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This review examines the rate constants for hytlrolysis in water of I2 clauses Oforgatiic compounds with the
IJb3et:ti\'e of using these data to estimate the preslstertcc of these compounds in freshwater aquatic systctlls. Fri-
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in IS tables in section 4. Estimated rate constants for nydrolysia under environmental conditions are presented
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I. introduction

1.1. Background

During 1975, 293 billion pounds of about 3,000 different
organic compounds were manufactured in the United States,
exclusive of petroleum products ill.‘ Each year about 5,000
new compounds are synthesized, and 200 to 300 of them
come into commercial use Many millions of pounds of
synthetic organic compounds are deliberately introduced into
the environment for weed and pest control. and many mil-
‘rutts of pounds of other chemicals are introduced into the
environmental through dispersive uses.

The effects on the biosphere ofthese often persi.<-.tcnt.oflen
biologically active synthetic chemicals are only now becom-
ing fully apparent: fish kills, species extinction or encrvation,
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-
ical: to [he air_ water‘ and enil_ Ii'\F gaunt-nmrnt l"tf‘.gRI‘I .‘t(J|TIl".
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. lltn understanding of this proc-
ess. espccially 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 rev
sourccs with minimal abuse. The ability to predict the proba-
ble fate of specific compounds in the environment 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—hydt-olysis of organic com-
pounds in freshwater systems—based on the best available
ltinetic data for hydrolysis in water.

' Figures in buckets indicate lilerllurc references at the end of each section orsubsection.

1. Phys. t.‘.1lcm. lot. I:In1u.Vo|. T. No. 2, 1978

There are at least two reasons why hydrolysis may be a sig-
nificant chemical process in the environment. First, many
l-tydrolyaable 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 systems. such as sunlight, microbial popttlalinnsy and
oxygen supply; rates do depend on pH. temperature. and
concentration of chcn1ical—praperties 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 ofhydrolysis 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 [9,.'),o] providing that both pH and tempera-
ture were measured.

Another objection raised occasionally concerns the validity
of the extrapolation of data for hydrolyscs 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 ofthis 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
luw Cotlccsltratiotta; rrtot-cover, 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-
eterslike 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 5
provide valuable information on the upper limit for persis-
tencc of hydrolyzahle 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 half-lives (persistence) of
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specific chemicals depart significantly [by factors of 5 or
more) from those predicted in section 5 after [airing into ac-
count differences in pH and temperature. then some other
process such as hiodegradalion. or photolysis or insolubiliza—
tion may have changed the measured half-life. These esti-
mates apply only to chemicals dissolved in water; in most
cases any suspended or oil solubliacd chemicals will hydrol-
yse much more slowly than predicted.

only recently has tltctc been muuit inter est in Incaautittg U1
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 '1 to B at or below 293 K. In the absence of much
environmentaliy-"intended" data, this review has drawn
upon a large amount of hydrolysis data from studies con-
cerned with kinetics and mechanism. Some ol these data were

obtained from experiments in mixed solvcnts,or at high teln-
peraturcs {to 393 K} or extreme pH values. and often lack
tlata nn lt_-mlinralllrfl Li|_'[H_'l'I(iEfl|Z‘lZ‘.

In some cases data are given for compounds which are not
of environrnemal concern; however these data do describf‘

the range of rate constants for the class of compounds and
make it possible to estimate the rate constant(s} tor 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 liydrolysis of synthetic chemicals in water under carefuily
defined conditions, both in the laboratory and in the field, to
.=uppl<-mt-nt the data presented here and further valirlate the
concept that careful lalmratory studies on individual proc-
esses can accurately predict the fair: and persistence of client-
icals in the environment.

1.2. Content of This llovlow

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

spccific cornpound or one close enough to estimate reliably
the rate i:onstant(s) for hydrolysis. The classes of compoundsrei.-(owed arc:

(1) Organic halides
(a) Alliylhalides
{ll} Allyl halides
(c) Benayl halides
(d) Polyhalomethanes

(2) Epoxides
{3} Esters

(a) Aliphatic acids
OJ) Aromatic acids

(4) Amide-s
(5) Carbarnates
{6} Phosphorus ester:

(3) Phosphonates
fl») Phosphates and thiophosphates
(c) 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 ofthese compounds in water or [in a four cases) in
mixed solvenunscctiott 5. "Estimated Hydrolysis Rates under
Environmental Conditions," uses data from section 4 to
estimate rate constants and lialf—lives for these same com-

pounds at 298 K, pH T, and zero ionic strength. conditions
typical ofa 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
molcculca. 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.

5e\'eral 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
twamplt-9), rmrl ritiiprc are liyrlrnlytirally unstable hut have
not been cxztrrlined in arty quantitatively useful way.

L3. Error Analysis

Because many tliffcrent kinds of experimental pgocedurcs
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 he of high preci-
sion, often with less than 2% standard deviation. Different

investigators have reproduced individual rate constants to
within iS0%. Some sets of experimental data are reported
with error limits that involve ajudgrnental factor in selection
of data. These error limits maybe considered equal to twice
the standard deviation.

Most experimental rncasurcments of E or M!’ are made
over tcniperature spans of 40-80 K and usually around 345
K. Bensotns "rule" [I] indicates that with a random error of
2% in rate constant Ir, activation energy E may be deter-
mined with an accuracy of about 5%; however. with a random
error of 10% in lr, E is only accurate to 100% or a factor of 2.
Put another way, if E is known only with an accuracy of
1.10%, It is known only with an accuracy of :Et(l%.

Values for It. estimated in section 5 at 293 K are probably
not more accurate than a factor of2(1l00%)0t'lcss accurate

than a factor of 5 (:250°z’o] owing to uncertainties in pH,
temperature coefficients, and. in some cases, solvent effects.

1.4. Litorntoro Source:

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. Althoutzh every effort has been made to use a consistent
format throughout, some differences among tables are un-
avoidable owing to differences in the ltinds of compounds
and the reliability of data available for various compounds.

1. Phys. Chem. Ital. Data. Vol. 1', No. 2. I9?!

NOVARTIS EXHIBLT 2042
Noven v. Novartis and LTS Lohmann
|PFt2014—0O550

Page 3 of 33



336 W. MABEY AND T. MIl.l.

Section 4 reports primary kinetic data in the form of rate
constants for acid (3:4). neutral UK”), and base catalyzed (kg)
hydrolysis reactions, together with available temperature co-
efficients. Data are summarized in 13 tables. Section 5 uses

data from section 4 to estimate in at 298 K and pH 7 for se-
iected compounds in i3 tables.

In each table, compounds are grouped by class, such il$
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 is are expressed in units of s" or M“s".
where M=rnol - dm"’. Very large and very small values of it are
listed in two ways; "at uulumrt lrcadirrg 10' -fl require: that every
listing in that column be multiplied by 10" to retrieve it: a
column listing of S[-ll] means 5>¢l0"‘. Throughout this re—
view. we have used the S1 unit of joules for energy and en-
tropy: conversion of joules to calories requires division by
4.134. Units for A are the same as for in: units for AS'' are

.l/rnol: units for Eand Mi‘ are ltlfrrrol. To simplify presenta-
tion Hf data in the tahles, we-. have fixed the value of R at
0.CIl9l4 ldlmol K. which ittclutlcs 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
rir~s:ir:al-n|e._

J. Phys. Cllorn. Rd. Data. Vol. ‘I. No. 2,1979

 

2. I . 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 Ceologieai Sur-
vey it]. 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.] summarizes mean concentration
values for 11 inorganic constituents found in natural waters
at pH 7.5 and 287 K.

rivers and streams‘t‘.-able. 2.1 Analysis for U.1i.

(nu-"In \JJll'rI_¢'€: in mryrt-‘.i_ _
_. __ _ ___ I _] — _'. -

I ,\;..+ ['15 Ii 13.?" I new; i mi‘ in [No?.?l 1.4 .-t t,__'..
 

is 9 L23 J2 le_.n_s i_1_:_:_r___i__3i:_
pit 7..-, Tt;'r|:p1?l'at.t:rf.’ RSTK

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

Review of the hydrolysis literature for organic chemicals
sliowe that many rule constants have been evaluated at 293 K
or higher; only a few data have been Obtained at lower tern-
pcratures. 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-
trztpolattons.

Estimates of persistence {half-lives] summarized in Section
5, will he 50 percent longer at 293 K and 130 percent longer
at 23? K. based on an average energy of activatiort for
hydrolysis of 65 kl/rrrol.

Roforonco for Section 2

[I] Quality of Surface Writer.» of the United States. Parts 2~1ti. U.S. Geo-
logical Survey Water Supply Papers 2U‘92—209'9. 19?? -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:

HX+H;0"ROH+HX.

The detailed mechanism may involve a protunated or anionic
intermediate or a carbonium ion, or any cornhittation ofthese
intermediates. But whatever the mechanism. the rate law for

hydrolysis ofsubstrutc RX usually can be put in the form

-—_._‘fllfl_=lr..[RX]=l:5[0H‘][RX]-!~k,.[H*]ERX] Id. ( 1

+k.v'[H,0][RX].

where kg, it‘. and lcN' are the second-order rate constants for

acid and base catalyzed and neutral processes, respectively.
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In water lr,..'[H;0] is a constant (kg). The pseudovfirst-order
rate constant)!» 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

rh=rh[0H‘]+Ir,.[H‘]+Ir,¢. [2]

From the autoprotolysis water equilibrium, eq (3), cq [2]
may be rewritten as eq [4].

[H*l[0H‘l=K. (3)

t.= l"K' +k,. H°}+t.. (4)[H-3 [

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. Hot-vever. the detailed relationship ofpli and
late dcpcmls uu the specific values of in L4, and 145,-. At any
fixed pH, the overall rate process is pseudo first order, and
the half-life of the substrate is independent of its concentra-tron:

t.,=0.693X.lr.. (5)

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

.095“R.‘.1E 

3'31’

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 lr.=log (ksK..)'l'PH; {bi log K.-log kg.
and (c) log lr..=log 3:4-pH—\vith slopes + I, 0. and -1. respec-
tively. The lower curve results when l:,¢=0.

Most log in vs pH curves are found to have one or two in-
tcrcepts corresponding to pH values where two kinds of rate
processes contribute equally to the overall process. Thus in
figure l the intercept Luv corresponds to a value of pH where
f:,¢[H‘]=.lr,q; similarly. IN, corresponds to k.[OH']=rl:,... In
cases where 1:4, R... or kfifl, only one intercept is observed.
Values of pH corresponding to I may be calculated readily
from the values of l:,., 1:... and leg:

l.m=—l0g

1.-»= -log (k,K_/k_..) (7)

l_4,="[l0g(.h5K,,/rE,1}]2’2.

Lase of intercepts in tabulating data on rates of hydrolysis as a
function of pH greatly simplifies the taslc of estimating the
effect of pH on the rate constant k. for a specific compound.
For example, I5‘; for alkyl halides lie above pH 1!. Obviously,
the basecatalyzed process for hydrolysis of allryl halides is
never of concern in estimating persistence in aquatic systems.
Values of 14», in. and Lu are tabulated for specific com-
pounds in section 5.

3. 3. Hint at Temperature

Section 5 reports estimated ha|f—lives at 293 K based on

rate data listed in section 4 at several different temperatures
and with temperature coefficients for the rate constants.

|>a<—..

H‘-'-"RE 1. PH dependence of}. for hydrolysis by ar:iLl.\-rater. and base promoted processes.
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388 W. MAIEY AND T. Mill.

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

log [tr/s"}=—A/T+B log r+c. -:9)

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

log {Ir/s")=log A-E/RT Arrhenius (10)

log (lc/s")=log [lrT,../lt}—Nf'/RT+ A3.”/R Absolute (1 1}
Rate Theory

Equation [9lcar1 also he used to describe more accurately the
effect of temperature on the rate constant and activation
parameters by inclusion of 2 heat capacity contribution in the
constants B and C. When the heat capacity term. AC1, is
known or can be estimated, AH‘ and J55‘ are then calculable

at a specific temperature, T3, from MI: and 155". or .EtH'r_and
$3‘:

AH;,=.iH:+sc;,r. or w;,=a1r*..—s c,,(r,-T.)

AS‘§J=AS§+2.303 arr, (log T.)

or A3r_=A5y_+2.303 dC,|og (T;/T1)

A few authors have expressed rate parameters for a reac-
tion in the mixed terms of E and 115". Although such a prac-
rice is not immediately useful within the individual Arrhenius
or absolute rate theory treatments, the rationale appears to
he 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 293 K.

Each table of data in section 4 lists the appropriate tem-
perature coefficients together with values of coefficients in
ap|.JIU|.Irinlt' units. For a few compounds where no tempera-
ture coefficients were determined and the reported data are
not at 293 K. we have extrapolated to 298 K using a stated
tcmperattirn coefficient. based nn 9 similar roar-tinn with

known temperature dependence relationships. In :1 very few
examples where data are reported within 15 K of 298 K, we
have used the data without further correction.

3.4. Ionic Strength and Butler Effects on Hydrolysis

The Ionic strength of most natural freshwater is quite low,
usually much less than 0.0‘: M in total cation and anion con.
centrations (see table 2.1). This is fortunate since ionic
strength effects on hydrolysis reactions are difficult to P”.

I.Phy:.Chom. |t|f.DoIa,Vo|. 7,N-9.1, I931

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 ltind 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-
perirnents.

Table 3.1. Salt. cltccts in h-,-drolztsiv reactions.

