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Abstract 

The rates of hydrolysis of RG 14620, a tyrphostin, have been determined at pH values between 1 and 10. The log 
k-pH profile shows the rate of the hydrolysis is proportional to the concentration of hydroxide ion above pH 5. In 
the acidic pH region, the profile shows a curve with a maximum between pH 2 and 3. The presence of a m~imum 
has been interpreted in terms of a change from the rate-determining formation of a tetrahedral addition 
intermediate on the basic side of the maximum to the rate-determining cleavage of the intermediate on the acidic 
side. This interpretation is supported by the observations that the reaction is catalyzed by chloroacetate buffer at pH 
3.2 and that the catalytic constants for the buffer decrease with an increasing buffer concentration at pH values in 
the range of 2.26-2.79. The non-linearity is due to the uncatalyzed cleavage of the intermediate which becomes 
partially rate-determining at higher buffer concentrations. The effect of variation in the polar nature of phenyl 
substituents at the p-carbon atom of the tyrphostin is in accord with the hydrolysis mechanism. 
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1. Int~du~tion 

A series of synthetic compounds called tyr- 
phostins are tyrosine kinase inhibitors which in- 
hibit the kinase activity of the epidermal growth 
factor receptor in vitro (Lyall et al., 1989). One of 
the tyrphostins, RG 14620 (Z)-Z-(3-pyridyl)-3- 
(3,5-dichlorophenyl)-2-propenitrile (I)) is being 
developed for the treatment of psoriasis. 

Carbon-carbon double bonds activated by elec- 
tron-withdrawing substituents are susceptible to 
nucleophilic attack by a variety of nucleophilic 
reagents on the positively polarized p-carbon 
atom of the double bond (Patai and Rappoport, 
1962). A tyrphostin contains a carbon-carbon 
double bond activated at the P-carbon atom 
by an electron-withdrawing cyano substituent 

(Scheme 1). The double bond undergoes hydra- 
tion and subsequent bond cleavage that leads to 
an aldehyde and a methylene compound. Interest 
in the chemical reactivity of tyrphostins in aque- 
ous solution has led to an examination of the rate 
and possible mechanism of the hydrolysis and the 
effect of structural variation upon the hydrolysis 
rate. 

2. Materials and methods 

RG 14620 (I) was synthesized and supplied by 
the Process Research and Development Depart- 
ment of Rhane-Poulenc Rorer Central Research 
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and used as received. The other tyrphostins (II- 
IV; Scheme 1) were prepared by reacting 3-pyri- 
dyl acetonitrile with appropriate aldehydes (be- 
nzaldehyde, p-anisaldehyde, or p-nitrobenzalde- 
hyde) as described for II below. The chemicals 
were purchased from Aldrich Chemical (Milwau- 
kee, WI). 

To a solution of benzaldehyde (10 mmol, 1.06 
g) in 5 ml of methanol was added 3-pyridyl ace- 

tonitrile (10 mmol, 1.18 g). Anhydrous sodium 
carbonate (100 mg) was added to the solution. 
The mixture was stirred at room temperature for 
20 h and then filtered. The filtrate was evapo- 
rated under reduced pressure. The residue ob- 
tained was recrystallized twice from 50% metha- 
nol in water. A needle-like white crystalline ma- 
terial was obtained. The material was dried at 
60°C under vacuum for 2 h. 

The ‘H-NMR and mass spectra of the com- 
pounds were consistent with their structures. 
HPLC analysis at a detection wavelength of 254 
nm revealed II and IV to be free from impurities. 
Compound III contained approx. 2% of an impu- 
rity as determined by HPLC. Elemental analysis 
results of the compounds are listed in Table 1. 

