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Engineering multilayer chemical networks
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Dynamic multilevel systems emerged in the last few years as new platforms to study thermodynamic
systems. In this work, unprecedented fully communicated three-level systems are studied. First, different

conditions were screened to selectively activate thiol/dithioacetal, thiol/thioester, and thiol/disulfide

exchanges, individually or in pairs. Some of those conditions were applied, sequentially, to build

Received 3rd May 2019
Accepted 28th July 2019

multilayer dynamic systems wherein information, in the form of relative amounts of building blocks, can

be directionally transmitted between different exchange pools. As far as we know, this is the first report

DOI: 10.1039/c9sc02166¢

rsc.li/chemical-science network operations.

Introduction

The implementation of stable covalent bonds that can be
broken and re-formed under certain conditions has paved the
way for the construction of robust adaptive systems."* Dynamic
covalent chemistry has become a valuable tool for different
research fields such as materials science,*” drug discovery®™®
and delivery,'** sensing,">** and molecular machines.*>"”

When dynamic covalent chemistry is applied to the prepa-
ration of dynamic combinatorial libraries,"®** library members
are interconnected by reversible reactions and can be repre-
sented as a network with interlinked nodes, i.e. a monolayer
network (Fig. 1A).2°?* The preparation of complex reaction
networks constitutes an important part of systems chemistry,
a growing discipline that aims to develop molecular systems of
interacting and/or interconverting molecules that show emer-
gent properties.'®?>*

In this context, the reversible chemistry used to interconvert
library members defines the network wiring and, consequently,
affects the system adaptability towards environmental
changes.”* One way to exert control on network wiring is
through the use of more than one reversible reaction within the
same system. When two or more reversible reactions are used in
one dynamic system, the relative reactivity of the functional
groups involved in each reaction will determine many of the
system properties. Most of the multi-reaction dynamic systems
reported to date were based on different combinations of two
orthogonal reactions,” and only a handful involved three or
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of one synthetic dynamic chemical system where relationships between layers can be changed through

more reactions.”*** The one pot combination of reversible
exchange chemistries that can intercommunicate®-** has been
far less explored than their orthogonal counterpart.*® Such
a combination generates exchange pools that share one
building block type and, consequently, can affect each other.
This mutual influence between pools is due to their competence
for the building block type they have in common. Control over
the composition of such systems has been achieved by
controlling the concentration of shared building blocks
through irreversible reactions, such as oxidation or reduction,**
or changing the reactivity of those shared building blocks
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Fig. 1 (A) A fully reversible chemical process involving four, five, or six
components described as a set of reactions and as a “monolayer”
molecular network. (B) A multilayer network is formed from networks
that (i) have at least one node in common and (ii) can be sequentially
wired under diverse conditions.
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through isomerization.* In this way, the building blocks can be
selectively channelled into different exchange pools.

The combination of communicating reactions that can be
sequentially activated represents a special study case since they
give rise to multilayer networks.*® In multilayer networks, each
molecular network is described as a “layer” and the different
layers are connected through common nodes, i.e. connector
molecules involved in more than one reaction (Fig. 1B). Such
a connectivity could mediate the transference of chemical
information between different layers because changes in the
molecular composition occurring in one layer (that affect the
concentration of connector molecules) will be translated to the
following layer. So in principle, an imprint of some events
occurring along the process could be recorded in the compo-
sition and affect ulterior equilibria.”***

The only example of a two-layer dynamic chemical network
reported is based on the sequential activation of dithioacetal
and disulfide exchanges.*® Addition of a third communicating
reaction, such as thioester exchange, and the implementation
of different reaction conditions to selectively activate the reac-
tions, individually or in pairs, may open the door towards
further exploration of multilayer systems.

Here we searched for reagents and conditions to combine
three communicating reactions: thiol/disulfide, thiol/thioester,
and thiol/dithioacetal exchanges (Fig. 2). Then some selected
conditions were applied to build multilayer chemical networks.
Although the studied dynamic systems are very simple, they
showed some unique properties such as history-dependent
information transfer between different compound pools.

Results and discussion

Initially, a catalyst screening was carried out by mixing
dithioacetal 1A1, disulfide 11, thioester B1, and thiol 2H (Fig. 3).
These compounds can participate in thiol/dithioacetal
exchange, thiol/disulfide exchange or thiol/thioester exchange,
three communicating reversible reactions that could in prin-
ciple be simultaneously or sequentially activated.

Compounds 1A1 (30 mM), 11 (30 mM), B1 (30 mM) and 2H
(60 mM) were mixed in acetonitrile at room temperature in the
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Fig. 2 Reversible reactions used in this study. Dashed line squares
show molecular networks of each reaction. Color code for nodes:
blue, dithioacetal; black, thiol; olive green, thioester; red, disulfide.
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Fig. 3 Building blocks used in this study. Dashed line squares highlight
functional groups involved in reversible reactions.

absence or the presence of a catalyst (30 mM), and the
composition of the reaction mixture was analyzed after 24 h by
HPLC-UV.

