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This review examines the rate constants for hydrolysis in water of 12 classes of organic compounds with the
objective of using these data 1o estl the presi: e of these compounds in freshwater aquatic systems. Pri-
mary data were obtained by literature review through most of 1975 and some of 1976. These data, which include
values for acid, base, and water promoted rate constants (ka, ks kx) and temperature coefficients are presented
in 18 tables in section 4. Esti d rate for hydrolysis under envir | conditions are pr d
in 13 tables in section 5, including rate constants at 298 K and pH 7 for acid, base, and water promoted reactions
together with values for the estimated rate constant (k.) and the half-ife (¢, ).
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1. Introduction
1.1. Background

During 1975, 293 billion pounds of about 8,000 different
organic compounds were manufactured in the United States,
exclusive of petroleum products [1]." Each year about 5,000
new compounds are synthesized, and 200 to 300 of them
come into commercial use [2]. Many millions of pounds of
synthetic organic compounds are deliberately introduced into
the environment for weed and pest control, and many mil-

ivns of pounds of other chemicals are introduced into the
environmental through dispersive uses.

The effects on the biosphere of these often persistent, often
biologically active synthetic chemicals are only now becom-
ing fully apparent: fish kills, species extinction or enervation,
and perhaps as many as several hundred thousand human
cancers per year have been associated with the increasing
production and dispersion of synthetic chemicals [3]. In an
effort to avert further, and perhaps tragic, biological conse-
quences of a continuing and unrestricted discharge of chem-
icals to the air, water, and snil, the government hegan some
years ago to regulate the manufacture and use of selected
compounds, such as DDT, which had been shown to be ex-
ceptionally hazardous to the biological environment. The
Toxic Substances Control Act of 1976 is one further step
toward regulating the introduction of hazardous chemicals
into the environment.

Fortunately, the environment has the capacity to cleanse
itself of many kinds of chemicals through a variety of chem-
ical and biological processes. An understanding of this proc-
ess, especially how rapidly the environment can degrade a
specific chemical structure to a simpler and potentially less
harmful chemical, is a key to the rational use of natural re-
sources with minimal abuse. The ability to predict the proba-

-ble fate of specific compounds in the envirenment is also es-
sential for screening the thousands of chemicals that may be
considered for applications leading to their ultimate intro-
duction into water, soil, or air.

The objective of this review is to provide one kind of pre-
dictor of environmental fate—hydrolysis of organic com-
pounds in freshwater systems—based on the best available
kinetic data for hydrolysis in water.

1 P Kk 0

! Figures in b at the end of each section or

subsection.
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There are at least two reasons why hydrolysis may be a sig-
nificant chemical process in the environment. First, many
hydrolyzable chemicals, including pesticides and plasticizers,
eventually find their way into groundwater, streams, and
rivers through leaching and runoff. Second, rates of hydroly-
sis in aquatic systems are independent of commonly used but
rapidly changeable indicators of the degradative capacity of
aquatic eystems, such as sunlight, microbial populations, and
oxygen supply; rates do depend on pH, temperature, and
concentration of chemical—properties that may change only
slowly and seasonally.

In undertaking a review of this kind, which claims to pre-
dict rates of hydrolysis in aquatic (freshwater) systems on the
basis of laboratory data, we are aware of the belief that such
estimates are of little value because the rates of hydrolysis ob-
tained in laboratory studies do not reflect the complexity
found in the environment. This concern, although under-
standable, is not well founded. There are several examples
where rates of hydrolysis have been measured in both pure
and natural waters and which showed good agreement be-
tween the two kinds of measurements for a variety of chem-
ical structures [4,5,6) providing that both pH and tempera-
ture were measured.

Another objection raised occasionally concerns the validity
of the extrapolation of data for hydrolyses measured in the
laboratory at concentrations of chemicals that often exceed
0.01 M to environmental conditions where typical concentra-
tions of trace organics rarely exceed 10~ M. The apparent
implication of this concern is that at high dilution other com-
plications may arise but in fact it is axiomatic that rate proc-
esses found to be simple at high concentrations remain so at
low concentrations; morcover, with only one exception, the
rate laws for hydrolysis reviewed here show a simple first-
order dependence on the chemical. Thus the actual half-life
of the chemical is independent of its concentration and
depends only on easily and accurately measurable param-
eters like pH and temperature,

For these reasons we believe that in most cases extrapola-
tion from laboratory to field site is relatively uncomplicated
and that estimates of persistence summarized in section §
provide valuable information on the upper limit for persis-
tence of hydrolyzable dissolved organic compounds. From
these estimates it should be possible to also assess possible
effects of intervention by other environmental processes.
Thus, if field measurements of the halflives (persistence) of
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HYDROLYSIS OF ORGANIC COMPOUNDS 385

specific chemicals depart significantly (by factors of 5 or
more) from those predicted in section 5 after taking into ac-
count differences in pH and temperature, then some other
process such as biodegradation, or photolysis or insolubiliza-
tion may have changed the measured halflife. These esti-
mates apply only to chemicals dissolved in water; in most
cases any suspended or oil solublized chemicals will hydrol-
yse much more slowly than predicted.

Olalj' rcccutl)r has there been mucl interest in measur iug or
estimating the rates of hydrolysis of organic compounds
under environmental conditions which include very dilute
solute concentrations in pure or natural waters in the pH
region 4 to 8 at or below 298 K. In the absence of much
environmentally-"intended” data, this review has drawn
upon a large amount of hydrolysis data from studies con-
cerned with kinetics and mechanism. Some of these data were
obtained from experiments in mixed solvents, or at high tem-
peratures (to 393 K) or extreme pH values, and often lack
data on temperature dependence.

In some cases data are given for compounds which are not
of environmental concern; however these data do describe
the range of rate constants for the class of compounds and
make it possible to estimate the rate constant(s) for and per-
sistence toward hydrolysis of organic compounds not in-
cluded in this review.

We hope this review will stimulate more and better studies
of hydrolysis of synthetic chemicals in water under carefully
defined conditions, both in the laboratory and in the field, to

pp) the data presented here and further validate the
concept that careful laboratory studies on individual proe-
esses can accurately predict the fate and persistence of chem-
icals in the environment.

1.2. Content of This Review

This review provides information on kinetics of hydrolysis
in water of 13 classes or organic structures, with sufficient
detail within each class to enable the reader to find either the
specific compound or one close enough to estimate reliably
the rate constant(s) for hydrolysis. The classes of compounds
reviewed are:

(1) Organic halides
(a) Alkyl halides
(b) Allyl halides
(c) Benzyl halides
(d) Polyhalomethanes
(2) Epoxides
(3) Esters
(a) Aliphatic acids
(b) Aromatic acids
(4) Amides
(5) Carbamates
(6) Phosphorus csters
(a) Phosphonates
(b) Phosphates and thiophosphates
(¢) Phosphonohalidates
(7) Acylating and alkylating agents and pesticides

Kinetic data are presented in two sections. Section 4,

““Hydrolysis Rate Data,” summarizes primary kinetic data on

hydrolysis of these compounds in water or (in a few cases) in
mixed solvents; section 5, “Estimated Hydrolysis Rates under
Environmental Conditions,”” uses data from section 4 to
estimate rate constants and halflives for these same com-
pounds at 298 K, pH 7, and zero ionic strength, conditions
typical of a great majority of freshwater systems (section 2.1).

The classes of compounds reviewed here cover a significant
fraction of the hydrolyzable structures found in organic
molecules. Many of the individual compounds listed in this
review are used in quantity in industrial or agricultural ap-
plications; others are unique to laboratory studies. Most of
them have been subject to study in water solvent under condi-
tions that require few assumptions and relatively short extra-
polations to environmental conditions.

Several classes of hydrolyzable compounds have not been
included in this review because some are hydrolytically inert
under ordinary conditions and are best considered as refrac-
tory toward water (nitriles, vinyl, and aromatic chlorides are
examples), and nthers are hydralytically unstable but have
not been examined in any quantitatively useful way.

1.3. Error Analysis

Because many different kinds of experimental procedures
are used to measure hydrolysis reactions, no one error analy-
sis procedure is applicable to all sets of data. Rate constants
for hydrolysis of most compounds appear to be of high preci-
sion, often with less than 2% standard deviation. Different
investigators have reproduced individual rate constants to
within £50%. Some sets of experimental data are reported
with error limits that involve a judgmental factor in selection
of data. These error limits may be considered equal to twice
the standard deviation.

Most experimental measurements of E or AH* are made
over temperature spans of 40-80 K and usually around 345
K. Benson’s “'rule’” (1] indicates that with a random error of
2% in rate constant k, activation energy E may be deter-
mined with an accuracy of about 5%; however, with a random
error of 10% in k, E is only accurate to 100% or a factor of 2.
Put another way, if £ is known only with an accuracy of
+10%, k is known only with an accuracy of +60%.

Values for k, estimated in section 5 at 298 K are probably
not more accurate than a factor of 2 (£100% ) or less accurate
than a factor of 5 (£250%) owing to uncertainties in pH,
temperature coefficients, and, in some cases, solvent effects.

1.4, Literature Sources

A thorough search of the current literature through 1975
was made using Chemical Abstracts. Data were searched
under the major subject headings for specific compounds.

1.5. Format

The review is divided into five sections; to assist the user,
references are renumbered as appropriate within each sec-
tion. Although every effort has been made to use a consistent
format throughout, some differences among tables are un-
avoidable owing to differences in the kinds of compounds
and the reliability of data available for various compounds.
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Section 4 reports primary kinetic data in the form of rate
constants for acid (k4), neutral (ky), and base catalyzed (ks)
hydrolysis reactions, together with available temperature co-
efficients. Data are summarized in 18 tables. Section 5 uses
data from section 4 to estimate kj at 298 K and pH 7 for se-
lected compounds in 13 tables.

In each table, compounds are grouped by class, such as
alkyl halides, epoxides, and esters, and are listed in order of
increasing complexity. Line formulas are used in most cases
to avoid ambiguities of nomenclature.

Rate constants k are expressed in units of s or M~'s™",
where M=mol-dm™. Very large and very small values of k are
listed in two ways: a column heading 10" & requires that cvery
listing in that column be multiplied by 10~* to retrieve k; a
column listing of 5(—11) means 5¥107'*, Throughout this re-
view, we have used the SI unit of joules for energy and en-
tropy; conversion of joules to calories requires division by
4.184. Units for A are the same as for k; units for AS* are
J/mol; units for E and AH* are kJ/mol. To simplify presenta-
tion of data in the tables, we have fixed the value of R at
0.01914 kJ/mol K, which includes a conversion factor of
2.303 for base 10 log units.
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2. Physical and Chemical Properties of
Freshwater Aquatic Systems

The freshwater systems of North America’s streams, rivers,
lakes, and groundwater comprise several hundred thousand
square miles of area draining 7 million square miles of
diverse environmental regions. Since one objective of this
review is to provide reliable estimates of lifetimes for organic
compounds in freshwater aquatic systems, some review of the
range of physical and chemical properties of freshwater is
desirahle.
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2.1. Characteristics of U.S. Freshwater Streams
and Rivers

Detailed information on most freshwater systems in the
United States, including temperature range, pH, and mineral
content, is available from the United States Geological Sur-
vey [1]. These data have been summarized for 111 streams
and rivers in the United States that account for over 95% of
the water volume; table 2.1 summarizes mean concentration
values for 11 inorganic constituents found in natural waters
at pH 7.5 and 287 K.

Table 2.1 Analysis for U.S. rivers and streams

(mean valnes in !g:"l.'l

ca?t | up?"| nat | k¥ | re?t | mcos | 5027 | €17 | NOS | PO2- | cO3”

36 9 25 |2 |0.06 |127 36 (7.7]1.4|0.65]0.10

pH 7.5, Temperature 287K

The following values represent average conditions in most
freshwater systems in nonwinter months: temperature 293 K,
pH 7.0, and ionic strength 0.00.

Review of the hydrolysis literature for organic chemicals
shows that many rate constants have been evaluated at 208K -
or higher; only a few data have been obtained at lower tem-
peratures. Although higher than either the mean or the
average temperature of the rivers and streams, we have
chosen 298 K as the environmental reference temperature for
this review in order to use as much primary kinetic data as
possible for estimates of persistence without temperature ex-
trapolations.

Estimates of persistence (half-lives) summarized in Section
5, will be 50 percent longer at 293 K and 130 percent longer
at 287 K, based on an average energy of activation for
hydrolysis of 65 kJ/mol.

Reference for Section 2
[1} Quality of Surface Waters of the United States, Parts 2-16, U.S. Geo-
logical Survey Water Supply Papers 2092-2099, 1972-73.

3. Hydrolysis Kinetics

3.1. Rate Laws

Hydrolysis refers to reaction of a compound in water with
net exchange of some group X with OH at the reaction
center:

RX+H,0—~ROH+HX.

