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Introduction

The Diels–Alder reaction is encountered frequently in the
syntheses of natural products. However, only a limited
number of naturally occurring Diels–Alderases have, so far,
been identified[1] and characterised. From a purely chemical
perspective, this reaction is an ideal means of introducing
six-membered rings in a simple one-step process under mild
conditions. Some Diels–Alder reactions[2] can, however, be
either extremely slow, requiring a month or more to achieve
only moderate yields, or rather unselective in either a ster-
eochemical or regiochemical sense. As a consequence, many
methods of accelerating the rate of these cycloadditions
have been employed over the years. The use of high pres-
sure,[3] ionic liquids,[4] altering solvent polarity,[5] or the use
of a suitable Lewis acid catalyst,[6] have all been described
as a means of achieving this goal.

Although structural information on natural Diels–Alderas-
es[7] is sketchy, it is very likely that they employ noncovalent

interactions, such as aromatic stacking, electrostatic interac-
tions, hydrogen bonding and van der Waals contacts, as ef-
fective tools to ensure that the reactive centres are held in
the correct orientation for the preferred reaction to occur.
Synthetic hosts[8] and catalytic antibodies[9] that are capable
of accelerating Diels–Alder cycloadditions have been de-
ACHTUNGTRENNUNGscribed. We are interested in accelerating and introducing
selectivity to chemical reactions through the framework[10]

of the autocatalytic self-replicating system shown in
Figure 1.

Self-template T is initially produced through the covalent
union of its constituent fragments A and B (distinguished by
steric, geometrical and recognition[11] surface complementar-
ity) in an uncatalysed bimolecular fashion (designated by
rate constant kbim: Channel 1 in Figure 1).

In the initial phases of the process, high levels of the
binary[12] complex [A·B] are formed (favoured entropically
as it requires only a singe recognition event, denoted by
equilibrium constant Kass : Channel 2 in Figure 1). Within
complex [A·B], the juxtaposition of the reactive centers of
A and B is attainable, rendering the reaction[13] between A
and B pseudounimolecular. Intracomplex reactions of this
sort are characterised by rate accelerations[14] of considera-
ble magnitude, relative to the rate of random bimolecular
collisions between A and B, and yield Tinactive with a rate
constant of kAB (kAB@kbim). Tinactive is a conformer of T in
which the recognition sites are associated intramolecularly,
and is, therefore, devoid of any intermolecular recognition
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capabilities. The ability of Tinactive to interconvert to T (Keq)
is dependent upon the geometrical features and rigidity
present in the molecular structure. Clearly, in certain cir-
cumstances the equilibrium for this interconversion will lie
far in favour of Tinactive and self-replication is eradicated.

If reaction through Channel 2 is not possible for steric or
electronic reasons, the concurrent preorganisation of A and
B on the peripheral recognition domains of T results in the
formation of catalytic ternary complex [A·B·T], signifying
initiation of the autocatalytic[15] cycle. Optimum alignment
and approximation of reactive functionalities of A and B
within [A·B·T] leads to production of cyclic antiparallel
dimer [T·T] at an accelerated rate (expressed as kcat, for
which kcat>kbim: Channel 3 in Figure 1). Disassembly of
[T·T] (Kdim) extricates the offspring from the parent tem-
plate, and both the parent template and its newly formed
offspring enter new autocatalytic cycles. Because the
number of template molecules is doubled with each cycle re-
iteration, an exponential[16] concentration–time profile is an-
ticipated for T.

Results and Discussion

Intrigued by the problematic, and often intractable, behav-
iour[17] of organic self-replicating systems, we endeavoured
to establish clear relationships between the relative orienta-
tions of the reactive and recognition sites in a particular
system and its kinetic behaviour. Accordingly, systematic
analyses (kinetic and computational) of a small library of
eight structurally related putative self-replicators were un-
dertaken. The Diels–Alder reaction between furan and mal-
eimides (Scheme 1a) was chosen as the means of forming
covalent bonds in the recognition-mediated systems because

its mechanism is well understood and the reaction possess-
es[18,19] strict stereoelectronic demands. The association be-
tween amidopicolines and carboxylic acids (Scheme 1b) was
chosen as the means of noncovalently associating the con-
stituent building blocks of our replicating systems.

By applying the principles of skeletal simplicity and bi-
functionality, prosthetic, mutually complementary recogni-
tion elements were appended to the reactive sites of precur-
sor dienes and dienophiles, respectively, by means of ali-
phatic tethers. Methylene or bismethylene chains were utilis-
ed to connect 2-amidopicoline functionalities to the 3-posi-
tion of the furan dienes (compounds 1 and 2) and carboxylic
acid functionalities to the maleimide rings of dienophiles
(compounds 3b and 4b).

Intermolecular recognition within Systems 1–4 (Scheme 2)
was directed by formation of parallel hydrogen-bond
diads[20] between amidopicoline and carboxylic acid moiet-
ies. The amidopicoline moiety constitutes a sterically acces-
sible hydrogen-bonding microenvironment to which the car-
boxylic acid moiety is electronically complementary.

In the achiral environments (substrates, media), in which
kinetic investigations were undertaken, the enantiotopic
faces of dienes 1 and 2 remain undifferentiated, thereby pre-
cluding any prospects of stereoinduction to the product(s).
Additionally, utilisation of symmetrical dienophiles 3 and 4
automatically eradicated any regioselectivity issues. Under
such conditions, the furans engage their complementary
counterparts, the maleimides, in pericyclic[21] unions via in-
termediacy of two transition states, endo and exo, on the
basis of relative orientations of the furan and maleimide
nuclei in the pretransition-state phase. This furnishes pairs
of racemic, diastereoisomeric adducts endo and exo
(Scheme 2), distinguished by the spacers connecting the hy-
drogen-bonding sites to the cycloadduct core.

For each system, we wished to establish the dominant rec-
ognition-mediated pathway (Figure 1) for reaction of the
diene with the dienophile. Note that either diene 1 or 2 in
combination with dienophile 3b or 4b (Scheme 2) can be
considered equivalent to building blocks A and B in

Figure 1. Minimal model of self-replication. Reagents A and B can react
in three ways. Channel 1: uncatalysed bimolecular reaction; Channel 2:
recognition-mediated pseudounimolecular pathway mediated by binary
complex [A·B]; Channel 3: recognition-mediated pseudounimolecular
autocatalytic cycle mediated by ternary complex [A·B·T].