In the absence of any catalyst, thioester B1 and dithioacetal
1A1 did not react with thiol 2H, whereas disulfide 11 gave rise to
an equilibrated mixture of 11, 12 and 22 (Table 1, entry 1).

It is known that Brensted acids can stop thioester®**” and
disulfide®**® exchanges and, at the same time, catalyze
dithioacetal exchange.*>*' In the presence of trifluoroacetic acid
(TFA), disulfides did not exchange; however, the acid concen-
tration (30 mM) was not enough to activate dithioacetal
exchange, so the whole system stayed static (entry 2).

At the same concentration, stronger Bronsted acids such as
p-toluenesulfonic acid (PTSA) or sulfuric acid selectively acti-
vated dithioacetal exchange to produce equilibrated mixtures of
1A1, 1A2 and 2A2 (entries 3 and 4).

Several Lewis acids have been reported as dithioacetal
formation*>*® or hydrolysis catalysts.*”** In our model system,
the addition of ytterbium(m) triflate or aluminium(m) chloride

Table 1 Search for conditions for the activation of different combi-
nations of reactions involving dithioacetal, thioester, and disulfide
exchanges®

Entry Catalyst Dithioacetal’”  Thioester”  Disulfide’

1 None N.R. N.R. Equilibrated

2 TFA N.R. N.R. N.R.

3 PTSA Equilibrated N.R. N.R.

4 H,S0, Equilibrated N.R. N.R.

5 Yb(OTf); N.R. N.R. N.R.

6 AlCl; N.R. N.R. N.R.

7 FeCl,* Equilibrated N.R. N.R.

8 Cu(0Tf),? Equilibrated ~ N.R. N.R.

9 Sn(OTf), Equilibrated  N.R. N.R.

10 SnCl, Slow exchange N.R. N.R.

11 UV/DCA** Slow exchange/ N.R. Slow exchange”
12 UV/rose bengal® N.R. N.R. Slow exchange”
13 TEA® N.R. Equilibrated Equilibrated

14 DMAP* N.R. Equilibrated Equilibrated

15 (Bu,SnCl),0°¢  N.R. N.R. N.R.

16  (BusSn),0° N.R. N.R. N.R.

17 Bu,SnO N.R. N.R. Equilibrated

18 BuSnO,H N.R. Equilibrated Equilibrated

“ Conditions: 1A1 (15 pmol), 11 (15 umol), B1 (15 pmol), 2H (30 pmol),
and acetonitrile (total volume: 500 pL), r.t., and catalyst (15 pmol). The
compositions were measured by HPLC-UV after 24 h of reaction (Abs,s).
2 N.R.: no product could be detected. ¢ Thiol oxidation was observed.
¢ Decreased thiol concentration. ®DCA (0.15 pmol) and O,
atmosphere. / Decomposition. £ Rose bengal (0.75 pmol) and N,
atmosphere.
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did not activate the exchange of dithioacetals or thioesters;
besides, it stopped the disulfide exchange (entries 5 and 6). In
the presence of iron(m) chloride, only dithioacetal exchange was
observed with concomitant thiol oxidation (entry 7). Copper(u)
triflate also favored dithioacetal exchange and deactivated
disulfide exchange; however, a significant decrease in thiol
concentration was observed after 24 h of reaction (entry 8). Two
tin(u) reagents were tested: chloride and triflate (entries 9 and
10). Both mild Lewis acids stopped the disulfide exchange and
selectively catalyzed dithioacetal exchange; however, the equi-
librium was reached in 24 h only with tin(u) triflate.

The exchange, formation or hydrolysis of dithioacetals has
also been achieved using photoirradiation in the presence of
photosensitizers such as 9,10-dicyano anthracene (DCA)* or
rose bengal.***

When applied to our starting solution of 1A1, B1, 11 and 2H,
DCA/UV light induced a very slow exchange of dithioacetals and
disulfides along with extensive decomposition (Table 1, entry
11). Similarly, rose bengal/UV light induced disulfide exchange
and decomposition, whereas, in this case, dithioacetal and
thioester molecules remained unreacted (entry 12).

Thioester exchange in organic solvents is usually achieved
with organic bases.’” Addition of TEA and DMAP to our model
mixture led to the activation of both disulfide and thioester
exchanges (entries 13 and 14). Under these basic conditions,
thiol oxidation took place and the free thiols could not be
detected after 24 h.

