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The kinetics of diketopiperazine formation from the peptide H-Ala-Pro-NH, with the unprotected amino group

in the form of its trifluoroacetate salt have been investigated in a large number of solvents, including aprotic and
hydroxylic solvents. The first-order rate constant is considerably affected by the solvent properties, its value spanning
more than three orders of magnitude. Moreover, alkylammonium carboxylate salts are efficient catalysts of the
reaction. The correlation with Kamlet-Taft solvent parameters shows that the reaction rate is retarded by solvents
with a high capacity to stabilise solutes that are charged or dipolar, and that are hydrogen donors and/or acceptors.
Solvents with high cohesive energy density values significantly increase the reaction rate. These results are

discussed in terms of a proton switch in the rate determining step and of solvation stabilisation of the initial

state of the peptide and of the transition state of the rate-limiting step.

Introduction

A variety of spontaneous chemical reactions are known to
affect peptides and proteins during their storage and manipu-
lation. Among these, particularly frequent is the cleavage of the
peptide bond between the second and third residue with con-
comitant formation of diketopiperazine (2,5-dioxopiperazine,
DKP)."?> The nitrogen atom of the N-terminal deprotonated
amino group can attack the carbonyl carbon atom of the sec-
ond residue, causing the breakdown of the chain and formation
of DKPs (Scheme 1). Spontaneous degradation during storage,
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for instance, has been reported for the undecapeptide substance
P.* the Tic-containing peptides,"* and the protein recombinant
DNA-derived human growth hormone.’> Moreover, many
DKPs, encompassing a wide range of biological activities, have
been found in a variety of tissues and body fluids.®

The role played by the peptide sequence and chirality of the
residues involved in the cyclisation has been investigated in
detail.” The mechanism of the reaction in aqueous solution has
recently been described.?

However, a thorough investigation of the effects of organic
solvents has never been carried out, although this reaction has
been reported for several years to occur as a side reaction in
peptide syntheses.” This information should prove useful in
determining conditions for the storage and manipulation of
peptides, which, because of their sequence, are particularly
prone to give DKPs.

In this study, we have investigated the solvent effect on the

rate of DKP formation from peptides having the N-terminal
amino group unprotected, in trifluoroacetate salt form, the
form usually obtained from purification of the N-unprotected
peptides by HPLC.

The stability of peptide salts is of particular interest because
it is widely accepted that the protonation of the N-terminal
amino group prevents the formation of DKP. That solvents
considerably influence chemical reactivity is a well-established
phenomenon.® A fruitful approach to the analysis of these
effects is to treat the logarithm of the observed rate constants
by simple or multiple correlation to various parameters charac-
teristic of the solvents.’® This approach not only provides
equations which can also be used to calculate rate constants
for solvents not tested experimentally, but by showing the effect
of specific solvent characteristics on the reaction rate, the
approach also produces useful mechanistic information on
reaction pathways and on the structure of the transition state.

A preliminary report has already been published.!!

Experimental
Materials

The peptide H-Ala-Pro-NH, in its trifluoroacetate salt form
was synthesised by coupling Boc-Ala-OH with H-Pro-NH,
using the 1,3-dicyclohexylcarbodiimide-hydroxybenzotriazole
method in N,N’'-dimethylformamide.'* After evaporation of the
solvent in vacuum, the crude protected dipeptide was dissolved
in water and purified by passing the solution through a mixed
bed ion exchange column [Dowex 50WX8 (H*)/1X8(OH)].
After lyophilisation, the dipeptide was Boc deprotected by
100% trifluoroacetic acid (TFA) and then purified by semi-
preparative HPLC on a C,4 column eluted with 0.1% (w/v) TFA
in water. '"H-NMR recorded in [*H,]DMSO at 400 MHz gave
0w=1.35 (d, 3H, CH;, Ala), 1.70-2.30 (m, 4H, C’H,-C'H,,
Pro), 3.45-3.70 (m, 2H, C°H,, Pro), 4.00-4.40 (m, 2H, C°H, Ala
and C*H, Pro).

