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Various N-a-hydroxyalkyl derivatives of N-acyl amino acids and di- and tripeptides were prepared by
hydrolysis or aminolysis of N-acyl 5-oxazolidinones. The stability of these derivatives was studied in
aqueous solution as a function of pH. The compounds were all degraded quantitatively to their parent
N-acylated amino acid or peptide and aldehyde but with vastly different rates. At pH 7.4 and 37°C the
half-lives of decomposition ranged from 4 min to 1500 hr. The structural factors influencing the
stability included both steric and polar effects within the acyl and N-a-hydroxyalkyl moieties as well
as within the amino acid attached to the N-o-hydroxyalkylated N-acyl amino acid. Whereas the
N-benzyloxycarbonyl (Z) derivatives of the dipeptides Gly-L-Leu and Gly-L-Ala were readily hydro-
lyzed by carboxypeptidase A, the N-hydroxymethylated compounds, i.e., Z-Gly(CH,OH)-Leu and
Z-Gly(CH,OH)-Ala, were resistant to cleavage by the enzyme as revealed by their similar rates of
decomposition in the presence or absence of the enzyme at pH 7.4 and 37°C. The results suggest that
N-a-hydroxyalkylation of a peptide bond protects not only this bond but also an adjacent peptide bond
against proteolytic cleavage. Since the N-a-hydroxyalkyl derivatives are readily bioreversible, under-
going spontaneous hydrolysis at physiological pH, this prodrug approach promises to overcome the
enzymatic barrier to absorption of various peptides.
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peptide absorption.

INTRODUCTION

A major obstacle to the application of peptides as clin-
ically useful drugs is their poor delivery characteristics.
Most peptides are rapidly metabolized by proteolysis at most
routes of administration; they are, in general, nonlipophilic
compounds showing poor biomembrane penetration charac-
teristics, and they possess short biological half-lives as a
result of rapid metabolism and clearance (1-3).

A possible approach to solve these delivery problems
may be derivatization of the bioactive peptides to produce
prodrugs or transport forms which possess enhanced phys-
icochemical properties in comparison to the parent com-
pounds with regard to delivery and metabolic stability. Thus,
such derivatization may, on one hand, protect small peptides
against degradation by enzymes present at the mucosal bar-
rier and, on the other hand, render hydrophilic peptides
more lipophilic and hence facilitate their absorption. How-
ever, the derivatives should be capable of releasing the par-
ent peptide spontaneously or enzymatically in the blood fol-
lowing their absorption (4).
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In our laboratory studies have been initiated to develop
various types of bioreversible derivatives for the functional
groups or chemical entities occurring in amino acids and
peptides (5-11). Thus, 5-oxazolidinones have been suggested
as a prodrug type for the a-amido carboxy moiety in peptides
(6) and various N-acyl, N-Mannich base, and N-a-acyl-
oxyalkyl derivatives have been shown to be useful as pro-
drugs for protecting the pyroglutamyl residue against pyro-
glutamyl aminopeptidase (7-9). More recently, various
N-alkoxycarbonyl derivatives of thyrotropin-releasing hor-
mone (TRH) have been developed as a prodrug form of this
tripeptide capable of protecting the peptide against enzymat-
ic inactivation in the blood and of rendering transiently the
peptide more lipophilic (10,11).

In the present work, a possible approach to develop
bioreversible derivatives of the peptide bond itself has been
examined. It is generally recognized that N-alkylation of
peptide bonds usually makes them resistant to enzymatic
attack (12-16). However, since N-methyl and similar alkyl
derivatives are not bioreversible, the approach of simple N-
alkylation implies the design of a new peptide (the analogue
approach). The strategy of the present prodrug approach
(Fig. 1) is to create an N-a-hydroxyalkyl derivative of the
peptide bond since such derivatives of primary and cyclic
amides are known to be spontaneously converted to the par-
ent amide and the corresponding aldehyde in aqueous solu-
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Fig. 1. Illustration of a possible prodrug approach to protect a pep-
tide bond against enzymatic cleavage. Whereas an N-methyl deriv-
ative usually remains stable in vivo, the N-a-hydroxyalkyl deriva-
tive is spontaneously decomposed at physiological pH with release
of the parent peptide and an aldehyde.

tion, with a conversion rate dependent on the nature of the
alkyl group and the acidity of the amide (17-20). A major
obstacle to this approach has been the difficulty in perform-
ing N-a-hydroxyalkylation of secondary amides such as pep-
tide bonds (19), but this difficulty can be overcome by mak-
ing S-oxazolidinones (6). Such compounds are readily
formed by condensing an a-amino acid or an N-acylated
amino acid with an aldehyde (Scheme I). The lactone ring in
N-acyl 5-oxazolidinones is highly reactive and is easily
opened by hydrolysis or aminolysis, resulting in the inter-
mediate formation of an N-o-hydroxyalkyl derivative
(Scheme II) (6).

