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We present our design of a cross-catalytic system based on organo-
catalysis. The system features two organic reactions, namely a
deprotection reaction of Fmoc protected proline and a Mannich
reaction between acetone and dihydroisoquinoline. The products
of these two reactions, proline and a tetrahydroisoquinoline,
respectively, are capable of reciprocal reaction rate enhancement.
Detailed kinetic studies of the system and seeding experiments
support the cross-catalytic relationship in the reaction network.

Complex chemical reaction networks with multiple intercon-
nections are at the heart of biological systems. Such networks
give rise to the vast majority of biological functions and allow
biological systems to adapt and respond rapidly to the environ-
ment. With the goal of better understanding and mimicking
biological systems, as well as building synthetic machinery,
there has been significant effort in exploiting synthetic chem-
istry to study chemical reaction networks and to build complex
systems with emergent properties.’ Molecular self-replication is
one such property that can emerge from complex reaction
networks and has attracted a lot of interest.” Since autocatalytic
and cross-catalytic processes are often invoked in rationalising
molecular self-replication, significant effort has also been spent
in designing non-enzymatic analogues of such reactions.’”

The first reported examples of non-enzymatic auto-catalysis
were based on oligonucleotides,” RNA” and peptides.® More
recently, dynamic covalent libraries in combination with
supramolecular chemistry have emerged as efficient tools for
constructing replicating system with peptides.’ Small molecule-
based auto-catalysis was also described.**™*?

Apart from autocatalytic reactions, cross-catalytic systems
have been described as well, for example using nucleotide™*
and peptide based chemistries."® Furthermore, self-replicating
macrocycles have been shown to be capable of parasitic
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behaviour.'® Cross-catalytic reaction networks involving small
organic molecules have also been realised using synthetic
molecules, namely cross-catalytic amide formation'” and
cycloaddition reactions.*®

The reported examples of cross-catalytic systems commonly
make use of reactive sites and template effects to drive catalytic
processes, similar to the majority of examples describing auto-
catalytic behaviour.? Template effects and rate accelerations are
achieved thanks to the presence, both in the reactants and the
resulting products, of recognition sites, which thus are critical
elements in such systems. The necessity of such complemen-
tary recognition sites, as well as orthogonal reactive centers,
results in synthetically complex systems that are challenging
and difficult to design and synthesise. In contrast, simple cross-
catalytic systems that rely on direct electronic activation of the
reaction partners and make use of two orthogonal reactions are
scarce.

Here, we describe our design of a small-molecule, non-
templating, cross-catalytic system where reciprocal catalytic
rate accelerations are achieved through two different mecha-
nistic pathways: enamine and base catalysis.

In order to design a non-templating cross-catalytic system,
two orthogonal reactions are required that form products
capable of inducing a rate acceleration for each other’s for-
mation. Once one of the two products (i.e. catalysts) is formed,
it will increase the rate of formation of the second product,
which in turn increases the rate of the first reaction.

To build the cross-catalytic system (Scheme 1a) we selected
as a first reaction the base catalysed deprotection reaction of
Fmoc protected amino acids, in this case of proline (Pro).>° We
selected Pro because it is known to be an excellent catalyst for
various types of transformations, such as aldol reactions,
Michael additions and, most importantly, for Mannich type
reactions via the enamine mechanism.*"*

Especially the latter reaction is attractive for designing a
cross catalytic system, because the Mannich reaction, in addi-
tion to being catalysed by Pro, results in a secondary amine
product, the basicity of which can be tuned. Because the first
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Scheme 1 (a) Design of the cross-catalytic system used in this study;
(b) soluble analogue of proline SolPro and its Fmoc-protected analogue
1b; (c) the Mannich reaction: addition of acetone-dg to imine 2 catalysed
by Pro.

reaction, Fmoc deprotection generating Pro, is known to be
catalysed by amine bases®® we anticipated that the Mannich
product might be able to catalyse the first reaction (Scheme 1a,
top). For the Pro catalysed reaction, we chose the addition of
acetone-dg to 3,4-dihydroisoquinoline (2) to generate the Man-
nich product d-3 (Scheme 1a, bottom). Deuterated acetone was
used as the solvent in order to directly follow the reaction by "H-
NMR. For the cross-catalytic network to work, a trigger that
starts the reaction is needed. We hypothesised that substrate 2
of the Mannich reaction can serve as this trigger as it is basic as
well, but less so than Mannich product d-3. The difference in
basicity is expected to translate in a much lower deprotection
rate enabled by 2, allowing deprotection induced by d-3 to start
dominating as its concentration increases over the course of
the reaction. Thus, the deprotection rate was anticipated to be
very slow at first, when mostly 2 is present, and gradually
increase due to the formation of the more basic d-3.

