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Summary 

(X-988 ([R-c R *, R *)]-4-[[2-[[3-(1H-indol-3-yl)-2-methyl-l-oxo-2-[[(tri~clo[3.3.l.l3~7]dec-2-ylo~~arbonyl]amino]propyl]amino]-l- 
phenylethyllaminol-4-oxobutanoic acid) is a selective, ‘dipeptoid’, cholecystokinin B receptor antagonist. To further investigate its 
mechanisms of degradation (i.e., apparent carboxyl-assisted amide-bond cleavage in acidic pH and hydroxide-ion catalyzed 
hydantoin formation in basic pH (Kearney et al., Pharm. Rex, 9 (1992) 1095-1098), the kinetics of decomposition of three 
analogues of CI-988, differing only in the structure of the oxobutanoic acid side chain, were studied as a function of pH: I, 
[R-~R*,R*)]-2-[[[2-[[3-~1H-indol-3-yl)-2-methyl-l-oxo-2-[[~tricyclo[3.3.l.l3~7]dec-2-ylo~)carbonyl]amino]propyl]amino]-l-phenyl- 
ethyl]amino]carbonyl]benzoic acid); II, [R-(R*,R*)]-5-[[2-[[3-(1H-indol-3-yl)-2-methyl-l-oxo-2-[[(tricyclo[3.3.l.l3~7]dec-2- 
yloxy)carbonyl]amino]propyl]amino]-l-phenylethyl]amino]-5-oxopentanoic acid); and III, [ R-(R*,R*)]-[2-[(2-amino-2- 
phenylethyl)amino]-1-(1H-indol-3-ylmethyl)-1-methyl-2-oxoethyl]carbamic acid tricyclo[3.3.1.13*‘]dec-2-yl ester. Alterations to this 
oxobutanoic acid side chain had little to no effect on the hydroxide-ion catalyzed pathway supporting a common degradation 
mechanism for all of the compounds. One exception was when III had a positive charge on the terminal amino; the cationic species 
degraded about 250-times faster than (X-988, I, II, or the corresponding neutral species of III. Alterations to the side chain had a 
dramatic effect on the carboxyl-assisted pathway: I degraded about lOO-times faster than CI-988 via an entropically driven reaction, 
whereas II degraded about 17-times slower than CI-988 (although a different degradation mechanism(s) was involved). As 
expected, these latter results indicate that the rate of intramolecular reaction between the carboxyl and amide groups depends on 
the flexibility and length of the intervening carbon chain. 

Introduction 

Cholecystokinin (CCK)-specific receptors rep- 
resent novel chemotherapeutic targets (Nadzan 

Correspondence to: AS. Kearney, Department of Pharmaceu- 
tics, Warner-Lambert Co., 170 Tabor Road, Morris Plains, NJ 
07950, U.S.A. 

and Kerwin, 1991). CI-988 ([R-(R*,R*)]-4-[[2-[[3- 
(lH-indol-3-yl)-2-methyl-l-oxo-2-[[(tri~clo[3.3.1. 
13~7]dec-2-yloxy)carbonyl]aminolpropyl]amino]-1- 
phenylethyllaminol-4-oxobutanoic acid) is a ‘di- 
peptoid’ antagonist which is highly selective for 
the CCK-B receptors that are widely distributed 
throughout the brain (Horwell et al., 1990). It 
produces anxiolytic effects in rodent and primate 
models of anxiety and is a potent, orally active, 
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and non-sedating anxiolytic in mice. Also, it lacks 
withdrawal anxiogenesis following cessation of 
treatment and produces an anxiolytic effect in 
diazepam-tolerant mice (Hughes et al., 1990). 

Previously, CI-988 was postulated to degrade 
by two intramolecular mechanisms which affected 
two different parts of the molecule: carboxyl-as- 
sisted amide-bond cleavage in acidic pH and hy- 
droxide-ion catalyzed hydantoin formation in ba- 
sic pH (Kearney et al., 1992). In the present 
study, the kinetics of degradation, as a function 
of pH, of three analogues of CI-988, differing 
only in the structure of the oxobutanoic acid side 
chain (the reactive moiety in acidic pH), were 
investigated and compared. An analogue ap- 
proach was chosen to allow us to further probe 
the degradation mechanisms while maintaining a 
fixed structural nucleus and also to provide a 
knowledge base to aid in evaluating the reactivity 
of potential back-up candidates from this series 
of compounds. 