In this work, we have prepared a number of such
N-a-hydroxyalkyl derivatives of peptide model compounds
via 5-oxazolidinones (1-9) (Scheme III) and examined the
influence of the structure on the kinetics of their decompo-
sition to the parent peptide in aqueous solution. In addition,
we show that such N-a-hydroxyalkylation of a peptide bond
may be a useful prodrug approach to protect the bond or an
adjacent peptide bond against specific proteolytic cleavage.

MATERIALS AND METHODS

Apparatus

High-performance liquid chromatography (HPLC) was
done with a system consisting of a Shimadzu pump Model
LC-6A, a Shimadzu SPD-6A variable wavelength UV detec-
tor, and a Rheodyne 7125 injection valve with a 20-ul loop.
Two different columns were used: a Nova-Pak CN Radial
Pak (Waters) C-18 column (100 X 8 mm; 4-pm particles) and
a Chrompack column (100 X 3 mm) packed with Chrom-
spher C-8 (5-pm particles). Readings of pH were carried out
on a Radiometer Type PHM 26 meter. Melting points were
taken on a capillary melting point apparatus and are uncor-
rected. Microanalysis were performed by G. Cornali, Leo
Pharmaceuticals Ltd., Ballerup, Denmark.
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Chemicals

Amino acids and N-protected amino acids and peptides
were purchased from Bachem AG, Bubendorf, Switzerland.
Carboxypeptidase A (Type I; from bovine pancreas) was
obtained from Sigma Chemical Company, St. Louis, MO.
Chemicals and solvents used in the synthesis were from Al-
drich-Chemie, F.R.G.

Preparation of 5-Oxazolidinones

The N-acylated 5-oxazolidinones 1-9 were prepared by
reacting the N-benzyloxycarbonyl (1-7) or N-benzoyl (8)
amino acid (L-configuration) with the appropriate aldehyde
(paraformaldehyde, paraldehyde, chloral or benzaldehyde)
as previously described (21,22). The melting points of the
derivatives agreed with those reported in these references.
The new N-acetyl-5-oxazolidinone 9 was prepared by reflux-
ing a mixture of N-acetyl-L-phenylalanine (2.07 g, 0.01 mol),
paraformaldehyde (400 mg), and p-toluenesulphonic acid
(100 mg) in benzene (100 ml) for 4 hr. The mixture was
cooled to 20°C and a slight, insoluble residue filtered off. The
filtrate was washed with a 5% aqueous sodium bicarbonate
solution and water, and then dried over anhydrous sodium
sulphate. The N-acetyl-5-oxazolidinone 9 obtained, after re-
moval of the benzene in vacuo, was crystallized from ether—
petroleum ether, m.p. 77-78°C. Anal. Calc. for C,,H,;NO;:
C,65.74; N, 5.98, N, 6.39. Found: C, 65.70; H, 5.99; N, 6.38.

Preparation of N-a-Hydroxyalkyl Derivatives (Table II)

N-Hydroxymethyl-N-carbobenzoxyglycine benzyla-
mide (18) and N-(a-hydroxy-2,2,2,-trichloromethyl)-N-
carbobenzoxyglycine benzylamide (17) were prepared by re-
acting the 5-oxazolidinones 1 and 3, respectively, with an
equivalent amount of benzylamine in ethanol (18) or benzene
(17) as previously reported (21,22). Compound 19 was pre-
pared in a similar way by stirring a mixture of 5-
oxazolidinone 1 (331 mg, 1.5 mmol) and phenethylamine
(0.19 ml, 1.5 mmol) in ethanol (5 ml) at room temperature for
20 hr. The solution was concentrated in vacuo and the res-
idue obtained crystallized from chloroform—-petroleum ether
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to yields 240 mg of compound 19, m.p. 80-81°C. Anal. Calc.
for C,,H,,N,0,: C, 66.65; H, 6.48; N, 8.18. Found: C, 66.60;
H, 6.57; N, 8.22.

