the pH of the samples, with
higher initial paraoxon concentrations yielding increasingly more
acidic samples. The same divergence can be seen for the time-de-
pendent paraoxon concentration. The decrease in pH results in
asymptotically lower values of /. For example, at the last time
point taken (15000 min = 10.4 days) the pH of the 1.0�, 1.5�,
and 2.0� samples were 7.43, 6.91, and 6.36, respectively. At these
pH values, / are calculated to be 85%, 64%, and 33%, respectively.

Though buffers are used to regulate solution pH, they are only
generally effective for sample pH values within approximately
one unit of the buffer pKa. For AMPSO in our mixture of 4:3:1 mix-
ture of H2O:D2O:CD3CN at 50 �C, this pH range spans from approx-
imately 7.50 to 8.70. It is not surprising, then, that there exists such
a precipitous decline in pH for all three samples at long time points
where the pH drops below approximately 7.5, the lower limit of
AMPSO’s ability to buffer. As the reaction progresses beyond this
lower bound, the AMPSO buffering capability decreases and the
growing acid content strongly impacts the sample pH. Note that
this lower pH threshold of 7.5 is surpassed even for the nominal
paraoxon concentration of 1.38 mM. This implies that for every
experiment considered herein, the sample pH was lower than 7.5
at some point, and there was a significant decline in /. This fact
urged the use of an offset term to approximate the effect of a
decline in catalyst activity. Note that for a buffer with a lower
pKa (e.g., HEPPS; pKa = 8.1 at 20 �C) an offset may not have to be
considered because the pH would remain within the buffer’s work-
ing range.

In summary, changes in pH due to increased acid generation
and AMPSO’s failure to buffer acidic samples beyond a pH of 7.5
ultimately explain why there remains more paraoxon for larger
initial substrate concentrations. Note, however, that the rate of
reaction using the Zn2+–[12]aneN3 catalyst is always higher than
that of the control, as some fraction of catalyst is always in its
active hydroxide state. Any additional substrate simply generates
more acidic hydrolysis products over time, thereby decreasing
the sample pH and inactivating a larger percentage of the Zn2+–
weakly associated transition state. Structure derived from Refs. [31,32].

n from nonlinear least squares analysis of NMR kinetic data using Eqs. (1–3). All
ntrations of 10 mol% relative to an initial paraoxon concentration of 13.6 mM.

in�1, �104) S k (min�1, �104)

.098 11.0 ± 2.3 6.06 ± 0.48

.058 6.9 ± 0.7 4.95 ± 0.16

.067 2.4 ± 0.3 2.25 ± 0.18

.052 1.6 ± 0.2 1.51 ± 0.07

.086 1.5 ± 0.2 1.48 ± 1.12



Table 7
Second-order reaction rate constants k0 for Zn2+–[12]aneN3, Zn2+–cyclen, and Zn2+–
cyclam. All values are calculated from the pseudo-first-order rate constants k in
Table 6 and active catalyst concentrations determined using the Henderson–
Hasselbach equation and a nominal catalyst concentration of 1.36 mM.

Catalyst k0 (min�1 mM�1)

Zn2+–[12]aneN3 34.9 ± 3.6
Zn2+–cyclen 29.8 ± 2.0
Zn2+–cyclam 179 ± 329
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[12]aneN3 catalyst. Reaction rates are relatively unaffected, how-
ever, because the pH changes are negligible at early times where
the magnitudes of k are more reliably determined.

These considerations also have an impact on the data described
in Fig. 6. There appears to be very little effect of buffer concentra-
tion on paraoxon degradation even for the highest buffer content of
0.5 M. The elevated temperature at which the experiments were
conducted lowered the pH of the samples. Acids generated as a
result of hydrolysis would further decrease this pH over time, cre-
ating sample conditions for which AMPSO no longer serves as an
effective buffer. Therefore, decreasing pH negates the effects of
increased buffer concentration on the observed rate of hydrolysis
for these samples.

3.9. Hydrolysis product distribution

Phosphotriester hydrolysis under basic conditions proceeds via
nucleophilic attack of the phosphorus, which forms some degree of
associative intermediate with the more acidic leaving group ori-
ented apical to the nucleophile (Scheme 3) [31–33]. In the case
of paraoxon, the 4-nitrophenoxy moiety (with a low pKa of 7.0
compared to 16.0 for ethanol) [34] should occupy the apical posi-
tion and be preferentially hydrolyzed from the molecule, leaving
DEP as the dominant phosphorus-containing product.

