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ARTICLE INFO ABSTRACT

Keywords: Supramolecular chemistry has the potential to be used to impart dynamic molecular elements into coordination
Coordination polymers polymers so that sophisticated, multifunctional materials can be prepared. Indeed, the Weak-Link Approach
Weak-Link Approach

(WLA) to supramolecular chemistry is a coordination chemistry-based platform that can be used for the design of
stimuli-responsive and switchable nanoscale architectures. Herein, we use the WLA to design and synthesize
crystalline, WLA-based 1D coordination polymers. Specifically, the reaction of a closed, pyridine-functionalized
WLA monomer complex with Cu(BF4)2-6H20 in acetonitrile or N,N-dimethylformamide yields three isostructural
1D zig-zag chains. One of the polymers was studied via single-crystal X-ray diffraction (SCXRD), nuclear mag-
netic resonance (NMR) spectroscopy, and mass spectroscopy (MS), and its response to a chemical effector (halide
ion, C17) was investigated. Importantly, our investigation of one of the model chains displays the characteristic
structural switchability of the WLA complex from which it is comprised. Upon exposure to ClI™ anions, it dis-
assembles into its molecular components, including the fully-opened congener of the initial WLA complex. Thus,
one can control crystalline chain assembly via the structural state of the WLA monomer complex. Taken together,
this work has demonstrated the construction of the first series of crystalline WLA-based extended solids and
represents a promising method for the construction of allosteric, stimuli-responsive coordination polymers,
including potentially higher-ordered structures like metal organic frameworks.

Hemilabile ligands
Single-crystal X-ray diffraction
Stimuli-responsive materials

1. Introduction phosphino- or N-heterocyclic carbenes) and a coordinatively labile

“weak link” (e.g, ether, amino, thioether). Upon reaction with a a8

Supramolecular interactions are the basis for primary, secondary,
and tertiary structures of many biological macromolecules (e.g., pro-
teins). These network interactions permit allosteric regulation, govern
stimuli response (e.g., from molecular effectors), and dictate molecular
properties [1-4]. Drawing on design principles that occur in nature,
researchers have sought to build abiotic architectures with similar fea-
tures and use them as a basis for next-generation functional materials.
To date, many approaches in the field of coordination-driven supra-
molecular chemistry have been pursued to prepare chemical moieties
that vary in their synthetic complexity and applicability [5-22].

In the context of coordination chemistry, the Weak-Link Approach
(WLA) has emerged as a powerful method to synthesize supramolecular
structures that exhibit allosteric regulation [23-25]. The WLA relies on
hemilabile bidentate ligands that feature two moieties with distinct
coordination strengths—a coordinatively inert “strong link” (e.g.,
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transition metal precursor (e.g., Rh, Irh, PdY, Pth), a condensed, square-
planar structure is formed. When the square planar complexes are
exposed to halide [26-30] (e.g, Cl” and I anions), small molecule ef-
fectors [31-35] (e.g., CO, CH3CN, amines) or by oxidizing/reducing
pendant functionalities [36-43] (e.g, oxidation and reduction of
appended ferrocene moieties), the “weak link” is preferentially dis-
placed, allowing the structure to toggle between different structural
states (e.g., fully closed, semi-open, and fully open) (Fig. 1). Using the
WLA, a variety of supramolecular structures can be accessed, including
molecular tweezers [28,29,44,45], macrocycles [26,27,31-35,46,47],
and tri-layer structures [48-51]. The modularity, tailorability, and
stimuli-responsiveness achieved through the WLA has enabled the
design of stimuli-responsive catalysts [48,49], signal amplifiers [46,47],
fluorescent probes [44,45], and light-harvesting materials [50,51].
Infinite coordination polymers (ICPs), which consist of multidentate
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ligands interconnected via coordination to metal ions to form 1D, 2D, or
3D architectures, represent another promising class of supramolecular
materials for the design of stimuli-responsive and abiotic allosteric
systems due to their high degree of tunability and ability to be rationally
designed [5,52-54]. We hypothesized that by adding pendant functional
groups onto the hemilabile ligands that allow for coordination to a
secondary metal binding unit (SBU), a new type of WLA monomer
complex could be synthesized and polymerized to form stimuli-
responsive ICPs. Due to the modularity of the WLA platform, these
monomer complexes could be easily adapted to respond to a range of
stimuli or display a variety of functions in the resulting ICPs. Previously,
we reported the design and synthesis of stimuli-responsive WLA-based
ICP particles [55]. In this work, a WLA monomer complex featuring
pendant terpyridine moieties was polymerized in the presence of Fe' to
form amorphous ICP particles. Importantly, this work demonstrates that
localized changes to the structure of the embedded WLA monomers
regulate the assembly of an extended solid, which can be applied to
dictate the chemical and physical properties of an extended ICP mate-
rial. However, the amorphous nature of the particles precluded a com-
plete crystallographic analysis of the structural transformation induced
upon chemical effector binding (e.g., Cl~ anion), and the extended
structure of the material could only be investigated indirectly, thus
limiting our ability to identify unambiguous design criterion for the
synthesis and characterization of WLA-based ICPs (WLA-ICPs).

