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Abstract: A new [Zn;L,] metallocycle bearing two metal centers that can coordinate ancillary ligands
and a pocket suitable to host guest molecules is reported. These two features are exploited by
reacting the metallocycle with a pyridine ligand to self-assemble in the solid state an extended
intertwined system with the rare 1D + 1D — 1D topology. This interpenetrated architecture is
supported by 77 stacking between two pyridine units of two different metallocycles in the pocket
of a third metallocycle.
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1. Introduction

MIMAs, mechanically interlocked molecular architectures, i.e., molecules that are entangled as
a consequence of their topology, have attracted increasing attention [1]. They play a crucial role in
natural systems, but also to exploit intriguing topologies, such as catenanes, rotaxanes, knots, and
other supramolecular architectures, toward molecular machines [1]. In this context, coordination rings
and cages with peculiar host-guest properties are ideal starting units to develop new intertwined
architectures. Fujita et al. first reported a [2]catenane that quantitatively self-assembled starting from
two Pd(II)-1,4-bis((4-pyridyl)methyl)benzene-based rings [2], and few years later, the first example
of two interlocked coordination-driven cages [3]. Thereafter, the possibility to obtain catenane-like
species starting from metallo-rings or -cages has been reported by several authors. In particular,
pyridyl-based ligands together with square-planar metal cations (e.g., Pd(II)) are the most common
building blocks for the construction of interlocked systems as recently reviewed [4]. On the other
hand, the self-assembly of extended intertwined architectures, such as rotaxane oligomers [5-7],
poly-pseudo-rotaxanes [8], or polyrotaxanes [9-11], is less common. Winpenny et al. have used the
monoanionic [CryNiFg(O,CtBu)y4]” ring to elegantly synthesize main-chain [n]rotaxane oligomers [5,6],
a daisy chain [7] and a 1D polyrotaxane [11]. Lu et al. [8] reported the first example of a 2D
poly-pseudo-rotaxane developed starting from a discrete stool-like metallocycle. Metallorings, based
on transition metals capable of expanding their coordination, can be used as platforms to hierarchically
assemble extended metallo-supramolecular systems [12-15] as demonstrated by Lindoy et al. This
strategy has also allowed to isolate a 1D polyrotaxane, where a copper-based metallocycle and a
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pyridyl bridging ligand self-assemble to form a 1D coordination polymer (the axle) and a discrete
rectangular box (the stopper) [10].

In order to design metallocycles bearing metal ions that can change their coordination sphere
by ligand substitution or by expanding the coordination number, 2+ charged metal ions and
bis-3-diketone ligands have been proven to be ideal building blocks [12-15]. For instance, we have
previously demonstrated that Cu(Il) and a bis-3-diketone can be used to self-assemble a constitutional
dynamic library of metallocycles [16], where the interactions with o-donor guests via Cu-N bonds
drive the system toward a triangular metallobox [17,18] that can be used also to catalyze host
reactions [19]. We recently described a new [CupL;] metallocycle, where L is the bis-p-diketone
1-(4-{[4-(3-ox0-3-phenylpropanoyl)phenyl|methyl}phenyl)-3-phenylpropane-1,3-dione. This metallocycle
self-assembles in an interlocked 1D + 1D — 1D polyrotaxane when reacted with the bridging ancillary
ligand 4,4’-bipyridine (bipy) [9]. In the polyrotaxane, bipy is the guest-axle and [Cu,L;] acts as the stopper
as well as the hosting ring. The process is reversible since a coordinating solvent can disassemble the
polyrotaxane substituting the bipy ligand. Hence, the proposed strategy to develop intertwined structures
starting from metallocycles is to design and synthesize a system with two main features: (i) metal centers
apt to expand their coordination sphere and (ii) host-guest properties, Figure 1a. Such key features are
exploited by reacting the metallocycle with suited ligands that drive the assembly of the intertwined system
by threading and coordinating the metallocycle. In our previous study [9], the formation of the 1D + 1D
— 1D interpenetrated polyrotaxane was essentially driven by the bridging coordination properties of the
4,4’ -bipyridine that connects two metallocycles and, at the same time, is hosted by a third metallocycle, as
depicted in Figure 1b. Herein, we report a similar metallocycle based on Zn(Il) and L, [Zn,L;]. Adducts
with three different alcohols (MeOH, EtOH, and iPrOH) were obtained. Following the described approach,
[ZnyL,] reacts with pyridine (py) and self-assembles to form an interpenetrated polyrotaxane with the rare
1D + 1D — 1D topology. Such interpenetrated architectures are supported by 77t stacking of the ancillary
ligand, Figure 1c.
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Figure 1. (a) Design of metallocycles that can expand metal ions’ coordination sphere with ancillary