Scheme 1.
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Figure 1. To accomplish this task, we first measured the
rates of the recognition-mediated reactions between pair-
wise combinations of furans 1 and 2 and maleimides 3b and
4b by using 500 MHz 1H NMR spectroscopy in CDCl3 at
308 K. In all cases, the starting concentration of each re-
agent was 25 mm.

Further experiments were required to establish which rec-
ognition-mediated reaction channel was dominant in each
system. The intrinsic rate and diastereoselectivity of the
nonrecognition-mediated bimolecular cycloaddition reaction
was determined by pairwise combination of furans 1 and 2
with the appropriate maleimide esters 3a and 4a under
identical reaction conditions. The precise nature of the rec-
ognition-mediated processes present in each system (Chan-
nel 2 versus Channel 3, Figure 1) was determined through
additional kinetic experiments.

Recognition-mediated reactivity could be demonstrated
by the addition of a competitive inhibitor to the reaction
mixture. In these experiments, diene 1 or 2 was mixed with
dienophile 3b or 4b and a competitive inhibitor of the
amido–picoline recognition motif was added in the form of
four equivalents of benzoic acid. A reduction in the rate
and/or diastereoselectivity of the reaction in the presence of
benzoic acid indicates that a recognition-mediated process is
operating in the system. Given the presence of a ternary
complex in the autocatalytic cycle (Channel 3, Figure 1), a
template-directed process would be affected to a greater
degree by a hydrogen-bond competitor than by a reactive
binary complex (Channel 2, Figure 1).

If the reaction proceeds by a replicating mechanism, that
is, the reaction is template directed, the addition of substoi-
chiometric amounts of template at the start of the reaction
should increase its initial rate. The disappearance of a lag

period in the reaction on addi-
tion of template provides direct
evidence that the reaction is
template directed, suggesting
that self-replication (Channel 3,
Figure 1) is present.

Ultimately, the manipulation
of chemical reactivity by these
subtle approaches allows a
better appreciation of the struc-
tural sensitivity governing the
dominant recognition-mediated
reaction channel(s), shown in
Figure 1.

System 1: The reaction of 1
with 3a or 3b to give endo-5a
and exo-5a or endo-5b and exo-
5b, respectively, provides the
shortest possible tether-length
combination for the series, with
a single methylene spacer on
each building block (System 1,
Scheme 2). The kinetic data re-

corded for this system are shown in Figure 2. The introduc-
tion of recognition into this system doubles the overall prod-
uct concentration after 14 h. Additionally, both endo-5b and
exo-5b respond to the addition of preformed template, sug-
gesting that both templates are capable of accelerating their
own formation. These observations were reinforced by simu-
lation and fitting of the experimental data[22] to a kinetic
model in which endo-5b and exo-5b are formed through
self-replication. Despite the enhancements in the overall
rate of product formation, the diastereoselectivity of the re-
action actually diminished; [endo-5b :exo-5b] dropped from
3:1 in the absence of recognition to 5:3 in the presence of
recognition. This loss of diastereoselectivity is a direct result
of the stronger recognition-mediated acceleration of the for-
mation of exo-5b.

Molecular mechanics calculations reveal that the lowest-
energy conformations of exo-5b all have an open geometry
(Figure 3a), with the recognition sites available to associate
with further molecules of 1 and 3b to form the correspond-
ing ternary complex [1·3b·exo-5b] and ultimately the exo ho-
modimer. By contrast, the lowest-energy conformations of
endo-5b adopt closed conformations (Figure 3b) suggestive
of reaction through a binary reactive complex. The rates of
formation of exo-5b and endo-5b both show a response to
the addition of the appropriate template. This behaviour
suggests that, in both cases, the catalytic ternary complexes
[1·3b·exo-5b] and [1·3b·endo-5b] are active in a kinetic
sense. To probe this hypothesis further, we examined the co-
conformations of the two product homodimers [exo-5b·exo-
5b] and [endo-5b·endo-5b] and the putative heterodimer
[exo-5b·endo-5b]. Both homodimers exhibit stable dimeric
structures containing four hydrogen bonds; as an example,
the structure of [exo-5b·exo-5b] is shown in Figure 3c. Be-

Scheme 2.
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cause the transition state in the cycloaddition reaction
occurs relatively late, it is likely that the transition states
leading to exo-5b and endo-5b are also reasonable fits to
the respective templates. More interestingly, there is a fun-
damental incongruence between exo-5b and endo-5b ; no
low-energy structure of [exo-5b·endo-5b] contains more
than two hydrogen bonds and, therefore, it seems unlikely
that one diastereoisomeric template could support the tran-
sition state for the other. This result may indicate that an-
tagonistic diastereospecific replication cycles, similar to
those reported previously by our group[23] , are operating in
this system.

System 2 : The introduction of an additional methylene unit
into the dienophile component of the Diels–Alder reaction
affords System 2 (Scheme 2). In contrast to System 1, the
control reaction between 1 with 4a is unselective and af-
fords an equimolar mixture of endo-6a and exo-6a after
14 h. The introduction of recognition into this system results
in 3:1 selectivity for endo-6b over exo-6b with a two-fold in-
crease in reaction rate. The insolubilities of endo-6b and

exo-6b prevented a complete analysis of the kinetic behav-
iour of this system because experiments involving added
template could not be performed. However, molecular-mod-
elling studies (Figure 4), suggest that the selectivity for
endo-6b is derived from binary-complex reactivity. The
lowest-energy conformations of endo-6b all exhibit a closed
geometry with two hydrogen bonds. By contrast, all of the
low-energy conformations of exo-6b exhibit open geome-
tries. These observations suggest that the most likely recog-
nition-mediated pathway for the formation of endo-6b is the
binary-reactive-complex channel. Although exo-6b could
potentially form a ternary complex with 1 and 4b, the appa-
rently low efficiency of the ternary complexes in System 1
and the presence of the extra methylene group in 4b would
make the [1·4b·exo-6b] ternary complex kinetically insignifi-
cant.