Herein, in order to permit further structure—function investigations,
we designed, synthesized, and crystallographically characterized three
WLA-ICPs. We hypothesized that exchanging the terpyridine moiety for
a more coordinately labile functional group (i.e., pyridine) would allow
for the controlled assembly of a crystalline solid, while avoiding the
formation of kinetically driven, amorphous ICP particles. The reaction of
the PdH-phosphino-thioether(P,S)-based WLA monomer complex with a
cu” precursor (Cu(BF4)2-6H50) in a variety of solvents leads to the
formation of three independent, but closely related, 1D zig-zag chain
compounds, primarily differing in the bound solvent completing the Cu'"
coordination sphere. We observe that these WLA-ICPs retain the char-
acteristic stimuli-responsiveness of the WLA platform, even after the
formation of an extended structure. When representative WLA-ICP
crystals were exposed to a Cl~ anion solution, the extended structure
disassembles as Cl~ binds to the Pd! node of the embedded WLA
monomer complex. In this way, one can control crystallization and as-
sembly simply by toggling the structural state of the WLA monomer.
Taken together, the three new WLA-ICP chain compounds pursued in
this work expand the scope of supramolecular architectures accessible
via the WLA platform, and also lay a foundation for a new class of
allosteric, stimuli-responsive coordination polymers.

2. Material and methods
2.1. General methods

Unless otherwise noted, all reactions and procedures were performed
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under a dinitrogen atmosphere in a Vacuum Atmospheres Nexus II
glovebox or using standard Schlenk techniques. All commercially
available chemicals and reagents were purchased and used without
further purification, unless otherwise stated. 1,2-Dichloroethane, 0.5 M
potassium diphenylphosphide solution in tetrahydrofuran, and tetra(n-
butyl)ammonium chloride were purchased from Millipore-Sigma. 4-
Mercaptopyridine was purchased from TCI America. Tetrakis(acetoni-
trile)palladium(II) tetrafluoroborate was purchased from Strem Chem-
ical, and copper(Il) tetrafluoroborate hexahydrate was purchased from
Alfa Aesar. Tetrahydrofuran (THF), diethyl ether (Et20), and dichloro-
methane (DCM) were dried using a commercial solvent purification
system purchased from JC Meyer Solvent Systems and deoxygenated
under a stream of argon prior to use. Anhydrous acetonitrile (MeCN) and
anhydrous N,N-dimethylformamide (DMF) were purchased from
Millipore-Sigma. Anhydrous methanol (MeOH) was purchased from
Thermo Scientific. (2-Chloroethyl)diphenylphosphine was synthesized
according to literature methods [56]. Filtrations were performed by
gravity through a Whatman medium to fine mesh filter paper using a
Biichner funnel. Flash chromatography was performed using a silica gel
column (60 A pore size, 230-400 mesh ASTM, 0.040-0.063 mm; Fluka).
Vapor diffusion for crystal growth was conducted by sealing a culture
tube containing 300 pL of the growth solution in a 20-mL scintillation
vial containing approx. 4 mL of Et30. The sealed vial was allowed to
stand in the glovebox at 25 °C during crystal growth. Sample sonication
for NMR experiments were performed in a 25 °C water bath in a Branson
Ultrasonic M2800 sonicator. Deuterated solvents (CD,Cly, CD3CN) were
purchased from Cambridge Isotope Laboratories. 1H, 31P{1H}, and
DOSY NMR spectra were collected on a Bruker Advance 400 MHz NMR
spectrometer at 298 K under ambient conditions, and chemical shifts (5)
are given in parts per million (ppm). 'H NMR spectra were referenced to
residual solvent proton resonances (CD2Cly = § 5.32; CD3CN = § 1.94),
and 3'P{'H} NMR spectra were indirectly referenced via 3'P gyromag-
netic ratio. Electron-spray ionization mass spectrometry (ESI-MS) data
were collected using a Bruker amaZon SL equipped with Hystar Version
3.2 data acquisition software. ESI-MS data were subsequently processed
and analyzed using Compass Version 4.4. The mass spectrometer was
configured with an Agilent 1100 Series HPLC module with an ESI source
and 3D ion trap mass analyzer. The samples were analyzed with a 3-uL
injection volume, and the mobile phase composition was 100 % MeCN.
Data were collected in positive ion mode. High resolution mass spectra
were obtained on an Agilent 6230 Time of Flight Mass Spectrometer
attached to an Agilent 1200 series HPLC stack. Data were acquired on
Agilent Mass Hunter Acquisition software and analyzed on Agilent Mass
Hunter Qualitative Analysis software. Powder X-ray diffraction (PXRD)
data were collected at room temperature on a STOE-STADI-P powder
diffractometer equipped with an asymmetric curved Germanium
monochromator (CuKa1 radiation, A = 1.54056 f\) and one-dimensional
silicon strip detector (MYTHEN 21K and DECTRIS). The line focused Cu
X-ray tube was operated at 40 kV and 40 mA. Powder was packed in a 3-
mm metallic disk purchased from STOE and sandwiched between two
layers of polyimide tape. Diffraction data were collected from 5 to 55° 26
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Fig. 1. The Weak-Link Approach to supramolecular chemistry utilizes hemilabile ligands coordinated to d® transition metal ions to generate a toggleable structural
node. Upon exposure to chemical and physical stimuli, small molecule or anionic effectors preferentially displace the more labile “weak-link”, resulting in a more

