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Regulating signal enhancement with
coordination-coupled deprotonation of a
hydrazone switch

Justin T. Foy,? Debdas Ray® and Ivan Aprahamian*®

Proton relay plays an important role in many biocatalytic pathways. In order to mimic such
processes in the context of molecular switches, we developed coordination coupled
deprotonation (CCD) driven signaling and signal enhancement sequences. This was
accomplished by using the zinc(ll)-initiated CCD of a hydrazone switch to instigate an acid
catalyzed imine bond hydrolysis that separates a quencher from a fluorophore thus leading to
emission amplification. Because CCD is a reversible process, we were able to show that the

catalysis can be regulated and turned “on” and “off” using a metelation/demetalation cycle.

Introduction

Signal transduction in biological systems relies on receptors
that respond to specific inputs in the environment, and then use
catalytic reactions to amplify the signal into useful
information.! This complex signaling network is regulated by
reversible feedback mechanisms that switch their activity “on”
and “off” to maintain homeostasis.? Recently, there has been
in designing multicomponent systems® that use
signaling cascades, whereupon one molecule acts as the input to
another, as a method towards mimicking the complexity® of
biological processes. Such research is expected to shed light on
the origins of life,’ and lead to molecular computing,® and
systems chemistry,’ among other developments. Molecular
switches and machines® have been pursued in this context as
enzyme mimics that are capable of controlling through their
reversible, stimuli-dependent (mainly light) processes, the
active sites of catalysts.” In doing so, these systems mimic the
regulatory activity demonstrated by enzymes.

We have recently developed hydrazone-based rotary
switches'® that undergo configurational switching (i.e., E/Z
isomerization) through a bio-inspired, zinc(Il)-initiated
coordination-coupled deprotonation (CCD) process.'™ We have
also demonstrated that CCD can be used in activating two
different switches through a sequence of proton relays.'” We
reasoned that the CCD induced reversible acid formation could
be used to drive a catalytic hydrolysis reaction, similar to what
is observed in many biological signaling pathways (e.g.
GTPases and phospholipases),’ to yield signal enhancement
(Scheme 1).'''? Herein, we demonstrate how the proton
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released in CCD can be used in mimicking such processes
through the acid catalyzed hydrolysis of anthracen-9-yl-N-(4-
nitrophenyl)methanimine13 (ANI). Furthermore, we show that
the imine hydrolysis (i.e., catalysis) can be toggled “on” and
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“off” through metelation/demetalation cycles.
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Scheme 1 The imidazolyl containing switch 1(E) undergoes CCD upon addition of
zinc(ll) resulting in the release of a proton to the environment. The acidification
of the solution can be used to turn “on” pH-sensitive dyes (S—->P), which lead to
fluorescence output. The coupling of this process to a catalytic cycle leads to
signal amplification. This process is reversible as the molecular switch 1(Zn-E) can
be deactivated through demetalation.

Results and discussion

The "H NMR spectrum of 1(E)'* (Fig. 1b) shows the presence
of two deshielded resonances at 6 = 15.22 and 11.39 ppm,
originating from the intramolecularly H-bonded hydrazone and
imidazolyl protons, respectively. The crystal structure of 1(E)
(Fig. 2a)"% also shows the existence of the intramolecular H-
bond between the hydrazone NH proton and quinolinyl (N3)
and imidazolyl nitrogens (N5) (HI(N1)eeeN3, 2.35(1) A,
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102.5(1)°, HI(N1)eeeN5, 1.93(1) A, 135.8(1)°,
respectively). The ester carbonyl oxygen also forms an
intramolecular hydrogen bond with the imidazolyl NH proton
(H4(N4)eee02, 2.21(1) A, 117.9(1)°). This additional
intramolecular H-bond changes the outcome of zinc(Il)-
initiated CCD in 1(FE): instead of an instantaneous E—Z
isomerization zinc(ID'4"  the
intramolecular H-bond locks the system in its E configuration
to form 1(Zn-E). This process was monitored and characterized
using 'H NMR spectroscopy (Fig. S5 in TESI), which shows
the disappearance of the hydrazone NH proton, and an up-field
shift of the imidazolyl NH signal (6 = 11.93 ppm) upon
coordination with zinc(II). Analysis of the crystal structure of
1(Zn-E) (Fig. 2b)16 reveals a shorter intramolecular H-bond
between the imidazolyl NH proton and ester oxygen
(H5(N5)se«O1, 2.03(1) A, 123.9(1)°). The binding of zinc(II)
with 1(E) was also studied using UV/Vis spectroscopy (Figs.
S25-S27 in TESI). A Job’s plot analysis showed a 1:1 binding
stoichiometry between 1(E) and zinc(II), with a binding
constant of K, = 1.6 x 10* ML,

and
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Fig. 1 (a) The compounds involved in the CCD initiated signaling event that turns
“on” the emission of MBD. The 'H NMR spectra (500 MHz, CD3CN) of (b) 1(E) and
MBD (1:1 mixture); (c) 1(Zn-E) and MBD-H" obtained after the addition of 1
equiv of zinc(l); (d) dissolved crystals of 1(Zn-E); and (e) MBD-H" obtained after
addition of TFA (8 equiv) to MBD.