System 3 : Placing a CH2CH2 spacer between the recognition
site and the diene, and a single methylene between the rec-
ognition site and the dienophile, affords System 3
(Scheme 2). Reaction of furan 2 with maleimides 3a and 3b
saw the rate and ratio of product formation change once
again (Figure 5). In this system, the incorporation of recog-
nition significantly improves the selectivity from 1.6:1 to 5:1
in favour of endo-7b. In addition, the rate of product forma-
tion is increased by almost three-fold. In contrast to System
1, the extra methylene unit in the furan building block in
this system directs reaction through the reactive binary com-

Figure 2. Rate profiles, at 308 K in CDCl3, for formation of (a) endo-5a
or endo-5b and (b) exo-5a or exo-5b from building blocks 1 and 3a, and
1 and 3b, respectively. Starting concentrations of diene and dienophile
were 25 mm. *: Reaction between 1 and 3b (recognition-mediated reac-
tion); *: reaction between 1 and 3a (bimolecular reaction); ~: reaction
between 1 and 3b in the presence of 4 equiv of PhCO2H (competitive in-
hibitor); &: reaction between 1 and 3b in the presence of preformed
endo-5b (19 mol%) or exo-5b (13 mol%). Solid lines represent the best
fit of experimental data to the appropriate kinetic model by using the
SimFit[22] package. See Supporting Information for further details of the
kinetic models used.

Figure 3. Ball-and-stick models of representative low-energy conforma-
tions of (a) exo-5b, (b) endo-5b, and (c) [exo-5b·exo-5b] calculated by
using the AMBER* forcefield. Carbon atoms white, oxygen atoms light
grey, nitrogen atoms dark grey. Some hydrogen atoms are omitted for
clarity. Hydrogen bonds are represented by dashed lines.
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plex [2·3b] instead of the autocatalytic channel. The endo-se-
lective binary-complex reactivity present within the complex
[2·3b] was confirmed by kinetic simulation and fitting
(Figure 5).

Single crystals,[24] suitable for X-ray diffraction, of endo-
7b were grown by slow evaporation of a CDCl3 solution of
the cycloadduct. Surprisingly, endo-7b exists (Figure 6) in
the solid state as a hydrogen-bonded homodimer. The pres-
ence of this duplex in the solid state suggests that endo-7b
might be formed by replication. However, the kinetic data
are completely consistent with reaction through the binary
reactive complex [2·3b]. In particular, there is no evidence
in the kinetic data that endo-7b is capable of templating its
own formation, even if the reaction mixture is doped with
relatively high levels (0.25 equiv) of endo-7b.

Therefore, we discount the observation of an endo-7b
duplex in the solid state as simply an anomaly resulting
from the crystallisation process. To satisfy ourselves that the
complex [2·3b] was capable of accessing the transition state
leading to endo-7b, we undertook a series of computational
studies. Monte Carlo conformational searches performed by
using the AMBER* forcefield[25] and the GB/SA solvation
model for chloroform reveal that the lowest-energy confor-
mations (Figure 7a) of endo-7b adopt a closed geometry
with two hydrogen bonds under 2.00 O in length. Ab initio
electronic structure calculations performed at the B3LYP/6–
31G(d)) level of theory by using the PCM solvation
model[26] for chloroform reveal that a plausible transition

Figure 4. Ball-and-stick models of representative low-energy conforma-
tions of (a) endo-6b and (b) exo-6b calculated by using the AMBER*
forcefield. Carbon atoms white, oxygen atoms light grey, nitrogen atoms
dark grey. Some hydrogen atoms are omitted for clarity. Hydrogen bonds
are represented by dashed lines.

Figure 5. Rate profiles, at 308 K in CDCl3, for formation of (a) endo-7a
or endo-7b and (b) exo-7a or exo-7b from building blocks 2 and 3a, and
2 and 3b, respectively. Starting concentrations of diene and dienophile
were 25 mm. *: Reaction between 2 and 3b (recognition-mediated reac-
tion); *: reaction between 2 and 3a (bimolecular reaction); ~: reaction
between 2 and 3b in the presence of 4 equiv of PhCO2H (competitive in-
hibitor); &: reaction between 2 and 3b in the presence of preformed
endo-7b (25 mol%) or exo-7b (7 mol%). Solid lines represent the best
fit of experimental data to the appropriate kinetic model by using the
SimFit[22] package. See Supporting Information for further details of the
kinetic models used.

Figure 6. Ball-and-stick representation of the structure of cycloadduct
endo-7b in the solid state determined by single-crystal X-ray diffrac-
tion.[24] The cycloadduct crystallises as a hydrogen-bonded duplex. Hy-
drogen atoms are omitted for clarity, except for those involved in hydro-
gen bonds. Hydrogen bonds are shown by dashed lines.
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state for endo-7b can be accessed (Figure 7b) from the
[2·3b] complex.

System 4 : Analysis of the kinetic data (Figure 8) acquired
for the reaction of diene 2 with dienophile 4a revealed that
the bimolecular reaction was rather unselective; [endo-8a]:
[exo-8a]=2:3. The introduction of recognition sites into the
diene and dienophile resulted in a significant rate enhance-
ment in the formation of endo-8b, and a smaller rate en-
hancement in the formation of exo-8b. This difference in
rate acceleration between the diasteroisomers gives rise to a
[endo-8b]:ACHTUNGTRENNUNG[exo-8b] ratio of 3:2 for the recognition-mediated
reaction between 2 and 4b. Kinetic analysis reveals that, al-
though there is significant recognition-mediated acceleration
of the formation of endo-8b, this acceleration occurs
through the intermediacy of a binary complex rather than
through autocatalysis. In the case of exo-8b, the recognition-
mediated acceleration is rather smaller and its origins are
difficult to define precisely. The lower degree of rate accel-
eration relative to either System 2 or System 3 is easily ra-
tionalised in terms of the additional CH2 rotor that is pres-
ent in System 4. The restriction of this rotor in the transition
state leading to endo-8b will result in reaction via this spe-
cies being disfavoured[27] by 10–15 eu relative to the corre-
sponding transition-state structure for either endo-6b or
endo-7b. Surprisingly, the addition of benzoic acid resulted
in a small increase in the observed rate of reaction for exo-
8b, despite showing the expected inhibitory effect in the
production of endo-8b. Although reproducible, the origin of
this effect is unclear.