open, flexible structure.
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over 10 min. The instrument was calibrated against a NIST silicon
standard (640d) prior to measurement. CHN analysis was conducted in
triplicate by Midwest Microlab, LLC (Indianapolis, IN).

2.2. Syntheses

Hemilabile P,S-pyridine(pyr) Ligand (1). Diphenyl((4-pyridyl)
thioethyl)phosphine was synthesized via modification of literature
procedures for previously reported analogous compounds
[25,50,57-59]. In a glovebox under an inert atmosphere, (2-chlor-
oethyl)diphenylphosphine (294.5 mg, 1.184 mmol), 4-mercaptopyri-
dine (117.3 mg, 1.055 mmol), and cesium carbonate (674.3 mg,
2.070 mmol) were combined in 5 mL of MeCN in a 10-mL scintillation
vial equipped with a magnetic stir bar. The vial was sealed with a cap
and electrical tape, removed from the glovebox, and stirred at 75 °C
overnight. Purification was then conducted under aerobic conditions.
The reaction mixture was cooled to room temperature, filtered to
remove cesium chloride and excess cesium carbonate, and the solvent
was removed in vacuo to afford a yellow oil. The oil was purified by
column chromatography on a silica gel using a 0-100 % DCM/MeOH
gradient, and the solvent was removed in vacuo to afford the desired
hemilabile ligand 1 as an off-white solid (268.6 mg, 79 % yield). 'H
NMR (400 MHz, CD,Clp) 6 8.33 (d, J = 5.4 Hz, 2H), § 7.55-7.35 (m,
10H), 6 7.06-6.95 (m, 2H), 6 3.15-3.02 (m, 2H), 6 2.50-2.40 (m, 2H).
31p{'H} NMR (162 MHz, CD4Cly) § —17.32. MS (ESI+) m/z Calculated
for [14+H]" Cy9H19N1P1S;: 324.0976. Found: 324.10.

WLA Monomer Complex [Pd(P,S-pyr)a] [(BF4)2] (2). Hemilabile
ligand 1 (333.9 mg, 1.032 mmol) was dissolved in 2 mL of DCM and was
added dropwise to a stirring slurry of tetrakis(acetonitrile)palladium(II)
tetrafluoroborate (230.4 mg, 0.5186 mmol) in 2 mL of MeOH in a 10-mL
scintillation vial. During the addition, a yellow precipitate was observed
within minutes. The reaction was stirred overnight, and then the solu-
tion was removed from the glovebox and filtered, yielding a homoge-
nous orange solution. Et;0 was added to the solution to precipitate a
pale-yellow solid. The solid was collected via filtration, washed three
times with excess Et;0, and dried in vacuo resulting in the desired metal
complex as a pale-yellow solid (375.5 mg, 77 % yield). 'H NMR
(400 MHz, CD3CN) 6 8.70 (s, 5H), § 7.68-7.38 (m, br, 27H), § 3.32 (s, br,
8H). *'P{'"H} NMR (162 MHz, CD3CN) § 63.64. HR-MS (ESI+) m/z
Calculated for [2—BF;]" CsgHseBF4NoPoPdS,: 839.0859. Found:
839.0893.