N4

Fig. 2 ORTEP drawings (50% probability ellipsoids) of (a) 1(E) and (b) 1(Zn-E). The
protons are placed in calculated positions, except for those of the hydrazone
N(1) atom, the imidazolyl nitrogen atoms N(4)/N(5), and the water molecule,
which were refined. The counter ion of 1(Zn-E) is not shown for clarity.
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During the titration of 1(E) with zinc(Il) (Fig. S8 in TESI)
we observed that CCD was accompanied by the protonation of
non-coordinated 1(E). In order to put the released proton to
better use (and simplify the characterization process), the CCD
initiated process was coupled with a newly developed pH-
responsive fluorophore'” (morpholinyl-containing BODIPY
(MBD)), which resulted in the turn “on” of its fluorescence
emission (Fig. 1a)."® "H NMR spectroscopy analysis showed
that the addition of 1 equiv of zinc(Il) to a 1:1 mixture of 1(E)
and MBD (Fig. 1b) yields 1(Zn-E) and the protonated MBD
compound (MBD-H") (Fig. 1¢). The formation of the former
was confirmed by comparing the spectrum obtained via CCD to
the one obtained by the dissolution of crystals used in the X-ray
crystallographic analysis of 1(Zn-E) (Fig. 1d). The formation
of MBD-H", on the other hand, was confirmed by protonating
MBD separately with TFA (Fig. 1e). As can be seen in Fig. 1c
protonation causes a downfield shift of the phenyl signals of
MBD; from 6= 7.17 (H11) and 7.05 (H10) ppm in the neutral
form, to 6 = 7.63 (H11) and 7.78 (H10) ppm in the protonated
one. No such shifts are observed when zinc(Il) is added to
MBD (Fig. S32 in TESI) confirming that protonation results
from CCD.

This intermolecular proton relay was also probed using
fluorescence spectroscopy (Fig. 3). Initially, the fluorescence is
quenched most likely because of twisted intramolecular charge
transfer.!” Upon titration of zinc(Il) into a 1:1 mixture of MBD
and 1(E), a steady ratiometric increase in fluorescence intensity
(A = 522 nm) was observed as a result of the protonation of
MBD. The effect reached saturation when 1 equiv of zinc(Il)
was added to the solution (Fig. 3, inset), resulting in a 1000-
fold increase in emission intensity.19 A limit of detection (LOD)
of 3.9 uM was determined using this CCD initiated signaling
mechanism (Fig. $28 in tESI).*
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Fig. 3 Fluorescence spectra (5 x 107° M, CH3CN) of a 1:1 mixture of 1(E) and MBD
as a function of zinc(ll) equivalents. The inset shows the 1000-fold increase in
emission intensity.

pH-Responsive fluorophores'” have been extensively used
in sensing and molecular logic applications, and hence, the
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above mentioned results are not unexpected.® However, in most
cases the signaling event in such processes relies on one input
leading to one output, which is not suitable for designing
multicomponent signaling networks.®> In order to expand the
scope of our system (i.e., using a single input in generating
multiple outputs) and show its ability to reversibly control a
catalytic process we explored the potential of coupling the CCD
initiated signaling event with an amplification mechanism. We
hypothesized that the acid catalyzed hydrolysis of an imine
bond could be used to detach a quencher group from a
fluorophore. For this purpose, we chose the weakly fluorescent
dye ANI, which we speculated will undergo catalytic
hydrolysis that will detach the p-nitrophenyl quencher’' and
yield the more fluorescent anthraldehyde emitter (Fig. 4a).
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Fig. 4 (a) The on/off hydrolysis of ANI using reversible CCD of a catalytic amount
of 1(E); the 'H NMR spectra (500 MHz, CD3CN) showing the imine and NH region
of (b) ANI and 1(E); (c) hydrolysis of ANl and formation of anthraldehyde after
the addition of Zn(ClO,),; (d) hydrolysis turn “off” and restoration of 1(E) by
addition of excess CN7; (e) mixture 10 min after the addition of CN-,
demonstrating that catalysis is deactivated; and (f) the complete hydrolysis of
ANI after the re-introduction of zinc(ll).
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This catalytic process was studied using 'H NMR
spectroscopy (Fig. S22 in TESI) with 10 mol% of 1(E). Upon
adding 10 mol% of zinc(II) a catalytic amount of acid is
produced through CCD that results in complete hydrolysis of
ANI within 20 minutes. The maximum turnover number under
these conditions is 10, which means that at best each proton is
now leading to 10 outputs! This signal enhancement process
was also followed using fluorometry (Fig. 5). Upon the addition
of 10 mol% of zinc(I) to a 1:1 mixture of 1(E) and ANI a
steady increase in fluorescence was observed (4 = 522 nm),
which reached saturation after 180 minutes.?