Compound _ Silltl . Hl

Solverlt. T.I'K JV
1'.-Bulr -I 1.13:. o.:os5 } aorioi .'t(-C{-Ol"II'.‘:I.-I:‘|'t'¢:.-. - Il

I
"I
l

l

 
| g 323

3<..'k”" Refer:-nccf
1.-fr-'4

0.1.0!-I “Cl, .193 1. u
‘Y-But)-rolnetono. NGCI. 0.51 08 i 

  

I

i |l.Vt.:C1U-,. c.r.o o.1oi-t new... 293 0 as I
iCu.oo,t;r Litil. 2.00 0.1591 ttc1o.. 293 1 35 3 l
i .v.«c1o_, 2.00 0.1534 1-t:;to.. 298 1.00‘ Ii‘?! Q°"i‘E__ i i‘_*‘_°_1_:.9-_‘°°_ 1"'_‘“1”‘.-‘flit .3”? ":39 i____f __
akfkfl is the ratio of HILEE with Us} and without Us") salt.

Another effect of nucleophilic added salts is to accelerate
the rate of hydrolysis by a general acid or general base pro-
moted proccro {where H‘ or 0H" promoted reactions arc spe-
cific acid or base processes}. Some anions can effect dis-
placement of leaving groups more rapidly than water (kg) and
in doing so catalyze hydrolysis via the sequence

R-X-t-A‘ -v RA+X',
RA+H,0—+ ROH+H:t.

(HA-1-X :1 A‘-t-HX;_

The use of nucleophilic anions such as phosphate or acetate
at ll} M to 001 M to buffer hydrolysis reactions it: a common
and useful practice. Unfortunately. the general acid or base
catalyzed term lro[A‘] added to eq {2)to give

Ilfat:-tlin[Ol‘l_]'+f€A[ll‘]+h_v+f€r:[A'l.

can often be as large as the specific acid or base terms be-
cause both [if] and [0H‘] are relatively low in the buffered
1:51" 3.2. .’iutl<'t‘,‘.‘t1t!.'it)'rc:t'II=\:[:. (n! for dlnaalnronrnr rtarttun; ['-].

 

 

|:-.n;- a s
I I;.-ts. 01I
mi 3 a
not‘ 3 s

-o .-'
.

“Emu u..- _\'».'.nr.-Scott r. ms.-.:t truth‘ .".,r1 . tn, uturr n -.-. .1 -=.-.i,-..-mt...
fir:-v---Ju-n c:-nsut.-It Klt'.{'I: \'a:5r'. rxc.-t r...'5 to 1.5-. s In HcBr t.-. [.00 (5).
la. 0112 I.l. 1'-I»-r no ’Pf.A\'I[dI. .alf u...s...t= .'... .....t... .1.|.l .....r-. it-.-.,-nrtx-2'.-.-.rt
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HYDROLYSIS OF ORGANIC COMPOUNDS 389

region rrorn pH 5 to 9. A5 a result, the value of It. may in-
crease significantly. Table 3.2 lists values for kg relative to R.-.«
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 ofsuclt 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:

(I) Measure rates of hydrolysis at concentrations of sub-
state less than IO“ 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 boratc 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 Winstcin-Crunwald relation [6], combined
extrapolations of temperature and solvent composition
together with the questionable meaning of pH in mixed soi-
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 UI base is uultitl. Tallltt 3.3 sum-
marizes values of R». which increases by a factor of near 10‘
on going from 90% ethanol to water.
1,151; 3_3_ Est,” 9| -.,t]\-..;.(.-':o:pa:'.:tnn cu lhe rate or" lnyurotyns of c—!ut'_‘t

in ethanol-‘cater at 298 X [6].

  
90 FD SE! LE li

1.i"lC-I-I ‘?.1~ii-bi ~'t.03{-B] 'l.2bt—-U

“:;suu.a:t-tt tron data in (able -5.1.

3.6. Effects of Metal Ion Catalysis

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 conccnlration of H0‘ ion at pH levels where its concen-
tration would otherwise be negligible [8,l0].This explanation
is by no means universally applicable, especially to enzyme-
like processes where prior complcitation seems a necessary
prelude to bond cleavage. Nonetheless, the ltinetic features of

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

t.=k,,K,.[M]r./(K,.+[H*])-I-tt,,+k,,

where kt, Fry, and Ira have their usual significance. in 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{Hz0)l":

MfHr0)i’ at M(Hz0)..t(0H)'+H*.

Study ofthe hydrolysis ofthe 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 It, by factors of 7 to 32, respectively

[9]. The magnitude of the catalytic constants suggests that at
1 ppm (’\r 10" Mlof each of these cations, their contribution
would be negligible.

titmilarly, the catalyzed hydrolysis of proptontc anhydrlde
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
in less than 10" M, ct value for 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 I ppm
[l2l, the contribution of the catalyzed reaction to the
observed rate is ncgligible,even if all ofthe 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-
rlrnlysis 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 smal|,only a
factor of 1wo.huI it may mean that sortie 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 ions do not play :1 signifi
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 fu|1y.As a start, heavy metal concentrations in
water should be reported both as soluble and insoluble
metal based on

References for Section 3
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i 31 B“;°;;Sg-[f;6‘;‘”‘’°'- 1‘ "-< "'3 ““"‘"”"-1---1-fiw-C‘-M-5°¢v 4. Rules oi Hydrolysis: Llioraturo llovlow
[ 4] Yagelr. B. VJ".. and Forler. C. D..Te:. J, Sci. 1!. 223 {I969}.
[ 5] S'"in'C'G_’u'd S,‘-Du_C_ RIJ_Am"‘ Chtm_So‘__ 15‘ Ml (19531 -‘.1. and and
1 6] Hughes. 1:. 13.. J. Chem. Soc.,25S[l9351 Polyl-mloulkanu

I T] Bender. M. 1... Adv. Chem. Se-r. 3_'I', I9 [[9631 .Rx+H:0 R0H+Hx[ B MurlclI.A.E.. Adv.Chem.Se1.3T,16l [l963'.L
[ 9} Epstein. J.. uni Muslin. W. 5.. J. Phys. Chem. 71. 6122 (I968)

Ill)! nuigélgihllll. D. .11.. and Eaglehaxdl. L. M.,.I'. Am. Chem. Soc. 97. 59”’I
[I I] Mortland. M. M..In:l Hal-nan. K. \".,J'_Ag;r. Food Ch:n1.l5. i63(l96'1").
[J2] jennc, E., US. Ccolugical Survey. Mcnlo ‘Pal-l, Cm, privnc com.municalion (1977).
H3] Kflelns. I.1\.A.. G-nsmnnn. H. R.. and Back. M. 31., Nature 121 392

[I956].

Table 61.1.

Aliphatic or allylic halides hydrolyze in water by neutral
and base caialyzed reactions to give alcohols. 111 water
flelimination to give oicfins and hydrogen halides is rare ex-
cept at high temperature. No acid catalyzed processes are re-
ported. Comprehensive kinetic data are available for me neu-
tral hydrolysis of simple alkyl halides. but only scaflered rate

Mkyl halides: rate constants kg. with temperature coclliriantsa 3: 323_2|(
for log kw -—An:!11'r + asem + log T + 1o.32.a.|>

 

1'1ET1..1.¢.. "¥T'E'""“_Tfi.1‘=" ” T.[i'.«...£.7.‘§.T‘1..-.1s;¥.f.?.?.é.;...3‘.:fiE1=.c;}.a..;1‘£.._.__..______ __E_{____ ._-___+.....__ ___ _Re!‘ 113 11.u’-12(-IE) ‘ 107.1 ~Sl.l 288 («,1 ‘

>1:-c1 31.3.1 I 5.51.20.21-51‘-*3 '1 1:15.: -:n.'2 213 ' 5.3
141-15; 313.? 1.oea:n.oo:.(—.:.; 191.11 -21.3 195 1,3 _
11121 351.2 E.l9!0.06{—5) l 1us.z. -16.5 23: 6.3 I
Etcl 3:3,: 1.1.'.s:—r.)‘'"' : 10é.fi -21.9 209 5,3
Etflr 311.3 ' 1.3-35:o.r30:.(—3)1' 101.5 419.? 209 5.3

1:11 311.3 s.rssu.cm—r.: 102.1 -15.1 :09 5 e.,.1

14-1-c1 311.3 1.on:n.o11t-3) 1n:..a -22.11 1.51 5.3 '

1'—DrRr “$21.2 ].1'.?¢.*fl.nn1{—é.\ _ 101.9 -5.98 236 5.3 P

1-Pr! 353.2 .2/I5‘l).DO!u{—J) i 106.3 ]|'.'.|'3 IL? 6,3

n—[‘rEr 353.2 l.614(--’-} cam -42.3 20-; 5,3 J
s—1s-J11: 353.2'l1.:.u.<.{—5)k 1' 111.2 —11.-3 209 ‘ 11,‘! l

neo-Pcntyl Br 353.1. 5.03-0,0-u-5;‘ 131.? -5.13 209 5,3
:-rn:r 365.4 3.1a‘o.oz(-c.) -14.11 —11.!. 20-) 6.3

Lt-E-AC1 231.2 6.36-.0.03(—3) 91.3 31.3 133 1 5.3
"11 - 0.o191a k.I.’::o1 K.
b

-1153.. i’
T1) and 113 1..ACPIT, T’

-c
an

2

1

To calculate k“ at temperature 1': where T‘ - 323-3‘. -59‘, ' 45111.! 4‘(2.303}10£ -‘¢
3)

cPlrs: reference is for kinetic data, 5e<:ar.d reilzrence is for Ll?Ih1J£.'f3\‘—|-IT!’coefficient data.

dcalculated 1.111.» .1: 3:31: 15 121-51.

CA butter tu!a§JI'.‘T{I{'url.‘ dr‘p9n(Ia::L‘u fit. is given by 10): fl<N.»''H‘'‘) '
i.09.a’o3‘5-3'3.?29 log T ~ i0!16?I'l.' 154]: k" calculated at 3'a‘'“( “$105: thisexpression is L . 29{—6) .

{Calculated value .1: 363K is -’a.6(-5).

8A better Et'fl!Per.arur|: dependence fit is given by 10:’. (ice.-"s"‘) -
85.335-v 5.118 lug ‘J.’ - ‘)1‘II2.2.I'T 11?]; kg ca‘.cu'l;\t-:d at 3fJ3.2'K IJSiI\8
this uxpvession ls 5.fu’4(—5J.

"C.-11-sulatnd \.'.‘I1ul: at

"Calculate-d value at

kl'..'.1l(‘I.rl.Il'1'd value M.

3?3.21: is 1.1(—3).
3?1.s1< is 9.:-1-4:.

353.2K i.-4 6.¢f-*3}.

3513.£1l( is 1.-'a(-T} .

I9?‘
]C:|lI:uL'il.(‘d value

J. Phys. Churn. Rd. Dola,\l"o|. 7. No. 2,
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' strong base for short times and in boiling water for several
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Table -'..1». Polvhalallethanes; rate constants k" and 5:3.constants and a few temperature ooefficients are available for

 

other halides. Polyhalomethaoes hydrolyze by neutral and l?r§:3-'_:lé.=1Z.m'é‘K.;n'¢': ma ' ”""'—"ii"“_-in l ‘°"‘a"_"__'_‘__' "“"‘;*""“’_
base catalyzed processes and. in the case of Irihalornethanes, cH.c1. ~ 293‘ me « o.M -- l |.1
by proton transfer followed by loss of halide to give diha|o- I m,” 5',r_7 . M; 1_.,1 .0

Barber”; can-.1. in-29a“ 1.02 v (L2? -~ ! 1:.' ' I
_ _ . .28 : . --

37116. II‘ 5 D 0196 II‘
'5EI1’.'?EI : —- 1.052 9 0.093: I

-C){_‘—-—Cx:+)(-_ I 2v)a.')l" —— man: 2 man: ;2. I .
cu.‘ ‘ armsl 1.203 x 10-‘ ' < 10"“ 7

Carbon tetrachloride is unique among halides in hydrolyzmg ' b '. . HICHCI: 2'lfl.'l -— lE.U 2 0.5 ! 12
by a rate process second order in carbon tetrachloride. The l
mechanistic significance of this unusual rate dependence is nncnclb 295-9 a -— B-01 2 0-1:‘ 12

not clear‘ ncar h 295.9 -- ': J.2o : o.l2 : 12
It should be noted that certain classes of organic halogen I I

1L1|c-1.” i_ 303.9 .. 39.9 1:compounds probably do not hydrolyze at rates fast enough to
be detected. even at elevated temperatures. Vinyl chloride. ,,.;,.mb mm __ 2150 ; 1,

for example. is not hydrolyzed significantly in water even at —“ m_ '_E" ‘—__J
373 K after 10 days Perhalogcnated compounds—e.g.,
pcrclllorobicycloalkanes such as mire):-—are resistant to

nNI:)IJufa'(l in « u x to":-I in IN.'llI.'d Lubes ummu: lelptrrnrurr control.
‘l‘|u.- value of us" 15 nunpenl.

1 _ ‘ bfleasured In 55.5}: tvm dioxanefuatez; the values for kB In: mcl.
mom}-.5 at 393 K [2], Under en\.r1rum11e-nta]cond][;gn_5‘1_]-“:53 in water and in dioxanefuater agree qulte closely. values {or othercompounds are presumed Lu he clout: to thou: In u:|EI:r.
rnmpnnnrts. must £legrnrln_ if they rln_ hy prnrsssee nther than
hydrolysis. Rate constants for hydrolysis by neutral and base
promoted reactions for alkyl, nllyl and benzyl halides and
polyhaloallcanes are listed in tables 4-.l1hrough 4.6.

cflydrolysin at CC1. is reported to be second order in CC1...
‘la.-r.-mm L1 .