Once again, it was possible to grow single crystals of
endo-8b suitable for analysis[28] by X-ray diffraction. The cy-
cloadduct crystallises (Figure 9) as a helical hydrogen-
bonded polymer in which the carboxylic acid of one cyclo-
adduct is hydrogen bonded to the amidopyridine ring of the
adjacent cycloadduct along the crystallographic b direction.
This dimeric subunit is then propagated through the struc-
ture by translation. The solid-state structure of endo-8b is

different to the calculated structure for the isolated mole-
cule in solution. Conformational searches (AMBER*/GB/
SA CHCl3) identified a closed-template structure containing
two hydrogen bonds as the minimum-energy conformation
of endo-8b. This closed geometry is consistent with the for-
mation of endo-8b through a binary reactive complex.

Given the wealth of experimental data acquired for Sys-
tems 1–4, some means of assessing global patterns of reac-
tivity are required. Therefore, we calculated the relative rate
enhancements for each diasteroisomer in Systems 1–4. The
relative rate enhancement (RRE) for each diastereoisomer
is the ratio of the recognition-mediated rate to the bimolec-
ular rate. Therefore, a value of RRE greater than one indi-
cates that the recognition-mediated reaction is faster than
the bimolecular reaction for that diastereoisomer. Notably,
within each system the endo :exo ratio is not represented by
the ratio of RREs for the two diastereoisomers (Figure 10a).
We also probed the changes in diastereoselectivity of the cy-
cloaddition reactions by calculating the logarithm of the rel-
ative diastereoisomeric ratio, d.r. (Figure 10b). This measure
is derived by taking the log10 of the ratio of the d.r. observed

Figure 7. a) Ball-and-stick model of a representative low-energy confor-
mation of endo-7b calculated by using the AMBER* forcefield. b) Ball-
and-stick representation of the calculated (B3LYP/6–31G(d)) transition
state for formation endo-7b within the [2·3b] complex. Carbon atoms
white, oxygen atoms light grey, nitrogen atoms dark grey. Some hydrogen
atoms are omitted for clarity. Hydrogen bonds are represented by dashed
lines.

Figure 8. Rate profiles, at 308 K in CDCl3, for formation of (a) endo-8a
or endo-8b and (b) exo-8a or exo-8b from building blocks 2 and 4a, and
2 and 4b, respectively. Starting concentrations of diene and dienophile
were 25 mm. *: Reaction between 2 and 4b (recognition-mediated reac-
tion); *: reaction between 2 and 4a (bimolecular reaction); ~: reaction
between 2 and 4b in the presence of 4 equiv of PhCO2H (competitive in-
hibitor); &: reaction between 2 and 4b in the presence of preformed
endo-8b (16 mol%) or exo-8b (13 mol%). Solid lines represent the best
fit of experimental data to the appropriate kinetic model by using the
SimFit[22] package. See Supporting Information for further details of the
kinetic models used.
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for the recognition-mediated process to that observed for
the control reaction. A log(relative d.r.) value of greater
than zero indicates that the reaction becomes more endo se-
lective if it is recognition-mediated, whereas a log(relative
d.r.) value of less than zero indicates that the reaction be-
comes more exo selective if it is recognition-mediated.

In general, the bimolecular reaction shows little selectivi-
ty, with any slight preference being for the endo diaster-
eoisomer. System 1 achieves a significant reversal of this di-
astereoselectivity by enhancing the formation of the exo dia-
stereoisomer by a factor of four through autocatalysis. All
of the other three systems become moderately more endo
selective by enhancing the formation of the endo isomer by
reaction within a favourable binary complex. The most-effi-
cient system in terms of selectivity is System 3, which, al-
though accelerating the formation of the endo diaster-
eoisomer slightly less than System 2, is most selective by
virtue of avoiding simultaneous acceleration of the corre-
sponding exo diastereoisomer. This result is surprising as
System 2 and System 3 have identical total numbers of CH2

spacer units present within their overall structure; only the
relative placement of these spacers is different.

Comparisons with a second series of structurally related
systems described[29] previously (Systems 5–8, Scheme 3) are
also instructive. In these systems, the orientation and reac-
tivity of the diene component was altered by placing the
tether connecting the diene to the recognition site at the 2-
position of the furan ring as opposed to the 3-position de-
scribed in this work.

By using previously published[29] experimental data ac-
quired for Systems 5–8, we calculated the relative rate en-
hancements for each diastereoisomer in these systems as dis-
cussed above. The data are shown in Figure 11a. Once
again, we probed the changes in diastereoselectivity of the
cycloaddition reactions by calculating log(relative d.r.) (Fig-
ure 11b).

In general, the bimolecular reaction shows little selectivity
(see Table S1, Supporting Information). However, in the
case of 2-substituted furans, any slight preference for the
exo diastereoisomer is based on steric effects associated
with the ring substituent. Once again, the system with the
shortest spacers, System 5, achieves a significant reversal of
this diastereoselectivity by enhancing the formation of the
endo diastereoisomer by a factor of almost four through au-
tocatalysis. Two of the other three systems become moder-
ately more exo selective by enhancing the formation of the
exo isomer by reaction within a favourable binary complex.
The most efficient system in terms of selectivity is System 6,
which enhances the formation[30] of the exo diastereoisomer
almost 20-fold and slows down the formation of the endo di-
astereoisomer five-fold. Once again the most efficient
system operates through a binary complex and has three
methylenes; one in the diene and two in the dienophile.

This superficial similarity, in terms of tether length, with
System 3 hides a more subtle effect; the true origin of the
rate acceleration and, hence, the observed selectivity. Two
possible mechanisms could give rise to the observed selec-

Figure 9. Ball-and-stick representation of the structure of cycloadduct
endo-8b in the solid state determined[28] by single-crystal X-ray diffrac-
tion. The cycloadduct crystallises as a helical hydrogen-bonded polymer
in which the carboxylic acid of one cycloadduct is hydrogen bonded to
the amidopyridine ring of the adjacent cycloadduct along the crystallo-
graphic b axis. The direction of propagation of the helix is shown by the
arrows. Hydrogen atoms are omitted for clarity, except for those involved
in hydrogen bonds. Hydrogen bonds are represented by dashed lines.
Arrows indicate the direction of hydrogen bonding to the adjacent dimer
in the solid state. The dimers are related by translation along the crystal-
lographic b direction.