Since the solubility of Pro in organic solvents, in this case
acetone, is limited and might result in non-homogeneous
reaction mixtures that could influence our reaction network,
we also studied the cross-catalytic network using a more soluble
analogue of proline. For this purpose, trans-hydroxy proline was
modified by diisopropyloctylsiloxy (DIPOS) to generate SolPro
and the corresponding Fmoc protected derivative 1b
(Scheme 1b).

Before investigating the cross-catalytic system, we analysed
the individual reactions. First, the Mannich reaction
(Scheme 1c) between 2 and acetone-dg was performed to see
if the reaction takes place without a catalyst, as a spontaneous
reaction would defeat the purpose of our cross catalytic system.
However, no product formation was observed after 48 hours of
stirring at room temperature. On the other hand, in the
presence of 10 mol% of Pro (not all the catalyst was solubilised)
or SolPro the Mannich product d-3 was formed, with full
substrate consumption in 1-2 days depending on the catalyst.
The isolated yields of the Mannich product were always around
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60%, most likely due to side product formation or retro-
Mannich. Next, we studied the reaction kinetics for both
catalysts, Pro and SolPro, using 500 MHz 'H-NMR spectro-
scopy. In the kinetic experiments the reaction partners ([2] =
133 mM) were allowed to react in acetone-de at 25 °C and the
reaction progress was continuously monitored in situ every 5 or
10 minutes over a period of 12 hours. When 10 mol% of Pro was
used, the reaction proceeded slowly, resulting in only 72%
conversion of imine 2 after 12 hours and only 22% NMR yield
of product d-3. Using 10 mol% of the more soluble SolPro, a
higher reaction rate was observed with 95% conversion after
only 4 hours. However, the NMR yield of product d-3 was still
only 29% due to side reactions caused by the decomposition of
the Mannich product d-3 in time. In order to compare the
catalytic performance of Pro and SolPro more accurately, the
solubility of Pro was determined and found to be 2.3 mM
(£0.1). With this value in hand, we carried out the reactions
with Pro and SolPro at the concentration range in which Pro is
soluble (2.3 mM, 2 mol%) and observed similar catalytic
performance in terms of the rate of conversion of substrate 2,
although the rate of formation of product d-3 was slightly
higher with Pro (Fig. 1a and b).

Subsequently, we examined the individual deprotection
reactions of the Fmoc protected proline-type catalysts
([1a-b] = 133 mM) with 1 equivalent of the different bases. For
this deprotection reaction, only the formation of dibenzoful-
vene (DBF) can be followed by "H-NMR (singlet at 6.25 ppm) as
all characteristic peaks of 1a in 'H-NMR overlap with the
signals corresponding to the protons of DBF and Pro. As the
deprotection with imine 2 in acetone-ds would be equivalent to
the cross-catalytic network itself, it was studied in DMSO-d at
25 °C. Both the imine 2 (1 equiv.) and Pro/SolPro (1 equiv.) were
capable of deprotecting 1a and 1b in this solvent, although very
slowly with approximately 2% conversion after 12 hours. When
1 equiv. of the Mannich product d-3 was used, the deprotection
was faster, affording a conversion of approximately 10% after
2 hours, followed by a rate decrease. We believe that the rate
decreases because the Mannich product d-3, which serves as
the base catalyst, is unstable and known to undergo a retro-
Mannich reaction in DMSO-ds under these conditions (see
ESIt). Changing the solvent to acetone-ds resulted in slower
formation of DBF compared to the reaction in DMSO-de, but

B
g
g

-
o
=3

-
o
o
IN]
o

e 1la
= 1b

* 2mol% Pro
= 2mol% SolPro

* 2mol% Pro
= 2mol% SolPro

N
o

i
o
1=
=
o
1=

-
«

v
=3
v
=3

!