The detailed mechanism may involve a protonated or anionic
intermediate or a carbonium ion, or any combination of these
intermediates. But whatever the mechanism, the rate law for
hydrolysis of substrate RX usually can be put in the form

—_£‘1:L=k.[nx1=&,[on-][Rx]+k,.[H'][mq O
-

+ky' [H,0][RX],

where kg, ka, and ky are the second-order rate constants for
acid and base catalyzed and neutral processes, respectively.
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HYDROLYSIS OF ORGANIC COMPOUNDS 387

In water ky [H,0] is a constant (kx). The pseudo-first-order
rate constantk,, is the observed or estimated rate constant
for hydrolysis at constant pH. Equation (1) assumes that the
individual rate processes for the acid, base, and neutral
hydrolyses are each first order in substrate. With only a few
exceptions, this is the case, and

ki=ka[OH |4k [H*]+kn. (¥)]

From the autop.roto]ysis water equilibrium, eq (3), eq (2)
may be rewritten as eq (4).

[H*][OH]=K. 3
= kDKw *
ky= +ka[H* | +ky 4
] [H°] @
3.2, Effect of pH

From eq (4) it is evident how pH affects the overall rate: at
high or low pH (high OH- or H*) one of the first two terms is
usually dominant, while at pH 7 the last term can often be
most important. However, the detailed relationship of pH and
rate depends on the specific values of Ap, k4, and Ay. Al any
fixed pH, the overall rate process is pseudo first order, and
the half-life of the substrate is independent of its concentra-
tion: )

1,,=0.693/k,.. )

Equation (4) is conveniently expressed graphically as three
equations—one each for. the acid, base, and neutral hydrol-
ysis reactions—in which log k. is plotted against pH. The
curves obtained are especially useful for estimating the effect
of acid or base on the rate of hydrolysis. Figure 1 depicts a
typical log k, vs pH plot for compounds which undergo acid,

water, and base promoted hydrolysis. It is obvious from eq (4)
that the upper curve in figure 1 is a composite of three
straight lines—(a) log ks=log (ksK.HpH; (b) log kx=log kx,
and (c) log ky=log k4—pH—with slopes +1, 0, and -1, respec-
tively. The lower curve results when ky=0.

Most log k, vs pH curves are found to have one or two in-
tercepts corresponding to pH values where two kinds of rate
processes contribute equally to the overall process. Thus in
figure 1 the intercept Liy corresponds to a value of pH where
ka[H*]=ky; similarly, Iys corresponds to ks[OH]=ky. In
cases where k4, ks, or ky=0, only one intercept is observed.
Values of pH corresponding to I may be calculated readily
from the values of ka4, ky and ks:

Liv=—log (kn/k4) ©)
Ivg==log (ksK./kx) (0]
Lis=—[log (ksK./k4)] /2. @®

Use of intercepts in tabulating data on rates of hydrolysis as a
funetion of pH greatly simplifies the task of estimating the
effect of pH on the rate constant k. for a specific compound.
For example, Iys for alkyl halides lie above pH 11. Obviously,
the base-catalyzed process for hydrolysis of alkyl halides is
never of concern in estimating persistence in aquatic systems.
Values of Ly, Ins, and Lip are tabulated for specific com-
pounds in section 5.

3.3. Effect of Temperature

Section § reports estimated half-lives at 298 K based on
rate data listed in section 4 at several different temperatures
and with temperature coefficients for the rate constants.

(al  log ky, = log ky - pH

fel  tog ky, = log kgKy + pH

S

togliys=")

b} log ky, = log ky

lan

pH e

FIGURE 1. pH dependence of k, for hydrolysis by acid, water, and base promoted processes.
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388 W. MABEY AND T. MILL

The effect of temperature on the rate constant for a spe-
cific hydrolysis process can be expressed in several ways, all
of which are variants of the general relation

log (k/s'y=—A/T+B log T+C. 9)

There is no uniform practice for expressing values of 4, B, or
C; different investigators have used different versions of eq
(9), usually in more familiar Arrhenius or absolute rate theory
format

log (k/s™'Flog A—~E/RT  Arrhenius (10)

log (k/s™')}=log (kT../h)y~AH'/RT+ AS7R  Absolute (11)
Rate Theory

Equation (9) can also be used to describe more accurately the
effect of temperature on the rate constant and activation
parameters by inclusion of a heat capacity contribution in the
constants B and C. When the heat capacity term, ACE, is
known or can be estimated, AH* and AS® are then calculable
at a specific temperature, T:, from AHY and AS% or AH%and

AS%

A5 =AHA+ACT; or AHy=AH:—A C(T,—T>)
AST=AS+2.303 AC; (log T3)
or AS;=AS;+2.303 AC,log (T./T,)

A few authors have expressed rate parameters for a reac-
tion in the mixed terms of E and.AS*. Although such a prac-
tice is not immediately useful within the individual Arrhenius
or absolute rate theory treatments, the rationale appears to
be that AS*and E are more easily conceptualized for diagnosis
of the reaction mechanism.

Recasting of data to fit a uniform temperature dependent
relationship might assist in mechanistic interpretations;
however, the probable loss of precision for some data argues
against such a practice. Therefore this review uses the origi-
nal temperature dependence relationships developed for
each compound to extrapolate rate constants to the chosen
environmental temperature of 298 K.

Each table of data in section 4 lists the appropriate tem-
perature coefficients together with values of coefficients in
apprupriate units, For a few compounds where no tempera-
ture coefficients were determined and the reported data are
not at 298 K, we have extrapolated to 298 K using a stated
temperature coefficient, based on a similar reaction with
known temperature dependence relationships. In a very few
examples where data are reported within +5 K of 298 K, we
have used the data without further correction.

3.4. lonic Strength and Buffer Effects on Hydrolysis

The ionic strength of most natural freshwater is quite low,
usually much less than 0.01 M in total eation and anion con-
centrations (see table 2.1). This is fortunate since ionic
strength effects on hydrolysis reactions are difficult to pre-

J. Phys. Chem. Ref. Data, Vol. 7, No. 2, 1978

dict: they can lead either to rate acceleration or retardation,
depending on the substrate, the specific salts, and their con-
centration. Salt effects of this kind are associated with
changes in activity coefficients of ionic or polar species or
transition states with significant charge separation; no bond
making or breaking is involved in such interactions.

Table 3.1 which lists some effects of different non-nucleo-
philic salts on the hydrolysis of several kinds of compounds,
shows that in most cases rather massive amounts of these
salts cause only 30-40% changes in rate constant. Concentra-
tions necessary to effect these rate changes are found only in
ocean or brackish waters or in highly buffered laboratory ex-
periments.

Table 3.1. Salt effects in hydrolysis reactions.

Compound Salt, M Solvent, T/K kfkoa Reference
c=BuBr LiBr, 0.1065 | 90/10 acetone-water, | 1.44 1
323

r=Butyrelactons | NaCl, 0.51 0.10M HC1, 298 1.08 2
NaClO,, 0.40 | 0.10M HClO., 298 0.95

CH,C0,Et Lic1, 2.00 0.15M HCl0., 298 1.35 3
WaClO., 2.00 | 0.154 HC10., 298 1.00

|CH5 COMe HaCl, 0.100 | 0.01M NaOH, 308 0.96 &

.'k.lfkﬂ is the ratio of rates with (k) and without (k) salt.

Another effect of nucleophilic added salts is to accelerate
the rate of hydrolysis by a general acid or general base pro-
moted process (where H* or OH™ promoted rcactions arc spe-
cific acid or base processes). Some anions can effect dis-
placement of leaving groups more rapidly than water (kx) and
in doing so catalyze hydrolysis via the sequence

R-X+A"— RA+X",
RA+H,0— ROH+HA,
HA+X == A+HX).

The use of nucleophilic anions such as phosphate or acetate
at 1.0 M to 0.01 M to buffer hydrolyeic reactione is a common
and useful practice. Unfortunately, the general acid or base
catalyzed term ko[4*] added to eq (2) to give

kx=ks[OH [+k [H* ) +kn+ko[4*],

can often be as large as the specific acid or base terms be-
cause both [H*] and [OH"] are relatively low in the buffered

Table 3.2. Mueleophilicity constants (n) for displacement reactions [5].

Anion T‘
o |04
sol= 2.5
NO3 !1,03
HCOS | 3.8
(HPOI™ | 3.8
OAc™ iz,rz
a0 _J0.00

“7rom the Swain-Scott relation log(ky/ky) = nu, where s is a substrate-
dependent constant which varies from 0.75 to 1.5; s for MeBr is 1.00 [5].

"G and hq refer te specific vate constants [ul anlvi aud walel, Lespeccively.
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region rrom pH § to 9. As a result, the value of k4 may in-
crease significantly. Table 3.2 lists values for kg relative to ky
for specific ions in displacement reactions. However, the fact
that primary and secondary salt effects also may be important
makes it difficult to predict the overall direction or magni-
tude of such rate changes.

To ensure that hydrolysis measurements reported in buf-
fered systems are not subject to these salt effects, the follow-
ing procedures are recommended:

(1) Measure rates of hydrolysis at concentrations of sub-
state less than 10* M. In most cases this procedure
eliminates or minimizes the need for buffers and avoids their
possible effects on rate.

(2) Check the effect of different buffers on the rate of
hydrolysis; when possible use borate or acetate instead of
phosphate. With low concentrations of chemicals buffers may
be used at 0.01 M concentrations to hold pH constant without
introducing significant salt or buffer effects.

(3) Compare the initial rates of hydrolysis in the absence
and presence of buffers.

3.5. Effect of Solvent Composition

With a few exceptions, rate data reported here refer to
water solvent. Many investigators have used mixed water-
organic solvents to work at conveniently high concentrations
of substrate, most of which are relatively insoluble in pure
water. Although extrapolation of rate data from mixed sol-
vents to water can be done with moderate success using
schemes like the Winstein-Grunwald relation [6], combined
extrapolations of temperature and solvent composition
together with the questionable meaning of pH in mixed sol-
vents introduce sufficient error in the final estimate to make
such effort of questionable value for purposes of this review.
For the most part, these data were not included.

The effect of solvent composition is most pronounced in
those reactions in which charge separation is well developed
in the transition state, as, for example, in solvolysis of t-butyl
chloride. In ethanol-water mixtures this hydrolysis is purely
solvolytic—no effect of acid or base is noted. Table 3.3 sum-
marizes values of ky, which increases by a factor of near 10*
on going from 90% ethanol to water.

Table 3.3. Effect of solvent/composition on the rate of hydrolysis of t-BuCl
in ethanol/vater at 298 K [6].

Parcent
90 70 50 40 [
#rhanal

Kyls™!

®Estimated from data in table &.1.

1.71(-6) 9.14(-6) 4.03(-6) 1.26(-4) 1.0(-2)"

3.6, Effects of Metal lon (;ufulysls

A number of alkaline earth and heavy metal ions catalyze
hydrolysis of a variety of organic esters [7,8]. The principal
function of the metal ion appears to be to increase the effec-
tive concentration of HO ion at pH levels where its concen-
tration would otherwise be negligible [8,10]. This explanation
is by no means universally applicable, especially to enzyme-
like processes where prior complexation seems a necessary
prelude to bond cleavage. Nonetheless, the kinetic features of

several kinds of esters hydrolyses are similar, and they follow
the same rate law

ki=kaKa[M) 2/ (KaA[H )k ntk s,

where kx ky, and kp have their usual significance, ka is the
metal ion catalysis constant, M is the total metal ion concen-
tration, and K, is the equilibrium constant for dissociation of
the hydrated metal ion complex M(H,0)2*:

M(H, 0" = M(H;0)..(OHy+H".

Study of the hydrolysis of the nerve agent isopropyl methyl
phosphonofluoridate showed that Cu, Mn, and Mg ions were
effective catalysts for hydrolysis and at 10-* M concentration
increased the values of k, by factors of 7 to 32, respectively
[9]. The magnitude of the catalytic constants suggests that at
1 ppm (™ 10°* M) of each of these cations, their contribution
would be negligible.

Similarly, the catalyzed hydrolysis of propionic anhydride
by Co and other metal ions [10] may be shown to be slow rela-
tive to the water reaction at pH 7 when the Co concentration
ie lese than 10-* M, a value far in excess of the amounts of Co
ever found in the environment. _

Cu ion is also an effective catalyst for hydrolysis of many
dialkyl thiophosphorolate esters but is completely ineffective
when complexed to soil organics [11]. When complexed to
montmorillonites, however, Cu ion was still effective. A rough
calculation from the data indicates that at concentrations of
Cu (total) found in most freshwaters, about or less than 1 ppm
[12], the contribution of the catalyzed reaction to the
observed rate is negligible, even if all of the Cu is assumed to
be in an effective form, an unlikely situation.

There is one report by Ketelaar et al. some 20 years ago
[13] that does suggest that Cu is effective in catalyzing hy-
drolysis of parathion at Cu concentrations below its limits of
detection; only by completely removing all traces of metal
ions with EDTA was it possible to measure the uncatalyzed
process in glass vessels. The effect of EDTA was small, only a
factor of two,but it may mean that some reported rate con-
stants for hydrolysis of other phosphorus esters have in fact a
small metal-ion catalyzed component.

