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ABSTRACT: A negative feedback loop that relies on the coor-
dination-coupled deprotonation (CCD) of a hydrazone switch has
been developed. Above a particular threshold of zinc(ll), CCD
releases enough protons to the environment to trigger a cascade of
reactions that yield an imine. This imine sequesters the excess of
zinc from the hydrazone switch, hence lowering the effective
amount of protons, and switching the cascade reactions “OFF”,
thus establishing the negative feedback loop.

Feedback loops are involved in the control of various processes
ranging from climate and computing systems to the stock market.!
Such loops are also crucial in biology because they ensure home-
ostasis by regulating sugar concentration, blood pressure, and
body temperature, among other processes.> Glycogenesis, for
example, is triggered when glucose levels rise above a certain
threshold. This process triggers a complex signaling cascade that
initiates the release of insulin followed by glycogen synthesis,
which leads to the lowering of blood glucose concentration to an
optimal level.? This example is an instance of a negative feedback
loop. In positive feedback loops, on the other hand, the product of
a reaction amplifies the process that causes its production. While
the latter is common in synthetic organic systems (e.g., autocatal-
ysis)* there has been an appreciable lag in the development of
negative feedback loops. Whereas artificial biological components
have been exploited to demonstrate negative feedback mecha-
nisms,> chemical based negative loops have not been explored
beyond a small number of oscillating reactions.® The development
of negative feedback loops based on synthetic organic com-
pounds, while not trivial, is important for the design of processes,
such as oscillating systems, which are governed by non-
equilibrium thermodynamics. More importantly they are crucial in
imparting adaptivity” to chemically fueled dissipative systems
(e.g., out-of-equilibrium self-assemblies) which, while not com-
mon,® are getting more attention from numerous research commu-
nities.’?

We0 and others'! have been interested in developing multi-
component switching'? and signaling cascades!® as a means of
mimicking the complexity* of biological systems. For this sys-
tems chemistry'® approach to be successful, different types of
self-regulating mechanisms must be established, particularly ones
that can function as negative feedback loops. Herein, we report
such a process utilizing coordination-coupled deprotonation
(CCD).'¢ The system works as follows (Scheme 1): below a cer-
tain level of zinc(Il) concentration (depicted with a black equilib-
rium arrow) CCD does not produce enough protons to catalyze
the deprotection of compound 3. Once the threshold is exceeded
(depicted with red arrows), the protons begin to catalyze the hy-
drolysis, leading to aminoquinoline (4). Amine 4 and pyridine

carbaldehyde (5), already present in the solution, combine togeth-
er and form a thermodynamically more stable bishomoleptic
imine complex 6 following the sequestration of zinc(ll) from 2
and the remediation of hydrazone 1. This event lowers in turn the
effective concentration of protons in the solution and shuts down
the production of the imine complex. This sequence of events was
shown to work as a negative feedback loop in which the concen-
tration of zinc(lIl) is lowered every time it rises above a certain
threshold.!”

Scheme 1. The coordination-coupled deprotonation-initiated neg-
ative feedback loop. The red arrows depict the process that takes
place upon surpassing the threshold amount of zinc(ll). The me-
thyltritylether produced with 4 is not shown for the sake of clarity.
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We previously found that the CCD prompted release of protons
to the environment is optimized in hydrazone switches whose
pyridyl ring cannot be coplanar with the rest of the molecule.3
Therefore, we decided to incorporate a methylpyridyl ring within
the rotor part of compound 1. Additionally, we introduced a keto-
instead of an ester group in the rotor part to reduce the zinc(ll)
binding affinity of the switch. The targeted hydrazone was syn-
thesized in 65% yield via the condensation reaction between 1-(3-
methylpyridin-2-yl)hexan-2-one and quinoline diazonium salt
under basic conditions (see Supporting Information). The switch
was fully characterized using *H and 3C NMR spectroscopies,
high-resolution mass spectrometry and X-ray crystallography.
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Figure 1. Partial 'H NMR (600 MHz, CD3CN, 294 K) spectra of
(a) the E-isomer of hydrazone 1 (a small amount of the Z-isomer
can also be seen); (b) zinc-bound hydrazone, 2. The spectrum was
obtained after reacting 1 with two equivalents of Zn(ClO4)2 (a
small amount of deprotonated zinc-bound complex, 2dp, can also
be seen); (c) imine complex 6 synthesized separately; (d) hydra-
zone 1, and complex 6 (the spectrum was recorded after the addi-
tion of 1.0 equiv. of Zn(ClOa)2 to 1 followed by the addition of 4
and 5, two equivalent of each); and (e) a mixture of free hydra-
zone 1, imine complex 6 and methyltritylether-ds (PhsCOCD3)
(the spectrum was observed when 2 was treated with protected
amine 3 and pyridine 2-carbaldehyde (5); signals assigned with a
green star belong to the PhsCOCD3s). CD3OD was employed as
co-solvent to capture the liberated trityl cation.