[Cu(Pd(P,S-pyr)2)(MeCN)4] [(BF4)4] WLA monomer
complex 2 (201.0 mg, 0.217 mmol) and Cu(BF4)3-6H30 (74.0 mg,
0.214 mmol) were combined in 4 mL of MeCN in a 10-mL scintillation
vial, and a dark- green homogenous solution formed. This solution was
left to stand at 25 °C for 3 days in the glovebox, during which blue-green,
block crystals, suitable for X-ray crystallographic characterization, grew
upon the walls of the vial. After the 3 days, the mother liquor was
decanted via pipette, and the crystals were washed with MeCN
(3 x 1 mL) before being stored under a minimal amount of MeCN
(approx. 250 pL) (99.5 mg, 26 %). Anal. Caled. for
C4eH4gB4CuF1gNgPoPdSy: C 41.6, H 3.64, N 6.33 %. Found: C
36.7 + 0.187, H 3.44 + 0.085, N 2.96 + 0.116 %. The lower CHN per-
centages observed for 3¥¢CN versus the calculated are attributed to
partial loss of bound MeCN solvent molecules during high vacuum
drying. The crystals were dissolved in 1 g CD3CN for NMR analysis via
sonication at 25 °C. Due to the coordination of paramagnetic d° Cu"
ions, 'H NMR resonances corresponding to the protons in the pyridine
moiety have shifted outside the spectral window and could not be
observed upon expanding to 100 ppm. 'H NMR (400 MHz, CD3CN) &
7.66-7.36 (m, br, 20H), § 3.23 (s, br, 8H). >'P{'H} NMR (162 MHz,
CDsCN) 6 61.76.

[Cu(Pd(P,S-pyr)2) (H0)(MeCN)3] [(BF4)4] eH20eMeCN  (3720),
WLA monomer complex 2 (46.9 mg, 0.0506 mmol) and Cu(BF4)2-6H20
(39.0 mg, 0.113 mmol) were each separately dissolved in 1 mL of MeCN,
before combining them to form a 2-mL dark-green solution that was left

(3MeCN).
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to stand in the glovebox at 25 °C overnight. Then, Et;0 was allowed to
slowly diffuse into the solution. After 24 h, yellow, plate-like crystals
suitable for single crystal X-ray analysis were obtained. The resulting
crystals were stored in their growth solution.

[Cu(Pd(P,S-pyr)2)(DMF)4] [(BF4)4] (3°MF). Analogous to the
preparation of 3¥¢“N, WLA complex 2 (119.0 mg, 0.129 mmol) and Cu
(BF4)2-6H20 (46.9 mg, 0.136 mmol) were combined in 3 mL of DMF in a
10-mL scintillation vial, and a yellow, homogenous solution formed.
After allowing this solution to stand at 25 °C for 6 days in the glovebox in
which it was prepared, EtoO was allowed to slowly diffuse into solution.
After 2 weeks, green, block crystals suitable for single crystal X-ray
analysis were obtained. The resulting crystals were stored in their
growth solution.

In Situ Reaction of CI~ anion with 3¥°“N, To a slurry consisting of
crystals of 3¢°N (39,0 mg, 0.0294 mmol) in 1 g of CD3CN, a solution of
tetra(n-butyl)ammonium chloride (49.2 mg, 0.177 mmol) in 1 g of
CD3CN was added at 25 °C. Immediately upon addition, the supernatant
turned from colorless to yellow, and the blue-green crystals of 3¥¢¢V
expanded and changed into a white powder. The reaction mixture was
allowed to stand overnight at 25 °C in the glovebox in which it was
prepared, at which point all of the crystals were consumed and trans-
formed into an off-white solid in a yellow solution. An aliquot of the
crude reaction solution was transferred to an air-free NMR tube and
analyzed by 'H and 3'P{'H} NMR spectroscopy. Accurate integration of
the 'H NMR resonances is not possible due to the large excess of tetra(n-
butyl)ammonium cations in the crude reaction solution. 'H NMR
(400 MHz, CD3CN) 6 7.81-7.36 (m), 6 3.31-3.25 (m), § 3.18-3.05 (m), 6
2.95-2.88 (m), 5§ 1.63 (tt, J = 8.2, 6.1 Hz), 5§ 1.38 (h, J = 7.4 Hz), § 1.00
(t, J = 7.3 Hz). 3'P{'H} NMR (162 MHz, CDsCN) § 28.28, 5 26.94, 6
16.01. Under aerobic conditions, the crude white solid was collected via
filtration, washed with excess EtyO, and dried in vacuo. 'H NMR
(400 MHz, CD4Cly) § 7.74-7.57 (m, br, 28H), 5 2.83 (s, br, 8H). *'P{'H}
NMR (162 MHz, CD,Cly) § 23.08, 5 16.21.