2.2. HPLC analysis 

A reversed-phase HPLC procedure was used 
for the quantitative determination of I. The chro- 
matography system consisted of a pump (Perkin 
Elmer 4101, an automatic injector (Perkin Elmer 
ISS 1001, a diode array detector (Perkin Elmer 
480), and a networking computer system (Waters 
860). The HPLC method employed a 250 X 4.6 
mm i.d. 5 pm particle size, octyl-bonded silica 
stationary phase column which is sterically pro- 
tected (Zorbax Rx-C81 and a mobile phase 
consisting of acetonitrile : water : acetic acid 
(600: 400: 1 v/v). The flow rate was 1.5 ml/min 
and the detector wavelength for UV absorbance 
detection was 306 nm. 

Table 1 
Analytical data of the synthesized tyrphostins 

Compound Melting Formula 

point PC) 

Analysis (%) 

Calculated Found 

II 102-103 C,,H ,oN, C 81.53 81.39 
H 4.89 4.75 
N 13.58 13.58 

III 149-151 G&N,& C 66.93 66.42 
H 3.61 3.53 
N 16.73 16.07 

IV 114-11s C+,,N,O, 0.5 H,O C 73.45 74.55 
H 5.34 4.96 
N 11.42 11.42 



C.M. Won /International Journal of Pharmaceutics 104 (1994) 29-40 31 

For the analysis of the other tyrphostins, II-IV, 
a 250 x 4.6 mm i.d. 5 pm particle size, cyano- 
bonded silica stationary phase column (Zorbax 
CN) and a mobile phase consisting of acetoni- 
trile : water : acetic acid (450 : 550 : 1 v/v) were 
used. The detection wavelengths for II, III, and 
IV were 309, 327, and 337 nm, respectively. 

2.3. Kinetic method 

Stock solutions of I-IV (100 pg/mll in ace- 
tonitrile as well as buffers (0.2 M) in water were 
prepared. An aliquot (0.5 ml) of the tyrphostin 
stock solution, an appropriate amount of hydro- 
chloric acid (pH l.l-2.0), chloroacetate (pH 2.2- 
3.2), acetate (pH 3.9-5.1), phosphate (pH 6.1- 
7.31, borate (pH 8.3-9.7), or carbonate (pH 9.4- 
9.9) buffer stock solution and an appropriate 
amount of 1 M NaCl to maintain an ionic strength 
of 0.1 were transferred into a lOO-ml volumetric 
flask and filled to volume with water. A low 
buffer concentration of 0.02 M was used to mini- 
mize possible general acid-base catalysis by the 
buffer species. The pH values of the buffer solu- 
tions were measured at the reaction temperature 
with a pH meter standardized at the same tem- 
perature. The pH values of HCI solutions at the 
reaction temperature were calculated from activ- 
ity coefficients extrapolated from literature data 
(Harned and Owen, 1958). The reaction flask was 
kept in a constant-temperature water bath at 
80°C ( f 0.5”C). Samples were taken at appropri- 
ate time intervals and an aliquot (150 ~1) of the 
sample was analyzed by HPLC. The compounds 
are sensitive to photoisomerization and the solu- 
tions were protected from light throughout the 
experiment. 

2.4. Determination of pK, 

The low solubility of I in water necessitated 
the use of the solubility method (Albert and 
Serjeant, 1971) for the determination of the ion- 
ization constant. The equilibrium solubility of I 
was measured in chloroacetate (pH 3.0-3.51, ac- 
etate (pH 4.1-5.2) or phosphate (pH 6.0-6.7) 
buffer solution at room temperature. All buffer 
solutions were prepared to have an ionic strength 

of 0.1. The solubilities measured at various pH 
values were: pH, solubility (pg/ml); 6.71, 0.34; 
6.07, 0.35; 5.21, 0.32; 4.73, 0.38; 4.43, 0.44; 4.10, 
0.52; 3.48, 0.98; and 3.00, 2.20. The solubility of I 
is independent of pH above 4 and increases with 
decreasing pH below 4 indicating the ionization 
of I. The estimated pK, from the solubility data 
is 3.80. 

3. Results and discussion 

Using the HPLC conditions described previ- 
ously, the tyrphostins were separated from the 
hydrolysis products and isomers. The two degra- 
dation products, the aldehyde and methylene 
compound (Scheme 2), are also the precursors in 
the synthesis of I. At high concentrations of I, the 
reaction is reversible. At low concentrations as in 
this study, the probability of the molecules of the 
two degradates colliding to produce I is minimal 
and the reaction appears to be essentially irre- 
versible. The hydrolytic degradation reaction 
obeyed first-order kinetics through two or more 
half-lives. 

