
Adaptation in Constitutional Dynamic Libraries and Networks,
Switching between Orthogonal Metalloselection and
Photoselection Processes
Ghislaine Vantomme, Shimei Jiang,† and Jean-Marie Lehn*
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8 Alleé Gaspard Monge, 67000 Strasbourg, France

*S Supporting Information

ABSTRACT: Constitutional dynamic libraries of hydrazones
aAbB and acylhydrazones aAcC undergo reorganization and
adaptation in response to a chemical effector (metal cations) or a
physical stimulus (light). The set of hydrazones [1A1B, 1A2B,
2A1B, 2A2B] undergoes metalloselection on addition of zinc
cations which drive the amplification of Zn(1A2B)2 by selection
of the fittest component 1A2B. The set of acylhydrazones
[E-1A1C, 1A2C, 2A1C, 2A2C] undergoes photoselection by
irradiation of the system, which causes photoisomerization of
E-1A1C into Z-1A1C with amplification of the latter. The set of
acyl hydrazones [E-1A1C, 1A3C, 2A1C, 2A3C] undergoes a dual
adaptation via component exchange and selection in response to
two orthogonal external agents: a chemical effector, metal
cations, and a physical stimulus, light irradiation. Metalloselection takes place on addition of zinc cations which drive the
amplification of Zn(1A3C)2 by selection of the fittest constituent 1A3C. Photoselection is obtained on irradiation of the
acylhydrazones that leads to photoisomerization from E-1A1C to Z-1A1C configuration with amplification of the latter. These
changes may be represented by square constitutional dynamic networks that display up-regulation of the pairs of agonists
(1A2B, 2A1B), (Z-1A1C, 2A2C), (1A3C, 2A1C), (Z-1A1C, 2A3C) and the simultaneous down-regulation of the pairs of antagonists
(1A1B, 2A2B), (1A2C, 2A1C), (E-1A1C, 2A3C), (1A3C, 2A1C). The orthogonal dual adaptation undergone by the set of
acylhydrazones amounts to a network switching process.

■ INTRODUCTION

On the way toward higher levels of complexity in chemical
systems, constitutional dynamic chemistry (CDC)1 gives access
to constitutional dynamic libraries (CDLs) by the generation of
chemical diversity on both the molecular and supramolecular
levels through the exchange of components between the
constituents of the system, implementing either reversible
covalent reactions1,2 or labile noncovalent interactions, respec-
tively. CDC allows for variation and operates selection on dynamic
constitutional diversity in response to the pressure of either
chemical or physical agents to achieve adaptation of CDLs, thus
enabling adaptive chemistry.1,3−5 The set of dynamically inter-
converting constituents of a CDL forms a network, a constitutional
dynamic network (CDN),1,6 that can be represented in a
schematic way by a weighted graph,7 where the links between
the constituents describe the relationships between the members
of a set, their agonistic or antagonistic behavior, as well as their
relative weights. CDNs are adaptive systems, as the weights of
their vertices/nodes and of their connections/links respond to the
application of a physical stimulus or a chemical effector, which may
modify the CDL distribution by amplification/up-regulation of the
responsive constituent(s) and its (their) agonist(s) and down-

regulation of the antagonists.6 On the molecular level, a CDL is
based on constituents interconverting via reversible chemical
reactions and is thus a dynamic covalent library (DCL). On the
basis of previous work from our group,8 pyridyl-hydrazones and
pyridyl-acylhydrazones present the very attractive feature of being
triple dynamic entities capable of undergoing: (1) conformational
dynamics by shape switching on cation coordination to the NNN
and NNO tridentate binding sites, respectively;9 (2) conf igura-
tional dynamics on E to Z photoisomerization stabilized by internal
hydrogen bonding with the pyridine moiety;10 (3) constitutional
dynamics, by component exchange via the reversible CN
bond.1,2

We have investigated the ability of a DCL to undergo double
adaptation by studying its response to two orthogonal agents: a
chemical effector,4 e.g., a metal cation, and a physical stimulus,3

light irradiation. To this end, selection and adaptation have
been analyzed for different DCLs of four constituents each,
chosen among the hydrazones aAbB and the acylhydrazones aAcC
shown in Figure 1, that were generated from the condensation
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products of aldehydes or ketones (fragments aA) with hydrazines
(fragments bB) or hydrazides (fragments cC). These sets of
constituents were subjected either to interaction with metal cations
or to light irradiation in conditions allowing for component
exchange, thus leading to adaptation through orthogonal selection
processes, respectively metalloselection (Schemes 2, 4, and 5) or
photoselection (Schemes 3−5). They form square CDNs that
undergo network switching in response to these two independent
external agents.

■ RESULTS
1. Adaptation in a DCL of Hydrazones. 1.1. Component

Exchange in the Two DCLs of Hydrazones [1A1B, 1A2B, 2A1B,
2A2B] and [3A2B, 3A3B, 4A2B, 4A3B]. On the basis of previous

work in our laboratory,8a we first investigated the set of four
hydrazones 1A1B, 1A2B, 2A1B, and 2A2B. It may be generated
either by mixing equimolecular quantities of each individually
synthesized constituent or by randomization of just two
constituents, for example 1A1B and 2A2B, through component
exchange (Scheme 1). Hydrazones are kinetically inert under
neutral conditions as a result of CN̅N̅ conjugation which
decreases the electrophilicity of the CN bond, making them
too stable for use in dynamic covalent libraries. Reported
exchange processes feature hydrazones bearing electron-with-
drawing groups.11 To circumvent this problem, we investigated
means of facilitating exchange of the carbonyl and hydrazine
components of hydrazones. Three different exchange proce-
dures via hydrolysis and recondensation were developed: (i)
metal ion or acid catalysis under microwave heating, (ii)
organocatalysis with aniline,12 and (iii) introduction of methyl
groups in order to twist and destabilize the hydrazone
connection by steric strain. All the exchange reactions were
monitored by 1H NMR spectroscopy (see the figures in
Supporting Information for exchange processes studied here).