In general, we believe that metal ione do not play a eignifi
cant role in most hydrolysis reactions that occur in the envi-
ronment; at the concentrations of metal ions normally found,
the catalyzed rates are too small to contribute importantly
compared to the acid, base, or water reactions; moreover,
most metal ions are probably tightly complexed to natural
organics and are not available as catalysts. Obviously, this
area deserves much more careful study before the question
can be decided fully. As a start, heavy metal concentrations in
water should be reported both as soluble and insoluble
metal based on
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(1951).
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ud Mf:mtgd A R c j A Food s, if, 108 and base catalyzed reactions to give alcohols. In water

rtland, M. M., and Raman, K. V., J. Agr. .15, . LY. %

{(12] Jenne, E., US. Geological Survey, Me m";"k"a‘ pﬁm?’:o?;_ ,Gcllmlna.tlon to give olefins a.ru:! hydrogen halides is rare ex-
munication (1977). cept at high temperature. No acid catalyzed processes are re-

[13] Ketelaar, J.A.A., Gersmann, H. R., and Beck, M. M., Nature 122, 392 ported. Comprehensive kinetic data are available for the neu-
(1956). tral hydrolysis of simple alkyl halides, but only scattered rate

Table 4.1. Alkyl halides: rate constants ky, with temperature coefficients at 323.2K
for log ky =-AH#/RT + AS#/R + log T + 10.32.a,b

Alkyl halide | T/K kyfs™! Mi*/ kI /mol | 10°45%/ kI /mol K -1o’ncp!u!m1 K | Reference
MeF 373 | 4.42(-6)3¢ 107.1 ~51.1 288 4,3
MeCl 363.1 | 5.6440.2¢-5) 58 | 105.7 -37.2 . 218 5,3
MeBr 343.7 | 1.0650.004(~4) 101.0 -27.8 195 5,3
Mel 353.2 | 8.1940.06(-5) 108.6 -16.5 237 6,3
EtCl 373.2 | 1.148(-4)%" 104.4 -21.9 209 6,3
EtBr 371.8 | 1.395:0.004(-3)]  101.5 -29.7 209 6,3
Etl 371.8 | 8.780.07(-4) 107.1 -15.1 209 6,3
i-Prel 371.8 | 1.00£0.011(~3) 104.4 -22.0 161 6,3
i-PrBr 323.2 | 1.129£0.003(=4) 101.9 -5.98 236 5.3
i-Pri 353.2 | 2.7520. 004 (=3) 106.8 7.78 247 6,3
n-PrBr 353.2 [1.614(-4) 97.4 -42.3 209 6,3
i-Bubr 353.2 | 1.406(-5)% 111.2 -11.0 209 6,3
neo-Pentyl Br |363.4 |5.08+0.04(-5)" | 134.7 -5.73 209 6,3
c=BufF 363.4 |3.1820.02(~4) 94.6 =11.4 209 6,3
t=BuCl 287.2 |6.36:0,03(~3) 91.8 34.8 : 188 5,3

°R = 0.01914 kJ/mol K.
b2 calculate ky at temperature T; where T, = 323.2K, m;;a - LH;. +
AC_(T: - T,) and 88% = Asf - AC_ (2.303) log [Ix
P Tz Ty P T,
SFirst reference is for kinetic data, second reference is for temperature
coefficient data.
dcalculated value at 373K is 1.2(-5).

©A better temperature dependence fir is given by log (ky/s~') =
109.435-33.729 log T -~ 10467/T [4]; '-LN calculated at 373K using this
expression is 4.29(-6).

fealculated value at 363K is 4.6(-5).

8A better temperature dependence fit is given by log (ky/s=') =
85.3%-5.118 log T - 9192.2/T [17]); ky calculated at 363.2K using
this expression is 5.44(=5).

Bealculated value at 373.2K is 1.1(-3).
Jcalculated value at 371.8K 1s 9.5(-4).
kc.ulculued value at 353.2K is 6.4(=5).

‘Calcuhr.ed value at 363.4K is 1.4(-7).
J. Phys. Chem. Ref. Data, Vol. 7, No. 2, 1978
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391

constants and a few temperature coefficients are available for Table 4.4. Polyhalomethanes: rate Yy and ky.
other halides. Polyhalomethanes hydrolyze by neutral and Polyhalomethane | T/K 100k /s 10k, /i "5+ | Reference
base catalyzed processes and, in the case of trihalomethanes, Giicly ~ 298° | 1.39 + 0.04 - D
by proton transfer followed by loss of halide to give dihalo- 373.16 | 57.7 + 0.04 1.61 | 10
carbene: CcHC, ~-298" | 1.62 % 0.27 - | n
ch3+0H- . -CX3+H30 373.16 | 7.285 + 0.0146 - .: 7 )
307.96 - 3.082 = 0-093! 7
-CX,—= CX,+X-. 298.9° - 0.602 £ 0.023, 12
. ccr 373.16 ! 1.208 x 10 < 1.0"d ! 7
Carbon tetrachloride is unique among halides in hydrolyzing " ]
by a rate process second order in carbon tetrachloride. The praicts 96:9 - 16006 | 12
mechanistic significance of this unusual rate dependence is Br.cicr® 298.9 - 8.01£0.22 ° 12
not clear. i i HCBE” 298.9 -- 3.20 + 0.12 i 12
It should be noted that certain classes of organic halogen . |
compounds probably do not hydrolyze at rates fast enough to URCL i - 3.9 1
be detected, even at elevated temperatures. Vinyl chloride, prcarct® 287.3 . 2150 P

for example, is not hydrolyzed significantly in water even at
373 K after 10 days [1]. Perhalogenated compounds—e.g.,

. B - ‘lun red in + 8 x 10~°*N in sealed tubes without temperature control.
perchlorobicycloalkanes such as mirex—are resistant to The weloe of oy 10 suspect. e e

" strong base for short times and in boiling water for several

eomponnds must degrade, if they do, hy processes ather than
hydrolysis. Rate constants for hydrolysis by neutral and base
promoted reactions for alkyl, allyl and benzyl halides and
polyhaloalkanes are listed in tables 4.1 through 4.6.

d

Table 4.2. Methyl halides: rate constants ks at 373K and temperature
coefficients for log kB = log A- (E/RT)® [7].

Methyl halide k'ﬂ'l"s“ E, /(kJ/mol) [' log (A/M's™")

Reference 13 .

“Hydrolysis of CCl, is reported to be second order im CCl,.

hl(eanlred in 66.671 (v/v) dioxane/water; the values for ky for CHCl,

months at 393 K [2]. Under environmental conditions, these in vater and in dioxane/vater agree quite closely.
compounds are presused to be close to those in water.

Values for other

MeF 8.98(-4) 90.4 | 9.607
MeCl 2.42(-2) 101.7 12.614
MeBr 3.52(-1) 9.3 | 13.007
ot 1.24(-1) 9.9 | 12.09
%R = 0.01914 kJ/=ol K.
Table 4.5. Poly h 1 ure coefficients for and k.
in form log k = log A - (E/RT)3 or log k= C - lkrog T = AfT.
Polyhalomethane | Temperature Coefficient (kg M™'s™1 or kp/s=*) | Reference
CHaCl, log ky = 98.441-29.66 log T - 10597.3/1 10
log l‘ - 11.56?-109-86}‘11.‘ 10
fable §.3. Allyl halides: rate s and coeffici CHCL» -
Misdeer uie sosscasts iy end v log Ky = 149.6905-46.28 log T-14108/T ]
- i 1og ky = 15.90-114.2/Rr® 12
1T 1“55“3 10Ky /s" /% ats=r | Brs= | eses log ky = 212.80249-67.18 log T-15132/T 7
ul,mm.cl'"" 4.294 £ 0.017 | 308.16 | 8345.3| -24.189 | 81.916 €cl. 10;(&.,}‘!!"!“") 11.0189 23646/2.3 BT
- . - al 7
|otscncn,ee®  [16.98 + 0.05 | 298.16 | 8794.7| 28.727 | 95.813
ErCHC, log ky = 16.22-108.0/kT® 12
CHaCHOH 1S 4.103 + 0.012 | 298.13 | 8304.5| 22.560 | 78.289
L BraCHCL log ky = 16.44-111.3/k7® 12
oo, log ky = 15.33-107.5/RT" 12
®Measured over temperature range 308-358K.
. TeHcl, log ky = 17.33-116.3/kt® 12
bliumud over temperature range 298-388K.
BrouFCL 1 - - o
c“.“n“d i ature range g of kB 19.44-110.5/RT 12
drrese data are in good agreement with those of Shvets and Belyaev
(9] in the temperature range 323-363K. *R = 0.01914 kJ/mol K

“log ky = 8.92 - 75.0/RT), R = 0.01914 kJ/mol K. b,

Solvent 66.7% dioxane in water.
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392 W. MABEY AND T. MILL

Table 4.6. Benzyl halides: rate constant ky References for Section 4.1
CsHsCH2X T/K lﬂ’lﬁqls" Reference
_ [ 1] Hill, J., Kollig, H.P., Paris, D.F., Wolfe, N.L., and Zepp, R.G., Dynamic
Celi5CH2C1 293.19 0.703% 8 Behavior of Vinyl Chloride in Aquatic Ecosystems, EPA-600/3-76-001, Jan.
1976. '
log (ky/s™") = 7306.02/T - 19.309 log T + 67.404 { 2) Mabey, W., Mill, T., and Baraze, A., unpublished results.
teConacacl | 303.0 86.2 s :m ?(ll;;zimw'nlnn Heppolette, R.L.. and Scott, ].M.W.. Can. 1. Chem. 37,
CeH4CHCl 2 303.0 297° 6 [ 4] Glew, D.N., and Moelwyn-Hughes, E.A., Proc. Roy. Soc. (London)
A211, 254 (1952).
CeHsCCls 278.1 | 387° 6 [ 5] Laughton, P.M.,and Robertson, R.E., Can. J. Chem. 34, 1714 {1956).
[ 6] Laughton, P.M., and Robertson, R.E., Can. J. Chem. 37, 1491 (1959).
CellsCHaBx 303.0 27.5 6 [ 7] Fells, I, and Moelwyn-Hughes, E.A., J. Chem. Soc. 398 (1959).
[ 8] Robertson, R. E., and Scott, J.M.W., J. Chem Soc. 1596 (1961).
prialeR,CRe0r  1303.0 | 240.8 6 [ 9] Shvets, V.F., and Belyaev, S.V., Kinet. Katal. 13, 1173 (1972)
M H o CHAB 293.0 56.0 6 {10] Fells, I, and Moelwyn-Hughes, E.A., I. Chem. Soc. 1326 (1958).
=S [11] Dilling, W.L., Terfertiller, N.B., and Kallos, G.J., Environ. Sci. Tech. 9,
833 (1975).
[12] Hine. 1.. Powell. AM., and Singley, L.E., I. Amer. Chem. Soc. 78, 480
a (1956).
Rat ted to be independent of pH bel
15 Laagr o o o be dndependent of pH below [13] Tanabe, K. and Aramata, A. J. Res. Instit. Catalysis, Hokkaido Univ. 8,
197 (1961).
bRate reported to be independent of pH below 13 [15]. [14] Tanahe, K., and Sana, T., 1. Res. Instit. Catalysis, Hakkaido Tlniv. 9,

e 246 (1961); Chem. Abstr. 60: 5291d (1964).
Rate reported to be independent of pH below 13 [16]. [15] Tanabe, K., and Ido, T., J. Res. Instit. Catalysis, Hokkaido Univ. 12,
223 (1965).
[16] Tanabe, K., and Sano, T., J. Res. Instit. Catalysis Hokkaido Univ. 13,
110 (1965).
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4.2, Epoxides

R.CH-CHR,+H,0 —> R,CHCHR,
" d HO OH

Epoxides hydrolyze to give diols in acid, neutral, or base
catalyzed reactions. Published rate constants for hydrolysis in
water by one or more of these processes are available for a
few simple aliphatic epoxides. Since these compounds are
quite reactive, most rate measurements were made near 298
K. In general, there is little effect of structure in terminal
epoxides on the neutral or base catalyzed processes, both of
which proceed mainly by nucleophilic displacement at the

393

terminal carbon; for these epoxides 107ky=5.7+3.4 and
10°k;=0.85+0.2. However, acid catalyzed hydrolyses are very
sensitive to substitution of an incipient carbonium ion. These
same epoxides have values of k4 that increase by a factor of 6
on addition of one methyl group and 100 on addition of a
second methyl group. The presence of halo or hydroxy sub-
stituents beta to the secondary epoxy-carbon slows down the
rates of hydrolysis significantly. Aromatic or conjugated
epoxides are much more reactive than aliphatic epoxides
toward acid or water, often by factors of 10" w 10°. Rate con-
stants for acid, base and water promoted hydrolyses of ali-
phatic and dihydroaromatic epoxides are listed in table 4.7.

Table 4.7. Epoxides: rate constant ka, k,, and and temperature
coefficignts log k = log A - (E/RT) or log k = log" (ek/R + log T + (as¥/R) -
(au¥/RT) ™
R] &
A %7 :,
R, Rz | Rs | Ra | T/K 10’ka/M"s" 10’kN;s" 10“ky/M™*s™" | Reference
H H |H |H |293 5.34 3.61 - 1
293.2 - 4.2 0.65 2
298 9.3 6.75 - 3
298 10 - 1.0 4
303.2 16.9 - - 5
log k, = 10.753 + log T - 0.0255/R - 79.5/RT 5
log k“ = 7.726 -~ 79.5/RT 2
log ky = 9.312 ~ 75.3/RT 2
Me H H H 273 3.50 - - 6
| 297.7 46.5 - . 7
298- 60 A 5.5 Al 8
298 - -— 0.87 4
303.2 74.5 _— — 5
log kA = 10.753 + log T - 0.0180/R - 77.9/RT 5
log k, = 12.62 ~ 79.4/RT 7
Me Me |H |[H |273 330 - — 6
298 6800 11.1 0.87 8
298 - - 0.76 4
298.2 | 4600 - _— 5
298.9| 7350 + 240 — ~ 9
301.9| 8580 - -- 7
log k, = 10.753 + log T - 0.0167/R - 67.4/RT 5
log k, = 14.94 - 80.8/RT 7
CHOH| H |H |H |273 0.266 — — 6
293.0 2.46 2.84 - 1
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394 W. MABEY AND T. MILL

Table 4.7. (Cont.)