Different organotin(iv) reagents have been used to catalyze
carboxylic ester cleavage and/or transesterification;> however,
to the best of our knowledge, their use in transthioesterification
has not been reported. Therefore, four organotin(iv) reagents
were tested. In the presence of bis(dibutylchlorotin) oxide and
bis(tributyltin) oxide the three reactions were inactive (entries
15-16), whereas with dibutyltin oxide only disulfide exchange
was active (entry 17). On the other hand, the addition of butyl-
stannonic acid activated thioester and disulfide exchanges,
maintaining dithioacetal exchange inactive (entry 18). Despite
their differential influence on the thioester exchange, the effect
of these reagents on the exchange of disulfides was not ex-
pected: two of them inactivated the exchange and the other two
did not.

Based on these results, TEA, butylstannonic acid, sulfuric
acid, PTSA, tin(n) triflate, and tin(u) chloride were selected for
further studies on the isolated reactions as well as binary
combinations of simultaneous reactions.

Isolated reactions

Dithioacetal exchange has been recently introduced into the
field of dynamic covalent chemistry. Although so far TFA has
been the only Brensted acid used to catalyze the reaction,*****
stronger acids may be more convenient to speed up the
exchange (Table 1, entries 3 and 4).

When an acetonitrile solution of dithioacetal 1A1 (30 mM)
and thiol 2H (60 mM) was stirred in the presence of different
Brgnsted acids (30 mM), the acid strength determined the
reaction kinetics. Sulfuric acid equilibrated the mixture within
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a few minutes, while a tenfold decrease in the amount of acid
caused a dramatic increase in the ¢,,, value (Table 2, entries 1
and 2, see full compositions in Fig. S1 and S2+). PTSA led to a ¢,
, value of 48 min, whereas the same concentration of TFA was
not enough to activate the exchange (entries 3 and 4, Fig. S3 and
S41). A ten times higher TFA loading was required to activate the
reaction (entry 5, Fig. S57).

In addition to Brgnsted acids, tin(u) triflate was the only
Lewis acid tested that equilibrated dithioacetals without side
reactions in a reasonable time frame (Table 2, entries 6-8,
Fig. S6-S8t). Tin(u) triflate appears to be a new promising
catalyst for dithioacetal exchange.

Previously, Lewis acid catalysis of dithioacetal exchange had
only been attempted by Hirsch et al. using ZnCl,;** however, the
reversibility of the exchange reaction was not confirmed.
Interestingly in the DCC context of multilevel systems, tin(u)
triflate did not activate thioester exchange and inactivated
disulfide exchange.

Transesterification was one of the reactions applied earliest
in dynamic combinatorial chemistry.®>** The thioester
exchange was introduced later in the discipline, and it has been
used to produce several dynamic systems.”** In organic
solvents, this exchange has always been carried out under basic
conditions.*”

Fast exchange between thioester B1 and thiol 2H was cata-
lyzed by stoichiometric or catalytic amounts of TEA (entries 9-
11, Fig. S9-S11%).

In addition to the well-known base-catalyzed thioester
exchange,®” we studied this reaction with butylstannonic acid
(Table 1, entry 18). The reaction with a stoichiometric amount

Table 2 Half-life time for the equilibration of the isolated dithioacetal,
thioester or disulfide exchange

Entry Exchange reaction Catalyst Amount® ty5"¢ (min)
1 Dithioacetal® H,S0, 1 1.2
2 Dithioacetal® H,S0, 0.1 1800
3 Dithioacetal® PTSA 1 48

4 Dithioacetal® TFA 1 N.R.
5 Dithioacetal® TFA 10 48

6 Dithioacetal” Sn(OTf), 1 8

7 Dithioacetal® Sn(OTf), 0.1 8

8 Dithioacetal® Sn(OTf), 0.01 800
9 Thioester’* TEA 1 0.3
10 Thioester™* TEA 0.1 0.6
11 Thioester”* TEA 0.01 2.5
12 Thioester” BuSnO,H 1 25
13 Thioester” BuSnO,H 0.1 420
14 Disulfide? None — 17
15 Disulfide®? TEA 1 0.3
16 Disulfide? BuSnO,H 1 0.8
17 Disulfide®? TFA 1 N.R.

“ 1A1 (15 pmol), 2H (60 pmol), and acetonitrile (500 uL). * B1 (15 pmol),
2H (30 pmol), and acetonitrile (500 uL). ¢ Argon atmosphere. ¢ 11 (15
umol), 2H (60 pmol), and acetonitrile (500 pL). “ Mol of catalyst
per mol of the limiting reagent (1A1, B1 or 11)./ The half-life time ¢,/,
was graphically determined from the kinetics curve of dithioacetal
1A2, thioester B2 or disulfide 12 (monitored by HPLC-UV Abs,s).
£ N.R.: no product was detected.