As discussed in Section 3.2, however, there are samples where
E4NPP is generated in significant quantities. For pseudo-first order
kinetics, the ratio of the products (or selectivity, S ¼ ½DEP�=½E4NPP�
is expected to be time-invariant; however, the data in this study
yield a range of S values due to fluctuations in experimental condi-
tions, poor NMR signal-to-noise, and measurement error. To
extract additional reaction rate information and more accurately
calculate product selectivity, simultaneous nonlinear regression
was performed for all phosphorus-containing species for each cat-
alyst. Maintaining that the hydrolysis is pseudo-first-order, the
one-reactant, two-product reaction scheme can be analyzed
straightforwardly. Note, however, that for the present purposes
the effect of pH (i.e. time-dependent reaction rates, as discussed
in Section 3.7) has been ignored. The time-dependent normalized
concentrations [P](t), [DEP](t), and [E4NPP](t) of paraoxon, DEP,
and E4NPP, respectively, are described by a series of coupled, linear
differential equations whose solutions are:

½P�ðtÞ
½P0�

¼ e ð�kDEP�kE4NPPÞt½ � ð2Þ

½DEP�ðtÞ
½P0�

¼ kDEP

kDEPþkE4NPP

1� e �kDEP�kE4NPPð Þt½ �� �
ð3Þ

½E4NPP�ðtÞ
½P0�

¼ kE4NPP

kDEPþkE4NPP

1� e �kDEP�kE4NPPð Þt½ �� �
ð4Þ

where kDEP and kE4NPP are the formation rates of DEP and E4NPP,
respectively, and [P0] is the initial concentration of paraoxon. The
exponential terms in Eqs. (2) and (3) go to zero at long times, leav-
ing the long-time selectivity S ¼ kDEP=kE4NPP . Eqs. (1–3) were fit
simultaneously in Mathematica 9 (Wolfram Research, Champaign,
IL) using a nonlinear least squares fitting approach. The
resultant values of kDEP, kE4NPP, and S are given in Table 6. Graphs
of fit results are given in Supplementary Section S3 and
Supplementary Figs. S3–S7, and demonstrate that, while the effect
of decreased pH on / and reaction rates is ignored, the quality of
the fits is excellent.

This more detailed analysis yields values for paraoxon degrada-
tion that are strikingly similar to those calculated from the more
simplistic data analysis in Section 3.2 and summarized in
Table 1. Recall that estimates for sDEP (Table 2) only compared well
with s for paraoxon degradation for low pKa catalysts which pro-
duced DEP as the overwhelming product. A more thorough analysis
using Eqs. (2–4) reveals why values of sDEP diverge from s when
considering the Zn2+–cyclam, Zn2+–[9]aneN3, and control samples:
for less effective catalysts with smaller initial /, E4NPP formation
becomes more important. However, the rate of formation of
E4NPP is largely invariant among samples, having an average value
of 0.596 ± 0.056 � 10�4 min�1. This strongly suggests that E4NPP
generation is due to background hydrolysis only and that product
selectivity depends primarily on catalyst activity. That is, all cata-
lysts overwhelmingly prefer the generation of DEP.

As discussed above, the fraction of catalyst in its active state is
dictated largely by the difference in pKa relative to the pH of the
medium. The Henderson–Hasselbalch equation dictates that a lar-
ger difference between sample pH and catalyst pKa produces a
higher fraction of catalyst in the active hydroxide state. For Zn2+–
[12]aneN3, Zn2+–cyclen, and Zn2+–cyclam, the pseudo-first order
reaction rates correlate well with the active catalyst fraction (linear
fit, R2 = 0.986). We can further quantify this by examining second-
order rate constants k0, calculated according to k0 ¼ kcat=½cat�where
[cat] is the active catalyst concentration. Second-order rate con-
stants accounting for the fraction of active catalyst / are shown
in Table 7. We do not provide data for Zn2+–[9]ane–N3, as its struc-
ture is still under debate, or for the buffer. In addition, the uncer-
tainty in the second-order rate constant for Zn2+–cyclam is quite
large. This is a result of the very small value and high uncertainty
in / for this species; the low value results from the catalyst having
a pKa of 10.02, much larger than the starting pH of 8.1, while the
high uncertainty results from the presence of multiple catalyst
conformers. Given this large uncertainty, we do not place much
weight on the apparently high but statistically insignificant sec-
ond-order rate constant for Zn2+–cyclam presented in Table 7.