1/

Concentration 2 (mM)
Concentration d — 3 (mM)
Concentration DBF (mM)

\

o

0
0 2 4 6 8 10 12
Time (h)

00 2 4 6 8 10 12

Time (h)
Fig. 1 Kinetic experiments examining individual reactions involved in
cross-catalytic system at 25 °C in acetone-dg as the solvent. (a) and (b)
Mannich reaction between acetone-de and 2 (133 mM) catalysed by
2 mol% of Pro (red circles) and 2 mol% of SolPro (blue squares); (c) the
deprotection of 1a (red circles) and 1b (blue squares) (133 mM) with
1 equiv. of d-3.24
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the rate was observed to increase over time (Fig. 1c). We
observed an induction period for the deprotection of 1a and
1b in the presence of d-3 (Fig. 1c), which could indicate that the
process is autocatalytic. To verify this, we added the reaction
product (Pro) from the start of the reaction as this should result
in a rate increase and a shortening of the lag period in case of
autocatalysis. For this experiment the system with SolPro was
used. Deprotection of 1b by SolPro in acetone-ds was not
observed, as no DBF was formed even after 12 hours. Having
excluded the possibility of autocatalysis, we hypothesised that a
pre-equilibrium might induce the lag period. As 1a and 1b both
have a free carboxylic acid, an acid-base equilibrium should be
established when the base (d-3) is added (Scheme 2a). The acid-
base reaction will take place at the start of the reaction and
once the equilibrium is established a small amount of d-3
which has not been protonated will start the deprotection. As
Pro can exist as a zwitterion, the acid-base equilibrium will be
shifted as soon as it is produced, resulting in increased avail-
ability of the free base (d-3). To test this hypothesis, different
Fmoc protected amino acids were deprotected with 1 equivalent
of d-3 (Scheme 2b). Amino acids and amino acid derivatives like
glycine and proline-tetrazole are expected to show similar
behaviour as Pro, whereas a disappearance of the lag period
is expected for the methyl esters of these species.

The deprotection of Fmoc-glycine (1c) and 1a does indeed
show similar behaviour, but the deprotection of Fmoc-Proline
tetrazole (1d) catalyst was slightly faster. The latter can be
attributed the tetrazole derivative being less acidic than proline
itself. When the methylated analogue of 1c (1¢’) was used, the
deprotection did not show a lag period and full conversion to
DBF was observed after 12 hours.

For the methylated product 1a’ a lag period of 1 hour was
observed with full conversion to DBF after 10 hours. As the
synthesis of acid free methyl r-prolinate proved difficult, we
cannot ascertain whether the lag period observed is due to
traces of acid in 1a’. The lag period in the deprotection of 1a’
with d-3 was increased to 4 hours when traces of sulphuric acid
were added, showing the importance of acidic protons on the
deprotection rate and the duration of the lag period and further
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Scheme 2 (a) Hypothesised acid-base equilibrium. (b) Deprotection of

various Fmoc-protected amino acids in the presence of equimolar
amounts of d-3. Conversion to DBF after 12 hours is indicated.
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Scheme 3 Reaction conditions for the cross-catalytic reaction used in
this study. 1a or 1b (133 mM) is reacted with 2 (133 mM) in acetone-dg at
25 °C for 12 hours.

supporting the hypothesis of the involvement of an acid-base
equilibrium.

Having studied the individual reactions, the deprotection
and Mannich reaction, we shifted our focus to the study of the
cross-catalytic system constructed from these reactions
(Scheme 3). First, 1a and 2 were allowed to react in acetone-dg
at 25 °C in equimolar amounts. The reaction progress was
checked continuously by in situ monitoring every 5 or 10 minutes
by 500 MHz "H-NMR spectroscopy over a period of 12 hours,
with the reaction concentrations determined relative to the
internal standard, HMDSO. After this time solids were observed
in the NMR-tube. Filtration of the sample and analysis of the
solid confirmed that this was Pro, which, as mentioned before,
is poorly soluble in acetone. Due to the ongoing deprotection
the concentration of Pro continuously increases, causing pre-
cipitation when the solubility threshold is reached.

