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ABSTRACT: The silver(I) catch—release system com-
posed of nanoswitch 1 and the anthracene-appended
crown ether 2 is infallibly driven by chemical triggers and
ion transfer. Any state of the silver(I) translocation is self-
reported by a ratiometric emission signature at 472 and
554 nm. In the self-sorted networked state I, the silver(I)
ions are tightly shielded inside nanoswitch [Ag(1)]*
(“catch”) so that their catalytic activity is zero while
emission at 554 nm is maximum. Addition of zinc(II)
releases silver(I) from [Ag(1)]* and generates the
catalytically active and fluorescent complex [Ag(2)]*. In
this networked state II (“release”) both catalytic activity
and emission at 472 nm are maximum. Removal of the
original trigger regenerates networked state I. ON/OFF
control and recycling of catalyst was demonstrated over
three in situ cycles.

hile metal-ion catalysis (Pd*", Pt"™, Cu, etc.)' is

widespread, exact stoichiometry of redox- and light-
sensitive ions, e.g. Ag*,2 is often difficult to command. In
particular, silver(I) is well-known for its photosensitivity so
that controlling, recycling and reproducing its catalytic activity”
is often hampered.” Herein, we describe the dependable
generation of an anthracene-crown ether silver(I) complex
with a built-in fluorescence-reporter system. While this
complex is as catalytically active as free silver(I), it is
noticeably more resistant to decomposition. Its multiuse utility
is demonstrated in a chemically toggled catch—release system
that allows continuous fine-tuning and monitoring of silver(I)-
catalytic activity from OFF to ON. The chemically
triggered modus operandi runs contrary to other catch—release
systems,”® most of which are based on magnetic nano-
particles.” The present work thus opens the arena of
intermolecular communication,” so far mostly studied for
proof of concept,” for practical purposes.

Design of the catch—release system (Scheme 1) has been
inspired by recent progress in chemically networked nano-
switches'® and nanorotors'' that enable ON/OFF-adjustment
of copper(I) catalysis by an external trigger. Analogous
regulation of sensitive silver(I) though is much more
challenging and requires stabilization of silver(I) without loss
of catalytic activity. In the present work both luminescence
(ratiometric) and catalytic activity (ON/OFF) are com-
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Scheme 1. Catch—Release of Catalytic Silver(I) Triggered
by Zinc(II)

o [ NetState I - Catalysis OFF )

[Ag(2T"

manded by the translocation of silver(I) from nanoswitch 1
to receptor 2. In the initial networked state (NetState-I),
silver(I) ions are tightly captured within the cavity of the
triangular nanoswitch 1 (“catch”) so that catalysis is OFF. In
this state the luminophore 2 is left uncoordinated exhibiting
fluorescence at 554 nm. Upon addition of zinc(II) as trigger,
nanoswitch [Ag(1)]* will transmit silver(I) ions to the
anthracene-crown ether 2 resulting in [Zn(1)]*" and [Ag(2)]".
In NetState-II (“release”) fluorescence emerges at 472 nm and
catalysis is ON.

The details of this switchable ensemble were conceived
along the following considerations. (1) Because of its two
terpyridine binding sites, nanoswitch 1 should inhibit catalytic
activity of silver(I), but should preferentially bind zinc(II) thus
liberating Ag" ionms. (2) The azacrown-ether appended
anthracene 2 should act as luminescence-responsive host for
liberated silver(I). (3) The initial self-sorting'” should place
silver(I) preferentially in nanoswitch 1 over probe 2. (4)
Silver(I) should be stabilized by binding to the crown-ether
site of 2 but still unfold catalytic activity. (5) Reactant and
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product of the catalytic process should not intervene with the
catch—release protocol.

