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ABSTRACT ARTICLE HISTORY
A series of nine cobalt(ll), copper(ll) and silver(l) coordination Received 11 July 2022
complexes of structurally similar picolylamine ligands, N-(4-pico- Accepted 16 August 2022

lyl)piperidine (L1) and N-(4-picolyl)morpholine (L2), have been

prepared and analyzed. These consist of a dinuclear copper(ll) ~ KEYWORDS .
complex [Cu,(OAC)4(L1),] (1), tetranuclear copper(ll) complexes S_H I;’)]dmgenl bonld'”g"tl
[Cu40Clg(L1)4]-MeCN-H,0 @) and [Cu,0Cl,(L2), en’;‘fneae;:;‘?'i’niz‘f; S
(L2H)]-2MeCN-9H,0 (3), trichlorocobaltate complexes [CoCls interactions,
(LTH)]-MeCN (4) and [CoCl5(L2H)] (5), silver coordination poly-

mers poly-[AgL1]SbFs-0.5THF) (6), poly-[Ag(L2)]SbFs-0.5THF (7)

and poly-[Ag(L1)(CO,CF3)] (9) and discrete dinuclear silver com-

plex [Ag,(L2),(THF)4I(SbFe), (8). While the coordination and clas-

sical N-H---X hydrogen bonding in these species is related and

largely independent of backbone functionality, differences in lig-

and composition dictate the d weak interactions and the supra-

molecular structure. In 1, 2, 4, 6 and 9 piperidine acts as a weak

hydrogen bond donor, with C-H.--ClI/O/F contacts mostly

observed from the methylene groups adjacent to the amine. In

the morpholine species 3, 5, 7 and 8 the tendency for morpho-

line to associate via reciprocated C-H---O interactions overrides

the other crystal packing tendencies, changing both the local

and extended structures. By studying both strong and weak

packing interactions, this study presents a test case for the

design of discrete and polymeric coordination compounds with

finely tuned modes of intermolecular interaction.
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1. Introduction

The development of functional coordination materials in fields such as catalysis, sens-
ing, and drug delivery has led to a demand for more complex materials for increas-
ingly niche applications [1]. In order to design these materials with more targeted
applications, it is imperative to gain control over the hierarchy of interactions that dic-
tate their formation and behavior [2]. Stronger interactions such as coordination bonds
are well understood and therefore relatively straightforward to design and implement
as synthons in extended structures [3]. Classical hydrogen bonding or halogen bond-
ing, while typically weaker than coordination bonding, are long-standing methods for
structure direction and the association of metal complexes into higher-dimensional
materials [4].

Weaker non-classical hydrogen bonding interactions involving polarized C-H
donors, on the other hand, are a more challenging aspect of metallosupramolecular
structure design [5]. While the energetics of the C-H---X hydrogen bond are well
established as an attractive interaction [6], the comparatively small stabilization energy
of such interactions places them near the level of non-directional dispersion-type
interactions which govern the extended structures of weakly-interacting species [7].
While undoubtedly present as ancillary stabilizing forces in a range of crystalline
coordination materials, the structural impact of these forces is easily overlooked but
can have profound structural influences [8]. As such, while elegant and rationally
designed coordination bonding, halogen bonding and hydrogen bonding architectures
can be successfully designed ab initio [9], there are fewer examples of C-H hydrogen
bond donors acting as intentional structural elements in coordination networks [10].
Nonetheless, the successful deployment of highly electron deficient C-H hydrogen
bond donors in organic anionophores provides strong evidence as to the potential of
these interactions in the design of extended structures [11].

Alkyl amines have long been an attractive class of ligands for functional coordin-
ation materials [12]. As well as their synthetic versatility, amines are important pendant
functionality in porous materials due to their favorable interactions with CO, and
other Lewis acidic guests [13]. While primary and secondary amines are commonly
encountered in MOF chemistry following post-synthetic modification routes [14],
ligands with tertiary alkylamine backbones have also proven important building blocks
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Scheme 1. Structure of N-(4-picolyl)piperidine (L1) and N-(4-picolyl)morpholine (L2).

in coordination polymers [15]. Substituted piperazines, for example, can act as semi-
rigid linkers for transition metal ions either by coordination through the amine nitro-
gen atoms or via pendant coordinating groups [16]. Cyclic alkylamines may also
provide a useful route into rigid non-aromatic building blocks for MOF chemistry, an
emerging field in ligand design for these materials [17]. Containing only one amine
group, the cyclic amines morpholine and piperidine are more commonly incorporated
in functional coordination materials as electron donors for fluorophores, solubility aids
or proton acceptors rather than as the basis for divergent ligands in coordination poly-
mers [18], although both exhibit useful coordination chemistry in their own right [19].
The importance of the C-H---O contact in crystalline morpholine compared to piperi-
dine has been noted by Parsons and coworkers [20]. Here we report the use of piperi-
dine and morpholine-substituted 4-picolylamine ligands L1 and L2 (scheme 1) as
simple models to probe the importance of these interactions on the extended struc-
tures of crystalline coordination compounds.

2, Experimental
2.1. Materials and methods

All starting materials, reagents and solvents, purchased from Sigma-Aldrich, TCl, Alfa
Aesar or Fluorochem, were of reagent grade or better and were used as received.
NMR spectroscopy was performed on a Bruker Avance lll HD 400 spectrometer operat-
ing at 400 MHz for "H NMR and 101 MHz for '*C NMR using deuterated solvents from
Cambridge Isotope Laboratories. All spectra were referenced to the residual solvent
signal and/or TMS. Elemental analysis was performed using a Thermo Flash 2000
CHNS analyzer calibrated against sulfanilamide with vanadium pentoxide as a combus-
tion aid. Elemental analyses for 6, 8 and 9 were carried out by the Elemental Analysis
service at London Metropolitan University. Infrared spectra were recorded using a
Thermo Scientific Nicolet iS10 instrument operating in ATR sampling mode. Melting
points were recorded in air on a Stuart digital melting point apparatus and are uncor-
rected. X-ray powder diffraction patterns were measured with a Bruker D8 Advance
diffractometer with Cu Ko radiation (A =1.54178A). All samples were mounted on a
zero-background silicon single crystal sample holder. All samples were measured at
room temperature and compared against the simulated patterns from the single crys-
tal datasets (150 K). High resolution mass spectra were measured at the EPSRC
National Mass Spectrometry Facility at Swansea University, UK.
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2.2. X-Ray crystallography