1.1.1. Metal Ion Catalysis. Hydrazone exchange has been
catalyzed by scandium(III) triflate,4a,13 under intense micro-
wave heating.14 When a solution of the two hydrazones 1A1B
and 2A2B (10 mM each) in 4:1 acetonitrile/water was heated
to 170 °C in a microwave oven in the presence of scandium
triflate (2 mM) during 20 min (under 12 bar), the full set of
four constituents 1A1B, 1A2B, 2A1B, and 2A2B was formed by
component exchange at the CN site, with a distribution of
32/17/21/18% of 1A1B/1A2B/2A1B/2A2B together with 12%
hydrolysis (see the 1H NMR spectrum in Supporting Information,
Figure S1).14 The same distribution was generated starting from
2A1B and 1A2B in the same conditions. In both cases, 1A1B was
present in both the E and Z configurations (63% and 37%,
respectively). Furthermore, when either E-1A1B or Z-1A1B was
subjected separately to these conditions for constitutional
exchange, the same 3/2 mixture of the two configurational isomers
E-1A1B and Z-1A1B was obtained (Supporting Information
Figures S2−S3). One may note that only benzaldehyde is formed
during the exchange due to the greater sensitivity of its imines to
hydrolysis compared to 2-pyridinecarboxaldehyde. This hydrazone
exchange can also be catalyzed in the same conditions by addition
of 20 mol % trifluoroacetic acid instead of scandium triflate. The
component scrambling reaction is expected to proceed through a
transimination, hydrolysis/recondensation process.

Figure 1. Structures of the hydrazones aAbB and acylhydrazones aAcC
obtained by condensation of aldehydes and ketones with hydrazines
and hydrazides. The fragments originating from the aldehyde and
ketone components are designated by the letter A, the fragments
originating from the hydrazines by the letter B, and those from the
hydrazides by the letter C. All compounds are shown in
the E configuration about the CN double bond.

Scheme 1. Generation of the Set of Four Hydrazones 1A1B, 1A2B, 2A1B, and 2A2B by Component Exchange between Either 1A2B
and 2A1B (Top Left) or 1A1B and 2A2B (Top Right) Giving the Same Statistical Distribution of the Dynamic Library
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1.1.2. Organocatalysis. The hydrazone exchange has also
been performed by organocatalysis, via the addition of aniline
(10% in volume, about 100 equiv) to a 10 mM acetonitrile
solution of the two hydrazones 1A1B and 2A2B in the presence
of trifluoroacetic acid (2 mM). Component exchange occurred,
and the equilibrium between the hydrazones 1A1B, 1A2B, 2A1B,
and 2A2B was obtained after 1 day at 25 °C, giving a distribution
of 32/21/21/26% of 1A1B/1A2B/2A1B/2A2B, respectively. No
hydrolysis was observed in the NMR 1H spectrum after the
exchange (Supporting Information Figure S4). In this case, almost
50% of E-1A1B was converted into Z-1A1B indicating an E/Z
interconversion mechanism in the course of the catalytic process.
Other organocatalysts have also been tested for the exchange (see
Supporting Information section S1.1.ii). One may note that
organocatalysis by aniline or related compounds provides an entry
into the equilibration of CN based dynamic covalent libraries12

in rather mild conditions, a feature that may have significant
usefulness for a wide variety of adaptation/selection processes
under the action of different effectors/stimuli and for systems of
much greater complexity than the present ones.
1.1.3. Strain Activation in the DCL of Hydrazones 3A2B,

3A3B, 4A2B, and 4A3B. We hypothesized that steric strain
caused by CH3/CH3 interaction on introduction of methyl
groups at both the CN carbon and the hydrazone N̅
sites would markedly twist the CN̅N̅ fragment,15 thus
decreasing conjugation within the CN̅N̅ fragment. As a
result, one would expect an increase of the reactivity of the
hydrazone bond, facilitating component exchange between C,
N doubly methylated hydrazones such as 3A3B and 4A2B.
These expectations were confirmed by the X-ray crystallo-
graphic determination of the solid-state molecular structure of
the hydrazone 5A3B (a nitro group has been introduced so as to
obtain a solid at 25 °C, as the hindered hydrazones 3A2B, 3A3B,
4A2B, and 4A3B are liquids at 25 °C, Figure 2). The dihedral
angle between the planes containing the CH3CN̅ and
theN̅N̅CH3 fragments in

5A3B amounts to 61°, compared
to a torsion angle of only 2° in the corresponding HCN̅
N̅CH3 unit of

2A3B,16 showing clearly the twist imposed in the
hydrazone unit by the steric interaction between the two methyl
groups. In addition, as a further indication of decreased
conjugation, the N̅(CH3) nitrogen site is partially pyramidi-
lized in 5A3B (N is located at a distance of 0.3 Å from the plane
containing the three connected NCC atoms) whereas it is planar in

2A3B. An increase in reactivity on deconjugation is well-
documented, for instance in the sensitivity of out-of-plane distorted
amide groups to nucleophiles.17 Indeed, a marked increase in
component exchange rate between hydrazones was observed: when
the two hydrazones 3A3B and 4A2B were mixed in 10 mM
acetonitrile solution in the presence of scandium triflate (2 mM) at
60 °C during 8 h, the full set 3A2B, 3A3B, 4A2B, and 4A3B was
formed (Supporting Information Figure S5). Thus, these
hydrazones bearing sterically hindering methyl groups present a
strain-activated reactivity closer to that of imines. For comparison,
the hydrazones 1A1B and 2A2B did not show any component
exchange at 60 °C in the same conditions.
The same methylated hydrazone exchange has also been

performed by organocatalysis: aniline (10% in volume, about
100 equiv) was added to an acetonitrile solution of the two
hydrazones 3A3B and 4A2B (10 mM each) in the presence of
trifluoroacetic acid (2 mM). The exchange was observed, and
the equilibrium between the hydrazones 3A2B, 3A3B, 4A2B, and
4A3B was obtained after 6 h at 60 °C. The presence of aniline
did not induce an acceleration as important as that seen above,
probably due to hindrance of aniline addition on the CN
carbon in the methylated hydrazones.
The deformation induced in the coordination site by the two

methyl groups does however not preclude the formation of
transition metal complexes by the tridentate ligand 3A2B. The
X-ray crystallographic determination of the solid-state molec-
ular structure of the hydrazone 3A2B complexed with zinc(II)
cations shows a torsion angle of 39° between the planes of
H3CCN̅ and the N̅N̅CH3 fragments (Figure 2e,f).

