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Abstract

Homochiral coordination polymers have emerged as promising candidates for a range of
chirotechnological applications, including asymmetric catalysis and enantioselective separation.
The use of ligands derived from naturally occurring L-amino acids is an inexpensive and effective
approach to generate a range of homochiral coordination polymers. To investigate the structure-
directing effect of the amino acid side chain, seven homochiral Cd(II) frameworks were
synthesised using semi-rigid dicarboxylates composed of L-amino acids appended to terephthalic
acid (H,TMXxx, where Xxx = Ala, Val, Phe, Trp, Tyr and His) and bis(4-pyridyl)ethylene co-
ligands. When Xxx = Val, Tyr, Phe or Trp, a series of 2D (4,4)-networks were obtained, in which
the different intermolecular interactions of the side chains result in subtle changes in crystal
packing. Employing Xxx = Ala or Tyr led to 3D frameworks with a {6°-8} topology, in which the
varying steric bulk of the side chains results in significant differences in framework geometry as
well as the shape and volume of the solvent-accessible channels. When Xxx = His, the imidazole
side chains coordinate to the metal centre to direct the formation of a 3D pillared structure that

undergoes two-fold interpenetration.
Introduction

Chirality is prevalent throughout nature, with most biologically important molecules, including
amino acids, nucleotides and sugars, occurring predominantly as a single enantiomer. The
enantiomers of a chiral molecule may interact differently with enzymes, receptors and other chiral
biomolecules, giving rise to different biological effects.!>? This behavior is exemplified in the two
enantiomers of dopamine; L-dopamine is used to treat Parkinson’s disease while D-dopamine

elicits neurotoxic side effects.> Obtaining enantiomerically pure chiral molecules is therefore of
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great importance in the pharmaceutical industry, with nearly 50% of drugs on the market being
chiral molecules.* > Motivated by the high demand for enantiopure drugs, significant research

effort has been devoted to developing methods for the preparation of chiral molecules.* 67

Homochiral coordination polymers have emerged as a promising class of materials with various
applications in chirotechnology, including as asymmetric catalysts®!? or chiral stationary phases
for the chromatographic separation of racemic mixtures.!-'¢ Frameworks containing large solvent-
accessible chiral pores are particularly promising as the environment in the pores can be altered
by changing the inorganic ions and chiral organic ligands, thereby tailoring the framework towards
specific chiral substrates.!” However, the large-scale preparation of homochiral frameworks in an
inexpensive and reproducible manner remains a considerable challenge.!® The use of enantiopure
organic linkers is currently the most direct and reliable method of introducing chirality into
frameworks, but this approach is synthetically demanding as the organic linkers used often require
multi-step syntheses with prohibitively low overall yields.!®-?> Another approach involves
combining metal ions and achiral ligands in the presence of a chiral template in order to direct the
formation of a homochiral network.?>->> A major limitation of this approach, however, is the
difficulty of systematically predicting and controlling the enantiomeric excess of the reaction

products.

A reliable and inexpensive strategy for preparing homochiral coordination polymers is to use
ligands derived from commercially available chiral molecules.?6?® The family of naturally-
occurring a-amino acids are promising candidates for chiral precursors as they are non-toxic,
inexpensive and can be readily obtained in high enantiopurity.?® The structural flexibility of -
amino acids, which may hinder the formation of robust porous frameworks, can be reduced by
functionalisation with suitable rigid aromatic units.3%-32 A straightforward implementation of this
strategy involves appending a benzoate group to the N-terminus of the amino acid, which can be
achieved in two synthetic steps to obtain semi-rigid terephthaloyl mono amino acid linkers
(H,TMXxx, Xxx = amino acid). Five homochiral frameworks, some of which contain significant
pore space (up to 2968 A3 per unit cell or 36.2% of the crystal volume), have been constructed
using the alanine-derived ligand (H,TMAla),?° demonstrating the propensity of H,TMXxx linkers
to promote the formation of porous homochiral coordination polymers. The inclusion of rigid N-

donor co-ligands was used to further increase the dimensionality and porosity of the frameworks.
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The side chain of alanine consists of a single methyl group, making it the simplest of the 19 chiral
naturally-occurring o-amino acids. The other o-amino acids contain a variety of side chains
capable of participating in different intermolecular interactions, including hydrophobic
interactions, m-stacking, electrostatic interactions and metal coordination. The diversity of
functional groups available within the family of a-amino acids therefore offers opportunities for
tuning the structure and properties of the homochiral coordination polymers simply by changing

the amino acid precursor.

To investigate the effect of varying the amino acid side chain on the structure of the resulting
coordination polymers, H;TMAIa and five novel H,TMXxx ligands were synthesised using the
amino acid precursors: valine (Val), phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp) and
histidine (His). Combining the H,TMXxx ligands with Cd(Il) and the rigid dipyridyl bis(4-
pyridyl)ethylene (bpee) co-ligand yielded seven 2D and 3D homochiral coordination polymers.
Single-crystal X-ray diffraction studies on the coordination polymers revealed the important
structure-directing role of the amino acid side chains, which ranged from exerting a subtle

influence on the crystal packing to dramatically altering the dimensionality of the framework.
Experimental section

General Considerations

All chemicals and solvents were used as obtained and without further purification. Distilled
dichloromethane (dried over CaH,) was used in all experiments requiring anhydrous

dichloromethane.