Materials and Methods 

Materials 
CI-988; the phthalamic acid analogue (I; [R- 

(R*, R*)]-2-[[[2-[[3-(1H-indol-3-yl)-2-methyl-l-ox- 
o-2-[[(tricyclo[3.3.1.13~7]dec-2-yloxy)carbonyl]ami- 
no]propyl]amino]-l-phenylethyl]amino]carbonyl]- 
benzoic acid); the pentanoic acid analogue (II; 
[ R-(R*,R*)]-5-[[2-[[3-(lH-indol-3-yl)-2-methyl-l- 
oxo-2-[[(tricyclo[3.3.l.l3~7]dec-2-ylo~)carbonyl]a- 
mino]propyl]amino]-1-phenylethyl]amino]-5-oxo- 
pen-tanoic acid); and the analogue devoid of the 
oxobutanoic acid side chain (III; [R-CR *, R * )I-[i- 
[(2-amino-2-phenylethyl)amino]-l-(1H-indol-3-yl- 
methyl)-1-methyl-2-oxoethyllcarbamic acid tricy- 
clo[3.3.1.13~7]dec-2-yl ester) were synthesized at 
Parke-Davis Research Unit in Cambridge, U.K. 
All other chemicals were of reagent or analytical 
grade, and the water was distilled and deionized. 

Analytical methods 
The pH measurements were performed with 

an Accumet pH meter 925 using two-point stand 
dardization at the temperature of interest. The 
HPLC analyses were performed on an HP 1090 

COMPOUND R - 
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HN 
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HO 
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I I 
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Liquid Chromatograph equipped with a diode- 
array detector operating at a fixed wavelength of 
220 nm. The column was a Supelcosil LC-CN (4.6 
mm X 25 cm) 5 pm column. The mobile phase 
was a 50:50 mixture of acetonitrile: 25 mM 
NaH,PO, in water. The injection volume was 20 
~1, and the eluent flow rate was 1.5 ml/min. 

Kinetic methods 
The kinetics of degradation of dilute aqueous 

solutions of I-III (- 1.5 x lop5 M) were deter- 
mined as a function of pH at 80°C and a fixed 
ionic strength of 0.5 M (with NaCl). When buffers 
were used, the kinetics were performed at a buffer 
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concentration of 50 mM. Kinetic experiments 
were initiated by adding 0.10 ml of a methanolic 
stock solution of a given analogue to lo-ml volu- 
metric flasks containing reaction solutions which 
were temperature equilibrated in a circulating- 
water bath. For the degradation of II and III in 
acetate buffers, l-ml aliquots of the reaction mix- 
tures containing drug were flame-sealed in glass 
ampules and placed in a temperature-controlled 
oven. (This was done to prevent evaporation that 
may occur with the volumetric flask method, since 
a longer time period was required to reach two 
half-lives.) 

At appropriate time intervals, 400~~1 aliquots 
were withdrawn from the volumetric flasks, 
quenched in an ice-water bath, and assayed for I, 
II, or III, and for degradants by HPLC. For the 
samples sealed in ampules, ampules were periodi- 
cally removed from the oven, quenched in an 
ice-water bath, and frozen until all samples were 
ready to be analyzed by HPLC. The pH of the 
reaction mixtures were measured at the tempera- 
ture of the study and at the end of each kinetic 
run. 

For CI-988 and I, the solvent-deuterium iso- 
tope effects for the k, pathway were determined 
by following the degradation kinetics in deu- 
terium oxide under the conditions described 
above. The reaction mixtures were 2.5 and 50 mM 
HCI in deuterium oxide, and the pD was deter- 
mined at 80°C by adding a factor of 0.4 to the pH 

0.000 1 

values (Glasoe and Long, 1960). Also, for CI-988 
and I, the apparent activation parameters for the 
k, pathway were determined by following the 
degradation in 10, 25 and 50 mM HCl at 60, 70 
and 80°C for CI-988 and at 50, 60, 70 and 80°C 
for I. 

The observed rate constants, kobs, were ob- 
tained by following the disappearance of the peak 
area of I, II, or III for at least two half-lives by 
HPLC. The rate constants comprising kobs (i.e., 
k,, k,, and/or k,,) were generated by an un- 
weighted, non-linear, least-squares regression of 
an appropriate equation and the experimental 
data using PCNONLIN@ (SCI, Lexington, KY) 
and the Nelder-Mead simplex algorithm. 

