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To PREDICT is ““to tell or declare heforehand,

foretell or prophesy” (190). Iu the realins
of scienee, predietion is based on a knowledge of
the relations among experimental valiues under
observed experimental conditions.  Prediction of
the stability of drugs and pharmaceutical prep-
arations depends on quantitative mathematical
expressions that permit the calenlation of rates of
degradation by the substitution of the ap-
propriate values for temperature, concentrations,
pressure, time, plI, oxygen conteut, centrifugal or
gravitational stress, light intensities and wave-
lengths, cte.

These quantitative relations can be obtained
from the classical literature ol chewmistry and
physics (83, 169).  Judicious experimental de-
sigh can pernit the evaluation of the vital pa
ratieters with the minimum expenditure of time
and labor.  Thus, stability can be predicted for
per se, is
experimentally or economically impractical or

practical circumstances where study,

unstitable.

The literature contains many articles on drug
incompatibilitics or instabilities for whiclt ref-
erences arc cited (18, 134, 158, 192).

Tlowever, kinetic and predictive studies of
drugs in the pharmaccutical literature are of
relativelv recent vintage. In fact, ca. 1950 can
be considered the start of the modern era in the
quantitative comprehension and prediction of
drug stability.

Received from the College of Phurmacy, University of
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This review will be concerned with  those
studies on drugs and pharmaceutical formulations
where quantitative expressions were obtained to
permit prediction of stability. It will consider
the basic coneepts and the rationales which can he
applied to permit prognosis.  This review will be
practically limited Lo studies conducted in liquid
media involving solvolytic processes and leave
the aerobic, bacterial, enzymic, or photolytic
degradations to another time or another re-
viewer.  The prediction of stability of the com-
plex svstems  characterized by colloidal  sus-
pensions, cmulsions, ointments, and solid for-
mulations will, in general, also be ignored.

The basic concepts of kinetics and their ap-
plications to the understanding of the mechanisms
ol reactions of many simple systems and re
aclive groups are given in many ﬁnc books on
these subjects (2, 9, 14, 20, 43, 71, 72, 86, 103,
104 123, 138). Their reading is r(-(mnmcn(lcd.

Predictive Use of the Apparent First-Order
Rate Constant. ‘The chemical action of a
solvent and other solutes on the drug in solu-
tion is of prime importance. A sgystematic
approach to its understanding and quantifica-
tion ts to consider the rate of degradation of
such a drug as proportional to the concentra-
tions of the reactants in the rate-determining
step, or proportional to the concentrations of
the reactants in the cquilibria which precede
stch a rate-determining step.  The rate of drug
transformation is given in concentration, e,
change per unit of time; (lime-unit™t),
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In most solvolytic reactions with constant
conditions of temperature, pll, buffer kind and
concentration, and ionic strength, the rate of
change per unit of time is proportional to the first
power of the concentration of the drug being
transformed

de/di(M /L. /see.) = ke! (see. ™t X moles/L.) (Lig. 1)

The rate is considered as apparent first order
since it varies as the first power of the concentra-
tion, ¢, of the substrate. Oun integration of Eq.
1, the logarithm of the concentration, ¢, when
plotted against time is a straight line of slope
£/2.303

log ¢ = —kt/2.303 + log ¢, (Eq. 2)

or the logarithm of the fraction of substrate un-
transformed when plotted against time is a
straight line of the same slope

log ¢/co = —kt/2.303 (Eq. 3)

where ¢y is the original concentration and £ is in
reciprocal time units (29, 71). Tt has been recom-
mended that all rate constants be given in units
ol seconds for easc of literature comparison (161).
Some typical semilogarithmic plots for the deg-
radation of  thiamine hydrochloride (+7) are
given in Fig. 1,

The rate constauts, £, are frequently used to
contpare and estimate rates.  Au alternalive
constant to use is the half-life, fi/,; the time
when a coneentration is reduced by half its initial
value.  For all apparent first-order reactions
the ty, is independent of the magnitude of the
initial concentration of the substrate and is re-
lated Lo the hirst-order rate constant, &, by

