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Treatment of a crown-ether receptor and a silver()-loaded cyclam
derivative (—NetState-l) with a fuel acid reversibly afforded the proto-
nated cyclam and the silver()-loaded crown ether (—=NetState-Il). While
NetState-I was catalytically OFF, a base-catalysed Michael addition and a
silver()-catalysed oxime cyclisation reaction was pulsed under dissipa-
tive conditions in NetState-II.

Multicellular organisms maintain life out of equilibrium
through autonomous chemical networks that involve informa-
tion handling® and storage” as well as energy transfer.® In order
to advance autonomy in artificial systems®* or precise control in
the time domain,’ it is desirable to interconnect (by chemical
communication) molecular ensembles and to operate them
under dissipative conditions. Implementation of the time
domain has recently stimulated the development of chemically
fuelled systems.®® Based on fuel, a handful of systems invol-
ving either molecular communication,™'® or catalysis have
become known,'"'” however, dissipatively pulsed catalysis
within a communicating network is unprecedented.

Building on communication protocols involving metal-ion
pulsing,™® we demonstrate a fully reversible system with (i) fast
signalling between interdependent components that allows (ii)
concurrent orthogonal double catalysis, all under dissipative
conditions. The design was based on two well-defined net-
worked states (NetStates). NetState-I encompasses the
anthracene-appended cyclam 1, the anthracene-appended aza-
crown ether 2 and silver(r) ions in 1:1:1 ratio (Scheme 1) and
requires an incomplete self-sorting’* affording [Ag(1)]" and free
2. Upon acid addition, either TFA or a fuel acid (= an acid that,
after its deprotonation and concomitant decarboxylation,
recaptures the proton®), NetState-II is formed, which involves
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the protonated cyclam 1-H" and the complex [Ag(2)]". It is
revealed that both species in NetState-II are catalytically active,
whereas there is no catalysis operating in NetState-I.

Ligand 1 was readily synthesised from 9-(bromomethyl)
anthracene and cyclam by a substitution reaction, whereas
ligand 2 was available from former work.”® The cyclam-
appended ligand 1 has been selected because it binds Ag"
(logK = 8.43 + 0.41; ESL, T Fig. S34) much stronger than ligand
2 (logK = 3.66 + 0.29)."

As foreseen, after addition of silver(i) to a mixture of ligands
1 and 2, an incomplete self-sorting was observed leading to
[Ag(1)]" + 2 denoted here as NetState-I. Upon addition of
1 equiv. of TFA to NetState-I, the "H-NMR, (Fig. 1) showed
complete translocation of Ag" from [Ag(1)]" to luminophore 2.
Signals of protons a-H, b-H, and f-H of [Ag(1)]" shifted from
8.47, 8.07, and 4.58 ppm to 8.56, 8.10, and 4.75 ppm, respec-
tively, confirming formation of 1-H'. Association of Ag" to 2 was
monitored by the appearance of a new peak for proton 6-H at
7.05 ppm as well as the disappearance of the signal at
6.70 ppm. The ESI-MS proved presence of complex [Ag(2)]"
(ESI,f Fig. S28) by peaks at m/z = 682.2 (singly charged) and
of 1-H" by a signal at m/z = 391.5 (singly charged) (ESLj
Fig. $23). Upon addition of 1 equiv. of DBU to NetState-II, a
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Scheme 1 Communication between two anthracene-appended aza
crowns with chemical fuel. NetState-1l has the potential to act as a double
catalyst.
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Fig. 1 Comparison of *H NMR spectra (400 MHz, CDCls, 298 K) of (a)

NetState-1: [Ag(L)]* + 2; (b) after addition of 1 equiv. of TFA; (c) after

addition of 1 equiv. of DBU.
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clean reverse translocation of Ag" from luminophore 2 to ligand
1 was achieved.

The reversibility of the conversion of NetState-I  NetState-
II was easily traceable by fluorescence spectroscopy, because
the yellow emission of 2 (4 = 554 nm) shifted to a pale blue
(A =472 nm), i.e. the band of [Ag(2)]" (Fig. 2a). In addition, the
intensity of the emission of 1 at 4 =420 nm increased 5-fold due
to protonation. After the addition of DBU, the emission
reversed back to 4 = 554 nm. The emission changes between
the two states were reproduced over three cycles (Fig. 2b) with a
small decline in emission intensity, most likely due to the
formation of protonated DBU.