Zinc–azamacrocyclic catalyst preference for DEP generation
warrants additional discussion. Hydrolysis of phosphotriesters
has been discussed in regards to both electrostatic and steric
effects on the reaction free energy barrier [35,36]. For ester groups
of like pKa, it has been shown that larger side groups increase this
barrier, making reaction rates subsequently smaller. Despite the
size of the 4-NP group of paraoxon, its low pKa makes it the over-
whelmingly likely leaving group. For the buffer control, however,
there is very little favorability for DEP formation at 50 �C. At this
elevated temperature, thermodynamic determinants like pKa no
longer matter, and roughly equimolar amounts of DEP and
E4NPP are observed to form (S = 1.5 ± 0.2). In none of the samples
was generation of E4NPP dominant. Moreover, DEP formation far
outweighs E4NPP formation for additional experiments performed
at reduced temperatures, a regime in which relative pKa values
strongly dictate product formation. For these data, see
Supplementary Section S4, Supplementary Figs. S8–S9, and
Supplementary Table S1.

This is consistent with the observation of preferential cleavage
of 4-NP from diphenyl (4-nitrophenol) phosphate (phenol
pKa = 9.99 relative to 4-NP pKa = 7.15) for both catalytic and
alkaline hydrolysis [31]. In that work, however, selectivity
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decreased when using Zn2+-based catalysts, generating more phe-
nyl (4-nitrophenol) phosphate than under alkaline conditions. The
current data reveal the opposite trend: employing catalysts with
decreased pKa dramatically increases the selectivity towards DEP
formation.
3.10. Catalytic mechanism

To explain catalyst preference for DEP, it is important to con-
sider both the structure of the active catalyst and that of the tran-
sition state. As with typical SN2 and SN2-like reactions, nucleophilic
attack by the hydroxide anion in purely alkaline conditions occurs
opposite the leaving group. The resultant rate-determining inter-
mediate [35,36] converts the otherwise tetrahedral phosphate
arrangement into a trigonal bipyramidal-like, weakly associative
transition state with the nucleophilic hydroxide ion and leaving
group at apical positions [31]. In the case of this basic hydrolysis,
hydroxide ions have relatively free access to attack the phosphorus
atom from a variety of trajectories.

For the current catalysts, the hydroxide is coordinated to the
metallo-azamacrocyclic ligand, and the size of this complex is
expected to increase the free energy barrier for reaction. For para-
oxon hydrolysis, either an ethoxy or 4-nitrophenoxy group
assumes the apical position in the transition state. Given that the
4-nitrophenoxy group is highly conjugated and rigid, it is more
likely that it would adopt a position opposite the catalyst’s hydrox-
ide anion and away from the relatively bulky hydroxide–zinc–li-
gand complex. It is also possible that this conformation is more
likely from a thermodynamic standpoint, resulting in a more stable
transition state than if the 4-nitrophenoxy group were to adopt an
equatorial position more proximate to the catalyst.

The effects of sterics on catalytic activity of these and similar
complexes have received a considerable amount of discussion
[36]. While a large variety of nitrogen-containing molecules have
been studied for their activity as ligands for organometallic cata-
lysts, little if any fundamental physical chemical reasoning has
been offered to explain if and how bulky ligands and their sub-
stituents affect observed byproduct formation and, in particular,
byproduct selectivity. This aspect deserves further consideration,
particularly since discrepancies between these and other data
remain. Computational simulation can provide considerable
insight into the role that steric effects play with regard to catalytic
activity and selectivity. Research is currently underway to investi-
gate these subtleties.
4. Conclusions

A series of Zn(II) azamacrocyclic catalysts were synthesized and
studied for their efficacy towards the hydrolysis of paraoxon, an
organophosphate pesticide, in aqueous media. The main physical
property dictating catalyst hydrolytic ability is its pKa relative to
the pH of the medium, and the most active catalyst investigated
was the catalyst with the lowest pKa, the 1,5,9-triazacyclodode-
cane-Zn(II) complex, Zn2+–[12]aneN3 (pKa = 7.3). The effects of
sample pH, buffer content, and inhibition by the reaction bypro-
duct 4-nitrophenol were also investigated. It was found that buffer
content and product inhibition effects were minimal. Sample pH
and, more specifically, pH changes due to acid generation, how-
ever, were shown to have a large effect on paraoxon degradation.
These effects were particularly acute for samples with increased
initial paraoxon concentrations, as the additional acid generated
rapidly lowered the pH beyond the working pH range of the
AMPSO buffer. This phenomenon resulted in a precipitous decline
in paraoxon degradation due to catalyst inactivation by the
increasingly acidic sample conditions. Modifying the choice of
buffering agent to accommodate this change in sample acidity is
recommended and work is ongoing to investigate the effects of
other organic buffers with lower pKa values. Other Zn(II) catalysts
are also currently being synthesized and investigated with the goal
of maximizing hydrolytic efficiency.
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