X-ray diffraction data were collected on a Bruker D8 Quest ECO diffractometer with
graphite monochromated Mo Ko (A =0.71073 D) radiation. Crystals were mounted on
Mitegen micromounts in NVH immersion oil, and all collections were carried out at
150K using an Oxford cryostream. Data collections and reductions were carried out in
the Bruker APEX-3 suite of programs [21], with multi-scan absorption corrections per-
formed with SADABS [22]. All datasets were solved using intrinsic phasing methods
with SHELXT and refined on F? with SHELXL [23, 24], within the Olex-2 GUI (ESI, Tables
S1-S3) [25]. All non-hydrogen atoms were located from the Fourier difference map.
Most hydrogen atoms were assigned in calculated positions with a riding model, with
selected hydrogen atoms involved in hydrogen bonding interactions assigned from
Fourier residuals with distance restraints when appropriate. Where lattice solvent mol-
ecules exhibited disorder, approximate occupancies were determined by free variable
refinement followed by fixing these values to the nearest integer fraction where rea-
sonable, to reduce the number of parameters in the final refinement. CCDC 2168361-
2168365, 2168367-2168370. A minor (<0.05) twin was evident in 2; no improvement
to the final model was obtained by modeling this twin, but as a result a slightly larger
linear weighting coefficient was used to maintain a reasonable goodness of fit.
Complex 3 contains solvent channels coincident with the crystallographic 3-fold axis
and no chemically sensible solvation model could be assigned to this volume without
excessive constraints, and so the contribution of this volume to the measured struc-
ture factors was accounted for using the solvent masking routine in Olex-2 [26].
Hirshfeld surfaces were calculated for all compounds using CrystalExplorer version 21.5
[27], with the normalized contact surface mapping and fingerprint plots used to
inform the assignment of significant directional interactions within the structures (ESI,
Figures S9-517).

2.3. Synthesis of N-(o-4-picolyl)piperidine L1

K,COs (0.500g, 3.6 mmol), KI (20 mg, 0.12 mmol), piperidine (0.84 mL, 8.5 mmol) and 4-
chloromethylpyridine hydrochloride (0.460g, 2.80 mmol) were heated at reflux in
MeCN (50 mL) for 2 h. The solution was then filtered while hot, cooled to room tem-
perature, and concentrated in vacuo, giving a brown solid. This was then dissolved in
water (20mL) and brought to pH 10 using 2M NaOH(q, and the product was
extracted with EtOAc (3 x 20 mL). The organic layers were combined and dried over
MgSQ,, and the solvent was removed in vacuo, to give a red oil of mass 270mg
(55%). oy (400 MHz, CDCls) 8.52 (dd, 2H, H1, J=4.4, 1.5Hz), 7.26 (dd, 2H, H2, J=44,
1.0Hz), 3.46 (s, 2H, H3), 2.37 (t, 4H, H4, J=4.5Hz), 1.59 (m, 4H, H5), 1.45 (m, 2H, H6);
d¢ (101 MHz, CDCl3) 149.7 (C1), 148.2 (4-Py), 123.9 (C2), 62.6 (C3), 54.7 (C4), 26.0 (C5),
24.2 (C6). Vmax/cm ' (ATR): 3385 w br, 3070 w, 3026 w, 2932s, 2852m, 2793 m,
2758 m, 2727 w, 1930 w, 1724 w, 1639 w, 1602s, 1560 m, 1493 w, 1468 w, 1454 m,
1442 m, 1414s, 1392 w, 1370m, 1349m, 1319m, 1299 m, 1278 m, 1255 w, 1220 w,
1197 w, 1154 m, 1112s, 1064 m, 1038s, 9925, 962 w, 907 w, 863s, 828 w, 803s, 779s,
728 w, 669 w, 645 w, 609s. m/z (ESMS) 177.1386 (IM-+H'], calculated for
Cqi1Hq7N, 177.1392).
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2.4. Synthesis of N-(o-4-picolyl)morpholine L2

K>,COs (0.5004g, 3.6 mmol), KI (20 mg, 0.12 mmol), morpholine (0.73 mL, 9.2 mmol) and
4-chloromethylpyridine hydrochloride (0.460g, 2.8 mmol) were heated at reflux in
MeCN (50 mL) for 2 h. After this, the solution was filtered while hot, cooled to room
temperature and concentrated in vacuo, giving an orange solid. This was dissolved in
water (20 mL) and basified to pH 10 using 2M NaOHq and the product was extracted
with EtOAc (3 x 20 mL). The organic layers were combined and dried over MgSO,, and
the solvent was removed in vacuo, to give an orange oil of mass 260 mg (53%). 64
(400 MHz, CDCls) 8.55 (dd, 2H, H1, J=1.5, 44Hz), 7.29 (m, 2H, H2), 3.73 (t, 4H, H5,
J=4.7Hz), 3.50 (s, 2H, H3), 2.45 (t, 4H, H4, J=4.4Hz); 5c (101 MHz, CDCl5) 149.8 (C1),
147.2 (4-Py), 123.9 (C2), 66.9 (C5), 62.1 (C3), 53.7 (C4). Vma/cm ' (ATR): 3365m br,
3231 w br, 3071 w, 3029 w, 3956 m, 2914 w, 2855m, 2810 m, 2766 w, 2685 w, 1937 w,
1731 w, 1603s, 1561 m, 1494 w, 1454 m, 1416s, 1398 w, 1371 w, 1355m, 1321 m,
1291 m, 1270 m, 1242 w, 1223 w, 1206 w, 1112s, 1068 m, 1035 m, 1008s, 959 w, 915 m,
8665, 812m, 789 m, 764 w, 729 w, 629 w, 602 m. m/z (ESMS) 179.1179 (IM + H™], cal-
culated for C;oH15N>0 179.1184).