In chloroacetate buffer solutions, the first- 
order plots for the degradation of II and IV were 
found to be biphasic showing a rapid initial de- 
crease in the peak area of the substrates followed 
by a slower second phase. The HPLC chro- 
matogram showed that the rapid decrease in the 
peak area was accompanied by a rapid increase in 
the peak area of the corresponding cis-isomers 
which was followed by a slower production of the 
hydrolysis products. 

The compounds II and IV undergo c&-tram 
isomerization in the presence of nucleophiles 
concurrent with hydrolysis. The positively polar- 
ized P-carbon atom of the double bond is at- 
tacked by a nucleophile resulting in the formation 
of a carbanion. The cis-tram isomerization occurs 
readily because it involves only an inversion of 
the configuration in the carbanion. Its subsequent 
elimination of the nucleophile from the carban- 
ion permits the isomerization of the compounds. 
The isomerization was found to be significantly 
catalyzed by general bases such as chloroacetate 
ion. General bases can attack the double bond 
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introduced into the rate constants by neglecting 
buffer catalysis under the conditions of these 
experiments (0.02 M buffer concentration) is 
about 5%. 

In neutral and alkaline pH regions (pH > 5), 
the log k-pH plot is linear with a slope of unity 
indicating specific hydroxide-ion catalysis (Fig. 1). 
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Under more acidic conditions (pH 3-5), in which 
the substrate is partly converted to its conjugate 
acid, the hydrolysis rate increases with increasing 
acidity. In this pH region, a water attack on the 
protonated substrate must become the predomi- 
nant reaction path. Under conditions in which 
the substrate is completely converted to its conju- 

Fig. 1. Logarithm of the first-order rate constants for the hydrolysis of tyrphostins as a function of pH at 8O.O”C. Ionic strength 
maintained at 0.1 by the addition of NaCl. I (o), II CO), III (0) and IV (A). The solid lines were calculated by substituting the 

constants in Table 2 into Eq. 2 or 6. 
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gate acid, the hydrolysis rate becomes independ- 
ent of pH reflecting the rate of the water attack 
on the fully protonated substrate. At pH values 
below 2, the hydrolysis rate decreases with in- 
creasing acidity and eventually becomes first- 
order with respect to the hydroxide-ion activity. 

The decrease in the rates of many hydrolytic 
reactions such as amide hydrolysis in strongly 
acidic solutions (pH below 1) has frequently been 
explained on the basis of a decrease in the activ- 

34.- 

x2-- 

28.- 

26.- 

24-- 

ity of water, which acts as both nucleophilic and 
proton transfer agent (Bruice and Benkovic, 
1966). With tyrphostins, the rate decrease occurs 
in acidities where the activity of water is still 
nearly unity and, therefore, an interpretation in 
terms of decreasing water activity is difficult. In 
order to account for the rate decrease with in- 
creasing acidity for the acidic side of the maxi- 
mum, it was necessary to postulate the existence 
of an unstable intermediate in the reaction path- 

Total Chloroacetate Buffer Concentration (M) 

Fig, 2. First-or&r rate constants at 8O.O”C for the hydrolysis of I in chloroacetate buffer as a function of total buffer concentration. 

pH 2.26 co), 2.43 co), 2.79 (A) and 3.24 (0). 
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way with the formation and decomposition of the 
intermediate having different sensitivities to hy- 
dronium ion. A possible mechanism for the hy- 
drolysis at pH below 5 is: 

