CHEMISTRY
DOI: 10.1002/chem.201002325

A EUROPEAN JOURNAL

Elucidating the Origin of Diastereoselectivity in a Self-Replicating System:
Selfishness versus Altruism

Arne Dieckmann,*®! Sabrina Beniken,™ Christian D. Lorenz,'! Nikos L. Doltsinis,” and
Giinter von Kiedrowski'®

,_!)-')»)--,,_,

(@

N
A
A
N\
A
A
A
N.

H
v
v
>
>
-
~
\
N~
o

Chem. Eur. J. 2011, 17, 468 —480

SWILEY i © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ONLINE LIBRARY

468



Abstract: We have investigated a dia-
stereoselective self-replicating system
based on a cycloaddition of a fulvene
derivative and a maleimide using a
two-pronged approach of combining
NMR spectroscopy with computational
modelling. Two diastereomers are
formed with identical rates in the ab-
sence of replication. When replication

catalyst, while exploiting the competi-
tor as a weak “altruist”, resulting in a
diastereoselectivity of 16:1. We applied
1D and 2D NMR spectroscopic tech-
niques supported by ab initio chemical
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shifts as well as ab initio molecular dy-
namics simulations to study the struc-
ture and dynamics of the underlying
network. This powerful combination al-
lowed us to decipher the energetic and
structural rationale behind the ob-
served behaviour, while static computa-
tional methods currently used in the
field did not.

is enabled, one diastereomer takes

. chemistry
over the resources as a “selfish” auto-

Introduction

The emerging field of systems chemistry!'™! set itself an am-
bitious goal, namely, the design of pre-specified dynamic be-
haviour of complex chemical reaction systems. The kind of
phenomena this new research area deals with spans from
chiral symmetry breaking*™ and spatio-temporal pattern
formation®?!! to self-replication.’>*®! However, the ability
to understand always precedes the ability to design. Estab-
lishing the relationship between molecular structure and
thermodynamic or kinetic parameters determining the ob-
served macroscopic behaviour of a system is often a chal-
lenge, either due to a large number of interdependent pa-
rameters or experimental obstacles hampering the applica-
tion of certain analytical methods. Clearly, there is a grow-
ing necessity to widen the scope of analytical techniques and
to include theoretical approaches as well because they can
provide information that is inaccessible experimentally. The
challenge for the near future will be to find a convergent
route that is characterised by an interplay of experiment
and theory. Herein, we describe such an interplay that has
resulted in a detailed understanding and unravelling of a
diastereoselective self-replicating system. The replicator uti-
lises a fulvene-based Diels—Alder reaction in which two dia-
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stereomers are formed with identical rates in the absence of
catalysis. When replication is enabled, a network emerges in
which one diastereomer takes over the resources as a “self-
ish” autocatalyst, while exploiting the competitor as a weak
“altruist”, leading to a diastereoselectivity of 16:1. We show
that an interplay of ab initio molecular dynamics (AIMD)
as developed by Car and Parrinello®® with NMR kinetics
supported by ab initio chemical shifts and 2D NMR spectro-
scopic methods allow us to rationalise the observed behav-
iour, while static computational methods currently used in
the field are not able to qualitatively reproduce the experi-
mental data. The limited success of theoretical efforts so far
may be due to the fact that important entropic effects have
not been considered™* >l and we anticipate new insights
from applying our dynamic approach to similar systems. It
brings us a step closer to a goal that has been seen as para-
mount for systems chemistry: The ability to design and syn-
thesise dynamic signatures not usually found in chemical
systems close to equilibrium but in nonequilibrium systems,
including biological ones.

In a self-replicating system, autocatalysis is coupled to a
transfer of chemical information such as constitution, config-
uration or long-lived conformation.’” A minimal scheme of
a self-replicating system is depicted in Figure 1. Let us
assume two precursors, A and B, are able to react to form C
in a bimolecular reaction. Once enough C has been formed
it is able to reversibly preorganise precursors A and B—for
example, by hydrogen bonding—in a termolecular complex
[A-B-C]. Within [A-B-C], a pseudo-unimolecular ligation re-
action takes place leading to template duplex C,. In other
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Figure 1. A model of a minimal self-replicating system.
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words, the entropy of activation for the reaction is reduced
by templating, resulting in an acceleration of reaction rate.
After dissociation of C,, each template may enter another
replication cycle. In principle, the number of templates dou-
bles after every cycle resulting in exponential growth. In
real systems exponential growth is difficult to achieve, since
the type of growth depends on the relative stabilities of
[A-B:C] and C,. Exponential growth can only occur if
[A-B-C] is more stable than C,, which is difficult to accom-
plish due to intrinsic positive cooperative chelate effects sta-
bilising C,. Chelate cooperativity might be counterbalanced
if ligation is accompanied by a significant change in molecu-
lar geometry, leading to unfavourable interactions between
both templates.