Ry Rz | Rs | Ra | T/K 10’1;&;1{-'5"‘ 10'k“fs" 10“1:3;'1{"3" Reference
CH2CL|H [H |H [ 273 0.048 —- - 6
293 0.406 9.75 - 1
297.9 0.804 - - 7
298 0.8 - - 4
log k, = 11.48 - 83.1/RT 7
CHOH | Me | H | H | 273 0.75 - - 6
298 11 - - 4
CHzBr |H |H | H | 273 0.038 - - 6
CH2Cl| Me [H | H | 273 0.115 - - 6
Me H [Me|H | 273 7.70 - - 6
H Me|Me|H | 273 14.8 - - 6
0,
@ 298.0 1.64(7) 2.20(3) 14.8 10
0
O 303 3.2(4) 1.50(4) - 11

0

o 298.0}F 3550 < 3.60(3) _— 10
0

303 4.705) | 3.00(4) - 1n

303 1.30(5) - - 11

%R = 0.01914 kJ/mol K.

b1--:13( ek /h) = 10.32.
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4.3. Esters
R,C(0)OR,+H.0 — R,C(0)OH+R,0H

Esters hydrolyze to give alcohols and carboxylic acids by
acid, neutral, and base catalyzed processes. In this review,

data on esters have been organized into two sections: 4.3.1
esters of aliphatic acids and 4.3.2 esters of aromatic acids.

4.3.1. Aliphatic Acid Esters

The hydrolysis of esters has been the subject of a recent ex-
cellent review [16]. The hydrolysis of esters is acid and base
catalyzed, and for some compounds the water promoted reac-
tion is also important. Limited data are available for evalua-
tion of the acid catalyzed reaction in dilute acids (less than
~0.1 M [H*], pH=1). The data listed in table 4.8 indicate
that, in general, the reaction is little affected by steric or elec-
tronic influences in the ester structure; for most esters,
10°k=1.0+0.5 at 298 K. The base catalyzed process has been
extensively studied. Steric factors significantly retard ks, with
the rate constant two orders of magnitude less for t-butyl
acetate than for methyl acetate. Electron-withdrawing groups
on either ester moiety increase ks by making the ester car-
bonyl more susceptible to nucleophilic attack with subse-
quent displacement of the alcohol. In some cascs, the cster is
so activated that the neutral reaction with water is more rapid
than the acid catalyzed process at low pH.
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396 W. MABEY AND T. MILL
Table 4.8. Aliphatic acid esters, n::(o)on:t ka, kli’ a_nd kg at 298K and temperature coefficients” log
k = log A-(E/RT) or log k = (-AHT/RT) + (AS¥/R) + log T + 10.32.
R,C(0)ORa m*l:;:"‘“-l 10’45*;«:3[1 mol
Ry Ra 1o‘kA;n-‘s" lo‘knls-‘ knm“s"' AE/kJ/mol | log Afs=' or M~'s~' | Reference
H Me — - 28.6° at = 41.0| ast = 77,0 4
H Me - - 36.6 E = 40.0 log A = 8.57 5
n Et — —— 23.7 E = 37.4 log A = J.9b 3
H Pr - - 22.8 E = 35.6 log A = 7.60 5
H Bu —_ - 21.8 E = 33.5 log A = 7.19 5
H Pr - - 10.9 le = 34.8 log A = 7.13 5
Me Me 1.133 - 0.179 7
Me Et 1.097 0.000153 | 0.1077 7
- - 0.111 12
Me Pr 1.100 - 0.0655° 10
- - 0.0970 12
Me Bu 1.133 - 0.0705% 10
- - 0.065:0.00|aH* = 44.4 |  as¥ = -115.9° 8
Me i-Pr 0.600 - 0.0262 10
Me s-Bu - - 0.01738 12
Me cyclo-CsH, - - 0.026:0.001°|an¥ = 49.8 ast = -105.4 8
Me t-Bu 1.26 - 0.00150 10
R1C(0)ORz AEt/kI/mol | 10°AS#/kI/K mol
Ry Ra 10°‘lta/}‘l"s" lo‘kuls" th{"'s-‘ dE/koJrfml log Hs'?rar M-'s=' | Reference
Me CH, CH- 1.355 0.1133 10.33 7
3.2840.13¢ }An* = 53.6 ast = -s3.1 8
Ma G;C(Cﬂa) - - 3.0;‘.:&1}.15d au* = 48.5 AS* = -88.7 8
Me | 1-(cyclo-CsHy) — - 0.855:0.03¢ s = 47.0 ast = -86.4 12
Me CH,CHCH; - - — 0.209 12
Me CH,CHCH (CH5) -- - 0.0717 12
Me (Me) (Et) (CH2CH) C -_— - 0.00400 12
Me | CHCCH(CH,) - -— 0.365 12
Me CoH5CH, 1.09 — 0.197 10
Me Cels - 0.066 - 2
0.782 - 1.37 10
Me p-MeCqH. - 0.039 - 2
Me p-ClCeHo- - 0.063 - 2
Me p-NO1CeHa- - 0.846 - 2
Me 3,4=(NO3) 2C4Hs - 4.60 - 2
Me 2,4-(N03) 2CeHs - 11.1 94.0 9
Me | 2,6-(NO2)CqHs — 14.2 — 2
J.Phys. Chem. Ref. Data, Vol. 7, No. 2, 1978
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Table 4.8. (Cont.)
R.C(0)ORz " AH#/kJ fmol 10°48%/kI/K mol
Ra Rz lﬂ*kAlH"s"' 10']5‘!3" kBJ'H"s" aE.-"k.‘;;ml log ﬁfs'?rur M~'s=! | Reference
C1CH. Et - 0.1083 36.7 1
C1CHz p-NOaCeHa - 3.3 5920 g
C1aCH Me 2.33 15.33 2830 7
C1,CH Et - 4.91 883 1
CI1CH; CaHs - 1760 12800 g
FaCH Et - 56.7 4500 1
Cl,C Me — 733 - 11
FsC Me - | 328045 - st = 44.35 + 0.33) ast = 135.1 4+ 1.3 13
FaC Ec — i 2733112f | M lug k.H - =0G439,0409/T = 32.714 log T 1 13
| 12amat - | 100.0558
FsC i-Pr - 3494412 - st = 43.97 £ 0.21] as? = 155.2 % 2.5 13
FaC t-Bu - 1320:43" - log ky = -10612/T - 38.35 log T + 14
127.63
(CH»S-CHz) Et - - 0.92 15
("S-CHa-) Et - - 0.0064 15
CHSOCH;- Et - - 4.2 15
(CH5S05CH2) Bt - - 12.8 15
@isen, | me - — 204 15
R:C(0)OR2 st /kI/mol | 10°As* /kI/K mol
R, Rz 10"1:&/}:-';" Il'.l'ku!'s" ks.-“lt"s"‘ M!fkj;ml log ﬁ)‘s'?ror M~'s=! | Reference
2,4-(C12)CeH50CH; | BuOCH,CH, 6.597 — — st = 73,6 ast = 89.1 6
CeH50CH et — - 30.2% | ant = 84.1 ast = 61.9 6
C4H50CH; Me - — 17.3% 6
Et Et 0.33¢ - 0.059¢ - - 17
- 0.087 |E = 44.85 log A = 6.780 18
n-Pr Et 0.18° - 0.035° - - 17
- - 0.038 |E = 43.18 log A = 6.142 18
1-Pr Bt - - 0.023% | E = 42.55 log A = 5.93 19
CH,=CH Et 0.012% 0.064¢ 17
0.078 | E = 50.00 log A = 7.638 20
trans-CH,CH=CH | Et 0.063¢ - 0.0091° - -
a — 0.0L3 E= 53,22 log A = /.431 20
eis-CH,CH=CH Et - - 0.015 - - 20
H-C=C- Et -- e, 4.68 E = 51.30 log A = 9.638 20
CH,CzC- Et - e 0.558 | E = 53.16 log A = 9.055 20
3R = 0.01914 kJ/mol K; P293.3K; ©293k; 9293.2%; ©294.1k; £295.2K; 8283.1k; M297.8K; I340.2K; *301.2K.
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4.3.2. Aromatic Acid Esters

Little work has been carried out in water as the sole solvent
for aromatic ester hydrolyses, primarily because of the low
solubility of these compounds in water. Consequently, cosol-
vents with water such as dioxane, ethanol, methanol, and ace-
tone, among others, have been used to expedite laboratory
studies. Data listed in table 4.9 indicate that increasing
amounts of organic cosolvent decrease rate constants k4 and
kg. Unfortunately, these studies fail to examine pure water
solvent but rates do not vary more than an order of magni-
tude in the solvent compositions used. Whereas the base hy-
drolysis studies have often been carried out around 298 K,
the slower acid hydrolyses were usually carried out at higher
temperatures, but some temperature dependence data are
available to calculate k4 at lower temperatures. No data are
available for water promoted hydrolysis reaction of aromatic
acid esters. As with the aliphatic acid esters, k, is generally
insensitive to structure variations, and kg is increased when
electron-withdrawing substituents are present on the aro-
matic ring.
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Table 4.9. Aromatic acid esters: k& and kn at 298K and temperature coefficients’ for acid or base
catalyzed reactions.

399

3 =1 - -
nz.-g-o-l R2 10%y /5™ | o oate solvent?|108 k = log A - 2.303 E /RT
R, | R, lo‘klfn":-‘ at 298K in Hz0 E, log A Ref.
CeHs Me 1.68° 60 VI M 74.0 6.57 &
1.86 50 Wk M 2
9,019 56 WX A 59.3 8.38 5
Calls £t 3.9¢ 30° water 3
8.7° BED 3
CeHy Et O‘st 60 v E 82.13 7.46 4
1.20%8 67.1 wX E 69.3 9.28 1
Calis Et 0.209" 60 VX A 84.7 7.8 4
2.83’j 56 wi A 60.9 8.18 L]
2.69 55 wi A 2
Cols Et 9.72" 40 % D 51.1 6.80 7
5.08" 70 vZ D 58.4 7.76 7
CeHy i-Pr 6.2° water 3
p-BrC.H, | Et 0.200* 60 v E 73.30 6.29 4
o0.185" 60 VI A 84.18 7.72 4
p-BrC.H. | Me 5.50 55 Wi M 2
g-o-r. {107k, /Mt bllog k = log A - 2.303 E_/RT !'
Re : 107k /M e Organic solvent” °F of & = & a |
R, Ra lD"kAfH""s" at 298K in Hs0 [ E, log A Ref.
i ——
p-NOsCH, | He 1.65% 60 vi M ! 73.51 6.52 4
74.1 55 WX M 2
6407 56 wZ A 1.4 8.84 5
P-N01C.H. | Bt 0.286" 60 v E 73.3 6.29 4
o.2nt 60 VI A 82.2 7.57 4
245 55 wl A 2
2443 56 Wt A 51.9 8.55 5
p-NO2C,H, | Et 58.2" 60 vZ D 48.4 8.10 7
50.2" 70 vE D 51.4 B.55 7
Calls | CalaCita 2.1 i sovip 52.2 7.07 7
8.52" 70 VI D 55.6 7.51 7
CoHs CHyCH: 9.31" 50 vZ A 56.7 7.74
5. 90" 70 v¥ A 60.8 8.25 7
0-CH. [C(0)OEE] 2 14.85/2.47%  soviD 52.0/53.8 | 7.13/6.67 | 8
10.20/2.18™7 70 vk D 57.8/59.2 | 7.97/7.55 | 8
12.72/2.05™"] 50 vI A 57.1/59.3 | 7.95/7.54 | B
8.14/1.75™7| 70 v A 66.6/64.8 | 9.03/8.30 | 8
0~CeHa [C(0)OCHAC4Hs ] 4 za.zra.oa“'_"J 50 v& D 50.9/53.2  7.16/6.77 | 8
: 17.05/3.60"* 70 I D 54.6/58.1 7.64/7.57 | B
18.65/3.09™""] 50 vi A 56.4/58.4 7.98/7.56 | 8
11.81/2.85" 70 vE A 60.0/62.4 8.65/8.20 | 8
p=CoHla [C(0) OMe] 252/16.17F 60 wX D 6
197/29.07°F 80 wi D 6
P-Cala [C(0)0EL] 2 147/52.9%F 50 vE A 56.2/58.2 8.69/8.60 | 8
97.6/46.00F 70 vZ A 62.6/63.5 9.61/9.42 | 8
= Ma 42.6 55 WX M 2
Z | 117 55 W A 2
Me 218 55 wi M 2
EC 631 33 Wk A z
Me 63.1 55 wi M 2
@ Et 200 55 WX A 2
| 540 pure water |__9_

g - 0.01914; bﬂr;nnl: lugnn: legend: M = methanol; A = acetone; D = dioxane; E = ﬂhlnol;cl?:.ﬁl;

f;?x; ©298,3k; £372.8K;

kl(l)',kﬂ?) represents first and second stage of hydrolysis.

