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Hydrolysis of a Prostacyclin Model
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(E)-6,9-Epoxynon-5-enoic acid has been synthesized, and the kinetics of its hydrolysis reaction have been studied.
The pH profile is very similar to that of (Z)-6,9-epoxynon-5-enoic acid, a model of prostacyclin. This suggests
that intramolecular general-acid catalysis is responsible for the extra hydrolytic lability of the carboxylate form
of the compound. Results from solvent isotope effect measurements using the Z isomer support this.

The interesting biological properties! of prostacyclin (1)
coupled with the extreme hydrolytic lability of the com-
pound have caused a lot of activity in finding analogues
of prostacyclin that are more stable but still retain the
biological activity.?
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A central issue in this matter has been understanding
the reasons behind the hydrolytic lability of prostacyclin,
and kinetic investigations have therefore been carried out
on prostacyclin and its methyl ester.? The kinetic data
for prostacyclin could be interpreted in terms of Scheme

On the basis of solvent isotope effect data, it has been
suggested that the extra hydrolytic lability (k%+/ky+ = 99)
observed for prostacyclin is the result of intramolecular
general-acid catalysis by the carboxylic acid group.®

In our study* of a model compound (2) of prostacyclin
we have obtained results very similar to those of prosta-
cyclin, suggesting that 2 is a very good model of prosta-
cyclin from the chemical point of view. However, the
model does not have the physiological properties of
prostacyclin.*
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In the present work we report the results from an in-
vestigation of the model compound 3 and its methyl ester.
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The results support the conclusions drawn from the in-
vestigations on prostacyclin.?®
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Experimental Section

The 'H NMR spectrum was recorded on a Bruker WH 270
instrument, and chemical shifts are given in ppm downfield from
Me;Si. Mass spectra were obtained with a Finnigan 1020 mass
spectrometer and a ZAB-HF mass spectrometer.

Synthetic Procedures. (E)-6,9-Epoxynon-5-enoic Acid
Methyl Ester. (E)-6,9-Epoxynon-5-enoic acid methyl ester was
prepared according to ref 4b. After semipreparative HPLC*
(high-performance liquid chromatography) the Z and E isomers
were obtained in an 8:1 ratio.

Analysis data for the E isomer: 'H NMR (C¢Dg) 6 1.35-1.47
(m, 2 H), 1.61-1.73 (m, 2 H), 1.87-1.98 (m, 2 H), 2.10-2.14 (m,
4 H), 3.37 (s, 3 H), 3.63-3.68 (t, 2 H, J = 7 Hz), 4.85-4.93 (m, 1
H); MS m/e (relative intensity) 53 (11.2), 55 (100), 59 (10.6), 67
(10.9), 68 (10.4), 69 (21.2), 81 (11.5), 82 (12.1), 84 (34.1), 97 (87.9),
110 (32.9), 111 (19.7), 184 (18.0) (all peaks smaller than 10% of
the base peak are omitted); HRMS caled for C,,H,405 184.1098,
found 184.1091.

(E)-6,9-Epoxynon-5-enoic Acid Sodium Salt. Saponification
of (E)-8,9-epoxynon-5-enoic acid methyl ester gave (E)-8,9-ep-
oxynon-5-enoic acid sodium salt under the conditions given in
ref 4b.

(Z)-6,9-Epoxynon-5-enoic Acid Methyl Ester. (Z)-6,9-Ep-
oxynon-5-enoic acid methyl ester and the corresponding sodium
salt were prepared according to ref 4b.

Kinetic Procedure. The buffer solutions were prepared from
commercially obtained buffer components, all of the A.R. grade.

The ionic strength varied between 0.05 and 0.10 M (with NaCl
or KCl) in the measurements on (E)-6,9-epoxynon-5-enoic acid
and its methyl ester. We have found that this small difference
in ionic strength had very little effect on the reaction rates. All
hydrogen ion concentrations were calculated with activity coef-
ficients recommended by Bates.’

(5) Bates, R. G. Determination of pH. Theory and Practice; Wiley:
New York, 1973; p 49.
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Figure 1. Rate profile for (E)-6,9-epoxynon-5-enoic acid (O) and
its methyl ester (4) in aqueous solution at 25.0 £ 0.1 °C.

The hydrolysis reaction was followed by monitoring the decrease
in absorbance of the vinyl ether group at 220-230 nm. The
reaction was followed for at least 2-3 half-lives and showed
first-order kinetics.