Our chemical implementation is not based on naturally
occuring structures, but on artificial molecules. Small organ-
ic replicators offer particular advantages concerning the der-
ivation of structure-reactivity relationships: On the one
hand, they are large enough to exhibit autocatalysis coupled
to information transfer. On the other hand, they are small
enough to be treatable by ab initio electronic structure
methods. The general structure of our system is depicted in
Scheme 1. Molecules A and B can undergo a Diels—Alder
reaction to form four diastereomers: Two endo and two exo
products differing in the relative orientation of the amido-
pyridine moiety with respect to the bridge. A two-letter
code is introduced here to facilitate the nomenclature of
diastereomers. The first letter refers to endo (N) or exo (X)
Diels—Alder stereochemistry, the second indicates if substi-
tution of the four-membered ring by the amidopyridine
moiety occurs on the same side as the bridge (N) or on the
opposite side (X). Only the linear products NN and NX are
able to act as a template by preorganising A and B in a ter-
molecular complex. We decided to utilise a fulvene Diels—
Alder reaction to construct our replicator for two reasons:
First, fulvene chemistry allows a facile variation of the diene
part. Second, in contrast to a previously described system,!!
we aimed to avoid enantiomeric reaction products to simpli-
fy the kinetic analysis, since they are indistinguishable by
NMR spectroscopy. On the other hand, both precursors can
be easily modified to introduce another level of complexity,
for example, a simple substitution of any hydrogen atom of
maleinimide A leads to a chiral product, allowing the study
of phenomena such as chiral symmetry breaking.

Results and Discussion

Kinetics of the background reaction: First of all, the reac-
tion between A’ and B was studied to obtain kinetic infor-
mation about the so-called background reaction in the ab-
sence of catalysis, that is, with the carboxylic recognition site
blocked on A’ and all products. We obtained concentration—
time curves for A’, B and products by time-resolved
'HNMR spectroscopy (600 MHz) at 293 K in CDCl;. The
starting concentrations of A’ and B were 15 mm each (Fig-
ure 2a).
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Scheme 1. Molecules A and B can react to form four different diastereo-
mers. Only NN and NX can template their own formation. [A-B-NN] is
given as an example.

Surprisingly, the 1D NMR spectra obtained only show
one set of product signals, whereas we expected to see at
least both endo Diels—Alder products NN’ and NX'. HPLC
analysis of the product solution indeed revealed two prod-
ucts, the configurations of which could be identified by se-
lective 1D and 2D ROESY NMR spectroscopy as NN’ and
NX'. The apparent discrepancy arises from the fact that all
1D NMR signals of both isomers exhibit coincidental iso-
chronicity and thus only produce a single peak. By integra-
tion of the HPLC peaks, we determined a slight diastereose-
lectivity of 2:3 for NN'/NX' after quantitative conversion.
However, this model reaction does not take into account the
formation of [A-B] complexes if molecular recognition is al-
lowed, which might have a significant impact on diastereose-
lectivity. To consider this effect, we set up the reaction of A’
with B again, but this time added two equivalents of unreac-
tive succinimide A* (Figure 2b). A* can bind to B, but is
unable to undergo a cycloaddition reaction. We found that
the diastereoselectivity of NN'/NX' was altered to 1:1 in the
presence of A*. By inspection of the geometries of [A*-B]

Chem. Eur. J. 2011, 17, 468 —480
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Figure 2. a) Concentration-time curves of the background (green, grey)
and autocatalytic (red, blue, violet) reactions. The rate of the background
reaction was measured in a separate experiment using A’ and B.
b) Succinimde A* was used as a substitute for A to probe the effect of
[A*-B] formation on diastereoselectivity of the background reaction. Two
possible rotamers are depicted. ¢) Optimised geometries and relative en-
ergies of two rotamers of [A-B]. Arrows indicate possibilities for an
attack of B by another molecule A.

and [A-B] (Figure 2c¢), it becomes clear that in one of the
two possible rotamers one side of B is shielded from an
attack of another molecule A. This attack would lead to
NX, which explains why the slight selectivity for NX is com-
pensated for. Since the energy difference between the opti-
mised rotamers is just 5 kImol™!, both will be populated at
293 K. Moreover, rotation of the amidopyridine moiety,
leading to interconversion of both rotamers, occured fre-
quently in AIMD simulations of the Diels—Alder reactions
as well as complex dissociations. There is no evidence in the
literature that this simple test has been performed previous-
ly for other diastereoselective replicators,*7:4%:30.34.70]