2.3. X-ray structure determination

Single crystals of 3¥¢N and 3°MF were mounted on a MiTeGen loop,
respectively, with paratone oil on a XtaLAB Synergy diffractometer
equipped with a micro-focus sealed X-ray tube PhotonJet (Mo) X-ray
source and a Hybrid Pixel Array Detector (HyPix) detector. The tem-
perature of the crystals was controlled with an Oxford Cryosystems low-
temperature device. Data reduction was performed with the CrysAlisPro
Software using a numerical (3MeCN) or spherical (3PMF) adsorption
correction. The structures were solved with the ShelXT [60] structure
solution program using the Intrinsic Phasing solution method and Olex2
[61] as the graphical interface. The model was refined with ShelXL [62]
using least squares minimization.

Single crystals of 3720 were mounted on a glass fiber with paratone
oil on a Kappa Apex 2 diffractometer. The temperature of the crystals
was controlled with an Oxford Cryosystems low-temperature device.
Data reduction was performed with the Bruker SAINT software package
using a numerical adsorption correction. The structure was solved with
the ShelXT [60] structure solution program using Direct Methods and
Olex2 [61] as the graphical interface. The model was refined with
ShelXL [62] using least squares minimization.

2.4. Diffusion ordered spectroscopy investigation of 2 and 3N

A 9.4 mg sample of 2 and 3¥°“N were dissolved in 1 g CD3CN,
respectively, for data collection. The samples of 3N were sonicated
until a homogenous solution was obtained. Diffusion coefficients were
obtained from a peak-by-peak fit to a three-component exponential of
the Stejskal-Tanner equation for each proton resonance using the Mes-
trelab Research MestReNova v14.2.3. software package and reported as
a range for each compound.
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2.5. NMR degradation investigation of 3N

Inside a glovebox under an inert atmosphere, single crystals of 31N
(4.5 mg, 0.0034 mmol) were sealed in an air-free NMR tube under 1 g
CDsCN. 'H and 3!'P{'H} NMR spectra were obtained approximately
every 24 h for 14 days. Prior to data collection, the NMR solution was
mixed by inverting the NMR tube 3 times before allowing the crystals to
settle to the bottom. After 4 days, the 3M°N crystals were fully dissolved.

3. Results and discussion
3.1. Synthesis and characterization of 3¥¢CN, 3PMF qnd 3t:0

A primary goal of this work was to use the WLA to synthesize crys-
talline forms of ICPs, so their extended structures could be studied
crystallographically. We view this as a first step toward understanding
how to move the WLA system towards higher dimensional extended
solids, including metal organic frameworks (MOFs). We hypothesized
that, by utilizing a more coordinatively labile pyridine moiety (K, ~ 10*
to Cu') [63,64], as opposed to the previously employed terpyridine
moiety (K, ~ 108 to Fe'h [65], the formation of kinetically trapped
amorphous ICP particles would be less likely and an extended, crystal-
line material could be obtained. To test this hypothesis, a Pd"-based
WLA coordination complex featuring a hemilabile P,S ligand appended
with coordinating pyridine functionalities (P,S-pyr, 1) was prepared,
and characterized by NMR (Scheme 1).

Given the high affinity of Cu" for pyridine and the variety of crys-
talline ICP structure-types accessible via Cu'-pyridine coordination, we
studied the interaction of Cu'' metal ions in the presence of monomer
complex 2 (Fig. 2a) [66-73]. Single-crystal X-ray diffraction (SCXRD)
was used to confirm that the WLA-based ICP 3N crystallizes in the
monoclinic centrosymmetric space group P2/n. Each WLA subunit is
coordinated to one crystallographically unique Cu' metal center to form
an alternating 1D linear chain with a zig-zag-like crystal packing
(Fig. 2b, Table 1, Fig. 51). The Pd" node in each WLA subunit adopts a
strained square planer geometry, and the bond angles are described in
Table 2 (Fig. 2c). The Pd1-S1-N1 bond angle of 105.83(5)° gives the
compound a distinctive zig-zag structure. The Cu" SBU assumes an
octahedral geometry, where two pyridine moieties from independent
WLA subunits adopt a trans configuration (Fig. 2d), and the remaining
cu" coordination sites are filled with bound MeCN solvent. As is com-
mon to many Cul octahedral compounds, the axially bound MeCN
molecules are significantly tetragonally distorted (Table 3). Finally, the
cationic ICPs are charge balanced by disordered [BF4] anions that
reside in the limited interchain region. When DMF is substituted for
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MeCN as the solvent and Et,0 is allowed to subsequently diffuse into the
reaction mixture, green, block crystals of WLA-ICP 3PMF are accessed
(Fig. 3a—c, Tables 1-3). After solvent substitution and diffusion, 3bMF
crystallizes in the P2/n space group, confirming that this system prefers
to form 1D zig-zag chains.