Iy(sie = —2303 log 0.5/k = 0.693/k  (Lq. 4)

from the rearrangement of Eq. 3 where /e
= Yy t = hs,and kisinsce. 7!,
Variations on this theme can be chosen to
alculate the time of 5 or 109 loss of substrate,
i.e., tos or ly.w, respectively (L17). The half-
life is only independent of initial substrate con-
centrations for first-order reactions. It has been
used frequently to deseribe the stability of a drug
and the rate dependencies (35, 93, 98, 130, 132,
193, 198). Nelson (143) provides a convenient
table to determine the fractional loss of substrate
for # half-lives.  However for the purpose of a
systematic presentation, the concept of the rate
constant will be used in this paper as descriptive
of the fraction of substrale remaining on cxpo-
nential decay
c/co = e~k (Eq. 5)

It is apparent that if the apparent lirst-order
rate constant, %, can be detertnined as a function
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Fig. L—First-order plots of the thermal degrada-
tion of thinmine hydrochloride in a liquid multi-
vitamin; logarithms of concentration (mg. /15 ml. )
against time in (l.u\ [Figure 1 of Garrett, . R,
Tms Journat, AT0C1956) (47).]

of the physical conditions of the solution, the
rale ol degradation at a given concentration can
be deterntined by substitution of that concentra-
tion, ¢, into Uq. 1; that the half-life under those
conditions can be determined by substitution
into Liq. 4; that the fraction of substrate remain-
ing al any Lme, 4, can be determined by use of
Iiq. A.

To transform the hall-life or first-order rate
constauls into other time units such as hours,
days, vears, cte., the conversions are
f17, (time units) = iy, (in sec.)/(seconds/time unit)

(Tiq- 6G)
£ (time unit) = = k (sce. ™) X see./time unit
(. 7)

An appropriate procedure for studies that may
be ambiguous is to verifly the fact experimentally
that the apparent first-order rate constant, &,
is independent of substrale concentration. This
has been done iu many such cases (52, 55, 57,
66, 01, 114, 140, 154, 165, 193). Alternative
methods of estimating apparent flirst-order rate
coustants are from the slopes of plots of concen-
tration changes against time at the initial con-
centrations of substrate or by the Guggenheim
method (81). Such procedures have been used
with steroid hemiester hivdrolysis and compared
to the & values derived from classical plots (59,
61, 68).

Specific Acid-Base Catalyzed Solvolysis. —
The simplest catalysts for solvolysis are
hydrogen ions and hydroxyl ions so that the
apparent [lirst-order reaction rale constant %
would be determined by

ko= k[I1*] + k¢|OI1] (Eq. 8)
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where catalysis by [H*] and [OH ] and the
respeclive specific rate constants 4y and s(L./31/
sec.) are considered specific acid-base catalysis.
[n general, hydroxyl ion catalysis is negligible
when a hydrogen ion catalyzed transformation is
operative, and vice versa, so that one method
of determining &y is to plot Lhe observed rate
constant, k, obtained from the slope of the plot
of data according to Eq. 2, against the maintained
hydrogen ion concentration.

As per Eq. 8 where the contribution of 4{OLL |
is negligible, the slope of such a plot cstimates
kin L./ M /sec.  Obviously, 45 may be sitilarly
obtained by plotting & against [O11 ] when the
contribution of kb [HT] is negligible and kg in
.4 /sec. can be estimated. A tvpical plot
in this mauner is given in Fig. 2 for the acid
hivdrolysis of psicofuranine (56). The negative
intereept of the plot is due to the fact that the
true molarity of hydrochloric acid is the apparent
molarity lessened by the amount necessary to
neutralize the psicofuranine.