Figure 10. a) Comparison of the relative rate enhancements (RRE) ob-
served for the endo (dark gray bars) and exo (light gray bars) diaster-
eoisomers present in Systems 1–4. The RRE for each diastereoisomer is
the ratio of the recognition-mediated rate to the bimolecular rate.
RRE>1 indicates that the recognition-mediated reaction is faster than
the bimolecular reaction. Note: within each system the endo :exo ratio is
not represented by the relative heights of the bars. The RRE value is
given above each bar. b) Comparison of log(relative d.r.) observed for
each system. Log(relative d.r.)<0 indicates that the recognition-mediated
reaction is more exo selective than the bimolecular reaction. Log(relative
d.r.)>0 indicates that the recognition-mediated reaction is more endo se-
lective than the bimolecular reaction.
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tivities. The first mechanism is selective stabilisation of the
transition state leading to the exo (or endo) product over
that leading to its diastereoisomer. The second mechanism

is selective stabilisation of the
exo (or endo) product itself
over its diastereoisomer. The
first of these mechanisms relies
on a kinetic or transition-state
effect, the second on a thermo-
dynamic or ground-state effect.
Fortunately, given our extensive
kinetic data, we can probe
which of these two effects are
operating in System 3 and
System 6. Calculation[31] of ki-
netic Effective Molarity[32]

(kEM) and thermodynamic Ef-
fective Molarity[33] (tEM) is rel-
atively straightforward. From
our data, we find that the reac-
tive binary complex responsible
for the formation of endo-7b
(System 3) generates a kEM of
0.22m and a tEM of 1.57m. This
result suggests that ground-
state stabilisation of endo-7b
through the two hydrogen

bonds present (Figure 12a) in the product is responsible for
the observed endo selectivity. The kEM value suggests that
although the transition state leading to endo-7b is stabilised
with respect to the bimolecular process, this stabilisation

Scheme 3.

Figure 11. a) Comparison of the relative rate enhancements observed for
the endo (dark gray bars) and exo (light gray bars) diastereoisomers pres-
ent in Systems 5–8. The RRE value is given above each bar. b) Compar-
ison of log(relative d.r.) observed for each system. Explicit definitions of
RRE and log(relative d.r.) are provided in Figure 10.

Figure 12. Selectivity is generated at different points on the pathways
leading to (a) endo-7b and (b) exo-12b. All structures were calculated in
the gas phase at the B3LYP/6–31G(d) level of theory. Energies are given
relative to the arbitrary zero point of unbound diene and dienophile and
are calculated from experimental data. Carbon atoms white, oxygen
atoms light grey, nitrogen atoms dark grey. Some hydrogen atoms are
omitted for clarity. Hydrogen bonds are represented by dashed lines.
Energy values in brackets quantify the stabilisation of the transition state
or ground state with respect to the same point on the reaction coordinate
for the corresponding bimolecular reaction. All energies are in kcal.
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(�2.32 kcal) is less than the binding energy of the binary
complex and, hence, the kEM is less than 1m. Therefore,
stabilisation of the endo-7b ground state is the dominant
effect. In contrast, the reactive binary complex responsible
for the formation of exo-12b (System 6) generates a kEM of
2.60m, whereas the tEM for the formation of exo-12b is
only 68 mm. This result suggests that stabilisation
(�4.23 kcal) of the transition state (Figure 12b) leading to
exo-12b, which is accessed by the reactive binary complex
[9·4b], is responsible for the observed selectivity.

Conclusion

We have elucidated the basic physical organic chemistry op-
erating in a series of recognition-mediated cycloadditions.
Within the four systems described here it is clear that, given
sufficient conformational freedom, the most likely recogni-
tion-mediated pathway for reaction is that involving the
binary complex (Channel 2, Figure 1). To generate autocata-
lytic systems, our original goal, we must ensure that this un-
desirable pathway is shut down. This can only be accom-
plished by using the shortest-possible tether length; one
methylene group on the diene and one methylene group on
the dienophile. Introduction of even a single additional
methylene group beyond this minimum number effectively
destroys reaction through the autocatalytic pathway (Chan-
nel 3, Figure 1). Therefore, an important lesson from this
work is that design of efficient replicating systems almost
certainly requires the selection of rigid spacers of mismatch-
ed length on the two building blocks, which provide the cor-
rect spatial orientation of the recognition sites whilst being
compatible with the stereoelectronic demands of the cyclo-
addition reaction. Therefore, the design of the systems dis-
cussed here are less than optimal in that restriction of the
spacers to various numbers of methylene groups provides
too much conformational flexibility.

If the conformational freedom is restricted (e.g., System
1), the template is forced to adopt an open conformation.
Replication is then possible, although weak in these systems.
Although this conclusion is expected on the basis of entrop-
ic considerations, the different role of recognition in appa-
rently similar systems (endo-7b versus exo-12b) is much
more difficult to predict. The design and implementation of
efficient and selective replication processes in structurally
simple chemical systems remains an important and challeng-
ing goal.

Experimental Section

General procedures : All commercially available substrates, reagents and
solvents were used without further purification. 1H NMR spectra were re-
corded at 500.1 MHz by using either a Varian UNITYplus spectrometer
or a Bruker Avance 500 spectrometer. 13C NMR spectra were recorded
at 125.6 MHz by using a Bruker Avance 500 spectrometer. Coupling con-
stants (J) are given in Hz. High-resolution mass spectra were recorded by
using either electron impact ionisation (EI) with a VG Autospec instru-

ment or by using electrospray ionisation (ES) with a Micromass LCT
spectrometer operating in negative-ion mode by the Mass Spectrometry
Service at the University of St Andrews. Melting points were recorded by
using an Electrothermal 9200 melting-point apparatus and are uncorrect-
ed.

Computational methods : Molecular mechanics calculations were carried
out by using the AMBER* forcefield as implemented in Macromodel
(Version 7.1, Schrçdinger, 2000) running on a Linux workstation. Ab
initio electronic structure calculations were carried out by using
GAMESS[34] running on a Linux cluster. The version dated 22 Nov 2004
was used in all calculations. The transition state for the reaction between
furan and maleimide was located by generation of an initial guess by
using the linear synchronous transit (LST) method and then refinement
at the HF/6–31G(d) level of theory within GAMESS. This model transi-
tion state was then used to construct an initial guess for the transition
state leading to the appropriate cycloadduct. This guess was refined at
the B3LYP/6–31G(d) level of theory to a transition-state structure pos-
sessing single imaginary vibration that corresponded to the reaction coor-
dinate.