By simply changing the equivalents of Cu' in the reaction mixture, a
closely related, yet independent, structure was obtained. 3%2° crystal-
lizes in the monoclinic centrosymmetric space group P2;/n and,
consistent with 3¥¢N and 3PMF| forms 1D zig-zag chains (Fig. 3d,
Table 1). Again, the WLA subunit displays a strained square-planar ge-
ometry around the Pd" node (Fig. 3e, Table 2). However, unlike the
other structures, 3720 possesses two crystallographically independent
octahedral Cu" SBUs in its asymmetric unit (Fig. 3f). The first Cul co-
ordination sphere features two trans pyridine moieties, two trans water
molecules, and two axial, trans acetonitrile molecules. As with 3¥¢“N and
3PMF 310 features a tetragonal distortion of the MeCN ligands
(Table 3). The second Cu2 coordination sphere features two trans pyri-
dine moieties and MeCN completes its coordination sphere, and again,
features a tetragonal distortion of the bound MeCN molecules. Together,
these structures represent the first three crystallographically character-
ized WLA-based ICPs and show that by carefully controlling the coor-
dination strength of the pendant functionalities to transition-metal-
based SBUs, closed WLA complexes can be assembled into crystalline
extended structures.

3.2. Solvent effects on the structure of 31N

Next, the WLA subunit’s ability to modulate the structure of an
extended solid upon chemical effector binding was studied; specifically,
the stimuli responsiveness of 3¥’N in solution was explored. To ensure
that any structural transformations arose primarily from chemical
changes to the WLA metal node and not from solvent effects, the solution
structure and solvent stability of the synthesized crystals in MeCN was
investigated. Due to challenges growing high quality crystals in bulk
quantities for 3”MF and 3729, we focused the remainder of our analysis
on 3MN given the ease in which robust crystals of this compound could
be grown.

To understand the size and length of the 3¥¢“N structure in solution,
DOSY measurements were performed. The DOSY spectrum of monomer
complex 2 revealed a diffusion coefficient range of
D =0.922-1.01 x 10~ cm?/s by fitting to individual proton resonances
(Fig. 4a, Figs. $3-S8). Compound 3M*N was found to have a smaller
diffusion coefficient D = 6.75-7.17 x 10~ cm?/ s, consistent with gMeCN
having a larger oligomeric structure in comparison to 2 (Fig. 4b,
Fig. S9-512). In agreement with the DOSY measurements, the ESI-MS

— CszC03 P N | S
MeCN 75°C _N
79%
1
N T|2+2BF,”
. |
P/\/ e [Pd(MeCN),](BF4), thP\ &
_N CH,CI;, MeOH pth
7%

Scheme 1. The synthesis of hemilabile ligand (P,S)-pyr (1) and molecular complex [Pd(P,S-pyr)2][(BF4)2] (2).
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(a)
2~ 12+ 2BF,”
Ph,P. SQ MeCN
2 pd’ + 1 eq. Cu(BF4),*6H,0 ﬁ»
PhP” 'S
N | N
~N
2
(b) (c) (d)

Fig. 2. (a) Reaction scheme for the synthesis of coordination polymer 3M°N, X.ray crystal structure of 3¥¢“N highlighting (b) the full linear chain, (c) the closed WLA
coordination node, and (d) the Cu® coordination sphere. Orange, green, purple, yellow, blue, and grey spheres represent Cu, Pd, P, S, N, and C atoms, respectively.
Charge balancing counter ions and H atoms have been omitted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

26 Range for Data Collection/®

3.924 to 67.768

Index Ranges -17<h<20
-23<k<23
-21<1<22

Reflections Collected 49,265

Independent Reflections

Data/Restraints/Parameters

Goodness-of-fit on F2

Final R indexes [I>=2¢ ()]

Final R indexes [all data]

Largest diff. peak/hole /
eA®

10,356 [Rint = 0.0522, Ryigma = 0.0403]

