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The rate of reaction and the selectivity of a Diels–Alder cycloaddition between a furan and a maleimide can be
enhanced by the introduction of complementary recognition sites on the reactant species. Subtle manipulation of
other structural elements allows the generation of the observed rate enhancements and selectivities through either
self-replication or formation of a pre-reactive binary complex.

Introduction
Several examples1 of chemical systems capable of templating and
catalysing their own synthesis—self-replicating systems—have
appeared in the chemical literature over the last 15 years. For
the biologist, these systems represent a link2 with the origins of
life—their study may be able to shed light on prebiotic chemical
evolution. However, for the synthetic3 chemist, these systems
represent the ultimate synthetic machine, capable of templating
the production of multiple copies of themselves from a single
original molecule. Almost all of the examples of synthetic self-
replicators4 reported to date are based on the minimal model5,6

shown in Fig. 1.
Within this minimal model for self-replication three reaction

channels exist. The first is the uncatalysed bimolecular reaction
between reagents A and B to afford the template T. However,
a requirement of the minimal model is that A and B bear
complementary recognition3,7 sites. Thus, A and B can associate
with each other through these complementary sites to form
a binary complex, [A·B]. The presence of this complex offers
a second reaction channel—the [A·B] complex8,9 channel—in
which the reaction between A and B is pseudo-intramolecular10

† Electronic supplementary information (ESI) available: details of
the kinetic simulation and fitting. See http://www.rsc.org/suppdata/
ob/b4/b406862a/

Fig. 1 The minimal model of replication. Building blocks A and B react via one of three pathways—the uncatalysed bimolecular pathway (Channel 1),
the binary [A·B] complex channel (Channel 2) which leads to a closed template T′ and the autocatalytic cycle (Channel 3) which is mediated by the
open template T.

and forms a closed template T′. The recognition used to assemble
the binary complex lives on in the template, thus, although rate
acceleration is achieved1 by this mechanism, this template is
catalytically inert.

The third reaction channel is the autocatalytic11 cycle. Here, A
and B bind reversibly to an open template T to form a catalytic
ternary complex [A·B·T] in which the reaction between A and B
is also rendered pseudo-intramolecular. Bond formation occurs
between A and B to give the product duplex [T·T], which then
dissociates to return two molecules of T to the start of the
autocatalytic cycle. Thus, the open template T, with unhindered
recognition sites in the correct orientation, can potentially
act as a self-replicator, transmitting molecular information by
formation of identical template molecules.

The two recognition-mediated reaction channels shown in
Fig. 1 accomplish the same goal—the acceleration and regio-
and/or stereocontrol12 of a chemical reaction. However, the
[A·B] complex channel does not involve any form of recognition-
mediated catalysis since the closed template T′ does not take any
further part in the reaction scheme. By contrast, a self-replicating
system is an attractive target for the synthetic chemist as it offers
its non-linear kinetic behaviour as a means of amplifying, in an
exponential manner, a particular structure or stereochemistry
over others in the system.

We have become interested in the factors that govern the
choice of reaction pathway adopted by systems whose reactivity
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Scheme 1 (a) Reaction of a 2-substituted furan derivative with
an N-alkyl maleimide affords the diastereoisomeric exo and endo
cycloadducts. (b) A carboxylic acid and an amidopyridine associate
through two hydrogen bonds in non-polar solvents to form a stable
complex.

is mediated by recognition processes. In particular, we wish to
establish solid design criteria that will allow us to exploit replicat-
ing systems in the construction of large molecular assemblies.13

To this end, we have identified the Diels–Alder14 reaction
between a 2-alkylfuran and a maleimide as a suitable platform
upon which to conduct these studies. This reaction12 affords
two products—the endo cycloadduct and the exo cycloadduct
(Scheme 1)—which differ in the relative stereochemistry at the
6–5 ring junction and these two cycloadducts have markedly dif-
ferent geometries. The reaction proceeds under mild conditions
without the need for external reagents, making it ideal for study
by NMR methods.

In this work, we describe the design and synthesis of two
systems based on Diels–Alder chemistry which differ struc-
turally by only one CH2 group, but whose kinetic behaviours
and diastereoselectivities are markedly different. These dif-
ferences can be rationalised and explained in terms of the

Scheme 2 Reagents and conditions: (i) 5% Pd/C, MeOH, 3 h,
rt, 90%; (ii) cyanuric fluoride, pyridine, CH3CN, 5 min, rt; (iii) 2-
amino-6-methylpyridine, CH2Cl2, 16 h, rt, 58%; (iv) maleic anhydride,
AcOH, 16 h; (v) AcOH, reflux, 5 h, 23%; (vi) Cs2CO3, MeI, DMF, 16 h,
rt, 98%.

different recognition-mediated reaction pathways—facilitated
by the amidopicoline–carboxylic3,7,15 acid recognition motif
(Scheme 1)—which predominate in each system.