Table L2. Huthvl haltdesz rate constants its at. 3133!. and temperature
:oI:i{1cIc!It5 {or 103 ha - 1cu:A- Le.r'R1‘)“ [7].

 
  

 

  

 

lttethyl halide l k3fH“s" En.-’[kJ."mo1) ' tor. tun"
:1...-r |s.98t—:. i ' '50.: _ ”_9.uo3I E: . I

|:-m:1 _2.:.2t-2) , 101.7 | 12.51.’.i i I
ma: 33.5291: ; 9a.: i 13.01:.

H21 1.2-fit-1) ; 92.9 J 12.093

1]
R - 0.01913; kJ)'mo1 K.

‘table 4.5. 10']:::|:rII::;'h:n:£;Ust::I;i¢:;;::;:‘I:oeI:lcicnra {or 1.," am; he._ '___' -- or ash-C~s1us1-m.
Pilht h ' - — "',-_‘--- —- -

. O Y “flu: “_'rj_hmF""”'“ Wlllfitlcnt lknfll ': I or |r.H.ln"J infere=ic¢_‘
mm’ ‘"3 Hz ' 9*‘-'*‘-1-394-ts finer — 1o59J'.3.n"r lo

1031 in - I1.56i‘—l09.B6.i:tT ,9
Lblo L3. h1Jy1 halides: r (I‘ can I ran k and [I'M era: r eoofiici nu! Utlcl. . .

I r... 1... N‘. _ n}-rH.‘.“wi u..,._"-r 4 r ml]; " e F ‘"3 kn "‘-M905-‘W-18 Ion r—moe.rr 3
_ ____ ____ _;—_- --,—_ _;— _ 10:: kn - :5.-:u.u.'.2m° ,2

In‘|n.fifs" rm: Ms" Bl.-u“T ch:-‘ l log kn . 2]i‘.BCr2-‘.9-6a.1E 1.-..,_ ‘[—15|12,i1 ,
[}|;{1l(1'l;Cf‘-V1,: .'..i"3& 3 0.017 308.16 83345.] H.139 6].-.916 c(;J__ .nfi(k“l..H...=_s_.) H 0'89 “HIGH 3 RT

v _ - . - . . ;»
CN:CHC'H;llrl, 16.93 2 0.05 1‘9fl.I6 fl?9A.? 25.??? 95.513 '

”‘C“m- 10v: kn ‘ L6.2?-tos.ox’Jt'rt' 1;CH:C|',O|-alt LID! ‘ D.0I2 298.13 830o.5 32.563 ?3.239
*' "-"" " ' " —' "_ "' "':_" ""' ""- Brlflflffj Lo“ -kn _ 16_4‘_1ll Jl|,RT}>

W", was -an - 15.31-1o:r.5Ik1-‘ ,3

“Honoured over temperature range 'lCI8—358K. _ bh "M11 We ‘'1 -1t.31-1ts..s.rnr ;2l‘.r:I5ut‘Ed. over ccuperaturu range 29B—3BEIt.
BrCHI‘(.‘J. 1 k . ;_ 5

C31:-.l:1ured ax-er luzpernlulet range 293-34.“. __ __ of} 19”" ””'5’r" *3
d‘-‘ivcsr data an in shod as:r<-e-n--at with those ol stun.-ta and B-rlrneu

[9] In Lho (erupt.-raturc I.3Il3_»‘.I‘ 32$-163K. ‘it ~ D.0I.91-3 k..1_..ml L

elug 1.5 — n.e2 — r5.orRr:. it v o.o19u KJ.-‘no! K. "s.,1......: W}; dm_m__ ‘H “ml

J. Phys. chem. Raf. Data. vol. 1, No. 2. I97!
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392 W. MABEY AND T. Mill.

Table 4.6. Benzyl halides: rate constant k” flofgrgneog forsgcllon 4,1

__“_E:H5C}l2‘:': __] ']?.I'K 1 1053315“ Reference I._ __ _ .. ... J . ,_ I 1] Hill. 5.. Kollig. H.P., Paris. D.F., Wolfe. N.L,a.nd Zepp, R.G., Dynamic

C,Il,CH,C1 | 293. 1.9 I 0. 303:‘ 8 Behavior of Vinyl Chloride in Aqullic Ecoayncms. EPA-600:3-?6-001.Jm.' I976. '

10:; (k,,!s"‘ .= ?306-ONT - 19-309 103 T + 6?-40*? 1 2] Mab-ey,W.,M':'|'u.T.,:n_d Ba:aze.:\..urIpuhIiahedresulla.

p_HEc°H~cn2c1 1 Solo 1 at‘ I Z 0 Eyfilillgggifuon. RI... HCDD-Dletle. R1... and 5cI:m.I.H.W.. f'.I.I|.I. C|1em.3'a'.
C‘H,CHc12 E 3010 .' 29311 6 [ 4] Glenn D.N.. and Hoelwyn-Hughes, E.A., Proc. Roy. Soc. (London)

| .:\2ll.2S-1-([9521
-::.,H,cc1, 213.1 : 331° 5 [ 5] l.aughron,P.M..and Robertson,R.E..Cun.].CI|:In.3¢I,lTl4(I956].

.= ( 6] Laughton. P.M..and Roberlson, fl.E.. Carl. J. C|1:m.3'!, [491 (1959).
Cnflsmzar 30343 3?-5 5 [ T] I-‘ails, L.andM021-qrn-Hughes.E.!1..1.Chem.5oc.39B(I959)

[ 8] Robertson. R.E.,mdScol1.I.M.W..J.G1tm So1:.I59I5[]96I}.
|’'”"C°“‘°“=“’‘ 293-0 “‘”“’ 5 [ 91 5hv¢Is.\I".I-‘.,md Be|)'aev.S.\I'..Kincl.K:taI.l3,lI'?3{l9T2J.

___P__H&C1,,,Cfl?Br_ 29“) SM, 6 {I01 Fc1|s,l..andInioelwyn-Hughes,E_.A..J.Chem.5oc.13260958}.‘ ' " ' ' “— " [ll] Diiling, W.L.. Terferliiler, N.B., nnd KnI|us,GJ.. Environ. Sci. Tech. 9.
333[l9?51
[12] Hills. 1.. Powcil. KM" and Singley. l.E.. I. Amer. C11!-rn. 904'. TI. 4-30

aRnt(-_- reported to be independent of pH below U956)‘ _ _ _ I
13 H_.;]_ [13] Tmabe. K. and Amman. A. J. Res. Insur. Calalysls. Hokkaido Univ. 3,

b I97 [I9()I).Rat-:2 rcnortcd to be indenendent of pH. below 1'! [I5], Ii-1] Tanahr, K., and Fiann. T.l ‘Rn |rm'-I Catalysis, Hnlkaidn ‘Univ '1_

(_ 24-6(]‘}6l); Chem..I\h$Ir.5U: 529l:|[l964].
Rate reported to be independent of PH below 13 llfil. ||5] Tanabe, K, and Ida, '!'.,J. Res. Instit. Catalysis, Hokkaido Univ. 12,

2230965).
[I6] TII1flh{. K.. and Sam). Tu]. Res. lnnlil. Catalysis Hokkaido UI‘I'I\'. 13.
l10(l9&S}

J. Phys. Chum. III. Data, Vol. ‘I’, No. 2.1978
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I-IYDROLYSIS OF ORGANIC COMPOUNDS

4.2. Epoxidu

R.C\H-CHR,+H,0 -* R,CHCHR:
6 H15 on

Epoxides hydrolyze to give dials 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 293
K. In general. then: is little effect of allutilujc in tcnuiual
epoxides on the neutral or base catalyzed processes, both of
which proceed mainly by nucleophilic displacement at the

Table 51.3’. Epoxidesz
coefficients log k '—'
(21H¢/HT)“-"

K; Rn I
R O R: i

rate constant k
log A - (EIRT) or log k. =

393

terminal carbon: for these epoxides l0’lr,¢=—'5.713.4 and
l0'I:,=O.8S:t0.2. However, acid catalyzed hyclrolysea are very
sensitive to substitution of an incipient carbonium ion. These
same epoxides have values of 1%,. 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 hydmxy sub-
stituents beta to the secondary epoxycarban slows down the
rates of hydrolysis significantly. Aromatic or conjugated
epoxides are much more reactive than aliphatic epoxides
toward acid or water, often 11)! fduluta ul' 10' to 10'. Rate cun-
stants for acid, base and water promoted hydrolyses of ali-
phatic and dihyclroaromatic epoxides are listed in table 4.7.

kB, and and ternperature
A‘ log tekxw + log T + (as*2s) —

‘F
I
11
I

 

 

 

2

li lit; 1 R; R3 R-.,l ‘I’,-“K 103k ,.’M"'.=:" l0’kN,-"5" - l0“kB,r'l1"s‘1 REf(‘!l.'(".I1(:e
'- ',_._. _ .. . ___. A l ___.. .. ..._..__ _
1 H t H H H 293 5.34 3.31 -- 1

! i 293.2 —— 3.2 0.35 2
; J 293 9.3 3.25 . —— 3
l r 293 to —— 1.0 3
' ! 303.2 16.9 E —~ -- 5I I

- 193 kn x 10.253 + log I — 0.0255/R — 29.5!RT 5

5 log kn = 2.223 — 29.5/RT 2I

log k3 = 9.312 — 25.3xRT 2

Mr: H H I-l 3'7‘! '3 50 l —— —— I3
1 292.2 33.5 i —— —— 2

293- an ‘m 5.5 w 1 3

293 , -- —— 0.32 4

303.2] 23.5 J —— -- 5 ,

log RA = 10.253 + log T - o.o13o23 - 22.9131 5 ;

log 3A = 12.52 - 29.4232 2 '

He He H H 223 330 f —— -- l 5

293 6800 1 11.1 0.32 3293 —- . -- 0.25 1

293.2 3300 -- . —— 5
293.9 2350 < 233 —— -- 9 'I

331.9! 3533 I —— -- 2 'I l
103 RA - lD.?33 + lug, 1' - 0.01t'J71"R * 0TI".5I.I’K'l.' 3 ii

10g kA = 12.99 — 30.3232 2

CH;OH H H H i223 0.233 -- -- 5
L293 0 2.43 2.34 -- 1 J 

J. Phys. Chem. Rel. Data. Vol. '1', No. 2. W18
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Table 4.?. (CanI:.)

W. MAIEY AND T. MILL

 
_.._. — -3|

TIK 1U'kA./I-{“s" 107k“,-'5“ l0"kB.!'H“s" I Reference]
233 0.013 —— -- 0
233 0.505 9.15 —- 1

293.9 0.00:; -~ —— 2

290 0.0 -- —— 4

10.-, 1A - 11.40 — 83.1!RT 7
'cn;011 Me 11 II 233 0.35 —~ -- 6

298 11 —— --

CH-;BL H H H 233 0.038 -- '- tl

lCH;Cl!Me H H 2?3 0.115 -— —- 6

‘ME ‘II He H 273 ?..7O -- -- 5

H He He 11 213 161.8 -- —- 5

0

® 293.0 1.134(1) 2.2013) 1:..a 10
0

Q 303 3.201) 1.3011) -— 11
0

® 293.0 3550 < 3.5013) -- 10
O

303 -130(5) 3.00m -- 11
Cl I

I

5 303 1.3015) ~— —— 11

aR= 0.01911: kJ/mol K.

“1og( ekih) = 10.32.

J. Phys. Chem. Rol. Da|u.Vo1.1, No. 2. INS
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Iloforcncos lot Section 4.2

[I] Bronsted. .i. N.. Kilpatricl, M., and Kilpatriclt. M.,and Kilpalrick. 51...].
Amer.Chen1.Soc.5l.423(l929].

[2] Lichtenstein. H. .l..I.nd Twigs. C. H.,'I‘¢ans. Faraday Soc.M. 905 (1948).
[3] Eastharn. A. M.,arId Lalrernouiile, C. 5-. Calm]. Cl1em.30. 169 [I952].
[4] P‘ritchIrd..l. G-Jnd Lung, F. i\..J. iltrner. U|en1.5oc.TC,6003[l.955].
[5] Long. F. A., Pritcln.rd..l. 6., and Stafford. F. E-J. -Ihmer. Chem. Soc. T9,

23620957].
I6] PritchIrd.I. C..a.nd long. 17. A...l. diner. Chem. 501:. 73,266? (1955).
[7] Pritchard. J. C., and Sicldiqui. I. Jr, J. Chem. Soc.. Perkin Trans..(2) -1-52

tI9r31
[8] long. F. «it... and PriIchard..l- C..J. Amer. [}|en1.5oc.73,2663[l9S6).
[9] Pritcltard, J. G, and Siddiqui. l. .I'l.. Chem. Soc.. Perkin Trans., {2}

i309(I9r21.
[I0] Whalen, D. L..J. Amer. Chem. 50:35. 3-'‘l»32(]9'i‘3].
[] 1] Kaspcrek. C. ]..and Bruic:.T. C...l. Rmer. Chem. Soc. 9|1.I93(l9'?2}.

4.3. Esters

R.C(0)0R2+H;0 -* R.C(Ol0H+Ra0ll

Esters hydrolyze to give alcohols and carhottylic 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 Add Eaton

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 evaluav
tion of the acid catalyzed reaction in dilute acids (less than
“V0.1 M [H‘]. pH=i}. The data listed in table 4.8 indicate
that, in general, the reaction is little affected by stcric or elcc~
trcmic influences in the ester structure; for most esters,
lt'.‘t‘.lr,.= i .O:0.5 at 293 K. The base catalyzed process has been
extensively studied. Steric factors significantly retard kg, with
the rate constant two orders of magnitude less for tvbutyl
acetate than for methyl acetate. Electron-withdrawing groups
on either ester moiety increase its by making the ester car-
bonyl more susceptible to micieophilic attack with subse-
quent displacement of tilt: alcol1ol.liz1 some cases. the cstcr is

so activated that the neutral reaction with water is more rapid
than the acid catalyzed process at low pH.