The N-a-hydroxyalkyl derivatives 20-29 were not iso-
lated but prepared in situ by aminolysis of the 5-oxazoli-
dinone 1 with the appropriate amino compound (amine,
amino acid, or dipeptide) in water. Solutions of L-isoleucine,
pL-norleucine, and diethylamine were prepared at a concen-
tration of 0.1 M (pH 9.5), whereas solutions of L-leucine,
L-leucinamide, and L-valine had a concentration of 0.2 M
and a pH of 9.5. Solutions of glycine, glycinamide, and gly-
cyl-glycine were prepared at a concentration of 0.5 M, with
pH being adjusted to 9.5 for glycine and 8.5 for the two
glycine derivatives. The derivatives 20-29 were obtained by
adding 0.25 ml of a 0.15 M solution of 1 in acetonitrile to 10
ml of the amine solution described above. Following stand-
ing for 10 min at 20-25°C all oxazolidinone 1 had reacted as
evidenced by HPLC analysis. These solutions were used as
stock solutions for the kinetic measurements described be-
low.
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The N-a-hydroxyalkyl derivatives 10-16 and 30-31,
having a free carboxylic acid group, were also prepared in
situ by hydrolysis of the appropriate N-acyl 5-oxazolidinone
as described (6).

N-(Hydroxymethyl)benzylcarbamate

This compound was prepared by stirring a mixture of
benzylcarbamate (3.0 g, 0.02 mol), potassium carbonate (100
mg), 37% formaldehyde solution (3 ml), ethanol (2 ml), and
water (10 ml) for 2 hr at 60°C. The resultant clear solution
was cooled to 4°C and the precipitate formed upon standing
overnight was filtered off, washed with water, and recrys-
tallized from ethanol-water to give 2.1 g of the title com-
pound, m.p. 83-84°C. Anal. Calc. for C,H,;NO;: C, 59.66;
H, 6.12; N, 7.73. Found: C, 59.63; H, 6.10; N, 7.76.

Kinetic Measurements

The decomposition of the N-acyl 5-oxazolidinones 3, 8,
and 9 and the various N-a-hydroxyalkyl derivatives 10-31
was studied in aqueous buffer solutions at 37.0 = 0.2°C.
Hydrochloric acid, acetate, phosphate, and borate were
used as buffers; the total buffer concentration was generally
0.02 M. A constant ionic strength () of 0.5 was maintained
for each buffer by adding a calculated amount of potassium
chloride.

The rates of decomposition were determined by using
reversed-phase HPLC procedures capable of separating the
compounds from their products of degradation. Mobile
phase systems of 0.1% phosphoric acid containing acetoni-
trile (10-50, v/v) and methanol (0-30, v/v) were used, the
acetonitrile and methanol concentration being adjusted for
each compound to give an appropriate retention time (3-8
min). The flow rate was 1-2 ml min~! and the column efflu-
ent was monitored at 215 nm. Quantitation of the compounds
was done by measuring the peak heights in relation to those
of standards, chromatographed under the same conditions.

The reactions were initiated by adding 30-100 pl of a
stock solution of the derivatives in acetonitrile or 100 pl of
the aqueous reaction solutions described above to 10.0 ml of
buffer solution, preequilibrated at 37°C, in screw-capped test
tubes, the final concentration of the derivatives in the buffer
solution being 5 X 107°-10~* M. The solutions were kept in
a water bath at 37 = 0.2°C, and at appropriate times samples
were taken and immediately chromatographed. In some
cases, the reactions were stopped by diluting the samples
with an acetate buffer solution of pH 4 and then analyzing
this mixture by HPLC. Pseudo-first-order rate constants for
the degradation were determined from the slopes of linear
plots of the logarithm of residual derivative against time.

Degradation studies in human plasma solutions were
performed as earlier described (6).

In the case of the N-hydroxymethyl derivative of N-
acetyl-L-phenylalanine (31), it was not possible to find an
HPLC procedure allowing adequate separation of the com-
pound from its product of decomposition, N-acetyl-L-
phenylalanine. The decomposition of compound 31 was in-
stead monitored by measuring the production of formalde-
hyde using a spectrophotometric method as described for
other N-hydroxymethyl derivatives (23). The initial concen-
tration of the N-acetyl-5-oxazolidinone 9 in the buffer solu-
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tions was 8 x 10™* M. At various intervals 1-ml samples
were withdrawn and diluted to 10 ml with water. A 500-pl
sample of the dilution was then immediately analyzed for
formaldehyde (23).