98.2K; P353.5K; J298.1K; £353.4K; B373.3K; P303.2K; P298.4K; 9308.2K;
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4.4, Amides
RC(O)NR,R,+H,0——=RC(0)OH+R,R;NH

Amides hydrolyze by acid and base catalyzed processes to
carboxylic acids and amines. Simple amides are about 1000
times less reactive than simple esters in base catalyzed proc-
esses but about as reactive in the acid catalyzed process (see
tables 4.8 and 4.10). This reactivity pattern is consistent with
the relative ease of removal of-OR, -NR;, and HN*R, as leav-
ing groups from the tetrahedral intermediate common to
most acyl hydrolysis reactions. No neutral hydrolysis rate
data are reported; probably as for simple esters the rate con-
stants are too small (<107%s™") to measure. Structure-reactivity
patterns for amides are much like those of esters (see section
4.3).

Table 4.10 summarizes data tor 24 aliphatic acid amides
and their C- or N-substituted derivatives, all measured at
348K.
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. k]i at 348K and temperature coefficientalog k= (-AH*}RT) + (M*{R) + log T + 10.32.

Table 4.10. Amides: k
aw ¥ | -10%s 4 -10%4s | Reference
Amide 10%k, /M~*s~? 10%ky /M-"s? kJ/mol k J/mol K A B
Acetamide 10.3(8.54) 13.6(18.67) 80.3 55.31|72.8 141.8 | 1(3) | 2(3)
Propionamide 12.0 13.1 75.7 61.7 | 84.5 124.3 | 1 2
Valeramide 5.93 5.52 78.2 60.58 | 83.7 134.3 | & 2
Isovaleramide 1.29 1.97 81.7 72.68 | 87.4 108.4 | 4 2
t-Butylacetanide 0.193 - 86.2 -~ | 88.7 - |s —_
Dimethylacetamide 6.22(6.06) 6.61 80.3 81.4 | 76.6 74.1 | 1(5) | 4
Phenylacetamide 5.19 17.7 75.3 49.25| 91.6 163.2 | 4
Cyclohexylacetamide 1.24 1.77 87.03 68.87 | 70.3 120.1 | 4 2
Trimethylacetamide 2.26 2.57 83.3 71.1 | 77.0 110.9 | 5 2
Diethylacetamide 0.176 s 91.8 — | 73.6 - 5 -
Methoxyacetamide 8.98 8.56 79.1 56.2 | 77.0 121.3 | 4 —
Chloroacetamide 12.% 1400 78.2 - 78.7 -_— 4 1
Bromoacetamide 4.79 - 77.4 - 80.8 - 1(4) -
Dichloroacetamide - 18400 (3000) - - -= - - |1
Trichloroacetamide - 135000(9400) - - - - - |1
Cyclohexylcarboxamide| 3.96 4.24 84.6 53.6 | 68.2 157.3 | 5 2
Butane-2-carboxamide 1.51 1.65 87.0 64.2 | 69.0 133.9 | 5 2
N,N-R;R; Acetamide
Ry Rz
H methyl 0.582(0.425) 3.58 87.0(86.2) 69.4 | 77.8(90.4) 121.8 | 1(3) |3
H ethyl 0.233 1.80 92.5 67.4 | 77.8 132.6 | 3 3
H isopropyl 0.090 0.367 - 73.2 - 123.0 | 3 3
methyl methyl 0.654(0.377) 5.18 81.6(85.8) 63.2 | 92.0(92.9) 131.4 | 1(3) |3
ethyl ethyl 0.0227 0.1167 - 75.3 — 130.1 | 3 3
methyl ethyl 0.102 0.983 -- 67.8 == 128.0 | 3 3
a -
R = 0.01914 kJ/mol K.
bkA and calculated from temperature coefficient data are good to within + 5% of measured value listed

unless otherwise noted.

®Calculated value 1.08(-4).

d

Calculated value 5.93(-4).

“Calculated value 5.96(-4).

fcalculated value 8.80(-4).

8calculated value 1.34(-4).

h

Calculated value 1.03(-3).

jAt 25°C, estimated from log liversus 1/T plots given in reference 6 (no primary data given).
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4.5. Carbamates
ROC(O)NR,R;+H,0 —=ROH+CO0,+HNR,R;

Carbamates hydrolyze by acid, base, or neutral processes
to give alcohols, amines, and CO,, probably via the in-
termediate carbamic acid. Carbamates are moderately reac-
tive at 298 K, where most data are reported, exhibiting a
range of rate constants (ks) that spans 8 powers of 10. The
striking increase in reactivity toward OH- for carbamates
having an -RNH structure is caused by a change in mecha-
nism from one involving the usual addition of OH" to the
carbonyl to one involving proton transfer from NH followed
by loss of RO to form an intermediate isocyanate:

ROC(O)NHR+OH ——=ROC(O)NR+H,0
ROC(O)NR —=RNCO+RO-
RNCO+H,;0 —=RNH,+CO,.

Table 4.11 summarizes data for 20 aliphatic and aromatic
carbamates. '
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at 298K and temperature coefficienté‘log k= -dH*fRT

11. Carbamates R,0C(O)NR:Ra.: k,, "
+ AS¥/R + log T + 10.32 or iogkﬂ =kR - E/RT.
R1OC(0)NRsRs k,» ky or ky™C I ‘

R,0 Ra-N-Ry s~ or s71) au? /k/mol | -10°45% /kI/mol K | Reference
Me Ces H 5.5(=5) — — 5
Et Ceis H 3.3¢-59  66.5 106.7 2
Et CeHs Me 5.0(-6)%|  54.0 164.4 2
Celis CeHs  H 47D 69.45 21 2,4
Cells CeHls Me 4.2(-5)8]  62.8 117.2 2
p-MeO CeHls  H S 2.52Q0) - — 4
m=Cl Cels H 1.83(3) - i— 4
p-NO2 Cls H 2t - - 4
p-NO2 UeHs Me 7.98(-4) - . 5
p-NO, Me H [k = < 2.52(=5) - - 3

kg = 3.0(-3) - - 3
1-CioHs  Me B |k, = L4(-7)  |log k, = 2.48 - 53.01/RT" 1

k = 3.62(-5)j log ky = 4.82 - 62.59/RT® 1

I = 3.4 log ky = 11.95 =70.11 /RT 6
1-CiHy  Me Me| k, = 1.1(-9)  |log k, = 8.00 - 96.94/RT*

g = 2:30¢-8)" |1og ko = 7.48 - 102.22/r7*

kg = 4.55¢-9)" |log ky = 9.37 = 92.51/R1"
Et:NCH,CH, CeHs  H 2.6(-5) 73.2 87.0 2
Et:NCH;CH, MesCeHa H 9.2(-7) | 103.3 13.8 2
m-MesHCH, Me H 6.7¢-1) | 76.6 - 47.7 2
m-MesHCeH, Me Me 2.8(-4) | 59.4 113.0 2
CICH:CH;  CeHs  H 1.59(-3) | - - 5
Cl.CHCH, CeHs H 5.00(-2) | - — 5
CClsCH:  CeHs H 3.16(-1) | - - 5
CF5CH, CeHs H 1.00(-1) | - - 5

4R = 0.01914 kJ/mol K;

for most values
coefficients is
coefficients ie

coefficients is 5.2(1);

coefficients is

bValue given is for kg unless indicated otherwise; ®Standard deviation

of kg is é 2%; dother workers [5] report 3.2(-5); kp calculated from temperature
3.7(-5); _Other workers [5] report 3.98(-6); kp calculated from temperature
5.5(-6): "Other workers [4] report 5.42(1); kg ecaleulated from temparaturae

Other workers [5] report 1.41(-4); kg calculated from temperature

4.6(-5); MMeasured at pH 6.5, no contribution from ky; Jac 353K; kcalculated
from data in reference 1; LAt 296K; other workers [1,7] report 50 and 5.7, respectively,
at 298K; on basis of agreement of data in reference (6,7) the data in table is preferred.
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4.6, Phosphoric and Phosphonic Acid Esters
ROP(X)R,R;+H,0——=HOP(X)R,R,+ROH

Pentavalent phosphorus forms a great variety of ester and
amide derivatives, many of which have significant biological
activity. The cholinesterase-inhibiting properties of many of
these compounds have led to their extensive application as
pesticides and to preparation of many candidate chemical
warfare agents.

The chemistry of organic phophorus compounds has been
reviewed extensively [1,2,3]. Hydrolysis of pentavalent phos-
phorus compounds proceeds by nucleophilic displacement at
phosphorus or carbon, with formation of leaving groups such
as RO, R;N-, X, RS, or (RO)PO;. Although almost all
phosphorus ester hydrolyses exhibit promotion by OH", only
a few esters are hydrolyzed by acid or water promoted reac-
tion. '

Mechanisms of hydrolysis of phosphorus esters have also

been examined extensively [1-6]. Unlike carboxylic acid -

derivatives, the phosphorus esters do not form pentacovalent
intermediates with water or OH". Thus, reactions involving
P-0 cleavage must involve synchronous bond making and
breaking between phosphorus and the entering and leaving
groups.

Structure-reactivity relationships among phosphorus esters
are more complex than for simple carboxylic esters, but some
generalizations are possible within specific classes. More
electron-withdrawing substituents accelerate hydrolysis;
bulky substituents retard hydrolysis; among substituents,
those groups having the more acidic conjugate acids are bet-
ter leaving groups and their esters cleave more rapidly.

Hydrolysis may involve C-O rather than P-0 bond
cleavage:

H,0+R,CH-OPR;— *H,0CHR,+ OPR,;.

C-0 cleavage is dominant for many acid and water promoted
hydrolyses of esters; P-0 cleavage is associated predominant-
ly with base hydrolysis [4-6]. Thus, as pH is lowered, the
mechanism, stereochemistry, and products change, usually
with a decrease in overall rate of hydrolysis.

As expected for an Sn1or Sn2 process, displacement at car-
bon is most sensitive to steric constraints at carbon, to
charge-stabilizing substituents, and to solvent. Thus, in
hydrolysis of dialkyl alkylphosphonates (tables 4.12 and 4.13),
isopropyl is more readily hydrolyzed than methyl (by 12X) in
the acid process, but the hydrolysis of isopropyl is much
slower (by 1000%) in the base process. Similarly, solvent
effects on hydrolysis are more marked for the acid or neutral
process than for the base process (see table 4.14).
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Competition between P-0 and C-0O bond cleavage in neu-
tral and acidic water has been worked out in detail for methyl
phosphates by Bunton and his coworkers [4-5]. Table 4.15
separates the rate constants for the two processes with the
neutral, monoanion, and monocation species.

The pH dependence and kinetics of hydrolysis of phos-
phorus esters can assume complex forms owing to the forma-
tion of intermediate phosphorus acids that can catalyze
hydrolysis of the parent ester, as, for example, with
(RO),P(O)F (table 4.16). In other cases the species that
hydrolyzes most rapidly is formed in a preequillibrium with
HO" or H*, and the rate law exhibits a pH maximum, usually
below pH 4 [6]. For these reasons, special attention must be
given to control of pH and the effect of pH on rate should be
clearly defined.

Unfortunately, many studies of hydrolysis of phosphrous
esters were done in mixed solvents to facilitate solubility, and
with limited or no study of the effect of pH. As a result, data
summarized in tables 4.12-4.17 are incomplete in many ways,
with some listings for hydrolysis in mixed solvents. Despite
these shortcomings, where it is possible to compare rate con-
stants measured in water by different investigators, the
agreement is surprisingly good: for example, four determina-
tions of the value of ky for (EtO);PO reported over a period of
75 years agreed within +80-100% (table 4.14). Also, the
precision within a single investigation is often very high
<£10% on k. But however precise, if k4 or ky is measured in-
50/50 dioxane/H,0 rather than pure water, it is likely that k
will be 20 times too small for accurate estimates of environ-
mental persistence.

Table 4.12. FPhiosphonic acid esters:dialkylphosphonates, RyP(0){ORa)a:

ky and temperature coefficients log k, = log A - (E/RTP [7].