Results and discussion
The starting materials required for our recognition-mediated
Diels–Alder cycloaddition reactions—compounds 1, 2a and
3a—were synthesised (Scheme 2) by standard methods. Addi-
tionally, the methyl esters 2b and 3b were prepared to function as
control dienophiles since the methyl ester is incapable of binding
to the amidopicoline recognition site present in 1.

Initially, we performed control reactions involving the methyl
esters 2b and 3b in order to determine the inherent reactivity and
selectivity within these systems. Reaction of 1 with 2b in CDCl3

at 308 K afforded the two cycloadducts exo-4b and endo-4b.
When the starting concentrations of the diene and dienophile
were 0.025 M, the total product concentration was around
0.003 M after 8 hours. After this time, the ratio of exo-4b :
endo-4b was 2 : 1. Similarly, reaction of 1 with 3b in CDCl3 at
308 K afforded the two cycloadducts exo-5b and endo-5b. When
the starting concentrations of the diene and dienophile were
0.025 M, the total product concentration was around 0.002 M
after 8 hours. After this time, the ratio of exo-5b : endo-5b was
1 : 1. It is obvious from these results that neither of the two
Diels–Alder reactions is particularly fast (<15% conversion in
8 hours) or particularly selective. Therefore, they are excellent
candidates for the use of recognition-based strategies to enhance
both their reaction rates and their diastereoselectivities.

In order to probe the effect of molecular recognition on these
reactions we acquired a series of concentration–time profiles
for the reaction between the diene 1 and either dienophile 2a
or dienophile 3a in CDCl3 at 308 K. The concentration–time
profiles were acquired using 500 MHz 1H NMR spectroscopy
and the concentrations of each species present were determined
by deconvolution† methods. In all of the figures depicting
the results of the kinetic experiments, data for recognition-
mediated reactions are always shown by filled blue circles and
the corresponding control data by open blue circles.

We also performed additional experiments designed to probe
the nature of the recognition-mediated processes present in each
system. These experiments give a phenomenological insight into
the recognition-mediated processes operating in a system.

In the first additional experiment, the so-called inhibitor
experiment, a predefined amount of benzoic acid (4 eq) was
added to the initial reaction mixture. In this type of experiment,
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a reduction of the initial rate of production of cycloadduct
indicates that the formation of that cycloadduct is recognition-
mediated since the benzoic acid is a competitive inhibitor of
the amidopicoline recognition site present in 1. In the figures
depicting the results of the kinetic experiments, data for inhibitor
experiments are always shown by filled red triangles.

In the second additional experiment, the so-called doping
experiment, a predefined amount of the appropriate presynthe-
sised cycloadduct 4a was added to the initial reaction mixture.
In this type of experiment an enhancement of the initial rate
of production of cycloadduct indicates that the formation of
that cycloadduct is directed by itself (Fig. 1, Channel 3), i.e. an
increase in the initial rate of reaction on the addition of template
is a signature1 of replication. In the figures depicting the results of
the kinetic experiments, data for doping experiments are always
shown by filled green diamonds.

The results of the doping and inhibitor experiments are usu-
ally conclusive in identifying the recognition-mediated reaction
channels operating within a system. However, we also undertook
detailed kinetic simulation and fitting of the experimental data
to kinetic models describing each system. In all cases, solid lines
indicate the best fit of the experimental data to the appropriate
kinetic model in the concentration–time profiles.