NMR spectra ("H and 3C{!H}) were recorded on a Varian MR400 spectrometer operating at 400
MHz for 'H and 100 MHz for 3C. 'H and '3C chemical shifts were referenced internally to residual
solvent resonances. High resolution electrospray ionisation (ESI) mass spectra were acquired as
solution samples in a methanol/formic acid mixture or in acetonitrile (~1 ppm) on an Agilent 6520
Accurate-Mass Q-TOF spectrometer. Fourier Transform Infrared spectra were measured on a
Bruker Alpha spectrometer between 4000 — 400 cm™!' with 4 ecm™! resolution and 32 scans and
normalised as absorbance spectra. Thermal gravimetric analysis was conducted on a Mettler
Toledo TGA/SDTAS8S51 instrument using aluminum crucibles as sample holders under high purity

nitrogen. Typical analysis involved heating the sample up to 450 °C with a temperature increment
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of 4 °C min~!. Microanalysis was carried out at the Chemical Analysis Facility — Elemental
Analysis Service in the Department of Chemistry and Biomolecular Science at Macquarie

University, Australia.

Single crystal X-ray diffraction data was collected on a Rigaku Oxford Diffraction Synergy-S
diffractometer equipped with CuKa radiation or on the MX1 or MX2 beamline at the Australian
Synchrotron.3 34 In general, single crystals were transferred directly from the mother liquor into
immersion oil and placed under a stream of nitrogen at 100 K or 240 K. Crystal structures were
solved by direct methods using the program SHELXT?3® and refined using a full matrix least-
squares procedure based on F? (SHEXL),’® within the Olex23’ GUI program. In structures
containing disordered solvent molecules that could not be satisfactorily modelled, the solvent mask

routine in Olex2 was used.’8
Framework Synthesis

[Cdy(TMVal),(bpee),]-0.8DMF-3.9H,0 (1). A solution of H,TMVal (8.0 mg, 0.03 mmol), bis(4-
pyridyl)ethylene (5.5 mg, 0.03 mmol) and Cd(NOs),-4H,0 (27.8 mg, 0.09 mmol) in DMF/H,0 (3
mL, 1:1 v/v) was heated at 80 °C for 2 days. The reaction mixture was cooled to room temperature,
filtered and washed with 1:1 DMF/H,0 (5 mL) to obtain colourless needles (12.9 mg, 64%). IR
(ATR): 3055, 2960, 2873, 1669, 1635, 1604, 1545, 1399, 1302, 1094, 1014, 985, 874, 832, 777,
661, 551, 472 cm™'. Elemental analysis (%): calcd for Cs; gHsg 4CdyNggO147: C 50.76, H 4.79, N
7.62; found: C 50.58, H4.77, N 7.66.

[Cdy(TMTyr),(bpee);]-1.6DMF-2.3H,0 (2). A solution of H;TMTyr (9.9 mg, 0.03 mmol), bpee
(5.5 mg, 0.03 mmol) and Cd(NO3),-4H,0 (9.3 mg, 0.03 mmol) in DMF/H,0 (3 mL, 1:2 v/v) was
heated at 80 °C for 7 days. The reaction mixture was cooled to room temperature, filtered and
washed with 1:1 DMF/H,0 (5 mL) to obtain colourless needles (9.1 mg, 44%). IR (ATR): 3060,
2918, 1670, 1642, 1605, 1583, 1516, 1392, 1267, 1066, 1016, 979, 833, 736, 658, 550,497 cm ™.
Elemental analysis (%): calcd for Cg, sHss sCdaN7O159: C 53.91, H 4.24, N 7.61; found: C 53.92,
H4.27,N 7.64.

[Cd4y(TMPhe)y(bpee)y]-2.3DMF-6.4H,0 (3). A solution of H,TMPhe (9.4 mg, 0.03 mmol), bpee
(5.5 mg, 0.03 mmol) and Cd(NO3),-4H,0 (9.3 mg, 0.03 mmol) in DMF/H,0 (3 mL, 1:1 v/v) was

heated at 80 °C for 5 days. The reaction mixture was cooled to room temperature, filtered and
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washed with 1:1 DMF/H,0 (5 mL) to obtain colourless needles (13.4 mg, 68%). IR (ATR): 3057,
2919, 1665, 1605, 1585, 1542, 1387, 1096, 1017, 832, 737, 700, 549, 499 cm™!. Elemental analysis
(%)Z calcd for C122_9H118.9Cd4N14.3028_7I C 5456, H 443, N 741, found: C 5457, H 435, N 7.41.