Degradation Studies in the Presence of Carboxypeptidase A

The stability of Z-Gly-L-Leu, Z-Gly-L-Ala and the de-
rivatives 23 and 24 in the presence of carboxypeptidase A
was examined at 37°C in a 0.05 M phosphate buffer solution
of pH 7.40 containing the enzyme at a concentration of 50
U/ml. The initial concentration of the derivatives was 5 X
10~ * M. The reaction solutions were kept at 37°C, and at
various intervals samples of 200 pl were withdrawn and
added to 1000 pl of methanol in order to stop the reaction
and deproteinize the samples. After mixing and centrifuga-
tion for 3 min at 13,000 rpm, 20 pl of the clear supernatant
was analyzed by HPLC as described above.

RESULTS AND DISCUSSION

Hydrolysis of N-Acyl 5-Oxazolidinones

The kinetics of hydrolysis of the N-benzyloxycarbonyl
(Z) 5-oxazolidinones 1, 2, and 4-7 has previously been de-
termined in aqueous buffer solutions at 37°C and p. = 0.5 (6).
In the present study the hydrolysis kinetics of compound 3
and two N-acylated S-oxazolidinones, 8 and 9, was exam-
ined under similar conditions.

The influence of pH on the hydrolytic opening of the
lactone ring of these oxazolidinones is shown in Fig. 2,
where the logarithms of the buffer-independent pseudo-
first-order rate constant (k) are plotted against pH. The ob-
served pH-rate relationships indicate that the hydrolysis can
be described in terms of a water-catalyzed or spontaneous
reaction and specific acid- and base-catalyzed reactions ac-
cording to the following rate expression:
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Fig. 2. The pH-rate profiles for the hydrolysis of the N-acyl 5-
oxazolidinones 3 (@), 8 (O), and 9 (A) in aqueous solution (p. = 0.5)
at 37°C.
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k = kyay + konaon a

where ay; and agyy refer to the hydrogen ion and hydroxide
ion activity, respectively. The latter was calculated from the
measured pH at 37°C according to the following equation
(24):

log apy = pH — 13.62 )

Values of the specific rate constants kg, kg, and kgy ob-
tained from the pH-rate profiles and Eq. (1) are listed in
Table I along with half-lives for the hydrolysis of the deriv-
atives at pH 4 and 7.4. For comparison, rate data for the
previously studied oxazolidinones have been included in Ta-
ble 1.

The rate data show that the various N-acylated 5-
oxazolidinones are reactive compounds being easily hydro-
lyzed in aqueous solution. Maximal stability occurs at pH
3-5. The stability is influenced by the steric and electronic
properties of the substituents R,, R,, and R; (6). By com-
paring the reactivity of the compounds 1 and 8, it can be seen
that the replacement of a benzyloxycarbonyl group (1) at the
nitrogen with a benzoyl group (8) does not markedly change
the chemical reactivity.

Decomposition of N-a-Hydroxyalkyl Derivatives

The primary objective of the present study was to de-
termine the stability of the N-a-hydroxyalkyl derivatives.
Since the first hydrolytic step in the overall degradation of
the N-acyl 5-oxazolidinones proceeds much faster in neutral
and alkaline solutions (except for compound 4) (6) than the
second step, the N-a-hydroxyalkyl derivatives were easily
provided by incubating the 5-oxazolidinones in such solu-
tions. HPLC analysis of aqueous solutions of the oxazolid-
inones at pH 7-10 showed that the disappearance of the peak
from the oxazolidinone was accompanied by the formation
of a new peak which subsequently disappeared more slowly.
During the latter reaction a new peak in the chromatograms
formed. It was identified as the parent N-acyl amino acid,
e.g., Z-Gly from compound 1 and N-benzoyl glycine from
compound 8, by comparison of the retention time with that
of an authentic sample.

The high chemical reactivity of the N-acyl 5-oxa-
zolidinones is also reflected in their ease of undergoing ami-
nolysis (21,22,25-27). By reacting the oxazolidinones 1 and 3
with one equivalent of benzylamine or phenethylamine in
ethanol or benzene, the N-a-hydroxyalkyl derivatives of the
corresponding N-acyl amino acid amides (17-19, Table II)
were readily formed and isolated. It was found that this ami-
nolysis also could be performed in aqueous solution. By us-
ing a high concentration of an amine, the aminolysis predom-
inates over hydrolysis of the oxazolidinone ring as evidenced
by HPLC analysis. Using the conditions described under
Materials and Methods, the N-a-hydroxyalkyl derivatives
20-29 (Table II) were readily obtained in this way with a
minimal concurrent formation of hydrolysis products.

The kinetics of decomposition of the various N-a-
hydroxyalkylated peptides were examined in aqueous buffer
solutions at 37°C as a function of pH. At constant pH and
temperature the decomposition followed strict first-order ki-
netics over several half-lives.