The results of the kinetic experiments involving 1 and 2a,
and the corresponding control 2b, are shown in Fig. 2. It
is obvious immediately that the production of both endo-4a
and exo-4a are enhanced by the presence of recognition. After
8 hours, the concentration of endo-4a (Fig. 2a, closed circles)
is 2.2 times higher than the corresponding control endo-4b
(Fig. 2a, open circles). After the same time, the concentration
of exo-4a (Fig. 2b, closed circles) is 3.1 times higher than the
corresponding control exo-4b (Fig. 2b, open circles). Thus,
although the reaction is faster when recognition-mediated, it
is, in fact, slightly less selective. In order to gain further insight
into the processes operating within this system, we performed
doping and inhibitor experiments. In both cases, the rates of
formation of endo-4a and exo-4a are diminished (Fig. 2a and
b, red triangles) in the presence of a competitive inhibitor,
benzoic acid. This behaviour indicates that both the endo and
exo cycloadducts are formed by recognition-mediated processes.
The introduction of a relatively small amount (19 mol%) of
endo-4a at the start of the reaction (Fig. 2a, green diamonds)
results in a significant increase in the rate of formation of endo-
4a suggesting that this cycloadduct is a template for its own
formation, i.e. it is replicating. By contrast, the introduction of
a relatively small amount (10 mol%) of exo-4a at the start of the
reaction results (Fig. 2b, green diamonds) in no change in the
rate of formation of exo-4a suggesting that this cycloadduct is
not a template for its own formation, i.e. it is not replicating.
In fact, the behaviour of exo-4a is more consistent with its
recognition-mediated formation occurring through the [A·B]
reaction channel (Fig. 1, Channel 2).

It proved possible to grow16 single crystals of exo-4a suitable
for X-ray diffraction. Surprisingly, the structure of exo-4a in
the solid state (Fig. 3) reveals a head-to-tail duplex structure
consistent with that shown schematically in Fig. 1 as arising from
the operation of the system through the [A·B·T] ternary complex.
Whilst this result might be attributed to crystal packing effects,
we felt that this observation warranted further investigation.

In order to gain further insight into the behaviour of
this system, we performed a series of molecular mechanics
calculations to explore the conformational space open to both
exo-4a and endo-4a. Monte Carlo conformational searches were
performed from a variety of starting conformations using the
AMBER* forcefield and the GB/SA salvation model for CHCl3.
Representative minimum energy structures are shown for exo-
4a and endo-4a in Fig. 4a and b respectively. It is clear from
the results of these calculations that conformational restrictions
exist within both structures which prevent the formation of
the classical doubly hydrogen-bonded association between the

Fig. 2 Concentration–time profiles for the formation of (a) endo-4
and (b) exo-4 using diene 1 and dienophile 2a. All experiments were
performed with starting concentrations of 25 mM in CDCl3 at 35 ◦C. The
data for the recognition-mediated reaction between 1 and 2a affording
4a are shown as filled blue circles, the data for the reaction between 1
and 2a in the presence of benzoic acid (100 mM) are shown as filled red
triangles and the data for the reaction between 1 and 2a in the presence
of the appropriate template are shown as filled green diamonds. The data
for the control reaction between 1 and 2b, forming (a) endo-4b and (b)
exo-4b, are shown as open blue circles. The solid lines represent the best
fit of the data for the recognition-mediated and control reactions to the
appropriate kinetic model (See electronic supplementary information
(ESI)† for details of kinetic simulation and fitting).

amidopyridine and the carboxylic acid, shown schematically in
Scheme 1b, which is particularly stabilising. In this respect,
it therefore seems likely that both exo-4a and endo-4a exist
in solution as open templates which are therefore capable of
binding both 1 and 2a to form the corresponding ternary
complex [1·2a·4a] required to mediate reaction through Channel
3 in Fig. 1.

Therefore, we might expect that addition of exo-4a and endo-
4a to the initial reaction mixture should enhance the rate of their
own formation. However, the addition of a template which has a
high dimerisation constant at concentrations well above its KD to
the reaction mixture does not, in fact, add any catalytically active
free template to solution. Therefore, the initial rate of reaction
is unaffected. In order to probe this hypothesis further, we
undertook kinetic simulation†17 and fitting of our experimental
data to a kinetic model which incorporated replicating behaviour
for both exo-4a and endo-4a, but incorporated different dimeri-
sation constants for [exo-4a·exo-4a] and [endo-4a·endo-4a]. In
constructing these kinetic models, we incorporated known rate
constants for the bimolecular reactions which afford the two
cycloadducts—determined from the reaction of 1 with 2b—and
known association constants for the complexation of a model
amidopyridine with 2a. The results of these calculations are
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Fig. 3 Stick representation of the structure, determined by X-ray
diffraction, of cycloadduct exo-4a which forms a head-to-tail duplex
in the solid state. Carbon atoms are coloured grey, oxygen atoms are
coloured red, nitrogen atoms are coloured blue. Hydrogen bonds are
represented by green lines.