S+H+= SH+ 
k, 

SH++ H,O + B = SHOH + HB 
4 

SHOH k, products 

where B and HB are general bases and their 
conjugate acids, respectively. In weakly acidic so- 
lutions, the k, step may be rate-determining. In 
solutions of sufficient acidity, an equilibrium will 
prevail in the first step resulting in the k, step 
becoming rate-determining. On chemical grounds, 
the tetrahedral addition compound (SHOH T) 
would most likely be the unstable intermediate 
(Scheme 2). 
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Fig. 3. Linear relationship between [H+l and l/k for the hydrolysis of I according to Eq. 4. 
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Application of the steady-state approximation 
to the deprotonated tetrahedral intermediate 
(SHOH) yields: 

k  = fSHW1 fsA Ck;[Bl 
k, + k, = k, + c k;[HB] 

(1) 

where k is the observed first-order rate constant, 
k; and k; are the catalytic rate constants of the 
different general bases and acids, respectively, 
and f is the fraction of the protonated substrate 
given by fSH = [H+]/([H+] + K,). 

In the absence of buffer catalysis, Eq. 1 re- 
duces to: 

fSHklk3 
k = k, + k,[H+] (2) 

where k, is the catalytic rate constant of H+. 
Between pH 1 and 2, [H+] z+=. K, and Eq. 2 

reduces to: 

k,k, 
k = k, + k,[H+] 

(3) 

When Eq. 3 is converted into its reciprocal 
form, Eq. 4 is obtained: 

1 uH+l + J_ -= 
k k,k, k, 

(4) 

Consequently, the values of k, and k,/k, 

were estimated to be 8.8 X low6 s-l and 3.0 X 

lo-’ M, respectively, from the intercept and slope 
of the linear relationship between [H+] and l/k 
for I (Fig. 3). 

Between pH 4 and 5, k,/k, z+ [H+] and Eq. 2 
reduces to: 

W--I+1 
k= [H+]+K, (5) 

Substituting the value of k, into Eq. 5, K, was 
estimated to be 7.0 X 10e4. Considering the tem- 
perature effect on the pK, of pyridines (Albert 
and Serjeant, 1970, the agreement between ki- 
netic and solubility pK, values is quite satisfac- 
tory. 

Table 2 

Rate constants for hydrolysis of tyrphostins at 80°C and ionic 

strength of 0.1 

k, (x 106) 

(s-l) 

k,/k, (x 103) 

(M) 

k; (x lo*) 

(s-l M-l) 

I 8.8 30 50 

II 4.6 3.8 7.7 

III 9.3 35 55 

IV 3.6 1.4 3.8 

At pH values above 6, the hydrolysis is the 
result of direct hydroxide ion attack on the free 
base: 

S + OH-+ H,O 2 products 

kk4 
k = k, = k;[OH-] = - 

w+1 
where ki is the catalytic rate constant for the 
hydroxide-ion attack on the unprotonated sub- 
strate. 

The logarithmic transformation of Eq. 6 yields: 

log k = log k; - pK, + pH (7) 

so that the slope of the log k-pH profile (Fig. 1) 
is equal to unity, and ki was estimated to be 
5.0 X 10-l s-l M-i from the plot. The best 
values of the rate constants for II-IV were ob- 
tained by fitting the observed rate constants to 
the rate equations and the values are presented 
in Table 2. The solid lines in Fig. 1 are theoreti- 
cal curves calculated from Eq. 1 or 6 using the 
constants. The theoretical curves show a good 
agreement with the observed data. 

On the basic side of the maximum in the log 
k-pH profile, the formation of the tetrahedral 
addition intermediate is rate-determining, while 
on the acidic side of the maximum the decompo- 
sition of the intermediate is rate-determining. 
Decomposition of the intermediate requires that 
the intermediate lose its proton to form the dipo- 
lar structure (SHOH) to obtain sufficient driving 
force for decomposition. Removing the proton 
from the oxygen atom of the intermediate be- 
comes progressively more difficult in acid solu- 
tions. When the rate of the decomposition be- 
comes, because of the difficulty, slower than the 
pH-independent rate of water attack on the pro- 
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tonated substrate, a change in rate-determining 
step occurs and the observed rate decreases with 
increasing acidity. Similar inte~retations of the 
log k-pH profiles have been presented for the 
hydrolysis of aliphatic Schiff bases (Cordes and 
Jencks, 1963; Koehler et al., 1964), 2-methyl- 
oxazoline (Martin and Parcell, 1961a; Martin et 
al., 1964) and 2-methylthiazoline (Martin and 
Parcell, 1961b). The considerable body of evi- 
dence which supports the postulated change in 
the rate-determining step with pH has been dis- 
cussed by Jencks (1964) and Martin (1964). 