The *H NMR spectrum of 1 in CDsCN shows the presence of
predominantly (>98%) a single isomer in solution (Figure 1a and
Figure S1 in the Supporting Information). The hydrazone NH
signal appears at 10.7 ppm, which is relatively upfield shifted
compared to the previously reported hydrazone systems (13-15
ppm).'® This chemical shift is attributed to the weak hydrogen
bonding between the pyridyl nitrogen and NH proton, which is in
accordance with the non-coplanarity of the methylpyridyl ring
with the rest of the hydrazone molecule. This assertion is corrobo-
rated by the X-ray crystal analysis of 1 (Figure S40 in the Sup-
porting Information). The configuration of 1 was also confirmed
by nuclear Overhauser enhancement spectroscopy (NOESY),
which shows cross peaks between the butyl protons and protons 4,
clearly confirming that the E-configuration is the predominant
isomer in solution (Figure S5 in the Supporting Information).

The coordination of 1 with Zn(ClOs): is evident by the naked
eye as the color of the solution changes from pale yellow to red.
Hence, UV-Vis spectroscopy was used to calculate the binding
affinity of 1 to Zn(Il) (logK = 4.75 + 0.11, Figures S27 & S28 in
the Supporting Information). This process was also probed using
'H NMR spectroscopy (Figure 1b and Figure S12 in the Support-
ing Information), which showed the disappearance of the hydra-
zone NH proton upon coordination, indicating the occurrence of
CCD. Coordination also leads to E/Z isomerization, which was
confirmed by comparing the changes in the chemical shifts of the
quinonyl and pyridyl protons upon coordination (Figure S15 in
the Supporting Information), with previously studied systems, and
X-ray crystallography (Figure S40 in the Supporting Information).
Based on the *H NMR studies, the outcome of CCD is the for-
mation (>90%) of the zinc-bound, protonated and switched com-
plex 2, in addition to a minor deprotonated zinc-bound complex
(2dp). The identity of the deprotonated complex was established

separately using a control experiment in which 2 was treated with
base (N,N-dimethylaminopyridine - DMAP). The obtained spec-
trum (Figure S16 in the Supporting Information) exactly matches
the minor signals observed in the solution mixture.

Next, we utilized the acidic proton of complex 2 to deprotect
the aminoquinoline 3 (synthesis and characterization shown in
Supporting Information). The catalysis was monitored using *H
NMR spectroscopy and its rate was determined to be 3.03 M-s!
(Figures S34-S36 in the Supporting Information). To establish
that the protons, and not zinc(ll), are catalyzing the hydrolysis we
conducted a control experiment. Compound 2 was deprotonated
using DMAP and then 3 was introduced to the mixture. As ex-
pected, no hydrolysis was observed (Figure S21 in the Supporting
Information). This experiment clearly demonstrates that the pro-
ton released through CCD is responsible for the uncaging of 3.

To ensure that translocation of zinc(ll) occurs from 2 to the
newly formed imine compound, we synthesized complex 6 in the
presence of 1 (Figure 1d). The addition of 8-aminoquinoline (4)
and pyridine 2-carbaldehyde (5) to an in situ formed complex 2,
led to the formation of 1 and 6 (see Supporting Information for
synthesis and characterization) (Figure 1d). The binding affinity
of 6 with zinc (I1) (logK = 9.54 + 0.56; Figure S30 in the Support-
ing Information) was found to be much larger than that of 1,
which explains why the sequestration takes place.