The hydrochloride and acetate salts of the peptide were
obtained by passing the trifluoroacetate salt through an anion
exchange resin, Dowex 2X1, in the appropriate forms. The DKP
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Table 1 Observed first-order rate constants for diketopiperazine
formation from trifluoroacetate salt of H-Ala-Pro-NH, at 20 °C

Table 2 Observed first-order rate constants for diketopiperazine
formation from H-Ala-Pro-NH,-HX in acetonitrile at 20 °C

Solvent Kops!s ! HX Kopsls "

Acetone 2.1x10°¢ HCl 1.3x10°¢

Acetonitrile 1.8x10°¢ CF;COOH 1.8x10°¢

Butan-1-ol 5.8x 1077 CH,;COOH 3.0x107*

Butan-2-ol 8.5%x 1077

Butan-2-one 49x107¢

Dimethyl sulfoxide 9.5x107® 2.0 1 —— S —
Dimethylacetamide 5.8x 1077 b .
Dimethylformamide 4.0x107 25 B
Ethanol 2.7%x 1077 _30 I ]
Ethylene glycol 40x107® P

Formamide 9.5%10°% ly —3.5 -
Hexafluoropropan-2-ol 32x%x107° \g _40 ) ]
Methanol 1.6 x 1077 <

Nitromethane 2.7%x10°¢ 2 45 -
Propan-1-ol 3.2x1077 - 1
Propan-2-ol 3.9x1077 -5.0 1
Propionitrile 1.4x107° 554 i
Propylene carbonate 6.2 % 10’2 r 1 : k 1 I ‘ K 4
oo Trifluorocthanol SRy %00 ""0.06 0.10 0.15 0.20 0.25 0.30 0.35 0.40

cyclo(-Ala-Pro-) was synthesised and characterised as previ-
ously reported.?

Kinetic measurements

Solutions of the salts of H-Ala-Pro-NH,, 5 mmol dm 3, were
filtered through a 0.45 pm membered filter and then stored
in glass microvials in a thermostatted room at 20.0 £ 0.2 °C.
At preselected times, an aliquot was removed and analysed by
HPLC on a Beckman model system gold using a Beckman C,
reversed phase column (4.0 X 250 mm, 5 pm particle size).
Peptides were detected using a Beckman model 166 variable
wavelength monitor at 214 nm with a Shimadzu C-R6A
integrating recorder. Elution was achieved using an isocratic
elution, 4% of B for 7 min, followed by a linear gradient, 4-15%
of B in 15 min: composition of the solution A was 0.1% (w/v)
TFA in water, composition of the solution B was 80% (v/v)
acetonitrile and 0.1% (w/v) TFA in water. The flow rate was 1.0
cm® min~!. The reaction product was identified by comparison
with HPLC traces of authentic sample. Side reactions to DKP
formation were not noted. The rate constants were calculated
by least-squares analysis of the time dependence of the peak
area corresponding to the starting peptide and/or to the DKP,
assuming the rate to be first-order. The fitting of the experi-
mental data was satisfactory for all the samples. The values of
the rate constants were reproducible within 10%.

The solvents tested (see Table 1) were of the highest available
purity and used without additional purification. The results of
a few tests carried out in acetonitrile which had been stored
overnight on sodium carbonate, distilled from phosphorus
pentoxide and stored in nitrogen atmosphere, did not differ
significantly from those obtained with the commercially
available solvent.