ligands. (b) Self-assembly of a 1D + 1D — 1D interpenetrated polyrotaxane driven by the formation of
coordination bonds with a [CuyL,] metallocycle, previous work (Reproduced with permission from [9].
2019, Royal Society of Chemistry). (c) Self-assembly of a 1D + 1D — 1D interpenetrated polyrotaxane
driven by 7r---7 stacking with a [Zn;L,] metallocycle, present work.
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2. Results and Discussion

Metallocycle [ZnyL,] was synthesized in quantitative yield by combining a chloroform solution of
L with a methanol (MeOH) zinc acetate solution in equimolar amount. Colorless needle-like single
crystals of {[Zn,L,(MeOH),]-2(CHCl3)}, 1, were obtained by the reactants diffusion technique of the
two building blocks (zinc acetate in methanol and L in CHCl3), Figure 2a,b. The metallocycle consists
of two Zn?* ions and two ligands. The metal ions have a square pyramidal coordination geometry
with a methanol molecule in the apical site. All the Zn-O distances, both for equatorial and apical sites,
have similar values close to 2 A (Table 1). The two metal ions are located at a distance of 12.5034(9) A,
while the two methylene carbon atoms of the ligands spacer have a distance of 11.472(5) A. Compared
to its copper analog [Cu;,L;] [9], synthesized in the same solvents (MeOH/CHCI3), the metal ions in
[ZnyL;] have a square pyramidal coordination geometry due to the coordinated methanol, while in
[CuyL,], the copper centers have a distorted planar-square coordination geometry.

(2 (h)

Figure 2. (a) Asymmetric unit of [Zn;L,(MeOH),], 1. (b) Metallocycle [Zn,L,(MeOH),], 1. (c)
Asymmetric unit of [CuyLy(MeOH),], 2. (d) Metallocycle [Cu; L, (MeOH);], 2. (e) Asymmetric unit of
[Zn,L,(EtOH),], 3. (f) Metallocycle [Zn;L,(EtOH);], 3. (g/h) Top and lateral views of the overlapped
metallocycles, orange 1 and green 2. Color code: Zn, dark blue; Cu, purple; O, red; C, grey; H, white.
Solvent and disordered part omitted for clarity; thermal ellipsoids drawn at the 50% probability level.
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Table 1. Main distances (A) in the discussed metallocycles.

Bond [anLz(MQOH)zl, 1 [Cusz(MeOH)z], 2 [Zn2L2 (EtOH)z], 3 [anLz(py)zl, 5
M-O1 2.0153(16) 1.9338(19) 2.0525(16) 1.9817(13)
M-02 1.9951(16) 1.9404(18) 2.0008(17) 2.0681(12)
M-03 2.0304(16) 1.9430(18) 2.0283(17) 1.9918(13)
M-04 2.0023(17) 1.9290(19) 2.092(9) 2.0948(12)
M-05 (ROH) 2.0213(19) 2.245(2) 2.008(3) —
M-N1 (py) — — — 2.0608(15)
M--M 12.5034(9) 12.4735(14) 12.5255(7) 12.8868(5)
C-C! 11.472(5) 11.269(6) 11.481(4) 11.011(3)

M = Zn1 or Cul; ! central methylene C atom of the ligand.