Fig. 4 Stick models of representative minimum energy conformations
of exo-4a (a) and endo-4a (b) calculated using the AMBER* forcefield.
Carbon atoms are coloured green, oxygen atoms are coloured red,
nitrogen atoms are coloured blue, hydrogen atoms are coloured white.
Hydrogen bonds are represented by dashed lines and H · · · acceptor
atom distances are given in Å.

depicted as the solid lines in Fig. 2. Simultaneous excellent fits
of the experimentally observed data to the model are achieved.
Full details of the kinetic simulation and fitting are given in the
electronic supplementary information (ESI).†

It is noteworthy that in order to fit the observed data
successfully, several constraints are required. Firstly, in order to
achieve a satisfactory fit of the observed data, it is necessary to
allow reactions through both binary complexes (Fig. 1 Channel
2) and ternary complexes (Fig. 1 Channel 3). Secondly, the
dimerisation constant for the [exo-4a·exo-4a] duplex must be
>10000 M−1. Values of Ka less than this figure result in a
uniformly poor fit of both endo and exo datasets. Thirdly,
it is reassuring to note that the model is very sensitive to
the value of Ka used for single amidopyridine–carboxylic acid

associations. Any significant deviation (>10%) from the value
determined using the model system (Ka = 250 M−1) results, once
again, in uniformly poor fits of both endo and exo datasets.
It would therefore appear from these results that the short
and relatively inflexible one carbon spacer present in 2a leads
to all the recognition-mediated pathways open to the system
being inefficient. Therefore, neither the [A·B] complex pathway
(Channel 2, Fig. 1) nor the autocatalytic cycle (Channel 3, Fig. 1)
can be utilised effectively since the system cannot easily enter
the transition state for reaction from either the binary [A·B]
complex or the ternary [A·B·T] complex. One way of viewing
the inefficiency of these complexes is to regard them as being
incapable of populating a significant proportion of near attack
conformations18 (NACs).

Scheme 3 Reagents and conditions: (i) CDCl3, 25 mM, 35 ◦C.

Further support for the mismatching of spacers in 1 and 2a
comes from consideration of the reaction (Scheme 3) between
compounds 6 and 3a. The reaction of 6 and 3a is fast and
completely selective—forming only exo-7. This recognition-
mediated process operates8,9 through a binary [A·B] complex
(Fig. 1, Channel 2), which generates a kinetic effective molarity
(kEM) of 2.6 M for the cycloaddition reaction. Comparison
of these two systems reveals (Fig. 5) that 1 has a CH2CH2

spacer between the recognition site and the diene whereas 6
has only a CH2 spacer. By contrast, 2a has only a CH2 spacer
between the recognition site and the dienophile whereas 3a has
a longer CH2CH2 spacer between the recognition site and the
dienophile. In essence, in one system the lengths of the spacers
on each of the components are reversed with respect to the
other system. These very small changes in molecular structure,
however, are apparently enough to render these two systems
completely different in their kinetic behaviour.

In order to explore this relationship between spacers and
recognition-mediated reactivity further, we next examined the
reaction of 1 with 3a and the corresponding control compound
3b. In this case, there is now an additional carbon atom between
the recognition site and the reactive site on the dienophile.

Fig. 5 A comparison of the location and length of spacers present in
reactive diene and dienophile pairs: (upper) 1 and 2a and (lower) 6 and
3a.
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The results of these kinetic experiments are shown in Fig. 6. It
is obvious immediately that the production of exo-5a is enhanced
significantly by the presence of recognition but the formation
of endo-5a is not. After 8 hours, the concentration of endo-5a
(Fig. 6a, closed circles) is almost identical to the corresponding
control endo-5b (Fig. 6a, open circles). By contrast, after
the same time, the concentration of exo-5a (Fig. 6b, closed
circles) is eight times that for the corresponding control exo-5b
(Fig. 6b, open circles). Thus, the reaction is not only faster when
recognition-mediated; it is also significantly more exo selective—
the endo : exo ratio changes from 1 : 1 in absence of recognition
(Fig. 6, open circles) to 1 : 4 in the presence of recognition (Fig. 6,
closed circles) after 8 hours.

Fig. 6 Concentration–time profiles for the formation of (a) endo-5
and (b) exo-5 using diene 1 and dienophile 3a. All experiments were
performed at starting concentrations of 25 mM in CDCl3 at 35 ◦C. The
data for the recognition-mediated reaction between 1 and 3a affording
5a are shown as filled blue circles, the data for the reaction between 1
and 3a in the presence of benzoic acid (100 mM) are shown as filled red
triangles and the data for the reaction between 1 and 3a in the presence
of the appropriate template are shown as filled green diamonds. The
data for the control reaction between 1 and 3b, forming (a) endo-5b and
(b) exo-5b, are shown as open blue circles. The solid lines represent the
best fit of the data for the recognition-mediated and control reactions to
the appropriate kinetic model.