RiP(O) (ORa)a | T/K [10%k,/M's~" "ﬂ-run;:;-kiu:"iei--:
Me | Me 372.8 | . 114 10.7 - 111.6/RT
Me |Et 382 2.05 10.9 - 111.6/RT
He | i-Pr 366.6 12.86 11.35 - 107/RT
Me | t-BuCHy | 376 0,944 i
Me | CiHs 383 0.50 —

Me | Et, NPP:C|383.4 1.53 —

Et 1-Pr 365.5 3.4 10.58 - 108.7/RT
n-Pr | i-Pr 369 4.9 10.72 - 108.7/RT
n-Bu | Et 383 1.05 ——
n-Bu | 4-Pr 369 6.47 JR—
t-Bu | Me 393 2.25 a———
t=Bu | 1-Pr 388.2 32.8 R
CqHs | Et 374 1.05 10.6 - 111.5/RT

% = 0.01914 kJ/mol K.

hp—"i trophenyl.

cﬂydroly!il product is ethanol.
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HYDROLYSIS OF ORGANIC COMPOUNDS 405

Table 4.13. Phosphonic acid esters: dialkylphosphonates, R,P(0)(OR)s Table 4.15. Methylphosphates (Me0)3. P(0)(OH),: rate constants
ky and temperature coefficient log ky = log A = (E/RT).d for C-0 and P-0 fission in anion, neutral, and
conjugate acid forms at 373K [4,5].
R.P(0) (OR) 3 T/K ID'kaa’N"u" Tanpera;::ek:a:tﬂcimt. 10°k/s™* or M-'s-?
“Ester Anion Neutral Acid

He He .322.3 146 7.30-56.5/RT c-0 P-0 c-0 P-0 | C-0 P-0
Me |Et 333 26.0 6.60-58.6/RT (Me0) s PO ~ - lass!| - | - ~

- 353 . . . .
Mo | d~Px 0:13) 443023100 (e0);P(0)OH |c 1(-4) | 0.001 | 3.3[0.9]0.91]0.11
Me ~BuCH 361 | 0.958

it Me0)P(0) (OW)a| - [8.23 | 0.5| - |2.00]1.08
Me | Ee, NPPC | 208 400 7.40-50.2/RT
Et | Et 342.5 17.8 6.31-59.4/RT
Et | i-Pr 377.9 1.06 4.45-67.8/RT
n=Pr | n-Fr 368 3.58
n-Pr | 1-Pr 382.9 0.516 3.88-66.5/RT
s | B 332.8| 467

%R = 0.01914 kJ/mol K.

I"'l:»-lli trophenyl.

Clydrolyoio prod io p nitvopl 1

dOther workers [8] report 48(-4) ar 353K.

Table 4.14.  Phosphoric acid esters (RD) 3PO: ky, kB,

and temperature coefficients log k = log A - (E/RTR
(RO) sPO T/K Iﬁq/s" T/K sz'!-!"s" Reference

MeOP (0) (OH) 2 373 | 5(-7) 8.2(-6)P[-~ - €

(Me0)2P(0)OH 373 | 3.3(-6) — - 5
(Me0) s PO 318 | 1.6(-7) 298 | 1.3(-4) 4,1

373 | 3.7(-5) 308 | 3.3(-4) i

log ky = 8.9 = 95.0/RT; log ky = 8.1 - 67.8/RT 4

(Me0) 1P (0) OEt 375 | 2.5(-5) 375 | 4.5(-2)
(Et0) sPO 353 | 1.4(=6) 298 | 8.2(-6)° 8,11
375 | 1.3(=5) 374 | 4.49(=2)

374 | 8.35(-6) - - 10

352 | 1.27(-6) - = 10

(EtS) 5P 355 [~ 7 (=7) 298 | 1.2(-2) 12
log ky = 9.25 - 102.1/RT; log ky = 7.94 - 62.7/RT. 8,16

(C4Hs0) PO [373 | 3¢-9° [298] 1.06¢-2) | @

log ky = 6.11 - 45.9/RT® 4

B0y p(ONET |- - 298] 6.7¢-% [ 13

(Et0) (EtS)P(O)NP [310 | 1.3(=5) - - 13

(EtO)P(0) (NP),  |298 | 3.33(-6)8 298 | 5.25(-1)8| 13

log = 4,95 - 59.8/RT; log k_ = 10.18 - 59.8/RT 13

(wP) ;P0® [298] 1.02¢-3)%  |298]3.43(05 | 13

log ky = 0.0?2 - Il?.lz'n'r, log HI- 4.|56 - 1?.1/1}1 13

8R = 0.01914 kJ/mol K
I"‘V.l'-alue for the monoanion.

CMeasured in dioxane/water (l:1 v/v); only a small solvent
effect is expected from the rate of hydrolysis of (MeO) PO [1].

lil‘{e.asl.u:ed in dioxane/water (3:2 v/v).
eOrtginal reference miscalculated A and E.
fyp = p-nitrophenyl.

BMeasured in acetone/water (l:1 v/v).
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406 W. MABEY AND T. MILL

Table 4.16. Thiophosphoric acid esters R;RaRsPS: » kB and temperature coefficients
log k = log A - (E/RT)a

Ester T/K kBr‘H"s“ Temperature Coefficient | Reference

(Me0) 1 P(S)NPD 313 kn.fs" = 6.97 £ 0.44(=7) | log kﬁ = 10,3-98.3/RT 14

293 | 5.95(-3) log kE = 13.66-89.1/RT 15
(Me0)P(S) (KP) 2 298 | 2(-2) 13
(Me0) 1P (S) (SCHCHa [COaEL ] 2) | 298 | 5.16%, 5.58+0 log ky = 18.3-100/8T" 16,22
(Et0) CsHsP(S) (NP) 298 1.52[-l)d log kn = 12.01-73.20/RT 16
(NP) 5PS 298 | 2.1(-1) 15
(1-Pr0) 2 P(S)NP 298 | 5.5(=5) 15
(Et0) 3 P(S)NP 298 [2,17(-4)® log ky = 10.2-80.3/RT 16

AR = 0.01914 kJ/mol K.

"'N? = p-nitrophenoxy.

cHydroly zed in 25% acetone/H;0.

I:‘I!ydr-culg.vaed in 20% ethanol/H:0.

eKyd:olyaed in' 50% acetone/H;0.
fIt,ec:alt:u]..'zteci A and E from experimental data.
& Measured at 300 K.

n
k.\ = 4.8  0.2(-5).

Table 4.17. Dialkylhalophosphonates and dialkylhalophosphorates.
RyRaP(0O) X2 y“, v} and temperature coefficients.®

- References for Section 4.6
R,P{0) XRa ] T/K | g/ I kM- s | Reference
X=F [1] Vernon, C. A.,in Phosphoric Esters and Related Compounds, The Chem.
Soc., Spec. Publication No. 8, London (1957).
He Ne 298 | 4(-4) - 17 [2) Hudson, R. F., Structure and Mechanism in Organophosphorus
e Bt 298 - 13.9 20 Chemistry, Academic Press, New York (1965).
[3] Kirby, A. J., Warren, S. G., The Organic Chemistry of Phosphorus,
Et Et0 298 == 3.3(-1) 20 Elsevier Publishing Company, New York (1967). ;
_ EtO . . 1.8 20 (4] Barnard, P. W. C., Bunton, C. A., Llewellyn, D. R., Vernon, C. A., and
. Welch, V. A., J. Chem. Soc. 2670 (1961).
i-Pro | i-Pr0 | 298 | 1.7(~6) - 18,19 [5] Bunton, C. A., Mhala, M. M., Oldham, K. G., and Vernon, C. A., J. Chem.
Soe. 3293 (1960).
1-PeH | 1-PeNH | 298 | 3.8(-8) | 18.4 21,13 {6] Bunton, C. A, Liewellyn, D. R., Oldham, R., and Vernon, C. A., J. Chem.
i-PriH | MeoN | 298 - 8.46 15 Soc. 3574 (1958).
[7] Hudson, R. F.,and Keay, L., J. Chem. Soc. 2463 (1956).
MeaN | MesN | 301) - 4.1¢-3) - [8] Bel'skii, V. E., Pudovik, A. N., Efremova, M. V., Eliseenkove, V. N., and
EeaN EtaN 301 . 2.5(-3) 15 Pantaleeva, A. R., Dolk, Akad. Nauk. 180, 427 (1968). English transla-
tion.
t=01a — [9] Masse,]., and Domanage, L., Compt. rend. 250, 265 (1960).
i ] £ l 275 | L5 l __ I 20 [10) L)r(:i;i;:;i, E. P., Oyama, K., and Tidwell, T., Can. J. Chem. 52, 1066
log Ky = 5.9 = 30.5/RT [11) Cavalier, J., Ann. Chim. Phys. 18, 449 (1899).
. [12] Ref. 1,p.30.
e | Hed l 273 | 1.6¢-3) | 1 20 [13] Ketelaar, J. A. A., Gersmann, H. R., and Koopmans, K., Rec. Trav.
log ky = 5.7 = 35.1/RT Chim. Pays-Bas 71, 1253 (1952).
[14] Mabey, W., Lan, B., Baraze, A., Richardson, H., Hendry, D, and Mill,
.90- - 20 . » H, :
R I Heo | a7 ! 23¢9 l | T., Abstr. 172nd Meeting Amer. Chem. Soc., San Francisco, Ca., Sept.
log ky = 5.7 = 44.3/RT 1976, PEST., 061. .
[15) Heath, D.F.,J. Chem. Soc. 3796 (1956).
ne | o | 298 6.9 | - | = [16] Ketelaar, J. A., and Gersmann, H. R., Rec. Trav. Chim. Pays-Bas 77,
973 (1958).
[17] Halman, M., J. Chem. Soc. 305 (1959).
[18] Kilpatrick, M., and Kilpatrick, M., J. Phys. Colloid Chem. §3, 1371,
1385 (1949).
a _ [19] Epstein, J., Baner, V. E., Saxe, M., and Devek, M. M., J. Amer. Chem,
R = 0.01914 kJ/mol K. Soc. 78, 4068 (1956).
Pk, = 7.6(-2) at 298k [18). [20] Hudson, R. F., and Keay, L. M., Chem. Soc. 1859 (1960).

[21] Heath, D.F.,J. Chem. Soc. 3804 (1956).

“Measured in 5% (v/v) aqueous acetone.
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4.7. Acylating and Alkylating Agents and Pesticides

Table 4.18 lists rate constants for a variety of acylating and
alkylating agents that have little in common except the trou-
blesome property of being mutagenic toward certain yeasts
(Ames test) and in some cases being produced and dispersed
to the environment in significant quantities. Also listed in
this table are rate constants for several important pesticides
that are not readily classified into tables 4.1 to 4.17. Some of
the data on pesticides have been obtained under environmen-
tal conditions including use of natural waters.

References for Section 4.7

[1] Early, J. E., O'Rourke, C. E., Clapp, L. B., and Edwards, J. 0., J. Am.
Chem. Soc. 80, 3458 (1958).

[2] Buist, G. )., and Lucas, H. J., J. Am. Chem. Soc. 79, 6157 (1957).

[3] Long,F. A.,and Purchase, M., J. Am. Chem. Soc. 72, 3267 (1950).

[4] Mori, A., Nagayama, M., and Mandai, H., Bull. Chem. Soc. Japan 44,
1669 (1971).

[5] Rokertson, R. E.,and Sugamori, S. E., Can. J. Chem. 44, 1728 (1966).

[6] Touw, J. C., Westover, L. B., and Sonnabend, L.F., J. Phys. Chem. 78,
1096 (1974).

[7] Kolar, G. F., and Preussman, R., Z. Naturforschung 26B, 950 (1971).

[8] Kelly, M. ]., and Watson, G. M., J. Phys. Chem. 62, 260 (1958).

[9] Hall, H. K., J. Am. Chem. Soc. 77, 5993 (1953).

[10] Queen, A,, Can. J. Chem. 45, 1619 (1967).

[11] Walfe, N. L., Zepp, R. G., Baughman, G. L., Fincher, R. C.,and Gordon,
J. A., Chemical and Photochemical Transformations of Selected
Pesticides in Aquatic Systems, EPA-600/3-76-067, September 1976.

121 Merna, J. W., Bender, M. E.. and Novy. J. R.. Trans. Amer. Fish. Soc.
101, 298 (1972).

Table 4.18. Acylating and alkylating agents and pesticides: k,» ky» k; and temperature coefficients.

Compound T/K |k, /M~"s™" ku_fs" kM Temperature Coefficient® |Reference

CH,}?];

N 298 |5.2(-71)° — —
CHa CH2C(0) 298| - 3.3(-3) - log ky = 10.04 - 81.59/RT 3
CHLCH,S(0,) 208 - 2.15(-3) - 4
(CH30) 2502 298 -- 1.66(-4) 1.48(-2) 5
(C1CH.) 20 PTE N - 1.8¢ 2)¢ - 10g ky = 9.80/° - 64.78/RT 6
CoHsN=N(CH,) 2 310 - 5.5(=5) - 7
CgHsC(0)C1 298 -2 4.2(-2)¢ — 8
{CHs) zNC(0)C1 298 — > 2,5(=3) . 9
CH50C(0)C1 298 -— 5.642+0.002(=4) - 10
(CH30CH,) 2CHCCL, | 358 - 2.4(-5) — -

(methoxychlor) 338 -- 4(~6) - Ey = 90.11 ki/mol K 11

200 - - 3.64(=4) 12
298 - 2.97(-8) -
(;l/\/:scc:l, 300 — 1.87(-5) 5.7(2) 1
0 _
(captqn)f
Ccl
CaH
2 /N\'L 298 [3.9(-5)  [7.6(-5) 1
o
NHCH(CH,4)
(atrazine)

9R = 0.01914 kJ/mol K.

b
Rate constant for hydrolysis of protonated aziridine [1] the pK, of which is 8 [2].

“No acid or base catalyzed process observed.
4
Calculated from k and E.

®In 70:30 (v/v) water-acetone.
f

Hvdrolysis gives imide, eulfur, carbon dioxide and chloride ion.