2.5. Synthesis of [tetrakis(\i-acetato-kO:x0’')bis{ N-(a-4-picolyl-<N)piperidinyl)-
copper(ll)}] (complex [Cuy(OACc)4(L1),] 1)

L1 (11mg, 0.063mmol) was dissolved in MeCN (3mL). Cu(OAc),-H,O (6.0 mg,
0.030 mmol) was dissolved in MeCN (3 mL) and the two solutions were combined and
left in a sealed vial. After one day, green crystals had formed and were isolated by fil-
tration. Yield 3.4 mg (32%); m.p. 215-218°C, Viax/cm ' (ATR): 2944 w, 2928 w, 2921 m,
2844 w, 2813 w, 2774 w, 2758 w, 2726 w, 2711 w, 1610s, 1618s, 1560 m, 1498 m, 1466
w, 1422s, 1397 m, 1374m, 1371m, 1352m, 1333 w, 1325 w, 1298 m, 1274 w, 1267 w,
1252 w, 1222m, 1209 w, 1198 w, 1153 m, 1122m, 1114m, 1109 m, 1089 w, 1065 m,
1052 w, 1040m, 1020 m, 994 m, 985m, 958 w, 934 w, 904 w, 890 w, 863 m, 843 m,
814m, 807 m, 785m, 731 w, 6795, 627 s, 617 s; Found C, 49.75; H, 6.15; N, 8.27%; calcu-
lated for C3oH44N40gCus, C, 50.34; H, 6.20; N, 7.87%.

2.6. Synthesis of [hexakis-|\,-chlorido-|.,-oxido-tetrakis(N-(u-4-picolyl-
kN)piperidinyl))tetrahedro-tetracopper(ll)] monoacetonitrile monohydrate
(complex [Cu,0Cl4(L1),]-MeCN-H,0 2)

L1 (11 mg, 0.063 mmol) was dissolved in MeCN (3 mL). CuCl,-2H,0O (5.0 mg, 0.029 mmol)
was dissolved in MeCN (3 mL) and the two solutions were combined and left in a sealed
vial. After three days, brown crystals had formed and were isolated by filtration. Yield
24mg (27%); m.p. 270-272°C (decomp.); vmax/cm’1 (ATR): 3059 w, 2889m, 2846m,
2809m, 2774m, 2159 w, 1943 w, 1851 w, 1619s, 1557 w, 1506 m, 1470 m, 1447 w,
1434 m, 1425s, 1399 w, 1369m, 1349m, 1333 m, 1300m, 1277 m, 1260 m, 1226s, 1213s,
1193 m, 1158 m, 1147 m, 1116s, 1097s, 1068s, 1035s, 9975, 981 m, 967 m, 913 m, 853s,
852s, 818s, 780s, 733 m, 665 w, 628s. Found C, 44.43; H, 5.40; N, 10.31%; calculated for
C46HeoNgO,ClgCuy C, 44.30; H, 5.58; N, 10.11%. Single crystals for X-ray diffraction were
generated by following the same procedure using methanol as the solvent instead of
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acetonitrile, which gave a smaller yield of higher quality single crystals. X-ray powder dif-
fraction confirms that the bulk material from acetonitrile is isostructural, and as such all
bulk characterization was carried out on the acetonitrile solvate.

2.7. Synthesis of [hexakis-|1,-chlorido-1:2i>Cl;1:31Cl; 1:4«*Cl;2:31Cl;2:4«>Cl;
3:4«>Cl-monochlorido-4xCl-1i4-oxido-bis(N-(a-4-picolyl-1xN:2 kN)morpholinyl))-
(N-(o-4-picolyl-3kN)-NH-morpholiniumyl))-tetrahedro-tetracopper(ll)]
diacetonitrile nonahydrate (complex [Cu,0Cl,(L2),(L2H)]- 2MeCN-9H,0 3)

L2 (11mg, 0.062mmol) was dissolved in MeCN (1.5mL). CuCl,-2H,O (5.0mg,
0.029 mmol) was dissolved in MeCN (1.5mL) and the two solutions were combined.
Water (20 L) was added to the combined solution and this was left in a sealed vial.
After one day, brown crystals had formed and were isolated by filtration. Yield 6.3 mg
(63%); m.p. 156-159°C (decomp.); vma,x/cm*1 (ATR): 3340 m br, 3092 w, 3058 w, 3048
w, 3026 w, 2979 w, 2963 w, 2927 w, 2863 w, 2827 w, 2584 w, 2530 m br, 2461 m,
2399 w, 2348 w, 2317 w, 2287 w, 2251 m, 1623s, 1565 w, 1495 w, 1457 m, 1445s,
1428s, 1405s, 1374 m, 1353 m, 1331 w, 1303 w, 1295m, 1268 m, 1251 m, 1224s, 1215s,
1122s, 1117s, 1082 m, 1066s, 1059 m, 1035s, 1011 w, 1008 m, 974m, 963 m, 912 m,
8685, 8255, 790m, 738 m, 659 w, 627 s. The solvation for the air-dried material is vari-
able given the disordered solvent channels; the best fit for the elemental analysis data
suggests solvation of [Cu,0Cl,(L2),(L2H)]-2MeCN-9H,0; Found C, 30.95; H, 3.94; N,
8.77%; calculated for C34Hg7NgO13Cl;Cu, C, 31.45; H, 5.20; N, 8.63%.

2.8. Synthesis of [trichlorido-(N-(o-4-picolyl-«N)-NH-piperidiniumyl))cobalt(il)]
monoacetonitrile, (complex [CoCl3(L1H)]-MeCN 4)

L1 (11 mg, 0.063 mmol) was dissolved in MeCN (3 mL). CoCl,-6H,0 (15 mg, 0.063 mmol)
was dissolved in MeCN (3 mL) and the two solutions were combined and left in a
sealed vial. After two days, blue crystals had formed and were isolated by filtration.
Yield 5.1 mg (22%); m.p. 270-272°C; vmax/cm_1 (ATR): 3548 w br, 3011 m, 2956 w,
2931 w, 2781 w, 2752 w, 2249 w, 1624s, 1464 m, 1430s, 1368 w, 1250 w, 1227 m, 1192
w, 1153 w, 1130 w, 1107 w, 1075m, 1063 w, 1035s, 964 w, 9545, 9445, 912 w, 873 w,
8535, 8165, 796 w, 773 w, 666 w, 620s; Found C, 40.53; H, 5.21; N, 10.41%; calculated
for Cy3H50N3ClsCo, C, 40.70; H, 5.26; N, 10.95%.