1.2. Metalloselection in the Three DCLs of Hydrazones:
[1A1B, 1A2B, 2A1B, 2A2B], [3A2B, 3A3B, 4A2B, 4A3B], and [3A2B,
3A3B, 5A2B, 5A3B]. The four hydrazones 1A1B, 1A2B, 2A1B, and
2A2B were selected to analyze the adaptation of the set in
response to the addition of zinc cations. Pyridyl-hydrazones are
known to form stable complexes with a variety of metal cations
by coordination to the NNN tridentate site.18 This is the case
for the hydrazone 1A2B, compared to the other hydrazones
which present only bidentate or monodentate sites. Hydrazones
1A1B and 2A2B (10 mM each) were treated with zinc(II) triflate
(5 mM) under equilibrating conditions either with or without
added scandium triflate (2 mM, see above) in 10 mM 4:1
acetonitrile/water solution and heated at 170 °C in the microwave
oven during 20 min. In both cases, the dynamic library underwent

Figure 2. Two views of the solid-state molecular structures of the methylated hydrazones 5A3B, 2A3B, and Zn(3A2B). (a) In 5A3B, the phenyl
C(CH3)N̅ moiety lies in the plane of the figure while the N̅N̅(CH3)phenyl moiety is located in a plane making a dihedral angle of
about 61°. (c) Solid-state molecular structure of the hydrazone 2A3B in the plane of the figure.16 (b, d) Perpendicular views for 5A3B (b) and 2A3B16

(d) showing clearly the torsion angle in 5A3B. (e) In the hydrazone 3A2B complexed with the zinc(II) cations, the pyridineC(CH3)N̅ moiety
lies in the plane of the figure while the N̅N̅(CH3)pyridine moiety is located in a plane making a dihedral angle of about 39°. The carbon C6
and the nitrogen N3 are disordered. The complexes are bridged through ZnCl4

2− anions (Supporting Information Figure S6). (f) Perpendicular view
for Zn(3A2B). Protons and chloride anions are omitted for clarity.
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reorganization to amplify the hydrazone 1A2B in the form of its
Zn(1A2B)2 complex as well as simultaneously its agonist 2A1B.
The distribution obtained was 14/29/38/11% for the constituents
1A1B/1A2B/2A1B/2A2B, respectively, together with 8% hydrolysis,
with 1A2B being in the form of the complex Zn(1A2B)2 (Scheme 2,
Supporting Information Figure S8). The distribution of the
constituents did not change by further heating. This set of
hydrazones thus displays an amplification of both 1A2B (12%) and
2A1B (17%), whereas the amounts of 1A1B and 2A2B decrease
markedly, representing the adaptation of the system to the addition
of zinc triflate by metalloselection, as shown in Scheme 2. One may
note that there was 8% hydrolysis, exclusively coming from the
benzaldehyde moiety, and not the pyridine-2-carboxaldehyde.
Furthermore, the fact that similar results were obtained with or
without added scandium triflate indicates that, in the latter case, the
zinc ions both facilitate the equilibration and are incorporated in the
final set of products.
The metalloselection on this same set of four hydrazones 1A1B,

1A2B, 2A1B, and 2A2B was also studied in milder conditions, by
means of organocatalysis with aniline to establish equilibration
conditions. Hydrazones 1A1B and 2A2B (10 mM each) were
treated with zinc(II) triflate (5 mM) in the presence of aniline
(10% in volume, about 100 equiv) in acetonitrile solution and
heated at 80 °C during 6 h. The dynamic library underwent again
reorganization as presented above giving a distribution 4/45/44/7%
for the constituents 1A1B/1A2B/2A1B/2A2B, respectively, with

almost no hydrolysis, with 1A2B being in the form of the complex
Zn(1A2B)2 (Supporting Information Figure S9).
The adaptation of the set of methylated hydrazones 3A2B,

3A3B, 4A2B, and 4A3B under metalloselection in the presence of
zinc cations could be achieved at lower temperature (60 °C
overnight) without added catalyst, in line with the easier
component exchange in these hydrazones (see above). It gave
the same selection and amplification of Zn(3A2B)2 and

4A3B.
The distribution obtained was 42/5/6/47% for the constituents
3A2B/3A3B/4A2B/4A3B, respectively, together with almost no
hydrolysis, with 3A2B being in the form of the complex Zn(3A2B)2
(Supporting Information Figure S10). The distribution of the
constituents did not change on further heating. The addition of
mercury or lead cations led to similar results. However, this system
will not be further described, because it cannot be used for
photoselection due to the absence of N−H bond to stabilize the Z
photoisomer by hydrogen bonding (see below).

1.3. Attempts for Photoselection in the DCL of Hydra-
zones [1A1B, 1A2B, 2A1B, 2A2B]. A number of experiments have
been performed with the aim of inducing photoselection by
photogeneration of Z-1A1B from the E-1A1B form within the set
of hydrazones 1A1B, 1A2B, 2A1B, and 2A2B. However, on
irradiation of a solution of the preformed hydrazones (10 mM
each in 4:1 acetonitrile/water; see experimental details in the
Supporting Information) no amplification of Z-1A1B by E-1A1B
to Z-1A1B conversion was obtained in the scandium triflate

Scheme 2. (Top) Adaptation of the DCL of Four Hydrazone Constituents 1A1B, 1A2B, 2A1B, 2A2B by Metalloselection of the A,
B Fragments on Addition of Zinc Cations Driven by Amplification of the Fittest Constituent 1A2B That Forms the Most Stable
Zinc Complex,a (Middle) Distribution of the Constituents of the DCL before (Middle Left) and after (Middle Right) Addition
of the Zinc Cations Showing Adaptation Driven by an Effector, and (Bottom) Representation of the Library Adaptation as a
Square CDN Showing Agonist Amplification and Down-Regulation of the Antagonistsb

aFor clarity, only the major components Zn(1A2B)2 and
2A1B are represented on the right hand side. 1A2B is indicated as its Zn complex Zn(1A2B)2.