Results

The reaction rate of DKP formation was investigated for the
peptide H-Ala-Pro-NH, in its trifluoroacetate salt form in
twenty polar solvents, including aprotic and hydroxylic ones.
Apolar solvents could not be used because of the insufficient
solubility of the peptide. Kinetic runs in acetonitrile were also
performed in the presence of acetic acid, triethylamine and tri-
ethylammonium acetate as catalysts, and on the acetate and
hydrochloride salts of the peptide. In all the experiments the
reaction was first-order and no side-reaction was detected.
Table 1 shows the values of the first-order rate constants
(ko) measured in the solvents used. &, spans more than three

330 J. Chem. Soc., Perkin Trans. 2, 1999, 329-332

Cone./mol dm™®

Fig. 1 Dependence of the first-order rate constants for diketopiper-
azine formation from the trifluoroacetate salt of H-Ala-Pro-NH, in
acetonitrile on the concentration of triethylammonium acetate (H),
triethylamine (A) and acetic acid (@).

orders of magnitude. Interestingly, the highest k,, values were
measured for solvents with aprotic dipolar protophobic char-
acter (acetone, acetonitrile, butanone, nitromethane and propi-
onitrile), according to the classification of Kolthoff.'* Table 2
reports the values of k,, observed in acetonitrile for the reac-
tion from the hydrochloride, trifluoroacetate and acetate salt of
the peptide. These data clearly indicate that the reaction rate
depends on the acid-base properties of the counterion of the
N-terminal ammonium cation. Increasing the basic character
of the anion increases the reaction rate. The acetate salt is the
most reactive form among those considered. As regards the
catalysis of DKP formation, Fig. 1 shows the effect of acetic
acid, triethylamine and triethylammonium acetate on the
observed rate constant in acetonitrile. The salt triethyl-
ammonium acetate proves to be a very efficient catalyst, at a
concentration of 0.02 mol dm™* the rate constant is increased
by a factor of thousand. The shape of the k,,, versus [triethyl-
ammonium acetate] plot, a rapid increase at low salt concen-
tration followed by a region where k,,, is constant, is usually
taken as an indication of a change of the rate determining step
with the buffer concentration.'* Less marked is the catalytic
effect of acetic acid and triethylamine.

Multiple linear regression analysis

In order to better understand the variations in the rates
observed for the title reaction, we treated the kinetic data with
the Kamlet—Taft multi-parameter solvent effect equation ** [eqn.
(1)], in which 7*, a and f reflect the dipolarity, the hydrogen

log k =log k, + sn* + aa + b + h(6H?) (1)

bond acidity and the hydrogen bond basicity of the solvent,
respectively, and JH?* is the solvent cohesive energy density
(cavity term). k,, s, @, b and h are coefficients depending on the
specific reaction and temperature.

Fig. 2 shows the correlation between the rate constants
observed and the rate constants calculated by means of eqn. (1)
with the coefficients obtained by the fit (Table 3). The fit
is sufficiently good; no set of data is further than the others
from the straight line. The correlation coefficient is 0.99. The
coefficients s, @ and b are negative: / is positive.



Table 3 Coefficients of the Kamlet-Taft multi-parameter solvent
effect equation [eqn. (2)] for rate constants of diketopiperazine form-
ation from the trifluoroacetate salt of H-Ala-Pro-NH, at 20 °C*

log k, s a b h

—20%x03 —-45+04 -21%01 -14%20.2 0.00430.0006

“ The ranges of the parameters 7*, a, f and H? for the solvents used are
0.41-1.09, 0.00-1.96, 0.00-1.09 and 86549, respectively.
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Fig. 2 First-order rate constants for diketopiperazine formation from
the trifluoroacetate salt of H-Ala-Pro-NH, calculated by the Kamlet-
Taft equation with the constants reported in Table 3 against the rate
constants observed.

Discussion

The results of the multiple linear regression analysis of solvent
effects on the title reaction show that solvents with a high ability
to stabilise charged or dipolar solutes, by virtue of charge—
dipole or dipolar interactions (s = —4.5), and to stabilise hydro-
gen donor or acceptor solutes (¢ = —2.1 and b = —1.4) decrease
the reaction rate. Although it is not straightforward to draw
inferences about molecular processes from macroscopic proper-
ties, in our opinion the solvent effect reported here provides
some interesting indications of the reaction pathway.