Kinetics of the autocatalyic system: The reaction of A with
B was studied under the same conditions as described
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above. 1D NMR spectra show the formation of three prod-
ucts, although again most of the signals overlapped. In con-
trast to the background reaction, there is one clear main
product and two side products (see Figure 2a). The concen-
tration—time curve of the main product has a distinct sigmoi-
dal shape, indicating that autocatalysis might be operative
here. To elucidate the structure of all three products, we
tried to use HPLC to separate the products, which was not
successful due to solubility issues. We observed that product
precipitation is kinetically hindered for as long as a few
days. Once precipitated, however (e.g., by solvent evapora-
tion), the products could not be dissolved again. In addition,
once the solution of a converted reaction was injected into a
HPLC column it proved impossible to elute any product.
Thus, we decided to run ROESY experiments on the prod-
uct mixture. This procedure was successful, since it allowed
us to decipher the composition of the mixture. We were able
to identify three products: NN, NX and XX. Prior to per-
forming ROESY experiments, we had calculated optimised
and dynamically averaged structures for all diastereomers
and knew interatomic distances for those hydrogen atoms
that would allow us to derive the configuration of every
isomer. Indeed, we detected the expected NOE effects,
which are displayed in Figure 3b-d. In addition, we realised
that one amide NH proton at 6=12.6 ppm did not undergo
chemical exchange, while the other two amide NH signals
showed off-diagonal peaks indicating exchange (Figure 3a).
XX is the only diastereomer capable of intramolecular hy-
drogen bonding and therefore reducing the possibility of ex-
change, so the signal at 6 =12.6 ppm was attributed to XX.
Our analysis revealed that NN is the main product, while
NX and XX are present at a much lower concentrations.
However, although we were able to identify NX and XX,
we were not able to assign each isomer to a set of two non-
overlapping 1D NMR signals belonging to the same pyridine
proton in different isomers (Figure 3e). Unfortunately, this
proton does not exhibit NOE effects that allow the determi-
nation of relative configurations. However, we were still
able to identify NN, since it was the main product and had a
much larger NMR signal than the other two isomers. In
summary, at this point we knew the composition of the
product mixture, but were unable to extract time-dependent
concentrations for NX and XX.

For direct assignment of the experimental 1D NMR spec-
tra, we calculated thermally averaged ab initio chemical
shifts of the [NN-NX] duplex and the XX isomer. We did
not calculate shifts for the monomeric NX template because
the complex equilibrium after quantitative conversion is
strongly shifted towards template duplexes. Since the NX
isomer is only present at a low concentration (<1 mm), it is
expected to bind quantitatively to the NN isomer rather
than populating a homo duplex. The two experimental sig-
nals for the pyridine proton displayed in Figure 3e had
chemical shifts of 0 =8.38 and 8.44 ppm, whereas the calcu-
lated values for [NN:-NX] and XX were 6=8.34 and
8.45 ppm, respectively. This remarkable agreement allowed
us to assign the isomers accordingly and to extract concen-
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Figure 3. a) Cutout of a ROESY spectrum (see the Experimental Section
for details) showing diagonal positive in-phase peaks for NH protons of
NN, NX and XX, and positive in-phase cross-peaks originating from
chemical exchange between NN and NX. ROE peaks would display neg-
ative in-phase absorption. XX is the only product capable of intramolecu-
lar hydrogen bonding and thus does not show chemical exchange for its
proton. b)-d) NOE effects between protons, allowing the identification
of different diastereomers, are marked with dashed lines. The respective
cross-peaks were present in all ROESY spectra. ¢) The 1D NMR signal
of this pyridine proton was used to extract time-dependent concentra-
tions for all three isomers.

tration—time curves for both. Our assignment was corrobo-
rated by the fact that an inverse assignment did not allow
for a good fit of the data to kinetic models that were in ac-
cordance with results from our calculations. These will be
discussed in detail below.

Concentration—time curves for the recognition-enabled
system show a strong NN/NX diastereoselectivity of 16:1.
Furthermore, small quantities of XX were observed. To
prove that self-replication was operative in the system, we
performed two control measurements: First, we added two
equivalents of benzoic acid at the beginning of the reaction
(Figure 4). Benzoic acid should act as a competitive inhibi-
tor because it will compete with A for amidopyridine recog-
nition sites, but is completely unreactive. This should result
in a slower reaction rate after the lag phase, which was
clearly visible for NN. The effect on the rate of NX is not
detectable due to the low concentration of NX, which
causes integration errors of a similar magnitude. Second, we
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Figure 4. Effect of addition of benzoic acid (2 equiv, @) and reaction
products (10%, o) on the concentration-time curve of NN in the recog-
nition-meditated system (m).

added a 10% product mixture from another reaction corre-
sponding to an almost pure solution of NN at the start of
the reaction; this should increase the reaction rate if NN
acts as a template for its own formation by removing the lag
phase. Indeed a pronounced increase in initial rate is visible
for NN, while it is again impossible to see an effect on the
rate of the formation of NX. This will be demonstrated and
explained later in this article by kinetic modelling.