[Cd3(TMTrp),(bpee)s(formate),]-2.6DMF-7H,0 (4). A solution of H,TMTrp (10.6 mg, 0.03
mmol), bis(4-pyridyl)ethylene (5.5 mg, 0.03 mmol), sodium formate (1.0 mg, 0.015 mmol) and
Cd(NOs3),-4H,0 (9.3 mg, 0.03 mmol) in DMF/H,0 (3 mL, 5:1 v/v) was heated at 80 °C for 5 days.
The reaction mixture was cooled to room temperature, filtered and washed with DMF (5 mL) to
obtain fine colourless needles (16.7 mg, 64%). IR (ATR): 3372, 3053, 2929, 1656, 1605, 1584,
1517, 1487, 1402, 1252, 1067, 1014, 972, 827, 741, 549 cm™!. Elemental analysis (%): calcd for
Cs3.9Hgs 3Cd3N1260236: C 50.69, H 4.48, N 8.88; found: C 50.65, H 4.61, N 8.89.

[Cdy(TMAIla),(bpee)y]-2DMF-12.2H,0 (5). A solution of H;TMAIla (7.1 mg, 0.03 mmol), bis(4-
pyridyl)ethylene (5.5 mg, 0.03 mmol) and Cd(NO;),-4H,0 (9.3 mg, 0.03 mmol) in DMF/H,O (3
mL, 1:1 v/v) was heated at 80 °C for 5 days. The reaction mixture was cooled to room temperature,
filtered and washed with 1:1 DMF/H,0 (5 mL) to obtain colourless octahedral blocks (7.1 mg,
38%). IR (ATR): 3360, 2923, 1649, 1603, 1585, 1534, 1390, 1284, 1067, 1012, 830, 806, 551
cm!. Elemental analysis (%): calcd for CogHj144Cd4N140345: C 47.36, H 4.64, N 7.89; found: C
47.36,H 4.46, N 7.47.

[Cdy(TMTyr),(bpee),] - 2DMF-7.7MeOH (6). A solution of H,TMTyr (9.9 mg, 0.03 mmol),
bis(4-pyridyl)ethylene (5.5 mg, 0.03 mmol) and Cd(NO;),"4H,O (9.3 mg, 0.03 mmol) in
DMF/MeOH (3 mL, 2:1 v/v) was heated at 80 °C for 24 hours. The reaction mixture was cooled
to room temperature and washed with 1:1 DMF/H,0 (3 x 4 mL) to remove the white amorphous
powder. The remaining solid was filtered and washed with 1:1 DMF/H,O (5§ mL) to obtain
colourless cube-like crystals (10.2 mg, 37%). IR (ATR): 3291, 2926, 2916, 1658, 1605, 1582,
1535, 1512, 1386, 1294, 1246, 1092, 973, 877, 805, 739, 665, 512 cm™!. Elemental analysis (%):
caled for C7,7Hgo sCdaNgO5; 7: C 52.99; H 5.49; N 6.80; found: C 53.01, H 4.31, N 6.80.

[Cd(TMHis)(bpee)] DMF-3H,0 (7). A solution of H;TMHis (9.1 mg, 0.03 mmol), bis(4-
pyridyl)ethylene (5.5 mg, 0.03 mmol) and Cd(NO3),-4H,0 (9.3 mg, 0.03 mmol) in DMF/H,0 (3
mL, 1:1 v/v) was heated at 80 °C for 2 days. The reaction mixture was cooled to room temperature
and washed with 1:1 DMF/H,0 (3 x 4 mL) to remove the white amorphous powder. The remaining
solid was filtered and washed with 1:1 DMF/H,0 (5 mL) to obtain colourless block crystals (11.1
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mg, 51%). IR (ATR): 3536, 3413, 3132, 3058, 2997, 2868, 1664, 1638, 1605, 1579, 1494, 1385,
1332, 1283, 1104, 1013, 989, 955, 841, 839, 745, 657, 550, 467, 445 cm™!. Elemental analysis
(%): calcd for CyoH34CdN¢Oy: C 48.18; H 4.74; N 11.62; found: C 48.05, H 4.74, N 11.43.

Results and Discussion
Synthesis of H,TMXxx

A two-step synthetic route was employed to synthesise the H,TMXxx ligands. This involves an
amide coupling between monomethyl terephthaloyl acid chloride and the appropriate L-amino acid
methyl ester, followed by hydrolysis of the two methyl ester groups (Scheme 1). When Xxx = Ala,
Val, Phe or Trp, the desired product was obtained in 73-81% overall yield (Table 1). However,
when Xxx = His or Tyr, the nucleophilic side chains also reacted with monomethyl terephthaloyl
acid chloride to give disubstituted intermediates. The terephthaloyl group appended to the side
chain was hydrolysed in the subsequent step to yield the desired product. This generated
terephthalic acid as a by-product, which was removed by column chromatography (Xxx = Tyr,
81%) or by exploiting the greater water solubility of the ligand under acidic conditions (Xxx =

His, 25%).