By changing the synthetic conditions, we were able to isolate a similar copper-based compound
{[CuyLy(MeOH);]-2(CH,Clp)}, 2 (Figure 2c,d), where the Cu?* ions have a square pyramidal
coordination geometry very close to that of [ZnyL,(MeOH);] (Table 1 for main distances). The
two crystal structures are not isostructural, but the copper and zinc metallocycles have very similar
dimensions and shape as evidenced by their overlapping, Figure 2g,h. A deeper analysis of the crystal
packing of [ZnyL,(MeOH);] and [CuyL,(MeOH);] highlighted that in both cases the coordinated
methanol molecules of a metallocycle are partially hosted in the cavity of other metallocycles. These
molecules interact with the hosting metallocycle through a bifurcated H-bond (Table 2) between the
methanol OH group and the two oxygen atoms of the ligands facing the inside of the metallocycle
cavity, Figure 3a. This leads to the formation of a supramolecular H-bond-supported 1D polymer
(Figure 3b), where each metallocycle pocket hosts two methanol molecules.

Table 2. H-bond lengths (A) and angles (2).

[Zl'lsz (MeOH)zl, 1 [Cusz(MeOH)Z], 2 [anLz(EtOH)zl, 3
d(O5H--03) = 2.136(18) A d(O5H--03) = 2.0784(2) A d(O5H--01) = 1.959(12) A
£(O5H--03) = 144.707(4)° £(O5H--03) = 164.085(3)° £(O5H--01) = 162.41(2)°
d(O5H--01) = 2.281(5) A d(O5H--02) = 2.5744(3) A

£(O5H--01) = 133.308(4)°

£(O5H--02) = 121.359(8)°

Metallocycle [ZnyL,] was also prepared by employing other alcohols, such as ethanol (EtOH) and
2-propanol (iPrOH). When bulkier alcohols were used (i.e., 1-butanol and 2-butanol), we did not isolate
any compound. In the case of EtOH, the structure was characterized by single crystal X-ray diffraction
(SCXRD). The metallocycle {[Zn;L,(EtOH),]-2(CHCl3)}, 3 (Figure 2e,f), crystallizes with the same unit
cell of compound 1 (Table 3) and it shows the same supramolecular packing evidenced by compounds
1 and 2. The coordinated ethanol molecules of a metallocycle thread the cavity of other metallocycles,
forming an H-bond (Table 2) with the hosting metallocycle. It is worthy to add that the terminal methyl
group of the EtOH molecule is disordered over two different positions and this leads to two different
orientations for the EtOH molecule. In the first, the molecule completely threads the cavity of a second
metallocycle, while in the second one EtOH is only partially hosted by the cavity (Figure S1). In the
case of the compound synthesized with isopropanol, we did not succeed in obtaining single crystals
suitable for SCXRD. Only microcrystalline materials were obtained. Powder X-ray diffraction (PXRD)
revealed a pattern extremely similar to those of compounds 1 and 3, Figure S2. An indexing of the
PXRD pattern (Figure S3) allowed determining the unit cell leading to values similar to metallocycles 1
and 3 (Table S1). Moreover, elemental analyses confirmed the presence of two isopropanol molecules
in each metallocycle according to the formula [Zn, L, (iPrOH);]. All these evidences strongly support
the conclusion that [Zn, L, (iPrOH),] also has the previously described supramolecular packing, with
the alcohol molecules of a metallocycle hosted in the cavities of other rings.
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Figure 3. (a) H-bonds between two [Zn;L,(MeOH);] metallocycles (H-bond: dotted red line). (b)
H-bond-supported 1D polymer in 1. (¢) H-bonds between two [Zn, L, (EtOH), ] metallocycles (H-bond:
dotted red line). (d) H-bond-supported 1D polymer in 3. Color code: Zn, dark blue; O, red; C, grey;
H, white.
Table 3. Crystal data and structure refinement details.
Compound 1 2 3 5
Formula C66H54010C16ZI‘12 C66H56C14010cu2 C63H58010C162n2 C74H56C16N20821’12
Formula weight 1111.79 1277.98 1139.84 1444.64
Temperature/K 143(1) 139.9(2) 150.1(2) 143(1)
Crystal system triclinic triclinic triclinic triclinic
Space group P-1 P-1 P-1 P-1
a/A 9.9444(5) 10.1048(9) 9.9945(3) 8.8428(2)
b/A 12.9319(6) 12.9002(11) 12.8141(3) 12.4056(3)
/A 13.6843(7) 13.1829(12) 13.8744(4) 15.8865(4)
a/° 99.295(4) 67.018(9) 98.971(2) 88.908(2)
B 104.338(4) 76.573(8) 105.037(3) 79.215(2)
y/° 111.088(5) 67.713(8) 110.495(2) 74.360(2)
Volume/A3 1528.45(14) 1456.7(3) 1546.47(8) 1647.67(8)
V4 1 1 1 1
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Table 3. Cont.