This journal is © The Royal Society of Chemistry 2019
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of this organotin compound showed a t;,, value of 25 min (Table
2, entry 12, Fig. S12%). When a sub-stoichiometric amount of
butylstannonic acid was used, the initial exchange was slower
(Table 2, entry 13), and the product formation reached a plateau
at a concentration lower than the expected value (=37%,
Fig. S137). At this point, the addition of a second thiol (1-pen-
tanethiol) did not introduce changes in the product distribu-
tion, suggesting that the catalyst was not active (Fig. S14aft). In
parallel, the addition of more catalyst re-started the exchange
and, finally, the mixture reached the expected equilibrium
composition (Fig. S14b and cf}). Although the thioester
exchange was slower with butylstannonic acid (¢;,, = 25 min)
than with triethylamine (¢,,, = 0.3 min), the collateral oxidation
of thiol 2H was also slower (Fig. S157).

In the presence of butylstannonic acid, thioester exchange
could proceed via an exchange/insertion mechanism similar to
that proposed for organotin(wv) catalyzed transesterification
reactions.®* Although an efficient exchange can be achieved
under base catalysis, alternative conditions for this reversible
reaction may be useful for the preparation of base-labile
dynamic systems. In that context, the transthioesterification
process observed in the presence of butylstannonic acid may
represent an interesting starting point for further studies.

Disulfide exchange is one of the most popular reactions in
dynamic combinatorial chemistry.”® In aqueous media it is
active at nearly neutral pH values, but in organic solvents a base
is usually required. In our model, disulfide exchange was ach-
ieved in acetonitrile without a catalyst (Table 2, entry 14,
Fig. S167). In this solvent, TEA and butylstannonic acid accel-
erated the exchange (Table 2, entries 15-16, Fig. S17 and S187),
whereas TFA inactivated it (Table 2, entry 17, Fig. S197).

Double-level systems based on simultaneous and
communicating reversible reactions

In order to study the interplay between different reactions, two
binary combinations of simultaneous and communicating
reactions were studied, disulfide-thioester and disulfide-
dithioacetal exchanges, and the kinetic traces of isolated versus
networked reactions were compared.

Simultaneous disulfide and thioester exchanges. A simple
two-level communicating system was prepared when thiol 2H
(60 mM) was added to an acetonitrile solution containing
disulfide 11 (30 mM), thioester B1 (30 mM) and TEA (30 mM)
under an argon atmosphere. Both disulfide 22 and thioester B2
reached a constant concentration after 2 min of reaction (Fig. 4,
see full composition in Fig. S20t). A comparison of the kinetic
traces of these reactions showed some differences when they
were individually (isolated) or simultaneously (networked)
carried out.

Since the initial concentration of thiol 2H (total concentra-
tion of building block 2 in the system) was the same for isolated
and networked experiments, the final proportion of disulfide
and thioester products containing building block 2 in the net-
worked reactions is lower than that in the isolated reactions
(Fig. 4). As expected, this observation is independent of the
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Fig. 4 Kinetics profile of the networked and isolated (A) disulfide and
(B) thioester reactions. Mixture formed upon addition of thiol 2H (60
mM) in a solution containing TEA (30 mM), disulfide 11 (30 mM) and/or
thioester B1 (30 mM) under an argon atmosphere. Solvent: acetonitrile
(total volume: 500 pl), r.t. The amount of 22 and B2 at the base of the
HPLC peak areas (Abs;s0) was calculated as follows: 22 (%) = 22 x 100/
(11 + 12 + 22) and B2 (%) = B2 x 100/(B1 + B2).

catalyst used as shown by similar results observed with an
alternative catalyst (Fig. S217).

A more subtle networking effect was observed when the
formation kinetics of the networked and isolated disulfide 22
were compared more closely. In the absence of thioesters, the
amount of 22 increased until it became constant after 1 min of
reaction (Fig. 4A, isolated). In the presence of exchanging
thioesters, the amount of disulfide 22 reached a maximum
value of 30% after 0.5 min, and then it decreased to reach
a constant amount of 24% after 2 min of reaction (Fig. 4A,
network). Since disulfides exchange faster than thioesters, 22 is
a kinetically preferred product and initially reached a maximum
concentration that is higher than its concentration at
equilibrium.

Simultaneous disulfide and dithioacetal exchanges. During
the series of experiments shown in Table 1, a slow dithioacetal
exchange in the presence of tin(u) chloride was observed (entry
10). In an attempt to accelerate the exchange, the mixture was
heated at 100 °C under an argon atmosphere, and both
dithioacetal and disulfide exchanges were observed to be active.
A comparison of the kinetic traces obtained for the two indi-
vidual (isolated) or simultaneous (networked) reactions showed
similar differences to those described for thioester and disul-
fide exchanges.