Having experimentally proven that NN is capable of self-
replication, we investigated whether the same would be true
for NX and if both isomers would undergo cross-catalysis,
which seems likely based on their similar geometries. The
solution to this problem also has to explain the emerging
diastereoselectivity and presence of XX or absence of XN.

Molecular dynamics simulations: Since the catalytic proper-
ties of each product alone could not be characterised experi-
mentally, mechanistic insights explaining the observed dy-
namics from another source were required. Instead of rely-
ing on single-point calculations for precursors, transition
states (TSs) and products, we took into account important
entropic effects brought about by the dynamics of the flexi-
ble molecular structures, and calculated free-energy profiles
rather than purely enthalpic minimum-energy curves. We
performed AIMD free-energy calculations of the [4+2] cy-
cloaddition using the recently proposed dynamic distance
constraint.”"

The dynamic distance, D, is a versatile constraint especial-
ly suited to simulate the rupture or formation of multiple
bonds. For the simulation of a Diels—Alder reaction, it cor-
responds to the root-mean-square (RMS)distance of the
new bonds being formed (corresponding to the two distan-
ces between the two pairs of carbon atoms, see Figure Sa
and b). The reaction is controlled by incrementally decreas-
ing D from 3.6 (precursors) to 1.6 A (product) and perform-
ing an AIMD simulation for every fixed value of D. Free-
energy profiles (FEPs) were obtained by thermodynamic in-
tegration of the mean constraint force. Minimum-energy
paths (MEPs) were obtained by performing geometry opti-
misations for snapshots from the MD simulations. Errors for

Chem. Eur. J. 2011, 17, 468 — 480
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a: 1.41 d: 1.35
b: 1.52 e: 1.52
c: 1.55 f: 1.52

Figure 5. Dynamic distances corresponding to the RMS distance between
carbon atoms of the same colour are shown. a) Single distances corre-
spond to the length of the new bonds formed in the course of the Diels—
Alder reaction. b) Setup of the dynamic distance for the simulation of
complex dissociations. In the case of [A-NN], the constraint contains two
distances, in the case of [NN-NN], it contains four. The distances corre-
spond to the length of the respective hydrogen bonds. Bond lengths and
angles for c) fulvene, d) maleimide and e) the transition state of a reac-
tion to form NN and f) the NN isomer. These parameters led to the con-
clusion that an early and synchronous TS was present.

FEPs were estimated by fluctuations of the mean constraint
force.

First, we had to ensure that the chosen constraint was
able to represent the correct reaction mechanism. For a

Chem. Eur. J. 2011, 17, 468 — 480
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[442] cycloaddition of a symmetric fulvene and a male-
imide, a concerted reaction mechanism with a synchronous
TS was expected, which we found using D (Figure 5c—f). To
locate a possible biradical mechanism with a lower TS, we
performed several single-point calculations and MD simula-
tions using the local spin density approximation, but all at-
tempts converged to the respective closed-shell energies.

Having established the dynamic distance as a suitable re-
action coordinate, we simulated all major reaction pathways
of the system, that is, templated and non-templated endo
Diels—Alder reactions to NN and NX and non-templated
exo Diels—Alder reactions to XN and XX. FEPs and MEPs
thus obtained are displayed in Figure 6a—d. First, it is clear
that all MEPs exhibit a lower reaction barrier than the
FEPs, since MEPs do not factor in entropic contributions.
Second, most MEPs possess a substantial ruggedness due to
the fact that at each value of D the highly flexible structures
B, NN, NX and, in particular, complexes comprised of them
possess a large number of local minima. This demonstrates
the need to carry out dynamic rather than static studies on
these systems because interpreting replicators purely on the
basis of 0 K energy barriers obtained from optimised TSs
bears considerable uncertainties.**“*** This need to use
free energies instead of enthalpies has long been recognised
in the field of transition-state theory (TST) and has led to
the development of variational TST (see, for instance, refer-
ence [74] and references therein).

Background reactions to NN and NX have free-energy
barriers of 68 and 71 kJmol ™', respectively (Table 1), which
are identical considering the statistical errors in the free-

Table 1. Values of FEP and MEP barriers for all pathways and the prod-
uct/complexes they give.