J. Phys. Chem. Rot. Data. Vol. I. No. 2. I978
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u

Table 0.3. Aliphatic acid esters, RC(O)0R: kg. k“, and KB at 298K and temperature cocfficientsa log
k - log A-(BERT) or 103 k - {-M'I¢('RT} + (ASWR) + log T + 10.32.

‘__

 
 

 

 

I‘, _ R‘C(0')_._).;, hr 10‘0S¢‘,)!1:_JfK m1
um R1 R2 19"'KAW:':S" 1U°kN/:.3_’_‘_ kph/1‘1:’-3“ log Afr‘ or M"s" l ReEe_rencn2

H -He —— -— F.a“ 03* - -77.0 0 -l
II He -— -— 30.0 E - 40.0 103 A -x 3.57 5 :'

ll EL " “ 33.? IS ' 37.3 mg A = 3.90 3 1
H 71- —— I —— 22.0 1: - 35.0 103 A - 7.00 5
1; Eu -— -- 21.0 11 - 13.5 ‘log A - 7.19 5 :

‘:1 Fr -- l -— 10.9 E - 34.0 1153 .1 - 7.13 5
He He 1.133 ! —- r 0.179 7 I

He 1:: 1.097 0.000153 0.1077 7 .'
w— : -- 0.111 12

H0 Pr 1.100 I ~— 0.0555“ 10
‘ —» -— 0.0970 12

He Bu 1.133 -- 0.0705“ ‘- 10

—- -- 0.0e5.+0.001" 00* - 14.0 as‘ - —115.9 ; a

He i-Pr 0.500 -— 0.0202 ‘ 10

He 5-Bu -— —— 0.01730 12

He cy-=lo~C.H. —- -— 0.025:0.001"’ 011* = 49.3 05* - -105.75 3

_,._ H" 5'5"... 1'25 _ .._Z" °‘°”159.. .. _ _. ._ .__,_,,____.__. _ _},9_
“.......... 0* “ ' * .;'.;e,...,...,. 7*...a';..:...:.,.. ;..:;" 7

1fJ"kA,I'H“s"‘ 1:'J‘kN.-Vs" kgfl-1“s-‘ 0E2’1:Ir.fmo1 103 A19‘?-or H"s“‘ Reference:
"""‘fj'5§§”“'"T;Tffi"f"_"'1E'_3'§"'" _" _" _ ' 7 '7

3.201013“ 2.11’ = 53.5 as‘ -= -53.1 0

M9 CH.-:(cH,) —— —— 10110.15“ 1511*- 7.0.5 A5: - -90.7 0

He 1—(cyc.'lo—C,lI,) —~ -- 035520.035? 011* = 7.7.0 as‘ = -35.1 12
Me 0112011011, -— —— 0.209 12

Hr: ca,c11cn(c11,; -_ -- 0.0717 12 I

Me u:ne)<2:)(cu,cu)c —— —- 0.00000 12

Me 0HccH(u1,) -— —— 0.305 _ 12

He C.«.H,CHa 1.09 ' —— 0.197 10
Me 0.0, —- 0.050 -- - 2 I

0.732 —— 1.37 10

He p—.'*£eC.H.<. -- I 0.039 ~- 2
He p—c1c.H._— -- 0.063 —~ 2

He p—ND;C¢H.- -- 0.3-I516 -- 2

1He 3,11-(00,).c.71, -- E 0.60 -- F 2
.11.: I 2,:.~m0,).c..11, -- i11.1 90.0 ‘ 9

E1 _|l_215:99;)F§“2_,____._.:T____ “'-_?___1_.__....TT__.._._.__......._ ____ _..._..._.____.-__ _.'_#.2 ._1

J.P||yI. Cllomjoi. Data. Vol. 3'. No. 2.197!
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Table 11.3. (Gout-)

 

 

 

‘ R_c(o,gR, I n E I -_-:.|:*1'k.::::-1- ' J’ 1o’1s=1'11J11< 1151____ __ f 1 or or

11. 1o"11A111-‘s-‘ 5 10%;;-‘ 113111-‘s-' 5 m:1u1m1 1.53 1113* or 14-'s-* Reference

.;fg."T"’ —— T 11.10113 35.} ' "M _ M ‘ _ 1 '

ma], —— I 3.3 5920 '3

1,-1,.;u 2.33 15.33‘ 2331: - 1

c1,cu . -- 15.91 833 1
1:11:11, 1 12.11, —— E11511 I 122100 | 9
13:11 31 g -- 51. 1 I 1500 i 1
c1,c Me I -- 133 I -- 1 ! 11
1,1; i 11.», ' -- 3211015 -’ -- 3.111‘ - 1.1.35 1 0.33,? as‘ - 135.1 + 1.3 13
1,1. u I -- - 2133112‘ 9 —— 11.; 11" - —c.r.39.or.o91-r - 32.11:. 1.55 1* 1 13

: E ,_ 1253333 I 190.0559
1‘,c 1-Pr —— ; 3491212 __ @1511‘ - 43.91 1 0.21% 1.s‘- 155.2 1 2.5 1:
1,; E 1.11.. -- 1320113“ ‘I -- Log kn - -11151211 - 311.35 1.53 1 1. 11.

I 5 1 1. 121.53

:_(u1.s—c11.1 1 1.: -- ‘E -— ' 11.92 = 15

'i( s-c11,—) ' B1 —- -- 0.005-'. 15
c11,soc11,— E: ._ -- 5 -— ! 1.2 15I ! '

(CH)S9aCH2) _ E -- —- " 12.3 | 15
«mg. 1 = ' -- 1 _.-1.- | L. __..i......- _ is

   

  

11,c{o)o11, 1o’11s* 111.111< ml ‘
I 6 I a -1 01: ?r ' I

R. R; ID RN35’ |LB.1'H" 5 i .DEJ'|t.JJ'rIol .103 11.39‘ or I-l“‘s“ Reference5...... .. . . ..

2,r.—(c1.)c.1I.c-cu: nuocuacna . —— —— 11111‘ - 13.5 as’ - 89.1 5I -.

c,11,ac11, 2: —- ' -- 30.2‘ _- 111* - 3.9.1 as‘ - 61.9 5

c.H,oc115 He —— | —- 11.3’ 5 5. . 5

1 E: E: 0.33: __ 0.059: —v— -- 17
—— 11.031 E - -11.85 103 A -= 5.130 15

n—Pr El: ' 0.13‘ -- 0.035“ —— -— I 1;
-- ~— 0.033 2 - 93.113 1153 11 = 6.1112 13I

! 1-1’: 2:: -- 1 —— 0.023“ 1: - 12.55 103 .1 = 5.93 19
E C11.-C11 11: 19.01:" | 0.05:.“ I 1;

. 0.013 E - 50.00 1153 .1 - 1.5313 20

tra1111-CH,C'li-CH E: 0.063‘ -— 0,0091‘ -- I --
-- -- 11.1113 1'. - 33.11 i 193 A - 1.11.11. 20 ‘

E-c11,c11-1:11 11: -— —— o 1115 —— I -_ 20

Ii-C5?» Et —— I -— . -1.68 E E - 51.30 _ 1153 11 - 9.638 20
l : . , .

CH.CEC- Bt -- 1 -- : 0.568 1 1: - 53.16 19;; A - 9.055 20h
“R - 0.01911. kJIm1 K: "293.31<; °2931<; "£93411; °29a1.11:; ’295.21<; 3233.111; 291.311; 531111.211; ‘3o1.21<.

J. Pllyl. Clam. III. Data. Vol. 71 No. 2.1918
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4.3.2. Aromatic Add Eaton

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-
vcnts with water such as dioxane, ethanol, methanol, and ace-

tone, among others. have been used to expedite laboratory
studies. Data listed in table 49 indicate that increasing
amounts of organic cosolvcnt decrease rate constants in and
#3. 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 R4 at lower temperatures. No data are
available for water promoted hydrolysis reaction of aromatic

acid esters. As with the aliphatic acid esters, la. is generally
insensitive to structure variations. and In is increased when
cleclronwithdrawing substituents are present on the aro-

matic ring.
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HYDROLYSIS OF ORGANIC COMPOUNDS 3??

Table -L9. Alouatlc Icid esters: kn and he at 298K and u.-upcrunre to:-f!I.ci.¢nts' for acid or basecaulyusd reactions.

 

 

   

.1 ' r.——_—-—vj— 
_ 1o’5nr'n-' 1 mm”: "1m_lb§1ng k - 1»; A — 2.3o1 EJIRT

1o‘:A.m-'3-= It 2951: In 21.0 _ an ' 10; A I Ref._ ______.___ ..

1.53‘ so u: :1 :ra.o E 6.5? 5
§ 1.55 so u: :1 _ 2

9.o1’ 55 u: A 59.: l 3.3: 5d 1 ‘c.n. E: 3.9 320 Inter - 3
3.2‘ 33 2 n 3

cm. 2: o.s:5' so v2 2 » 52.1: me a

mo" 63".! oz 3 59.3 I 9.23 '- 1
I I

am. ‘ Bl: o.zO9h ' so oz A ' o-5.? , Lac -5
; 2.323 so an A i too I 3.13 5

I‘ I 2.59 55 oz A I PI 2I : I

can ' 5: I 9..-2° so v: o I 51.: E 5.30 2
‘ I 5.03‘ ' 19 v: n ' 53.5 i 2.35 I 7

cm, i-Pr 5.2’ an»: I | 5P .

n—on:.n.. , 2: o.2o-5' so ya: 2 um I 5.29 . as

I5 -3.135‘ so vx A 345.13 IJ2 i o
5.5:: I 55 93 n I

-1o‘uBnr‘r‘ Ix Uremic ”h_m5,1ng 1. - lag A - 2.3o3 :_:n-5-I
at 295! In “:0 E. 103 A Ref..

1_. ‘ ._Jon v: I-: _ 13.51 A
15.1 55 H1 2: 3 2 .

640’ 1 as ..z A 3 51.4 3.55 5 II

so v: n I 25.3 5.29 : A
so v: A F a2.2 2.5: A.

' 22.5 55 oz A i 2
I ' .

mi 56 or A , 51.9 3.55 I 5 :: 1 I

P~N0;C.E. Is: ! 58.2“ I so v: o I as.a a.1o I 1
' I ' 50.2“ - 1'0 vs: I: 51». ‘.355 ' I

cm. '-c.n,u:. ' 12.11‘ 2‘ so 91 o 52.2 Lo? 2
r ; 3.52“ 2:: up: n 55.5 2.51 :-- I

can c.II.oI. _ 9.51“ so v! A 55.2 mm 2 II 5.90“ 30 «X A 50.: 9.25 7I .

.;—c.n.Ic(o)oscI. ' 1A.s5r2.:.:r""I so v: o 5z.o.r55.s 7.13r6.a7 I s
:o.2o.r2.1o""' to or o I 515255.: 1.9m.55 o

: :2.:r212.o5""' so A»: A 52.1.r59.3 r.-35.r1.5!. 8

[ s.1m.:r5""] 20 or A 55.5/54.5 9.0J.f8.J0 3

,o-c.u.lc(0)ocaac.n,1A' 2:..2rA.o:“"J so u: o 5o.9.'53.2 :r.1u5.:? 3I n.o5.r3.so“' :0 v: o 5o.u5o.1 7.5!-21.5? 3
1s.5521.o9“"' so u: A 5s.u5s.n- :.9sn.56 3
11.a1;2.ss""I m u: A ao.o.=a2.:. a.s5;a.2o 5

F-C.II..[c{o)om] 252115.19“ 60 -or n 6
1om9.o"" so u: o 6

p-c.u.[cro)o.v:c]. 1-w52.9“"' 5o 51 A 56.2!5S.2 6.591840 3
-n.uAo.o“" 20 v: A I o2.m-3.5 9.61.F“i.&2 s

0' Na 52 s I 55 -.-I‘ on 2K’ 3: 11: E 55 u: A ‘ 2

\ He no 55 VI :1 i 2a ‘II. 031 33 H1 A 2
I

..__ He 53.1 55 oz K 2
I lit mo 55 oz A 2

__ ____ __ H0 L-=_=_=_ H.-9=r__ _____ .9...

 :3 - 0.21915; box-snnlc solvent I: nd: II -jaclhlnolt A - -ucutone; D -ndioxnnt: I - ekhano5225:; 29a.:n<; f3r2.sx; 3293.25: 5555:; 2os.1x; !35:I.«'-K; -5?.1.1n:; 301.211; P298.-iii: ‘'30 2::
kuufksul rnpreuents (inn. and ucond stage of hydrolysis.

J.PIvya.CI|oIII.lol.nIfl'I.Vel.?.lle.!.1!?!
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iwforeneos for Section 4.3.2

II] Fairclmigb. R. A.. and Hinsheli-mod. C. N.,I. Chem. Soc. 533 [193'r'].
[2] Dcatiy. L. W..and Shanks. R. A., Ausl. J. Chem. 25. 2363 (I972).
[3] Bender, M. L. J. Amer. Chem. Soc. 73, l626(l95l).
[4] Timrn.E.W.,and Hinshelwood.C.N...l.Chem.5oe..862{l938].
[5] TorrIrnilI,E., and Hinshelwood, C. N...l, Chem. 501:3, I301 (1933).
H5] Svirbely. Vu"..l., and Cuniff. P. ill... Ci1n.I. Chem.-40. l326(19‘O2l.
[?] Jlnlnlaltrishnan. 5. \I"., and Radhalrishnamurli. l’. 5., Pm-c. Indian Acad.