J. Phys. Chem. Ref. Data, Vol. 7, No. 2, 1978

NOVARTIS EXHIBIT 2042

Noven v. Novartis and LTS Lohmann
IPR2014-00549

Page 25 of 33



408

5. Rates of Hydrolysis: Estimates of Lifetimes
Under Environmental Conditions

This section provides estimated rate constants ka, ks, kn,
ks, and half-lives of organic compounds in hydrolysis reac-
tions in water at 298 K and pH 7. Rate constants k,, ks, and
ky for individual hydrolysis reactions were calculated at 298 K
using the temperature coefficients tabluated in section 4 or
were used directly if measured at 298 K; values of k, were cal-
culated from cq (2), and halfdives werce calculated from cq (5):

t,,2=0.693/k.

These tables also list the intercepts, I, corresponding to pH
values where two rate processes contribute equally to the
observed rate. These values were calculated from the rela-
tions in section 3. Inspection of values of I for specitic com-
pounds and classes quickly indicates the possible importance
of acid or base hydrolysis in the pH range of concern in
freshwater systems, namely pH 5-9. '

5.1. Alkyl, Allyl, and Benzyl Halides and Polyhaloalkanes

Tables 5.1-5.4 list relevant rate constants for hydrolysis at
298 K and half-lives for halogen-containing organics. Hydro-
Iytic reactivity of these compounds spans 11 powers of 10:
benzotrichloride has an estimated half-life of only 3 minutes
while chloroform and carbon tetrachloride (at 1 ppm) have
halfdives of 3100 and 7000 years, respectively. Under envi-
ronmental conditions only alkyl fluorides, neopentyl halides,
and methyl chloride are likely to be hydrolyzed too slowly for
this pathway to be important. All other alkyl, allyl, and benzyl
halides are hydrolyzed rapidly enough (30 minutes to 169
days) that hydrolytic degradation should be considered as
competitive with microbiological degradation, volatilization,
and absorption.

The daia suggest the following generalizations about RX:

(1) The rate of hydrolysis is greatest when X is Br and least
when X is F. Br is more reactive than Cl by a factor of 5to 10.

(2) Rate of hydrolysis increases as R goes from primary to
secondary to tertiary in the ratio 1:1:1000 for Cl and from
primary to secondary in the ratio 1:20 for Br.

(3) Allyl groups enhance the rate of hydrolysis of primary
X by a factor of 5 to 100; benzyl groups enhance the rate by a
factor of 50.

J.Phys. Chem. Ref. Dato, Vol. 7, No. 2, 1978
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Table 5.1. Organic halides: hydrolysis rate constants kli and lr.II at

298K and pH 7, and ﬁﬂ

[ Organic
halide kn.r‘s" k‘[ou-],*rl S
MeF 7.46(-10)| 5.82(-14) 1.1
MeCl 2.37(-8) 6.18(-13) 11.6
MeBr 4.09(-T) 1.41(-11) 1.5
Mel 7.28(-8) 6.47(-12) 11.0
CH;Cl, ‘ 3.2(-11) 2.13(-15) 1.1
CH,CHCB,CL | 1.16(-7) 6.24(-12) 11.3
CeHsCH,CL | 1.28(-5) > 13
CeHsCHCly | 1.56(-3) > 13
| CeBsCCls | 6.3(-2) > 13

Table 5.2. Alkyl halides: kh and tl, at 298k and pH 7.

Alkyl halide k /s ' ty
MeF® 7.44(=10) | 30 years
Mec1© 2.37(-8) | 0.93 years
MeBr 4.09(-7) 20 days
Mel 7.28(-8) 110 days
EtCl 2.10(-=7) 38 days
EtBr 2.64(-7) 30 days
Ecr 1.62(-7) 49 days
:l—vPerl 2.12(-7) 38 days
i-PrBr 3.86(-6) 2.1 days
i-Prl 2.77(-6) 2.9 days
n-PrBr 3.04(=7) 26 days
t=BuF 3.87(-5) 50 days
t-BuCl 3.02(-2) | 23 seconds

a'kh = ky since is not important below

pH 10 (see Table 5.1).

b(.‘.alculated from equation in footnote
j, table &4.1.

CCalculated from equation in footnotc

h, table 4.1.
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HYDROLYSIS OF ORGANIC COMPOUNDS 409

Table 5.3. Allyl and benzyl halides: Table 5.4. Polyhalomethanes: I’}. and t, at 298K™ and pH 7.
rate constant k. and "half-life t;j at 298K and pH 7.
-1
RX kh13 tig CH X, o kh/s"a ty/yx
CH2CHCH:C1 1.157(-7) 69 days CHzCla | 3.2(-11) 704
CH,CHCH,Bx 1.674(-5) 12 h (HsRr(1 | 5.0(-10) A
CHCHCHAT . 4.01(-6) 2.0 days CHzBra | 1.2(-10) 183
CHCls | 6.9(-12) | 3500
CeHsCH2CL 1.28(-5) 15 h
b CHBrCl; | 1.6(-10) 137
p-CH3CeH,CH2CL | 4.5(-4)" |0.43 h -
b CHBrzCl | 8.0(-11) 274
HsCHC1 1.56(-3 0.1 h
SRS ( ; cHBrs |3.2¢-11) | 686
Cgﬂsccls 6.3(—2) 19 s CHICI. 8.0(-11) 275
CeHlsCHBE 1.45(-6)° [ 1.32 h e | 2,908 Lo
p~CHCeH4CHaBr | 2.67(-3)P | 4.3 min ccl. | 4.8(-7" | 7000 (1 ppm)
7 (1000 ppm)

3 pssume kB =k _; no evidence for base
e

catalyzed reactions. See table 5.1. 8\ ssume = ky[OH] except for

b dihalomethanes.

Assume that k_ changes by a factor of 1.9 b

for each 5K cEange in temperature based on Hydrolysis is gecnnd order in

temperature coefficient for benzyl chloride. CCly (k, /M's™"); half-life is
instantaneous value at stated
roncentration.
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5.2, Epoxides

W. MABEY AND T. MILL

Epoxides hydrolyse rapidly at 208 K and pH 7 by a mostly
water (neutral) promoted reaction to which the acid catalysed
process contributes less than 10 percent of the rate; base

catalysis is not detectable at pH < 10.

Table 5.5 summarizes data for 14 epoxides. The half-lives
of most of these epoxides are surprisingly similar: 14.6 + 4.6
days. Major exceptions are conjugated epoxides and aromatic
epoxides which have half-lives of a few minutes.

Epoxides: rate constants kﬁ' k“, kh’ and t

i at 298K, pH 7

Table 5.5.
.and I&N and INB'
Epoxide
R, :lh
Rz 07 R,

Ry Rz Rs | Ra
H H H |H
Me H H|H
Me Me H |H
CH30H H H |H
CHzC1 H H |H
CH3Br H H |H
CH30H Me H |H
CH2Cl Me H |H
Me H Me | H
H H

1 =1 - -

kam;s ko /s . ky /s t £y, L
1% [6.7¢-1% |6.9¢-71)¢ | 12 dayd4.2|11.8
4.6(-2)% | 5.5(-7)2 |5.5(-7) |14.6 days4.9 | 11.7
7.3° 11(-7)% |[18.3(~7)| 4.4 dayd6.8 | 11.8
2.5(-3)° |[2.84(-1%|2.84¢-7) | 28 dayd3.9| --
8.0¢-6)* [9.8(-1° |9.8(-7) | 8.2days{2.9| —
6.1-6)° [s¢nd  [5¢n 16 dayg3:1| --
112 |5¢-nd  [5¢-7 16 dayd4.4| —-
1843 {sen? [sen 16 dayg3.6| -
0.120°  |5¢-n?  [5.12(-7) [15.7 dayd5.4| -
0.260° |51 |5.24(-7) [15.3 days5.7| --
1.664(4) [2.20¢-4) [1.86¢-3)| 6 min [7.9] 13

3.2(1)¢ | 1.40(-3)%|1.4(-3) 8'min®|4.4| -=
3.55(-3) |2.20(-4) [2.2¢-4) | 52 min |4.2]| --
4.7 |3¢-%  [3(-3) 4 min®|5.2| --

8pata at 298K wereselected from table 4.7 on the assumption
that most recent published data is most accurate.

bCalculated from data in table 4.7, assuming that E = 75.3 kJ/mol; k
at 298K is then 16 times that at 273K, and 1.68 times that at 293K.

CAt 293K.

de in table 4.7 ranged from 3(-7) to 11(-7) at temperatures 293K
298K; we assume kN = 5(-7) where no kﬂ available. .

€At 303K.
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Table 5.6 summarizes data for hydrolysis of aliphatic esters
at 298 K and pH 7. Available data indicate that the base cata-
lyzed process is dominant for simple esters. Thus, the values

Table 5.6. Aliphatic acid esters: kA’ 'kN' kB’ kh and t;

HYDROLYSIS OF ORGANIC COMPOUNDS

5.3. Esters

5.3.1. Aliphatic Acid Esters

41

of ks is a reliable guide to their lifetime. Generally, the more
rapidly hydrolyzed esters have rate terms ky and ks [OH] that
are competitive at pH 7; therefore, values of both rate con-

at 298K and pH 7, and I values.

stants are needed to estimate persistence. Simple esters are
resistant to hydrolysis; halogenated acid esters are much
more reactive and hydrolyze in only a few hours or days.

R,C(0)OR,

R Rs k(57175728 Ky/s™" | g lOHY/s™] i /8™ ty Ly | I Lo
Me Et 111D [1.5(-10) | 1.1(-8) 1.1(-8) 2.0 yr | (5.9) | 5.5 |(5.2)
Me i-Pr 6.0(-12) - 2.6(-9) 2.6(-9) 8hyr | ~mm | 5.7 | =
Mc t=-Bu 1.3(-11) - 1.5(-10) 1.6(-10) 140 yr —_— A5 —
Me CH,CH 1.4(-11) [1.1(-7) 1.0(-6) 1.1(-6) 7.3 days | 3.1 | (4.6) | 6.0
Mo CHCCH, - — 7.3(-R) 7.3(=R) 110 days | = i —
Me CeHsCHa 1.1(-11) - 2.0(-8) 2.0(-8) |' 1.10yr | — | 54 | -~
Mo CeHe | 7.8¢-12)  [6.6(=8) 1.4(=7) 2.1(-7) 38 days | 3.1 | (5.4) | 6.7
Me 2,4-(NO2)Cells - 1.1(-5) | 9.4(-6) 2.0(-5) 9.4 h — - 7.1
C1CH, Me 8.5(-12) [2.1(=7) | 1.4(-5) 1.4(-5) “4h | 2.6 |(3.9)] 5.2
C1.CH Me 2.3(-11) [1.5(=5) | 2.8(-4) 3.0(-4) 38 min | 1.2 | (3.5) | 5.7
C1.CH CeHs - |1.8¢-3) | 1.3(-3) 3.1(-3) | 3.7min| ~ | ~ | 7.1
FaCH Et —  5.7¢-5) | 4.5(-4) 5.1(-4) min| — [ ~ | -
ClsC Me - 7.7(-4) - > 7.7(-4) | <15min| - - -
FsC Et - 3.2(-3) - >3.2(-3) | < 3.6 min | -- - —-
FsC t-Bu -~ |1.3¢-3) - >1.3(-3) | <89 min| — | — | -

RaC(0)OR2 .

R, Ra ko[ /72 | ky/s™ | i l0H1/5 K, /57! &, Lo | Lg | I
CHsSCH, Et = — 9.2(-8) 9.2(-8) | 87 days | -~ | —- | -
CH3S(0)CH Et - - 1.3(-6) 1.3(-6) | 6.2 days | -- - -
(f:ﬂa),‘stcﬂ2 Et - - 2.0(-5) 2.0(=5) 9.6 h' - - -
Et Et 3.3(-12) - 8.7(~9) 8.8(-9) | 2.5yr | -- | 5.3°| -
n-Pr Et 1.8(-12) — 3.8(-9) 3.8(-9) | 5.8yr | — | 4.8°| -
i-Pr Et - - 2.3(-9) 2.3(-9) | 9.6yr | — | - | —
CHa=CH Et 1.2(-13) — 7.8(-9) 6.3(-9) | 3.5yr | — | 4.6°| -
trans-CH,CH=CH Et 6.3(-14) —~ 1.3(-9) 1.3-9) | 17yr | - | 4.8°| --
H-C=C- Et — — 4.68(-7) 4.68(-7) 17 days| -- -— -
3[oH™) = 10-7M, [H'] = 10-"M at pH 7, 298K.

Ippg is calculated from kA at 293 K, and k, at 298°K (see table 4.8); this affects the value of IAB by

less than 3 per cent.
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5.3.2. Aromatic Acid Esters

Table 5.7 summarizes constants k4 and ks, expressed as
pseudo-first-order constants k[OH), kx, #:,2, and Lis. Included
in these estimates are data from experiments in mixed sol-
vents, from which it is evident that.values of k, are greatly
affected by solvent composition (a factor of 20 or more).

Estimates of persistence based on mixed-solvent studies are
certain to be too high, but for most simple aromatic esters
lifetimes are long (over 5 years) and will remain long even in
water solvent. The extensive use of these compounds and
their widespread occurrence in the environment requires
some reliable data on their rates of hydrolysis as a function of
pH and temperature in water.