10,356/98/438

1.084

R; = 0.0661, wR, = 0.1827
R; = 0.0785, wR, = 0.1901
1.86/-1.27

3.98 to 67.746
~19<h<20

22 <k <24
—22<1<22

110,820

11,665 [Rin; = 0.0395,
Reigma = 0.0268]
11,665/519/544

1.040

R; = 0.0498, wR, = 0.1349
R; = 0.0712, WR; = 0.1504
1.71/-0.79

Table 1
Crystallographic data for 3¥¢CN, 3PMF anq 3120,
gMeCN 3DMF 3120
Empirical Formula Cy46H4gB4CuF16NgP,PdS, CsoHe4B4CuF;¢NgO4P,PdS, C46Hs0B4CuF;6NgO,P,PdS,
Formula Weight 1328.14 1456.31 1362.16
Temperature/K 100.0(2) 200(2) 100.09
Crystal System monoclinic monoclinic monoclinic
Space Group P2/n P2/n P2;/n
a/A 13.3938(3) 13.6114(2) 13.3903(4)
b/A 15.4971(3) 16.1404(2) 30.8825(9)
c/A 14.5948(4) 14.6275(3) 14.3575(4)
o/° 90 90 90
p/° 106.664(3) 103.577(2) 106.5840(15)
v/° 90 90 90
Volume/A? 2902.15(12) 3123.76(9) 5690.2(3)
Z 2 2 4
Peale/g cm 3 1.520 1.548 1.590
p/mm~! 0.893 0.841 0.915
F(000) 1334.0 1478.0 2740.0
Crystal size/mm® 0.119 x 0.096 x 0.081 0.229 x 0.14 x 0.05 0.181 x 0.067 x 0.024
Radiation Mo Ka (A = 0.71073) Mo Ko (A = 0.71073) Mo Ka (A = 0.71073)

3.24 to 56.822
-17<h<17
—35<k<4
-19<1<19

76,641

14,219 [Rip = 0.0565,
Rsigma = 0.1230]
14,219/141/741

1.050

R; = 0.0720, wR, = 0.1879
R; = 0.1164, wR, = 0.2033
1.33/-1.15

spectrum of 3M°°N showed distinct peaks up to 2168.40 m/z (Fig. S25).
These results indicate 31N is a distinct species from 2 and, while an ICP
in the solid state, is oligomeric (i.e., dimers, trimers) when dissolved into
solution via sonication for NMR analysis.

In order to distinguish the solvent contributions from chemical
effector (Cl™ anion) exposure, the long-term stability (i.e., over several
days) of single crystals of 3N in MeCN was investigated. The first 3'P

{'H} NMR spectrum obtained during this study was consistent with the
initial spectrum observed during the characterization of the solution
structure of 3N (Fig. 4c, Figs. S13, S14). After 4 days, the crystals of
3MeCN fylly dissolved into the deuterated MeCN solution and the first
signs of degradation were observable in the 3'P{'H} spectrum on the
fifth day. This degradation continues over the course of the next three
days (8 days in total) as 3"°°N fully degrades into a combination of
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Table 2
Selected bond angles (°) for 3M¢CN, 3PMF and 320,
gMeCN 3DMF 30

P1-Pd1-S1 86.02(3) 85.93(2) 85.39(5)
S1-Pd1-S1 92.50(5) 91.68(3)
P1-Pd1-P1 95.48(5) 96.49(3)
Pd1-S1-N1 105.83(5) 110.44(4)
P2-Pd1-S2 85.51(5)
P1-Pd1-P2 95.38(6)
S1-Pd1-S2 93.82(5)
Pd1-S1-N1 110.89(7)
Pd1-S2-N4 102.86(7)

Table 3

Selected bond lengths (A) for 3¥¢°N, 3PMF anq 320,

gMecN 3DMF 30

Cul-N1 2.003(3) 2.049(2) 1.990(4)
Cul-N2 2.367(5) 2.440(7)
Cul-N3 2.025(4)
Cul-01 2.246(4) 1.997(5)
Cul-02 1.974(3)
Cu2-N4 1.997(4)
Cu2-N5 2.021(7)
Cu2-N6 2.399(7)

products. The DOSY and degradation experiments illustrate two
important behaviors of 3MeCN that are relevant to subsequent studies: (1)
3MeCN 5 an oligomer in solution, and (2) single crystals of 3¥¢N do not
degrade sufficiently or quickly enough that changes in structure during
the reaction with CI™ anions can be attributed to solvent effects alone.

3.3. Structural dynamics in the presence of Cl~

A key feature of the WLA is its ability to be used to induce structural
transformations in supramolecular materials upon small molecule or
halide effector binding. After establishing the stability of 3¥¢N crystals
in MeCN, we investigated their response to Cl~ anion exposure. Upon
exposure to the Cl™ solution, the mother liquor turned from colorless to
yellow, and within one minute, the blue-green crystals began to expand
and turn into an amorphous white powder, consistent with the lack of
signal in the PXRD diffractogram (Fig. 5a, Fig. S2, Video S1); the
transformation was complete after 24 h, as determined by the disap-
pearance of the 31P{lH} NMR resonance of the chain compound in so-
lution. The two products (i.e., yellow supernatant, and white powder)
were both analyzed by 'H and 3'P{'H} NMR spectroscopy. In the 3P
{'H} NMR spectrum of the crude white powder, the signal at approx.
16 ppm is assigned to the fully open complex 22! (Fig. 5b, Fig. 6), which
is consistent with data from isoelectronic model compounds [28,33,74].
The resonance at approx. 16 ppm in the *'P{'H} NMR spectrum of the
yellow solution is assigned to the fully open congener of complex 2%
and the resonance at approx. 28 ppm is assigned to a related fully open
species in which the complex is coordinated by two MeCN solvent
molecules (22M°CN, Fig. 5¢, Fig. 6), consistent with model complexes
from the literature [28,33,74]. Given that the crude reaction mixtures
were analyzed in situ to capture all reaction products, these analyses
resulted in signals in the NMR spectra that we were unable to fully assign
(Fig. 5b, ¢, S15-S18). Attempts to grow crystals suitable for structure
determination from the reaction mixtures were unsuccessful. Never-
theless, the in situ NMR experiments suggest that upon exposure to Cl™
anion, the embedded WLA subunits of 3¥¢N begin to open as the halide
binds to the Pd" metal centers and along the chain backbone. This
structure of the sample transforms from crystalline to amorphous,
leading to the complete consumption of the chain crystals, and yielding
a mixture of fully open WLA complexes and other products. These ex-
periments demonstrate that even in a rigid, crystalline system, the WLA