The kinetic measurements were made with either a Varian Cary
210 spectrophotometer, a Durrum-Gibson stopped-flow spectro-
photometer, or a Hi-Tech stopped-flow accessory connected to
the Varian 210 spectrophotometer. The buffer solutions and the
UV cells were thermostated at 25.0 £ 0.1 °C. The substrate
concentration in the cell was ca. 10™* M. The kinetic data con-
formed to the first-order rate law well, and observed rate constants
were evaluated according to ref 4k. ‘

Results

The rates of hydrolysis of (E)-6,9-epoxynon-5-enoic acid
and its methyl ester were measured in dilute perchloric
acid and various buffer solutions. The data are summa-
rized in Tables S1-S4.6

At a given pH the observed pseudo-first-order rate
constant is given by eq 1 for both the carboxylic acid and

Robsd = B%obsa + kiﬁf [HA] (1)

the methyl ester. The buffer-independent part, k° e, and
the contribution from the buffer acid, k¥E, were evaluated
from measurements made at constant buffer ratios but
varying buffer concentration.

The hydrolysis of the model compound showed no ca-
talysis by base.

The results from measurements on the methyl ester
(Tables S3 and S4) show that the buffer-independent part
could be represented by

k°pea = (242 £ 1)[H"]

i.e., koobsd is given by koobsd = kH+[H+]; kH"’ =242 + 1 M
s7!, with no contribution from the solvent.

The hydrolysis of the vinyl ether function of the car-
boxylic acid shows a more complicated pattern.

As was previously found for the Z isomer,* the buff-
er-independent part of the observed rate constant (eq 1)
is given by eq 2, which could be derived under the as-

. HY [H*] ke
Fooma = 777 [H*) /Kak*‘*( K, kH+) ®

sumption that the reaction takes place according to
Scheme I. A nonlinear least-squares fit” of eq 2 to the
experimental data (Figure 1) gave K, = (2.07 + 0.14) 107

(6) Supplementary material; see paragraph at the end of this paper. /

(7) Johnson, K. J. Numerical Methods in Chemistry, Marcel Dekker:
New York, 1980.
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Table I. Reaction Parameters for the Hydrolysis of
(E)-6,9-Epoxynon-5-enoic Acid, (Z)-6,9-Epoxynon-5-enoic
Acid, and Prostacyclin in Aqueous Solution at 25 °C

(E)-6,9- (Z)-8,9-
epoxynon-5-  epoxynon-5- prosta-

parameter enoic acid® enoic acid®? cyclin®®
pK,? 4.87 + 0.03 4.93 = 0.02 5.03 £ 0.15
ky+/ (M s 242 £ 9 745 £ 17 439 £ 4

H/ M s 17700 + 1400 61100 = 2900 43600 + 900

ky+(ester)/ (M1 sl) 242 %1 697 = 10 418 5
k'y+ /Ryt 73+ 3 82+ 2 99 % 2

¢The uncertainties cited are standard deviations derived from
statistical analysis of the data; they do not include possible sys-
tematic errors. ®Reference 4b. °Reference 3b. ¢ Acidity constant
at zero ionic strength estimated with activity coefficients recom-
mended by Bates.

Table II. Rate Constants for the Hydrolysis of
(Z)-6,9-Epoxynon-5-enoic Acid and Its Methyl Ester in D,0
and in H,0 at 25 °C (Ionic Strength = 0.1 M)

catalyst E/(M sl k/(M1gh)b
H,0" 56400° 703
D,0* 48900¢ 215
CH,COOH 1.41¢
CH;COOD 0.234¢f
H,PO, 0.174¢
D,PO, 0.0339¢

¢Rate constant for the carboxylate form of the model com-
pound. ?Rate constant for the methyl ester. °This value is based
only on the biphosphate buffer measurements in ref 4b.
4 Evaluated by using eq 3, assuming that the solvent isotope effect
on the ionization of the carboxylic acid group of the substrate is
the same as for acetic acid.’! ¢J = 0.04 M. /[D*] values were ob-
tained by using a solvent isotope effect on the ionization of acetic
acid of ApK, = 0.514.}* ¢Evaluated by using eq 5, assuming that
the solvent isotope effect on the ionization of the carboxylic acid
group of the substrate is the same as for acetic acid.!! [D*] values
were obtained by using a solvent isotope effect on the ionization of
biphosphate ion of ApK, = 0.535.13

M, ky+ =242+ 9 M 57!, By /ky = 73 £ 3, and thus & §+
= 17700 £ 1400 M1 5., These parameters are of the same
magnitude as the ones obtained for the Z isomer and for
prostacyclin itself. A comparison is given in Table L.