bError on % determination: ∼5%.
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catalyzed equilibrating conditions (see above, section 1.1.1). In
fact, the hydrazone exchange gave the same 3/2 E/Z mixture as
in absence of irradiation (see Supporting Information).
Attempts to increase the quantity of Z isomer by irradiation
of the solution in these conditions directly inside the
microwave oven were unsuccessful (Supporting Information
Figure S11−S12). Photoselection in conditions of hydrazone
exchange through organocatalysis by aniline (see above section
1.1.2) also failed. It thus appears that light-induced photo-
selection by E-1A1B to Z-1A1B conversion is incompatible with
the conditions required for component exchange.
As no photoselection could be achieved with the hydrazones

aAbB, we turned our attention to the acylhydrazones aAcC.
2. Adaptation in a DCL of Acylhydrazones. 2.1. Com-

ponent Exchange in the Two DCLs of Acylhydrazones
[1A1C, 1A2C, 2A1C, 2A2C] and [1A1C, 1A3C, 2A1C, 2A3C]. A
number of examples of acylhydrazone exchange in the pre-
sence of Brönsted acid catalyst have been described in the
literature.3c,4c,d,9b,19 Thus, component exchange among acylhy-
drazones appears to take place more easily than for hydrazones.
Indeed, conjugation of the hydrazone N̅ site with the
carbonyl group may be expected to decrease its conjugation with
the CN̅ bond, which thus becomes more reactive toward
nucleophiles/water. On the other hand, a goal of the present study
was to design a DCL that would be susceptible to achieve both
metalloselection and photoselection. To this end, DCLs based on
different components were explored.
First, when the two acylhydrazones 1A2C and 2A1C were

mixed in 10 mM 3:2 acetonitrile/water solution in the presence
of scandium triflate (2 mM) at 60 °C during 12 h, exchange
occurred, yielding the full set 1A1C, 1A2C, 2A1C, and 2A2C in an
almost statistical distribution of constituents: 25/23/28/22%,
respectively, with 2% hydrolysis (Supporting Information
Figure S13). No change was observed on further heating. The
same distribution was obtained when starting from 1A1C and
2A2C. In both cases, 1A1C was obtained as a mixture of the E and
Z configurations (respectively, 75% and 25%). Again, component
exchange among acylhydrazones could be achieved in much milder
conditions under organocatalysis by the addition of aniline (1% in
volume, about 10 equiv). It went to thermal equilibrium after just
2 h at 25 °C, and the expected statistical distribution was obtained:
27/23/27/21% of 1A1C/1A2C/2A1C/2A2C, respectively, with
only 2% hydrolysis (Supporting Information Figure S14). Again,
the E and Z configurations were obtained for 1A1C (respectively,
48% and 52%).
However, in the 1A1C, 1A2C, 2A1C, 2A2C set, the metal

cation complexation ability of 1A1C and 1A2C may be too
similar to allow for any significant metalloselection. In order to
increase the metal cation binding ability of the NNO co-
ordination site of one of the constituents (see below, section 2.4),
a DCL containing a benzhydrazide component bearing a para-
dimethylamino substituent was studied. Thus, in the same
conditions as above, in the presence of scandium triflate, the
two acylhydrazones 1A3C and 2A1C underwent exchange, yielding
the full set 1A1C, 1A3C, 2A1C, and 2A3C in an almost statistical
distribution of constituents: 24/25/20/23%, respectively, with 8%
hydrolysis (Supporting Information Figure S15). The E and Z
configurations were obtained for 1A1C in the same proportions as
above. The same distribution was obtained when starting from
1A1C and 2A3C. Again, in the presence of aniline, thermal
equilibrium was reached after just 1 h at 25 °C, giving the expected
statistical distribution with equal amounts of the four constituents:

26/25/23/24% of 1A1C/1A3C/2A1C/2A3C, respectively, with
only 2% hydrolysis (Supporting Information Figure S16). Again,
both the E and Z configurations were obtained for 1A1C as above.
One may note that here, also, hydrolysis in the course of the
exchange gives only benzaldehyde, in view of the greater sensitivity
of its acylhydrazones 2A1C and 2A3C compared to those of
2-pyridinecarboxaldehyde.

2.2. Strain Activation in the DCL of Acylhydrazones 3A3C,
3A2C, 4A3C, and 4A2C. The activation of exchange by strain
achieved for hydrazones (see above) has also been tested in the
present case of acylhydrazones. The introduction of a methyl
group at both the CN carbon and the acylhydrazone N̅
sites induces again a pronounced twist in the CN̅N̅C
O fragment, as confirmed by the X-ray crystallographic
determination of the solid-state molecular structure of 4A2C
(Figure 3). The dihedral angle between the H3CCN̅ and

the N̅N̅CH3 found in 4A2C amounts to a torsion of
126°, about twice larger than in the hydrazone 5A3B, due to the
conjugation of the acylhydrazone N̅ site with the carbonyl
group, which reduces the conjugation within the CN̅N̅
fragment, increasing the single bond character to the N−N
bond and allowing for a larger twist angle. As a consequence, in
3:2 acetonitrile/water solution in the presence of scandium
triflate (2 mM) at 60 °C during 12 h full hydrolysis took place
and in pure acetonitrile component exchange of the hindered
acylhydrazones 3,4A2,3C was observed, but together with 50%
hydrolysis (Supporting Information Figure S17). The very large
amount of hydrolysis is indicative of the instability of these
methylated acylhydrazones compared to the nonmethylated
ones.
As in the case of the hydrazones above, the strain-induced

twist within the CN̅N̅ fragment is reduced by metal ion

Figure 3. Views of the solid-state molecular structures of the
acylhydrazones 4A2C, 4A1C,20 and Zn(3A2C). (a) 4A2C: The
phenylC(CH3)N̅ moiety lies in the plane of the figure while
the N̅N̅(CH3)C(O)phenyl moiety is located in a plane
making a dihedral angle of about 126°. (b) 4A1C:20 The phenyl
C(CH3)N̅ moiety lies in the plane of the figure while the N̅
N̅HC(O)phenyl moiety is located in a plane making a
dihedral angle of about 18°, showing clearly a smaller torsion angle
than in 4A2C. (c) Zn(3A2C): The pyridineC(CH3)N̅ moiety
lies in the plane of the figure while the N̅N̅(CH3)C(O)
phenyl moiety is located in a plane making a dihedral angle of about
45°. (d) Perpendicular view for Zn(3A2C). See Supporting
Information Figure S18 for a structure of the corresponding Pb(3A2C)
complex. Protons and tetrafluoroborate counterions are omitted for
clarity.
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coordination, as found in the solid molecular structure in the
acylhydrazone complex Zn(3A2C) (Figure 3).
2.3. Photoselection in the DCL of the Acylhydrazones