To design the exact binding sites in 1 and 2, we tested the
metal-ion dependent self-sorting by mixing of 2,2":6'2"-
terpyridine (3), azacrown 4 and AgBF, in a ratio of 2:1:1
(Scheme 2). The homoleptic silver complex 5=[Ag(3),]*

Scheme 2. (A) Switching between Complexes S, 6 and 7;
(B) Structures of 5—7
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formed selectively whereas azacrown-ether 4 remained free.
This self-sorting is fully understandable on thermodynamic
grounds, since S has a higher binding affinity (Alog K = 3.18,
Figures S46 and S47) toward silver(I) than 4. Afterward,
addition of 1.0 equiv of Zn(OTf), selectively translocated the
silver ions from 5=[Ag(3),]" to the azacrown receptor
affording 7=[Ag(4)]" and the zinc complex 6=[Zn(3),]*".

Using this insight, nanoswitch 1 was conceived as a
triangular scaffold with two terpyridine units. Complex
[Ag(1)]* was prepared by mixing AgBF, (as standard solution
in d;-acetonitrile) and nanoswitch 1 in d,-dichloromethane
(1:50 v/v) at 25 °C and fully characterized by 'H NMR,
"H-'H-COSY, UV—vis, ESI-MS and elemental analysis. For
instance, a single peak at m/z = 895.8 (100%) in the
electrospray-ionization mass spectrum (ESI-MS) attests
formation of [Ag(1)]* (Figure S44). Analogously, complex
[Zn(1)]** was prepared from Zn(OTf), and nanoswitch 1
(1:1) (Figure S44).

Luminophore 2, conceived as an anthracene with an
appended N,O-crown-ether receptor, was synthesized (Scheme
S1) and characterized (for X-ray, Figure 1A). The ethynyl

(A)

Figure 1. (A) X-ray crystal structure of 2. Hydrogen atoms are shown
in white; C, light gray; N, blue; O, red; Br, orange. (B) Ball and stick
representation of the energy-minimized structure (B3LYP/3-21G) of
[Ag(2)]".

linkage between fluorophore and binding site was expected to
entail an intense intramolecular charge transfer (ICT) from the
nitrogen to the anthracene. Anthracene was chosen as a
reporter element due to its known excitation/emission profile
with high fluorescence quantum efliciency.

In CH,Cl,:CH;CN (50:1), luminophore 2 exhibits
absorptions at 4 = 255, 411, and 435 nm (broad). In a UV—
vis titration with silver tetrafluoroborate, one observes the
appearance of a new lower-energy band centered around 268
nm that increases upon progressive addition of the metal ion at
the expense of the band at A = 255 nm. These findings strongly
indicate that silver(I) ion binds at the aza-15-crown-S site.
Upon exceeding one equiv of silver(I), the absorbance at A =
268 nm remained almost constant, suggesting formation of a
1:1 complex. This stoichiometry was corroborated by a Job
plot analysis and a peak at m/z = 682.2 in the ESI-MS (for the
computed structure, see Figure 1B). Binding of silver(I) ions
toward receptor 2 was determined as log K = 3.66 + 0.29
(Figure S47).

Figure 2A (inset) illustrates the emission of reporter 2 when
excited at A = 410 nm. In the absence of silver(I), 2 exhibits a
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Figure 2. (A) Ratiometric fluorescence titration of 2 (2.78 uM) with
silver(I) in CH,Cl,:CH;CN = 50:1. (B) Reversibility of chemical
network over three cycles monitored by fluorescence intensity at 1 =
554 and 472 nm. (C) Multiple cycles monitored at A = 554 nm. (D)
Reversible chemical communication monitored by UV—vis.

strong emission at 4 = 554 nm with a bright yellow
fluorescence, characteristic of conjugated anthracene deriva-
tives. As expected by design, in a titration of 2 with silver(I),
the initial peak at 4 = 554 nm gradually decreases while
simultaneously emissions at 4 = 448 and 472 nm emerge. The
sky-blue emission was assigned to complex [Ag(2)]*. The large
blue shift is attributed to a silver(I)-induced restriction of the
intramolecular charge transfer process (ICT). The fluores-
cence quantum yield of 2 (@ = 0.58) was decreased to ® =
0.28 upon addition of one equiv of Ag(I) ions.

