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A Dbibracchial lariat aza-crown ether (L) consisting of 2-aminoethylnaphthyl moieties appended to
a 2 : 2 azapyridinophane structure displays significant activation of H-D exchange in malonic
acid. The compound forms very stable adducts with malonate anions (MA) in the 2-10 pH range.
Molecular dynamics studies performed for the species resulting from the interaction of the
hexaprotonated macrocycle and the dianion show that malonate is encapsulated by L with
distances between the CH, group of malonate and the pyridine nitrogens of ca. 3.5 A. The
pendant arms of L cap above and below the anion, defining a pseudo-cage structure. Quantum
chemical calculations for a-proton abstraction from malonate by the protonated ligand L, at the
B3LYP/6-31G** computational level using reduced models, have allowed transition states to be
obtained that denote a concerted mechanism in which a-proton abstraction is accompanied by
proton transfer from protonated amino groups of the receptor to the carboxylate groups. Kinetic
measurements for ligand L, performed at pD = 6 following the variation of the '"H-NMR
MA-CH, and MA-CHD signals, allow the following rate constants to be calculated: K=

(60.2 £ 0.5) x 107> min! and K5’ = (75.3 £ 0.6) x 107> min~', with values that equal the
experimental values of the free substrate at pD = 0. The rate enhancement produced by the
open-chain reference ligand (L), containing the polyamine tren (tris(2-aminoethyl)amine)

functionalized at one of its terminal amino groups with a naphthyl moiety, is much more
moderate, with K} = (9.2 £0.2) x 107* min~' and k5" = (11.56 £ 0.03) x 107> min~".

Introduction

Nature has a unique approach to generating a huge variety of
products.! The biosynthesis of these compounds is often
accomplished by multi-domain proteins with remarkable ar-
chitectures and multi-enzyme pathways that comprise the
synthetic machinery of biological systems.> Mimicking en-
zymes using artificial entities has been the impetus for many
research groups over the past 20 years and the design and
synthesis of artificial receptors for selective recognition of
bioactive substrates have received considerable interest.’
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Many enzymes are members of families that catalyze
reactions in the chemistry of life, transforming both macro-
molecular substrates and small molecules.>* Enolase
is an enzyme present in muscle tissues that participates in
glycolysis and acts in carbohydrate metabolism. Enolase
is a homodimer metal-activated metalloenzyme which uses
two magnesium ions per subunit: the strongly bound confor-
mational ion and the catalytic one that binds to the enzy-
me—substrate complex inducing the catalysis process that
consists of the abstraction of a proton from a carbon
atom adjacent to a carbonyl/carboxylic group (a-proton of a
carbon acid).’

In recent years, several receptors have been evaluated as
enolase mimics. Breslow and co-workers® have pioneered the
field using modified B-cyclodextrins and more recently Menger
and Binder’ have explored the possibilities of an amino
derivative of this type of compound. Although B-cyclodextrins
were the first examples of abiotic catalysts for enolization in
water, other macrocycles and molecules were examined that
showed an improvement in catalytic efficiency.® Lehn et al.®
have employed aza-crowns to catalyze H-D exchange using
malonate as a substrate. Polyammonium macrocycles combine
several properties that make them potentially suitable as
general acid—base catalysts (Scheme 1).

Here we report on a synthetic receptor (L) with promising
features for supramolecular electrophilic catalysis in the
activation of a-proton exchange.
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Scheme 1 Ligands L and L, and malonic acid (MA).

Results and discussion

One approach to the design of artificial enolases consists of the
construction of a receptor with a pre-designed topology that
includes: a semi-rigid macrocycle scaffold able to strongly bind
the acidic and basic forms of the substrate; some type of
electrophilic catalyst such as a metal-ion, charge pairing, or
hydrogen bonding interactions in order to increase the acidity
of the substrate; and the incorporation of a hydrophobic
environment surrounding the region of electrophilic interac-
tion. Receptor L possesses a cyclic core with the ability to
carry a high positive charge through protonation whilst pre-
senting unprotonated nucleophilic sites at the same time. It has
been reported that this bibracchial lariat aza-crown ligand
forms stable complexes with aliphatic carboxylic acids that are
suitable substrates for a-proton abstraction.” Additionally, L
possesses two arms with naphthalene units that allow the
molecule to adopt different conformations as previously re-
ported. 1911 one of these conformers, the aromatic moieties are
placed at the top and the bottom of the macrocyclic cavity.