Sci. A 53, 28 [l96l].
i3] Anlnlaltrishnan. S. \c''.. and Radhakrishnamurti, P. 5.. Plot. lndian ncad.

Sci, A56. 249 (1952).
[9] Agren. A.. Acla Pharm. Suecica 2. B‘?{l965).

J. Phys. Groin. Id. Data. Vol. 7.910. 2. I97!

4.4. Amldu

RC{0}NR. R.+H,0—--RC(0)0H+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 (<l0"s"]to measure. Structure-reactivity
patterns for amides are much like those of esters (see section
4.3].

Table 4.10 summarizes data [or 24- aliphatic acid amides
and their C— or N-substituted derivatives, all measured at
34-3 K.

NOVARTIS EXH|BlT 2042
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Table 4.10. Amides: It , k at 3%’-ASK and temperature coefficientalcng k -z (-Afl*.-VRT) + (t\S*lR) + log T + 10.32.

  
I__ ...___.__.&_.B__ ____T__ ____ __'__

. ____e1_1_i __ Aug __;1E::asA -1o’ns1|‘-3 | Reference
Amide 10"kA!H"s“ 1o"kBm-*5-‘ _k.Jimo1 I”,-“O1 K A n

Acetamide 1o.3(s.5a) 13.6(l8.67)

Propionalnide 12-0 13.1

Valeramide 5.93 5.52

Isovaleramtde 1.29 1.9?

t-Butylacetamide 0.193

Dimethylacetamide 6.22(6.06)

Phcnylacetsmide 5.19

Cyclollexylacetamide 1.2-E :
Trimcthylacetamide 2.26 i

Dicthylacetamide 0.l?6

Hcthoxyacetamide 3.93

Chloroacctamide 12.1

Bromoncetamide

Dichloruacctauaide 18:’u00(3000)

Trichloroacetamide —- 13500|'J(‘3s'o00) -- -- -- -- --

Butane—2-carboxamide 1.51 1.65 SLO 60.2 69 0 133.9 .5

N,N-R131; AcctamzidcCyclohexylcarbexaruide 3.96 -L24’: SL6 53.6 ’ 68.2 1529.3 5
I

R. R,

H methyl 0.5S2(0.a'¢25) 3.58 8‘.-'.0(86.2) 69.-*4 ??.8(90.-’.) 121.8 1(3)
H ethyl 0.233 1.80 92.5 6?.£ ??.8 132.6 3

H isopropyl 0.090 0.36? —— ?3.2 —— 123.0 3

methyl methyl 0.65%’: (0.37?) 5.18 BJ..6(55.8) 63.2 92.0(Ei2.9) 131.1. 1(3)
ethyl ethyl 0.022? 0.116? ?5.3 -- 130.1 3

‘methyl ethyl 0.102 0.983 6?.B -- 128.0 3 a
R - 0.019“ kJ,I'Ino1 K.

bkfi and It calculated from temperature coefficient data are good to within 1 SI of measured value listedunless o heruise noted.

°ce1eu1a:ea value 1.ns(-3.).

dcalculated value 5.93(—4).

‘ce1eu1a:ea value s.96(-2.).

fCa1culz1t(-.-d value s.su(—-n).

gcalculated value 1.3-'.(—:.).

hcalculated value l.03(-3).

JAI: 25°C, estimated from 108 3% versus UT plots given in reference 6 (no primary data given).

1. Clam. Inf. Ddlll. Vol. 7. Na. 2. ‘I97!
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References for Section 4.45 4.5. Curbumuios

[Ii BeIIon.]’. D.,Au.st.J.Chen-J. I9. l013(19t56}. R0C(0)NRIR’+H,0 _.....a0H+C0,+HNR.R;I2] Bolton. P. 0., and Jankstm, C. L, Anal. ]. Chem. 24, 969(]9i"1}.
I3} YartIa11a.T.. Mizultarni. ‘J'.. Tsuji. A., Yasuda. ll'.,ami Masuda, K., Chem.

P|m_m'Bu"'m.83| “W21 Carbamates hydrolitae by acid, base, or neulralnprocesees
[41 B-o!lon,P.D.,andJacltson.G.L..)\u.sl..l.[I|1crri.21,S2?I[I969). to give alcohols. amines, and C01. probably via the In-
I51 30ll0n.P. D..and .lackson.G. L..Aust.J. Chem.14.4'i'l l|9?I}. lermediate carbamic acid. Carbamates are moderately reac-

tive at 298 K. where most data are reported. exhibiting a
range of rate constants (leg) that spans 8 powers of 10. The
striking increase in reactivity tot-rard OH‘ for carbarnates
having an —RNH struclurc is caused by a change in mecha-
nism from one involving the usual addition of OH‘ to the
carbonyl to one im'0l\'ing proton transfer from NH followed
by loss of B0‘ In form an it1te.rrnt:diale isocyanalc:

ROC(0)NHR+0H ——--ROC(0)NR+H,0

ROC(U]NR —-—RNc0+R0-

RNCU+-H10 ?""RNH;-I-C0,.

Table 4.11 summarizes data for 20 aliphatic and aromatic
£‘..'lrl):uII:lll.‘R.

J.PIIy1.Chnrn.ltol.D¢1e.Vo|.!',No.2. nu

NOVARTIS EXHIBlT 2042
Noven v. Novartis and LTS Lohmann
IPR2014-00550

Page 20 of 33



HYDROLVSIS OF ORGANIC COMPOUNDS 403

 
 

 
 
 
 

 

hle 4.11. Carbimates R.0C(0)NR,R,: ki, ku, kg at 298K and temperature coefficientgllog k = —AH¢fRT+ as {R + log T + 10.32 or og = — FJRT.

R,0C(0)NR-.-Rs KA. k“ or |cBb’c ; -I i
R10 E,-N—R, (H“s" or s") !5H*fkJfma1 -10’éSi{kJ{mo1 K Reference

iiie c.H, H s.5(—5) —- -— 5

Er CAI: H 3.3(—5)d 66.5 105.? 2

E: C61-I, Me 5.o(-we 54.0 15w. 2

mi: cm, H :..7(—1)f 59.45 —21 2,:.

C511, c.H, He? ='..2(~5)3 52.3 111.2 2

p-Hen con, H 5 2.520.) :' -- -- 5- I
m—C1 Cgflg H l.UJ(J} " " 4 :

p—Hu, c.H, H , 2.?1(5)h' -- -- 5|
p—nu, L.'..,I1, Me I 7.9a(—=.) —- -- 5

p-No, He H - RN - < 2.s2(-5) -— —- 3

kg -= 3.o(-3) -- -- 3

1—C1oH9 He H kA = 1.z.(-1) log RA = 243 — 53.01/31?‘ 1
3 - 3.o9(—5)j 19,; - :..s2 - 52.59/Hr" 1

kN 1 .
k_B - 3.4 10,; H3 -= 11.95 -m.11.rar 6

1-clan, He He HA - 1.1{~9) flog kfi - 8.00 - 95.94/RTR g 1
k‘ - 2-30(—3}h log k‘ ' ?.fi8 — 1D2.22fPTk E 1
k_B = Q.‘:5(-.‘5)h log k3 = 9.3? — 92.511311‘ 5 1

E:,HcH,cH, c,H, H 2.5(-5) ; v3.2 am: 2

Etzxcuzmz Me,C.,,H;,- H 9.2(-?) 103.3I

‘m-Meaficun. He H e.:(—1) E ?6.6

rn—vHe,fiC5H:. He Me 2.8(-!«} 59.4

c1cH,cH, c.H, H 1.s9(—3) --

c1=cHcH: cm, H : 5.oo(~2) I --

cc13c:H, c.H, H 3.16(—1) ——

c1«',cH, 1.oo(—1} 

an - 0.0191-6: kmnol K:
for most values of k3 is r 21; dother workers [5] report 3.2(—5); kg calculated from temperaturecoefficients
coofficiantc
coefficients
coefficients
from data in

is
is
is
13

5.S(-
5.2(1);

!e.6(—5); hl-Ieasured at pH 6.5, no contribution from kg; in: 353K; kflalculated
reference 1; EA: 296K; other workers [l,?] report 50 and 5.?, respectively.

 

6):

 

bVa1ue given is for k3 unless indicated otherwise; Cstandard deviation

3.?(—5); eother workers [5] report 3.98(—6); RB calculated from temperature
Other worker: [h] report S.h2(1); kfi cnlculatud from temperature

Other workers [5] report 1.&l(-Q); k3 calculated from temperature

at 298K; on basis of agreement of data in reference (6,?) the data in table is preferred.

1. Phys. ChIrII.IIvi. DII|II.\o'oI. ENG. 2.197!
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References for Section 4.5

H] \-lontor, T., Socha, _l., and Vecela. M.. Coll. Czech. Chem. Comm. .37.
2183-(I972).

[2] Chistenson, l.. Acta. Clll‘ITI. Scand. 13. 904 {I964}.
[3] Bender. M. L.,ami Homer. H. 5.. J. Org. Chem. 30. 39'FS{|965].
[-1-] Williams, fi.,,l. Chem. Sotu. Perkin Trans. ll. 803 UW2).
[5] Wil|iams.fi..,l. Chem. Soc, Perltin Trans. II, 124-4-{I9?3l.
[6] Aly, (}.,and El-Dib, M. .R.. Water Research 5. |i91{19't'l).
[T] Wax-rhttpe. R. D.. and llaque, K, Bull. Environ. Cont. Tax. 9, 257 (1973).

4.6. Phosphoric and Pltosphonic Acid Esters

R0P(X)R.R1+H;0—-r-*'*H0P(X)R. R,+ROH

Pr.-ntavalent phosphorus forms a great variety of ester and
amide derivatives, many of which have significant biological
activity. The cliulinesteiasc-iiiliibiting plupeilies ul litany of
these compounds have led to their e!I:lett$l\‘c application as
pesticides and to preparation of many candidate chemical
warfare agents.

The chemistry of organic phophorus compounds has been
reviewed extensively [l,2,3]. Hydrolysis of pentavalent phos-
phorus compounds proceeds by nucleophilic displacement at
phosphorus or carbon, with formation of leaving groups such
as R0", R;N', X‘, H3‘, or [R0),P0§. Although almost all
phosphorus ester hydrolyses exhibit promotion by OH‘, only
a few esters are hydrolyzed by acid or water promoted reac-
tien.

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 0H‘. Thus, reactions involving
P-0 cleavage must involve synchronous bond making and
breaking between phosphorus and the entering and leaving
g}'Dl1P5.

Structure-reactivity relationships among phosphorus esters
are more complex than for simple carboxylic esters, but some
generalizations are possible within specific classes. More
electromwithdrawing substituents accelerate hydrolysis;
bullty 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-0 rather than P—0 bond
cleavage:

H;0+Fl;CH-0PH;"—"'- ‘H10CHR;+'0PR,.

C-0 cleavage is dominant for many acid and water promoted
hydrolyses of esters; P—Cl 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 Snl or Sn2 process, displacement at car-
bon is most sensitive to static constraints at carbon, to

chargevstabilizirtg substituents, and to solvent. Thus, in
hydrolysis of dialkyl allcylphosphonates {tables 4.12 and 4-. l3),
isopropyl is more readily hydrolyzed than methyl (by l2<] 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].

J. Pltfl. Chum. Raf. Data. Vol. 3''. lilo. 2. 1978

W. MABEY AND T. MlLI.

Competition between P-0 and C-0 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, rnonoanion, and monocation species.

The pH dependence and kinetics of hydrolysis of phos-
phorus estcrs 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
(R0);P[0)F (table 4.15]. In other cases the species that
hydrolyzes most rapidly is formed in a preequillibrium with
H0‘ or H‘, and the rate law exhibits a pH maximum, usually

below pH 4 For these reasons, special attention must be
given to control of pH and the effect of pH on rate should he
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.l7 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 uf the value of fry for (EIULPO reported over a period of
75 years agreed within :80—lt)Cl% [table 4.14). Also, the
precision within a single investigation is often very high
<1l0% on Ir. But however precise, if Ir, or k,.,. is measured in
50/50 dioxane/H;0 rather than pure water, it is likely that lt
will he 20 times too small for accurate estimates of environ-

mental persistence.

‘J.';b].a.- $.12. Ptmnplmnic acid utter.-1:dtalhylptwsphorutes, R,F[CIl(0R:Ja:
1;‘ and tcqpcruuze coelftclenls tax kl - to; A - (EFRTF [i‘lv

‘ .,

R|“0Hoh):—:r1_l__K o,_L*m_,!_, Tel-p<.Yvlt:;=-‘is:-lllclanv.
liie aria.-an __iiu.——| 10i]'—- 111-.-6r'sr-W"

he in 332 2.05 l no.9 v 11!..Ei.-‘FIT

‘Hr 14': 355.5 12.66 11.35 — 10HRT

He :t—auL1t, No , 0-934-9 '""

i-..~ mi, 183 i 0.50 -l ———-
Kr in, 375-‘? 333.: L33 ———-

1.;, 1." 3ss.sl 3.:. I io.ss - lt7It§.Uk't'
ln—r: - s—1=r ;36'3 . 9 Lo.r2 — ma.rrt2-rI .

n-Bu It 383 ' 1.05 ~--

.-.—s..' 1—I'r ass i 6.3.‘! ———-
|;.n., ' in in ' 2.2x ‘ ———-

l K-Eu i—tr‘r 3213.23 32.3 ' ———-

cm, E: ' 3:; -L 1_n5_igW 1n.fi LL1.5.'RT

4'; — n,o191z. k.|,n':.ol K.
ll .p-Nllftlphlinyl.