In order to gain further insight into the processes operat-
ing within this system, we performed doping and inhibitor
experiments. Neither the addition of preformed template nor
the addition of benzoic acid (100 mol%) have any significant
impact (Fig. 6a, red triangles and green diamonds respectively)
on the formation of endo-5a. By contrast, although the rate
of formation of exo-5a is diminished significantly (Fig 6b, red
triangles) in the presence of a competitive inhibitor, benzoic
acid (100 mol%), the addition of preformed template (29 mol%)

has virtually no effect (Fig 6b, green diamonds). These results
suggest that the formation of endo-5a does not occur to any
significant extent through either of the two recognition-mediated
pathways open to this system. By contrast, the formation of
exo-5a appears to occur exclusively through the [A·B] complex
reaction channel (Channel 2, Fig. 1).

In order to confirm these hypotheses, we again undertook
molecular modelling studies on the structures of exo-5a and
endo-5a. We performed a series of molecular mechanics calcula-
tions to explore the conformational space open to both exo-
5a and endo-5a. Monte Carlo conformational searches were
performed from a variety of starting conformations using the
AMBER* forcefield and the GB/SA solvation model for CHCl3.
Representative minimum energy structures are shown for exo-
5a and endo-5a in Fig. 7a, b and c respectively. It is clear from
the results of these calculations that exo-5a contains several
low energy conformations which possess the classical doubly

Fig. 7 Stick models of representative minimum energy conformations
of exo-5a ((a) and (b)) and endo-5a (c) calculated using the AM-
BER* forcefield. Carbon atoms are coloured green, oxygen atoms are
coloured red, nitrogen atoms are coloured blue, hydrogen atoms are
coloured white. Hydrogen bonds are represented by dashed lines and
H · · · Acceptor atom distances are given in Å.
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hydrogen-bonded association between the amidopyridine and
the carboxylic acid shown schematically in Scheme 1b. This
observation is clearly consistent with the results of the kinetic
experiments which suggest that the formation of exo-5a occurs
through the [A·B] complex reaction channel (Channel 2, Fig. 1).

The fact that the stabilising interactions which serve to assem-
ble the [A·B] complex prior to reaction live on in the product
opens the question of whether the increase in reaction rate and
extent of reaction is a result of kinetic or thermodynamic factors.
Kinetic simulation and fitting of the experimental data readily
provides an answer to this question. The kinetic model used16,17

in the simulation and fitting of the kinetic data is shown in Fig. 8
and the results of these calculations are depicted as the solid
lines in Fig. 6. Simultaneous excellent fits of the experimentally
observed data to the model are achieved using the parameters
shown in Fig. 8. Full details of the kinetic simulation and fitting
are given in the Supplementary Information.

Fig. 8 Kinetic model used in the fitting of the experimental concentra-
tion–time data for the formation of exo-5a and endo-5a. For full details of
the kinetic simulation and fitting protocol, see electronic supplementary
information (ESI).†

It is instructive to calculate (Fig. 8) the kinetic and thermo-
dynamic EM values for this system. These values reveal that
the principal effect of recognition on the formation of exo-5a
is a thermodynamic one—the thermodynamic EM (11 M) is
far larger than the kinetic EM (0.36 M) for this cycloadduct.
Therefore, the recognition between the carboxylic acid and the
amidopyridine serves to stabilise the product ground state of
exo-5a and therefore predispose19 the reaction to form this

cycloadduct in preference to the corresponding endo adduct. It
is worth noting that the results of both the molecular modelling
and the kinetic simulation and fitting suggest strongly that
recognition processes are not involved to any significant extent
in the formation of endo-5a. Indeed, the value of the kinetic EM
(0.12 M) is barely higher than the reaction concentration itself.

Once again, a comparison of the reaction between 1 and 3a
with the reaction between 6 and 3a (Scheme 3) is instructive.
Although the outcomes of these two reactions are similar—both
reactions form the exo cycloadduct selectively and rapidly—
the mechanism by which they achieve this effect is entirely
different. At thermodynamic equilibrium, the reaction between
1 and 3a would have an exo : endo ratio of 6000 : 1, i.e. the
reaction is effectively exo specific. This specificity derives from
the selective stabilisation of the exo-5a ground state through two
hydrogen bonds between the amidopyridine and the carboxylic
acid present in the molecule. Conversely, the role played by
recognition in the formation of exo-7 is primarily a kinetic
one—the recognition present in the [6·3a] complex stabilises the
transition state leading to the exo cycloadduct selectively.