Binding studies

The determination of the host—guest interaction constants was
performed using potentiometric techniques. Table 1 shows the
stability constants for the interaction of receptor L with
malonic acid and Fig. S1 (ESIf) displays the speciation
diagram for this system.

An examination of Table 1 and Fig. S1§ shows that proto-
nated receptor L binds malonate ions and forms stable com-
plexes in the 2-10 pH range. At low pH (<2), malonate ions
are protonated!! and there is no evidence of interaction with
the protonated ligand; at high pH (>10), the macrocycle is
unprotonated and does not bind malonate ions; at pH =~ 6.5,
receptor L can interact with dianionic malonate, allowing the
formation of tri-, tetra-, penta- and hexaprotonated com-

Table 1 Selected stepwise logarithms of the stability constants (log K)
for the interaction of L with malonic acid determined in 0.15 mol dm ™

NaClat 7' = 298.1 K

Reaction” log K

LH + A s LAH 4.83 £ 0.03
LH, + A s LAH, 5.67 £ 0.03
LH; + A & LAH; 6.27 £+ 0.03
LH,; + A s LAH, 6.24 + 0.03
LHs + A s LAH; 6.70 £ 0.03
LHg + A & LAHg¢ 6.59 + 0.06
LH¢ + AH s LAH, 6.36 £ 0.03

“ Charges omitted for clarity.

plexes. Therefore, receptor L is a good candidate for investi-
gating the effect of binding on the H-D exchange in malonate
ions.

Kinetics of exchange

The kinetics of deuteration for the systems MA, L-MA and
L;-MA were determined by '"H NMR spectroscopy at pD =
6. Fig. 1 shows "H-NMR spectra at pD = 6 for malonic acid
in the course of the H-D exchange. The singlet corresponds to
the MA-CH, protons, while the triplet is attributed to the
MA-CHD proton (the multiplicity is due to a proton—deuter-
ium coupling constant). Kinetic rate constants could be
determined by following the triplet and the singlet intensities
in "TH-NMR experiments recorded at different times.

Hansen and Ruoff'? proposed a mechanism for isotopic-
exchange reactions occurring when malonic acid or 2-substi-
tuted malonic acids are dissolved in D,SO,. The deuteration
reaction starts with a very rapid exchange of the carboxylic
protons by D™ (1) and then this is followed by a sequence in
which the enol form of malonic acid acts as an intermediate
(2-5).

CH,(COOH), + 2D' ——> CH,(COOD), + 2H" (1)

o
K" I

CH,(COOD), === DOOC-HC=C-0D - H  (2)
K™y

o KP
] . : i
DOOC-HC=C-0D + D _T> pooc-Hep—c-on  (3)
4
K, (o}

B — |
DOOC-HCD—COODKH% DOOC—DC=C-0D + H" (4)
2

o

] 2
DOOC—DC=C-0D + D' e——= CDx{C0O0D),  (5)

kU
<
k™2
Hansen and Ruoff'> demonstrated that, although all steps are
potentially reversible, reactions (2) and (4) were practically
irreversible under the reaction conditions because any H*
formed was rapidly absorbed in the 1 M D,SO4—D,0 medium.
We have studied the interaction of receptors L and L; with
malonic acid at pD = 6 and in both cases catalyzed isotope
exchange reactions were observed. Peak height measurements
have been used for quantification instead of peak area due to
the overlapping of the signals.

Table 2 summarizes the enolization rate constants calcu-
lated according to ref. 12. It is interesting to note that the

t=42 min =57 min =169 min =393 min

324 320 316 342 308 324 320 316 512 308 324 320 396 312 308 324 320 316 312 308

Fig.1 'H-NMR spectra at different times for malonic acid at pD = 6
showing the variation of the singlet (MA-CH,) and triplet (MA-CHD
proton) peaks.
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Table 2 Calculated rate constants (min~') for the H-D exchange
reaction of the a-CH, of malonic acid catalyzed by sulfuric acid and
studied polyamine receptors

Values x 10°/min~!

