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ABSTRACT: Transition metals play an important role in many
biological processes including cellular regulation and signal trans-
duction. Emulating such processes on the molecular level, while
challenging, can help us learn how to manipulate intermolecular
communication, an important requirement for the development of
solution-based molecular machines. In this work, we demonstrate a
transition metal-based artificial multistep switching cascade that
exhibits intrinsic hierarchical level control. The process starts with
Zn(II), which initiates a transition metal relay by displacing a
macrocycle-encapsulated Pd(II). The latter then binds to a hydrazone
switch leading to coordination-coupled deprotonation (CCD).
Finally, the proton generated through CCD activates the E/Z
isomerization of a second noncoordinating pH-sensitive hydrazone switch. This whole multistep process can be reset to the original
state by removing the Pd(II) from the system.

■ INTRODUCTION
Signal transduction is an ubiquitous form of communication in
biology and is used to regulate the myriad processes necessary
for life.1 Such control usually requires multistep signal
transduction events in which a cascade of reactions are
triggered by a specific stimulus (e.g., multistep phosphor-
elay).2,3 One of the most common strategies underlying
sophisticated multistep cascades is metal exchange,4−7 the
study of which8 has helped us understand how cell machinery
select the correct transition metal to accomplish a particular
goal. Zn(II) ions are privileged in this regard because they play
an important role as signal transducers in cellular regulation,
neurotransmission, immunology, and skin formation, among
other processes, and hence, their biological activity has been
extensively studied.9−12 Inspired by the findings of these
studies, we developed13,14 a number of hydrazone switches,
such as 1 (Scheme 1), that undergo coordination-coupled
deprotonation (CCD) upon coordination with Zn(II).15

This biologically relevant16 process and the proton relay it
enables were later used by us in designing synthetic systems
that exhibit intermolecular communication,17 catalysis-based
amplification,18 and negative feedback loop function.19 These
examples of intermolecular communication are some of the
most complicated, molecular switch-based20,21 synthetic
reaction cascades reported, which have recently been
supplemented by systems where a combination of metal
redox, exchange, and relay are used to communicate between
up to three species.22−24 These latter systems, while beautiful,
rely on well-established, and sometimes structurally intricate,
metal coordination motifs.25−29 Considering the importance of

metal exchange and relays (including of protons) in biological
systems and the limited structural space of synthetic systems
that can mimic such processes, there is a critical need to
explore and develop alternative systems that can accomplish
similar goals. Here, we report on a hydrazone-based
hierarchical multistep switching cascade that combines metal
exchange and CCD-induced proton relay (Figure 1). Initially,
the macrocyclic ligand 2 encapsulates and compartmentalizes
Pd(II) ions, so they will not interact with the hydrazone
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Scheme 1. Switching via Coordination-Coupled Proton
Transfer in 1

Articlepubs.acs.org/JACS

© 2023 American Chemical Society
19554

https://doi.org/10.1021/jacs.3c02855
J. Am. Chem. Soc. 2023, 145, 19554−19560

D
ow

nl
oa

de
d 

vi
a 

D
A

R
TM

O
U

TH
 C

O
LG

 o
n 

Ju
ne

 1
6,

 2
02

4 
at

 1
5:

22
:1

7 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heyifei+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susnata+Pramanik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivan+Aprahamian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c02855&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/145/36?ref=pdf
https://pubs.acs.org/toc/jacsat/145/36?ref=pdf
https://pubs.acs.org/toc/jacsat/145/36?ref=pdf
https://pubs.acs.org/toc/jacsat/145/36?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c02855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


switches 1 and 3. When Zn(II) is added to the solution, it
displaces Pd(II) from the macrocyclic complex, which
coordinates to 1-E, yielding either [Pd(1-Z-H+)]2+ or [Pd(1-
E)]+. Subsequently, a proton relay from the latter triggers the
configurational change of a noncoordinated hydrazone 3. This
whole process can be reversed by i) removing the Pd(II) from
hydrazone 1 using extra ligand 2 or ii) completely removing all
the metal cations using an excess amount of cyanide. This work
is a proof of principle showing that sophisticated signal
transduction pathways can be realized using transition metal
ions (including a biologically relevant one) and simple
hydrazone switches. Such studies can in the future provide
insights into how biological systems design and manipulate
metal- and proton-based signaling pathways.9−12