Definition of Hydrogen and Hydroxyl Ion
Concentrations and Activities, The specilic
bimolecular rate constants arce defined in
terms of the ratio of the apparent lirst-order
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I'ig. 2-—Rate constants, £ in see. lor the ap-

parent hrst order degradation of |)s|unlur.unnc as i
function of apparent hydrochloric acid nmwolarity
[Figure 3 of Garrett, E. R., /. clm. Chem. Soc., 82,
S27TCLH60) (56). ]
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rate constant and the concentration or actlivity
of the catalytic species.  The spectfic rate
constants of Eq. 8
ko= k/[11'] when &]OITT] ~ 0 (1q.8a)
or
= k/[O1I17] when by [ITY] ~ 0 (Iiq 8D)

can be defined in terms of the stoichiometric
strouy acid or strong alkali concentration, e.g.,
[TTH] = |TICH or [OIT7] = [NaOH ] on the pos-
tulate that the hydrogen or hydroxylion catulytic
contributions arc equivalent to the molarity of
the strong acid or base. This is not necessarily
true, however, as Lhe effective hydrogen (or
hydroxyl) ion concentration (activity) of a strong
acid (or base) decreases from expectation with
inereased concentrations of the acid (or base)
(89).  The high activity ol perchloric acid makes
it one of the most ideal acids for the study of
specilic hivdrogen jon catalysis (97, U8, 130-132),
Ester hivdrolysis is most generally catalyzed only
by hydrogen and hyvdroxvl fons (specific acid-
base catulysis) (9, 123) but consumes hydroxyl
jons, so that il & = £ |O11 |is Lo he determined,
then the molar concentration of strong alkali
shiould exceed the concentration substrate by at
least tenfold, eg., [OIT | > 10¢ when [O1T7)
is taken as equivalent to [NaOIT].
example ix the determination of £/JO1T 7] in the
hivdrolysis of acetylsalicylates (30).  When the
molar concentration of strong alkali approaches

A specilic

that of the substrate, bimolecular rate expres-
sions must he used o calenlate &q (9, 43, 104,
123). Tt is a similar situation for amides when
bydrogen ions are taken up by the liberated
amines the concentration of strong acid must
greatly exceed the substrate councentration for
pseuda first order teehnigues o e used in the
caleulation of the apparent himolecular rate
constant £y (70).

An alternative method is frequently used to
caleulate 4, and kg where these values are defined
in terms of the activities ol hydrogen ions and
hvdroxy! jons, respeetively.

The pilean be experimentally determined and,
when A, [O11] ~ 0, the logarithmic transforma-
tion of 18q. R viclds

log b = log k&' — pll (Eq. 9)

so (hat the slope of the logarithim ol the apparent
first-order rale constant against the experi-
mentally determined pllis negative and equal to
unity, and the antilog of the intercept vields the
himolecular rate constant &' This &y’
related to the specific himolecular rate constant
ky by

value is

ko= Ja by (liq. 10)
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where fu* is the activity cocflicient (2, 89, 149)
for the hydrogen ion and

k = k' 107°H when k[OH-] ~ 0 (Eq. 11)

where the pH is the experimentally determined
(—log an+), where an+ is the hydrogen ion
activity.

A similar development for k4’ yiclds

log & = log &’ — pOH = log ks — pKw + pH
(Eq. 12)

The pK, for a given temperature and solvent
can be obtained from the literature (89, 149)
so that kg can be calculated from the intercept
of the plot of the logarithm of the apparent
first-order rate constant against the experi-
mentally determined pIl. Thus, Tiq. 8 is re-
defined in terms of pH as

E o= k' 1070 4 k' 10-0Kv ~ oD (Eq. 13)

where the k' and k' values of Eq. 12 will fre-
quently differ slightly from the &, and k, of Eq. 8
and yet be the desired values for prediction of
solvolysis rates in intermediate pH ranges where
pH is experimentally deterniined.