Prodrugs of Peptides, 9

317

Table I. Rate Data for the Hydrolysis of Various N-Acyl 5-Oxazolidinones in Aqueous Solution at
37°C and p = 0.5

11,2 (min)
ky ko kon
Compound (M~ 'min~ Y (min~Y) M 'minY pH 4.0 pH 7.4
1 0.037 0.051 5.0 x 10* 14 8.2
2 1.5 0.27 nd 2.7 2.7
3 0.14 46 x 1073 8.0 x 10* 150 14
4 2.0 0.15 3.9 x 10* 4.6 4.1
5 0.014 9.0 x 1073 3.7 x 10* 77 18
6 5.0 x 1073 1.2 x 1073 8.9 x 10° 580 78
7 0.032 1.5 x 1073 3.9 x 10* 460 30
8 0.05 0.011 6.7 x 10* 63 16
9 25x 1073 6.5 x 1074 6.5 x 10* 1065 20

“ The data for compounds 1, 2, and 4-7 are from a previous study (6).

As noted above the N-acyl oxazolidinones and hence
the N-a-hydroxyalkyl derivatives are quantitatively con-
verted to aldehyde and the parent N-acyl amino acid deriv-
ative in aqueous solution. This was specifically shown for
the derivatives 17, 18, and 21. An example of a product
analysis is shown in Fig. 3. It can readily be seen that the
disappearance of the N-hydroxymethyl derivative 18 is ac-
companied by the stoichiometric formation of N-ben-

zyloxycarbonylglycine benzylamide (32) (Scheme IV). The
latter compound was prepared as described by Ben-Ishai
(21). Such quantitative conversion of compound 18 as well as
of compound 17 to compound 32 was observed at all pH
values studied (pH 1-11). Similarly, compound 21 was
shown to be converted to Z-Gly-Gly as evidenced by HPLC
analysis, using an authentic sample of Z-Gly-Gly for com-
parison.

Table II. Rate Data for the Decomposition of Various N-a-Hydroxylalkyl Derivatives of Amino Acids and Peptides in Aqueous Solution
(n = 0.5) at 37°C

R,

0
H

R,—C—N—CH—C—R,

O CHOH
|
R3
kon®

Compound R, R, R, R, M~ min™Y 1, (hr)®
10 C4H,CH,0 H H OH 32 205
1 C(H,CH,0 CH, H OH 9 199
12 C,H.CH,0 CH(CH,), H OH 114 169
13 C(H,CH,0 CH,CH; H OH 49 391
14 CH,CH,0 H CH, OH 5.3 x 10° 3.6
15 C,H,CH,0 H CeH, OH 2.6 x 105 0.08
16 CH,CH,0 H cCl, OH 1.9 x 103 5.7
17 C(H,CH,0 H ccl, NHCH,CH; 5.7 x 10 0.18
18 CH,CH,0 H H NHCH,C H; 2.7 x 10° 10.8
19 CH,CH,0 H H NHCH,CH,CH; 8.6 X 107 23
20 CHCH,0 H H N(C,Hy), 1.1 X 10° 17.5
21 CH,CH,0 H H Gly 1.3 x 10° 15.3
2 CH,CH,0 H H Gly-NH, 1.7 x 10° 11.2
23 CH,CH,0 H H Ala 1.4 x 102 137
24 C(H,CH,0 H H Leu 20 980
25 CHCH,0 H H Leu-NH, 12 1560
26 C.H;CH,O H H iso-Leu 13 1535
27 CH,CH,0 H H nor-Leu 19 1035
28 CH,CH,0 H H Val 21 910
29 C(H,CH,0 H H Gly-Gly 1.4 x 10° 14.1
30 C,H, H H OH 2.9 x 10° 6.6
31 CH, CH,CH; H OH 57 337

@ Apparent hydroxide ion catalytic rate constant.

b Half-lives of decomposition at pH 7.4. Some values are determined at pH 7.4, whereas others are calculated from the kqy; values.
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Fig. 3. Time courses for the N-hydroxymethyl derivative 18 (@) and
N-benzyloxycarbonylglycine benzylamide (32) (O) during decom-
position of compound 18 in a 0.02 M borate buffer solution of pH 9.4
(37°C).

As illustrated in Scheme IV a possible additional degra-
dation route of compound 18 and similar N-a-hydroxyalkyl
amino acid amides might be an intramolecular attack of the
hydroxyl group on the neighboring amide moiety to give the
original N-acyl 5-oxazolidinone and benzylamine. However,
such a reaction can be totally excluded since the HPLC anal-
ysis of the reaction solutions of 18 revealed not even traces
of either compound 1, compound 10, Z-Gly, or benzylamine.
In addition, the observed quantitative formation of com-
pound 32 excludes the occurrence of this hypothetic reac-
tion.