To probe the fuel-driven interconversion of [Ag(1)]' + 2 & 1-
H' + [Ag(2)]", an equimolar amount of 2-cyano-2-(4-metho-
xyphenyl)propanoic acid (3)'® was added to NetState-l. As
elaborated by Di Stefano, acid 3 behaves as a chemical fuel
because after deprotonation and concomitant decarboxylation
of 4 the resultant anion 5 acts as a strong base thus reclaiming
protons from the system to form 6 (Scheme 2).

For running the fuelled translocation, ligands 1 (¢ = 3.98 x
10~* M), 2 and silver(1) ions (1:1:1) were mixed in 450 UL of
CD,Cl,, then an equimolar amount of acid 3 was added. The
disappearance of the "H NMR signals at 7.46 and 6.85 ppm and
the appearing peaks at 7.28 and 6.91 ppm are indicative of the
conversion of 3 to 6. Five minutes after addition of 3, the 'H-
NMR spectrum showed full conversion of NetState-I to
NetState-II (ESI,t Fig. S33). For instance, the signals of protons
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Fig. 2 (a) Emission changes after addition of TFA to [Ag(D)]* + 2 (c =

7.69 x 107® M). (b) Reversibility of the networked system in presence of
TFA and DBU over three cycles monitored by fluorescence. Blue and red
lines indicate the changes of fluorescence intensity of ligands 1 and 2 at
A =420 and 554 nm, respectively.
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Scheme 2 The decarboxylation pathway of fuel 3 in presence of a base.
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f-H of [Ag(1)]" and of 6-H of ligand 2 shifted from 4.58 to
4.75 ppm and from 6.70 to 7.05 ppm, respectively. Over the
ensuing 120 min, complete disappearance of the 'H-NMR
signals of NetState-Il and return of the system back to
NetState-I was monitored by the diagnostic peaks of 1-H" at
4.75 ppm and of waste 6 at 6.91 ppm. The time dependence of
the fuel-driven transformation was also followed by fluores-
cence (Fig. 3a). After the addition of one equiv. of fuel 3 (¢ =
1.54 x 107° M) to NetState-I (i.e. 1:2:Ag” = 1:1:1 ratio) at
room temperature, the emission of 2 shifted within the first
minute from /. = 554 to 472 nm. Thus, protonation of [Ag(1)]" by
acid 3 apparently culminated in the pulsed formation of
[Ag(2)]". Simultaneously, the fluorescence intensity at A =
420 nm increased by 4.5-fold due to the conversion of [Ag(1)]"
to 1-H'. After decarboxylation of 4 and deprotonation of 1-H' by
5, full back translocation of Ag" was detected by the emission
shifting back to the original position within ca. 140 min
(Fig. 3a). In the course of three repetitive fuelled cycles, each
started by the addition of 1 equiv. of acid 3, a sawtooth profile
of 1-H" was generated (Fig. 3b). As seen from the fluorescence,
the intensity spiked after each fuel addition and then dropped
slowly. With each cycle, the reversal to NetState-I slightly
increased in time (140 vs. 150 and 158 min). Moreover, the
relative top level of the emission slightly decreased, most
probably owing to the formation of fuel waste 6 that acted as
quencher (ESLt Fig. S35 and Scheme 2).

Based on former work, we expected silver(r) to be active in
catalysis when it is coordinated to the azacrown unit as in
[Ag(2)]"," but importantly [Ag(1)]" should be catalytically inac-
tive. After a screening of possible reactions, we found that
[Ag(2)]" (10 mol%) catalysed the cyclisation of substrate 10
(100 mol%) in CD,Cl,:CD;CN = 50:1 (at room temp. within
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Fig. 3 (a) Communication between both NetStates after addition of fuel

monitored by fluorescence (c = 7.69 x 107® M). (b) Reversibility of the
chemical network in presence of fuel over three cycles monitored by
fluorescence intensity at 2 = 420 nm.
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Scheme 3 The two catalytic reactions used in this work. (a) Michael
addition; (b) cyclisation reaction.

15 min) affording the isoquinoline-2-oxide 11 in (70 + 2)%
(Scheme 3b), whereas in presence of [Ag(1)]', 2, or 1.-H"
(10 mol%) formation of 11 was completely off. Less expected
was the fact that protonated cyclam 1-H' proved active in a
base-catalysed Michael addition. Rewardingly, when substrates
7 and 8 (100 mol%) were reacted with 1-H" (10 mol%) in
CD,Cl,:CD;CN = 50:1 at room temp. for 15 min, the substi-
tuted malononitrile 9 formed in (40 + 2)% (Scheme 3a). In
contrast, the Michael addition did not proceed in presence of 2,
[Ag(2)]" or [Ag(1)]" (10 mol%) as potential catalysts."”