Results and Discussion 

Examination of the pH-rate profiles 
The kinetics of degradation of dilute aqueous 

solutions of I-III were studied as a function of 
pH at 80°C and p = 0.5 M (with NaCI) by HPLC. 
When buffers were employed, a single buffer 
concentration of 50 mM was used because the 
degradation kinetics of CI-988, where similar 
degradation mechanisms were expected, were 
buffer independent (Kearney et al., 1992). The 
kinetics under all conditions were well described 
as first-order processes. Fig. 1 shows the depend- 
ence of the degradation rate constants, kobs, on 
the pH for I-III, and CI-988. All profiles dis- 
played an ascending region, having a slope of 
about unity, in basic pH, consistent with the 
involvement of a hydroxide-ion catalyzed path- 
way. 

Over the pH range investigated, an expression, 
relating the observed first-order rate constant to 
the hydrogen-ion activity, can be derived for CI- 
988 and I: 

k obs = k,a, •t ko,K,s 
aH 

(1) 

PH 

Fig. 1. pH-rate profiles for the degradation of U-988 (01, I 

(o), II ( q ), and III ( n ) at 80°C and /1. = 0.5 M (with NaCI). 

The lines are the theoretical profiles generated with the rate 

constants from Table 1. 

where aH is the hydrogen-ion activity, K, de- 
notes the ionization constant of the terminal car- 
boxy1 group, K, is the ion product of water, k, 
represents the rate constant for spontaneous 
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degradation of the free acid, and k,, is the rate 
constant for the specific-base catalyzed degrada- 
tion of the anion. 

For II, an additional kinetic term is needed in 
Eqn 1 to adequately describe the profile; a term 
representing specific-acid catalyzed hydrolysis of 
the free acid (i.e., k,a,f,, where k, is the 
specific-acid catalyzed rate constant and fHA is 
the fraction of II existing in the free acid form) 
was incorporated into Eqn 1. 

For III, where the compound is now a base 
instead of an acid, a different expression, relating 
the observed first-order rate constant to the hy- 
drogen-ion activity, is needed: 

+ k& 

where k& and k& are the rate constants for 
the specific-base catalyzed degradation of the 
neutral and cationic species of III, respectively. 
(The k& term is kinetically equivalent to water- 
catalyzed or spontaneous degradation of the neu- 
tral species.) 

Table 1 shows the mechanistically important 
rate constants which were generated from curve 

TABLE 1 

The rate constants for the two distinct reaction pathways and 

the apparent ionization constants for Cl-988 and its analogs at 

80°C and p = 0.5 h4 (with NaCl) a 

Corn- k, (h-l) 

pound 
ko, 
(M-t h-i) K’ 

CI-988 5.43 (f0.66)xlOV’ 1700 (+3) 6.30~10~’ 

I 5.62 ( + 0.05) 1560 (* 16) 8.19x IO-’ 

II b 3.16 (+16.6)~10-~’ 1700 (k3) 6.30 x 10m5 d 

III - 1640 (k3) e 3.38x lo-’ 

a The values in parentheses are the standard errors. 

b The rate constant for specific-acid catalysis of the neutral 

species of II, k,+, is 1.08(+7.01)~10~’ Mm’ hh’. 

’ The degradation mechanism is no longer carboxyl-assisted 

amide bond cleavage. 
d This value is set equal to the K, found for CI-988 to aid in 

the curve fitting, since an additional kinetic term (i.e., k,) is 

required to describe the pH-rate profile. 

e Represents hydroxide-ion catalyzed degradation of the neu- 

tral species of III and is denoted by k& in Eqn 2. The 
comparable rate constant for the cationic species, k&, is 

4.24(+0.35)x105 M-’ h-‘. 

fitting the experimental data to the correspond- 
ing kinetic expressions. For II, the K, was set 
equal to the kinetically generated K, for CI-988 
to aid the curve-fitting process, since an addi- 
tional kinetic term was involved. It was assumed 
that addition of a methylene unit to the side 
chain (i.e., the structural difference between II 
and CI-988) would have minimal effects on the 
pK, as seen with simple alkyl carboxylic acids 
(March, 1985). 

Predominant mechanisms of degradation 
For the k, pathway for CI-988 and I and for 

the k, pathway for II, the predominant degrada- 
tion reaction was consistent with intramolecular, 
carboxyl-facilitated, amide-bond cleavage. This 
was substantiated by comparison of UV spectra 
and co-elution on HPLC of an authentic sample 
of the product (i.e., III). For III, which is inca- 
pable of reacting by this pathway due to the 
absence of the oxobutanoic acid side chain, the 
k, value was not determined; however, the posi- 
tive divergence of the experimental data from the 
theoretical line at pH < 5 (see Fig. 11 suggests the 
involvement of a pathway involving water-cata- 
lyzed or spontaneous degradation of the cationic 
species. (Attempts to fit the existing data with 
this additional kinetic term failed.) Lastly, for II, 
the k, pathway was inconsistent with the above 
mechanism due to the appearance of two differ- 
ent primary products; one of which appeared to 
be the product observed for the k,, pathway. 