2.9. Synthesis of [trichlorido-(N-(u-4-picolyl-kxN)-NH-morpholiniumyl))cobalt(ll)]
(complex [CoClI3(L2H)] 5)

L2 (5.0mg, 0.031mmol) was dissolved in MeCN (3mL). CoCl,-6H,0 (15mg,
0.063 mmol) was dissolved in MeCN (3 mL) and the two solutions were combined and
left in a sealed vial. After three days, blue crystals had formed and were isolated by fil-
tration. Yield 5.3 mg (47%); m.p. 162-163 °C; Vmax/cm ' (ATR): 3449 w br, 3090 w, 3060
w, 3044 w, 2995m, 2958 m, 2764 w, 2743 m, 2684 w, 2622 w, 1621s, 1559 w, 1510 w,
1459 m, 1430s, 1405m, 1371s, 1353 m, 1335 w, 1306 w, 1262m, 1231m, 1214 m, 1209
w, 1120s, 1119m, 1073s, 1058 m, 1045s, 1031s, 1015m, 968s, 960m, 909 m, 8665,
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8585, 826 m, 8225, 790m, 739 w, 623 m, 609 m; Found C, 35.09; H, 4.43; N, 8.33%; cal-
culated for C;oH,5N>0CI5Co, C, 34.86; H, 4.39; N, 8.13%.

2.10. Synthesis of catena-[|-(N-(a-4-picolyl-1«N)piperidinyl-2xN')silver(l)
hexafluoridoantimonate(V)] hemi(tetrahydrofuran) (complex poly-
[AgL1]SbFs-0.5THF) 6

L1 (11 mg, 0.063 mmol) was dissolved in THF (2 mL). AgSbFe (18 mg, 0.052 mmol) was dis-
solved in THF (2 mL) and the two solutions were combined and left in a sealed vial which
was wrapped in foil. After three days, colorless crystals had formed and were isolated by
filtration. The crystals lose single crystallinity on extended drying in air. Yield 3.2 mg (11%);
m.p. 138-141°C (decomp.); Vmax/cm ' (ATR): 2973 w br, 2949 w, 2909 w br, 2852m,
1618s, 1564 m, 1503 w, 1471 m, 1451 m, 1444 m, 1433s, 1392 w, 1373 w, 1361 m, 1343 m,
1337 w, 1304m, 1281 m, 1251 w, 1234m, 1186m, 1145 w, 1113 w, 1090 m, 1082 m,
1066s, 1059s, 1035s, 985m, 9715, 960 m, 916 m, 897 m, 891 w, 8625, 8555, 820s, 803 m,
781s, 744 w, 6525, 644s, 633s. Elemental analysis suggests the lattice THF solvent mol-
ecule is lost on drying in air, Found C, 25.86; H, 3.33; N, 5.50%; calculated for
CyoH3oN4F15SboAg, ([AgL(LT),1(SbF),) C, 25.41; H, 3.10; N, 5.39%.

2.11. Synthesis of catena-[u-(N-(o-4-picolyl-1xN)morpholinyl-2xN')silver(l)]
hexafluoridoantimonate(V) hemi(tetrahydrofuran) (complex poly-
[Ag(L2)]SbF4-0.5THF 7) and bis-[|\-(N-(c-4-picolyl-1<xN)morpholinyl-2xN’)-bis-
tetrahydrofuranatosilver(l)] hexafluoridoantimonate(V)] (complex
[Ag>(L2),(THF),4](SbFe)> 8)

L2 (11 mg, 0.062 mmol) was dissolved in THF (2 mL). AgSbFs (18 mg, 0.052 mmol) was dis-
solved in THF (2mL) and the two solutions were combined and left in a sealed vial which
was wrapped in foil. After two days, colorless crystals formed and were isolated by filtration.
Yield 11 mg (33%); m.p. 155-157°C (decomp.); vmax/cm’1 (ATR): 2963 w br, 2858 w, 2822
w, 2755 w, 1619s, 1564 w, 1467 w, 1458 m, 1450 m, 1431s, 1400m, 1363 w, 1346 m,
1335m, 1309 w, 1296s, 1267s, 1245 w, 1234m, 1212 w, 1136s, 1128s, 1113s, 1100 m, 1088s,
1066s, 1058s, 1031 m, 1025m, 9925, 975m, 9235, 893 w, 870s, 840m, 822s, 7955, 742 w,
6495, 646 s. Elemental analysis suggests partial loss of lattice THF on drying in air; Found C,
26.25; H, 3.19; N, 5.07%; calculated for Cy4H3sN4O3F1,Sb,Ag, ([AgL(L2),(THF)I(SbFe),), C,
25.83; H, 3.25; N, 5.02%. X-ray powder diffraction confirms that the bulk phase consists of
the discrete species 8 with 7 occurring only as a trace impurity.

2.12. Synthesis of catena-[-(N-(a-4-picolyl-1«N)piperidinyl-2xN’)-
p-trifluoroacetato-x0;xO-silver(l)] (complex poly-[Ag(L1)(CO,CFs)] 9)

L1 (11 mg, 0.063 mmol) was dissolved in THF (3 mL). AgCO,CF3 (7.0 mg, 0.032 mmol)
was dissolved in THF (3 mL) and the two solutions were combined and left in a sealed
vial which was wrapped in foil. After four days, colorless crystals had formed and were
isolated by filtration. Yield 6.2mg (49%); m.p. 165 —168°C (decomp.); vm‘.,,x/cm*1 (ATR):
2979 w, 2945 w, 2923 w, 2847 w, 2831 w, 2779 w, 1660s, 1610s, 1594 m, 1557 w, 1496 w,
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Cu(OAc), Not Isolated
Dinuclear paddlewheel 1
CuCl,
Tetranuclear cluster 2 Tetranuclear cluster 3
COC|2

Trichlorocobaltate complex 4 | Trichlorocobaltate complex 5

AgSbFg ' ?