‘Hydre-1,.-en.--. pxoducr rs rli'I-1II0l-
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Table L13. Phvsphonil: acid esters: dlalkylphusphonates, RIPIO) (OK).I I

 

‘I: - 0.0191». kJ.n'mo1 K.

hp-Nilropheryl.

and temperature coefficient log ILB - 103 A - (EIRTL3

HYDROLYSIS OF ORGANIC COMPOUNDS 405

Table $.15. Hzthylphosphates (He0)3_u P(0}(0fl)n: race cunfitantgfor C-0 and P—0 fission in anion, neutral. and
conjugate acid forms at 373% IQ,5|.

  
}.D‘k.I’8" or H"I“

 
 

 
 
 

 

 

‘Ester
1.30-56.51111

6.60-SI3.6IR'l' (590) ‘P0

a.&3-52.3IRr tneolaptojou
(He0)P(O)(flfl):

7.-’-IO-SO.2.I’R'l'
 
 

6. 31-59.£.I'|I1'
 
 

£:.!¢S-6?.8.F|tT
 

 3.88-66.5.I'|lT
 

 

cflydrulyuiu produce in F nitropheuwl.
d other workers [8] report -ESE-I5) at 353K.

Table 6.i&, Phosphoric acid esters (R0},?0: kn, kg,and temperature coefficients log k I log A - (EIRT?

  

 

(RD)sP0

 
  

3?3
3?}
318

3?3

neorion (OH) .
{H90}: P (0)01!
(H00) 3 PD

  
3.3(-6)
1.6(—?)
3.?(-5)   

1.3K-H)

3.3(—fi)
 

 

  

  
log KN - 3.9 - 95.0!RT; log :3 - 3.: - 51.3321

(He0);P(0)0Et 375 2.sI~5) 3:5 a.sI-2}

(B:0)sP0 353 1.a(—b) 293 3.2:-63°
3:5 1.3(-51 31¢ a.a9(—2;
3:4 a.35(-5) —— --
352 1.2?(-6} —— --

Ia:5I.Po° 355 m ? (-II 293 1.2(-2)

log an = 9.25 — 1o2.1Iar; 103 kg - :.9a - o2.?In1

(c.n,o).Po ]3?3| 3:-9)‘ |29aI l.06(—2)
103 kB - 5.11 — a5.9In1‘

(l’.tD),1’(0)NPE -- —— 293 6.?t—3)5"
(E:0)(EtS}P(0}NP 310 1.3{-5) -- --

(Et0)P(0)(NP)z 293 3.33(-6)‘ 293 5.25I—1I‘|

log k“ n a.95 - 59.s!n1; log kn - 10.13 - 59.aIkr

(nP;.po9 ]29s|1.I:I2(—3;‘ |29I3|3.a3(1)‘ |
log KN - 0.052 — 1I.1!Iu‘; 103 kn - «$.56 - 1?.1I'R'rI I I. _J_ I

an - 0.0191-I k.TI'mul K

bvalue for the monoanion.

Reference

3,16

13
13
13

13
13

13

cfleasured in dioxanefwater (I:l vfv); only a small solvent
effect is expected from the rate of hydrolysis of (HeU)gP0 I1].

éfleasured In dioxanefwater (3:2 vfvj.

eorlginal reference miscalculated A and E.

fNP - p—nitrupheny1.

8Measured in acetone/eater (l:l Viv).

 

J. Pllyl. CIIIIII. Id.Dc1u.VoI. '1'. No. 2, '|!J'I
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Table -6.16. Thiophusphnric acid esters R,|Igll,PS: , ‘kg and temperature coefficientslog k - 103 A - (EH1 )3

Ester FIR ] ‘R3,?!-1"s‘ ]Te1Iper.aturu Coefficient -]§:l.'U.‘1'|(l.‘(H20) gP(S}NPb mu _’F—_-'-"—-_‘-‘I _
 E13 kuxs-‘ - 6.9? 2 o.e.c.(—n 1.33 k“ - 10.3-9s.3.u1r' 14

293 E-.95E—3J llog kfi - 13.rae—a9.1m' 15

(.‘4e0)P(5)f1\'P}; 295 I 2(—2) : 11

(xeopmsy (SCliC'h'.;'[CC|,El.]z) 293 I 5.15‘, 5.53"“ log 25 - 13.3—1oo;n~r‘ 16,22
(£:opc.n,r(s)(m=) 293 1.52t—1:" 'log as - 12.01-n.2o.rr.r [6

(up: .1=s 2923 l 2.1(—1J ] 15
(i—Pr0)-,P{S)!IP i 293 I‘ 5.s(—5) ' 15

(gm-),P(s)1cP ] 293 2_1;(—a;‘ 1.03 kg - 1:-.2—so.3.ra-r 15

bhll‘ - p—nitrn1:hcnoxy.

Eflydrolyacd in 25: nccI:onc.I'}|,0.

dflydrolyzad in 202 e:ham1!u,o.

eflydroljmed in‘5OZ also-r.nnw‘H;O.
E

R:-calculated .\ and E from 2-xpennenral data.

".“|cmaurt.-cl at 300 K.
.1

Ita I -fa.8 : 0.2(-5).

Table £1.17-‘. Dialkylhaluphasphnnatex and dinlkylhniaphnsphorates.
Et.Ii,?(U]1.: kn. kn and teuperarurc coe:'H.cients." floforuncu for Section 4.6

  n,p{u)xn; [Tm] _k“,n's-‘_- HIM-' s"[ Reference
_ _ . _ 3 = F _..T._.._ _. [I] \"ernon,C. A.,in.Phosp.‘Aor:'cE.1I'erscndR¢]'af£dC0mPO'8fld5.T]'|9c]N?m:

Spec. Puhlicalinn No. B, 1.1:-ndon [[9571
H’ H" 298 £'(‘I'} " 1? I2] Hudson, R. F, Slruclure and Mechanism in Orgnnaphosphorua

E: El. 293 —— 13.9 20 Chzmislry, Academic Press, New ‘1'ork(l965).[3] Kirby, A. J.. Wam-n, S. G., The Orgauir Chemistry of Phosphorus.
El: E‘-0 I 293 '“ 3'39” ‘ 20 Elsevitr Publishing Oornpan)'.New York{l9€-7).

no no __ __ 1 8 [ 20 [-1] Barnard, P. W. (1., Human. C. A... Llewenyn, D. R.. Vernon. C. A, and' _ Weich.‘r".A..].Chem.Soc.26'?fl{l96l].
i-P:-0 1—Pr0 298 1. H-6) b " -- F 13.19 [5] Hunlon,C. A.. Mhala. M. M.. Uidham, K. 3.. and Vernon. C. A.. J. Chem.

_ ' Soc.3293[l96fl].
1-hm] Frflu 2% labs) : 18" 21 '15 [6] Bunion, C. A.. Uewellyn. D. R..U1dhv.m. R.. and Vernon. C. A., J. Chem.
I.-Pr.‘f|i Hem 298 -. I 5.:.e. 15 5oc—35?4(l9531

; [7] Hudsc-rs.R.F..a.nd Kn)‘.L.J.C1‘Iem.Soc.2*1>63-(I956).
Her" >‘¢*" . 3°‘ " ' ""“'3’ ‘5 [3] Be|':kii.V. a..Pu.1...a|.,A. N., Efremo\'a,M.V., EI'.i.see11kove,V", N..am:I

it 2” [ BUN ‘ 301 __ 2_ 5(_3} 15 F-'anla.Iee\'|, A. H.. Dnl|t,Ahd..Nau|L.1I-0. 427 [I963]. Engiish lrnnslavIlorl.

'_ X ' C1 —'_ " [9] Ma5se.l..anIi DomI.nage,.L..Compl.rend.1SD,265(I96C|).

E: [ E: I 2” [ Lsc __ [ 20 [I0] Ly{:l:i;:)[. E. P.. Oyama. K.. and Tidvtell. T.. Can. J. Chem. 51. 1066
103 kn ' 5-9 ‘ 30-5537 [I1] CnvaIier.].,J\Iln.U’Iim. Phys. I3,-1»-1-9(]5-99].

__ [I2] Hr.-f. l.p.30.
E‘ ] '‘‘°° l m] 1'5"” ] 2° 1131 Kelclaar. J. A. A.. Gersrnann. H. 3.. and Kooprnans, K.. Rec. Trav.

log k“ - 5.? — 35.1!RT Chim.Pays-Bus Tl.l253(l952).

"EU | “go | 2n[ Legs) __ [ 20 [I4] Mlbcy, W., Lln, 3., Burazc. A“ Richardson, H.‘ Hendrgt, 1]., and Hi“.= T.. Ahstr. 112116 Heeling Amer. Chem.5oc.. San Fnncuscn, C1, 5291.
103 an - 5.: — -mvsnr l9“:'6,PEST.,06l.

L P 0 [gal 6 { Q) __ 20 [15] I-Iealh.D.F...I.C.‘Iem.Soc.3?96[l9S6L[_':°__ __ i" I ’9 ] [I6] Keltlnr, J. 5.. and Gersrnann. H. R.. Rec. Trur. Chitn. Pays-Bu Tu",
9'73-(1955).

[17] Ha]man.M.,I.Chem.Soc.305[1959].
[I3] Kilpatrick. LL. Ind Kilpatricls. M.. J. Phys. Colloid Chem. 53. I311,

138513949).
[19] Epuein, ]., Banner, V. F,,, Sara, M., and Devch, M. M.. J. Amcr. Chem.

Soc. T8,-1-063(l956).

kn - '.|'.6(—2) at 293;. 113]. [20] Hudson.R.F..and Kea3r.L.M..Chem.&c. l859[l960).[2]] Hntll, D. F..I. Chem. &c. 3-804(I956).

"R - 0.0191; k.I.I'I=n'I x.
b

4:
Measured. in 52 fvfv} aqueous acetone.
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HYDROLYSIS OF ORGANIC COMPOUNDS

4.3‘. Acyioting and Alkylaflng Agents and Pesticides

Table 4-.l8|i51s rate constants for a variety of acylaling and
alkylating agents that have little in common except the [rau-
hlcsome properly of being mulagenic toward certain yeasts
(Ames test] and in some cases being produced and dispersed
to the environment in significant quantities. Also listed in
this Iahie are rate constants for several important pesticides
that are not readily classified into tables 4.1 to -1-.l7. Some of
the data on pesticides have been obtained under environmen-
tal conditions including use of natural waters.

  

40?

Rofuroncos for Section 4.7

[I] Early. J. E, O'Rourke. C. 5.. Ciapp. L. 8., and Edwards. 1. 0.. J. Am.
Chcm.5x.>c.3vB,3-$5B(I958).

[2] Buisl. G. ]..and Lucas, H. J..J, hm. Chem. Soc.':'9,fi]5?{l957}.
[3] hang. F. A.,:nd Purchase,M..]. Am. Chem.Soc.'l'1,326'? [‘.l95i.'t).
[4] Mali. !t.. Nafiayama, M., and Mandai, H.. Bull. Chcm. fie. Ianan 44.

I559 [IQTI1
[5] Robertson, H. E..and Sugarnori.S. 5.. Can..]. Chem.-I-I, 1728(l966}.
[I5] TDD. J. C., Weslaver. L. B., and Sr.-nnabend, LF.. 1. Phys. CIIEITI. T3.

I0‘96{I974).
[7] Kolar. C. F.,and Preussman, R. Z. Naturforschung 3-63. 950 [l9'r'l).
[8] Kelly, M. J.. and Watson. C. 31.. J. Fhys. Chem. 62. 200 (1953).
[9] Hall, H. K...i. Am. Chem. Soc. 'n,5993{l953}.
flll] Queen, A.,Can. J. Chem.-I5, |6l9{l96T).
[ll] Wolfe-. N. L.. Zepp. R. C.. Ba1.|ghrrII.r|,C. 1... Finoher. R. C..and Gordon,

J. IL. Chemical and P.‘lotorhemt'rni' Transformation: of Selected
.P:.u'£n'a'e.t in Jenna": Systems. EWI -600.-"3 -76-067. Stplember I976.

[I2] METl1B.J» W.. Bender. M. E.. and Navy. J. R.. Trans. .fln1cr.Fish. 50:.
‘NH. 298-(I972).

T_"“‘_-‘__"-“?;_-§=§'1éf1I=§__“'*d alkvlatins aavnts and pesticides: k_.. k... In. and temverart-re mart.-.=1......
‘ I I ' - "' Z ---1‘ '—T'—"T—. -_- ..l- ... -.-..-..-.-. . _ ' :  — 1

(‘H ‘'°"‘p°”"d __ UK R5!" 5 4'5 ' I k M ‘S ‘I. Temperature Coefficiertta Refcrencr. .cH. -

\r?’ 293 5 s.2t-: ” -- -_
R f ) 1,2

CH2CH;C(0) I 298 —- 3_3(-3} I __ log k = 10 0_,_ Bi 59lI_.RT 3
L.,_l » I N ‘ ' “I I
rH.«TH.'.~'-m.) 3293 2.1:(—5; I -- ' ,5
We .

(Cii:(J);:-30; 298 -- 1_5(.(_.s.) 1_:,g(_2} I S

rCT""“°° J7“ " I 1-3‘ 93: -- 10:: KN = ‘.i.t1U.rd - o-r..?8;R'r 6
lCeHsN=‘i(Cli,), >!310 _- _:,‘5(_5) __ .1?