Table 5.7. Aromatic acid esters: kA’ l&, kh’ t!i, and I#B at pH 7 and 298K.
—y
R;-HOR:
+. - - -

R; R2 kA[H 1/s™*2 kBIOH_],!s 1a kh/s * tlifyr Sol_ventb L
CeHs Me 4.0(-14) 1.9(-10) |1.9(-10) | 118 ~ 55% M | 5.2
CeHs Et - 3.0(=9) 3.0(-9) 7.3 water | --

1.2(-14) 1.2(-10) | 1.2(-10) | 183 ~ 60% E |5.0
9.9(-15) 2.8(-10) | 2.8(-10) | 79 ~ 60% A |4.8
— 7.0(~10) 7.0(-10) 31 40Z D | —-
- 3.3(-10) 3.3(-10) | 67 ; 70% D | --
CeHs 4-Pr - 6.2(<10) |6.2(-10) | 35 | water | --
CeHs CeHsCH2 -- 8.0(-10) |8.0(-10) | 27 | 50VZD | --
p-NO2-CeHo| Me 4.3(~14) 7.4(-9) 7.4(-9) | 3.0 | 60% M |4.38
- 6.4(-8) 6.4(-8) | 0.34 |56 WLA| --
p-NO2-CgH.| Et 1.4(-14) 2.4(-8) 2.4(-8) 0.92 ~ 60% A |3.88
1-CsH,N |Et -- 5.4(-8) 5.4(-8) | 0.41 l water | --
-- 2.0(-8) [2.0(-8) | 1.1 | 55WZA| -
0-C4H, [C(0)OEt ] - 1.0(=9) 1.0(-9) 22 | s0vZD | -
1.7(-10) 1.7(-10)
0~CsH. [C(0)OCH2CeHs ], - 1.7(-9) 1.7(-9) 13 ' 50 VZD | -
2.8(-10) |2.8(-10) ]
p-CeH. [C(0)OMe] — 2.5(-8) 2.5(-8) 0.88 |
1.6(-9) 1.6(-9) 0.88 60 W% D | --
p-CeH4 [C(0)OEL] 2 — 6.9(-9) 6.9(-9) 3.2 50 WZ A | --
2.5(-9) 2.5(-9) 8.8
2[0H]= 10-7M, [H'] = 10~7M at pH 7, 298K.
bOrganic solvent legend: A = acetone; D = dioxane.
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5.4. Amides

With the exception of a few halogenated acetamides, most
amides hydrolyze to acids extremely slowly at 298 K-and pH
7, with halflives measured in centuries. Electronegative
groups on carbon or nitrogen greatly accelerate base cata-

Tn?:le 5.8. Amides: kA’ kB' kh’ I‘-;’.

413

lyzed hydrolysis, but alkyl groups on nitrogen retard both
acid and based catalyzed processes. No neutral (water) proe-
ess is evident in hydrolysis of amides, and the competition
between acid and base catalyzed hydrolyses is important at
pH 6-7. Data for some representative amides are summarized
in table 5.8.

and IAB for hydrolysis at pH 7 and 298K.

5.5. Carbamates

Rate constants for hydrolysis of carbamates have been
measured at 298 K, and in most cases only ks is reported; a
limited number of values for k. and ky suggest that for many
carbamates the base catalyzed process will be dominant.
Table 4.11 summarizes the values for individual rate con-
stants, which cover the extraordinary range of 10, Electro-
negative substituents on oxygen, such as CsHj or p-NO,C¢H,,
greatly accelerate the base catalyzed process, as does the
presence of -NH. :

Estimates of persistence of carbamates under environmen-
tal conditions, based mostly on the assumption that k=
kex1077 /57, are summarized in table 5.9. Half-lives vary from
26 seconds to 240,000 years, a range that cautions against
making generalizations concerning structure reactivity other
than to note that purely aliphatic carbamates probably are
resistant to hydrolysis under these conditions.

“Amide lkam—‘r‘ kg/M=ts= ] khfs-' :,,,!yr |1Ma
Acetamide I 8.36(-6) 4.71(-5) 5.55(=12) 3,950 6.62
i i
Valeramide 5.43(-6) 7.41(-5) 1.96(-12) | 11,300 iﬁ.?g
Isobutyramide 5&.63(-5) 2.40(-5) | 2.86(-12)| 7,700 | 6.64
Cyclopentanecarboxamide ! 2.34(-5) | 1.67(-5) | 4.01(-12)| 5,500 7.07
Methoxyacetamide I 7.84(-6) | 3.95(-4) | 4.00(-11) 500 6.15
Chloroacetamide 1.1(-5) 1.5(-1) 1.5(-8) 1.46 4.93
Dichloroacetamide - 3.0(-1) 1.0(-R) 0.73 -
Trichloroacetamide - 9.4(~1) 9.4(-8) 0.23 -~
Bromoacetamide - i 1.03(-5) 1.03(-12) 21,200 ~--
N-methylacetamide 3.2(-7) : 5.46(-6) | 5.76(~13)| 38,000 6.38
N-ethylacetamide | 9.36(-8) 3.10(-6) ’ 3.10)-13)| 70,000 6.23
| vmechytetiylacetantée 3167|1146 | 119¢12)] 18,500 | 6.2

Table 5.9. 5:1-:;‘::::&“52:&.0)3“‘“': b’h' by IAH' and I‘ﬂ
Ky0C(0) NRs Ry N
R0 Ra=N-Rs khfa‘l t}’ 1
He CeHs H | 5.5(-12) 4,000 yr —
Et Celly Me | 5.0(-13) | 44,000 yr -
Cells Cels H | 5.42(-6) 1.5 days -
Culls CuHy Me | 4.2(-12) 5,200 yr -
p-MeOCeH, | Cols H | 2.5(-6) 3.2 days -
M-C1CeH. Calls H | 1.8(-4) 1.1h -
P=HO2CqHy | Ugls Ho| 2.7(-2) 2% s I“ or Iu < 6.5
p=HOaCeHy | CaHa Me | 8.0(=11) 2,700 yr -
[ 1-C,4 oHsy Me H | 9.4(-7) 8.5 days | I, = 0.80
IHS = 65.25
1-CiHy | Me Me| 1.8(-11) | 1,200 yr | I, = 1.79
Ill! = 9.95
BeyNClly Oy Cally n | 2.6(-12) | 8,400 yr -
EtzNCH2CHa i'ue.c.n. H | 9.2(-14) | 240,000 yr —
Me,NCeH, Me H | 6.7(=6) 1.2 days -
MesNCH, Me Me | 2.8(-11) 784 days -—
CLCH3CH, CeHs H | 1.6(-10) 140 yr -
| ClaCHCH: | CoHs H | 5.0(=9) 4.4 yr -
CC15CHs CqHy H | 3.2(-8) 252 days —
CFyCHy Colls H | 1.0(-8) 2.2 yr -

®Ic the absence of data for kA or

values of are assumed equal
te kn. x 1077/s™4. b R
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5.6. Phosphoric and Phosphoric Acid Esters

5.6.1. Dialkyl Alkylphosphonates

None of the phosphonates reported in table 4.12 is hydro-
lyzed at significant rates at 298 K and pH 7. The dominant
process is base catalyzed hydrolysis, which is extremely slow
with all alkyl-substituted esters. Electron-withdrawing sub-
stituents such as p-nitrophenoxy increase the rate of the base
catalyzed process by a factor of about 100, but even
MeP(OXOEt)OCsH.NO; has an estimated halflife of 5.5
years. Table 5.10 summarizes data for representative phos-
phonate esters.

Table 5.10. Phosphonic acid esters, dlalkyl phosphonates, RyP(O) (OR2) 2z

"‘A' kn' kps tip and Iu at 298K and pH 7.

R,P(0) (ORa) s |k, /M s ke /st It.hfa" ufyr | Ly
Me |Me ~ 1.36(-9)| 2.5(-3) | 2.5(-10) | 88 2.8
Me |Et 1L.7G-9) | 2.2¢-4) |2.2¢-11) | 990 3.0
Me |i-Pr 6.4(=9) 3.2(-7) | 3.3(-14) | 663,000 | 3.5
Me |Er, WP 1.2¢-7P| 4.0¢-2) | 4.0(-9) | 5.5 2.9
Bt |i-Pr 3.2(-9) 3.7(-8) | 4.0¢-15)| 5.5(6) | 3.6
CeHs | Et 1.1(-9) > 5(=4)°| > S5(=11)| 440 2.9
'p-ltiuopllenyl.

® Assume log k, ~ 10.6 - (100/KT).

©Assume log ky % 6.6 - (56/RT).

5.6.2. Phosphoric Acid and Thiophosphoric Acid Esters

Hydrolysis rate data for phosphoric acid esters are incom-
plete in many ways; those esters listed in table 5.11 have been
extensively investigated, and it is evident that in almost every
case neutral hydrolysis is the dominant process at pH 7.

Lifetimes for phosphate esters are shorter than for phos-
phonates by a factor of 100 or more. Table 5.11 summarizes
data for 11 phosphoric and thiophosphoric acid esters.

Table 5.11. Phosphoric acid and thiophosphoric acid esters: (RO),PO
‘ and (RO),PS: kN’ IL‘ and kh at 298K and pH 7.

(RO) sPO(S) k"h" kn-’!l."s"' kh.fl" £y
(Me0) ,P0 1.8(-8) [1.3(-4) 1.8(-8) | 1.22 yr
(Et0) ;PO 4-9)" " [8.2(-6) 4(-9) 5.5 yr
(EtS) 3P0 1.4¢-9" [1.2¢-2) 2.6(-9) | 8.5 yr
(CeHs0) 3P0 2.7¢-10°[1.7¢-2) 1.7(-9) 1.3 yr
(EL0)P(0) (NP) z 3.3(-6) [5.3(-1) 3.8(-6) | 2 days
(NP) sPO 1.0(-3) 3.43(1) 1.0(=3) 11 min
(Me0) ;P (S)NP 1.1(-7) |[5.95(-3) 1.1¢-7) | 72 days
HeOR(5) Braiie . 4.3 > 4.3(-7) | < 18 days

(COaEt) 5
(Et0) 1 P(S)NP ~ 3(=9) 2.2¢-6)" |~ 3¢-9) 7 yr

Sassume E, = 136 kJ/mol based on data at 375 and 353K.

hABauae BN = 95 kJ/mol.

J. Phys. Chem. Ref. Data, Vol. 7, No. 2, 1978

5.6.3. Dialkyl Phosphonohalidates

Table 5.12 summarizes the available data on hydrolysis of
phosphoric acid halides in water. These compounds hydro-
lyze via base-catalyzed reactions and have very short half-
lives under environmental conditions. Exceptions are noted
for alkylamino-substituted phosphonohalidates, which appear
to be persistent. More detailed studies in water at moderate
pH are needed to verify this conclusion.

Table 5.12. Phosphoric acid halides: dialkylphosphonohalidates and
dialkylphosphorohalidates R,R;P(0)X: kh and :,‘ at 298K and pH 7.

R1P(0)XR, T fs? [ &

X=F
Me Me 4(-4) 2.9 win
Bt Bt » Lo4(=6) | < 5 days
Et Et0 > 3.3(-8)" | < 240 days
B0 [E0 | > 1.8(-7" | < 80 days
i-Pr0 | i-Pr0 1.7(-6) | 4.7 days

i=PrNH | 1-PrNH 1.9(=6) | 4.2 days

1=PriH | Meal 8.5(-7) | 9.5 days
MesN | MesN | > 4.7(-10)%| < 46 yr
X=cCl

Ec Ec 3.6 0.2 s

Et Me0 3.5(-1) |28

MeD MeO 8.6(-3) | 1.3 min
Me i-Pr0 4.5(-4) | 26 min
1=Pr0 | i-Pro 8.1(-3) |86 s

pased on 5 as a limiting value.
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Table 5.13.

results of
at pH 7.1,
and natural waters, [l1], section 4.

HYDROLYSIS OF ORGANIC COMPOUNDS

5.7. Acylating and Alkylating Agents and Pesticides

Table 5.13 summarizes data for nine types of acyl and alkyl
derivatives and three important pesticides. With the excep-

415

tion of aziridine (ethyleneimine) and méthoxychlor, all the
compounds have short half-lives in water, the longest being 7
h. Captan was studied both in pure and natural waters and

found to have the same rate constan.

k.h and I‘:;2 at 298K and pH 7.

Acylating and alkylating agents and pesticides:

Compound k.h t'.!é
C\H“z/CHz 5.2(-8) 154 days
H

CH2CH2C(0) 3.3(-3) 3.5 min
.

CH2CH.S(02) 2.15(-5) 8.9 min
(C}Iso) 3803 1.66 ("4) 1-2 min
(C1CHz) 20 2,.8(-2) 25 s
CeHsN=N-N(CHs) , 2.75(~-5)2 7 h
CgHgC(O)Cl 4, 2(-2) 16 s
i (CH;) 2NCOC1 > 2. 5(—3) < 4 min
CHs0C(0)C1 5.64(~4) 20 min
(CH30CgH,) 2CHCC1 5 5.5(—8)b 147 days
(methoxychlor) 3(-—8)c 270 days

NSCCls 6.5(=5)d 3hd
0
(captan)
Ca“sH Z cl
E:LT 7.6(-5) 2.5 h
NHCH(CHs )4
(atrazine)

at 298K was one-half the value at 310K. bExt;rapol:ated

olfe et al., [11]

[12], section 4.

section 4.

C
Measured value

dvalue observed at 300K in distilled
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