[E-1A1C, 1A2C, 2A1C, 2A2C]. Photoselection was first inves-
tigated on the set of parent acylhydrazones E-1A1C, 1A2C,
2A1C, and 2A2C. On the basis of earlier results,8 in this set, only
the E-1A1C is expected to undergo photoisomerization, due to
the presence of both the N−H bond and the pyridine N site,
which allow for the formation of an internal hydrogen bond
stabilizing the Z isomer. On the other hand, this set does not
perform metalloselection (see below). A 3:2 acetonitrile/water
solution of the two acylhydrazones 1A2C and 2A1C (10 mM
each) was treated with a catalytic amount of scandium triflate
(2 mM) to achieve equilibration conditions, and the mixture
was irradiated at 25 °C. After 4 h of irradiation, a change in the
composition of the library was observed in the 1H NMR
spectrum of the solution. 99% of the acylhydrazone E-1A1C was
isomerized into Z-1A1C, and the equilibrating library had
undergone reorganization to promote the metastable state
Z-1A1C. The distribution of the library constituents obtained
was 40/9/8/38% of Z-1A1C/1A2C/2A1C/2A2C, respectively,
with 5% hydrolysis (Supporting Information Figure S19,
Scheme 3). With respect to the distribution obtained without
irradiation, 25/23/28/22% for 1A1C/1A2C/2A1C/2A2C, respec-
tively (see above section 2.1), the present data represent a
photoinduced amplification (by about 15%) of both Z-1A1C and
its agonist 2A2C in the DCL and define its response/adaptation
to irradiation by light with generation of a new distribution of
constituents.
2.4. Metalloselection and Photoselection in the DCL of

Acylhydrazones [E-1A1C, 1A3C, 2A1C, 2A3C]. 2.4.1. Metal-
loselection. Pyridyl-acylhydrazones bind metal cations by their
tridentate NNO coordination site.21 In order to achieve
metalloselection in a DCL of acylhydrazones, the metal cation
must select between NNO units presenting different binding
abilities, due, for instance, to the presence of substituents that
modify the interaction strength of the carbonyl oxygen site.
Indeed, when a 1/1 mixture of the only slightly different 1A2C
and 1A1C was treated with 0.5 equiv of zinc salt, almost the

same amounts of the two complexes Zn(1A2C)2 (about 45%)
and Zn(1A1C)2 (about 55%) were obtained, indicating no
significant preference for either coordination site.
In contrast, a marked difference in metal cation binding ability

may be expected to exist between the acylhydrazones 1A1C and
1A3C, resulting from the presence on the 3C fragment of an
electron donor para-dimethylamino group expected to increase
the basicity of the carbonyl and thus the strength of its interaction
with a metal cation. Indeed, the electron donor effect of the
dimethylamino group was confirmed by the comparison of the IR
spectra of 1A3C and 1A1C. The CO stretching frequency of the
1A3C carbonyl group is at 1645.4 cm−1, which is about 2.5 cm−1

smaller than that in 1A2C, in agreement with electron donation
into the CO bond of 1A3C. As a consequence, treating a 1/1
mixture of 1A3C and 1A1C with 0.5 equiv of zinc salt showed
the almost exclusive formation of Zn(1A3C)2 (about 85%)
with respect to Zn(1A1C)2, demonstrating the strong effect of
the para-dimethylamino group in the former.
Metalloselection was then studied on the DCL of

acylhydrazones 1A1C, 1A3C, 2A1C, and 2A3C by the addition
of zinc triflate (5 mM) in 3:2 acetonitrile/water solution. No
catalyst was needed, as the zinc cations act both as catalyst and
effector (see also section 1.2). As discussed above, in this set,
the zinc cation should form the most stable complex with 1A3C
compared to 1A1C. Indeed, at 25 °C, the dynamic library had
underdone reorganization in 12 h (or less) to promote the
acylhydrazone forming the Zn(1A3C)2 complex (Supporting
Information Figure S23). The distribution obtained was 9/41/
36/12% for the constituents 1A1C/1A3C/2A1C/2A3C, respec-
tively, with 2% hydrolysis, 1A3C being in the form of the complex
Zn(1A3C)2 (Scheme 4, left). It did not change on further heating.
These percentages indicate an up-regulation of 17% of 1A3C and
13% of its agonist 2A1C and a down-regulation of the two
antagonists and represent an adaptation of the DCL to the
addition of zinc triflate by amplification of both Zn(1A3C)2 and
2A1C (see Scheme 5, left).
The same metalloselection on the DCL of acylhydrazones