o) o)
Os__Cl H H
o NI o NI
o EtsN I OMe Naow © OoH
- \)J\ 3 R1 a Ii
¢ OHN Ay - .
& CH,Cl, H,O/EtOH
O OMe 0% “OMe 07 “OH
la-f 2a-f

Scheme 1. Synthetic scheme for the preparation of H,TMXxx ligands
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Table 1. Synthetic yield (%) of compounds 1a-f and 2a-f with structures of side chains

R! Yield of 1 (%) R Yield of 2
(%)
82 -CH; 95
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38 Framework Synthesis

40 Seven homochiral coordination polymers (1-7) were synthesised via the solvothermal reaction of
42 H,TMXxx with Cd(NOs),-4H,0 and bpee in solvent mixtures of DMF/water or DMF/methanol at
44 80 °C. A stoichiometric ratio of 1:1:1 Cd(NO;),: H,TMXxx: bpee was consistently used for the
initial syntheses. However, for some compounds, increasing the concentration of Cd(NO;),-4H,0
47 enabled higher yields to be obtained. Powder XRD experiments were used to verify that the

49 structure of the coordination polymer was unchanged.
51 2D Networks with Xxx = Val, Phe, Tyr and Trp (1-4).

54 The reactions of H,TMXxx, where Xxx = Val, Phe and Tyr, with bpee in a mixture of DMF and

water yielded colourless needle crystals which were found to be 2D rectangular sheet structures of
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composition [Cd(TMXxx)(bpee)]- xDMF-yH,0 (Xxx = Val (1), Tyr (2), Phe (3)). The structures
of 1-2 were solved in the monoclinic space group P2, while 3 was solved in the triclinic space
group P1. The inorganic node in 1-3 is a Cd,(COO),N, cluster connecting four TMXxx?™ ligands
and four bpee ligands (Figure 1).

In 1, the two crystallographically distinct Cd(II) atoms are both six-coordinate with a distorted
octahedral coordination environment, as determined using the SHAPE* program. The four
equatorial sites of each Cd(II) are occupied by oxygen atoms from the carboxylate groups of three
TMXxx?" ligands, one of which binds in a chelating mode while the other two serve as a three-
atom bridge that connects the two Cd(II) centres. The axial positions of the Cd(II) ion are occupied
by pyridyl nitrogen atoms from two bpee ligands (Figure 1a). The Cd(I1)-O bond lengths vary
from 2.250(6) A to 2.412(6) A and the Cd(II)-N bond lengths fall in the range of 2.280(8) A to
2.33(1) A. These bond lengths are consistent with reported structures containing six-coordinate

Cd(II) centres.*

In contrast, the Cd,(COO)4N, clusters in 2 contain a six-coordinate Cdl and a seven-coordinate
Cd2, which were calculated using SHAPE* to possess a distorted octahedral and pentagonal
bipyramidal coordination geometry respectively. The Cd(II)-O bond lengths for Cd1 range from
2.249(4) A to 2.470(6) A, typical of six-coordinate Cd(II), while the corresponding distances for
Cd2 are increased, ranging from 2.329(7) A to 2.528(6) A, consistent with the presence of a seven-
coordinate Cd(Il) centre.*® The oxygen atoms 043 and O19, which are coordinated to Cdl and
belong to the bridging carboxylate groups, form an O-Cd-O angle of 124.5°. The corresponding
oxygen atoms bound to Cd2 (042 and O18) form a significantly larger O-Cd-O angle of 137.4°.
The large difference in the two O-Cd-O angles positions O43 at a distance of 2.311(5) A from Cd1
and 2.454(6) A from Cd2, sufficiently close to coordinate to both Cd(II) centres and act as a p,
bridge. This increases the coordination number of Cd2 from six to seven (Figure 1b). In contrast,
the corresponding O-Cd-O angles in 1 are similar (128.4° for Cd1 and 125.8° for Cd2), giving rise

to two six-coordinate Cd(II) centres with no p,-O bridge.

Compound 3 contains two types of Cdy(COO)4N, clusters, one of which contains two six-
coordinate Cd(I) centres, similar to 1, while the other contains a six-coordinate and a seven-
coordinate Cd(II) centre, similar to 2. As before, the coordination geometries for the six- and

seven-coordinate Cd(II) centres were calculated to be distorted octahedral and pentagonal
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bipyramidal respectively. 3 The Cd(I1)-O bond lengths fall in the range 2.233(8)-2.558(7) A for
the six-coordinate Cd(II) centres (Cdl, Cd2 and Cd3) and 2.318(9)-2.611(8) A for the seven-
coordinate Cd(II) centre (Cd4). Equivalent clusters are connected by TMPhe?™ ligand pairs while

inequivalent clusters are linked via bpee ligands.

(@) (b)

Figure 1. The Cdy(COO)4Ny cluster in (a) 1, in which both Cdl and Cd2 are six-coordinate; (b) 2, in which CdlI is
six-coordinate while Cd2 is seven-coordinate. The Cd2-O43 bond is highlighted in green. Atoms are depicted as
follows in parts a-b: cadmium (purple), oxygen (red), nitrogen (blue) and carbon (black).