Next we took advantage of the reversible nature of CCD
(Fig. S17 in TESI) to regulate the catalysis and toggle it
between the “on” and “off” states. To follow this process we
focused on the diagnostic imine and aldehyde proton signals of
ANI and the anthraldehyde product, respectively (Fig. 4a). The
initial mixture (Fig. 4b) shows the characteristic imine signal of
ANI at 6 = 9.77 ppm, and the hydrazone and imidazole NH
proton signals of 1(E) (catalytic amount)®® at & = 15.25 and
11.38 ppm, respectively. The addition of Zn(ClO,), to the
mixture affords 1(Zn-E), with its characteristic imidazolyl
resonance at o = 11.93 ppm (Fig. 4c). The concomitant release
of acid results in the hydrolysis of the imine bond and
production of anthraldehyde, which results in a signal at ¢ =
11.50 ppm that grows over time.”* The catalysis was turned
“off” with the addition of excess CN~ (5 equiv), which
effectively demetalates 1(Zn-E) and restores 1(E), thus
stopping the catalytic cycle (Fig. 4d).”® This mixture was
monitored for an additional 10 minutes to ensure that the 'H
NMR spectrum does not change during the “off” state (Fig. 4e).
The hydrolysis can then be turned back “on” with the
reintroduction of excess Zn(ClOy), (7 equiv), which results in
the complete hydrolysis of ANI within a few minutes.
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Fig. 5 The fluorescence spectra (5 x 10" M, CH;CN) obtained through the CCD
mediated catalytic hydrolysis of ANI.
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Conclusions

We
deprotonation can be used in signaling and catalysis driven

have demonstrated how coordination-coupled
signal amplification. These processes are possible because CCD
in 1(E) leads to the acidification of the solution, which when
coupled with pH sensitive fluorophores leads to fluorescence
turn “on”. This was demonstrated with the activation of a new
BODIPY dye (MBD) that led to a 1000-fold increase in
emission intensity. More importantly, the reversible CCD
process was used in regulating signal enhancement by turning

LH

the catalytic hydrolysis of ANI “on” and “off” using a
metalation/demetalation cycle. We plan to continue with the
development of multicomponent switchable systems, and
further complicate the processes they can accomplish by using
switches that can be activated by orthogonal inputs.’S We
hypothesize that this methodology will lead the way towards

chemical systems’ with biological level complexity.
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Compound 1(E) was synthesized following the procedure reported in
ref. 10e.

Crystal data for 1(E) (CCDC 862857): Ci¢HisNsO,, M = 309.33,
monoclinic, a = 11.6410(8) A, b = 8.7512(6) A, ¢ = 14.7356(10) A, «
= 90.00°, B = 92.5980(10)°, y = 90.00°, V = 1499.61(18) A3 T =
173(2) K, space group P2l/c, Z = 4, 11726 retlections measured,
2739 independent reflections (R, = 0.0292). The final R; values were
0.0453 (I > 20(I)). The final wR(F>) values were 0.1115 (I > 20(1)).
The final R, values were 0.0544 (all data). The final wR(F>) values
were 0.1191 (all data).

Crystal data 1(Zn-E) (CCDC 990962):
(C1sH9N6O3Zn)*0.5(C,H;3N)*(C10,4), M = 552.74, monoclinic, a =
22.782(2) A, b = 7.5608(8) A, ¢ = 26.996(3) A, a = 90.00°, § =
102.9420(10)°, y = 90.00°, V = 4531.9(8) A®, T = 173(2) K, space
group C2/c, Z = 8, 18054 reflections measured, 4252 independent
reflections (R, = 0.0710). The final R, values were 0.0678 (I >
2a(I)). The final wR(F,) values were 0.1595 (I > 20([)). The final R,
values were 0.1222 (all data). The final wR(F,) values were 0.1888
(all data).
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When zinc(Il) is added to MBD (Fig. S33 intESI) no appreciable

increase in emission is observed confirming that protonation results
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No increase in emission is observed when ANI is treated with
zinc(Il) (Fig. S30 in $ESI) indicating that the CCD is required for the
hydrolysis to occur.

20 mol% was used in this case in order to observe the NH signals in
the "H NMR spectrum.

The addition of zinc(IT) to ANI resulted in no changes in the "H NMR
spectrum (Fig. S29 in ESI) indicating that the CCD is required for
the hydrolysis to occur.

The addition of a high concentration of CN™ leads to a side (addition)
reaction with the imine (Fig. S23 in fESI). In order to obtain a

cleaner transformation we used TREN as the demetalation agent.
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This yielded a clean and reversible catalysis (Fig. S24 in {ESI);
however, the partial consumption of the released proton by TREN
upon reintroduction of zinc(Il) to the mixture, significantly slowed
down the reaction rate (i.e., hydrolysis completes in 6 h). This also
means that now we have a larger turnover number, because less
protons are available for catalysis.
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