The influence of pH on the decomposition rate of some
N-a-hydroxyalkyl derivatives is shown in Figs. 4 and 5,
where the logarithms of the observed pseudo-first-order rate
constants (k) are plotted against pH. The shape of the
pH-rate profiles indicates the occurrence of specific acid-
and base-catalyzed reactions as well as a spontaneous or
water-catalyzed decomposition:

kons = kuay + ko + koudon 3)
where ay, apy, and the parameters & are as defined above in
connection with Eq. (1).

The derivatives 10~-16 and 30-31 contain an ionizable
carboxylic acid group, and as shown for 21 and 30 (Fig. 4),
this results in a curvature of the pH-rate profiles at a pH
around the pK, value for the carboxy group. The rate ex-
pression for these compounds can be formulated as

o .
ﬁ”NHCH?© —#—» @CH?O_ﬁ_Q @—CH;NHZ
o

el
1

Oremojyon-
d CH,OH
18
@—cmo—@— NH—CH— = NHCH2<©
o
2 190
+ HCHO l
@—cuzo—@— NH—CH,CO0H

Z-gly
+  HCHO

@— CHO- @— N CH,CO0H

CH,OH

Scheme IV
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Fig. 4. The pH-rate profiles for the decomposition of the N-

hydroxymethyl derivatives 30 (@), 18 (O), and 21 (O) in aqueous
solution (n = 0.5) at 37°C.

a

ayg + Ka
“@

where ay/(ay + K,) and K, /(a; + K,) are the fractions of
the free acid and dissociated forms, respectively, &y is the
specific acid-catalytic rate constant for the free acid form,
and k'y, ko, and kg are the catalytic rate constants for the
anionic form. The values of the various rate constants de-
rived from the pH-rate profiles are listed in Table III. Most
derivatives were studied only at pH 7-10 and for these com-
pounds only a koy value was thus obtained. These values

kobs = kuau p + (k'wan + ko + konaow)

ay
H+Ka

109 kgps (Min=%)

pH
Fig. 5. The pH-rate profiles for the decomposition of the

N-o-hydroxyalkyl derivatives 16 (O), 17 (@), 23 (O), and 24 (W) in
aqueous solution (u = 0.5) at 37°C.
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Table III. Rate Data for the Decomposition of Various N-a-Hydroxyalkyl Derivatives in Aqueous
Solution at 37°C and p = 0.5
ke ki Ko ko
Compound (M~ !'min~ Y (M~ min™Y) (min~ 1) M~ 'min™ Y pK,
10 1.9 x 1072 0.7 22x10°° 32 3.2
13 1.6 x 1072 0.4 49 33
15 65 5.9 x 10? 2.6 x 10° 33
16 1.3 x 1074 1.9 x 10°
17 23x 1072 5.7 x 10*
18 1.4 x 1072 2.7 x 10°
30 3.0 X 1072 0.2 0.5x 1073 2.9 x 10° 2.6
are given in Table II along with half-lives of decomposition or
at pH 7.4 and 37°C. These half-lives were either observed or KiK.
calculated on the basis of the ko values obtained at higher 2 ¥

pH values.

Structural Effects on Reaction Rate

In considering the concept of using N-a-hydroxyalkyl
derivatives of peptides as prodrugs, the most important pa-
rameter is the stability of the derivatives at physiological pH
and temperature. Inspection of the half-lives at pH 7.4 and
37°C (Table II) shows that the derivatives studied possess
vastly different stabilities and that all the substituents (R,
R,) influence the stability.

It has been established that the reaction mechanism for
the decomposition of N-a-hydroxyalkyl derivatives of
amides, imides, and similar NH-acidic compounds in neutral
and alkaline solutions involves a stepwise pathway with an
N-a-hydroxyalkyl anion as an intermediate undergoing rate-
determining N-C bond cleavage as illustrated in Scheme V
(17,18,28). In Scheme V K, is the ionization constant for the
hydroxyl group and k, is a first-order rate constant for cleav-
age of the ionized N-a-hydroxyalkyl compound. According
to this mechanism the rate law for the reactions occurring in
neutral and alkaline solutions can be written as

Ka

kobs = ki m

&)

At pH values up to 10-11, ay > K,, which means that Eq. (5)
can be reduced to

kons = k1K Jay ©)

12 _
R,—C—NH—CH~—(C—R, €— R,—G~~N—CH—C—R
] i o T

e K, T
Ri— —T“CH—Q—F& — Rr’ﬁ—gf—CH—IC—Ra
H(‘:-OH gt o) H(IIG
R:! R:}
lk
1
R H* le

+ RyCHO
Scheme V

kobs = —>—a
obs Kw OH

where K, is the autoprotolysis constant of water. Equation
(7) predicts that the rate of decomposition is directly propor-
tional to any at pH < pK, as actually observed for the
N-a-hydroxyalkyl derivatives of the present study.