1u.u.c(o)m ' 293 , ,_ x._2(—2)fl —— 3
:(IIH.);M;(n)r:1 I 298 —~ -_- 2_5(-3; __ 9
.=t:n_.ot:(0)C1 293 ' —— s.aa2¢n.oo2{—q;. ; __ 10
'(CH,0C.EL.);CH(IC1.i 353 —— 2.-H-5) I -- E - 90
tmechoxychtar) 333. —- am.) __ N '11 k‘”'°°1 K 11

. 5390 -- I -- J.Ofrl,-J4] 12
I 293 —— 2.9::-23) -_

1 :

J’

{J/\(‘€Sc(:1, 300' —— 1.s?(-5) , 5.;’t2) 11
in !

[t:.'1pt:aI'I)f i
i H “L (21c 11 /'

’ ’ 293 3.9(—5) .5:—5; 11
Nticntc:-I.) f

__ iatraziue) _

“R - o.o191r. kJ."1r:ul it.

Rate constant for hytlrnlysis of flrofotlated aziridine [1]
L‘ .
M’ acid 01' 1133‘! Catalyzed process observed.

.1
l.':Ilcul.1tmi from k and H.

cl" 70139 (v.I".-) water—aceLum.>.

the pk“ nf which is B [2].

Hvdrolysis giu.-c: :m'.-ta, .:..1£u.r, .-arb-m\ dioxide _-ma c:-.1.,.—1d.= gm,

J.?Ity¢. Chem. III-f. DoIo.VoI. 7. No. 2. I978
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5. Rates ol Hydrolysis: Estimates of Ltletimes
Under Environmental Conditions

This section provides estimated rate constants Ir‘. kg. slim
k,., and half-lives of organic compounds in hydrolysis reac-
tions in water at 298 K and pH 7. Hate constants EA: its. and
In. for individual hydrolysis reactions were calculated at 298 K
using the tcmperaturc coefficients tabluatcd in section 4 or
were used directly if measured at 298 K;va.lucs of In. were cal-
culated from eq (2), and half-lives were calculated from CL: (5):

t1,,=O.693/in...

These tablt-.s also list the intercepts, l. 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 ot values ol 1 tor specilic com-
pounds and classes quickly indicates the possible importance
of acid or base hydrolysis in the pH range of concern in
freshwater systems, namely pl’! 5—9.

5. I . Alkyl, Allyl. and Bonzyl Hnlides and Polyholoolkancs

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

The data 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 at factor ol'5to I0.
(2} Rate of hydrolysis increases as R goes from primary to

secondary to tertiary in the ratio l:l:lU0'0 for CI and from
primary to secondary in the ratio 1:20 for Br.

{3} Ally] groups enhance the rate of hydrolysis of primary
X by at factor of 5 to 100; benzyl groups enhance the rate by a
factor of 5|}.

J.Phys.Cl1om.ltet. Dato. Vol. 7. No. 1, I91!

W. MABEY AND T. MIU

 
Table 5.1. organic halides: hydrolysis rate constants k“ and k3 at

293K and PH 7, and. Inn

Her '.|'.Ml(-10} 5.31t—1¢J

Hecl 2.3T(-3} 6.l3('13l

Hear 4.u9(—n t.t.t(-11}

Hr! ?.?8[~8} 6.fi?{~12)

ett,ct, 3.2(—1t} 2.t1t—15)

cu,cttctt,c1 t.t6(—i‘) 6.2“-11}

c.tt,ctt,c1 t.2s(—5}

Coligctlclg 1.56:1-3)

c.5t,ct;1. b.1t-1)

Table 5.2. lllltytl-._-l't-$t'L'Ldt:t-'.___l_t<_'_l
Alkyl halide khfs_' ta

MeFfi. _ ?.fi&(—lO) 30 years

sect“ 2.3tt~s) (1.93 years

Hear fi.09(-?) 20 days

Mel ?.23('8l ll0 days

Etcl 2.lD[—7) 33 days

Etflr 2.64(—?) 30 days;
HE! J..tfrZ(-3") 49 days

i-Frcl 2.12:4) as days ':

i—PrBr 3.36(—6} 2.1 days;

t-Prl 2.??(~6} 2.9 daysi
n-vPrBt.' 3.oz.(-r) 26 days!

t—BuF 3.87(-5) 50 days I

I;-Bucl 3.02 (--ll_)_ 23 seconds:

akh I kn since kn is not Important belowpH 10 (see Table 5.1).

bcalculatcd from equation in footnotej, table 43.1.

cCa.l.cuI.ate-.i from cqu-tlticln in Footnote
h, table 4.1.
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rate constant kh and half-life :8 at 298K and pH 2-‘.

HYDROLYSIS OF ORGANIC COMPOUNDS 409

Table 5.3. Allyl and benzyl halides: Table 5.£. Polyhalomethanes: kh and t5 at 293K“ and pH ?.

.- -—-—-——-—-——a—————.f~-—-._——_,-1

fi 3:- __
c1:,cHcH,c1 CHIC]-3 3.2(-u) me.I

(,‘H,CHCH‘Br 1.6?~’<( 5) "“""” 5 "“‘°’ ""

CH;CHCH2I a.o1(-6)
CHCl: 6.9(—12J 3500

c.li,CH;C1 1.28(—S)
lCHHrC1; l.6(-10) 13?

p-C'fl,CsHx.CH:Cl 4.5(—4)b CHBr:Cl 8.0{-II} ZFQ b
1.56 -3

c°"’cHC1' () cums, 3.2(—n) seeb
c,,1:,cc1, 6.3(-2) cum, a.o(-11> N5 -

b

CaH:C'“a31' 1-"'*5{"") rm-‘1r1 77:41; 1.0 :
p—(:I«I,c.H..cH,isr 2.6?(~3)b ccl. -r..a(—n" won (1 ppm)? (1000 ppm)"
 

afissume k} = : no evidence for base
catalyzeci rt-actions. See table 5.1. “Assume . ks[0}|} 4,,“-em fordihnlome hnncs.

Assume that k changes by .1 factor of 1.9
for each 5K cpmngc in temperature based on b"Yd*'°1Y9i5 15 5950"‘-'1 Order 1“
temperature coefficient for benzyl chloride. '3C1- “<h='-‘{"‘5'”|)¢ "*1 “H59 isinstantaneous value at stated

.-my-nan-=.u...,._

1. PhyI.Cho1'I'l. Id. Duh. Vol.1. No. 2.19‘.-'8
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5.2, Epgxidgg Table 5.5 summarizes data for 14 epoxides. The half-lives
of most of these epoxides are surprisingly similar: 14.6 1 4.6

Epoxides hydrolyse rapidly at 293 K and pH 7 by a mostly days. Major exceptions are conjugated epoxides and aromatic
water (neulraI)prumoted reaction to which the acid catalysed cpoxides which have half-lives ofa few minutes.
process contributes less than 10 percent of the rate; base
catalysis is not delectable at pH < 10.

Table 5.5. Epoxides: rate constants Ra, kn, kh, and :5 at 293K, pH 1
and IAN and IVE.

 

 

Epoxide | ' _—’m_"'__]
E: I. I

: :07: ., ,
R _ -1 -1 j -1 ,»I

1 H‘ R: H Rs in. are as J: furs] T_.kh!s,wm :.§_ rm| 1“
H I H H H 1(-2) a.7(-1') s.9(-r)- 12 dayeT'a.2 11.3
Me H ' H H :..a(-2)“ 5.5:-J)“ s.5(~?) 14.6 daysa;5i.9 11.:
He He H H 2.3“ 11(4)“ 1s.3(-I) 4.4 dayai6.8 11.3

cmoa H 1: H 2.5(-3)“ 2.aa(-:3‘ 2.aa(-It za daya|3.9 --
ci:,.c1 H 1; H ;a.o(-4:“ 9.3:-:0“ 9.8(—'.-'} s.2days°2.9 —-I
CH=Br H H H 6.1(—~’o)b 5(-Dd st-n 16 day 3;; --

CHa0H _= Me H H 1.1(-2) i5(—?)d :5(-—?) 15 da)rD5i.!aN --
Cflzfll i He H H 1.3-at-3)" Est-7)“ Est-r) us day:13.6 --
Me I It i Me [I 0.120” 55::-?)“ '5.12(-?) 153.15,, 5_.«, __
H I He I Me It 0.21.0" S(—?}d 5.2z.(-2):15,3 da,.]s.r --

0 :

© ._ Lartgt.) 2.2o(-4.) 1.36{-3). 6 min '?.9 13
0 .

@ -'3.2(1)e 1.c.o(-3)° 1.-’o(—3) ‘ 3‘n|i.ne -2.-r. --H

b 3.55(-3) 2.2o(-4) 2.2(-:.) 52 min z..2 --i

I A =
i «*-.?m‘‘’ H-3)“ 24-3) 4 nine 5.2’ --

i ' .i . i_...__  
aData at 298Ku2rese1ectedftom table é.? on the assumption
that most recent published data is most accurate.

bcalculated from data in table h.?, assuming that E - ?5.3 kJ!mo1; kAat 293K is then 16 times that at 2?3K, and 1.63 times that at 293K.

‘in: 293x.

dkn in table fl.? ranged from 3(-?) to ll{-?) at temperatures 293K
298K; we assume RN = S(-?) where no RN available.

“.1: 3031:.

J.?Im.cIIom.Itcl.Da1a.vnI.':,uo.2, ten
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HYDROl.YSlS OF ORGANIC COMPOUNDS 411

5.3. Esters of 1:, is a reliable guide to their lifetime. Generally, the more
rapidly hydrolyzed esters have rate terms kg and Is. [OH] that

5.3.1. Allphaflc Acid Enters are competitive at pH 7; therefore, values of both rate con-
stants areneeded 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.

Table 5.6summarizes 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: knrlw, RB, Rh and t._: at: 298K and pH Zr‘, and 1 values.

 
_R,C(0) OR;

iz_.—h—T— xA[n"1rs-1*‘ kN;s-* kB[0H'}z's“a khrs-‘ as IN, 1&3 IN],
Me— ' El: '"—" ' 1.1(-11') 1.5(-1o) _ 1.1{—s) 1.'i'('-8) 2.0 yr (5.9) 5.5 (5.2)

He 1-1:: a.0(—12) -~ 2.a(-9) 2.6(-9) 8.4 yr —- 5-? —-

Mg: Hm 1.3(-11) E -- 1.s(-to) Let-10) 11-0 yr —- 6.5 ——
Me cH,cH 1.!«(-11) i1.1(~}') 1.0(—6) l.1(-5) 1'-3 daysl 3-1 (‘I-6) 6-0

Mo cuccu, __ -- ':'._1(-R) ?.1(—R) 110 days -— -~ --
Me c.H,cH, 1.1(-11) -- 2.rJ(—8) 2.0(-8) ' 1.10 yr —— 5.a --

Mn I"..I-l. ?.Fl(-I?) 6.6T.-3) '|.£t—?l 2.113?) 38 days 3.1 ‘ (5.513 6.?

Me 2.»:-(No,)c.u, —— I1.1(-5) 9.£t(—6) 2.o(—5) i 9.»; ll —— —- 1.1
CJCH; Me 3.5(-12) l2.1(—7) 1.!+(-5) 1.£.(—5) 1:. h 2.6 (3.9) 5.2

men He 2.3(-11) l1.5(-5) 2.3:-ct) 3.o(-rt) 33 min 1.2 (3.5) 5.1
c1,cu cat, -- j1.s(—3) 1.3(-3) 3.1(-3) 3.? min —- —— ?-1
ncu E1: —— §!5.:r(—5) _ :..s(-4) -. 5.1(-:.) I 23 min -- -- --

c1,c Me l -- ir.?(—£u) l -— 3 ?.?(—-*4) 3 15 min‘ -- —— --
FgC lit l —- -i3.2(-3) -- l: 3.2(—3) . i 3.5 min -- i -- --
1=,c -t-Bu l -- §1.3(-3) -- lg 1.3(—3) __<_ 3.9 min —— —— --

_____R_,c_(o)oR, + _ 3 _ _ a
R. R: kA[H ]/s ’ kN{s" knlon 1/5‘ khfs“ :5 IAN IAB INB

cu,scH, Et " '-- —_—" _ 7% _9_.2(-s) 8? days '—— -4” ' --

cHss(0)cH Et —— —— 1.3(-6) 1.3(-6) 6.2 days -- ' -- --

(cu,),§cn, E; —- -- 2.o(—5) 2.o(-5) 9.6 h. -- -- --

2: Et 3.3(-12) —- s.?(—9) a.s(-9) 2.5 yr -- 5.5“ --

n—1=: Et 1.s(-12} -- 3.B(—9) 3.s(-9) 5.3 yr -— 4.8” --

1-Pr Et —— —— 2.3(-9} 2.3{-9) 9.5 yr -- -- --

cr1.=cH El: 1.2(-13) -- :r.s(-9) s.3(-9) 3.5 yr -- 4.5" --

trans—tIH,CH-Cl Et s.3(—1:+) -— mt-9) 1.3(-9) 1: yr —— Lab --

H-CEC— lm —— —— a..aa(-1) a.ss(-I) 1: days —— -- :1

8l0Il'} = 10"’H, {n+1 - 1o~’n at pH 2, 298K.I) .
at 293 K, and kn at 293°K (see table LB); this affects: the value of I byIAB is calculated from k AB

less than 3 per cent. A

J. Phys. Clam. Id. Dew. Vol. 7. No. 2. 1!?‘
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5.3.2. Aromatic Add tum Estimates of persistence based on mixed-solvent studies are
certainto be too high, but for most simple aromatic esters
lifetimes are long (over 5 years] and will remain long even in

water so|vent._The extensive use of these compounds and
their widespread occurrence in the environment requires
some reliable data on their rates ofhydroiysis as a function of
pH and temperature in water.