Previous studies® of DKP formation in aqueous solution
have shown that in this medium only the fraction of the peptide
with the deprotonated N-terminal amino group reacts at an
appreciable rate. The reaction involves the pre-equilibrium
attack of the N-terminal amino group on the carbonyl carbon
of the second residue, giving a zwitterionic cyclic intermediate '¢
in acid-base equilibrium with various forms characterised by
different grades of protonation. Breakdown to the product
occurs only from the neutral and anionic forms of the inter-
mediate by parallel steps.” The step from the neutral form
(Scheme 2) is prevalent and rate-determining from acidic to

R O 0O In+-

Scheme 2

moderately basic pH. This step is catalysed by polyfunctional
acid catalysts, as often observed in cases where a proton switch
is involved."”

In organic solvents, peptide salts, as any salts obtained from
proton transfer from an acid (H-X) to a base (B), are present in
several forms in chemical equilibrium. A simplified description
of these equilibria, in which complexes higher than 1:1 and
specific solute-solvent interactions are not considered, is given
in eqn. (2), where the dashed lines represent hydrogen bonds.

X +HB'=—X ---HB'—

X-H---B=—X-H+B (2

In buffered aqueous solution the fraction of the unproton-
ated peptide is determined by the pH value fixed by the buffer,
whereas in pure organic solvents it depends on the solvating
capacity of the surrounding medium. Solvents with a low
capability to stabilise ionic forms shift the equilibria to the
right. As regards the kinetic aspects of DKP formation, it is
worth noting that proton transfer between oxygen and nitrogen
atoms is usually much faster than the rate observed in the pres-
ent work," and then eqn. (2) represents equilibria that precede
the rate determining step (rds). In these cases the effects of
solvents on the reaction rate can be analysed in terms of the free
energy difference between the transition state of the rds and the
initial ionic substrate. The enhanced reactivity observed with
triethylammonium acetate suggests that a proton switch occurs
in the rds. Taking these facts into account, our experimental
results imply that the pathway proposed for the reaction in
water also holds in organic solvents, and that the rds is either
the transformation of In"~ to In or of In to the products
(Scheme 2). Both possibilities are consistent with the solvent
effect reported here. Solvents with a high ability to stabilise
charged and hydrogen donor or acceptor solutes (high values of
s, a and b coefficients) should stabilise the ionic form of the
substrate more effectively than the transition state of the pro-
posed limiting-step, that is expected to have a reduced ability to
form hydrogen bonds due to the delocalization of the charges.
Therefore, the net effect of polar and hydrogen donor and/or
acceptor solvents is an increase of the energy difference
between the ionic substrate and the transition state, hence a
decrease of the reaction rate. The coefficient / for the cavity
term, which reflects the energetic cost of disrupting the solvent—
solvent interaction to create or expand a cavity in the solvent,
also provides support for the proposed rds. The positive sign is
consistent with the expectation that the solvent shell contracts
as a consequence of the weakening of the ion-solute inter-
action, as the initial ionic substrate converts to the neutral
product. The cyclisation step to In*~ is ruled out as the rds
because no proton switch occurs in this step.

The mechanistic description reported above also gives a
sound explanation for the higher reactivity of salts from weak
acids (Table 2). In fact, according to our model, decreasing the
acidity of X-H [eqn. (2)] should result in a shift of the multi-
equilibrium toward the unprotonated form of the peptide,
which would reduce the free energy difference between the
reactant and the transition state. Finally, it is worth noting that,
because of the small size of the DKP ring, only peptides with
the first peptide bond in the cis conformation can react; hence
for most substrate molecules the first step of the overall reac-
tion is the trans—cis isomerization. However, from previous
studies on short Pro-containing peptides, it can be excluded
that the large solvent effect reported here is due to the solvent
influence on the isomerization step. First, the trans—cis equi-
librium is only slightly affected by solvents in comparison with
the effect reported here.'® Secondly, the trans—scis rate constant
is several orders of magnitude higher than the higher value
measured in this work?® and consequently cannot be rate
determining for the overall reaction of DKP formation.
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