Compound 1 2 3 5
Crystal size/mm3 0.41x0.23x0.13 0.3 x 0.15 x 0.02 0.35 % 0.31 X 0.25 0.38 x 0.22 x 0.1
Radiation MoKoa (A =0.71073) MoK« (A =0.71073)  MoKa (A =0.71073) MoKa (A = 0.71073)
26 range for data collection/° 4.654-58.706 4.698-52.744 4.526-58.502 4.872-58.766
Reflections collected 24600 11109 19517 28460
7322 5954 7268 7994
Independent reflections [Rint = 0.0330, [Rint = 0.0368, [Rint = 0.0200, [Rint = 0.0305,
Rsigma = 0.0349] Rsigma = 0.0587] Rsigma = 0.0248] Rsigma = 0.0285]
Data/restraints/parameters 7322/339/384 5954/3/374 7268/18/408 7994/0/415
Goodness-of-fit on F? 1.031 1.027 1.037 1.029
Final R indexes Ry = 0.0465, R; = 0.0460, R1 =0.0483, R; =0.0359,
[I>20T)] wR, =0.1176 wR, =0.1092 wR2 =0.1308 wR; =0.0883
. . R; = 0.0585, R; =0.0610, R1 =0.0624, Ry =0.0428,
Final R indexes [all datal] wR, = 0.1263 WR, = 0.1202 wR2 = 0.1424 wR, = 0.0931
Largest diff. peak/hole/e A8 1.80/-0.58 0.45/-0.56 1.16/-0.88 0.71/-0.61
CCDC 1955909 1955907 1964015 1955908

Crystal structures of the [Zn;L,(ROH);] systems (ROH = MeOH and EtOH) confirmed that [Zn,L;]
has the desired features to act as a platform for the formation of polyrotaxanes via coordination and
supramolecular tools: (i) a pocket with hosting properties and (ii) the ability to coordinate other species.
Moreover, the similarity between the structures of [CuyL,(MeOH),] and [ZnyL,(MeOH);] strongly
suggested that the Zn-based metallocycle may also be used as a platform to self-assemble polyrotaxane
architectures. Hence, we reacted [ZnyL,(MeOH);] with two similar ancillary ligands: pyridine (py) and
4,4'-bipyridine (bipy). In our previous work [9], we demonstrated that bipy coupled to the [CuyL;]
metallocycle can lead to interpenetrated polyrotaxane-like extended architectures, with bipy bridging
two different metallocycles and at the same time threading a third metallocycle, Figure 1b. The reaction
between [Zn;L ;] and bipy led to the immediate formation of an insoluble product. Elemental analyses
suggested the formation of the coordination polymer of formula [Zn, L, (bipy)],. Despite several efforts,
we were not able to isolate single crystals. An indexing of the PXRD pattern of [Zn,L,(bipy)],led to a
unit cell different from that of [Cuy L, (bipy)],(Figures S4 and S5, Table S2). Hence, we cannot confirm the
formation of an interpenetrated structure. On the contrary, the reaction between py and [Zn,L;] allowed
the isolation of light yellow single crystals of {[Zn;L,(py),]-2(CHCls)}. Single crystals were obtained
in high yield (80% ca.) from a chloroform solution of L and py layered with a methanol solution of
Zn(CH3COOQ); in order to induce crystallization by the reactants diffusion technique. In [ZnyL,(py)2], 5,
the zinc ions have a pyridine molecule coordinated in the apical position of a distorted square pyramid and
the p-diketonate oxygen atoms in the equatorial position with distances close to 2 A (Figure 4a,b; Table 1
for main distances) as found in the cases of [Zn,L,(MeOH), ] and [Zn; L, (EtOH),]. When MeOH molecules
were substituted with pyridine, metallocycle dimensions did not change significantly (Table 1). The analysis
of the supramolecular packing showed that pyridine molecules of two different metallocycles interact via
-7t stacking to form supramolecular 1D chains. Moreover, the pyridine molecule of a ring threads the
cavity of another one in a manner similar to that observed for alcohol molecules. Each metallocycle hosts
two pyridine molecules (Figure 4c) and these two guests are involved in 7t---7t stacking. The interaction
between the two pyridine molecules can be described as a parallel-displaced stacking (also referred to as
parallel off-centered or slipped stacking), Figure 4d—e. This is the more usual conformation displayed by
aromatic-nitrogen-containing ligands [20]. Moreover, it is well known that the coordination to a metal ion
of the nitrogen atom further improves the stacking due to a higher polarization [20]. Figure 4e highlights
the most important geometric parameters of the two interacting pyridine molecules. The distances between
the pyridine planes and pyridine centroids (Cg) are in agreement with the values usually found for
a coordinated pyridine [20], leading to C--C and C-H--Cg distances of 3.34 and 3.38 A, respectively.
Stacking among aromatic-nitrogen-containing ligands can strongly influence compound properties, such as
luminescence [21], conductivity [22], metal uptake [23], and structural features [24], leading to interdigitated
and interlocked architectures [25]. In the case of the [Zn,L,(py),] metallocycle, stacking interactions lead
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to a complex supramolecular arrangement, where pairs of 1D chains entangle, with each metallocycle
of one chain threaded by a py--py axle of the other chain, establishing a 1D + 1D — 1D supramolecular
polyrotaxane supported by 77 stacking between ancillary ligands. This interpenetrated topology is very
rare. Indeed, six examples of 1D + 1D — 1D polyrotaxane-based on metallocycle rings have been reported
so far [9,26-31]. Howevet, only for the coordination-driven [Cu,L,(bipy)].discussed above [9] and the
-7t stacking-supported polyrotaxane here presented, the extended network is based on a metallocycle
[M,L,] (M = Cu?* and Zn?*) that exists in solution as a discrete unit and that can act as a platform for the
reversible self-assembly of the intertwined structure [9].