Subsequently we studied the deprotection of amine 3 using
CCD, by adding 3 and aldehyde 5 to a reaction mixture containing
2. Encouragingly, we observed that the reaction leads to the free
hydrazone 1, in addition to the formation of the bishomoleptic
imine complex 6 with an overall rate of 1.01 M-1s? (Figure 1e and
Figure S37-S39 in the Supporting Information). This same reac-
tion was also carried out in one pot, leading to similar results.
Addition of Zn(ClOa4)2 to a mixture of 1, 3 and 5 (Figure S19 in
the Supporting Information) changes the color of the solution
from pale yellow to red, indicating the formation of 2. The color
then slowly changes to yellow, as 1 reforms in solution.
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Figure 2. The *H NMR (600 MHz, CD3CN and CD30OD (30:1),
294 K) spectra after the addition of (a) 5 mol% of Zn(ClO4)2 to a
mixture of 1, 3 and 5 (1:2:2). No formation of imine complex 6 is
observed; (b) 20 mol% of the Zn(ClO4)2 to the mixture; (c) 25
mol%, in total, of Zn(ClOa4)2 to the latter mixture. Complex 6
starts forming; and (d) 35 mol% in total of Zn(ClO4)2 shows in-
cremental formation of 6.
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These findings prompted us to investigate as to whether we can
use the sequence of reactions described above to develop a nega-
tive feedback loop. To accomplish this goal we needed to find a
concentration threshold where CCD driven process produces
enough protons that can hydrolyze 3. Once this happens 6 will be
formed thus sequestering the excess of zinc(l1) out of the system,
until it falls below the threshold concentration, thus finalizing the
negative feedback loop.
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Figure 3. Incremental addition of zinc(ll) to a mixture of 1, 3, and
5 results in the formation of 6, only after a certain threshold (20
mol%) is passed. The yield of 6 at 25, 30 and 35 mol% of zinc(Il)
was measured using *H NMR spectroscopy, and was found to
track well (green bars) with the excess zinc(ll) added to the mix-
ture.

We used a mixture of 1 (2.3 x 10* M), 2 and 3 (1:2:2) and ti-
trated the solution with small aliquots of Zn(ClO4)2, and based on
the measured reaction rates, waited for 1h for the system to equil-
ibrate. The *H NMR spectra (Figure 2) show no formation of
imine complex 6 up to 20 (£1) mol% of Zn(ClO4)2 (Figure 2b);
however, when the concentration of Zn(ClO4)2 is increased about
this value, for example to 25 mol%, 6 starts to form (Figure 2c).
More importantly, the 'H NMR spectrum after the addition of 25
mol% of the zinc(ll) and equilibration for 1h, reveals that the
yield of 6 (6.8 x 10" mol) tracks well with the amount of excess
metal ions added (7.0 x 10-% mol) beyond the 20 mol% (Figure
3).1 This experiment clearly shows that the imine complex
formed through CCD is sequestering zinc(ll) from 2, until a cer-
tain threshold of zinc(ll) is reached, i.e., the negative feedback
loop is working.2

The fact that the reaction occurs using incremental substoichi-
ometric amounts of Zn(ClO4)2 (Figure 2d) allowed us to show an
“ON/OFF” process in which the reaction that forms 6 proceeds as
long as zinc(ll) is added to the mixture. When this condition is not
satisfied the solution will contain excess protected amine 3 and
aldehyde 5, in addition to 1 and 6. Only the addition of stoichio-
metric amount of Zn(ClO4)2 will lead to the complete consump-
tion of compounds 3 and 5. This process is evident in the 'H
NMR studies that show the gradual production of complex 6,
upon the addition of 30, 60 and 90 mol%, of Zn(ClOa): relative to
1 (Figure S26 in the Supporting Information).

We have shown that coordination-coupled deprotonation in a
hydrazone based system can be used in devising a negative feed-
back loop that sequesters zinc(ll) from the environment until its
concentration falls below a certain threshold. The crucial factors
that ensure the function of this system are the (a) release of proton
from the hydrazone receptor after zinc(ll) binding; and (b) high
thermodynamic stability of the newly formed imine complex (6)
relative to the hydrazone (2). We envision that the proper cou-
pling of this negative feedback mechanism with known positive
feedback loops will lead to adaptive dissipative assemblies, and
new oscillating systems,® which will in turn allow us to better
understand non-equilibrium processes.
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