Conclusions
The systems discussed in this paper serve to illustrate that,
whilst recognition-mediated control and acceleration of chemi-
cal reactions may be an attractive goal for the supramolecular
chemist, the design and implementation of systems capable of
exploiting recognition to this end is problematic—even with
apparently simple compounds. We have demonstrated that, in
general, for reagents bearing complementary recognition sites,
given sufficient conformational freedom, reaction will occur
through the binary [A·B] complex. Although this conclusion is
expected on the basis of entropic considerations, the different
role of recognition—kinetic (transition state stabilisation) or
thermodynamic (product ground state stabilisation—in appar-
ently similar systems (exo-5a vs. exo-7)) is much harder to
predict. It is worth remembering that in all of the work presented
here the biggest constitutional difference between any of the
systems studied is a single CH2 group. Therefore, the design and
implementation of efficient and selective replication processes in
structurally simple chemical systems remains an important and
challenging goal.

Experimental
General procedures

All commercially available substrates, reagents, and solvents
were used without further purification. 1H NMR spectra
were recorded at 500 MHz using either a Varian UNITYplus
spectrometer or a Bruker Avance 500 spectrometer. 13C NMR
spectra were recorded at 125 MHz using a Bruker Avance 500
spectrometer. Coupling constants (J) are given in Hz. High-
resolution mass spectra were recorded using either electron
impact ionisation (EI) on a VG Autospec instrument or using
electrospray ionisation (ES) on a Micromass LCT spectrometer
operating in negative ion mode by the Mass Spectrometry
Service at the University of St Andrews. Elemental analyses were
carried out by the Microanalysis Service at the University of St
Andrews. Melting points were recorded using an Electrothermal
9200 melting point apparatus and are uncorrected.

Molecular mechanics calculations were carried out using the
AMBER* forcefield as implemented in Macromodel (Version
7.1, Schrodinger Inc., 2000) running on a Linux workstation.

3-Furan-2-yl-N-(6-methyl-pyridin-2-yl)-propionamide 1

3-(Furan-2-yl)propionic acid (3.00 g, 21.4 mmol) was dissolved
in dry CH3CN (35 cm3) and pyridine (1.73 cm3, 21.4 mmol) was
added. This solution was placed under an atmosphere of N2

and cooled to −15 ◦C. Cyanuric fluoride (0.72 g, 8.6 mmol) was
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injected slowly and within 5 minutes a white precipitate formed.
The reaction was stirred at −15 ◦C for a further 25 minutes and,
after this time, the reaction mixture was diluted with CH2Cl2

(100 cm3) and washed directly with brine. The organic layer
was collected, dried over MgSO4 and the solvent removed in
vacuo to afford the crude acid fluoride as a yellow oil. The acid
fluoride (2.53 g, 17.8 mmol) was dissolved in CH2Cl2 (60 cm3)
and 2-amino-6-picoline (1.90 g, 17.6 mmol) was added. The
reaction mixture was stirred at room temperature for 16 hours.
Standard work-up followed by column chromatography (SiO2:
EtOAc/hexane, 2 : 5) afforded 1 (2.85 g, 58% based on 3-
(furan-2-yl)propionic acid) as a brown oil; CHN calculated for
C13H14N2O2 C, 67.8; H, 6.1; N, 12.2, found C, 67.6; H, 6.3;
N, 12.1%. mmax(KBr)/cm−1 3278, 2923, 2364, 1686, 1603, 1578,
1534, 1458, 1400, 1302, 1235, 1156, 1077, 1015; dH (500 MHz,
CDCl3) 8.07 (br s, 1H), 8.02 (d, 1H, J = 8.3 Hz), 7.60 (t, 1H,
J = 7.8 Hz), 7.31 (d, 1H, J = 1.2 Hz), 6.89 (d, 1H, J = 7.49 Hz),
6.27 (dd, 1H, J = 1.9 and 3.1 Hz), 6.06 (dd, 1H, J = 0.6 and
3.1 Hz), 3.07 (t, 2H, J = 7.52 Hz), 2.72 (t, 2H, J = 7.5 Hz), 2.44
(s, 3H); dC (125 MHz, CDCl3) 170.2, 156.6, 154.0, 150.5, 141.2,
138.8, 119.2, 110.9, 110.2, 105.5, 35.7, 23.7, 23.5; MS (EI+) m/z
([M]+•, 100%); HRMS (EI+) calculated for C13H14N2O2 [M]+•

230.1055, found 230.1054.