■ RESULTS AND DISCUSSION
Synthesis. Known hydrazone switches 1 and 4 were

synthesized according to reported procedures.30,31 Hydrazone
switches 3, 5, and 6 were synthesized using a facile one-pot
procedure starting from appropriately substituted anilines and
ethyl-2-pyridyl acetate derivatives in 24−51% yield. The E
isomers of the hydrazones were separated as the major
products in all reactions. The assignment of the E isomer was

corroborated by the downfield chemical shift of the hydrazone
NH proton (14.28−14.68 ppm), arising from its intra-
molecular H-bond with the pyridyl nitrogen. All the
hydrazones were characterized using NMR spectroscopy and
mass spectrometry (see the Supporting Information for
synthetic details and characterization).
After screening a number of potential hydrazone candidates

(See SI for details, Figures S17−S29), switches 1 and 4
(Scheme 2a) were selected as the candidates for the
development of the hitherto unexplored Pd(II)-initiated
CCD process (vide inf ra). Meanwhile, the newly designed
hydrazones 3, 5, and 6 (Scheme 2b) were chosen as the
noncoordinating acid-responsive switch candidates (for the
other hydrazones that were screened but not discussed here,
please see Section S5 of the Supporting Information).

Coordination Studies. First, we set out to identify a host
ligand that can initially act as a reservoir to either Pd(II) or
Zn(II) (i.e., have a lower affinity to one of the metal ions),
which can subsequently be released upon binding with the
metal having the stronger affinity. We decided to go with
macrocycle 2 as it is known to bind many transition metals32

and, more importantly, because of its reported preference (i.e.,
10 orders of magnitude stronger binding) to Pd(II) over

Figure 1. Reversible hierarchical multistep switching cascade that relies on transition metal and proton relays. The addition of Zn(II) to a solution
of [Pd(2)]2+, 1-E and 3-E initiates a transition metal relay from [Pd(2)]2+ to 1-E. The Pd(II) triggers a CCD process with 1-E, followed by a
proton relay that results in 3-Z-H+.
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Zn(II) in water.32,33 Based on these studies Pd(II) forms 1:1
and 2:1 complexes with 2, with binding constants of K1 = 1.6 ×
1029 M−1 ([Pd(2)]2+) and K2 = 6.3 × 1051 M−1 ([Pd2(2)-
Cl2]2+), while Zn(II) only forms a 1:1 complex under similar
conditions with a binding constant of K = 5.0 × 1018 M−1

([Zn(2)]2+). Surprisingly, 1H NMR spectroscopy studies
showed that the relative binding affinities of Pd(II) and Zn(II)
to 2 were reversed in CD3CN compared to water (Figure S15).
To further elaborate on this trend, isothermal titration
calorimetry (ITC) was employed to study the binding affinity
between 2 and the transition metal cations (Table 1). The ITC

measurements showed a 2:1 binding between Pd(II) and 2
(Figure S46), with binding constants of K1 = 7.23 × 108 M−1

and K2 = 2.29 × 106 M−1. Competitive binding experiments
were then used to obtain the binding constant of Zn(II) with 2
because the value exceeded the upper detection limit of the
ITC instrument. The binding constant was calculated to be
1.47 × 1014 M−1 (Figure S45), which is 6 orders of magnitude
larger than that of Pd(II) in CH3CN.
The binding stoichiometry was further supported by X-ray

analysis of single crystals of [Zn(2)](ClO4)2, [Pd(2)](BF4)2,
and [Pd2(2)(CH3CN)2](BF4)4. In the 1:1 complex of

[Zn(2)]2+ (Figure 2a), the Zn(II) cation is hexacoordinated
with 2 (Zn−N, 2.180(5)-2.251(4) Å) and adopts an

octahedral geometry. In both the 1:1 and 2:1 complexes of
Pd(II) and 2 (Figure 2b,c), the Pd(II) cation is tetracoordi-
nated with 2 and adopts a square planar geometry. In the case
of [Pd(2)](BF4)2, the distance of Pd···N3 (2.951(4) Å) and
Pd···N6 (2.885(4) Å) are longer than the other Pd−N bonds
(2.047(4)-2.113(3) Å), which implies that only four nitrogen
atoms participate in the coordination. In the 2:1 complex, all
the Pd−N bond distances are similar (2.007(2)-2.065(3) Å)
and the Pd···Pd distance is 3.0311(4) Å.