Comparisons of ky determined [rom stoichio-
metric catalytic concentrations and from pll
measurements (z.e., k') have been made iu the
cases of the solvolysis of the antibiotic strepto-
varicin (53) and the solvolvsis of the antibiotic
psicofuranine (56).  An interesting comparison of
mieasured pIT and the pt calenlated from kinetic
rate constants is given for the solvolysis of acetyl-
salieviates (50),

It is frequently difficult to determine pH experi-
mentally at high concentrations of hydrogen or
hydroxyl ious so as to deduce the bimolecular
rate constants & and ks as from plots of Ls.
9 and 12. However, stoichiometric acid concen-
trations can be converted to pll values corre-
sponding to hydrogen ion and hydroxyl ion ac-
tivities from the data on electrolvtes in the litera-
ture (2, 89, 149).

For example, in concentrated hydrochloric
acid solutions

pHl = —log fuci[HICI] (Eq. L)

whiere the mean activity cocllicient of tiydrochlo-
ric acid, fucy, is given at various temperatures,
solvent mixtures, and I1Cl concentrations (89,
149). This definition of pH has been used
in the study of the acid catalyzed solvolysis of
hydrocortisone hemiester in aleohol-water mix-
tures (59) and of N-acetyl-p-aminophenol (114).
In the study of the acid eatalyzed solvolysis
of the antibiotic streptozotocin (57), the pH
calculated from the activity coeflicients (89)

Journal of Pharmaceutical Sciences

and the hydrochloric acid concentrations can he
compared to the observed pH values of the solu-
tions. Reasonable agreement is obtained above
a pH of 1.2 and within 0.15 pTI units below {hat
value,

Similarly

pll = pKw — pOH = pKw + log fnuou[NaOH]
(Eq. 15)

wlere fynaon, the mean activity coeflicient of
sodium hydroxide, and pKw are given in the
literature for many solvent mixtures, tempera-
tures, and solutes (89, 149). This definition
of pOH has been used in the study of the alkaline
hydrolysis of the antibiotics psicofuranine (56)
and actinospectacin (69), where the kg values
determined from the calculated hydroxy!l jon
activities and the stoichiometric [NaOl | have
been compared,

Frequently, data exist in the literature to per-
mit prediction of pH of bulfer solutions under the
conditions of preparation. An example of this
procedure is in the study of harbital degradation
in an ammonia buffer system (80) where the dig-
sociation constants for the ammonia bufler
system (8) and barbital (128) are given in the
literature as a function of temperature. By the
use of available activity coecfficients (89, 115)
and disereet approximations (7), the pit at var-
ious temperatures was caleulated from the cqua-
tion for the thermodynamic equilibrium constant
for the buffer used. It is interesting to compure
this approuch (R0) in (he determination of the
pll Tor the dependeney of barbital kinetics (o
that of phenobarbital kinetics where the pH was
delermined experimentally (8S).

Another methad of characterizing hydrogen ar
hydroxyl ion concentrations is by the spectro-
photometric determination of the degree of dis-
sociation of a weakly acidic or basic indicator of
known pKa where the spectrophotometric ab-
sorptivities of the charged and uncharged forms
differ (73). The [OIl | calculated thusly has
heen used Lo determine the kinetic dependencies
of the solvolysis of homatropine and atropine
methyl-bromides (151).

Specific methods of caleulating hydrogen and
hydroxyl ion coneentrations or activities for the
prediction of the apparent first-order rate con-
stants for the degradation of various pharma-
ceuticals arc indicated in Table 1. Methyl
dl-a-phenyl-2-piperidylacetate (170) has exhib-
ited specifie acid-base catalyzed solvolysis where
the log £ vs. pH profile is given in Tig. 3 and the
pIl of minimuin degradation is ca. 3. Specific
acid-base catalyzed solvolysis has also heen
exhibited by the alkyl dl-o- (2-piperidyl)-phenyl-
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“ acetates with pH ca. 3 of maximum stability (35, 113, 170).  Many other examples of such
: (155) and N-acetyl-p-aminophenol with a pll catenaries are given in hooks on kineties and
5-0 of maximum stability. The minimum of the  mechanisms of reactions (2,9, -3, 104, 1233).