Product FEP [kJmol™] MEP [kJ mol™]
NN 687 63
NX 71+5 61
XN 84+3 58
XX 85+7 68
[NN-NN] 6647 50
[NN-NX] 7245 48
[NX-NX] 6545 53

energy calculations. The slight diastereoselectivity for NX
cannot be explained by these energy profiles, since the dif-
ference between barriers will be smaller than the error of
our calculations. In contrast, a bimolecular reaction to XN,
which has not been observed experimentally, features a sig-
nificantly higher free-energy barrier of 84 kJmol™ (Fig-
ure 6d and Table 1), explaining its absence in the product
mixture. Surprisingly, the barrier of the MEP (58 kJmol™!;
Figure 6a) is of comparable height as those for background
reactions to NN and NX, suggesting that XN should be
formed with a similar rate. This means that MEPs are
unable to even qualitatively predict the correct product dis-
tribution of the background reactions. The last non-templat-
ed pathway is the reaction to XX, which can proceed in a
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plated reactions reveals that the
free-energy barriers for autoca-
talytic reactions are quite simi-
lar, whereas the barrier of the
cross-catalytic pathway is 6—
8 7 kImol™' higher. These barri-
ers are comparable to those of

the respective background reac-
DIA tions. On the other hand, a
comparison of the MEP barri-

ers (48-53 kJmol™") with those
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B the presence of a template.
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Figure 6. a) A direct comparison of a FEP (o) with estimated errors and MEP (1) for the autocatalytic reac-
tion [A-B-NX]—[NX:NX] is shown as an example. b) FEPs for the bimolecular () background reaction to
NN and autocatalytic (o) reaction to [NN-NN]. c¢) FEPs for the bimolecular (&) background reaction to NX,
the cross-catalytic (0) reaction to [NN-NX] and the autocatalytic (0) reaction to [NX:NX]. d) FEPs for the bi-
molecular reaction to XN () and the pseudo-unimolecular reaction to XX (0) via an [A-B] complex. Values
of FEP and MEP barriers are given in Table 1 for all pathways and labeled by the product/complex they lead

to.

pseudo-unimolecular fashion starting from a suitable confor-
mation of an [A-B] complex (see Figure 7a). This reaction
features a free-energy barrier of 85 kJmol~!, while the mini-
mum energy barrier is much lower (Figure 6). The reason
why XX is detected in the recognition-enabled system de-
spite the high barrier is that its formation through a pseudo-
intramolecular pathway is kinetically favoured. Such a path-
way is not available for XN and thus it is not present either
in the background or the recognition-mediated reaction
system.

Having reproduced and explained the experimental re-
sults for non-templated reactions, we examined auto- and
cross-catalytic pathways. In principle, there are four possible
templated reactions: [A-B:NN] could catalyse a ligation
either to [NN-NN] (autocatalysis) or [NN-NX] (cross-cataly-
sis) and the same holds for [A-B-NX]. Astonishingly, the ar-
rangement of an [A-B-NN] complex that is able to react to
form [NX-NN] is impossible due to a geometric mismatch
(see Figure 7c). Although both templates look very similar
at first sight, NN is more bent than NX, which results in a
more acute angle between the recognition sites (see Fig-
ure 7b). Which diastereoisomer is produced in a (templated)
reaction only depends on the relative orientation of A and
B. Since NX is almost linear it is able to arrange the precur-
sors in both orientations, whereas NN is limited to template
its own formation. This causes an intrinsic imbalance or
asymmetry in the system, namely, a selfish NN template and
an altruistic NX template competing for common resources
(see Figure 8). The outcome is known from experiments:
NN dominates the system, whereas NX is suppressed. A
closer look at the free-energy barriers for these three tem-
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"3 ag finding may be rationalised as

DiA follows: The catalytic effect of
the template is not the result of
a change in electronic structure
of the TS in its presence, but
rather of a change in molecular-
ity of the ligation reaction from
second to pseudo-first order
without being energetically pe-
nalised.

=S

[A-B] XX

159° ¥
% LA

[A-B-NN] A+B+NN
[A-B-NX] [A-B-NX]*

Figure 7. a) Pseudo-intramolecular reaction to XX. b) NN is more bent
than NX, which results in it being unable to cross-catalyse the formation
of NX. The angle is measured with respect to the orientation of the exo-
cyclic double bond connected to the four-membered ring. ¢) Geometries
of termolecular complexes. A+ B+NN exemplifies the impossible situa-
tion of NN acting as a cross-catalyst. [A-B-NX] will react to form
[NN-NX], [A-B:NX]* to form [NX-NX].

Chem. Eur. J. 2011, 17, 468 — 480


www.chemeurj.org

Diastereoselectivity in a Self-Replicating System

o o
k

o*ﬁ(‘i_y

k=521x10"s"
k;=1.46x107s"
k=8.07x10-*s"

9";‘;‘;@

FULL PAPER
Q(‘*ﬁ

oo @
/ﬁ*‘@rf

2 ot

(K)? = 2.6x10* M2
(K,-K,) =3.2x10° M?
K,=8.0x105 M"

K, =8.1x10° M"

K, = 2.5x105 M"

Figure 8. Network of all recognition-mediated pathways of the system with assigned rate and association constants. The pathway catalysed by NN is

drawn in red and both pathways catalysed by NX are in blue.