Pd(II)-Initiated CCD. To expand the reach of CCD into
more sophisticated adaptive functional systems, we set up to
develop a new Pd(II)-initiated CCD process. After some initial
screening (see Supporting Information for more details), we
focused on hydrazones 1 and 4 as possible targets for
accomplishing this goal. The binding of Pd(II) with 1 and 4
was studied by ITC (Table 1), and 1H NMR and UV/vis
spectroscopies. The ITC studies indicated a 1:1 binding
stoichiometry for the complexation of Pd(II) with 1 and a
binding constant of 1.06×106 M−1 (Figure S47). The
stoichiometry was also corroborated using a Job’s plot analysis
(Figure S49). Fortunately, the binding constant measured for
Pd(II) and hydrazone 1 was in the correct range (i.e., lower
than 2) to enable the hierarchical sequence required for the
multistep switching cascade. In contrast, the ITC titration
results with 4 yielded two binding events with equilibria
constants of K1 = 2.33 × 107 M−1 and K2 = 1.19 × 106 M−1

(Figure S48). These results show that 4 would compete with 2
on the coordination of Pd(II), and so, we decided to use
hydrazone 1 in our subsequent switching cascade studies.
The 1H NMR spectrum of 1-E changes drastically after the

addition of Pd(II) (1.0 equiv) to the solution (Figure 3b). For
example, the hydrazone N−H proton signal of 1-E (δ = 15.38
ppm) disappears, indicating coordination with Pd(II). In
general, the aromatic signals of 1-E are shifted downfield upon

Scheme 2. (a) Hydrazone Switches Studied for the
Development of Pd(II)-Initiated CCD Process. (b)
Hydrazone switches studied as the proton acceptors in the
relay process

a(b) Hydrazone switches studied as the proton acceptors in the relay
process.

Table 1. Binding Constants Measured Using ITC (25 °C in
CH3CN)

complexation K1 (M−1) K2 (M−1)

[Zn(2)]2+a 1.47 ± 0.38 × 1014

[Pd(2)]2+ 7.23 ± 0.24 × 108 2.29 ± 0.22 × 106

[Pd(1)]+ 1.06 ± 0.08 × 106

[Pd(4)]+ 2.33 ± 0.90 × 107 1.19 ± 0.10×106
aThe binding constant of [Zn(2)]2+ was obtained by the competitive
binding experiment of Zn(ClO4)2 and [Pd(2)]2+.

Figure 2. ORTEP drawing (50% probability ellipsoids) of the X-ray
crystal structures of (a) [Zn(2)](ClO4)2; (b) [Pd(2)](BF4)2; (c)
[Pd2(2)(CH3CN)2](BF4)4; and (d) [Pd(1)(CH3CN)]BF4. The
anions are omitted for the sake of clarity.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c02855
J. Am. Chem. Soc. 2023, 145, 19554−19560

19556

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c02855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


complexation, except for protons H1, H6, and H8. A similar
trend was observed upon protonation of the pyridyl ring in 1,
indicating the development of a positive charge on the
ring.30,34 However, unlike what is observed in general with
Zn(II) where CCD triggers an E/Z isomerization and results
in a Zn(II)-bound protonated complex (Scheme 1),15,17 the
signal of the protonated pyridinium was not observed with
Pd(II) (Figure 3b). To confirm the occurrence of Pd(II)-
induced CCD, we conducted a control experiment using 2,6-
di-tert-butylpyridine (DBP) as a noncoordinated proton
acceptor. The addition of 1.0 equiv of Pd(II) to an equimolar
mixture of 1-E and DBP (Figure 3c) resulted in the
appearance of signals of protonated DBP (DPB-H+),
indicating that the coordination of Pd(II) led to the
deprotonation of 1-E and the release of protons to the
solution. The fact that the chemical shifts of Pd(II)-bound 1
were almost the same in the presence and absence of the base
(i.e., the chemical shift of the pyridyl ring is not shifting) made
us speculate that Pd(II) is bound to the pyridyl nitrogen
instead of the carbonyl oxygen, i.e., coordination might not
result in E → Z isomerization in this case. We observed a
similar outcome with Zn(II) as well in systems where the
pyridyl ring was replaced with an imidazolyl one.18 This
assignment of [Pd(1-E)]+ was confirmed using X-ray analysis
studies (Figure 2d). In the 1:1 complex between Pd(II) and 1,
the hydrazone has a planar geometry, while the Pd(II) cation is
tetracoordinated (with three nitrogen atoms from 1 and one
acetonitrile molecule). The 1H NMR spectrum obtained after
dissolving crystals used in the X-ray analysis in CD3CN
showed identical signals to [Pd(1-E)]+ (Figure S30e). These
results show that the final outcome of the coordination of 1
with Pd(II) results in a complex that retains the original
configuration of the hydrazone. We also performed Pd(II)
binding studies with 4 and similar results were obtained
(Figures S32 and S33).