The catalytic effect of hydroxide ion in neutral 
and alkaline pH regions is due to the greater 
nucleophilici~ of hydro~de ion relative to water 
towards the positively-polarized p-carbon atom. 

The hydrolysis of tyrphostins is catalyzed by 
chloroacetate buffer. Fig. 2 shows a plot of the 
observed first-order rate constant of the hydroly- 
sis of I vs total chloroacetate buffer concentration 
at four different pH values in the plateau region. 
The increase in catalysis with increasing pH re- 
flects the fact that the active catalytic species is 
chloroacetate ion. A significant aspect of the 
chloroacetate buffer catalysis is the non-linear 
dependence of the rate of hydrolysis upon the 
total buffer concentration at a fixed pH near the 
maximum. There is a sharp increase in the rate 
constant with increasing buffer concentration at 
low buffer concentrations, but as the buffer con- 
centration is increased, there is a break in the 
curves and the rate constant increase is reduced 
indicating less dependence on the buffer concen- 
tration. The rate constant eventually levels off 
and tends to become independent of the buffer 
concentration at high buffer concentrations. The 
tendency of the reaction rate to reach a limiting 
value at a high buffer concentration is seen at all 
pH values except at pH 3.24, although it is most 
pronounced at the lowest pH 2.26. 

Since no self-association of the buffer system is 
expected at these concentrations in aqueous solu- 
tions, the non-linear variation of rate with an 
increasing buffer concentration cannot be ac- 
counted for by a one-step mechanism and is 
evidence for a change in the rate-determining 
step of a reaction with increasing buffer concen- 
tration (Jencks, 1969). The formation of the inter- 

mediate is rate-determining at low buffer concen- 
trations. The buffer has supplied sufficient cataly- 
sis at high buffer concentrations causing the rate 
of the formation step to become so fast that the 
breakdown step becomes rate-determining. Addi- 
tional buffer is ineffective in catalyzing the hydro- 
lytic reaction when the rate of carbon-carbon 
bond cleavage, which is not subject to buffer 
catalysis, becomes rate-determining. The ob- 
served rate then approaches the rate of the car- 
bon-carbon bond cleavage step. The role of the 
buffer catalyst would presumably be to aid the 
removal of a proton from an attacking water 
molecule. 

On the basic side of the m~imum where the 
tetrahedral intermediate formation is rate-de- 
termining, the tyrphostin hydrolysis is general 
base catalyzed as described above. At low buffer 
concentrations where k, Z+ Zk;[HB] and forma- 
tion of the tetrahedral intermediate is rate-de- 
termining, Eq. 1 reduces to: 

k =.&&WEB1 

=fs&o +km[OW +k,[W) (8) 
where k,, kOH, and k,, are the catalytic rate 
constants for water, hydroxide ion, and chloroac- 
etate ion (CA) attack on the protonated sub- 
strate, respectively. From the linear relationship 
between the observed first-order rate constant 
and the chloroacetate ion concentration at pH 
3.24, a slope of 4.8 X 10s4 se1 M-’ was ob- 
tained. When the value was divided by the frac- 
tion of the substrate in the protonated form at 
the pH, 1.0 X 10V3 s-l M-’ was obtained for the 
catalytic constant (kc,) for chloroacetate ion. A 
nearly identical k,, value (9.8 x 10m4 s-’ M-‘1 
was obtained when the constant was calculated 
from the slope of the initial straight line portion 
of the curve at pH 2.79. Substituting the k, 
value in Eq. 8 at the two different pH values of 
2.79 and 3.24, the k, and k,, values were calcu- 
lated to be 4.2 X 10m6 s-l and 1.1 x lo4 s-l 
M-‘, respectively. A logarithmic plot of the cat- 
alytic constants (k,) for the catalysis by water, 
chloroacetate, and hydroxide ions vs the pK, for 
the conjugate acids yielded a slope (p) of approx. 
0.6, which is a measure of the sensitivity of the 
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reaction to the base strength of general base 
catalysis. The relationship is defined by the 
Bronsted equation: 