The surprising catalysis of the Michael addition by 1-H"
might in principle be alternatively explained by the intermedi-
ate formation of the ketenimine NC-CH=—C—NH, i.e. the “enol
tautomer” of 8, and thus an acid catalysed reaction. To examine
the possible involvement of acid catalysis we tested the reaction
of compounds 7 and 8 (1: 1 ratio, in CD,Cl,, 2 h, room temp.) in
presence of various acids. Neither acid 3 nor TFA nor higher
protonated states of cyclam 1 (Fig. 4) were active in the
catalysis. Moreover, we were able to demonstrate that erratically
formed spurious amounts of cyclam 1 were unable to exist in
presence of [Ag(2)]" because any free 1 immediately afforded
[Ag(1)]" (ESI,t Page S47 and $48). In sum, we conclude that 1-H"
despite carrying a proton, uses some of the remaining basic
sites for a base catalysed Michael addition.

After successfully identifying the catalytic activity of 1-H"
and [Ag(2)]", both catalytic processes were studied in the
networked system. Firstly, ligands 1, 2, and silver(i) were mixed
in 450 pL of CD,Cl, ina 1:1:1 ratio in order to obtain NetState-
I, then 10 equiv. of reactants 7, 8, and 10 were added.
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Fig. 4 The time-dependent formation of Michael addition product 9 in

presence of a variety of acids and of cyclam 1. 1.(2H)**, 1.(3H)*" and 1.
(4H)** represent the multiply protonated cyclam 1.
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Fig. 5 Time dependence of product formation in presence of fuel 3
monitored by *H NMR spectroscopy (CD,Cl,, 298 K) with 1,3,5-
trimethoxybenzene as an internal reference. Black and red dots represent
formation of 9 and 11, respectively.

As expected, both the Michael addition and oxime cyclisation
were shut down (OFF). The reactions are OFF, because silver()
ions in [Ag(1)]" are catalytically inactive and there is no free
reactive NH unit available. After the addition of 1 equiv. of TFA
to NetState-I, NetState-II was furnished with both complexes
being in the catalytically active state. Remarkably, yields of both
the Michael addition and the oxime cyclisation in NetState-II
were close to those of the individual experiments. For instance,
after 15 min, the cyclisation furnished 69 (£2)% of product 11,
monitored by a new peak at 8.86 ppm (singlet) in the "H-NMR
spectrum, whereas the Michael addition yielded 38 (£2)% of
product 9 as indicated by a multiplet at 5.06-4.93, a doublet at
4.47, and a multiplet at 4.17-4.10 ppm.

To examine the catalytic activity of both states in presence of
chemical fuel over several cycles (Fig. 5), we started with
10 mol% of NetState-I and 100 mol% of reactants 7, 8, and
10. The mixture was first monitored by "H-NMR spectroscopy at
room temperature for 100 min, but no product formation was
detected. After the addition of 3 (10 mol%), the system turned
to NetState-II delivering 9% of both 9 and 11 after 5 min. After
10 min, the yields of 9 and 11, i.e. the Michael addition and
cyclisation, were increased to 19% and 31%, respectively. After
20 min the speed of both processes decreased since some
amount of chemical fuel had converted to 6; at this time 41%
of 9 and 64% of product 11 had formed. Finally, after 50 min,
the Michael addition and the cyclisation furnished 55% and >
99% yield, respectively. After 120 min, with all the fuel 3 being
consumed, the system reversed to NetState-I and the Michael
addition reaction showed a yield of 60%. For another fuelled
cycle, the consumed amounts of reactants were supplemented.
Monitoring for another 100 min at r.t. by "H-NMR spectroscopy
demonstrated the system to be completely in the OFF mode. In
the second cycle, products 9 and 11 were obtained in 57%
and >99% yield respectively. A small decrease in the yield of 9
(60% — 57% — 52%) was observed over three cycles.

In conclusion, we demonstrated a switchable multicompo-
nent network for double catalysis that was based on the fully

This journal is © The Royal Society of Chemistry 2022
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reversible communication between two anthracene-appended
azacrowns via translocation of Ag(1) ions, a process requiring a
high level of self-sorting.'® Interconversion between NetState-I
and NetState-II was realised by addition of stoichiometric
amounts of acid and base or alternatively of chemical fuel acid
(over three cycles). The use of chemical fuel 3 allowed simulta-
neous triggering of two orthogonal reactions under dissipative
conditions. Notably, acid addition led to both base and silver(r)
catalysis in concert.
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