A suitable mechanism for the k, pathway of 
CI-988 and I is shown in Scheme 1 (Bender et al., 
1958; Kirby and Fersht, 1971) where a pre-equi- 
librium transfer of the carboxyl proton to the 
amide group is followed by ring closure to a 
neutral tetrahedral intermediate. An ensuing pro- 
ton transfer step results in the formation of a 
zwitterionic tetrahedral intermediate which al- 
lows for the more facile expulsion of the amino 
leaving group and formation of succinic anhy- 
dride. The rate-determining step probably in- 
volves breakdown of the tetrahedral intermediate 
as was found for the mechanistically comparable 
N-methylmaleamic acid (Kirby and Lancaster, 
1972) and N-phenylphthalamic acids (Hawkins, 
1976; Blackburn et al., 1977). 



RNH, + CI~ - RH2:$ 

0 0 
Scheme 1. Proposed scheme for the degradation via the k, 
pathway where R represents the remainder of the U-988 or I 
molecule. (The scheme depicts the reaction involving CI-988.) 

For the k,, pathway, the predominant degra- 
dation reaction was consistent with intramolecu- 
lar cyclization to a hydantoin product with expul- 
sion of 2-adamantanol. This reaction was sup- 
ported by the occurrence of hydantoin formation, 
in basic aqueous-methanolic solutions, of another 
CI-988 analogue (i.e., compound III devoid of the 
terminal amine) (Horwell et al., 1991). The com- 
parable k,, values (Table 1) for all of the com- 
pounds supports a common degradation mecha- 
nism. For III, the comparable rate constant was 
for the pathway involving hydroxide-ion catalyzed 
degradation of the neutral species. A suitable 
mechanism, involving specific-base catalysis and 
the formation and breakdown of a tetrahedral 
intermediate with concomitant expulsion of 2- 
adamantanol, is shown in Scheme 2. It is consis- 
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tent with the finding that nucleophilic catalysis by 
amide groups usually occurs by a mechanism in- 
volving hydroxide-ion-catalyzed deprotonation of 
the amide nitrogen (Jencks, 1987). 

Comparison of the reactivities of CZ-988 and the 
analogues 

The rate constants shown in Table 1 reveal 
that structural changes to or removal of the 
oxobutanoic acid side chain have a dramatic ef- 
fect on the k, terms but have little to no effect 
on the k,, terms (or the k& term for III). This 
strengthens the assertion that there are two dis- 
tinct reactive sites in the molecule and that the 
reactive site in acidic media involves the oxobu- 
tanoic acid side chain. Also, it suggests that these 
two sites are far enough removed so as not to 
influence one another to any great extent. 

Comparing the rate constants for the k, pathway 
With the mechanism proposed for the k, 

pathway (Scheme 0, changes in the structure are 
most likely to affect reactivity by altering the 
equilibrium constant for the ring-closure step 
rather than the rate constant for the rate-de- 
termining step (Kirby and Fersht, 1971), which is 
probably breakdown of the tetrahedral intermedi- 
ate. This concept is an extremely important one 
since it is easy to lose sight of the fact that 
reaction steps preceding the rate-determining step 
contribute to the kinetics and thermodynamic 
quantities associated with a given reaction. 

0 
-OH 

0 

R CH, 

+ 

0 
HN 

+ Ad-OH + -OH 

NR, 
0 

& 

Scheme 2. Proposed scheme for degradation via the hydroxide-ion catalyzed pathway where Ad is adamantane and R and R, 
represent the remainder of the CI-988 or analogue molecule. 
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Fig. 2. The Eyring plots of the k, pathway for the degradation 

of CI-988 (0) and I ( n ) at F = 0.5 M (with NaCI). 

I was found to degrade about lOO-times faster 
than CI-988 via the k, pathway. The Eyring plots 
for I and CI-988 are shown in Fig. 2. A compari- 
son of the apparent activation parameters for 
both compounds (Table 2) reveals that this rate 
enhancement observed for I is entropically (AS*) 
driven. (The enthalpies of activation, AHS, actu- 
ally favor the opposite trend.) For I, which is 
more rigidly fixed in a favorable conformation for 
ring closure, there is a higher probability of pro- 
ceeding on to the ring-closed intermediate. Simi- 
lar effects of steric factors on ASS have been 
seen with the degradation of 3- and 3,3’-alkyl 
substituted glutarate monoesters, monoesters of 
dicarboxylic acid which degrade via a comparable 
ring-closed intermediate (Bruice and Bradbury, 
1968). 