In 1-3, adjacent clusters are linked by pairs of TMXxx?~ ligands to form a double chain in which
the TMXxx?~ ligands on each side of the chain are arranged in a head-to-tail manner and run anti-
parallel to the ligands on the opposite side of the chain (Figure 2a). These anti-parallel double
chains are bridged by pairs of bpee ligands to form sheets with an sql topology and Schléfli symbol
{44-62}41 (Figure 2b). The sheets are stacked in a staggered manner to give narrow channels,
which are occupied by solvent molecules (Figure 2¢). In 2 and 3, some of these solvent molecules
were disordered and could not be satisfactorily modelled, hence the solvent mask routine within
Olex2 was employed.3® The asymmetric unit of 2 was estimated to contain 91 residual electrons,
which is in good agreement with the proposed solvent content of 1.6 DMF and 2.3 H,O. The
structure of 3 contains 2 DMF and 4 H,O molecules that were well-ordered, as well as 41 residual
electrons from disordered solvent. This corresponds well to the proposed solvent content of 2.3

DMF and 6.4 H,O molecules.

Evacuation of the channels would give a total void space of 22% in 1 and 14% in 2 and 3. The
lower potential void space in 2 and 3 can be attributed to the bulkier aromatic side chains in
phenylalanine and tyrosine compared to the isopropyl side chain of valine. The thermal
gravimetric analysis (TGA) of 1 (Figure S8) indicates a mass loss of 4.5% between 30 and 105 °C,

which corresponds to the loss of 3.3 H,O molecules per asymmetric unit, followed by a further
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mass loss of 4.5% between 110-195 °C, corresponding to 0.8 DMF molecules. There is a plateau
in the TGA trace from 195 — 290 °C, indicating framework stability, before the framework
decomposes about 290 °C. The TGA trace of 2 contains a gradual mass decrease of 3.6% between
70 and 226 °C, which may correspond to 2.3 H,O and 0.1 DMF molecules. In 3, there is a gradual
mass loss of 8.3% from 60-260 °C, which may correspond to the loss of 6.4 H,O molecules and
1.5 DMF molecules per asymmetric unit. Framework decomposition occurs at 295 °C in 2 and 330

°Cin 3.

Figure 2. Structure of [Cd(TMVal)(bpee)]-xDMF-yH,O (1) showing (a) the double chain formed by linking adjacent
Cd(IT) clusters with anti-parallel pairs of TMVal?~ ligands; (b) a single sheet viewed along the ¢ axis; (c) a view of the
framework down the ¢ axis, showing the staggered packing of the sheets. Atoms are depicted as follows in parts a-b:
cadmium (purple), oxygen (red), nitrogen (blue) and carbon (black). Hydrogens have been omitted for clarity.

Despite the similar bonding and connectivity within each (4,4)-sheet in 1-3, there are subtle
differences in the packing of the sheets, resulting from conformational differences in the amino
acid side chains. In 3, there are four crystallographically distinct TMPhe?~ ligands which differ

markedly in the position and orientation of the benzyl side chain, as seen from a comparison of the
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torsion angles in the four types of TMPhe?" ligands (Table 2). In particular, there are large
variations in the torsion angles defined by Cy-N-C,-Cg, which range from +75.41° to +144.67°,
and N-C,-C;-C,, which range from —58.98° to +56.53°. In contrast, 1 and 2 crystallise in the higher
symmetry space group P2, and contain two crystallographically inequivalent TMXxx?~ ligands.
Within each structure, the two types of TMXxx?~ ligands have similar Cy-N-C,-C and N-C,-Cg-
C, torsion angles, differing by a maximum of 22.38° and 2.81° respectively (Table 2).

Table 2. Torsion angles of TMXxx?" ligands in the crystal structures of 1-3
Structure Ligand Colour!  C,.,n-Co-N-C, Co-N-C-C3 () N-C-Cp-C, (°)

©
1 Red +175.98 +92.57 —59.22, +66.33
1 Blue -179.60 +101.35 —58.35, +65.66
2 Red —176.47 +114.20 —67.47
2 Blue —173.96 +136.58 —64.66
3 Red —165.78 +102.16 —58.98
3 Blue —165.96 +144.67 —56.95
3 Green +176.77 +75.41 +48.03
3 Purple —173.03 +91.99 +56.53

ICorresponds to the colour displayed in Figure 3a.