1A1C, 1A3C, 2A1C, and 2A3C was studied in milder conditions

Scheme 3. Adaptation of the DCL of Four Constituents E-1A1C, 1A2C, 2A1C, and 2A2C by Photoselection of the A, C Fragments
on Light Irradiation Driven by Amplification of the Fittest Constituent 1A1C That Forms the Metastable Z Isomera with
(Bottom) Distribution of the Constituents of the DCL before (Left) and after (Right) Light Irradiationb

aFor clarity, only the major components Z-1A1C and 2A2C are represented on the right hand side. bError on % determination: ∼5%.
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under organocatalysis with aniline. The acylhydrazones 1A1C
and 2A3C (10 mM each) were treated with zinc(II) triflate
(5 mM) under equilibrating conditions in the presence of
aniline (1% in volume, about 10 equiv) in 10 mM acetonitrile
solution and left at 25 °C during 30 min (Supporting Information
Figure S24). The dynamic library underwent reorganization to
promote the acylhydrazone Zn(1A3C)2 and its agonist 2A1C, in a
way similar to that described above.
2.4.2. Photoselection. In order to achieve both metallo and

photoselection on the same system, irradiation was conducted
on the DCL that showed metalloselection in response to the
binding of zinc cations (see Scheme 4, left). Thus, irradiation
for 4 h at 25 °C of a 3:2 acetonitrile/water solution of
equimolar amounts (10 mM each) of the acylhydrazones 1A3C
and 2A1C, containing scandium triflate (2 mM) as catalyst to
achieve equilibrating conditions, transformed quantitatively
E-1A1C into Z-1A1C, producing the set of four constituents
Z-1A1C/1A3C/2A1C/2A3C in a distribution of 31/21/9/29%,
respectively, together with 10% hydrolysis (Scheme 4, right), as
observed by 1H NMR (Supporting Information Figure S25).
Further irradiation caused more hydrolysis. This distribution
indicates an overall amplification of the two agonists Z-1A1C
and 2A3C by about 7%. It represents the response of a DCL to
the application of light as an orthogonal stimulus with respect
to metal cation binding. The amplification observed is smaller

than that obtained for metalloselection (see above), probably as
a consequence of the larger amount of hydrolysis, itself related
to the donor effect of the para-dimethylamino group of 3C,
which may be expected to render the CN function in 1A3C
more susceptible to hydrolysis.
For both DCLs, 1A1C/1A2C/2A1C/2A2C (section 2.3) and

1A1C/1A3C/2A1C/2A3C (this section, above), photoselection in
conditions of acylhydrazone exchange through organocatalysis
by aniline failed, as both configurations E and Z of 1A1C were
generated (48% and 52%, respectively), as in the case of the
hydrazones (see section 1.3).

2.5. Reversible Metalloselection and Photoselection with
the DCL of Acylhydrazones [1A1C, 1A3C, 2A1C, 2A3C]. For
completeness, the reversibility of the selection processes
investigated has been studied. Starting first from the mixture
of Z-1A1C and 2A3C obtained via photoselection, heating at
80 °C regenerates the original complete library, with Z to E
thermal-back conversion and acylhydrazone equilibration. Sub-
sequently, the addition of zinc cations and heating gives the same
metalloselection as observed previously with simultaneous
amplification of the Zn(1A3C)2 and

2A1C agonist constituents.
Conversely, starting from the distribution obtained by

metalloselection, decomplexation of Zn(1A3C)2 was achieved
by addition of tetrabutylammonium thiocyanate (2 equiv with
respect to ZnII ions), which coordinates the zinc cations more

Scheme 4. Adaptation of the DCL of Four Acylhydrazone Constituents E-1A1C, 1A3C, 2A1C, and 2A3C by Modification of the
Distributions under (Left) Metalloselection on Addition of Zinc(II) Metal Cation via the Formation of the Fittest Complex
Zn(1A3C)2 and (Right) Photoselection by Photoisomerization of E-1A1C into Z-1A1C on Light Irradiation and Distribution of
the Constituents of the DCL before (Middle) and after Metalloselection (Bottom Left) and after Photoselection (Bottom
Right)a

a1A3C is indicated as its Zn complex Zn(1A3C)2. For clarity, only the structures of the major components are represented on the right and left hand
sides. For the CDN representation, see Scheme 5. Error on % determination: ∼5%.
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strongly. The mixture was then irradiated for 4 h at 25 °C in
the presence of scandium triflate (0.2 equiv) as catalyst, and an
increase of the constituents Z-1A1C and 2A3C on the orthogonal
diagonal was observed, yielding the same library distribution as
previously obtained by photoselection. Reversibility was also
achieved by the addition of potassium hexacyanoferrate (1 equiv
with respect to ZnII ions) instead of tetrabutylammonium
thiocyanate, with however 10% more hydrolysis.
These results establish the reversibility of the two selection

processes, interconverting two different constituent distribu-
tions via the intermediate formation of the complete library,
and confirm the possibility to switch between metalloselection
and photoselection.
2.6. CDN Representation of the Metalloselection and

Photoselection Processes. The processes reported herein
concern CDLs of four members. They form CDNs that can
be represented as square weighted graphs,7 where vertices
correspond to the four constituents while diagonals and edges
describe, respectively, agonistic and antagonistic relationships
between the members of a set. The relative weights of the
vertices and links respond to the application of a chemical
effector, metal ions, or of a physical stimulus, light, in an
adaptive fashion.
Thus, the set of four acylhydrazones E-1A1C, 1A3C, 2A1C,

and 2A3C forms a square CDN responding both to metal
cations and light. The comparison of the variation in
constituent distribution obtained for metalloselection (Scheme
5, left) and photoselection (Scheme 5, right) on the respective
application of metal cations and of light irradiation reveals an
up-regulation of the agonists located on the two different
diagonals, respectively, [Zn(1A3C)2 and 2A1C] and [Z-1A1C
and 2A3C], together with a down-regulation of the correspond-
ing antagonists [E-1A1C and 2A3C] and [1A3C and 2A1C]. This
behavior corresponds to the operation of an orthogonal network
switching (see also ref 6d) in response to two different agents by
constitutional selection (Scheme 5).
In the case of the four hydrazones studied above, only

metalloselection on addition of zinc triflate could be obtained

(section 1.2). The corresponding square CDN displays an up-
regulation of Zn(1A2B)2 together with its agonist 2A1B and a
down-regulation of the two antagonists 1A1B and 2A2B, as
shown in Scheme 2.