The final proportion of product 22 or 2A2 was lower in the
networked than in the isolated reactions (Fig. 5, see full
composition in Fig. S221). Under these conditions, dithioace-
tals exchange faster than disulfides (Fig. 5, isolated). The
formation of dithioacetal 2A2 was kinetically favored and
reached a transient maximum concentration of 23% after 0.7 h
of reaction (Fig. 5B, network). Then, a decrease in 2A2 concen-
tration was observed to reach the final constant concentration
of 20% after 2 h.

Similar kinetic traces were observed by Lehn et al in
dynamic systems where different nitrogen nucleophiles, such as
amines, alkoxy-amines and hydrazides, were competed by one
aldehyde.?* As in our examples, a kinetic product is formed first;
its concentration reaches a maximum and then decreases.
However, the equilibrium was never reached in those systems.

Chem. Sci,, 2019, 10, 8338-8347 | 8341
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Fig. 5 Kinetics profile of the (A) disulfide and (B) dithioacetal layer in
the mixture formed from dithioacetal 1A1 (30 mM), disulfide 11 (30
mM), thiol 2H (60 mM), and SnCL, (1.5 mM). Solvent: acetonitrile (total
volume: 500 pl). Temperature: 100 °C under an argon atmosphere.
The amount of 22 and 2A2 at the base of the HPLC peak area data
(Abs,s0) was calculated as follows: 22 (%) = 22 x 100/(11 + 12 + 22)
and 2A2 (%) = 2A2 x 100/(1A1 + 1A2 + 2A2).

In the future, it would be interesting to study this behaviour
further by pushing the system towards more stringent compe-
tition for starting materials (changing relative building blocks’
concentration).

Triple-level systems based on sequential/simultaneous and
communicating reactions: the emergence of multilayer
networks

The access to reaction conditions that activate dithioacetal,
disulfide and/or thioester exchanges could be a good starting
point to build multilayer networks. To this end, the same
starting mixture of 1A1, B1, 11 and 2H was used to generate
multilevel systems which differ in the number and order of
reactions along the sequence.

The first sequence started with an acetonitrile solution
containing disulfide 11 (30 mM), thioester B1 (30 mM), and
dithioacetal 1A1 (30 mM) (Fig. 6A). Initially, disulfide exchange
was selectively activated by addition of thiol 2H (60 mM). Under
these conditions, thioester and dithioacetal exchanges were
inactive (Fig. 6B).

Next, disulfide exchange was stopped and dithioacetal
exchange was activated by adding H,SO,. In this step, a net
transference of building block 2 from the thiol pool to the
dithioacetal pool was observed generating 1A2 and 2A2
(Fig. 6C). The associated transference of building block 1 in the
opposite direction was also noticeable: the 1H/2H peak area
proportion increased from 1 (Fig. 6B) to 2 (Fig. 6C). Although at
this point disulfides and thioesters stayed disconnected from
the network (Fig. 7, 2nd layer of sequence I), the information
imprinted in the relative concentration of the free thiols was
later transferred to both pools when TEA was added. In the third
layer, disulfides and thioesters containing building block 1 were
favored. The peak areas of disulfides 11 (42%) and 12 (46%)
were higher than that of 22 (12%) (Fig. 6D), an opposite situa-
tion when compared to the relative concentration of these
disulfides when only disulfide exchange was active (Fig. 6B).

Computer simulations can be useful to analyze the behavior
of dynamic combinatorial libraries.®*”® Simulations were
carried out in order to predict the composition of the
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Fig. 6 Chromatograms (Abs,sq) obtained in each step of sequence .
Starting mixture (A), after the equilibrium was reached in the absence
of any catalyst (B, first layer), in the presence of H,SO4 (C, second layer)
and later in the presence of an excess of TEA (D, third layer).

equilibrated libraries constructed with sequential reactions.
The experimentally observed equilibrium compositions after
each activation step (Fig. 6) were close to those observed in
a simulated multilevel system with isoenergetic components
(Fig. S231). This suggests that the library composition was not
influenced by non-covalent interactions between library
members and/or catalysts. Therefore, the progress of the
composition over time (first, second, and third layers of the
network) was defined by the covalent network and the relative
stability of the components.

Analysis of product distributions along sequence I illustrates
how the information stored at the thiol connector level can be
transferred between layers. Although dithioacetals and disul-
fides (or thioesters) were never connected to the network at the
same time (Fig. 7, sequence I), the final distribution of disul-
fides and thioesters was affected by the proportion of dithioa-
cetals in the previous layer (due to its push—pull effect on thiols).

It is expected that the relative amount of free thiols 1H and
2H will change during the sequential process in different
manners when different sequences are generated. Since these
thiols connect different layers, the relative proportion given by
the equilibration in one layer will probably affect the equilib-
rium composition in the subsequent level.