MA MA L-MA L-MA
(D2SO4 1 M)* (pD = 6) (pD = 6) (pD = 6)

K 64.02(2)° 3.74(3) 60.2(5) 9.2(2)

Kb 25(1) 2.4(1) 75.3(6) 11.56(3)

@ Obtained from ref. 12. ® Values in parenthesis are standard devia-
tions in the last significant figure.

macrocyclic polyamine L gives the same enhancement rate as
that obtained for the free substrate in 1 M D,SQO4. As can be
seen in Fig. 2, where the normalized peak intensities obtained
for the MA-CHD signal are plotted against reaction time for
each of the studied systems, receptor L is much more efficient
than L; in terms of catalysis.

The variation in the rate constant values obtained for L and
L; can be attributed to two main differences between these two
ligands, namely: the presence or absence of the pyridine group
and the topological factor (i.e., the different shape and flexi-
bility of each receptor). Both the topology and the presence of
the pyridine group could play an important role in facilitating
the a-proton abstraction, since a pyridine group placed at the
right distance could act as a general base. This assumption is
further supported by the theoretical studies (vide infra) and the
NMR data. Fig. 3 shows the time-evolution for the L-MA
system. Broad pyridine signals centered at 7.4 and 7.9 ppm
were resolved after addition of malonic acid to the ligand. This
fact might indicate a conformational change induced by the
malonic acid and points out the involvement of the pyridine
unit in the reaction mechanism (see section on molecular
mechanics studies). In the aliphatic area, the peak at
4.3 ppm, attributed to one of the methylene protons closer
to the pyridine ring, becomes well-resolved and sharper with
malonic acid interaction, indicating a conformational change
has taken place in that part of the molecule.

Although calculated kinetic data for our systems fit properly
with the irreversible mathematical models proposed by
Hansen and Ruoff,'? evidence of reversibility was detected.
After two weeks of reaction, the CHD triplet in '"H-NMR
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Fig. 2 Plot of the normalized intensities of -CHD- peaks of malonic
acid (MA), L-MA and L;—MA vs. reaction time at pD = 6.

A)
% *

L

L + malonic acid t = 38 min M
L + malonic acid t= 60 min M
L + malonic acid t= 172 min M
L + malonic acid t = 396 min M
A N B A B e e B L BRaman an s e
9.0 8.8 8.6 84 8.2 8.0 78 76 74 7.2

ppm

B)

L M
L + malonic acid t = 38 min M m
L + malonic acid t = 60 min

L + malonic acid t = 172 min

L + malonic acid t = 396 miM

T T T T T T
4.20 4.00 3.80 3.60 340 3.20 3.00

e

~
IS
o

ppm

Fig. 3 "H NMR spectra for the system L-MA registered at pD = 6;
(A) aromatic and (B) aliphatic regions of the spectra. The first
spectrum in each series corresponds to macrocycle L. Peaks labelled
with * are resolved after addition of MA.

spectrum of the L-MA system is still observable, confirming
that the two central hydrogen atoms of malonic acid have not
been replaced completely by deuterium and therefore the
reversibility of the reaction. Although the samples were pre-
pared under argon using 99.9% deuterated water, the residual
triplet could be attributed to the presence of some H,O arising
from hydration of polyamines, water from D,O or hydration
of the samples while experiments were recorded. However,
the system can be treated essentially as non-reversible.

Even though it is difficult to establish comparisons between
the values reported in the literature due to the differences in
conditions and parameters, calculated rate constants of
macrocycle L for H-D exchange reaction are in the same
range as those calculated for [24]aneN4O,.° cyclen deriva-
tives'® or cyclodextrins;®’ only receptor [36JaneNgO.,® seems
to be a more efficient catalyst for o-proton abstraction
(Table S17).

Molecular mechanics and dynamic studies

Fig. 4 shows a superposition of ten models with the lowest
energies extracted from the trajectories of molecular dynamics
simulations (part A) and the minimum energy model (part B).
The superposition has been made taking the malonic atoms as
a reference. The minimum energy models locate malonic acid
right in the core of the macrocycle L and parallel to the
pyridine rings. The nitrogens of the cyclic frame stabilize
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Fig. 4 Superposition of the ten minimum energy models from
molecular dynamics simulations (A) taking malonic atoms as a
reference and minimum energy model (B) for the system L-MA.

carboxylate groups and the distance between the central
—CH,— and the pyridine nitrogens is short enough (3.5 and
4.1 1&) to enable the aromatic ring to behave as a base and
remove the acidic protons. This location of malonic acid can
justify the sharpening of the '"H NMR benzylic and pyridine
aromatic signals. Each of the carboxylate rings is interacting
with three secondary amino groups, two from the macrocyclic
framework and one from the pendant arms; the O-N distances
are in the range 2.7-3.2 A suggesting the possibility of forma-
tion of a hydrogen bonding network that would contribute to
stabilizing the adduct species.