Apart from energetics of ligation reactions, relative com-
plex stabilities are of great importance to understand a self-
replicating system, since they determine the type of autoca-
talyic growth. As mentioned before, replicators often suffer
from a high stability of template duplexes, which originates
from positive cooperative chelate effects. To get a feeling
for the amount of cooperativity operating in our system, we
calculated complex dissociation energies of [A-NN] and
[NN-NN]. [A:NN] is a good model for all complexes in the
system being bound by just one recognition site, while
[NN-NN] should exhibit cooperative effects if not destabi-

complex FEP MEP

[ANN] 364 57

[NN-NN] 587 67
60
_ 50+
g 40
S
O 30—_
20
104
Oﬁ

2 3 .4 5 6
DIA

lised by a change of geometry during ligation. We used the
same dynamic distance method as described for the Diels—
Alder reaction, but this time the dynamic distance was com-
posed of two ([JA:NN]) and four ([NN-:-NN]) hydrogen
bonds, respectively (Figure 5b). Simulations started at
D=1.66 A and D was increased until complete dissociation
of the respective hydrogen bonds. The obtained FEPs of dis-
sociation are displayed in Figure 9. Since these simulations
are very time consuming, we have only calculated two po-
tentials to date. Both curves level off at intermediate values
of D corresponding to the dissociation of the first hydrogen

[NN-NN]

Figure 9. FEPs for the dissociation of one pair of recognition sites in each complex [A- NN] (o) and [NN- NN] (o). Representative geometries of both dis-

sociation processes are displayed for certain values of D. Energies are given in kJmol ™
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bond of a recognition site. By further increasing D the
second hydrogen bond finally dissociates. It has to be
stressed that for [NN-NN] only the dissociation of the first
recognition site (i.e., two hydrogen bonds) was calculated,
since the simulation follows the path of minimum (free)
energy and will keep one recognition site intact until very
large values of D are approached. However, cooperative ef-
fects are expected to occur only for the dissociation of the
first two hydrogen bonds.

A comparison of free-energy changes associated with the
dissociation of one recognition site (two hydrogen bonds) in
[A:NN] and [NN:NN] clearly shows strong positive coopera-
tive effects in [NN-NNJ], since its free energy of dissociation
is 1.6 times higher than that of [A-NN]. As a consequence,
the system should suffer from product inhibition. The
change in free energy, AG, relates directly to the corre-
sponding equilibrium constant, K, as shown in Equation (1),
in which R is the ideal gas constant and 7 the temperature:

AG = —RTInK (1)

The complete two-step dissociation of all four hydrogen
bonds of [NN:NN] can be approximated by the sum of both
calculated free-energy changes to be 94 kJmol ™', since only
the first step is cooperative. The relationship shown in
Equation (2), in which K; are association constants, can be
easily derived from Equation (1):

AGi[NN - NN] B In Kinnenyg 2)
AGi[A - NN] ~In K[A-NN]

This equation provides a verifiable test for the results of
our simulations and will be revisited later in this article.

Because we have been unable, to date, to calculate free
energies of dissocation for more than these two complexes,
we needed another method to sort FEPs for templated
Diels—Alder reactions. First, we decided to base our ranking
on duplexes rather than termolecular complexes because
they are more rigid and can be directly detected by NMR
spectroscopy. Second, we did not want to rely on single-
point energies due to the problems mentioned earlier.
Therefore, we calculated average energies from AIMD sim-
ulations for all duplexes and used those to sort reaction
pathways. As a result, we obtained the energy profile shown
in Figure 10. Our simulations predict that [NN-NX] and
[NX-NX] are destabilised with respect to [NN-NN]. Interest-
ingly, relative stabilities correlate with the number of inward
pointing bridges resulting from the Diels—Alder reaction. It
is conceivable by inspection of the duplex geometries that
these cause repulsive steric interactions. The energetic distri-
bution of preorganised termolecular complexes is quite dif-
ferent: [A-B-NN] and [A-B-NX] are much more stable than
[A-B-NX]*. This finding can be rationalised by the fact that
[A-B-NX]* is the only complex in which the inward-pointing
bridge of the template and fulvene B have to be brought
into close proximity, again resulting in repulsive steric inter-
actions. In summary, auto- and cross-catalytic pathways
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Figure 10. Free-energy profiles for all templated reaction pathways or-
dered by average energies of duplexes.

leading to the formation of a new molecule, NN, are more
favourable than the reproduction of NX; this explains the
experimental finding of a 16:1 diastereoselectivity in favour
of NN. All recognition-mediated pathways are summarised
in Figure 8.