This journal is © The Royal Society of Chemistry 2019
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Fig.7 Engineering multilayer chemical networks in dynamic multilevel systems. The introduction of changes into a reference multilayer network
gives rise to a variety of networks upon application of operations based on swapping, removal, substitution or merging of layers.

Network engineering: a new level of design in synthetic
chemical systems

Multilevel dynamic systems are usually designed taking in
consideration chemical properties such as compatibility
between the reversible reactions applied, the effect of the
molecular structure on the reactivity, the timing of the reac-
tions, etc. The emergence of multilayer networks gives rise to
other design aspects such as the layer order and number. The
impact of such features on the final composition was analyzed
through some operations at the network level, including layer
swapping, removal, substitution and merging.

transference of building block 2 from disulfide 22 and thiol 2H
to form thioester B2 was observed (Fig. 8B). Next, disulfide and
thioester exchanges were stopped and dithioacetal exchange

B2 1A1

A) no Cat. B1 B2 1A2 2A2

1H 2H 171 12 22
18t layer

\

A

The order in which the layers of the multilayer network are B)

TEA

stacked can be altered by changing the activation order of the
reactions along the sequence. For instance, the second and
third layers of sequence I (Fig. 7) can be swapped by inverting
the order of addition of H,SO, and TEA to produce sequence II
(Fig. 7). In sequence II disulfides were initially exchanged as in
the first layer of sequence I, and then thioesters were connected
to the network through the addition of TEA (2nd layer of
sequence II) and, finally, H,SO, was added to stop the thioester/
disulfide exchange and to activate dithioacetal exchange (3rd
layer of sequence II). Therefore, once disulfides and thiols were
equilibrated (Fig. 8A), thioester exchange was activated with
TEA, keeping disulfide exchange active. The connection of
thioesters to the network produced the net transference of
building block 1 from B1 to the thiol pool and, consequently, to
the disulfide pool (Fig. 8B). The proportion of peak areas of
disulfides 11/22 increased from 0.4 in the first layer (Fig. 8A) to
1.0 in the second layer (Fig. 8B). In parallel, a concomitant

This journal is © The Royal Society of Chemistry 2019

2A2

1H 2H B1 B2

C) H,SO04 B1 B2 11
Q

3 layer

0 2 4 6 8 10 12 14 16 Time [min]

Fig. 8 Chromatograms (Abs,sq) obtained in each step of sequence I
after the equilibrium was reached in the absence of any catalyst (A, first
layer), in the presence of TEA (B, second layer) and later in the pres-
ence of an excess of H,SO4 (C, third layer).
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was activated by adding H,SO,. In this step, a net transference
of building block 2 from the thiol pool to the dithioacetal pool
was observed, generating 1A2 and 2A2 (Fig. 8C). The associated
transference of building block 1 in the opposite direction (from
the dithioacetal pool to the thiol pool) was also noticeable, and
the 1H/2H proportion increased from 1.3 in the second layer to
4.8 in the third layer (Fig. 8B and C, respectively).

It is worth mentioning, though, that the networks of the last
layer of sequences I and II are different (Fig. 7) and this could
affect the product distribution. In order to evaluate the effect of
the history on the final product distributions of multilayer
dynamic systems wherein the last layer is always the same
network, three operations that do not involve the third layer of
sequence I were studied: layer removal, layer substitution and
layer merging (Fig. 7, sequences III-1V).

Thus, sequence III was obtained through the removal of the
first layer of sequence I (Fig. 7). In this case, the initial dithioa-
cetal exchange led to an equilibrium composition dominated by
products that contain building block 2: the proportion of peak
areas 1H/2H was 0.7 while the proportion of 1A1/2A2 was 0.5
(Fig. 9A). This is because building block 1 is mostly trapped in
the form of thioester B1 and disulfide 11 so it cannot be
exchanged under acid catalysis. Next, the dithioacetal level was
blocked while the disulfide-thioester level was activated. At this
stage, a net transference of building block 2 was observed from
the thiol pool towards the thioester and disulfide pools, to
produce B2, 12 and 22 at the expense of 2H (the 1H/2H peak area
proportion increases from 0.7 to 4.0, Fig. 9A versus 9B).

A comparison of the final compositions for sequences I and
III illustrates the influence of history. These two mixtures have
the same components and the same network topology (see the
last layers of sequences I and III in Fig. 7). However, the relative
product concentrations at the equilibrium of these two dynamic
mixtures were different. The final layer of sequence III had
a proportion of dithioacetals 1A1/2A2 = 0.5 (Fig. 9B), signifi-
cantly lower than the value of 9.5 observed for sequence I
(Fig. 6D).