Linear polymer 7 (minor)
Linear polymer 6 Dinuclear complex 8 (major)

AgC02CF3 \ 7 Not Isolated

Linear polymer 9

Figure 1. Summary of the coordination behaviors observed in 1-9 and the role of ligands L1 (left
column, blue) and L2 (right column, red) within their structures.

1474 w, 1461 w, 1425 w, 1423 m, 1410s, 1387 w, 1375 w, 1348 w, 1326 w, 1302 m, 1279 w,
1223 m, 1213 m, 1192s, 1170s, 1115s, 1100s, 1083 m, 1064 m, 1060 m, 1008 m, 982 m, 979 m,
920m, 872 w, 865m, 854s, 816s, 815s, 782s, 780s, 724 m, 720s, 616s, 606 w; Found C,
39.48; H, 3.94; N, 6.94%; calculated for C;3HgN,O,F3Ag, C, 39.32; H, 4.06; N, 7.05%.

3. Results and discussion

Copper(ll) and cobalt(ll) give coordination complexes in which the resulting geometry
is largely controlled by geometric constraints imparted by the metal ion, which can be
used to reliably engineer metal-organic species from various reproducible building units
[28]. These ions were chosen to generate complexes in which the piperidine or
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Figure 2. (Top) Structure of 1 with labeling scheme for unique heteroatoms. ADPs are rendered at
the 50% probability level and hydrogen atoms are omitted for clarity. (Bottom) Normalized contact
surface mapping of the Hirshfeld surface showing the two C-H---O donor/acceptor pairs as the
only notable features at the visualization level —0.1/4-1.5A.

morpholine functionalities of L1 and L2 were remote from the metal ion, and able to
influence crystal packing behavior separate from the geometric preferences of the coord-
ination sphere. On the other hand, silver(l) is a much softer metal ion with a closed shell
d' electron configuration, and a much more flexible coordination geometry [29]. The typ-
ically lower coordination number of silver(l) promotes coordination through sterically hin-
dered tertiary amines as well as pyridine donors, and based on numerous examples of
silver complexes of piperidine and piperazine-containing ligands [30] our expectation was
for L1 and L2 to act as bridging ligands in these complexes.

The extra oxygen in the morpholine ring of L2 serves two functions as a crystal
engineering tecton, as both a hydrogen bond acceptor and by polarizing the nearby
C-H groups. The electronic differences between the two cycles are evident from the
pKa of their conjugate acids (10.08 for N-methylpiperidine vs. 7.41 for N-methylmor-
pholine) [31]. As such, L2 would be expected to be less active for coordination
through the nitrogen atom [32], but to show greater tendencies as a C-H hydrogen
bond donor. With these design principles in mind, nine new coordination compounds
were crystallized containing L1 and L2, as summarized in Figure 1.

3.1. Copper(ll) complexes

Combination of L1 and L2 with copper(ll) salts resulted in discrete coordination com-
plexes. In each case only the pyridyl nitrogen of the ligand coordinates to a copper(ll)
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Figure 3. (Top) Structure of 2 with labeling scheme for unique heteroatoms. ADPs are rendered at
the 50% probability level and hydrogen atoms and disordered lattice solvent molecules are omit-
ted for clarity. (Bottom) The reciprocated C-H---Cl interaction between two complexes in the struc-
ture of 2.

ion. In the case of copper acetate dihydrate, a discrete dinuclear complex,
[Cuy(OACQ)4(L1),] (1), was generated by reaction with L1 in acetonitrile, while no
equivalent L2 complex could be crystallized under comparable conditions. The diffrac-
tion data for 1 were solved and refined in the monoclinic space group P2,/n, and the
structural model consists of a centrosymmetric dinuclear copper acetate paddlewheel
with two L1 molecules coordinating to the axial sites of the copper(ll) ions, via the
pyridyl nitrogen atoms, shown in Figure 2. The copper(ll) ion has a square pyramidal
geometry with a long axial Cu-N bond of 2.148(2) A compared to the equatorial Cu-O
bonds of 1.966(2)-1.969(2) A.
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Complex 1 contains no conventional hydrogen bond donors, but analysis of the
normalized contact distance mapping of the Hirshfeld surface reveals two types of dir-
ectional H---O contacts involving the acetate oxygen atoms O3 and O4 (Figure 2).
These interactions originate at the two most polarized C-H groups, namely the picolyl
methylene group and acetato methyl group, with C---O distances of 3.478(4) A and
3.561(4) A, respectively. Besides these interactions, the fingerprint plot contains no
other significant features (ESI, Figure S9); there are no substantial n--- ® contacts in the
structure of 1, with the remaining crystal packing influences largely consisting of dif-
fuse C---H and H---H contacts.

The reaction of L1 and L2 with CuCl,-2H,0 again resulted in discrete coordination
complexes 2 and 3, respectively. While L1 produced isostructural materials on reaction
with copper(ll) chloride in either methanol or acetonitrile, crystalline material could
only be reliably generated from L2 when using acetonitrile as the solvent.

In both cases, the pyridyl ligands cap tetranuclear p,-oxo clusters. Equivalent pyr-
idyl-capped tetranuclear copper(ll) clusters have been previously reported and have
been of crystallographic and magnetochemical interest [33]. For L1, the cluster (2)
takes the form [Cu4(ps-O)(1p-Cl)g(L1)4] in the tetragonal space group /4,/a, as shown in
Figure 3. The asymmetric unit contains one ligand molecule, one copper(ll) ion, two
chlorido ligands and one oxo ligand, with the anionic species each occupying crystal-
lographic special positions. Diffraction-quality crystals were obtained by crystallization
in methanol. While this method gave higher quality single crystals, the bulk material
for analysis is more reliably crystallized from acetonitrile, and X-ray powder diffraction
confirms this material is isostructural to the methanol solvate (ESI, Figure S2).
Elemental analysis suggests lattice water is present in the acetonitrile form which likely
fulfills the same structural role as methanol. One disordered methanol molecule was
detected within the asymmetric unit, and further modeling of small amounts of add-
itional disordered solvent coincident with the symmetry elements did not yield any
improvements to the structural model.