catenary as exemplified in I'ig. 3 and the pll Catalysis by Solvent.- If Lhe apparent lirst-
of minimum overall rate at the isocatalytic point  order rate constants calculuted from LEgs. 8 or
can be calculated from the specitic acid-base cata- 13 do not agree with the observed values for
Ivtic constants as demonstrated in the literature  intermediate ptl ranges, then catalvsis by
' solvent or solules, intramolecular catalysis,
200, or ionic strength must be considered as con-
tributing to the overall rate.
! The simplest modilication ol L. S is
} = kU] + k&JOH |+ ke (Lig. 16)
J mo" When (he & plotted against [1TH] has an inter-
cept which cannot be attributed to hydroxylion
. altack, a solvent catalytic ellect &y is implicated,
| | This is further conlirmed when £ plotled against i
| B . [OIT~] has the same intercept or when :
s oo b o= keki(1T*] ~ 0 ~ ki[OI -] (Eq. 17) )
- _‘3‘ l Such solvent attack on a degradable species is ";
- 4
I frequently apparent from the log %k-pH profiles ’
as  with  thiamine (193), pyridine-2-aldoxime R
500l metliodide (35), methyl pyrrolidvlacetylsalicyl-
{ ate  hydrochloride (51), and streptovaricin ‘i
[ (53), which is given in Fig, -1, ig
General Acid-Base Catalysis,.—Not only {
ntay hiydrogen and hvdroxyl jons and solvent .»!
6 00! i ‘ 1 i [T alone catalyze the decomposition of drugs in i
A 0 | 2 3 3 6 7 oL el el ) ) a
solution, but charged species contributed from
pil excipients or bullers may do so also. A
| l";g i 3. pll ll)cpclldcuc_\' Olfllht' ll_\'dl'o|,\‘-\'i>‘ql)’l' general rule is that if solvent does catalvze,
niethy DL-a-phenyl-2-piperidylacetate at  80° il alol i wreming vl =h & B .
[Figure 5 of Siegel, 8., Laclman, L., and Malspeis, ““lwr catalylic specres Nk ‘Ylmh N ael s
L., Tus JOURNAL, 49, 431(1959) (170).| uecids or bases with catalytic activity, and
A -
TanLe ,»—I’RLI)IUIVL ].‘QUAHUNS FOR KINETICS OF SOLVOLYSIS OF DRUGS
_ o . ) - i
Dependency of Apparent ‘
FFirst-Order Ruate Counstant,
' Compound k, in pI Region Studied« Remurks References
Antibiotics
Psicofuraunine k10 v g v 4 (kyl0) el bodogo by iy gy ko dog, s (56, 66)
+ kgl0—vorysy -
- kylQ—pOU o o
Actinospectacin kL) —WRw = pIDf bod, 0k (69)
: ksl0 "’(”lfs -+ ki )
Streptozotocin RO P o+ - (k1O 4 bodog il s (57) |
/\.b _+_ /\’ul() (hKw |.|I))fS
Streptovaricin By H A or b0 g LT CR B A (53) ,
Chloramphenicol ks + kyl0-@Kw 0D (¢l by i vin (91)
ride solvolysis)
RUHYY + ke + oty wa b (97, 98)
! k“[()"(pl\'w = pib + Yiki X
’Il. -+— E,‘Bi
(amide solvol\'%is‘)
k “_I +]/ b, e,y
where & = kl 10m 2 11,0 f (132)
Salicylates
Acetylsalieylic acid kol vMpyg A (Ao el e fowchovo ko dome b (3450, 58)
. B-Cyclopentylpropionylsalicylic ks + ks[OH 7])/s~
acid
Trimethylacetylsalicylic acid where by = k' + A&7 f (50, 58)
Diethylacetylsalieylic acid [CLIIOILL /[HOTH ]

DOCKET

A R M Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