(2,5-Dioxo-2,5-dihydro-pyrrol-1-yl)-acetic acid 2a

Glycine (5.00 g, 66.6 mmol) and maleic anhydride (6.53 g,
66.6 mmol) were dissolved in acetic acid (190 cm3). The
reaction mixture was stirred at room temperature for 12 hours,
under an N2 atmosphere. The resulting suspension was then
refluxed for a further 8 hours to give a clear solution. The
solvent was removed in vacuo and the residue was purified by
flash column chromatography (SiO2: CH2Cl2/glacial acetic acid,
95 : 5). Recrystallisation from CH2Cl2/hexane afforded the title
compound (1.15 g, 23%) as a colourless solid: mp 112–113 ◦C;
CHN calculated for C6H5NO4 C, 46.5; H, 3.3; N, 9.0, found C,
46.3; H, 3.2; N, 8.9%. mmax(KBr)/cm−1 3101, 2726, 1755, 1446,
1397, 1193, 699, 675, 632; dH (300 MHz, CDCl3) 8.01 (1H, br s),
6.80 (2H, s), 4.32 (2H, s); dC (75 MHz, CDCl3) 172.6, 169.7,
134.6, 38.3; MS (ES+) m/z 156 ([M]+, 11%) 138 (11), 110 (100),
82 (68), 54 (49); HRMS (ES+) calculated for C6H5NO4 [M]+

155.0218, found 155.0218.

(2,5-Dioxo-2,5-dihydro-pyrrol-1-yl)acetic acid methyl ester 2b

Caesium carbonate (1.01 g, 3.2 mmol) was added to a solution of
2a (1.03 g, 6.6 mmol) and methyl iodide (1.83 g, 12.9 mmol) in
dry DMF (ca. 20 cm3). The solution was stirred for 16 hours
in the absence of light at room temperature, under an inert
N2 atmosphere. The reaction mixture was partitioned between
water (50 cm3) and EtOAc (3×75 cm3). The organic extracts
were combined and dried over MgSO4 before being reduced to
dryness in vacuo. The crude product was purified by flash column
chromatography (SiO2: hexane/EtOAc, 3 : 7) yielding the title
compound as a pale yellow oil (1.10 g, 98%): CHN calculated
for C7H7NO4 C, 49.7; H, 4.2; N, 8.3, found C, 49.9; H, 4.1; N,
8.5%. mmax (neat)/cm−1 3102, 2957, 1715, 1432, 1220, 1152, 908,
830, 698; dH (300 MHz, CDCl3) 6.78 (2H, s), 4.28 (2H, s), 3.74
(3H, s); dC (75 MHz, CDCl3) 169.7, 167.6, 134.5, 52.7, 38.4; MS
(ES+) m/z 169 ([M]+, 42%) 110 (100), 82 (22), 54 (14), 43 (11);
HRMS (ES+) calculated for C7H7NO4 [M]+ 169.0375, found
169.0382.

3-(2,5-Dioxo-2,5-dihydro-pyrrol-1-yl)propionic acid 3a

Acid 3a (1.65 g, 35%, colourless solid) was prepared from b-
alanine (2.50 g, 28.0 mmol) and maleic anhydride (2.74 g,
28.0 mmol) in the same manner as that described for 2a: mp
92–94 ◦C; CHN calculated for C7H7NO4 C, 49.7; H, 4.2; N, 8.3,
found C, 49.8; H, 4.0; N, 8.4%. mmax (KBr)/cm−1 3455, 3096, 2949,
2646, 1714, 1694, 1453, 1412, 945, 832; dH (300 MHz, CDCl3)

10.26 (1H, br s), 6.70 (2H, s), 3.81 (2H, t, J = 7.0 Hz), 2.68 (2H,
t, J = 7.0 Hz); dC (75 MHz, CDCl3) 176.6, 170.4, 134.3, 33.3,
32.54; MS (ES+) m/z 169 ([M]+, 8%), 151 (30), 123 (97), 110
(100), 96 (39), 82 (92); HRMS (ES+) calculated for C7H7NO4

[M]+ 169.0375, found 169.0378.