For testing the required self-sorting, we blended nanoswitch
1, reporter 2 and AgBF, in a 1:1:1 ratio in d,-dichloromethane.
The resultant NetState-1, i.e. [Ag(1)]* + 2, was ascertained in
the ESI-MS by m/z = 895.8 (100%) with an isotopic
distribution matching exactly the theoretical one of [Ag(1)]*.
Moreover, in the '"H NMR (Figure 3) protons a-H, b-H, and c-
H are diagnostically shifted from 8.68, 7.25, and 7.75 ppm to
8.08, 7.20, and 7.70 ppm alike in isolated [Ag(1)]". Proton
signals for a’-H and b’-H at 6.55 and 7.61 ppm correspond to
free 2. In addition, the UV—vis spectrum shows bands at 4 =
255, 411, and 435 nm that are diagnostic of free 2 and a new
absorption at 4 = 321 nm corresponding to [Ag(1)]".

Upon addition of 1.0 equiv of Zn(OTf), (as a standard
solution in CD;CN) to NetState-I = [Ag(1)]* + 2, a second
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Figure 3. Comparison of partial 'H NMR spectra (400 MHz, CD,Cl,,
298 K) of (a) switch 1, (b) [Ag(1)], (c) [Zn(1)]*, (d) luminophore
2, (o) [Ag(2)]", () [Ag(1)]" + 2, and (g) [Zn(1)]*" + [Ag(2)]".

quantitative self-sorting generated NetState-II = [Zn(1)]*" +
[Ag(2)]". In the ESI-MS a singly charged species at m/z =
1001.4 (95%) and a doubly charged one at m/z = 427.7 (15%)
attest presence of [Zn(1)]** (Figure S44). Moreover, a singly
charged species at m/z = 682.2 (100%) represents [Ag(2)]*.
Diagnostically, in the "H NMR, protons a-H, b-H, and c-H are
shifted to 8.50, 8.15, and 7.50 ppm matching exactly the data
of [Zn(1)]** while [Ag(2)]* is equally recognized by its
diagnostic shifts.

Kinetics of Ag" release and translocation, i.e. of the zinc(II)-
induced self-sorting, was determined using UV—vis spectros-
copy at 25 °C. Upon addition of 1.0 equiv of Zn(OTf), to
NetState-], the band at A = 321 nm corresponding to [Ag(1)]*
shifted within 1.5 min to 345 nm, an absorption representing
[Zn(1)]*". Synchronously the absorption of 2 at 4 = 460 nm
experienced a blue shift to 410 nm. Interestingly, in absence of
2 the replacement of silver(I) by zinc(II) in 1 was a bit slower
taking almost 2 min for completion. Full reversal back to
NetState-I was accomplished within 2.5 min by addition of
hexacyclen as scavenger for zinc(II).

Multiple NetState-I<>NetState-II interconversions were
established from the '"H NMR (Figure 4) and fluorescence
spectra. Upon addition of Zn(OTf), to NetState I the
fluorescence changes from yellow (1 = 554 nm) to sky-blue
(A = 448 and 472 nm) due to the formation of [Ag(2)]*. The
ratiometric emission profile was reproduced over three cycles
(Figure 2B,C) with a small decline in emission intensity.

(e) NetState |

(d) NetState Il

(c) NetState |

(b) NetState Il

(a) NetState |

Figure 4. Partial spectra (400 MHz, CD,Cl,, 298 K) showing the
reliable switching between NetState I and II over 2.5 cycles. (a) After
mixing of AgBF,, 1, and 2 in 1:1:1 ratio (capture); (b) after adding
1.0 equiv of Zn(OTf),, furnishing [Zn(1)]** and [Ag(2)]" (release);
(c) after addition of 1.0 equiv of hexacyclen; (d) after adding 1.0
equiv of Zn(OTf),; (e) after addition of 1.0 equiv of hexacyclen.

Although silver(I) in [Ag(2)]" is coordinated to the
azacrown unit, we expected it to be active in catalysis and
actually somewhat stabilized against decomposition. Indeed,
when substrate A (100 mol %) was treated with [Ag(2)]" (5
mol %) in CD,CL:CD;CN = S50:1 at 40 °C for 2 h,
isoquinoline-2-oxide B'® formed in (45 + 2)% (Scheme 3).