The large differences in the orientation of the benzyl side chains in 3 can be attributed to the large
number of possible non-covalent interactions that can be formed between the benzyl groups of
TMPhe?” and neighbouring components of the framework (Figure 3a). This includes various n-xt
stacking and CH-r interactions at distances of 3.5-4.0 A. In contrast, there are fewer variations in
the intermolecular interactions involving the TMVal?>~ and TMTyr?" side chains in 1 and 2. The
isopropyl side chains of the TMVal?~ ligands in 1 form CH-r interactions with the pyridyl rings of
adjacent bpee ligands with distances of 3.609 A and 3.851 A. Although the phenol side chains of
the TMTyr?" ligands in 2 also have the propensity to form n-x stacking and CH- interactions, the
predominant interaction appears to be hydrogen bonding between the phenol hydroxyl group and
the amide oxygen of a neighbouring sheet, with H-bond distances of 2.64(1) A and 2.85(2) A.
These directional interactions restrict the conformations adopted by the side chains in the

TMXxx?" ligands of 1 and 2 (Figure 3b).
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1 (Xxx = Val*) 2 (Xxx = Tyr?) 3 (Xxx = Phe?)

Figure 3. (a) An overlay of the crystallographically inequivalent ligands in 1-3, showing the different arrangement of
groups about the N-C, bond (highlighted in black); (b) The crystal packing in 1, 2 and 3, with individual sheets
represented in purple, blue, green and red. Intermolecular interactions involving the side chains, including hydrogen
bonding interactions (in 2) and short contacts in the range of 3.5-4.0 A (in 1 and 3) are represented by grey and black
bands.

The reaction of HyTMTrp with Cd(NOs),-4H,O and bpee under similar reaction conditions
resulted in an inhomogeneous mixture formed after seven days, which contained pale orange
needles suitable for analysis by X-ray diffraction. This unexpectedly revealed a 2D coordination
polymer of composition [Cd;(TMTrp),(bpee)s(formate),] (4), which crystallised in the space
group P2,. The formate ions have likely formed from the hydrolysis of DMF at high
temperatures.*> Upon the addition of sodium formate to the reaction mixture, homogenous
microcrystalline needles separated after two days, which were confirmed by PXRD to be the same
compound. Remarkably, although 4 differs significantly in composition from 1-3 due to the
inclusion of formate ions, SCXRD studies of 4 revealed a 2D (4,4)-sheet*! structure topologically
identical to that of 1-3 (Figure 4).
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The structure of 4 differs from 1-3 predominantly in the inorganic node, with 4 containing a linear
Cd;(COO)gNg cluster (0a). The central Cd(I) atom (Cd1) is located on the site of a pseudo-
inversion centre and was found to possess an octahedral coordination environment.3* Two of its
four equatorial sites, which are situated trans to each other, are occupied by oxygen atoms from
the carboxylate groups of two TMTrp?™ ligands. Each of the TMTrp?~ carboxylate groups serve as
a three-atom bridge connecting Cd1 to either Cd2 or Cd3. The other two equatorial sites, which
also have a trans relation to each other, are coordinated by oxygen atoms from two formate ions.
Each of these oxygen atoms serves as a ,-bridge that links Cd1 to either Cd2 or Cd3. The Cd(II)-O
bond distances fall in the range 2.270(6) A to 2.308(8) A.

Cd2 and Cd3 are both seven-coordinate with a distorted pentagonal bipyramidal coordination
geometry.?® The five equatorial sites are occupied by carboxylate oxygen atoms from a chelating
TMTrp?", a chelating formate ion and a bridging TMTrp?~. Most of the Cd(IT)-O bond lengths fall
in the range 2.298(6)-2.410(7) A, with the exception of the non-bridging formate oxygen atoms
(032 and 072), which have unusually long Cd(IT)-O distances of 2.601(8) A (Cd2-032) and
2.574(7) A (Cd3-072). Bond distances in this range have been observed in structures containing
carboxylate groups chelated to Cd(I1)*° and may indicate a weak Cd(II)-O bonding interaction.

The four TMTrp?~ ligands within each cluster bridge adjacent clusters along the a-direction to
form an antiparallel double chain similar to that in 1-3. The two axial sites of each cadmium centre
are occupied by pyridyl nitrogen atoms from bpee co-ligands, which link double chains in the -
direction to form a rectangular grid (Figure 4b). Similar to that observed in 1-3, the sheets in 4
stack in a staggered manner to form channels running parallel to the ¢ axis. Despite the large size
of the indole side chains in TMTrp?", the side chains do not obstruct the channels; this is due to
the formation of extensive CH-m interactions between the indole groups and a triad of bpee ligands
on a neighbouring sheet, which forces the indole groups to rotate towards the bpee pillars and away
from the rectangular channels, as seen in Figure 4b. Due to the conformation of TMTrp?~in 4, the
bulky indole side chains force adjacent sheets further apart, increasing the sheet-to-sheet mean
plane separation from approximately 7.5 A in 1-3 to 9.9 A in 4 (Figure 4c). As a result, 4 has a
higher calculated void volume of 34%. The TGA trace of 4 contains stepwise mass losses of 6.1%
from 30-85 °C (6.7 H,O molecules) and 9.9% from 90-210 °C (2.7 DMF molecules), before the

framework decomposes above 230 °C.
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Figure 4. Structure of [Cd;(TMTrp),(bpee)s(formate),] (4) showing (a) the trinuclear Cd(Il) cluster in 4, with the
bridging formate ligands represented with green bonds, (b) the rectangular grid present in a single sheet and (c) a view
along the a axis, showing the staggered packing of the sheets with separate sheets represented in red, green and blue.
Atoms are depicted as follows in parts a and b: cadmium (purple), oxygen (red), nitrogen (blue) and carbon (black).
Hydrogens have been omitted for clarity.