Kinetic measurements : Reactions to acquire kinetic data were performed
on an NMR scale. All stock solutions were prepared by dissolving the ap-
propriate amount of a given reagent in the appropriate deuterated sol-
vent by using a 2-cm3 (2 cm3�0.02 mL accuracy) volumetric flask. Subse-
quent experimental samples were obtained by mixing a fixed amount of
appropriate stock solutions by using Hamilton gas-tight syringes in a
Wilmad 507PP or 528PP NMR tube, which was then fitted with a poly-
ethylene pressure cap to minimise solvent evaporation. All stock solu-
tions were pre-equilibrated at the appropriate reaction temperature for
1 h prior to mixing. After mixing, the sample was analysed by 500 MHz
1H NMR spectrometry every 30 min by using either a Bruker Avance or
a Varian UNITYplus 500 MHz NMR spectrometer. Spectra were ana-
lysed by using the deconvolution tool available within one-dimensional
WINNMR. The errors in determination of the concentration of product,
either by deconvolution of the analytical data or by experimental manip-
ulation upon preparing the solution for analysis, are estimated to be
�4%. Kinetic simulation and fitting of the results data to the appropri-
ate kinetic models was achieved by using SimFit. In all cases, the RMS
error in the fit of the model to the experimental data was <3%.

2-Furan-3-yl-N-(6-methylpyridin-2-yl)-acetamide (1): The title compound
was obtained as a colourless solid from furan-3-yl-acetic acid, in 53%
yield, after column chromatography on SiO2 (EtOAc/hexane, 2:5), by
using a procedure reported[29] previously. M.p. 79.9–80.3 8C; 1H NMR
(CDCl3, 300 MHz): d=8.01 (d, J=8.19 Hz, 1H), 7.86 (br s, 1H), 7.58 (t,
J=7.81 Hz, 1H), 7.46 (d, J=1.40 Hz, 2H), 6.89 (d, J=7.56 Hz, 1H), 6.42
(t, J=1.28 Hz, 1H), 3.57 (s, 2H), 2.42 ppm (s, 3H); 13C NMR (CDCl3,
125 MHz): d=168.8, 156.8, 150.35, 143.9, 140.95, 138.55, 119.4, 117.5,
111.2, 110.7, 34.2, 23.9 ppm; IR (KBr): ñ=3241, 3049, 1966, 1659, 1538,
1452, 1312, 1229, 1159, 1130, 1058, 1019, 793, 726 cm�1; MS (EI+): m/z
(%): 216 (100) [M]+ ; HRMS (EI+): calcd for C12H12N2O2 [M]+ :
216.0899; found: 216.0900.

3-Furan-3-yl-N-(6-methylpyridin-2-yl)-propionamide (2): According to
the procedure described[29] previously, the title compound was obtained
from 3-furyl-propionic acid, in 60% yield, after column chromatography
on SiO2 (EtOAc/hexane, 2:5) as a colourless solid. M.p. 68.9–69.7 8C;
1H NMR (CDCl3, 300 MHz): d=8.00 (d, J=8.20 Hz, 1H), 7.94 (br s, 1H),
7.59 (t, J=7.80 Hz, 1H), 7.34 (t, J=1.67 Hz, 1H), 7.27–7.255 (m, 1H),
6.89 (d, J=7.43 Hz, 1H), 6.29–6.275 (m, 1H), 2.86 (t, J=7.42 Hz, 2H),
2.60 (t, J=7.42 Hz, 2H), 2.43 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz):
d=170.65, 156.5, 150.6, 142.8, 138.9, 138.5, 123.3, 119.1, 111.0, 110.6, 37.8,
23.7, 20.3 ppm; IR (KBr): ñ=3267, 2921, 1672, 1599, 1580, 1542, 1450,
1397, 1296, 1229, 1152, 1022, 965, 873, 782 cm�1; MS (EI+): m/z (%): 230
(100) [M]+; HRMS (EI+): calcd for C13H14N2O2 [M]+ : 230.1055; found:
230.1054.

Endo-{8-[(6-methylpyridin-2-ylcarbamoyl)-methyl]-3,5-dioxo-10-oxa-4-
azatricyclo[5.2.1.02,6]dec-8-en-4-yl}acetic acid methyl ester (5a): The title
compound was obtained as the major product after reacting together
compounds 1 and 3a in CDCl3 followed by column chromatography on
SiO2 (EtOAc/hexane, 1:5) as a colourless oil. 1H NMR (CDCl3,
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500 MHz): d=8.35 (br s, 1H), 7.98 (d, J=8.11 Hz, 1H), 7.57 (t, J=
7.90 Hz, 1H), 6.88 (d, J=7.47 Hz, 1H), 6.27 (d, J=1.50 Hz, 1H), 5.34 (d,
J=4.70 Hz, 1H), 5.31 (d, J=4.70 Hz, 1H), 4.13 (q, J=17.08 Hz, 2H),
3.80 (s, 3H), 3.66 (m, 2H), 3.37 (dd, J=16.65 Hz, 1H), 3.21 (dd, J=1.07,
16.87 Hz, 1H), 2.41 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz): d ACHTUNGTRENNUNG(exo
only)=175.9, 175.1, 170.0, 167.0, 156.6, 150.7, 150.4, 139.1, 129.4, 119.4,
111.0, 83.4, 81.9, 49.6, 47.2, 39.2, 35.3, 34.1, 22.3 ppm; MS (ES+): m/z
(%): 386 (100) [M+H]+ ; HRMS (ES+): calcd for C19H19N3O6 [M+H]+ :
386.1352; found: 386.1365.