The cluster core conforms to the typical geometry observed for tetrahedral
[CusOClg] clusters; the copper ion adopts a distorted trigonal bipyramidal geometry
(ts = 0.4) [34], with Cu-Cl distances of 2.3492(9) — 2.4994(9) A and axial Cu-N and Cu-
O distances of 1.979(3) and 1.9068(4) A, respectively. All Cu---Cu distances are equiva-
lent at 3.1241(6) A. The primary intermolecular contacts in the structure of 2 involve
the lattice solvent molecules and are somewhat obscured due to the disorder inherent
in these molecules; as such, the Hirshfeld surface is less instructive. The L1 ligand acts
as a hydrogen bond acceptor for the lattice methanol molecule at the piperidine nitro-
gen atom and also donates C-H ---O hydrogen bonds from the methylene and pyridyl
C-H groups to the methanol molecule. However, closer inspection of the fingerprint
plot (ESI, Figure S10) reveals the presence of additional symmetric features consistent
with direct interactions between the two clusters. The most significant of these
involves the bridging chlorido ligand CI2 and the methylene carbon atom C6, with a
C---Cl distance of 3.784(4) A and C-H---Cl angle of 165.2(2)° (Figure 2).

Repeating the reaction with L2, a similar py-oxo tetranuclear cluster is observed,
however in [Cu,0Cl,(L2),(L2H)] (3) one of the four capping ligand molecules is
replaced with a terminal chlorido ligand. This results in a net negative charge for the
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Figure 4. (Top) Structure of 3 with labeling scheme for unique heteroatoms. ADPs are rendered at
the 50% probability level and hydrogen atoms and lattice solvent molecules are omitted for clarity.
(Centre) The C-H---Cl contacts which encapsulate the terminal chlorido ligand in the structure of 3.
(Bottom) Extended structure of 3 showing the linear hexagonal channels parallel to the ¢ axis.

cluster core; we ascribe charge balance to (crystallographically disordered) protonation
on one of the three equivalent morpholine groups. We found the synthesis for 3 could
be performed in pure acetonitrile, but due to variations in water content a more reli-
able synthesis is achieved by addition of ca. 0.5% H,0. The diffraction data for 3 were
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solved and refined in the trigonal space group P-3. The asymmetric unit contains two
copper ions, one monodentate L2H molecule, a 4 oxo ligand, two i, chlorido ligands
and a terminal chlorido ligand, as shown in Figure 4. The crystallographic threefold
axis is coaxial with the 02-Cu2-Cl3 vector, with the three L2 molecules symmetrically
distributed around the core. One lattice water molecule was unambiguously located
from the Fourier residuals, while additional solvation within the primary solvent chan-
nels, heavily disordered and coincident with symmetry elements, was accounted for
using a solvent mask. Copper(ll) ions Cul and Cu2 adopt more regular trigonal bipyra-
midal geometries (15 = 0.15 and 0.00, respectively) [34] compared to 2, although both
Cu-N (1.966(3) A) and Cu-O distances (1.9009(13) and 1.907(4) A), and Cu---Cu distan-
ces (3.0935(7) and 3.1196(7) A for Cu1-Cul and Cu1-Cu2, respectively) are essentially
equivalent to those described above. As expected, the terminal chlorido ligand exhib-
its a shorter Cu-Cl distance of 2.2292(15) A compared to the bridging chlorido ligands
(2.3797(9) — 2.4254(9) A).

Each complex assembles around hexagonal solvent channels in the extended struc-
ture of 3. The crystallographically-resolved lattice water molecule is located within a
typical hydrogen bonding distance of 2.924(4) A from the morpholine nitrogen; as
only one of every three of these groups is protonated, the oxygen takes the same pos-
ition as either a hydrogen bond donor or acceptor. While the disordered nature of the
classical hydrogen bonding interaction involving the morpholine nitrogen atom and
the presence of solvent channels without discrete atom positions complicates analysis
of the Hirshfeld surface, a series of C-H---Cl and C-H---O interactions are evident in the
fingerprint plot (ESI, Figure S11). Most notably, the terminal chlorido ligand undergoes
close contacts with three adjacent L2 units, which each interact through the pyridyl
C-H group C10 and a morpholine ring CH, group C14, with shorter C---Cl distances
and similar C-H---Cl angles to those seen in 2 (3.653(3) and 3.686(4) A, 157.5(2) and
155.3(2)°, respectively). Each morpholine ring further undergoes a dimer-type inter-
action, with relatively short C---O distances of 3.261(5) A offset by a smaller than ideal
C-H---O angle of 143.5(3)°.

The hexagonal solvent channels within the structure are approximately 10.6A in
diameter. Initial analysis into the possibility of guest adsorption into this material was
carried out via thermogravimetric analysis (ESI Figure S19), which revealed a continu-
ous gradual mass loss blending into a more rapid onset of decomposition at 210°C, at
a ramp rate of 5°C/min. Given the lack of an obvious plateau in the trace we
attempted to gently activate the solid by extended heating of the material under
dynamic vacuum overnight at 80°C. However, even these mild activation conditions
still led to eventual decomposition with visible amorphization over 12 h, suggesting
that the solvent channels are not readily accessible for guest uptake. This observation
implies that the inter-cluster contacts do not provide sufficient stabilization to support
the framework when the diffuse solvent is removed.

3.2. Cobalt(ll) complexes

The reaction of either L1 or L2 with cobalt(ll) chloride hexahydrate in acetonitrile gave
structurally related complexes 4 and 5, respectively, with the general formula
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o1

Figure 5. Structures of 4 (top) and 5 (bottom) with heteroatom labeling scheme. ADPs are ren-
dered at the 50% probability level and selected hydrogen atoms are omitted for clarity.

[CoCl3(HL)]. In both complexes, coordination occurs solely through the pyridine nitro-
gen atom with protonation on the amine for charge balance. The metal coordination
sphere is essentially equivalent in both cases, and so these materials make for a more
straightforward investigation of the intermolecular interactions based on the amine
substitution pattern.