Interestingly, the 1H NMR spectrum obtained right after
mixing an equimolar amount of Pd(II), 1-E, and DBP (Figure
S34) shows another small set of signals belonging to a Pd(II)-
bound 1 species. Correlation spectroscopy (COSY, Figure
S35) analysis indicated that this new set of signals corresponds
to [Pd(1-Z)]+ (Figure 1). In the absence of the base (Figure
S30f) a broad signal at δ = 13.37 ppm can be observed in the
1H NMR spectrum when acquired at a low temperature (238
K). This signal is similar in shape and chemical shift to the
protonated pyridinium N+−H proton signal observed in
Zn(II)-triggered CCD.15 The broadness and low intensity of
this signal, however, precluded the observation of any COSY
interactions with it. The fact that these minor signals diminish
in intensity after seven days indicates that this is a kinetic
product, which converts to the thermodynamically stable one
with time, i.e., [Pd(1-Z)]+ converts to [Pd(1-E)]+.

Proton Acceptor. Next, to achieve the last step of the
cascade, we set out to identify an acid-responsive hydrazone
switch that does not bind to either Zn(II) or Pd(II). Given the
previous observation that 4 does not coordinate to Zn(II),17

three different hydrazones (3, 5, and 6) were designed based
on its core (Scheme 2b). The Pd(II)-induced proton relay
process was then studied by 1H NMR spectroscopy using
equimolar mixtures of Pd(II), 1, and the respective acid-
responsive hydrazone. Mixing of Pd(II), 1, and 5 showed that
37% of 5 was coordinated to Pd(II), whereas 63% was
protonated (Figure S27). Hydrazone 6 which has an isopropyl
group on its phenyl group instead of a methyl one, as is the
case in 5, results in an improved coordination/protonation
ratio of 25:75%, respectively (Figure S28). Finally, substituting
the pyridyl ring as well with a methyl group at the ortho
position (3) completely blocks binding to Pd(II) and results in
100% protonation (Figure S26). Based on these results, 3 was
chosen as the noncoordinated acid-responsive hydrazone
switch for realizing the switching cascade.

Figure 3. 1H NMR spectra (CD3CN, 298 K) of (a) 1-E; (b) [Pd(1-E)]+ recorded after mixing an equimolar amount of Pd(II) and 1 ([1] = 1.3
mM); and (c) [Pd(1-E)]+ and protonated 2,6-di-tert-butylpyridine (DPB-H+) recorded after mixing an equimolar amount of Pd(II), 1-E, and DPB
([1] = 1.3 mM).
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Hierarchical Multistep Switching Cascade. After
identifying the appropriate pieces of the puzzle, we set out
to study the multistep switching cascade involving a transition
metal relay coupled to a proton relay using 1H NMR
spectroscopy. To determine the maximum amount of Pd(II)
that can be encapsulated by 2 under the switching cascade
conditions, equimolar mixtures of 1, 2, and DBP were
prepared, and 1.0−1.4 equiv of Pd(II) was gradually titrated
into the solution (Figure S36). The signals of 1 remained
unchanged up to 1.4 equiv of Pd(II), and no protonated DBP
signals were observed at this stage. Using 3 instead of DBP
resulted in the same outcome (Figure S38). These

observations imply that 2 can encapsulate up to 1.4 equiv of
Pd(II) in the presence of 1 without significant amount of metal
ion “leakage”.
Finally, the feasibility of the switching cascade was studied