log k, = log G, + P(PK,) (9) 

where G, is a constant for this particular reac- 
tion. It should be noted that the three divergent 

general bases fit a single plot. The satisfactory fit 
of the point for water suggests that water reacts 
as a general base just like the other bases. 

At sufficiently high buffer concentrations, an 
equilibrium exists between the reactant and the 
tetrahedral addition intermediate so that decom- 
position of the latter is rate-determining. The 

Fig. 4. Dependence of the logarithm of the calculated catalytic and first-order rate constants at three different pH values for the 

hydrolysis of tyrphostins upon the substituent constants. k, cm), k,/k, CM), k; (A) and k at PH 1 (01, 4 co), and 8 (A ). The 

first-order rate constants (k) at the pH values were calculated using Eq. 2 or 6. 
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equilibrium constant, Ks, = [SHOH][H+]/ 
[SH+], is related to rate constants (Bell, 1959) as: 

k, [SHOHI KS” 
k,= [SH+] =- w+1 (10) 

At high chloroacetate concentrations, k, = 

Zk;[HB] > k, and Eq. 1 reduces to: 

k = fSHk&SH 
w+1 (11) 

Eq. 11 is consistent with the pH dependence 
of the plateau at high buffer concentrations. At 
constant pH, k approaches a constant value 
asymptotically as the buffer concentration in- 
creases and the rate-determining step changes to 
breakdown of the tetrahedral intermediate. Ac- 
cording to Eq. 11, plateau values of k vs total 
chloroacetate buffer concentration plots when di- 
vided by the fraction of the substrate in proto- 
nated form and multiplied by [H+] should yield a 
constant value corresponding to k, K,,. 

Substituting k, = k,[H+] into Eq. 10, 

Ks, = k,/k, (12) 

Consequently, the k, K,, value is a product of 
k, and k&u, and was calculated to be 3.7 x 

lo-’ SK’ M. Since the concentration of chloro- 
acetic acid increases with increasing total chloro- 
acetate buffer concentration, once k, in Eq. 1 
exceeds k,, a plateau is observed and Eq. 11 
applies. 

The rate constant for the hydrolysis of tyr- 
phostins exhibits a dependence upon the nature 
of the substituents. Tyrphostins possessing elec- 
tron-withdrawing substituents on the phenyl 
group bound to the P-carbon atom increase the 
rate of hydrolysis while those possessing an elec- 
tron-donating substituent decrease it. It would be 
expected that electron-withdrawing substituents 
would increase the carbonium ion character of 
the P-carbon giving rise to a positive value of 
Hammett’s reaction constant (p) in accordance 
with the proposed mechanism of the nucleophilic 
attack. The p values for k,, k,/k, and ki were 

estimated to be 0.4, 1.2, and 1.4, respectively, 
from the Hammett plot (Fig. 4). 

The dependence of the observed rate constant 
upon the electron$ character of the substituents 
is seen for three different pH values (Fig. 4). At 
pH 4, the dependence of the rate on the nature 
of the substituent (p = 0.4) results from the reac- 
tion of water with the protonated substrate. At 
pH 1, the observed rate depends on the nature of 
substituent (p = 1.5) and the observed p value 
would be largely the result of the substituent 
effect on the ionization of the intermediate to the 
dipolar structure (SHOH). Electron-withdrawing 
substituents would help the oxygen atom of the 
tetrahedral intermediate lose the proton in acidic 
solutions. At pH 8, the increase in the rate con- 
stant with increasing electron withdrawing nature 
of the substituents (p = 1.11 is observed for the 
hydroxide-ion attack on the P-carbon atom. 
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