{8-[(6-Methylpyridin-2-ylcarbamoyl)-methyl]-3,5-dioxo-10-oxa-4-azatricy-
clo[5.2.1.02,6]dec-8-en-4-yl}acetic acid (5b): The title compound, a colour-
less solid, was obtained as the major product after reacting together com-
pounds 1 and 3b in CDCl3 and isolation of the product by using the
method described[29] previously. M.p. 251.5–252.2 8C; 1H NMR
([D6]DMSO, 500 MHz): d=10.53 (br s, 1Hendo), 10.51 (br s, 1Hexo), 7.96
(d, J=8.21 Hz, 1Hendo), 7.86 (d, J=8.21 Hz, 1Hexo), 7.65 (t, J=7.75 Hz,
1Hendo), 7.64 (t, J=7.75 Hz, 1Hexo), 6.95 (d, J=7.30 Hz, 1Hendo, 1Hexo),
6.41 (br s, 1Hendo), 6.30 (d, J=1.36 Hz, 1Hexo), 5.14 (br s, 1Hendo), 5.10
(br s, 1Hexo), 5.09 (br s, 1Hexo), 4.92 (d, J=5.17 Hz, 1Hendo), 4.08 (s,
2Hendo), 4.05 (s, 2Hexo), 3.49–2.53 (m, 4Hendo, 4Hexo), 2.40 ppm (s, 3Hendo,
3Hexo);

13C NMR (CDCl3, 125 MHz): dACHTUNGTRENNUNG(exo only)=176.8, 176.2, 171.0,
169.5, 154.2, 150.3, 144.7, 138.5, 132.2, 118.3, 110.6, 82.1, 81.1, 48.6, 47.1,
34.7, 30.6, 23.4 ppm; IR (KBr): ñ=3454, 3002, 2368, 1775, 1708, 1660,
1592, 1453, 1424, 1381, 1328, 1265, 1179 cm�1; MS (ES�): m/z (%): 370
(100) [M�H]+ ; HRMS (ES�): calcd for C18H17N3O6 [M�H]+ : 370.1039;
found: 370.1027.

3-{8-[(6-Methylpyridin-2-ylcarbamoyl)-methyl]-3,5-dioxo-10-oxa-4-azatri-
cyclo[5.2.1.02,6]dec-8-en-4-yl}propionic acid (6b): The title compound was
obtained as the major product after reacting together compounds 1 and
4b in CDCl3 followed by purification as described for compound 5b to
afford a colourless solid. M.p. 245.2–246.2 8C; 1H NMR ([D6]DMSO,
500 MHz): d=10.52 (br s, 1Hendo), 10.50 (br s, 1Hexo), 7.94 (d, J=8.24 Hz,
1Hendo), 7.85 (d, J=8.24 Hz, 1Hexo), 7.64 (t, J=8.06 Hz, 1Hexo), 7.63 (t,
J=8.06 Hz, 1Hendo), 6.95 (d, J=7.51 Hz, 1Hexo), 6.93 (d, J=7.51 Hz,
1Hendo), 6.38 (m, 1Hendo), 6.27 (d, J=1.46 Hz, 1Hexo), 5.08 (s, 1Hendo),
5.05 (br s, 1Hexo), 5.03 (s, 1Hexo), 4.87 (d, J=5.13 Hz, 1Hendo), 3.61–2.72
(m, 8Hendo, 6Hexo), 3.11 (d, J=6.59 Hz, 1Hexo), 2.95 (d, J=6.59 Hz,
1Hexo), 2.41 (s, 3Hendo), 2.39 ppm (s, 3Hexo);

13C NMR ([D6]DMSO,
125 MHz): d ACHTUNGTRENNUNG(exo only)=176.2, 176.0, 171.6, 168.2, 156.4, 151.1, 144.8,
138.3, 132.0, 118.6, 110.3, 82.4, 81.0, 48.3, 46.7, 35.3, 33.9, 31.6, 23.4 ppm;
IR (KBr): ñ=3454, 3079, 2367, 1770, 1703, 1616, 1582, 1453, 1400, 1376,
1313, 1260, 1159 cm�1; MS (ES�): m/z (%): 385 (100) [M�H]+ ; HRMS
(ES�) calcd for C19H19N3O6 [M�H]+ : 384.1196; found: 384.1200.

Endo-{8-[2-(6-methylpyridin-2-ylcarbamoyl)-ethyl]-3,5-dioxo-10-oxa-4-
azatricyclo[5.2.1.02,6]dec-8-en-4-yl}acetic acid methyl ester (7a): The title
compound was obtained as the major product after reacting together
compounds 2 and 3a in CDCl3 followed by column chromatography on
SiO2 (EtOAc/hexane, 2:5) to afford a colourless oil. 1H NMR (CDCl3,
500 MHz): d=8.46 (br s, 1H), 7.99 (d, J=8.33 Hz, 1H), 7.58 (t, J=
8.11 Hz, 1H), 6.87 (d, J=7.47 Hz, 1H), 6.02 (d, J=1.71 Hz, 1H), 5.29 (d,
J=3.41 Hz, 1H), 5.14 (d, J=3.41 Hz, 1H), 4.18 (d, J=17.29 Hz, 1H),
4.09 (d, J=17.29 Hz, 1H), 3.86 (s, 3H), 3.63 (m, 2H), 2.77–2.66 (m, 2H),
2.56–2.42 (m, 2H), 2.40 ppm (s, 3H).

Exo-{8-[2-(6-methylpyridin-2-ylcarbamoyl)-ethyl]-3,5-dioxo-10-oxa-4-aza-
tricyclo[5.2.1.02,6]dec-8-en-4-yl}acetic acid methyl ester (7a): The title
compound was obtained as the major product after reacting together
compounds 2 and 3a in CDCl3 followed by column chromatography on
SiO2 (EtOAc/hexane, 2:5). 1H NMR (CDCl3, 500 MHz): d=8.47 (br s,
1H), 7.98 (d, J=7.90 Hz, 1H), 7.605 (t, J=8.11 Hz, 1H), 6.90 (d, J=
7.47 Hz, 1H), 6.08 (d, J=1.71 Hz, 1H), 5.22 (s, 1H), 5.10 (s, 1H), 4.22 (s,
2H), 3.745 (s, 3H), 3.08 (d, J=6.62 Hz, 1H), 2.97 (d, J=6.41 Hz, 1H),
2.67–2.57 (m, 4H), 2.44 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz): d=
175.4, 175.3, 169.8, 167.0, 156.6, 150.7, 150.4, 139.1, 129.0, 119.4, 110.9,
83.2, 81.8, 49.3, 47.3, 39.5, 34.5, 23.6, 22.3, 21.2 ppm; MS (ES+): m/z (%):
400 (100) [M+H]+ ; HRMS (ES+) calcd for C20H21N3O6 [M+H]+ :
400.1509; found: 400.1512.