Quantum chemical calculations for a-proton abstraction from
malonate by the protonated ligand L

In order to gain insight into the possible mechanism and
transition state for the H-D exchange process, we have carried
out a quantum chemical study of the transition state structures
involved in the a-proton abstraction from malonate at the
B3LYP/6-31G** computational level. Due to the large num-
ber of atoms present in L, three reduced models containing
relevant features of ligand L provided by the molecular
mechanics and dynamics study were considered (Scheme 2).
In model I and model II, the nitrogen atom of the pyridine
moiety was chosen as the proton acceptor, while in model III,
the selected proton acceptor was the nitrogen atom of one of
the tertiary amines present in L. In model I the malonate
is extended parallel to the pyridine plane containing the
2,6-substituents, while in model II, the dianion is normal to
the pyridine ring. This last situation will somehow agree with
the relative dispositions obtained in the minimum energy
ground state conformers obtained in the molecular dynamics
studies (Fig. 4). These minimum energy conformers, along
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Scheme 2 Models used in computational studies.

with the NMR data, somewhat support the participation of
pyridine as the base in a-proton abstraction. On the other
hand, these three moieties are repeated several times within the
molecular structure of L. The models are completed by two
protonated secondary amino groups linked to the acceptor
atom through methylene groups and by two dimethylammo-
nium moieties that have been included in order to model the
other ammonium groups present in cyclic framework (models
I and III) or in the pendant arm (model 1) of L (Scheme 2).
Indeed, it has been shown that the rate enhancements provided
by structures like diethylenetriamine® or L, itself are very
modest and therefore additional charged sites are required to
operate the concerted a-proton abstraction mechanism (vide
infra). In these computational models, the incorporated
malonate anion presents a near-planar conformation in which
the four oxygen atoms are hydrogen-bonded to the four
ammonium cations.

Full geometrical optimization of the corresponding precur-
sor complexes gives three structures in which the average
distance between the four oxygen atoms of malonate and the
hydrogen atoms of the protonated amino groups is ca. 1.50 A.
The distances between the methylene carbon of malonate and
the pyridine and tertiary amine nitrogen atoms are 3.95,
3.58 and 3.86 A, respectively.

A search for the transition state structures associated with
proton abstraction in L provided structures TS-I, TS-II and
TS-III for models I, IT and III, respectively (Fig. 5). TS-I
presents higher molecular symmetry than TS-II, but the latter
shows an 8.5 kcal mol™! lower energy. In these transition
structures, the two added dimethylammonium groups remain
at the same relative positions as in the precursor complexes. In
all TSs, the distances between the donor methylene carbon and
the acceptor nitrogens are reduced to 2.8 A. The distances of
the abstracted proton to the carbon donor and the nitrogen
acceptors are 1.57 and 1.24 A in TS-I, 1.59 and 1.20 A in TS-II
and 1.51 and 1.27 A in TS-III, respectively. It is interesting to
emphasize that in the three transition states, there is a con-
certed proton transfer from the ammonium residues neigh-
bouring the proton acceptor nitrogens to the carboxylate
groups. This would allow the high negative charge developed

733.8iem’!

TS-I L= TS

TS-11I

Fig. 5 Proposed transition state structures.
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on the substrate following the formation of the corresponding
enolates to be reduced. It is known that electrophilic catalysis
can induce a decrease of the pK, of the -CH by up to 15 units
upon protonation of the carboxylic group.'*

Once the enolate is formed, the a-proton is completely
transferred to the acceptor nitrogens, the distance between
the abstracted proton and the carbon atom of enolate becom-
ing 2.12 A. The enolates present in both TSs have a planar
conformation with C—C bond lengths of 1.43 A.