In the present work, the rates of hydrolysis of (Z)-6,9-
epoxynon-5-enoic acid and its methyl ester were measured
also in deuteriated media in order to determine the solvent
isotopeeeffect on the reaction. The data are given in Tables
S5-88.

Equation 2 was used to evaluate the hydronium ion rate
constant (k’y+) for hydrolysis of the ionized form of the
substrate. In H,PO,” (D,PO,") buffers [H*]/K, < k'y+/
ky+, and eq 2 could be simplified to eq 3. This equation

, [H1+K, .
k obsd Ka = H*[H ] 3)
was used to evaluate both k’y+ = 56400 = 500 M s7! and
o+ = 48900 + 400 M s7! (Table II). The observed
isotope effect is given by k'y+/k’p+ = 1.15 £ 0.02.
The isotope effect on the general-acid catalytic coeffi-
cients in biphosphate buffers was also evaluated. In that
case eq 4 was used in a simplified form (eq 5):

Ak obsd

— 2 (HY1+ Ka =
A[H,PO4T] (7 )
k 0 k’H OKa
};l: 4[I_I.‘\-]2 + kHzPOf + S—II;;_— [H+] + k/H2PO4’Ka

4)

K, is the ionization constant of HyPO,, and K, is the
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acidity constant of the model compound. Reaction
through both unionized and ionized forms of the substrate
as well as possible catalysis by H;PO,* have been taken
into account. At high pH the first term in eq 4 could be
neglected and we obtain eq 5, from which k’ypo- and
k’p,po,- (from the corresponding expression for D,0) given
in Table II were obtained.

Akobsd

m([}m +K,) =

k'Hpo0,
ky,po, + K—aKa [H*] + k'4,p0, K, (5)
1

Discussion

The rate profile (Figure 1) and the hydrolysis rate con-
stants (Table I) obtained for (E)-6,9-epoxynon-5-enoic acid
(8) are very similar to the ones obtained for the Z isomer4®
and for the prostacyclin itself.?

Both ky+ and k‘y+ are smaller for the E isomer than for
the Z isomer by a factor of ~3, which is quite normal for
vinyl ethers.® This finding of a retained accelerating effect
of the carboxylate group in the E isomer can be used as
a mechanistic tool in differentiating between the two
possible mechanisms (Schemes II and III) for the hy-
drolysis that have been advanced.?* According to these,
the carboxylate group acts as an electrostatic catalyst
(Scheme II) or it provides the possibility of an intramo-
lecular general-acid catalysis (Scheme III).

Inspection of molecular models reveals that the devel-
oping positive charge in the rate-determining transition
state of the hydrolysis of 2 is more accessible for the
carboxylate group than in the case of 3 due to the con-

(8) Salomaa, P.; Nissi, P. Acta Chem. Scand. 1967, 21, 1386-1389.
Okuyama, T.; Fueno, T. J. Org. Chem. 1974, 39, 3156-3158.
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Figure 2. Plot of the observed solvent isotope effect ((Ry/kp)obed)
for the hydronium ion catalyzed hydrolysis of the carboxylate form
of the model compound vs the isotopic Bronsted exponent («)
for different values of the primary component of the isotope effect.
Broken line indicates magnitude of experimentally determined

Ey/kp.

straint of the methylene chain and the remaining dou-
ble-bond character. This means that electrostatic stabi-
lization (Scheme II) would be more pronounced for 2 than
for 3. Proton transfer in the intramolecular general-acid
catalysis (Scheme III), on the other hand, could be ex-
pected to be equally facile for 2 and 3 as the protonation
takes place in a plane perpendicular to the plane defined
by the double bond and the oxygen.

From the experimental results, where we find very little
difference in k'y+/ky+ between the Z and E isomers, we
conclude that Scheme III most properly represents the
mechanism for the hydrolysis reaction.

For prostacyclin no such measurements have been made
but the same conclusion has been reached from solvent
isotope effect data.®®

Corresponding isotope effect measurements have been
performed for the Z isomer of the model, and the results
are summarized in Table II.

The isotope effects (kH30+ / kD30+ = 33, kCHgCOOH/ kCHgCOOD
= 6.0) for the methyl ester are quite normal for vinyl ether
hydrolysis® and are comparabie to the corresponding values
(2.99, 5.08) for prostacyclin® &%y po/kp,po, = 5.13 is also
of the magnitude expected.

As in the case of prostacyclin the isotope effect on the
hydronium ion hydrolysis reaction of the carboxylate form
is rather weak, k’y+/Ep+ = 1.15.

In order to investigate the compatibility of this value
with either Scheme II or Scheme III, we have used frac-
tionation factor theory.1?