Scheme 3. Formation of Isoquinoline-2-oxide
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Under identical conditions, S mol % of AgBF, furnished B in
(52 + 2)%. This reaction was completely shut down in the
presence of 1 (S mol %). Obviously, the silver(I) ions get
scavenged inside nanoswitch 1 where they are catalytically
inactive.

To probe the catalytic activity over several catch—release
cycles (Figure S), we started with S mol % of [Ag(2)]* and
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Figure 5. ON/OFF regulation of silver(I)-catalyzed formation of
isoquinoline-2-oxide B. NS = NetState.

reactant A (100 mol %) yielding (45 & 2)% of B (after 2 h at
40 °C). After addition of nanoswitch 1 to return to NetState-I
no further product is formed. Addition of 1.0 equiv of
Zn(OTf), (5 pL of standard solution in acetonitrile) resulted
in regeneration of NetState-II. The resultant mixture was
heated for 2 h at 40 °C yielding (43 = 2)% of B (yield
determined in 3 independent runs). Notably, this catalytic
activity was almost the same as that of [Ag(2)]" in absence of
[Zn(1)]**. To return to NetState I, 1 equiv of hexacyclen was
added and the consumed amount of substrate was
supplemented. Upon heating for 2 h under standard conditions
no further product was detected by '"H NMR. This implies that
silver(I) was translocated back to nanoswitch 1 so that the
silver ions are blocked for catalysis. In the third cycle still (41
+ 2)% of product B was obtained in NetState II. Further
catalytic cycles could not be performed due to poor solubility
of the zwitterionic product.

Despite the small decrease of yield (45% — 43% — 41%)
over three release/capture cycles, possibly due a minor
degradation of silver(I), a phenomenon equally seen in the
fluorescence (Figure 2C), the catalytic activity remains
elevated. In contrast, when the zinc(II)-triggered release of
silver(I) from [Ag(1)]" was run in absence of receptor 2, the
yields rapidly decayed: (44 + 2)% of B in the first cycle, then
(13 + 2)% and finally (6 + 2)%. Likewise, silver(I) alone is
less suitable as reusable catalytic system. While AgBF, afforded
(52 + 2)% of B in the first run, the second and third one with
replenished reactant yielded only (20 & 2)% and (11 + 2)%,
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respectively. Clearly, the NetState I/II system provides
superior catalytic activity in recycling schemes.

Moreover, there is a paramount advantage in using [Ag(2)]*
as catalyst. Both the fluorescence intensity at 4 = 472 nm and
product conversion in the catalytic reaction are linearly
correlated (Figure 6). Hence, the activity of the catalytic
system can be followed or predicted by the emission intensity.

600 r 50
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200+

3
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Figure 6. Fluorescence (4 = 472 nm) and yield of B depending on the
amount of AgBF, in the presence of 2 (5 mol %).

The utility of the luminescent [Ag(2)]" catalyst goes far
beyond the preparation of B, because it showed a catalytic
activity basically as high as that of silver(I) also in other
transformations' "> (Scheme 4), so that it should work equally
in other catch—release applications.

Scheme 4. Reactions in the Presence of Two Silver(I)
Catalysts
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In conclusion, the present multifunctional system in which
nanosw1tch 1 is networked to ligand 2 through chemical
signaling'® designed for stepless regulation including status
report of silver(I) catalytic activity by fluorescence is a supreme
example for the practical utility of molecular communication.”*
A pivotal factor of the system is the luminescent catalyst
[Ag(2)]* whose activity is basically as high as that of neat
silver(1)."” [Ag(2)]* is stable as solution over 7 days at
ambient conditions (free Ag" decomposes within 1 d, see
Figure S66), its robustness even at 107° M can be qualitatively
judged via naked-eye testing of the emission color and an exact
assessment of its catalytic activity is possible by ratiometric
luminescence assay.
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