Kinetic modelling: Based on our results from simulations
and calculations, we constructed a kinetic model of the
system (Figure 11). Complex associations of [A+-B:NN] and
[A-B:NX] complexes were modelled with the same associa-
tion constant, whereas [A-B:-NX]* was modelled with a sep-
arate association constant to account for different relative
complex energies. For the same reason, all three duplex
equilibria were attributed different association constants.
Different rate constants were assigned to auto- and cross-
catalytic ligations. The rate constant for uncatalysed reac-
tions to NN and NX was known from separate measure-
ments of the background reaction. Complex associations
were assumed to be limited by diffusion and only dissocia-
tion was modelled with a variable rate constant. To quantify
the rate constants for these processes, a series of classical
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Figure 11. Kinetic model of the system with rate and equilibrium con-
stants. Errors for k; and k, are smaller than +0.005. Such a model is used
as an input for Simfit, which will either only simulate concentration—time
curves based on given parameters or perform an optimisation of variable
parameters to match experimental data.

molecular dynamics simulations of A, B and NN in chloro-
form was conducted. After equilibrating each system, the
diffusion constant—which is proportional to the rate con-
stant in this scenario—was determined from the centre-of-
mass mean square displacement by using the Einstein rela-
tion. Thus, we arrived at rate constants in the order of
10"m s~ for all diffusion-limited processes.
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We fitted the variable parameters of our model to experi-
mental data using Simfit.” According to the results, the
Diels—Alder reaction is efficiently catalysed by templating.
The effective kinetic molarity (EM) for autocatalyic path-
ways is EM =k;/k; =50m and EM =k,/k, =27wMm for cross-cat-
alytic pathways. A reaction to a catalytically inactive XX is
very slow compared with all other reaction channels, which
is a desirable feature. [A-B-NX]* is destabilised with respect
to [A-B:NN] and [A-B:NX] by almost one order of magni-
tude. Template duplexes also exhibit the same relative sta-
bility that was predicted by averaged energies from MD
simulations. Having determined the association constants of
[A-NN] and [NN-NN], we were able to quantitatively com-
pare them to calculated free energies of dissociation. The ki-
netic model yields the relationship shown in Equation (3),
while we know from our AIMD simulations that the rela-
tionship shown in Equation (4) is true. Thus, Equation (2) is
fulfilled remarkably well.

In K,

[NN-NN]
— x2.67 3
In K[A-NN] ( )
AGg[NN-NN] _
AGu A NN 2.61 4)

Another interesting test for our model would be to probe
its ability to correctly predict the effect of initially added
product mixture from another reaction. We simulated the
effect of adding 10 % product mixture with a composition of
NN/NX=16:1 and compared the result to experimental
data (Figure 12). The effect on the initial rate of formation
of NN is predicted very accurately, while the effect on NX is
impossible to measure by NMR spectroscopy. The differ-
ence between simulated curves is of the same magnitude as
experimental errors arising from integrating small NMR sig-
nals. In summary, our model is able to describe the system
very well. One has to keep in mind, however, that the
number of observables is small relative to the number of
variables in the model; this will inevitably cause covariances

Figure 12. Experimental data and modelling of the effect of initial addi-
tion of a 10% product mixture. : NX, model; —: NN, model; ----- :
NN, model with the addition of 10% product; ----- : NX, model with the
addition of 10% product; @: NN, experimental and @: NX experimental.
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between variables, possibly limiting the degree of accuracy
with which they can be determined. We have also construct-
ed other kinetic models by changing and reducing the
number of parameters directly involved in the auto- and
cross-catalytic pathways to probe different mechanisms lead-
ing to the observed diastereoselectivity, but they yield less
accurate or even unphysical results. The same is true if the
assignment of NX and XX is interchanged.

Conclusion

We have presented a new diastereoseletive self-replicating
system based on a fulvene Diels—Alder reaction in which
two diastereomeric templates compete for common resour-
ces. The kinetics of the reaction was measured by time-re-
solved 1D NMR spectroscopy supported by ab initio chemi-
cal shifts. Different diastereomers were identified by
ROESY. Whereas in the absence of catalysis there is only a
slight diastereoselectivity of 3:2, this changes to 1:16 when
replication is enabled. We used AIMD simulations to calcu-
late free-energy profiles and dissociation potentials explain-
ing the observed behaviour: one template acts as a selfish
autocatalyst, the other as an altruistic cross-catalyst leading
to an intrinsic asymmetry. As a consequence, the autocata-
lyst dominates the system leading to the observed change in
diastereoselectivity. Based on the obtained data, we were
able to construct a kinetic model and derive rate and equi-
librium constants, which are in agreement with results from
our ab initio calculations.