On the basis of Scheme II the predicted isotope effect
is given by

e 2 I

ku/k = —= —

st/ Fp)atas *19°F 6% o%)

Assuming that ¢*; = ['™, where « is the isotopic Brensted
exponent,’® eq 6 can be rewritten as in eq 7. (ky/kp):

(Ru/kplobsa = 1** (kg /kp)1 (7

(6)

(9) Kresge, A. J.; Sagatys, D. S.; Chen, H. L. J. Am. Chem. Soc. 1977,
99, 7228-7233,

(10) Kresge, A. J.; More O’Ferrall, R. A.; Powell, M. F. In Isotopes in
Organic Chemistry; Buncel, E., Lee, C. C., Eds.; Elsevier: New York,
1987; Vol. 7, Chapter 4.
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Figure 3. Plot of the observed solvent isotope effect ((ky/kp)oped)
for the hydronium ion catalyzed hydrolysis of the carboxylate form
of the model compound vs the fractionation factor for the proton
“in flight” (¢*; see Scheme III) for some values of the fractionation
factor () for the carboxylate form of the model compound.
Broken line indicates magnitude of experimentally determined

Ey/kp.

corresponds to the primary component of the observed
solvent isotope effect.

In Figure 2 (ky/kp)qwea has been plotted vs o for different
values of (ky/Ep);. It is easily seen that the only (ky/kp);
value compatible with (Ry/Rp)esq = 1.15 is (ky/kp) = 2.
This value is quite different from the primary component,
(ky/kp)1 = 4.6, which can be estimated for the hydrolysis
of a vinyl ether of this reactivity from a correlation of such
isotope effects for a group of these reactions.’

A corresponding analysis of Scheme III gives eq 8.

AL
(Ru/RD)obsa = m ®

In Figure 3 (ky/kp)opsq has been plotted vs ¢* for some
values of ®&. The exact value of & is not known but a good
approximation would be 0.90, corresponding to that of the
acetate ion.!! The fractionation factor obtained for the
proton “in flight” is ¢* = 0.26; on this basis from the ob-
served values k'y+/k’p+ = 1.15. No exact experimental
value can be determined but an estimate could be obtained
from the solvent isotope effect on the acetic acid proton-
ation of the methyl ester. Such an analysis gives ¢* = 0.16.

The outcome of these analyses thus favors the intra-
molecular general-acid catalysis mechanism of Scheme ITIL.

To investigate the importance of possible electrostatic
catalysis further, we have also determined k’y,/kya

(11) Gold, V.; Lowe, B. M. J. Chem. Soc. A 1968, 1923-1932.
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(Scheme I) for a neutral buffer acid (CH;COOH, pK, =
4.75) and for a positively charged buffer acid (CH;ONH,*,
pK, = 4.721%),

The ratio k'ya/kys was obtained from a plot of
E{PR([H*] + K,) vs [H*] (see ref 4b, eq 12). The slope gives
k’qa, and ky, is obtained from the intercept.

For acetic acid buffers &%}, /kys = 2.1 £ 0.2 (Z isomer)
and 1.7 + 0.4 (E isomer). The corresponding ratio obtained
from methoxyamine buffer data (Table S9)° was k’ys/Rua
= 2.1 £ 0.6 (Z isomer).

Due to the rather weak general-acid catalysis, the ratios
are not very well determined, but they clearly show that
both neutral and positively charged catalysts (of the same
pK,) give about the same rate acceleration.

If electrostatic stabilization by the carboxylate group of
the substrate played an important role, then the ratio
k’ua/kua would be expected to be as large (ca. 10?) for the
positively charged catalyst CH;ONH;" as for the H;O" ion.
For a neutral catalyst such as CH;CO,H, on the other
hand, electrostatic destabilization would be expected to
occur, as proton transfer from such a species would make
it negatively charged and that would lead to an unfavorable
interaction with the negative substrate carboxylate ion.
Quite different electrostatic effects would therefore be
expected for the two different catalyst types, contrary to
the experimental results. These results would therefore
seem to rule out any significant electrostatic effect of the
substrate carboxylate group on the stability of the reac-
tion’s transition state.

Conclusion

The results obtained for the E isomer of the model
compound suggest that the extra hydrolytic lability showed
by the carboxylate form of the compound is due to in-
tramolecular general-acid catalysis. This is supported by
isotope effect data and the results from an investigation
of two buffer acids of different charge but of about the
same pK,. The results reported in the present investiga-
tion thus provide further support to the ideas put forward
concerning the role of the carboxylate group in the hy-
drolysis of prostacyclin,®
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