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When the slider-on-deck [Cus(1)(2)]** and guest G were treated
with palladium(n) ions, the biped 2 was released from [Cus(1)(2)]3*
generating the nanocage [Pd,(2)4(G)]** with guest G being encap-
sulated (NetState-Il). This transformation that was reversed by the
addition of DMAP enabled modulation of both the overall fluor-
escence and the activity of copper() catalyzing an aza Hopf

cyclization.

Over the years, researchers have investigated methods to
mimic complex multicomponent catalysts found in nature,
such as ATP synthase," by manmade prototypes that bring
together catalysis, host-guest chemistry,”> and dynamic mole-
cular motion.* All these elements are combined in slider-on-
deck machinery* with either on/off or up/down regulation of
catalysis.” Since nanoscale metallocages are well established in
sensing,® catalysis,” and highly selective binding,® intercon-
necting dynamic molecular machines and functional nano-
cages may offer new venues for functional applications.

Herein, we demonstrate (i) the fully reversible interconver-
sion of a molecular slider-on-deck and a palladium(u) capsule’
enabling (ii) a copper(1)-based catalytic cyclization and (iii) par-
allel guest encapsulation. The design was based on two well-
defined networked states (NetStates). NetState-I encompasses
pentacene-6,13-dione as a prospective guest (G) and the three-
component slider-on-deck DS (= [Cus(1)(2)]*"), prepared from
deck 1, the sliding biped 2, and copper(i) ions (1:1:3)
(Scheme 1). Addition of the correct stoichiometric amount of
Pd** ions afforded NetState-II involving the copper-loaded
deck [Cuz(1)]*" and the guest-filled palladium(u) capsule G@C
(= [Pd,(2)4(G)]*"). Notably, both networked states were catalyti-
cally active, however, at distinct reaction rates.
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The design of the slider-on-deck 2 cage interconversion
has been inspired by recent progress in chemically networked
slider-on-decks,'® nanorotors,* and coordination capsules.>"*
The required deck 1 was synthesized via several successive
Suzuki and Sonogashira coupling reactions. Ligand 2 is a lit-
erature-known compound.'® The stator’s bipyridine stations
and the biped’s nitrogen-terminated feet were connected via
copper(i) ion, i.e., by HETPYP complexation.'®” The bipyridine
unit in the deck was required instead of the frequently used
phenanthroline core'®'® owing to a higher catalytic activity of
the Cu" bound bipyridine in the aza Hopf'* cyclization.
Moreover, self-sorting between the analogous phenanthroline
deck, Cu”, and Pd*" was not clean. Ligand 2 has been selected
because of its ability to form both a slider-on-deck system with
the Cu'-loaded deck [Cus(1)]*" and a stable coordination
capsule (C) with Pd*" ions.

Upon addition of copper(1) ions to a mixture of ligands 1
and 2 (3:1:1), clean formation of the slider-on-deck [Cu;(1)
(2)]** was observed. The multicomponent assembly was

Scheme 1 Molecular structures and cartoon representations of main
complexes.
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characterized by 'H-NMR (ESL,} page S5-6) and ESI-MS
proving the presence of complex [Cu(1)(2)]*" by peaks at m/z =
611.4 (triply charged) and m/z = 989.4 (doubly charged) (ESI,
Fig. S271). In addition, a single set of "H-DOSY signals (D =
5.69 x 107 m? s7!, r = 9.28 A, in CD,Cl,) corroborated the
clean formation of the slider-on-deck (ESI, Fig. S147).

To investigate the dynamic behavior of the slider-on-deck,
we analyzed the signal of proton 3-H by variable temperature
(VI) '"H-NMR in the range from 25 to —75 °C in CD,Cl,
(Fig. 1a). At 25 °C the proton appeared as a sharp singlet at
2.47 ppm. At ca. —25 °C the signal started to broaden and with
further lowering of the temperature, the proton signal started
to split from a singlet into two singlets. At —75 °C it separated
into two singlets (1:2) at 2.51 and 2.37 ppm. The singlet at
2.37 ppm was assigned to the two copper(i)-loaded bipyridine
stations that are connected to the pyridine terminals of biped
2, whereas the unloaded [Cu(bipyAr,)]" station showed up at
2.51 ppm. The exchange frequency was determined using
WIinD-NMR™ to k,5 = 80 kHz at 25 °C. Activation data are dis-
played in Fig. 1b.