3D Networks with Xxx = Ala and Tyr (5-6).

Combining H,TMAla or H,TMTyr with bpee and Cd(NO;),4H,O0 in DMF/H,O or
DMF/methanol respectively gives rise to 3D frameworks of composition [Cd(TMXxx)(bpee)]
(Xxx = Ala (5), Tyr (6)) (Figure 5). Interestingly, although H,TMTyr formed a 2D network when
combined with Cd(II) and bpee in DMF/H,0, changing the co-solvent from water to methanol,
which has a lower propensity for hydrogen bonding, induced the formation of a different

crystalline phase with a rectangular block-like morphology.

The structure of 5 was solved in the monoclinic space group P2, while 6 was solved in the higher
symmetry tetragonal space group P4;2,2. Despite the marked differences in space group and unit
cell parameters (5: a = 14.2809, b = 15.0250, ¢ = 23.6927, B = 101.573°; 6: a = b = 19.4835, ¢ =
50.6104), both frameworks have the topology of a sqe¢5 net with the Schlifli symbol of {63-8}.4!
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However, the crystal packing in the two structures differ significantly, which arises from the

different sizes of the alanine and tyrosine side chains.

The inorganic nodes in 5-6 are Cd,(COO)4N, clusters seen previously in 1-3. As before, the
clusters are linked by pairs of TMXxx?" ligands to form 1D double chains, with bpee ligands
extending from the axial positions of each cluster. However, unlike in 1-3 where the bpee ligands
on every cluster are oriented parallel to each other, the double chains in 5-6 adopt a twisted
conformation, causing the orientation of the bpee co-ligands of adjacent clusters to alternate along
the length of the chain (Figure 5a). Consequently, each chain is linked to four neighbouring chains

to form a 3D framework.

In 6, the bpee ligands bonded to adjacent clusters are oriented at approximately 90° to each other,
whereas in 5, there is a distortion from orthogonality, with the corresponding angle being
approximately 53°. This has a significant effect on the packing of the framework. In 6, the
orthogonal arrangement of the bpee ligands results in the formation of undulating channels with a
solvent-accessible volume of 51%. In contrast, 5 contains compressed rhombic channels, with a
significantly reduced void volume of 18% (Figure Sb). These differences may arise from the
sterically bulky phenol side chain of tyrosine compared to the smaller methyl side chain of alanine,
which prevents the TMTyr?" ligands from adopting the close packed arrangement obtained with
TMAIla?" ligands. Due to the disordered nature of the solvent molecules in the channels, the solvent
mask routine*® was used in the refinement of 5 and 6. The structure of 5 was calculated to contain
207 residual electrons per asymmetric unit, corresponding to 2 DMF and 12.2 H,0 molecules. 6
contained 303 residual electrons, which is significantly higher than the 212 electrons calculated
based on the proposed solvent content of 1.8 DMF and 7.8 methanol molecules. This could be due
to the large channel size, which may facilitate loss of volatile solvent molecules in the samples

prior to elemental analysis.

The TGA traces of 5 and 6 both contain a series of stepwise mass losses. In 5, the first mass loss
of 6.9% occurs gradually between 30 and 150 °C, corresponding to 9.5 H,O molecules, followed
by a second sharper mass loss of 3% from 170-245 °C, corresponding to 1 DMF molecule, before
framework decomposition occurs above 265 °C. In 6, the mass losses occur at 30-90 °C (4.0%, 2

MeOH molecules), 95-225 °C (6.2%, 3.1 MeOH molecules) and 280-335 °C (13.1%, 1.8 DMF
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and 2.5 MeOH molecules). There is a short plateau in the TGA trace from 335-350 °C before

framework decomposition occurs.

5 (Xxx = Ala)

6 Xxx =Tyr)
(b)

5 (Xxx = Ala)

6 (Xxx =Tyr)

Figure 5. (a) A view of the twisted double chains in 5 (top) and 6 (bottom) with the Cd-N bonds (shown in blue)
alternating in direction between adjacent clusters. The green and yellow bonds each depict one of the two chains
present. For clarity, only the nitrogen centres of the bpee ligands are shown. (b) A simplified representation of the 3D
frameworks in 5 (top) and 6 (bottom), with the TMXxx ligands shown as green and yellow rods and the bpee ligands
as blue rods.

A 3D network obtained with H,TMHis (7).

Despite the structural diversity of 1-6, several recurring motifs were apparent; all six compounds

contain di- or trinuclear Cd(Il) clusters linked by anti-parallel pairs of TMXxx?" ligands into
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double chains. The double chains were bridged by bpee co-ligands to obtain either 2D or 3D
networks. When H,TMHis was used as the chiral ligand, a completely different 3D framework
formed. This is due to the presence of the imidazole side chain, where the N-donors readily

coordinates to metal centres.