The design of complex chemical reaction networks relies
heavily on understanding these systems at a very detailed
and fundamental level. However, there will be more and
more cases in which the delicate relationship between struc-
ture and physicochemical behaviour cannot be analysed by
either experiment or theory alone. The field of systems
chemistry will have to rely on an intelligent interplay of
both; this will lead to a more complete picture of dynamic
phenomena in chemistry. We believe that our method of
combining 1D and 2D NMR spectroscopic techniques sup-
ported by calculated shifts with AIMD simulations is a step
in this direction. Although experimental obstacles, namely,
the insolubility of products, prevented us from conducting
important measurements, we were able to unravel the un-
derlying reaction network and to rationalise the observed
change in diastereoselectivity. The two-pronged strategy em-
ployed herein has the potential to lead to insights at an un-
precedented level not only for other self-replicating systems
but for complex chemical networks in general.

Experimental Section

All 1D NMR spectroscopy measurements were carried out on a Bruker
DRX 600 spectrometer (600 MHz) at 15 mm concentration of the precur-
sors in CDCl; (at (293+0.1) K and atmospheric pressure). For kinetic
measurements, stock solutions (&30 mm) of each substance were pre-
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pared and pipetted into the NMR tube (ratio 1:1) just before starting the
measurement. Samples were equilibrated with respect to temperature for
6-8 min inside the spectrometer after mixing, which is sufficient accord-
ing to information from Bruker. A spectrum with 32 scans was recorded
every 10 min. Addition of benzoic acid was done by dissolving the appro-
priate amount in CDCl; and using this solution to prepare the stock solu-
tions of both precursors. In case of an initial addition of reaction prod-
ucts, these were taken from an identical and completed reaction, since
the products could not be dissolved again after isolation. Adding more
than 10% of pre-formed product resulted in precipitation of products at
early reaction times. Owing to poor solubility, separation of the isomers
by chromatography has not yet been achieved. ROESY spectra were
measured in CDCl; at (293+0.1) K at atmospheric pressure (Bruker
DRX 600, TXI-probehead, Topspin 1.3). Parameters were set as follows:
4 K data points per increment (256 increments), 48 scans, 4 dummy scans,
0.1221 s acquisition time, 2.5 s relaxation delay, 5630 Hz spectral width,
200 ms ROESY spin-lock pulse.

The extraction of kinetic data from 1D NMR spectra was performed by
using 1D-WINNMR (Bruker Daltonik GmbH, Germany) and custom
python scripts to facilitate the manipulation of large data sets. Kinetic
simulation and fitting of the data was performed by using Simfit.””!

Computational Details

General setup of constrained ab initio MD simulations: All calculations
were carried out with the CPMD package!™ and set up as follows: The
optimised structure was centred in a periodically repeating orthorhombic
box of an appropriate size ensuring at least a distance of 3 A between
the molecule and box boundaries. The respective reaction centres were
prearranged with a value of D=3.6 A. The system was equilibrated to an
average temperature of 300 K with a standard deviation in the order of
10% by using a Nose—-Hoover chain thermostat on the ions.””-”! The cou-
pled equations of motion for nuclei and molecular orbitals were solved
by using the velocity Verlet algorithm with a timestep of 4 a.u. A ficti-
tious mass of 400 a.u was assigned to the electronic degrees of freedom.
Core electrons were treated by using Vanderbilt pseudopotentials; va-
lence orbitals were expanded in a plane wave basis with an energy cutoff
of 25 Ry. The PBE functional was used for all calculations. For each
value of D, the length of production runs was determined by the conver-
gence of the constraint force (typically 2-5 ps). After changing the value
of D the system was repeatedly quenched to the Born—-Oppenheimer sur-
face. Errors for the free-energy profiles were calculated by measuring the
fluctuations of the mean constraint force over the last 0.5 ps. The mini-
mum, maximum and average forces for each value of D were integrated
to yield free energies and the respective errors. MEPs were calculated by
optimising the geometry of a snapshot randomly taken from the corre-
sponding MD run.

Calculation of thermally averaged shieldings: Thermally averaged, room-
temperature magnetic shieldings were calculated for the individual mole-
cules and selected hydrogen-bonded complexes, as well as the CDCI, sol-
vent, at the B3LYP/6-311G* level by using the Gaussian 03 package!” by
averaging over 20 AIMD snapshots for [NN-NX], 114 snapshots for XX,
and 84 snapshots for CDCIl,. The snapshots were separated by 1 ps in the
case of [NN:NX] and XX, and by 0.5 ps in the case of CDCl,. In analogy
to the experimental procedure, the chemical shifts were first calculated
with respect to CDCl;. To obtain the final tetramethylsilane (TMS)-
based values, a further 7.26 ppm were subtracted. The AIMD simulations
were performed by using the same computational parameters as for the
constrained AIMD runs detailed in the previous section. The standard
deviation in temperature was 25 K and 32 K for [NN-NX] and XX, re-
spectively, and 125 K for CDCl.
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