(Figure 4). After mixing 2 (1.0 equiv), Pd(II) (1.4 equiv), 1
(1.0 equiv), and 3 (1.0 equiv) together, the 1H NMR spectrum
showed signals belonging to 1 and 3 in the aromatic region,
whereas the signals of protonated or metal-coordinated
hydrazones were absent, as expected (Figure 4b). After the
addition of Zn(II) (1.0 equiv) to the solution, it became
encapsulated by 2 and the metal ion relay of Pd(II) from 2 to 1
occurred. The subsequent Pd(II)-induced CCD process led to

Figure 4. Multi-input switching cascade. (a) Structures of different hydrazones used in the studies; (b) 1H NMR spectra (CD3CN, 298 K) of
[Pd(2)]2+ (Pd(II) 1.4 equiv), 1-E, and 3-E (initial state, equimolar of 1-E, 2 and 3-E, [1] = 1.3 mM); (c) [Zn(2)]2+, [Pd(1-E)]+, and 3-Z-H+ (final
state) obtained after the addition of 1.0 equiv Zn(II); (d) [Pd(1-E)]+ obtained by mixing equimolar amounts of Pd(II), 1, and DBP ([1] = 1.3
mM); (e) 3-Z-H+ obtained by adding an excess amount of trifluoroacetic acid (TFA) into 3; and (f) [Zn(1-Z)]+ obtained by mixing equimolar
amounts of Zn(II), 1, and DBP ([1] = 1.3 mM).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c02855
J. Am. Chem. Soc. 2023, 145, 19554−19560

19558

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02855/suppl_file/ja3c02855_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02855?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c02855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


proton relay, leading to the protonation of the acid-responsive
hydrazone 3 (Figure 4c). Accordingly, the N−H proton signal
of 1-E at δ = 15.38 ppm disappeared completely, indicating
that the CCD process reached completion. The N−H proton
signal of 3-E, which was originally at 14.25 ppm, underwent an
upfield shift to 12.58 ppm, indicating that the o-methyl-pyridyl
ring in hydrazone 3 was protonated.30 The proton signals
belonging to 3-Z-H+ at δ = 8.29, 8.19, 7.55, 7.38, and 7.33 ppm
(Figure 4e) all shift to a lower field compared with the initial 3-
E signals because of protonation, which also implies that the
proton relay occurred. None of the characteristic proton
signals (i.e., H3, H2, and H1 at δ = 7.06, 6.48, and 6.37 ppm)
belonging to [Zn(1-Z)]+ (Figure 4f) could be detected in the
final state of the switching cascade, while all the signals
belonging to [Pd(1-E)]+ (Figure 4d) are observed. These
findings clearly indicate that Zn(II) was fully encapsulated by 2
and did not participate in the CCD process, while Pd(II) was
involved in a metal relay and subsequent activation of the
CCD.
After the switching cascade reached completion, we reset the

whole system to its initial state in two different ways (Figure
S41): i) addition of nBu4NCN [12.0 equiv relative to existing
hydrazone 1, overall 5.0 equiv relative to the total amount of
Pd(II) and Zn(II)] to the final mixture, which removed the
Pd(II) and Zn(II) from 1 and 2, respectively, reverting the two
switches, 1 and 3, to their original state (Figure S41d) and ii)
addition of surplus 2 (1.5 equiv relative to existing hydrazone
1) to the final mixture which removed the metal from [Pd(1-
E)]+, reverting 1 and 3 back to their original state (Figure
S41e) and resulting in [Pd(2)]2+ (Figure S42). Addition of
another batch of Zn(II) (1.25 equiv relative to existing
hydrazone 1) to the reset system starts the whole cascade
event again (Figure S43).

■ CONCLUSIONS
We have successfully developed a three-component molecular
system that can communicate with each other via coupled
transition metal and proton relays. After much optimization,
macrocycle 2 was incorporated into a Zn(II)-triggered three-
step switching cascade which includes the Zn(II)-induced relay
of Pd(II) from 2 to 1, followed by a proton relay from [Pd(1-
E)]+ to the acid-responsive switch 3. This proof-of-principle
demonstration, which is one of the most complicated switching
cascades developed so far, showcases how intermolecular
communication can be realized by judiciously combining
appropriate transition metals and hydrazone switches together.
On top of showing how fine-tuned such processes are, these
results also provide insights into how to artificially mimic
biologically relevant signal transduction cascades4−7,9−12 using
simplified metal and pH-responsive building blocks.
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