Polyhedron 227 (2022) 116116
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Fig. 3. (a) X-ray crystal structure of 3°™F highlighting the full linear chain, (b)
the closed WLA coordination node, and (c) the Cu" coordination sphere. (d) X-
ray crystal structure of 3%20 highlighting the full linear chain, (e) the closed
WLA coordination node, and (f) the asymmetric unit including the complete
coordination spheres of Pd" and the two crystallographically unique Cu" sites.
Orange, green, purple, yellow, red, blue, and grey spheres represent Cu, Pd, P,
S, O, N, and C atoms, respectively. Charge balancing counter ions, unbound
solvent molecules, and H atoms have been omitted for clarity. Modelled rota-
tional disorder of the bound DMF molecules has been omitted for clarity. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

can be used to impart stimuli-responsiveness into supramolecular
structures and control the assembly and switching of metalloligands
between an extended structure and molecular monomers.

From this data, coupled with SCXRD structures, we postulate a
design criterion for next-generation WLA-ICPs: increasing the coordi-
nation strength between the WLA monomer and the transition metal
SBU will yield materials that maintain crystallinity through the struc-
tural transformation. Moving forward, one could envision a WLA-based
ICP that could be switched between two crystalline phases to permit the
development of design rules for next generation stimuli-responsive
materials.



B.D. Coleman et al.

Polyhedron 227 (2022) 116116

(a) (b) (c) 1P{1H} NMR
CD,CN
L N 2 " ' Juecn 2
,J\. L
L 1x10° L1x10° b
3MeCN ‘J
t=1day J
t=2 days J
L1x10% L1x10*
P —_ t =3 days
3 o J
0 £
N B t=4dast
L )
e e t=5 days l
L1%10°° L1x10°°
+ t =6 days
o ‘
t=7 days
A LA l
t=8 days
L 1x10°® L 1x10°® A J.A L
1109 8 7 6 5 4 3 2 1 0 1110 9 8 7 543210 70 65 60 55 50 25 20
ppm ppm ppm

Fig. 4. Psuedo-2D DOSY NMR of (a) 2 and (b) 3M“N, (c) 3'P{'H} NMR spectra of a mixture containing crystals of 3¥¢“N soaked in 1 g of solvent in an air-tight NMR
tube over the course of 8 days, showing the degradation of the coordination polymer in solution. All spectra were collected in CD3CN.
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Fig. 5. Crystals of 3¥¢“N were exposed to excess Cl~ ions to induce a structural transformation of the WLA complex node, resulting in disassembly of the linear
coordination polymer. (a) Within one minute of exposure to a 1~ ion solution, crystals of 3N begin to swell and transform into a white powder. Allowing this
mixture to stand for 24 h results in complete reaction of 3MeCN (1) 31p{1H} NMR spectrum of the white solid obtained after 24 h. (©%'P{'H} NMR spectrum of the
yellow supernate showing a mixture of 22¢,22MeN and other products in CD5CN. Asterisks denote assigned species. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

We have reported the first three crystallographically characterized
WLA-ICPs. Importantly, we have demonstrated that in their closed state
and in the absence of chemical effectors, WLA coordination complexes
are rigid enough to form extended crystalline solids. The subsequent
introduction of WLA chemical effectors to the crystals allows for their
disassembly to molecular components. Thus, one can control macro-
scale molecular assembly via the structural state of the nanoscale WLA
monomer complex. The structural insight gained through X-ray

diffraction will permit the design and synthesis of future WLA-ICP ma-
terials, and our structural and chemical analysis has highlighted that
appropriate coordination strength should be considered when using
WLA complexes to prepare stimuli-responsive extended structures.
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