The diffraction data for [CoCl;(L1H)]-MeCN (4) were solved and refined in the
monoclinic space group P2,/c. The asymmetric unit consists of a protonated L1H lig-
and coordinating to a tetrahedral cobalt(ll) ion with three terminal chloride ligands
completing its coordination sphere, and one non-coordinating acetonitrile molecule.
For [CoCl5(L2H)] (5), solved and refined in the monoclinic space group P2,/n, the basic
structure of the complex is equivalent, except no solvent molecules are present within
the lattice. The structures of 4 and 5 are shown in Figure 5. In both cases, X-ray pow-
der diffraction (ESI Figures S4 and S5) confirms that only a single phase is present
within each bulk material, consistent with elemental analysis data which show that
only 4 has the acetonitrile solvate.

In both complexes, the N-H---Cl hydrogen bonding is the most obvious intermo-
lecular interaction (ESI, Figure S$18). This takes the form of a linear chain, with a helical
form in 4 and a zig-zag form in 5, with a shorter N---Cl distance in the more acidic 5
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Figure 6. Comparison of the weak C-H---X interactions in the structures of 4 (top) and 5 (bottom).
In 5, a morpholine ring occupies the position otherwise occupied by lattice acetonitrile molecules
in 4, accompanied by modification in the C-H---Cl contacts between neighboring molecules.

(3.2007(17) and 3.1366(11) A for 4 and 5, respectively). When considering the weaker
C-H contacts, more substantial differences are evident between 4 and 5. In 4, the
most notable feature on the normalized contact distance map beyond the classical
hydrogen bonds is a tridentate contact from the three methylene groups adjacent to
the piperidine nitrogen. The three axial hydrogen atoms from these positions are
directed toward ClI1, with C---Cl distances of 3.669(2) — 3.721(2) A and C-H---Cl angles
from 145.91(12) — 148.59(11)°. No significant directional contacts are evident from the
remainder of the piperidine ring.

In contrast, in 5 a similar chelating C-H---Cl contact only involves the linking methy-
lene group and a pyridyl C-H group, with similar C---Cl distances (3.6394(13) and
3.5704(12) A) and C-H---Cl angles (150.65(8) and 154.30(8)°, respectively). This is com-
plemented by a C-H---O contact between the morpholine oxygen and the ring methy-
lene group adjacent to the nitrogen atom (C.--O distance 3.5185(18) A). This
interaction accompanies the association of the morpholine group into the cleft
between the two ring moieties on L2 which, in the case of 4, is instead occupied by
the weakly associating acetonitrile molecule, as shown in Figure 6. Given the other
structural similarities between the two complexes, these interactions involving the
morpholine oxygen are presumably significant in establishing the solvatomorphism
between 4 and 5.
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Ag1

Figure 7. Structures of 6 (top) and 7 (bottom) with labeling scheme for unique heteroatoms. ADPs
are rendered at the 50% probability level and hydrogen atoms and disordered solvent molecules
are omitted for clarity.

3.3. Silver(l) complexes

In keeping with previous studies on silver(l) complexes with cyclic amine ligands [30],
in all cases L1 and L2 coordinate to silver ions through both the pyridine and piperi-
dine/morpholine nitrogen atoms. Combination of AgSbF¢ with L1 or L2 in THF gave
structurally related one-dimensional coordination polymers, allowing for direct com-
parison of the ligand backbones and their contribution to the extended structure. As
shown in Figure 7, both complexes take the empirical formula poly-[Ag(L)ISbF-0.5THF,
though poly-[AgL1]SbF4-0.5THF (6) crystallizes with a single formula unit within the
asymmetric unit, while the asymmetric unit of poly-[Ag(L2)]SbFs-0.5THF (7) contains
two unique ligand molecules, silver ions and hexafluoroantimonate counterions. In
both cases the silver ions adopt linear two-coordinate geometries bound by one pyri-
dine and one tertiary amine, with the pyridine typically giving the shorter Ag-N dis-
tance (2.114(3) — 2.121(3) A vs. 2.170(3) — 2.181(3) A), and no significant difference
between the two complexes in these values.
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Figure 8. Comparison of the interaction modes involving the amine rings in the structures of 6
(top) and 7 (bottom). Complex 6 predominantly forms C-H---F contacts with the hexafluoroantimo-
nate anions, while in 7 pairs of morpholine rings associate through C-H---O contacts.

The extended structures of the two complexes differ substantially in their geome-
tries, as shown in Figure 8. The piperidine species L1 forms a straightforward linear
chain with one flat face, where m---m interactions between antiparallel pyridine rings
are evident, and one notched face where hexafluoroantimonate anions are encapsu-
lated between piperidine rings. This leads to various C-H---F contacts between the cat-
ionic chain and the discrete anions, although the shortest C---F distances (3.458(5) A
for C10---F1) involve the backbone ring methylene groups rather than the more acidic
sites adjacent to the amine. This presumably relates to the steric influence of the pyri-
dine ring, which itself exhibits a minimum F---mean plane distance of 3.03 A with F1.

In stark contrast, L2 lends a twisted zig-zag motif to the extended structure which
substantially reduces the possible contact between the morpholine group and the
hexafluoroantimonate anion. The anions engage in similar anion---m interactions to
those in 6, while adjacent morpholine groups associate through unsymmetric C-H---O
contacts rather than forming any substantial contacts with the anions. Two
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F2

5

Figure 9. (Top) Structure of 8 with labeling scheme for unique heteroatoms. ADPs are rendered at
the 50% probability level and hydrogen atoms are omitted for clarity. (Bottom) Intermolecular
C-H---O between the coordinating THF methylene groups and non-coordinating morpholine oxy-
gen atoms in the structure of 8; selected hydrogen atoms and anions omitted for clarity.

nonequivalent morpholine rings associate through an R3(7) motif, with C---O distances
of 3.398(5) and 3.331(5) A and C-H.-O angles of 154.8(3) and 154.9(3)°. Similar
C-H---O contacts are observed between the morpholine rings and the disordered THF
solvent molecules which are absent in the structure of 6. The F---n and m---m contacts
exhibit similar metrics to those in 6, again implicating the association of adjacent mor-
pholine rings in influencing the extended structure.