Exo-{8-[2-(6-methylpyridin-2-ylcarbamoyl)-ethyl]-3,5-dioxo-10-oxa-4-aza-
tricyclo[5.2.1.02,6]dec-8-en-4-yl}acetic acid (7b): The title compound was

obtained as the major product after reacting together compounds 2 and
3b in CDCl3 followed by purification as described for compound 5b to
afford a colourless solid. M.p. 232.5–233.1 8C; 1H NMR ([D6]DMSO,
500 MHz): d=10.35 (br s, 1H), 7.86 (d, J=8.24 Hz, 1H), 7.63 (t, J=
8.10 Hz, 1H), 6.93 (d, J=7.51 Hz, 1H), 6.10 (d, J=1.45 Hz, 1H), 5.07
(br s, 1H), 5.02 (s, 1H), 4.04 (s, 2H), 3.12 (d, J=6.50 Hz, 1H), 3.01 (d,
J=6.50 Hz, 1H), 2.63–2.46 (m, 4H), 2.38 ppm (s, 3H); 13C NMR
([D6]DMSO, 125 MHz): d=175.6, 175.5, 170.95, 167.8, 156.3, 151.3, 150.3,
138.25, 128.9, 118.3, 110.3, 82.2, 81.0, 48.8, 46.7, 38.8, 33.7, 23.4, 22.3 ppm;
IR (KBr): ñ=3453, 3001, 2741, 2366, 1769, 1707, 1611, 1452, 1413, 1389,
1332, 1264, 1183, 1149 cm�1; MS (ES�): m/z (%): 385 (100) [M�H]+ ;
HRMS (ES�) calcd for C19H19N3O6 [M�H]+ : 384.1196; found: 384.1194.

Endo-3-{8-[2-(6-methylpyridin-2-ylcarbamoyl)-ethyl]-3,5-dioxo-10-oxa-4-
azatricyclo[5.2.1.02,6]dec-8-en-4-yl}propionic acid methyl ester (8a): The
title compound was obtained as the major product after reacting together
compounds 2 and 4a in CDCl3 followed by column chromatography on
SiO2 (EtOAc/hexane, 2:5). 1H NMR (CDCl3, 500 MHz): d=7.96 (d, J=
8.12 Hz, 1H), 7.92 (br s, 1H), 7.58 (t, J=7.90 Hz, 1H), 6.89 (d, J=
7.48 Hz, 1H), 5.98 (d, J=1.07 Hz, 1H), 5.24 (d, J=4.91 Hz, 1H), 5.12 (d,
J=5.12 Hz, 1H), 3.73–3.61 (m, 2H), 3.69 (s, 3H), 3.58–3.53 (m, 2H),
2.61–2.45 (m, 6H), 2.44 ppm (s, 3H).

Exo-3-{8-[2-(6-methylpyridin-2-ylcarbamoyl)-ethyl]-3,5-dioxo-10-oxa-4-
azatricyclo[5.2.1.02,6]dec-8-en-4-yl}propionic acid methyl ester (8a): The
title compound was obtained as the major product after reacting together
compounds 2 and 4a in CDCl3 followed by column chromatography on
SiO2 (EtOAc/hexane, 2:5) to afford a colourless oil. 1H NMR (CDCl3,
500 MHz): d=7.94 (d, J=7.90 Hz, 1H), 7.85 (br s, 1H), 7.59 (t, J=
7.90 Hz, 1H), 6.91 (d, J=7.47 Hz, 1H), 6.06 (d, J=1.28 Hz, 1H), 5.18
(br s, 1H), 5.06 (s, 1H), 3.77 (t, J=7.36 Hz, 2H), 3.67 (s, 3H), 2.96 (d, J=
6.40 Hz, 1H), 2.87 (d, J=6.41 Hz, 1H), 2.66–2.56 (m, 6H), 2.45 ppm (s,
3H); MS (ES+): m/z (%): 414 (100) [M+H]+ ; HRMS (ES+) calcd for
C21H23N3O6 [M+H]+: 414.1665; found: 414.1668.

{8-[2-(6-Methylpyridin-2-ylcarbamoyl)-ethyl]-3,5-dioxo-10-oxa-4-azatricy-
clo[5.2.1.02,6]dec-8-en-4-yl}propionic acid (8b): The title compound was
obtained as the major product after reacting together compounds 2 and
4b in CDCl3 followed by purification as described for compound 5b to
afford a colourless solid. M.p. 85.6–86.4 8C; 1H NMR (CDCl3, 500 MHz):
d=11.16 (br s, 1Hendo), 10.82 (br s, 1Hexo), 8.12 (d, J=8.54 Hz, 1Hexo),
8.11 (d, J=8.11 Hz, 1Hendo), 7.655 (t, J=7.90 Hz, 1Hendo), 7.65 (t, J=
7.90 Hz, 1Hexo), 6.88 (d, J=7.69 Hz, 1Hendo, 1Hexo), 6.13 (d, J=1.28 Hz,
1Hexo), 6.08 (d, J=1.28 Hz, 1Hendo), 5.27 (d, J=5.13 Hz, 1Hendo), 5.15
(br s, 1Hexo), 5.14 (s, 1Hexo), 5.07 (d, J=5.55 Hz, 1Hendo), 3.84 (t, J=
7.26 Hz, 2Hexo), 3.80–3.76 (m, 1Hendo), 3.64–3.57 (m, 1Hendo), 3.58 (d, J=
8.11 Hz, 1Hendo), 3.53 (dd, J=5.55, 8.11 Hz, 1Hendo), 2.91 (d, J=6.41 Hz,
1Hexo), 2.88 (d, J=6.41 Hz, 1Hexo), 2.86–2.43 (m, 6Hendo, 6Hexo), 2.42 ppm
(s, 3Hendo, 3Hexo);

13C NMR (CDCl3, 125 MHz, endo diastereoisomer in
parentheses): d=176.8, 176.6 (176.15), 176.0 (175.1) (174.3) (171.6),
171.2, 155.7 (155.5) (151.3), 151.1, 150.4 (149.9) (140.4), 140.3, 129.6
(125.6), 119.5 (119.3), 111.9 (111.9), 82.9 (82.3), 81.8 (80.3), 49.1, 47.2
(47.2) (47.0) (36.2), 34.9 (34.8), 34.75, 32.2 (31.55) (25.6), 23.1, 22.0
(22.0 ppm); IR (KBr): ñ=3453, 3001, 2741, 2366, 1769, 1707, 1611, 1452,
1413, 1389, 1332, 1264, 1183, 1149 cm�1; MS (ES�): m/z (%): 398 (100)
[M�H]+ ; HRMS (ES�) calcd for C20H21N3O6 [M�H]+ : 398.1352; found:
398.1357.
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