■ CONCLUSIONS
The results described above achieve the modulation of a CDL
by two different agents, a further step in the design and operation
of complex adaptive networks. They present a number of features
that lead to the following conclusions: (1) CDLs of hydrazones
and acylhydrazones have been generated through component
exchange reactions implementing different types of catalytic
processes involving metal ions, organocatalyst, and strain
activation. (2) The CDL of the four acylhydrazones E-1A1C,
1A3C, 2A1C, and 2A3C undergoes adaptation by orthogonal
constitutional response to two external agents: the addition of
metallic cation and light irradiation (Schemes 4 and 5).
Metalloselection is observed on addition of zinc cations which
drive the amplification of Zn(1A3C)2 by selection of the fittest
constituent 1A3C, with simultaneous reorganization increasing the
amount of agonist 2A1C and decreasing the amounts of the
antagonists 1A1C and 2A3C. Photoselection proceeds by irradiation
of the system, leading to photoisomerization of E-1A1C into
Z-1A1C with amplification of the latter, up-regulation of 2A3C and
down-regulation of 1A3C and 2A1C. (3) The adaptation processes
are reversible via the intermediate restoration of the full library. (4)
This CDL forms a square CDN that displays network switching as
it undergoes orthogonal adaptation in response to metallo- and
photoselection. (5) The overall distribution of constituents within
a CDN and its regulation may be considered as an information
storage and processing system depending on and characteristic of
the agent(s) acting on it. The information can be erased via the
reversibility of the process. Moreover, one may note that, on
removal of the effector/stimulus, the system enters an out-of-
equilibrium state where it keeps memory of the encoded
information, thus ensuring fast recall on renewed presentation of
the agent. Such work is being pursued in this laboratory.
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Org. Biomol. Chem. 2012, 10, 60−66. (d) Sreenivasachary, N.; Lehn, J.-
M. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 5938−5948. (e) For
constitutional dynamics on a metal coordination center, see for
instance: Epstein, D. M.; Choudhary, S.; Churchill, R. M.; Keil, K. M.;
Eliseev, A. V.; Morrow, J. R. Inorg. Chem. 2001, 40, 1591−1596.
(f) Goral, V.; Nelen, M. I.; Eliseev, A. V.; Lehn, J.-M. Proc. Natl. Acad.
Sci. U.S.A. 2001, 98, 1347−1352. (g) Dumitru, F.; Legrand, Y.-M.;
Petit, E.; van der Lee, A.; Barboiu, M. Dalton Trans 2012, 41, 11860−
11865. (h) Legrand, Y.-M.; van der Lee, A.; Barboiu, M. Inorg. Chem.
2007, 46, 9540−9547.
(5) For a few examples of switching of imine compounds without
constitutional variation, see for instance: (a) Su, X.; Aprahamian, I.
Chem. Soc. Rev. 2014, 43, 1963−1981. (b) Franks, A. T.; Peng, D.;
Yang, W.; Franz, K. J. Inorg. Chem. 2014, 53, 1397−1405. (c) Ray, D.;
Foy, J. T.; Hughes, R. P.; Aprahamian, I. Nat. Chem. 2012, 4, 757−762.
(d) Zhao, L.; Sui, D.; Chai, J.; Wang, Y.; Jiang, S. J. Phys. Chem. B
2006, 110, 24299−24304. (e) Zhao, L.; Hou, Q.; Sui, D.; Wang, Y.;
Jiang, S. Spectrochim. Acta, Part A 2007, 67, 1120−1125.
(6) For examples of CDN, see for instance: (a) Giuseppone, N.;
Lehn, J.-M. Chem.Eur. J. 2006, 12, 1715−1722. (b) Hafezi, N.;
Lehn, J.-M. J. Am. Chem. Soc. 2012, 134, 12861−12868. (c) Lao, L.;
Schmitt, J.-L.; Lehn, J.-M. Chem.Eur. J. 2010, 16, 4903−4910.
(d) Ulrich, S.; Lehn, J.-M. Chem.Eur. J. 2009, 15, 5640−5645.
(e) Ghosh, S.; Mukhopadhyay, P.; Isaacs, L. J. Syst. Chem. 2010, 1, 1−
6.
(7) (a) Newman, M. E. J. Phys. Rev. E 2004, 70, 056131. (b) Serrano,
M. A.; Boguna, M.; Vespignani, A. Proc. Natl. Acad. Sci. U.S.A. 2009,
106, 6483−6488.
(8) (a) Chaur, M. N.; Collado, D.; Lehn, J.-M. Chem.Eur. J. 2011,
17, 248−258. (b) Vantomme, G.; Lehn, J.-M. Angew. Chem., Int. Ed.
2013, 52, 3940−3943. (c) Vantomme, G.; Hafezi, N.; Lehn, J.-M.
Chem. Sci. 2014, 5, 1475−1483.
(9) (a) Choudhury, A.; Geetha, B.; Sangeetha, N. R.; Kavita, V.;
Susila, V.; Pal, S. J. Coord. Chem. 1999, 48, 87−95. (b) Choudhary, S.;
Morrow, J. R. Angew. Chem., Int. Ed. 2002, 41, 4096−4098.