el @ém C
30 % 0
()

(b)

(d)
—=-dy ¢, =3.375(6) A
——-dcc=3.340(5) A

d =3.260(1) A

plane-plane

= Ogreer = 2.824(6) A
—m-degcg = 4.313(4) A

Figure 4. (a,b) Asymmetric unit and metallocycle [ZnyL,(py)2], 5. (c,d) Stacking interactions between
pyridine molecules of two metallocycles inside the cavity of a third metallocycle. (e) Geometric
parameters of the 77t stacking. (f) The intertwined 1D supramolecular chain and a schematic
representation of the self-assembly of the 1D + 1D — 1D polyrotaxane topology supported by -7
stacking between two 1D chains (turquoise and blue). Color code: Zn, dark blue; O, red; N, light blue;
C, grey; H, white; centroid (Cg), bronze. Solvent omitted for clarity; thermal ellipsoids drawn at the
50% probability level.
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3. Materials and Methods

3.1. Synthesis

The reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.
The ligand L was prepared as previously reported [9]. The elemental analyses were carried out with a
Flash 2000 Thermo Scientific analyzer (Thermo Fisher Scientific, Cambridge, UK) at the Department of
Chemical Sciences of the University of Padova.

3.1.1. Synthesis of {[Zn;L,(MeOH);]-2CHCl3} (1)

Single crystals of {[Zn;L,(MeOH),]-2CHCl3} were obtained via reactant diffusion. A chloroform
solution (15 mL) of L (46.1 mg, 0.1 mmol) was layered with a methanol solution (15 mL) of
Zn(CH3CO0),;-2H,0 (22.0 mg, 0.1 mmol). The vial was stoppered and the solutions were allowed
to diffuse slowly. After a few days, needle-shaped colorless crystals suitable for X-ray analysis were
obtained. By reducing the solvent volume, more crystals were obtained. Yield 115 mg, 85%. The
elemental analysis for CgsHs4ClgZnyOqp, exp (%): C 59.01, H 4.15; calc (%): C 58.69, H 4.03.

3.1.2. Synthesis of {{CuyL,(MeOH),]-2CH,ClL} (2)

Blade-like single crystals of {[CuyL,(MeOH);]-2CH,Cl,} were obtained via reactant diffusion. A
CH,Cl; solution (4 mL) of L (11.5 mg, 0.025 mmol) was layered with a methanol solution (4 mL) of
Cu(CH3COO0);-H,0 (5 mg, 0.025 mmol). The vial was stoppered and the solutions were allowed to
diffuse slowly. After a few days, light blue single crystals suitable for X-ray analysis were obtained.
Yield 12 mg, 72%. The elemental analysis for C¢gHs6CliCuyO1, exp (%): C 62.51, H 4.25; calc (%): C
62.73, H 4.33.