Conclusions

The activities of L and L; as catalysts for proton exchange
have been investigated. The studies demonstrate the ability of
these receptors to bind malonate anions and catalyze H-D
exchange at the —CH,— position. In particular, macrocycle L
ranks amongst the synthetic receptors yielding the largest rate
acceleration of the process. Moieties formed by a non-proto-
nated amino group with two neighbouring ammonium groups
seem to match perfectly the size and disposition of malonate
anion allowing the concerted mechanism of o-proton ex-
change. However, additional protonated sites able to neutra-
lize the high negative charge developed in the enolization
process are also important requisites.

Experimental

The syntheses of L and L; have been reported elsewhere.'®

Electromotive force measurements

The potentiometric titrations were carried out at 298.1 £ 0.1 K
using NaCl 0.15 mol dm™* as supporting electrolyte. The
experimental procedure (burette, potentiometer, cell, stirrer,
microcomputer, efc.) has been fully described elsewhere.!® The
acquisition of the emf data was performed with the computer
program PASAT.'® The reference electrode was an Ag/AgCl
electrode in saturated KCI solution. The glass electrode was
calibrated as a hydrogen-ion concentration probe by titration
of previously standardized amounts of HCl with CO-free
NaOH solutions and determining the equivalent point by the
Gran method,!” which gives the standard potential, E°’, and
the ionic product of water (pKw = 13.73(1)).

The computer program HYPERQUAD'" was used to
calculate the protonation and stability constants. The pH
range investigated was 2.0—11.0. The different titration curves
for each ligand were treated as separated curves without
significant variations in the values of the stability constants.
Finally, the sets of data were merged together and treated
simultaneously to give the final stability constants.

NMR sample preparation

NMR samples were prepared under an argon atmosphere at
pD = 6 in D,O (Aldrich, 99.9%). Adjustments to the desired
pD were made using drops of DCI or NaOD solutions. Values
of pD are given without correction.'” [L] = [Ly] = 0.02 M,
[MA] = 0.2 M.

NMR acquisition and processing parameters

The NMR spectra were recorded using either a Bruker Avance
400 (400 MHz, 100 MHz) or a Bruker Avance DPX-500 (500
MHz, 125 MHz) NMR spectrometer. Spectra were obtained
using a 5 mm inverse broadband probe head incorporating a
shielded Z-gradient coil. Typically, a sample was tested over a
period of 800 min, recording '"H NMR experiments every
14 min using a 30° pulse angle and a 1.0 s relaxation delay. Each
experiment consisted of 10 scans, taking 12 s per experiment.
Experiments were performed directly in the spectrometer at
25.0 & 0.2 °C and there was a time delay of approximately
15-30 min between mixing of the reagents, adjusting the pD
and the start of NMR measurements, resulting from inserting
the tube into the instrument and fine shimming (i.e. improving
the magnetic field homogeneity) of the sample. Although,
during these 15-30 min, the concentration of non-deuterated
water may have increased by up to 1%, there was no difficulty
in extrapolating the data to the initial conditions (¢ = 0).

All chemicals were of analytical grade and were used
without further purification.

Molecular dynamics simulations

Molecular dynamics simulations were carried out using
AMBERS* and GAFF potentials®! at 325 K. The process
comprised a convenient heating stage (in several steps until a
final temperature of 325 K was reached) after which the
simulation was done. The heating stage comprised 6 steps
along which the temperature was slowly increased for a period
of 30 ps plus 2 steps, of 20 ps each, at the end until the target
temperature was reached, namely 325 K. Then the system was
ready for a production stage of 77 ns, along which energies
and data were saved every 500 steps (each step 0.2 fs).
Minimum energy conformers were extracted from the trajec-
tories and are given in Fig. 4 (part A) of the manuscript. The
calculations were performed for the interaction of the hexa-
protonated macrocycle with malonate dianion. The protons
are located in the secondary amino groups of the receptor.
Files with trajectories in AMBERS ?° format and GAFF
potentials®! at 325 K are available on request.

Quantum chemical calculations

Density functional theory (DFT) calculations have been car-
ried out using the B3LYP?? exchange—correlation functionals,
together with the standard 6-31G** basis sets.”®> The optimi-
zations were carried out using the Berny analytical gradient
optimization method.?* All calculations were carried out with
the Gaussian 03 suite of programs.>
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