SO R < T T < B

15t layer

B) TEA A1 1A2 2A2
Q
; 1H2H B1 B2 1 12 22
2"% Jayer
0 2 4 6 8 10 12 14 16 Time [min]

Fig. 9 Chromatograms (Abs,so) obtained in each step of sequence llI
after the equilibrium was reached in the presence of H,SO4 (A, first
layer) and later in the presence of an excess of TEA (B, second layer).

8344 | Chem. Sci,, 2019, 10, 8338-8347

View Article Online

Edge Article

In sequence I, dithioacetal exchange was activated after
equilibration of disulfide exchange and, as a consequence, part
of building block 2 was stored in the disulfide pool and was
unavailable for exchange in the acidic medium. In sequence III,
since the first layer was removed, dithioacetal exchange was the
first active reaction and a higher amount of 2 could be pro-
cessed by the dithioacetal pool.

If the first layer of sequence I remains the same, and the
second layer is removed, again, a different final composition is
achieved. Since in the reference sequence I, dithioacetal
exchange was active only in the second layer, removal of this
layer led to a final distribution wherein 1A1 was the only
dithioacetal present (Fig. 8B).”* Because building block 2 was
never incorporated into dithioacetal products along this
sequence Il ., the final relative concentrations B1/B2 and 11/
22 were lower than those in sequence 1.

An alternative way of affecting the system history is through
the substitution of the first layer of sequence I by a different
layer to produce sequence IV (Fig. 7). Initially, disulfide and
thioester exchanges were activated in the presence of TEA, and
then sulfuric acid was added to stop both exchanges and to
activate the exchange of dithioacetal products and, finally,
a new addition of TEA (in excess) activated disulfide and thio-
ester exchanges and simultaneously deactivated dithioacetal
exchange (Fig. 10).

From the network-wiring point of view, the only difference
between sequences I and IV is the connection of thioester

A) TEA 1A1

1A2

2A2

1%t layer

OR
F

B) H,SO, B1 B2 M 12
O O O Q
1H 2H 1A 1A2 2A2
2" |ayer
) TEA 1A1 1A2 2A2
1H 2H B1 B2 11 12 22
3" layer

A

16 Time [min]

12 14

Fig. 10 Chromatograms (Abs;s0) obtained in each step of sequence IV
after the equilibrium was reached in the presence of TEA (A, first layer),
in the presence of an excess of H,SO4 (B, second layer) and later in the
presence of an excess of TEA (C, third layer). The sequence started
from a mixture containing dithioacetal 1A1 (30 mM), thioester B1 (30
mM), disulfide 11 (30 mM) and 2H (60 mM).

0 2 4 6 8 10
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exchange to the first layer of sequence IV. This difference was
translated into significant differences in the relative concen-
tration of the thioesters B1 and B2 at the end of the sequence
(the proportions of peak areas B1/B2 were 1.7 and 0.9 in
sequences I and IV respectively, Fig. 6D and 10C). The lower
relative concentration of B2 is due to the fact that in sequence I
thioester exchange was activated only after some building block
2 had been trapped as dithioacetals, whereas in sequence IV the
thioester exchange was activated, for the first time, before
dithioacetal exchange.

Finally, a more subtle way to change the system history was
attempted by merging the first two layers. With this in mind, the
reactions involved in the first and second layers of sequence I
were simultaneously activated leading to sequence V (Fig. 7).

Simultaneous dithioacetal and disulfide exchanges (SnCl,/
heat) provided a composition where compounds containing
building block 1 were present in a higher amount, as indicated
by the relative peak areas: 1H > 2H, 11 > 22 and 1A1 > 2A2
(Fig. 11A). Further inactivation of dithioacetal exchange at the
time that thioester exchange was activated (along with disulfide
exchange) led to a net transference of building block 2 from the
disulfide pool to the thioester pool. The most evident change
was the appearance of the thioester B2 signal, which is mainly
formed with the building block coming from disulfide 22
(Fig. 11B). As previously observed for sequence I, numerical
simulations of the equilibrium composition after each activa-
tion step of sequences II-V lead to product distributions that
resemble those observed experimentally (Fig. S24-S27%). The
simulations indicate that the catalysts used did not affect the
relative stability of the library members, i.e. the product distri-
bution. Therefore, the differences observed in the final
composition of sequences I-IV are defined only by the activa-
tion order of the different reversible reactions.