3-(2,5-Dioxo-2,5-dihydro-pyrrol-1-yl)propionic acid methyl
ester 3b

Ester 3b (0.52 g, 96%, yellow oil) was prepared from 3a (0.50 g,
3.0 mmol) and methyl iodide (0.37 cm3, 5.9 mmol) in the
same manner as that described for 2b: CHN calculated for
C8H9NO4 C, 52.5; H, 5.0; N, 7.6, found C, 52.3; H, 5.2; N,
7.4%. mmax(neat)/cm−1 3464, 3099, 3001, 2954, 2851, 1705, 1585,
1447, 1409, 959; dH (300 MHz, CDCl3) 6.70 (2H, s), 3.82 (2H, t,
J = 7.0 Hz), 3.66 (3H, s,), 2.63 (2H, t, J = 7.0 Hz); dC (75 MHz,
CDCl3) 171.2, 170.4, 134.3, 52.0, 33.6, 32.7; MS (ES+) m/z
183 ([M]+, 5%), 151 (29), 123 (83), 110 (100), 96 (20), 82 (73),
54 (59); HRMS (ES+) calculated for C8H9NO4 [M]+ 183.0532,
found 183.0529.

exo-{1-[2-(6-Methyl-pyridin-2-ylcarbamoyl)-ethyl]-3,5-dioxo-
10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl}-acetic acid
exo-4a

1 (0.5 cm3 of a 50 mM solution in CDCl3) and 2a (0.5 cm3 of a
50 mM solution in CDCl3) were mixed together in an NMR tube
and heated at 35 ◦C for six days. 4a precipitated from the reaction
mixture as a colourless crystalline solid, which was collected
by filtration and washed with copious amounts of CHCl3; mp:
81.3–82.4 ◦C; CHN calculated for C19H19N3O6 C, 59.2; H, 5.0;
N, 10.9, found C, 59.0; H, 4.8; N, 10.7%. dH (500 MHz, CDCl3)
11.25 (br s, 1H), 8.24 (d, 1H, J = 8.5 Hz), 7.72 (t, 1H, J =
8.1 Hz), 6.92 (d, 1H, J = 7.7 Hz), 6.50 (dd, 1H, J = 1.7 and
5.8 Hz), 6.35 (d, 1H, J = 5.8 Hz), 5.20 (d, 1H, J = 1.7 Hz), 4.24
(d, 1H, J = 16.6 Hz), 4.18 (d, 1H, J = 16.6 Hz), 3.03 (d, 1H,
J = 6.4 Hz), 2.94 (d, 1H, J = 6.4 Hz), 2.79–2.35 (m, 4H), 2.48
(s, 3H); dC (125 MHz, CDCl3) 175.6, 174.2, 172.1, 171.9, 154.5,
150.6, 141.5, 138.6, 137.6, 119.4, 112.6, 91.2, 80.3, 50.8, 49.0,
40.2, 32.3, 24.2, 21.2; MS (ES−) m/z 384 ([M − H]+, 100%);
HRMS (ES-) calculated for C19H19N3O6 [M − H]+ 384.1196,
found 384.1204.

exo-3-{1-[2-(6-Methyl-pyridin-2-ylcarbamoyl)-ethyl]-3,5-dioxo-
10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl}-propionic acid
exo-5a

A mixture of 1 (0.5 cm3 of a 50 mM solution in CDCl3) and 3a
(0.5 cm3 of a 50 mM solution in CDCl3) in an NMR tube was
heated at 35 ◦C for six days. exo-5a (4.33 mg, 45%) precipitated
from the reaction mixture as a colourless crystalline solid which
was filtered and washed with copious amounts of CHCl3; mp:
166.9–167.0 ◦C; CHN calculated for C20H21N3O6 C, 60.1; H, 5.3;
N, 10.5, found C, 60.3; H, 5.5; N, 10.7%. dH (500 MHz, CDCl3)
10.47 (br s, 1H), 8.04 (d, 1H, J = 8.3 Hz), 7.66 (dd, 1H, J =
7.8 and 8.2 Hz), 6.88 (d, 1H, J = 7.4 Hz), 6.48 (dd, 1H, J =
1.7 and 5.6 Hz), 6.35 (d, 1H, J = 5.6 Hz), 5.23 (d, 1H, J =
1.7 Hz), 4.14 (ddd, 1H, J = 4.2, 10.5 and 14.6 Hz), 3.58 (dt, 1H,
J = 4.5 Hz), 3.00–2.47 (m, 6H), 2.93 (d, 1H, J = 6.1 Hz), 2.76
(d, 1H, J = 6.4 Hz), 2.44 (s, 3H); dC (125 MHz, CDCl3) 176.2,
175.75, 174.8, 172.2, 155.2, 151.0, 140.4, 139.4, 137.25, 119.3,
112.6, 90.55, 80.6, 50.1, 49.5, 35.1, 33.1, 31.9, 25.1, 22.0; MS
(ES−) m/z 398 ([M − H]+, 100%). HRMS (ES − ) calculated
for C20H21N3O6 [M − H]+ 398.1352, found 398.1340.
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