The conversion of 2 in the cross-catalytic reaction with 1a was
found to show a small lag period of approximately 30 minutes
before the reaction rate starts to increase (Fig. 2a). After approxi-
mately 6 hours the conversion of 2 is full, which is faster than
expected based on the reaction rate of the individual Mannich
reaction. In the control experiments, we found that the reaction
rate of the Mannich reaction was significantly increased when
1 equivalent of AcOH was added. The 1 equivalent of acidic
protons present in the cross-catalytic reaction (from 1a) can
therefore explain this faster reaction rate. As the peak of d-3
shifts over time and increasingly overlaps with a peak of a side
product, the formation of the Mannich product could be followed
only for the first 4 hours. We observed a lag period in the
formation of d-3 (Fig. 2b), followed by rate enhancement.
Furthermore, the NMR yield of Mannich product d-3 decreases
after longer reaction times, potentially due to decomposition or
further reactions. The formation of DBF was found to be slow and
only reached 12% NMR yield after 12 hours (Fig. 2c).

Next, we examined the cross-catalytic reaction between 1b and 2
(Fig. 2c and d). Here the lag period was found to be shorter
compared to the lag period with 1a. In addition, the reaction
reached higher reaction rates. Similar kinetic behaviour was
observed for the formation of Mannich product d-3. Deprotection
of 1b under these reaction conditions is slightly faster than depro-
tection of 1a under the same conditions. As the catalytic perfor-
mance of Pro and SolPro was shown to be similar and the
deprotection rates are not significantly different for 1a and 1b (vide
supra), the faster reaction observed in the cross-catalytic deviates
from the characteristics of the individual reactions. As 1a was always
used from a commercial source while 1b was synthesised in-house,
we decided to synthesise 1a as well and repeat the experiment.

Chem. Commun., 2022, 58, 13895-13898 | 13897
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Fig. 2 Kinetic experiments examining the cross catalytic reactions of 1a and 1b (133 mM) with 2 (133 mM) and the corresponding seeding reactions in
acetone-dg at 25 °C. Concentrations over time were determined by *H-NMR.

The kinetics of the reaction between self made 1a and 2 were
followed for 12 hours (Fig. S7, ESI{) and a significant increase
in rate was observed, comparable to the reaction rate in the
reaction with 1b. These results suggest the presence of traces of
Pro and SolPro in 1a and 1b respectively, which was subse-
quently confirmed by ninhydrin stain.

In order to corroborate cross-catalytic behaviour, seeding
experiments with both proposed catalysts were performed in the
cross-catalytic systems. When 10 mol% of Pro was added at the
start of the cross-catalytic reaction with 1a (not all the catalyst is
solubilised), we were pleased to see that the lag period in both the
conversion of 2 and the production of d-3 was shortened. Although
no significant effect on the formation of DBF is observed under
these conditions (Fig. 2a—c, orange circles), a small decrease in rate
could be noted. When 20 mol% of d-3 (proline free) was added at
the start of the reaction with 1a, the lag periods for the conversion
of 2 and the formation of d-3 shortened (Fig. 2a-c, green circles)
further confirming the occurrence of cross-catalysis. A small
increase in the rate of formation of DBF was also observed.

The same seeding experiments were performed for the
reaction of 1b with 2 (Fig. 2d—f) and increased Mannich reac-
tion rates were observed for the SolPro seed (purple squares).
The formation of DBF was clearly slower due to the introduc-
tion of more acidic protons at the start of the reaction. No
significant change in rate was observed upon seeding with
20 mol% of d-3. The effect of the addition of 20 mol% of d-3
is negligible since the rate of this process is already higher
without any additional seeding. Nevertheless, when 100 mol%
of d-3 was added, a clear increase in rate was observed, albeit
with the formation of several side products.

To conclude, we have shown the first cross-catalytic system
based on direct activation of the reaction partners using
mechanistic principles of organocatalysis. We thank Gravity
program 024.001.035 for funding.
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