Upon addition of 0.5 equiv. of [Pd(CH3CN),](BF,), to the
slider-on-deck DS, the "H NMR (Fig. 2) indicated complete dis-
sociation of biped 2 from the copper-loaded deck and clean
formation of C = [Pd,(2),]*", a Pd,L,-type coordination capsule
reported earlier by Hooley and co-workers,"” and of [Cus(1)]*".
The loss of biped 2 from the slider-on-deck was readily derived
from the "H-NMR data, as e.g. proton signals 11-H and 1-H of
[Cus(1)(2)*" shifted from 6.83 and 7.55 ppm to 6.97 and
7.73 ppm, respectively, as in independently prepared
[Cus(1)]**. The association of Pd*" to 2 was readily monitored
by the appearance of new peaks for f-H, and g-H at 9.34 and
9.50 ppm as well as the disappearance of f-H and g-H from
6.46 and 7.71 ppm, respectively. The ESI-MS proved parallel
presence of complex [Cu;(1)]** by peaks at m/z = 518.2 (triply
charged) and m/z = 849.8 (doubly charged) (ESI, Fig. S261) and
of cage [Pd,(2),]*" by peaks at m/z = 333.5 (quadruply charged)
and m/z = 473.9 (triply charged) (ESI, Fig. S287).

Upon addition of two equiv. of DMAP to NetState-II (= cage
C and copper(i)-loaded deck [Cu;(1)]**), clean regeneration of
the slider-on-deck [Cu;(1)(2)]*" was achieved. Full reversibility
of the interconversions over six cycles was proven by alternately
adding Pd** and then DMAP by "H NMR (ESI, Fig. S127).
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Fig. 1 (a) Partial *H VT NMR (CD,Cl,, 600 MHz) of the slider-on-deck
DS shows the splitting of the 3-H proton signal upon lowering the temp-
erature (red asterisk). (b) Eyring plot for rotational exchange in DS.
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Fig. 2 Comparison of *H NMR spectra (400 MHz, CD,Cl,: CDsCN =
4:1,298 K) of (a) the slider-on-deck DS = [Cus(1)(2)]**; (b) D = [Cus(1)]**
+ C = [Pd2(2)4]4+,‘ (c) pentacene-6,13-dione (G); (d) NetState-I; (e)
NetState-II; (f) cage + pentacene-6,13-dione (1:1.5 equivalent) =
Ge@C + G.

Encapsulation of pentacene-6,13-dione (G) into the cage C =
[Pd,(2),4](BF,), was realized in CD,Cl,:CD3CN = 4:1, similar
to the procedure by Lusby® et al. To achieve complete encapsu-
lation, excess of G was required as shown in the UV-vis titra-
tion (peaks corresponding to cage C at 231, 243, 286, and
301 nm increased gradually saturating upon the addition of
1.5 equiv. of G, see Fig. 3a). Therefrom, the binding constant
was determined as logK = 7.91 + 0.29 (ESI, Fig. S29%). The
encapsulation of G was also noted from drastic "H NMR shifts,
e.g., proton c-H, of C shifted from 8.03 to 5.48 ppm and
proton 1-H of G shifted from 8.91 to 10.06 ppm. Parallel, the
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Fig. 3 (a) UV-vis titration of the cage (C) (1.56 pM) with pentacene-
6,13-dione (G); (b) fluorescence titration of guest G (1.75 pM) with cage
C; (c) reversible switching between NetState-1 and Il in presence of Pd%*
and DMAP over four cycles monitored by fluorescence intensity at 1 =
472 nm; (d) D + C, free G, and NetState-Il under a 365 nm UV lamp
(from left to right).
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ESI-MS proved guest encapsulation into the cage by peaks at
m/z = 411.0 (quadruply charged), m/z = 576.1 (triply charged),
and mj/z = 908.0 (doubly charged) (ESI, Fig. S287). Cross-corre-
lations between proton c-H of the cage and protons 1"-H, 2"-
H, and 3"-H of G in the "H-"H NOESY spectrum attested to the
formation of the host-guest system (ESI, Fig. S131). In fluo-
rescence spectroscopy, the addition of the cage to the ligand
showed a blue shift (Fig. 3b). Initially, the emission of G
(excited at 4 = 300 nm) revealed a bright yellow fluorescence at
A =537 and 569 nm. In the ensuing titration with C, the initial
peaks of G gradually disappeared, while simultaneously a new
strong emission at 4 = 472 nm emerged showing as a bright
green fluorescence.

To afford NetState-I = DS + G, deck 1, biped 2, [Cu
(CH;3CN),]PFg, and G were mixed (1:1:3:1.5). After the clean
formation of NetState-I, 0.5 equiv. of [Pd(CH;CN),](BF,), was
added which resulted in the formation of NetState-Il = D +
G@C + G. The binding constant of G@C in NetState-II was
identical to that of the isolated system (ESI, Fig. S29b & S307).
The Pd(u) coordination to biped 2 happened quite rapidly (£ =
26.5 + 0.9 s) even at low concentration (¢ = 1.22 x 10~° M) as
used in a UV-Vis kinetic study (ESI, Fig. S377). Equally in the
reverse translocation of NetState-II to NetState-1, dissolution of
cage G and coordination of Pd(u) to DMAP was rapid (£ = 56.5
+ 1.4 s at ¢ = 1.22 x 10~° M; ESI, Fig. $387). Both multi-com-
ponent assemblies were identified by "H-NMR (Fig. 2). Since
there is no "H-NMR peak shift in NetState-I regarding the sep-
arate entities, apparently there is no interaction between G
and DS. In NetState-II though, the peaks of proton c-H of the
DS and 1-H of the G were shifted from 7.68 and 8.91 ppm to
5.49 and 10.06 ppm, respectively, due to cage formation along
with guest encapsulation. In this regard, the shift of the
proton signals f-H and g’-H from 9.34 and 9.50 ppm (free C)
to 9.42 and 9.66 ppm (after encapsulation of G), respectively,
was diagnostic.