A comparison of the solvent-deuterium iso- 
tope effects (SIE) for the k, pathway for CI-988 

TABLE 2 

Apparent activation parameters and the soloent-deuterium iso- 
tope effects for the k, pathway for Cl-988 and I 

Compound AH’ (kcal/mol) a AS* (eu) b k,/k,’ 

CI-988 20.6 + 3.7 - 22.1 0.8 
I 24.8 + 2.0 - 1.3 0.8 

a The error limits are standard errors. 

’ Calculated at 30°C. 

’ This is the ratio of the k, values determined in water to 
those determined in deuterium oxide. The k, values are 

6.68~ lo-* and 7.38 h-’ for CI-988 and I, respectively. 

and I (Table 2) shows that both pathways have 
comparable inverse SIE, and these values are 
similar to that found for the degradation of ph- 
thalamic acid (Bender, 1957). This finding is con- 
sistent with a common degradation mechanism 
(Scheme 11, with proton transfer steps occurring 
before the rate-determining step, and, hence, with 
the absence of general acid-base catalysis by the 
buffer species. 

In contrast to I, II was found to degrade about 
17-times slower than CI-988 via the k, pathway. 
As mentioned previously, the predominant mech- 
anism of degradation was no longer carboxyl-as- 
sisted amide-bond cleavage (although this path- 
way predominated in the specific-acid catalyzed 
region of the profile). There appeared to be two 
other predominant mechanisms of degradation, 
one of which appeared to be hydantoin forma- 
tion. 

Since the rate constants can be thought of as 
proportionality constants for the associated 
degradation pathways and since none of the 
amide-cleaved product was formed over the time 
frame studied, the rate constant for the carboxyl- 
assisted amide-cleavage pathway for II must be 
significantly less than the value shown in Table 1. 
This finding also means that the formation of a 
five-membered ring (as seen with CI-988) is more 
energetically favorable than the formation of a 
six-membered ring (which would be formed with 
II). This is consistent with what has been ob- 
served for monophenyl succinates and glutarates 
where the succinate esters (structurally similar to 
CI-988) degraded between 120- and 230-times 
faster than the corresponding glutarate esters 
(structurally similar to II) (Bruice and Pandit, 
1960; Gaetjens and Morawetz, 19601. 

Since III is devoid of the oxobutanoic acid side 
chain, it is not subject to the degradation pathway 
involving this moiety and attributed to the other 
analogues. 

Comparing the rate constants for the k,, pathway 
Alterations to the oxobutanoic acid side chain 

had little to no effect on the rate constants for 
the k,, pathway (Table l), supporting a common 
mechanism of degradation for all of the com- 
pounds. 
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Differences, seen with anionic species of CI- 
988, I, and II, in the positions of the negative 
charge associated with the terminal carboxyl 
group or the lack of charge seen with the neutral 
species of III had little to no effect on the rate of 
hydantoin formation. In contrast, the presence of 
a positive charge seen with the cationic species of 
III had a dramatic effect on the rate of hydantoin 
formation; the cation degraded about 250-times 
more rapidly than the neutral species via the ko, 
pathway. The formation of the cationic species 
also resulted in III degrading more rapidly than 
CI-988 in the pH range of 5-9. This enhanced 
reactivity might be due to stabilization, by the 
positive charge, of negative charge build-up in the 
transition state of the rate-determining step 
and/or due to the protonated amine acting as an 
intramolecular general-acid catalyst. 

portion of the molecule involved in hydantoin 
formation remained intact. However, III is more 
reactive than CI-988 over the pH range of 5-9. 
This might be due to the formation of the cationic 
form of III where development of the positive 
charge might stabihze, via an electrostatic inter- 
action or proton donation, the transition state of 
the rate-limiting step for hydantoin formation. 

As drugs become more complex and peptide- 
like, where electrophilic and nucleophilic groups 
are placed in close proximity, the occurrence of 
intramolecular degradation reactions should be- 
come more prevalent. Hence, a good understand- 
ing of these types of reactions and the effects of 
structural changes on the rates of these reactions 
should aid in the selection of superior candidates, 
from a chemical reactivity standpoint, within a 
given series. 
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