Examination of the X-ray powder diffraction pattern from a bulk sample of 7 shows
that the polymeric species 7 is the minor product from this reaction and only occurs in
trace quantities, albeit with high quality single crystals. After collecting another single crys-
tal X-ray diffraction dataset, the discrete complex [Ag,(L2),(THF)41(SbFs), (8) was
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Figure 10. (Top) Structure of 9 with labeling scheme for unique heteroatoms. ADPs are rendered
at the 50% probability level and hydrogen atoms are omitted for clarity. (Bottom) Interactions
between two adjacent chains of 9 showing interdigitation of trifluoromethyl groups.

elucidated as the major product. Complex 8 is a discrete dinuclear complex. The diffrac-
tion data were solved and refined in the triclinic space group P-1 and the asymmetric
unit, shown in Figure 9, consists of one ligand molecule coordinating to a silver(l) ion
with two coordinating THF molecules and a non-coordinating hexafluoroantimonate
anion. The complete structure of 8 is a centrosymmetric, dinuclear ML, “box,” with the
silver ion adopting a four-coordinate pseudo-tetrahedral (t, = 0.73) [35] geometry. The
angle N1-Ag1-N2 is the largest in the coordination sphere, but at 129.80(7)° this is far
from the linear angle observed in the previous complexes. Both Ag-N distances (2.284(2)
and 2.2976(19) A for N1 and N2, respectively) are longer than those in 6 and 7, consistent
with the higher coordination number. Similar coordination geometries have been
observed in silver complexes of 4-aminomethylpyridine by Feazell et al. and Sailaja et al.,
all of which are polymeric [36]. These observations suggest a general preference for this
coordination environment in silver 4-picolylamine complexes, although we saw no evi-
dence for a second phase of this type in the equivalent 6.

With all the lattice THF molecules involved in metal coordination, the only available
Lewis basic sites in 8 are the morpholine oxygen and the hexafluoroantimonate
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fluorine atoms. Adjacent complexes associate into linear chains through C-H---O inter-
actions between the morpholine oxygen atoms and a ring methylene group of a THF
species (with a C---O distance of 3.369(4) A and a C-H---O angle of 145.40(16)°), which
accounts for the main symmetric feature off the diagonal in the fingerprint plot (ESI,
Figure S16). The hexafluoroantimonate anion also accepts several C-H---F contacts
from the bridging methylene group, coordinating THF molecules and pyridyl C-H
groups. Despite externally-facing m surfaces, intermolecular m---m interactions in the
structure of 8 are minimal due to poor overlap between adjacent rings, likely relating
to the steric constraints of the coordination sphere. The intramolecular ©---© contact
within the dinuclear box exhibits a short interplanar distance of 3.26 A, although the
overlap between the two rings is reduced by a lateral slip of 2.37 A.

To consider the geometric influence of a coordinating anion, the reaction was
repeated with silver trifluoroacetate in THF. Single crystals were only forthcoming for
L1, no crystalline material could be isolated for the equivalent L2 species. The diffrac-
tion data for poly-[AgL1]CO,CF3 (9) were solved and refined in the monoclinic space
group P2,/c, revealing a one-dimensional polymeric chain as seen in Figure 10. The
structure consists of similar dinuclear Ag,L, boxes as observed in 8, but with tetrahe-
dral coordination spheres completed by two p, acetato oxygen atoms which bridge
each dinuclear species into a polymeric assembly. The silver ions adopt a similarly
distorted tetrahedral coordination sphere as seen in 8 (1, = 0.75) [35], with a small
01-Ag1-01’ angle of 80.14(5)° for the four-membered Ag,0, ring. Due to the steric
hindrance around the trifluoroacetato oxygen atoms from the nearby coordination
spheres, and the lack of any other Lewis basic sites in the structure, the extended
structure of 9 is devoid of any significant C-H---X contacts and mainly consists of tri-
fluoroacetate groups interdigitating in the clefts of adjacent chains. The inter-chain
interactions appear mainly governed by diffuse C-H---n contacts and other dispersion-
type interactions.

4, Conclusion

A series of nine new discrete and polymeric coordination compounds of two structur-
ally related picolylamine ligands were prepared, with the goal of establishing the influ-
ence of weak C-H---X contacts from the amine backbone on the extended structures.
The copper(ll) and cobalt(ll) species 1-5 and silver(l) complex 8 exist as discrete com-
plexes, while three polymeric complexes 6, 7 and 9 were prepared. We note a consist-
ent tendency for the morpholine substituents to favor the formation of dimers or
homoleptic chains through weak C-H---O interactions, with the potential to disrupt
other modes of association.

Switching from piperidine to morpholine in the copper complexes 2 and 3 led to
wholesale structural changes, where the piperidine ligand L1 favors the T4 symmetric
Cuy0Clg(L1), cluster while the morpholine species instead gave the C3 symmetric
Cu,40Cl,(L2),(L2H) core. Both complexes showed extensive weak interactions involving
the amine backbones, but direct comparison was challenging given the other struc-
tural changes. The cobalt complexes 4 and 5 provided more direct evidence as to the
role of the morpholine oxygen on the extended structure, where solvatomorphism
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accompanied by a change in bridging geometry is observed alongside variation in
C-H---X interactions. A similar effect is observed in the silver complexes 6 and 7,
where the modes of interaction between the polymeric cation and discrete anions are
impacted based on the presence of the oxygen atom in the cyclic amine backbone. In
most cases, clear preference for the most polarized methylene donors adjacent to the
protonated or coordinating amine nitrogen atom was observed in these systems,
except where these contacts were prohibited on steric grounds.

These observations provide new starting points for designing divergent ligands for
coordination polymers and related materials in which non-classical hydrogen bonding
interactions can be controlled to enhance the effect of stabilizing intermolecular con-
tacts. Perhaps equally important is the notion of designing materials in which these
contacts are avoided. The growing popularity of aliphatic benzene isosteres in crystal-
line materials may give new opportunities for minimizing the packing density, and
enhancing pore volume and selectivity for hydrophobic guests by designing materials
lacking in polarized C-H donors and modes of alkylamine aggregation.
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