Reversibility of the networked system upon alternate
addition of Pd** and DMAP over four cycles was established by
'H NMR (Fig. 4). The interconversion of NetState-I = NetState-
II was conveniently followed by fluorescence because the
yellow emission of free G shifted to green after encapsulation
of G. Upon addition of DMAP, the emission reversed to the
initial wavelength. Changes between the two states were repro-
duced over four cycles (Fig. 3c) with a small decline in the
emission intensity, most likely due to the formation of [Pd
(DMAP),]*".

The catalytic cyclization of 4 to isoquinolinium imide 5 is
known for Ag*,'® Fe**,'” 1,, Br,, I-Cl, NIS, NBS,'® and for Cu**
ions.'® In the present work, we achieved cyclization with Cu*
ions (Scheme 2). The cyclization of 4 (¢ = 3.38 mM) was first
studied in presence of [Cu(CH;CN),|PF¢ (15 mol%) at 40 °C in
CD,Cl,: CD;CN = 4:1 yielding 20 (+2)% of 5 after 7 h (ESI,
Fig. S247). Due to the facile oxidation of free [Cu(CH;CN),|PFs
to copper(u), performing the second cycle of the reaction and
simultaneously monitoring by "H NMR was not achievable. In
contrast, copper(i) in [Cus(1)]** and [Cus(1)(2)]*" should be
stabilized against oxidation because of coordination with the
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Fig. 4 Reversibility of the NetState-1 and Il in the presence of Pd** and
DMAP over four cycles monitored by *H NMR (400 MHz,
CD,Cl,:CD3CN (4:1), 298 K). (a) G; (b) NetState-I; (c) NetState-lI; (d)
NetState-I; (e) NetState-II; (f) NetState-I; (g) NetState-II; (h) NetState-I;
(i) NetState-ll; (j) NetState-l. The red star indicates peaks of [Pd
(DMAP),]?*.
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Scheme 2 (a) Schematic presentation of the catalysis reaction used in
this work. (b) Yield of cyclization reaction in presence of 5 mol% of both
NetStates in CD,Cl, : CDsCN (4 :1) at 40 °C for 7 h. (c) Ligand 6, which is
used in species distribution experiments.

stator’s bipyridine. As a result, we expected copper(i) to be cata-
Iytically active in the NetState-I/II system over multiple switch-
ing cycles and performed three reversible catalytic cycles (¢ =
3.38 mM, in CD,Cl, : CD;CN = 4:1, at 40 °C, 7 h) alternatingly
adding Pd>* and DMAP (ESI, Fig. S191). As determined by "H
NMR, the yield of product 5 was (43 + 2)% in NetState-I and
(14 + 2)% in state-II, being reproducible over all three cycles
(Scheme 2b and ESI, Fig. S207). To exclude the possible invol-
vement of Pd*>" as a catalyst, we tested the reaction of 4 (in
CD,Cl,:CD3CN = 4:1 at 40 °C for 7 h) in the presence of
either [Pd(DMAP),]*" or cage. Neither cage, free palladium
ions nor [Pd(DMAP),]* catalysts (ESI,
Fig. $21-231).

Although the higher yields in NetState-I vs. II are counterin-
tuitive at first, the difference was expected based on previous

were active as

This journal is © The Royal Society of Chemistry 2024
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studies.? As outlined there,*® the motion in the slider-on-deck
may reduce binding of 5 to copper(1) and thus product inhi-
bition of DS as catalyst. Indeed, investigations show that 83%
of 5 was liberated into solution from [Cu,(1)(2)(5)]>" due to the
sliding motion (ESIL} pages S33-35), whereas in a static refer-
ence, Le., complex [Cu(6)(5)]" representing D as catalyst, only
58% of 5 are freed (ESI, Fig. S357).

In conclusion, we demonstrated a functional network, in
which copper(i) catalysis was highly reproducibly up/down
regulated by removal/addition of Pd**. Parallel, the encapsula-
tion of 6,13-pentacendione’ as a guest in NetState-II provided
diagnostic on/off emission changes reporting the interconver-
sion of the networked states. Fully reversible interconversion
between NetState-I and 1I was realized by the addition of stoi-
chiometric amounts of Pd** and DMAP over four cycles in the
case of encapsulation and three in the case of catalysis. The
present work demonstrates how new functions (catalysis with
parallel fluorescence signalling) emerge from networked
systems.
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