It has previously been shown that the rate of decompo-
sition of various N-hydroxymethylated primary amides in-
creases with increasing acidity of the parent amide (17,18),
which can be explained by increased k, values through in-
creased leaving ability of the amide anion. Such an effect
may partly explain the striking difference in the stability of
the N-benzyloxycarbonyl and N-benzoyl derivatives 10 and
30 since benzamide is more acidic than benzylcarbamate. To
test this explanation the N-hydroxymethyl derivative of ben-
zylcarbamate was prepared and its decomposition (Scheme
V1) studied in aqueous solution (pH 9-11) at 37°C. A koy
value of 17 M~ ' min~ ' was found. The corresponding Koy
value for N-(hydroxymethyl)benzamide is 120 M ~! min~*
(29). Thus, the latter is sevenfold more reactive than the
corresponding carbamate derivative. This may be compared
with the 31-fold greater reactivity of compound 30 relative to
compound 10. The intermediary reactivity of the N-acetyl
derivative 31 can also be rationalized in terms of parent
amide acidity since acetamide is less acidic than benzamide
(30).

Comparison of the rate data for the compounds 10 and
18-29 reveals a dramatic influence of R, on the stability. By
substituting the carboxy group in 10 with a benzylamide
group (18), the reactivity increases by a factor of 19. A sim-
ilar trend is seen for the derivatives 16 and 17. This increased
reactivity of derivatives with a C-terminal amide moiety in-
stead of a free carboxylic acid can probably be ascribed to

i
@—CHZO—C—NH —CH,OH

i
<©>—c:x-12c>~c:—r‘m2

Scheme VI

+ HCHO
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the stronger electron-attracting properties of an amido group
relative to an ionized carboxy group, which in turn increases
the leavability of the amide anion and hence the rate con-
stant k, (cf. Scheme V).

However, whereas compound 18 with a benzylamide
group possesses almost the same reactivity as compounds
with a glycine group or related moieties (21, 22, and 29), the
stability of compounds formed with other amino acids (23—
28) is much greater. Thus, the leucine derivatives 24-27 are
more stable than the free acid 10. Apparently, steric effects
within the R, moiety greatly influence the reactivity. As seen
from Fig. 6 the different reactivities of compounds 21, 23, 24,
and 26-28 can be adequately correlated with the steric ef-
fects of the a-substituents in the C-terminal amino acids. The
regression equation between log t;,, and Charton’s steric pa-
rameter v (31) is

log i, = 1.98 v + 1.28 (r=0950;n=6) (8

No explanation can presently be offered for this struc-
tural influence on the decomposition rate. It is of interest to
note that the apparent steric influence is not reflected in
substituents on the nitrogen since the N,N-diethylamide de-
rivative 20 shows a reactivity similar to the monosubstituted
amides 18 and 19.

The structure of the R, substituent and hence the alde-
hyde component is also seen to have a pronounced influence
on the stability of N-a-hydroxyalkylated peptides in aqueous
solution. Similar differences in reactivity have previously
been observed for such derivatives of benzamide and
thiobenzamide (19) and may be due largely to steric effects
within the a-substituents, although polar effects may also
play a role.

Finally, it is of interest to note the much greater reac-
tivity of the N-(hydroxymethyl) derivative 30 compared with
N-(hydroxymethyl)benzamide. Whereas the latter is de-
graded with a half-life of 160 hr at pH 7.4 and 37°C, com-
pound 30 shows a half-life of 6.6 hr. This large difference in
stability appears to be due—in an as yet unknown manner—
to the fact that whereas N-(hydroxymethyl)benzamide is de-
rived from a primary amide, compound 30 is from a second-
ary amide. Thus, N-(hydroxymethyl)-N-methylbenzamide

~NH =gH —C00™
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Fig. 6. Plot of log 1, against the steric substituent parameter v for
the decomposition of various N-hydroxymethylated Z-protected
peptides in aqueous solution at pH 7.40 and 37°C. The parameter v
refers to R in the formula shown.