Table 5.7 summarizes constants k,. and 3:5, expressed as
pseudo-first-order constants .lt[0H}, in, rim and In. Included
in these estimates are data from experiments in mixed sol-
vents, from which it is evident thatvalues of Ir. are greatly
affected by solvent composition {a factor of 20 or more).

Table 5.7. Aromatic acid esters: kA, RB, kh, t;E. and I” at pH 7 and 298K.

 

   
 

 
 
 
 

 
 

 
    

  

 
 

kA[H+],/s“a kB[0H']f5‘1a khfs" :15)“ ! Solventbfii IAB
CsHs " He :..0(~1'3T"""T.'<3_(_-Tc)""E ""1'L9i'—E)'j" ‘"135’ " '1 '":§'.'ia_"

C511. Er —- 3.oc-9) 3.o(—9) E 7.3 '| water -—
1.2(—1z.) 1.2(~1o) 1..2(—1o) 133 ex. 605’: E 5.0

9.9(—15) 2.3(—1o) E 2.s(—1.0) f 19 ' m 5074 A 4.3

I __ 7.o(~10) ?.o(—1o) f 31 3 tax D --

-_ -- 3.3(-10) 3.3(—1o) ; 6? 5 707: n; ——: = ' 5

Cells :i.—P'.: -- 6.2(-10) 6.2(-10) 35 water ——

csn, C.;H5CH; -— a.o(—1o} 8.0(—10) _ 27 ' 50 VI: D --

p-N02-CsH.. I-Ie z..3(~14) 7.4(-9) ’7.z.(-9) 3.0 507: M |e..3a
—- e.4(—s) 6.!+(—8) 5 0.3:. m 56 1.12 A --I E

p—-N02—C¢—.H:. Er 1.a.(—1-5.) .4(—s) .4(e8) . 0.92 I «t 60?: A 53.33I l E

1—c,H._1~: Et —~ 5.-H-8) 1_5.!.(—a) 5 o.e.1 water '_ --
-- 2.0(—8) '2.c(-8) ; 1.1 ; 55 we A --

o~c.,H..[c(o)oE:]2 1.0(—9) 1.o(-9) 50 vs: D 

 
 

 
 l.?(vl0) 1.7(—lO)

 

    
 

o—CsHr.[C(0)0CH;C.5H5i2 1.7(—9) 1.7(—9)

2.8(~lO) ,2.8(-10) [

p-C5Hu[c(0)OHC]2 ’’ 2.5(‘8) 2.5(-8)

1.6(-9) ‘.1.6(-9) 
 
 

 
 

 

60 l-1'75 D

  p~C§HulC(0)UEt]2 ‘— 6.9(‘9)

2.5(-9)

6.9(-9) 50 11')! A

2.5(—9) 

a[oH‘]= 10"M, lH+] = 1o"M at pH 7, 298K.
b
Organic solvent legend: A = acetone; D = dioxane.

J.l7I|'fl. Chum. Ibl. Data. Vol. J'_ No. 2. I9?!
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HYDROUSIS OF ORGANIC COMPOUNDS 418

5.4. Amide: Iyzed hydrolysis. but alltyl groups on nitrogen retard both
acid and based catalyzed processes. No neutral (water) proc-
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.

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

Table 5.8. Amides: KA, kn, kh, Ia, and 1&3 for hydrolysis at pH '3 and 293K.
 

 

l’ 2" |'kA!l'1"s" I knfl-I"s"‘l this-‘ tkfyr I1“
lacuaaiae " i a.3e(—sT "_l‘c:'.71(—s) 5.55{-12) 3.950 -5.62. I

ilfaieramide :5.-63!:-6) T.-|'+l(—5) 3 1.‘.it':i[-12) 11,300 I6.?9l
E Isabutyramidc !i.b3(-6) i 2.-fliD(-5} 2.36{-12) ?,}'UU !6.63i
i Cyclopentanecarboxaciide 2.3l'¢(-5) l..6?(—5) L0] (-12) 5,500 7.0?
i Hethoxyacetamide ?.B5i[-6) 3.95(—i'3i) ._- ti.DG(-I1) 300 6.15

|Cl'Il.t)1'D.'.ICEt£I|EIid€ l.1(—5) 1.S(—1J - 1. K-33 1.-‘L6 $.93
Dtchloroacetamide —— "|.l'lf—Il 1-.f'tf_-51) Fl. Ti —-

1 Triehloroacetainide -- 9.-fi(-1) 9.-‘+(-3) 0.23 --
Eromoacetanidc —— l..03(—5) l.U3{—12) 21.200 --

.\l—iI1ethylacet:aItiide J.2(-?J 5:.!rb(-6) S.?é-(~13) 33.000 6.38
N—etl'IylacEt:arn1de 9.3-6(-8} 3.lD("6) 3.l.0}'l.3)1 i"0,00U 6.23

E,-0-I-rill.‘t-l‘I}|'1.eLI1)'l.£lCet€lInI.dl2 5. l6(—?) _ l.l4’at'—5) l.19{-12? _l._3_,‘SOU_L6.3J

5.5. Carhtimutes Tb}. 5.9.C.b OCO. :

3 E *w«- ‘-.« ‘w W

 
 

Rate constants for hydrolysis of carbamates have been ‘ I
measured at 293 K, and in most cases only ii‘. is reported; a —|’- - -L000 yr --
limited number of values for in and kit: Suggest that for many .
carhainates the base catalyzed process will be dominant. 5 "“"-9°“ 3" “

Table 4.11 summarizes the values for individual rate con- Coil. II ' 5.!-H-6) 1.5-days -~. - - 2 '

5350115. \'Ih]Ch cover the extraordinary range of 10' . Electrov lc.ii, c.i<, He i_2(_12,- E 5_zoo ,.r __nc ative substituents o ch as H - -
3 " °"3"3e"' 5“ C‘ 5 M P N03C°H" p-Hi.-OC.il.. c.i4, ii 2.5:-an ; 3.2 dlya -.

greatly accelerate the base catalyzed process, as does the K at A '
presence of _NH_ i - .11. :t:.1-I. ii 1.s(— i 1.1 I: _ _-

Estimates of persistence ot carbamates under environmen- """°'“'“‘ a““"’ “ “ ‘H’ 2‘ 5 I ‘pin °' ‘us ‘ "5'

tal conditions, based mostly on the assumption that ih= ;p«ND.<:.i-t. ',c.II. He s.o(-11) 2.300 yr -_ --

Ir3><l(}-?/lt", are summarized in table 5.9. Half-lives vary from -;-c,_,n, 3.. 3 9‘J,[.;t} 9,; an, In _ .3130
9.6 comnclc to 240,000 years. a range that cautions against , I“ . ,,_z5
making generalizations concerning structure reactivity other ,_.:__,H, “E H: Hwm mm H 1“ _ L”
than to note that purely aliphatic carbarnates probably are I In - 935. . 3

sistant to ' ' ' - '
re hydrolysis under these conditions. |E__“m_m’ WI’ " I Lam“ ‘Mm yr __, .

Esiaficmciiz He.c.H. it ; 9.2t-NJ 2-tn,ooo yr --

:Mc.Nc.ii. Hi: It a.r(-5) 1.2 days --
He:IiC.‘ri'... He fie 2.8(—1I.} iflé days --

I I
'c10I¢i:ri. cm, is :.6(—1o) no yr --

iC1z-CIICVII Cull) II §.0{-9) tmt yr --
|CCl.Cll: c.ii. H 3.2:-at 252 days --

i_C_EaC“a |C:||s__ _'-‘Al 1 Bf-8) 2.2 yr --

“In the absence of data {or It or try value: of IS‘ are assined equal
_» -l R -

to ks x 10 3'5 .

J. Phys. Chem. Inf. Data. Vol. 7. Na. 2, I9?!
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5.6. Phosphoric and Phosphoric Acid Esters

5.6.1. Dtaflqrl Alltyrlpliospllontrtu

None of the phosphonates reported in table 4.12 is hydro-

lyzed at significant rates at 293 K and pH 7. The dominant
process is base catalyzed hydrolysis, which is extremely slow
with all alkylsubstituted 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(0)(0Et)0CsH4NO; has an estimated half-life of 5.5

years. Table 5.i0 summarizes data for representative phosv
phonate esters.

Table 5.10. Phosphanic xid esters. dialkyl phusphonnrcs. |1.}’{D){0Rx3a:

   

kA_ kn, ah, t'.;‘_.1nd 1” at max and p14 F-

...‘.‘.;.ea.Tr.'T'=:_ =..

H‘, _i_.. i as 2.3
H. !E: i1.i(—9} ‘2_2t—«'.J l2.2(—11) 990 3.0i . I
'1: 1-1»: s.4(—9) . 3 2:4) ; 3.3t—1-an ¢s3.oa-ol3.5
5‘. ,;._ run «. i_2{—ni> l..O(—7.} ::..I:It-an 9.5. 2.9
Er 1-Pr }.2(-9! 1. H-3} i.r.,u:—1sJ 5.5m L6

C.ih Et _J_1.1{-9) > s:.a.;<[ -. S(_—11J _:.ao 2.9 
'p—Nin*opi1v.-nyl.

bfl!i!||.lfi' to; ma '\ :o.s — ttoonzrn.
‘m«.u...- log I‘ -. o.u - tsmm.

5.6.2. Phosphoric Acid and Thtopilosphorlc 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 e:very
case neutral hydrolysis is the dominant process at pll 7.

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

Table 5.11. Plaoxphorlc acid and thiophosphoric acid carers: (FICI},P0
and (I10) ;PS: Inn and kh at 298K and pH In‘."""’ ' _""'I

(RU) moi 5) 

 
k“r.'*

(t1elJ),P0 1.s(-3)

t1=.toi.P0 M-9)"

taisJ.Po 1.n(-9):’

(c.H.0}.Po mt-111"
{r.:o)1=to)(NP): 3.3(—s)

t:iP).i>o I.D(—3)
(Ht-o).rts)xP t.J(~?J

HeDP(SJSCh'.C|i __
(d:o.I:t:u

(F.ti!3.P(5)NP -» 3t~-rim‘

"assume 1-‘?! - 135 unset based on data at N5 and 3531:.b
As:-.uz:c - 95 k.I'.-‘moi.

J. Phys. Chem. III. Dela. Vol. 7. No. 2.193‘!

5.6.3. Dlulltyl Piiosphonohulltlaks

Table 5.i2 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 allsylamino-substituted phosphonohalidates. which appear
to be persistent. More detailed studies in water at moderate
pH are needed to verify this conclusion.

Table 5.12. ?i-iosphnric acid halides: dialkylpllosplionohalidates and
dialkylphosphorotialidates RiR:P(D)X: it and t at. 393K and pit’. 3'.

C
nmtotxs. kfila" rhx - r

"Be Me at-I.) 2.9 an

2. I2: » 1.&(—<.)‘‘ -. 3 days

El. etc > 3.3(—BJ’ < 2.20 day»
FJU !-3:0 -r 80 days

.1-Pro 1-no 1.t(-6) :..I.:sys

l.—Pr!il| I.—}‘rN'l1' ]'..‘J(—fi) -L2‘ days

1-PINII Hem B.5l-P) 9.2- days

Hun hem .~ «s.t(—tor"l . as arr—— — x - c1 j-——

Iit E: 3.6 0.2 5

Br. mo ).5(-J.) I 3

Hal] Hot! 5.E(—'!) 1.’) I514:

H0 i—'PI‘0 -fl.5(~fi) 26 win Ii I

3 t—h-o t—Pr0 '!__a._t(_—3_) -86 5 '__J

allased on an as .1 llaltlng value.
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5.7. Acyluflng and Alkylntlng Agents and Pesticides tion of aziridine (ethyleneimine) and methoxychlor, all the
compounds have short. half-lives in water. the longest being 7

Table 5.13 summarizes data for nine types of acyl and alkyl h. Captan was studied £10111 in pure and natural waters and
cicrivalives and three imporiant pesticides. With the excep- found to have the same rale Cflflfilflfll.

Table 5.13. Acylating and _alkylating agents and pesticides:

kh and 1:35 at 298K and pH 7.

Compound ‘ _ kh = t1: 1
-1--**---e----fl

CH2CH.2 E days i
\N/ _

H ]
cu,cH,c(o) ' 3.3(~3) E 3.5 min ;
— I

cH,cH,s(0,) 2.15(—5) : 8.9 min

(C1130) 230; 1.66(—-5:) 1.2 min

|(ClCH2)20 ; 2 s(-2) ' 25 s I
{C¢H,N=N—N(CH3)2 j 2.75(—5)a| 7 h E
§c5H,c(o)c1 i 4.2(-2) i 16 s. ’

|_(CH3)2NCOCl > 2.5(~3) P <. 4. min
icH,oc(o)c1 i 5.e4(—4) 5 20 min i
i(CH30C5Ha)aCHCCl3% 5.5(—8)b :14? days
: (methoxychlor) 3(—8)C' 270 days

E i 6' T

NSCC13 ' 5.5(-5yi% 3 h Q

0 E

7'. 6(—5)

i

E I

ahssumed at 298K was cme—h.alf the value at 310K. bExt1-apolated
1'BS111t5 Of 0153 -‘it 31- . [11] section 4. ct-‘Ieasured value
at pl! 7.1, [12], section 4. <-‘Value observed at 300K in distilled
and natural wal.ers, {ll}, section 4.

2.5 h

I

(captan)
M-lCH(CH3 '

“__(_atrazi_n&_) L.

J. Phys. Cholll. Ref. 9:116. V01. 3". No. 2, l9'a"I
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