Combining H,TMHis with bpee and Cd(NOs),:4H,0 in DMF/H,0 at 80 °C resulted in the
formation of colourless rectangular block crystals of composition [Cd(TMHis)(bpee)] (7), which
crystallised in the orthorhombic space group P2,2,2; (Figure 6). In the structure of 7, the TMHis?>~
ligands act as three-connecting linkers through the two carboxylate groups and one imidazole side
chain (Figure 6a). In further contrast to compounds 1-6, the inorganic node of 7 is a single six-
coordinate Cd(II) ion with a highly distorted octahedral coordination geometry (Figure 6b).3° One
of the four equatorial sites is occupied by an imidazole nitrogen atom from a TMHis?" ligand with
a Cd(II)-N distance of 2.280(7) A. The other three equatorial sites are occupied by oxygen atoms
from the carboxylate groups of two other TMHis?™ ligands. One of the carboxylate groups binds
in a chelating mode with Cd(II)-O bond distances of 2.365(5) A and 2.571(5) A. In the second
carboxylate, one of the oxygen atoms is tightly coordinated to the Cd(Il) centre with a Cd(II)-O
distance of 2.280(4) A, while the second oxygen atom is situated 2.722(5) A from the Cd(II) centre
and is likely to be involved in a long-ranged Cd(I)-O interaction. These TMHis?~ ligands connect
each cadmium atom to three other Cd(II) centres to form a corrugated 2D sheet with a (6,3)-

network topology in the ac plane (Figure 6¢).

The two apical sites of each Cd(II) are coordinated by bpee ligands (Cd(II)-N distances of
2.356(6) A and 2.338(6) A), which act as pillars that connect adjacent (6,3)-sheets to form a 3D
framework with hms topology (Figure 6d).*! Due to the large intraframework space, the
framework undergoes two-fold interpenetration to generate a dense structure with no solvent-
accessible voids (Figure 6e). The TGA trace of 7 indicates at mass loss of 7.4% from 30-100 °C,
corresponding to 3 H,O molecules. Above 100 °C, the TGA trace decreases continuously,
indicating gradual decomposition of the framework. The formation of this two-fold interpenetrated
3D framework when TMHis?~ ligands are used, elegantly demonstrates that the choice of the

amino acid precursor can drastically alter the structure of the resulting framework.
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Figure 6. Structure of [Cd(TMHis)(bpee)] (7) showing (a) TMHis?>™ acting as a three-connecting linker, with the
imidazole side chain shown in green, (b) the seven-coordinate Cd(II) centre in 7, (c) a view of a corrugated 2D sheet
containing Cd(IT) centres linked by TMHis?™ ligands (d) A single 3D framework of 7 with the bpee pillars shown in
blue, (e) A stick representation of the two-fold interpenetrating frameworks in 7, with the two independent frameworks
shown in blue and green. Atoms are depicted as follows for a-d: cadmium (purple), oxygen (red), nitrogen (blue) and
carbon (black). Hydrogens have been omitted for clarity.
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Conclusion

In this work, a systematic study was conducted to investigate the effect of the amino acid side
chain on the structure of the homochiral coordination polymers containing semi-rigid amino acid
derivatives. The amino acids selected possess side chains containing aliphatic groups (alanine and
valine), aromatic groups (tryptophan, tyrosine and phenylalanine) and coordinating groups
(histidine). Using Cd(II) as the metal ion and bpee as a co-ligand, a series of 2D and 3D homochiral
coordination polymers were obtained. When ligands derived from valine, tyrosine and tyrosine
were used, three isostructural (4,4)-networks (1-3) were obtained. Despite the identical
connectivity within the networks, the different intermolecular interactions formed by the side
chains exerted a subtle influence on crystal packing and symmetry. The use of tryptophan led to a
topologically identical framework constructed from trinuclear Cd(II) clusters and possessing a
larger void space, possibly due to the greater steric bulk of the indole side chain. The use of alanine-
and tyrosine-derived ligands surprisingly led to a pair of topologically identical 3D frameworks
(5-6). The large different in steric bulk of the side chains significantly altered the framework
geometry, resulting in channels of different shape and volume. The most dramatic structure-
directing effect of the side chain was observed in the histidine-containing framework (7), in which
the chiral ligand and metal centre both act as three-connecting nodes to form a pillared 3D structure

stabilized by interpenetration.
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Cd(NO,),;-4H,0 +

T Xxx= Ala, Tyr

Seven homochiral Cd(IT) coordination polymers were generated using dicarboxylates composed
36 of L-amino acids appended to terephthalic acid. 2D networks were obtained using ligands derived
38 from valine, tyrosine, phenylalanine and tryptophan while 3D frameworks were generated from
40 alanine, tyrosine and histidine. The side chain influenced both network connectivity and crystal

packing.
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