Bundgaard and Rasmussen

has been found to degrade with a half-life of only 4.2 hr at pH
7.4 and 37°C (unpublished observation).

Whereas plasma enzymes catalyze the hydrolysis of the
N-acyl 5-oxazolidinones considerably (6), the rate of decom-
position of the N-a-hydroxyalkyl derivatives is only slightly
affected by the presence of human plasma, which is similar
to the behavior of other N-a-hydroxyalkyl compounds (9,
19, 32). Thus, compound 18 showed a half-life of decompo-
sition of 4.8 hr in 80% human plasma, compared with 10.8 hr
in pure pH 7.4 buffer solution.

Stability Toward Carboxypeptidase A

Carboxypeptidase A (CPA) is a pancreatic proteolytic
enzyme whose primary function is that of a C-terminal exo-
peptidase. The enzyme catalyzes the hydrolysis of almost
any peptide having a terminal free carboxyl group and a
C-terminal residue of the 1. configuration (33,34). The rate of
hydrolysis is usually enhanced if the terminal residue is ar-
omatic or branched aliphatic (33,34).

To investigate whether N-a-hydroxyalkylation of the
second peptide bond in a dipeptide would make the terminal
bond stable toward CPA, the rates of decomposition of the
derivatives 23 and 24 were determined in the presence of
CPA at a concentration of S0 U/ml. Under these conditions
(pH 7.4 and 37°C) the parent N-acylated dipeptides Z-
Gly-L-Leu and Z-Gly-1-Ala were found to degrade to yield
Z-Gly with first-order half-lives of 6 min and 8.7 hr, respec-
tively. The greater reactivity of the leucine derivative is in
accordance with previous studies of these dipeptides (35).
Under identical reaction conditions the alanine compound 23
was found to degrade with a half-life of 141 hr, which is
similar to that observed in enzyme-free solution (137 hr).
Compound 24 showed an extent of degradation of 5% after
incubation for 66 hr in the enzyme solution, which corre-
sponds to a half-life about 924 hr. This is also similar to that
in pure buffer solution (980 hr).

These results demonstrate that N-hydroxymethylation
of the N-terminal peptide bond in the N-acylated dipeptides
Z-Gly-L-Leu and Z-Gly-L-Ala completely protects the C-
terminal peptide bond against CPA (Fig. 7). Thus, the pres-
ence and integrity of the second peptide bond appear to be
important for the enzymatic reactivity. This is in harmony
with the findings that the rate of the CPA-catalyzed hydrol-
ysis of N-acyl dipeptides is greatly decreased if N-methyl-
glycine (sarcosine) or B-alanine is the second amino acid
(36,37). Direct protection of the susceptible C-terminal pep-
tide bond of an N-acylated dipeptide (or a higher homologue)
by N-a-hydroxyalkylation of this bond should also be pos-
sible by transforming an N-acyl dipeptides into the corre-
sponding 5-oxazolidinone through condensation with an al-
dehyde and subsequent hydrolysis, but this remains to be
studied.

et
R—g— N CH— = Ni—CH—COOH
CH,0H O T

Stable toward CPA

Fig. 7. Stabilization of a C-terminal peptide bond toward carboxy-
peptidase A by N-hydroxymethylation of the second peptide bond.
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CONCLUSIONS

The prodrug approach described protects peptides
against specific proteolytic cleavage as illustrated with car-
boxypeptidase A. Further, N-a-hydroxyalkylation of a pep-
tide bond via 5-oxazolidinone formation may also protect
peptides against hydrolysis by other proteolytic enzymes,
such as achymotrypsin and trypsin, since these enzymes
usually also require the free NH-moiety of the peptide bond
(38). In contrast to N-methylation or similar N-alkylation,
N-a-hydroxyalkylation is a bioreversible approach, the
N-a-hydroxyalkyl derivatives being converted quantita-
tively to the parent peptides via a spontaneous, i.e., nonen-
zymatic, reaction. The stability of the derivatives is high in
weakly acidic solutions and can be controlled by selection of
appropriate aldehydes for the initial S-oxazolidinone forma-
tion. Thus, by using acetaldehyde or chloral instead of form-
aldehyde, a higher rate of prodrug conversion is achieved.

An interesting aspect of this approach to protect the
peptide bond against rapid proteolytic cleavage is further
derivatization of the hydroxyl group in the N-a-hydroxy-
alkyl derivatives, e.g., by esterification to afford N-a-acyl-
oxyalkyl derivatives which are cleavable by unspecific es-
terases. In this manner not only the stability but also the
lipophilicity can be further modified. Studies are in progress
to examine this aspect.
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