A) SnCly/A B1 B2
Q i

1H 2H

1A1 11 1A2 12 2A2 22

15t layer

TEA AT 1A2 2A2
B) Q 9
1H2H B1 B2 11 12 22
2" Jayer
0 2 4 6 8 10 12 14 16 Time [min]

Fig. 11 Chromatograms (Abs;so) obtained in each step of sequence V
starting from a mixture containing dithioacetal 1A1 (30 mM), thioester
Bl (30 mM), disulfide 11 (30 mM), 2H (60 mM) and SnCl, (1.5 mM).
Sequential addition of catalysts/conditions is as follows: (A) 960 min
after 100 °C heating, Ar atmosphere and (B) 10 min after the addition of
TEA (300 mM), Ar atmosphere. Solvent: acetonitrile (total volume: 500
ul).
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A comparison of the final product distribution of sequences
I-V illustrates how some changes in a layer, early in the
sequence, can be read in the last layer (Fig. 12). In this extremely
simple multilayer system, the final product distribution
depended on the order in which the different reversible reac-
tions had been previously activated/deactivated. Communica-
tion between the reversible reactions used allowed spreading of
building blocks 1 and 2 over the different pools of compounds
(thioesters, disulfides, dithioacetals and thiols). The order of
activation/deactivation of the different reactions influenced the
proportion in which these building blocks accumulated within
each pool.

In the model used, the total amount of 1 is 2.5 times the
amount of 2, which introduces a bias towards products con-
taining the former building block. This preference is observed
in the final product distribution of sequence I: [B1] > [B2], [11] >
[22] and [1A1] > [2A2] (Fig. 12). Some of the operations with the
layers of sequence I inverted this preference within the different
compound pools. Removal of the second layer (to produce
sequence L) Or substitution of the first layer (to produce
sequence IV) leads to final compositions wherein [B1] < [B2] and
[11] = [22] (Fig. 12). Interestingly, in the first case (sequence
Ighore) the product preference within the disulfide and thioester
pools was reverted when a dithioacetal-related layer was
removed. In the second case (sequence IV), the product pref-
erences within the disulfide and the thioester pools were
reverted through the rewiring of a layer where these reactions
are involved, i.e. the connection of the thioester nodes to the
network (compare the 1st layer of sequence I vs. the 1st layer of
sequence 1V in Fig. 7).

Sequences
I g m v v

H1
j Thiols
H2
. . B1 j

B2

- 12 — Disulfides
22 —
1A1 7|
1A2 — Dithioacetals
‘ ‘ 2A2 —

Fig. 12 Heat map plot showing the final abundances of library
members for the different sequences. Shade represents the peak area
normalized to the total peak area.

Thioesters
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Likewise, removal of the first layer (sequence III) reverted the
preference at the dithioacetal level leading to a final composi-
tion where [1A1] < [2A2] (Fig. 12). Again, in this case the product
preference within the dithioacetal pool was reverted by the
removal of a layer that involves only the exchange of disulfides.

Conclusions

In systems with a single reversible reaction, composition changes
can be studied under out-of-equilibrium conditions. Once at
equilibrium, the situation is rather different. By definition, ther-
modynamic equilibrium is a state of maximum entropy, so no
information about the history of the system can be stored in it.

By judicious choice of reactions and conditions, different
single-reaction systems can be coupled to produce multilayer
networks that include strings of reversible reactions.

Two interesting consequences arise in systems where
sequential reversible reactions are communicated through
common nodes. First, the activation/deactivation order of the
reactions gives the chemical pathway a direction in the time
function,” which configures the history of the system.

Second, given that some compounds (connectors) act as
starting materials and as products of different reactions, their
concentration can affect the composition of different exchange
pools. Thus, thermodynamic systems with sequential reactions
can keep track of previous equilibration events in their history.
This attribute can be particularly interesting if we consider the
intrinsic adaptability of each layer (granted by the use of
reversible chemistry). Environmental changes in early layers
could be imprinted in final product distributions even if they no
longer exist at the time the sequence has finished.

Altogether, these features give rise to a new design level that,
in our opinion, deserves further exploration.

Adaptability is a key feature of dynamic covalent chemistry.
Such a property has led to the discovery of new functional
materials,>” drugs®*'® and catalysts.”> Multilayer chemical
network engineering can prove useful in the functional
screening of dynamic combinatorial libraries (DCLs). By judi-
cious choice of reaction conditions, a library can be biased
toward different layers giving access to the modular exploration
of different regions of chemical space and connectivity.

DCL adaptation has also been used to sense the presence of
analytes."** In multilayer systems, the introduction of the time
dimension can be useful to sense analytes added at different
times. Such information could be read in the final composition.

Systems chemistry aims to develop molecular systems of
interacting and/or interconverting molecules that show emer-
gent properties.”>*® The preparation of complex reaction
networks constitutes an integral part of systems chemistry.”*7®
In this context, dynamic systems that can respond to environ-
mental changes (light, acidity, metals, etc.) by switching their
type of reversible chemistry and connectivity can represent an
exciting study case for emergent behaviour.
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