(c) Bernhardt, P. V.; Chin, P.; Sharpe, P. C.; Richardson, D. R.
Dalton Trans. 2007, 30, 3232−3244. (d) Chow, C. F.; Fujii, S.; Lehn,
J.-M. Angew. Chem., Int. Ed. 2007, 46, 5007−5010. (e) Cao, X. Y.;
Harrowfield, J.; Nitschke, J.; Ramirez, J.; Stadler, A. M.; Kyritsakas-
Gruber, N.; Madalan, A.; Rissanen, K.; Russo, L.; Vaughan, G.; Lehn,
J.-M. Eur. J. Inorg. Chem. 2007, 18, 2944−2965.
(10) (a) Palla, G.; Mangia, A.; Predieri, G. Ann. Chim. 1984, 74,
153−158. (b) Belov, D. G.; Rogachev, B. G.; Tkachenko, L. I.;
Smirnov, V. A.; Aldoshin, S. M. Russ. Chem. Bull. 2000, 49, 666−668.
(c) Syakaev, V. V.; Podyachev, S. N.; Buzykin, B. I.; Latypov, S. K.;
Habicher, W. D.; Konovalov, A. I. J. Mol. Struct. 2006, 788, 55−62.
(11) Nguyen, R.; Huc, Y. Chem. Commun. 2003, 942−943.
(12) (a) Jencks, W. P.; Catalysis in Chemistry and Enzymology;
McGraw-Hill: New York, 1969; pp 493−496;. (b) Cordes, E. H.;
Jencks, W. P. J. Am. Chem. Soc. 1962, 84, 826−831. (c) Bhat, V. T.;
Caniard, A. M.; Luksch, T.; Brenk, R.; Campopiano, D. J.; Greaney, M.
F. Nat. Chem. 2010, 2, 490−497. (d) Dirksen, A.; Dirksen, S.;
Hackeng, T. M.; Dawson, P. E. J. Am. Chem. Soc. 2006, 128, 15602−
15603. (e) Rashidian, M.; Mahmoodi, M. M.; Shah, R.; Dozier, J. K.;
Wagner, C. R.; Distefano, M. Bioconjugate Chem. 2013, 24, 333−342.
(f) For the catalysis of hydrazone formation by aniline derivatives, see:
Crisalli, P.; Kool, E. T. J. Org. Chem. 2013, 78 (3), 1184−1189.
(13) (a) Giuseppone, N.; Schmitt, J.-L.; Schwartz, E.; Lehn, J.-M. J.
Am. Chem. Soc. 2005, 127, 5528−5539. (b) Giuseppone, N.; Schmitt,
J.-L.; Lehn, J.-M. Angew. Chem., Int. Ed. 2004, 43, 4902−4906.
(14) In these conditions, no degradation products were observed.
Furthermore, attempts were made to reduce the amount of hydrolysis.
However, decreasing the fraction of water in the solvent did not lead
to a significant reduction in hydrolysis but to a marked increase in
reaction time.
(15) For a recent case of methylated hydrazones, see: Stadler, A.-M.;
Jiang, J.-J.; Wang, H.-P.; Bailly, C. Chem. Commun. 2013, 49, 3784−
3786.
(16) Tosi, G.; Cardellini, L.; Bocelli, G. Acta Crystallogr., Sect. B 1988,
44, 55−63.
(17) For a detailed discussion of the types and reactivity of distorted
amide bonds, including a useful qualitative description, see: Yamada, S.
The Amide Linkage: Structural Significance in Chemistry, Biochemistry,
and Materials Science; Greenberg, A., Ed.; Wiley-Interscience: New
York, 2000; p 215.
(18) (a) Lions, F.; Martin, K. V. J. Am. Chem. Soc. 1958, 80, 3858−
3865. (b) Geldard, J. F.; Lions, F. Inorg. Chem. 1963, 2, 270−282.
(c) Bell, C. F.; Rose, D. R. Inorg. Chem. 1968, 7, 325−329. (d) Bell, C.
F.; Rose, D. R. J. Chem. Soc. A 1969, 819−822. (e) Green, R. W.;
Hallman, P. S.; Lions, F. Inorg. Chem. 1963, 3, 376−381. (f) Chiswell,
B.; Geldard, J. F.; Phillip, A. T.; Lions, F. Inorg. Chem. 1964, 3, 1272−
1277. (g) Heit, M. L.; Ryan, D. E. Anal. Chim. Acta 1965, 32, 448−
455. (h) Bell, C. F.; Mortimore, G. R.; Reed, G. L. Org. Magn. Reson.
1976, 8, 45−48. (i) Weatherburn, D. C. Inorg. Chim. Acta 1977, 21,
209−215. (j) Casey, A. T.; Hoskins, B. F.; Traverso, I. P. Aust. J. Chem.
1984, 37, 739−749. (k) Ainscough, E. W.; Brodie, A. M.; Ingham, S.
L.; Waters, J. M. Inorg. Chim. Acta 1996, 249, 47−55.
(19) (a) Simpson, M. G.; Pittelkow, M.; Watson, S. P.; Sanders, J. K.
M. Org. Biomol. Chem. 2010, 8, 1181−1187. (b) Lam, T. S.; Belenguer,
A.; Roberts, S. L.; Naumann, C.; Jarrosson, T.; Otto, S.; Sanders, J. K.
M. Science 2005, 308, 667−669. (c) Furlan, R. L. E.; Ng, Y.-F.; Otto,
S.; Sanders, J. K. M. J. Am. Chem. Soc. 2001, 123, 8876−8877.
(d) Bunyapaiboonsri, T.; Ramstrom, H.; Ramstrom, O.; Haiech, J.;
Lehn, J.-M. J. Med. Chem. 2003, 46, 5803−5811. (e) Liu, J. Y.; West, K.
R.; Bondy, C. R.; Sanders, J. K. M. Org. Biomol. Chem. 2007, 5, 778−
786.
(20) Fun, H.-K.; Sujith, K. V.; Patil, P. S.; Kalluraya, B.;
Chantrapromma, S. Acta Crystallogr., Sect. E 2008, 64, o1961−o1962.
(21) (a) Stadler, A.-M.; Harrowfield, J. Inorg. Chim. Acta 2009, 362,
4298−4314. (b) Pouralimardan, O.; Chamayou, A.-C.; Janiak, C.;
Hosseini-Monfared, H. Inorg. Chim. Acta 2007, 360, 1599−1608.
(c) Mangalam, N. A.; Sivakumar, S.; Sheeja, S. R.; Prathapachandra
Kurup, M. R.; Tiekink, E. R. T. Inorg. Chim. Acta 2009, 362, 4191−
4197. (d) Livingstone, S. E.; Oluka, J. E. Transition Met. Chem. 1978, 3,

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja504813r | J. Am. Chem. Soc. 2014, 136, 9509−95189517



261−267. (e) Shongwe, M. S.; Al-Rahbi, S. H.; Al-Azani, M. A.; Al-
Muharbi, A. A.; Al-Mjeni, F.; Matoga, D.; Gismelseed, A.; Al-Omari, I.
A.; Yousif, A.; Adams, H.; Morris, M. J.; Mikuriya, M. Dalton Trans.
2012, 41, 2500−2514. (f) Mangalam, N. A.; Sheeja, S. R.;
Prathapachandra Kurup, M. R. Polyhedron 2010, 29, 3318−3323.
(g) Recio Despaigne, A. A.; da Silva, J. G.; do Carmo, A. C. M.; Sives,
F.; Piro, O. E.; Castellano, E. E.; Beraldo, H. Polyhedron 2009, 28,
3797−3803.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja504813r | J. Am. Chem. Soc. 2014, 136, 9509−95189518