3.1.3. Synthesis of {[Zn,yL,(EtOH);]-2CHCl3} (3)

Single crystals of {[Zn,L,(EtOH);]-2CHCl3} were obtained via reactant diffusion. A chloroform
solution (15 mL) of L (46.0 mg, 0.1 mmol) was layered with an ethanol solution (15 mL) of
Zn(CH3CO0),-2H,0 (22.1 mg, 0.1 mmol). The vial was stoppered and the solutions were allowed
to diffuse slowly. After a few days, colorless crystals suitable for X-ray analysis were obtained. By
reducing the solvent volume, more crystals were obtained. Yield 109 mg, 79%. The elemental analysis
for C68H58Cl6Zn2010, exp (0/0)2 C 59.32, H 4.21; calc (0/0)1 C 59.24, H 4.24.

3.1.4. Synthesis of [Zn;L,(iPrOH),] (4)

A microcrystalline powder of [Zn, L, (iPrOH),] were obtained via reactant diffusion. A chloroform
solution (15 mL) of L (46.2 mg, 0.1 mmol) was layered with an isopropanol solution (15 mL) of
Zn(CH3CO0),;-2H,0 (22.1 mg, 0.1 mmol). The vial was stoppered and the solutions were allowed
to diffuse slowly. After a few days, needle-shaped colorless crystals suitable for X-ray analysis were
obtained. By reducing the solvent volume, more crystals were obtained. Yield 100 mg, 85%. The
elemental analysis for C¢gHgoZnyO19, exp (%): C 70.05, H 5.23; calc (%): C 69.93, H 5.18.

3.1.5. Synthesis of {[Zn,yL,](py)2-2CHCl3} (5)

A chloroform solution (5 mL) of ligand (55.48 mg, 0.125 mmol) and pyridine (62.5 pl, 0.75 mmol)
was layered with a methanol solution (5 mL) of Zn(CH3COO),-2H,0 (28 mg, 0.125 mmol). The vial
was stoppered and the solutions were allowed to diffuse slowly. After a few days, irregular-shaped
colorless crystals suitable for X-ray analysis were obtained. Yield 115 mg, 80%. The elemental analysis
for C74Hs56ClgZnyNyOqp, exp (%): C 61.95, N 2.05, H 4.02; calc (%): C 61.52, N 1.94, H 3.91.
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3.2. Crystal Structure Determination

Data were collected with an Oxford Diffraction Gemini E diffractometer (Oxford Diffraction,
Oxfordshire, England), equipped with a 2K x 2K EOS CCD area detector and sealed-tube enhance
(Mo) and (Cu) X-ray sources. Details of data collections, structures solution, and refinement are given
as Supplementary Materials. Crystallographic Information Files (CIF) have been deposited at the
Cambridge Crystallographic Data Centre as supplementary publication (CCDC 1942113-1942116,
1964015).

4. Conclusions

In conclusion, we have reported how a discrete Zn-based metallocycle can be exploited as a
platform to self-assemble intertwined polyrotaxane-like architectures by using an ancillary ligand that
coordinates the metallocycle. The proposed approach builds up entangled structures starting from
metallocycles and projects a system with two main features (i) metal centers capable of expanding
their coordination sphere and (ii) host-guest properties. The results reported here for the [Zn;L;]
metallocycle, coupled with the previous studies for its [CuyL,] analog [9], show that such metallorings
are particularly suited as platforms to develop 1D + 1D — 1D polyrotaxane architectures driven either
through ancillary bridging ligands (bipy) or ancillary ligands that can give m---7t stacking (py).

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/11/137/s1,
XRD details, experimental and additional structural figures; CIF and checkCIF files of the crystal structures;
[ZnoLy(MeOH),], [ZnoLo(EtOH),], and [ZnyL,(iPrOH);] PXRD patterns; [ZnpLo(bipy)l, synthesis and
PXRD pattern.
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