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Tuning the structure and solubility of nanojars by peripheral ligand
substitution, leading to unprecedented liquid-liquid extraction of the
carbonate ion from water into aliphatic solvents
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Carbonate, an anion with large hydration energy, is extracted from water by solvent
extraction for the first time, using functionalized nanojars

ABSTRACT

Published on 30 March 2016. Downloaded by New Y ork University on 31/03/2016 14:45:19.

Nanojars, a novel class of neutral anion-incarcerating agents of the general formula
[Cu"(OH)(pz)]s (Cun; n = 27-31, pz = pyrazolate anion), efficiently sequester various oxoanions
with large hydration energies from water. In this work, we explore whether substituents on the
pyrazole ligand interfere with nanojar formation, and whether appropriate substituents could be
employed to tune the solubility of nanojars in solvents of interest, such as long-chain aliphatic
hydrocarbons (solvent of choice for large-scale liquid-liquid extraction processes) and water. To
this end, we conducted a comprehensive study using 40 different pyrazole ligands, with one, two
or three substituents in their 3-, 4- and 5-positions. The corresponding nanojars are characterized
by single-crystal X-ray diffraction and/or electrospray-ionization mass spectrometry (ESI-MS).
The results show that Cu,-nanojars with various substituents in the pyrazole 4-position, including
long chains, phenyl and CF; groups, can be obtained. Straight chains are also tolerated at the

pyrazole 3-position, and favor the Cujp-nanojar. Homoleptic nanojars, however, could not be
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obtained with phenyl or CF; groups. Nevertheless, if used in mixture with the parent non-
substituted pyrazole, sterically hindered pyrazoles do form heteroleptic nanojars. With 3,5-
disubstituted pyrazoles, only heteroleptic nanojars are accessible. The crystal structure of novel
nanojars (BusN),[COzc={Cuzo(OH)30(3,5-Mexpz)y(pz)30-y} ] (y = 14 and 15) is presented. We find
that in contrast to the parent nanojar, which is insoluble in aliphatic solvents and water, nanojars
with alkyl substituents are soluble in saturated hydrocarbon solvents, whereas nanojars based on
novel pyrazoles, functionalized with oligoether chains, are readily soluble in water. Liquid-

liquid extraction of carbonate from water under basic pH is presented for the first time.

1. INTRODUCTION

Nanojars constitute a unique, novel class of anion-sequestering agents of unparalleled
efficiency.' Comprised of three-ring assemblies of [cis-Cu"(u-OH)(p-pz)]x metallamacrocycles
(x = 6—14, except 11), these supramolecular coordination assemblies bind di- or trinegative
anions, such as sulfate,'” phosphate,” arsenate’ and carbonate,” by wrapping a multitude of
hydrogen bonds around and totally isolating the anion from its surrounding medium (as in the
sulfate-! and phosphate-binding proteins’). Various nanojars of the general formula
(BusN),[EO,” <{Cu(OH)(pz)},] (E=C, a=3; E=S, HP or HAs, a = 4; n = 27-31) have been
discovered to date, containing the following ring-combinations: n = 6+12+9 (Cuy;), 6+12+10
(Cuyg), 7+13+9 (Cuy), 8+13+8 (Cuyg) and 8+14+9 (Cus;). The unprecedented anion-binding
strength is demonstrated by the inability of an aqueous Ba®" solution to precipitate barium
sulfate, phosphate or arsenate, respectively, when stirred with a solution of the corresponding
nanojars.'? Thus, nanojars could be exploited as highly efficient liquid-liquid extraction agents
for the removal of those anions from contaminated aqueous media.

Currently, there is a strong interest in developing novel chemical systems for the recognition
of anions, with an aim at efficient and selective removal and recovery of anions from

16 17,18

solution,” and anion transport."” > Anions with large hydration energies,

such as PO,>™ (AGy° = —2773 kJ mol™"), CO5* (AGy° = —1315 kJ mol") and SO4* (AG,°® =

anion sensing,

—1090 kJ mol"),** are particularly difficult to extract from aqueous solutions, and to the best of
our knowledge, no liquid-liquid extraction method of carbonate is known. Nanojars based on the
parent pyrazole ligand bind carbonate strongly; however, these nanojars are not soluble in

organic solvents suitable for industrial-scale liquid-liquid extraction processes, i.e. long-chain
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aliphatic hydrocarbons. To address this issue, as well as to study the effect of pyrazole
substituents on the structure and stability of nanojars, we conducted a comprehensive study using
40 different pyrazole ligands with either one, two or three substituents in their 3-, 4- and 5-
positions (Scheme 1). The novel nanojars are characterized by single-crystal X-ray diffraction in
the solid state, and/or electrospray-ionization mass spectrometry (ESI-MS) in solution. The
structure of two different Cusg-nanojars are described for the first time, which are comprised of
previously unknown ring combinations, n = 8+14+8 and n = 7+14+9. Peripheral decoration of
the nanojars with long hydrocarbon or oligoether chains expands the solubility of nanojars to
aliphatic solvents and water, respectively. For this purpose, novel pyrazole ligands with
oligo(ethylene glycol) methyl ether substituents have been synthesized. Furthermore, we use
highly hydrophobic nanojars, functionalized with multiple alkyl chains, to transfer the carbonate
ion from alkaline aqueous solutions to aliphatic solvents, and present the first liquid-liquid

method for the extraction of carbonate.
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Scheme 1. Pyrazole ligands used in the present study. Homoleptic nanojars can be obtained with
pyrazoles shown in green; those in orange can only form heteroleptic nanojars, and the ones in red do not
form nanojars under similar conditions.
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2. RESULTS AND DISCUSSION

2.1. Synthesis of the new ligands. Pyrazole ligands substituted in the 4-position with mono-, di-
or triethyleneglycol methyl ether chains are prepared in three steps (Scheme 2). First, the
oligo(ethylene glycol) monomethyl ether (OEG), CH3(OCH,CH;),OH (z = 1, 2 or 3), is
condensed with excess bromoacetaldehyde diethyl acetal in the presence of NaH, to yield the
OEG diethyl acetals in quantitative yield. Next, the acetal is added to the Vilsmeier reagent
obtained from POCI; and dimethylformamide, resulting in a mixture of OEG-substituted
dimethylamino- and ethoxy-propenal, and smaller amounts of EtO-substituted dimethylamino-
and ethoxy-propenal. This mixture is used without separation in the next step: treatment with
hydrazine hydrate in methanol yields the corresponding OEG-substituted pyrazole, along with 4-
ethoxypyrazole as side-product. The pure OEG-pyrazoles are obtained in 20—34% overall yields,
based on the OEG starting material, after purification by column chromatography. 4-n-
Octylpyrazole is synthesized similarly, using decanal diethyl acetal. 3,5-Dimethyl-4-n-
octylpyrazole is prepared from hydrazine and 3-(n-octyl)pentane-2,4-dione, which in turn is

obtained from acetylacetone and 1-iodooctane (Scheme 2).
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Scheme 2. Synthesis of the novel OEG-pyrazole ligands, and new synthetic routes to 4-n-octylpyrazole
and 3,5-dimethyl-4-n-octylpyrazole.

2.2. Synthesis of the nanojars. Nanojars of the general formula [CO5* <{Cu(OH)(Rpz)}.] (pz =

pyrazolate anion, R = substituent(s), n = 27-31) are synthesized using a one-pot reaction, by
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stirring copper(II) nitrate, the pyrazole ligand (or a 1:1 mixture of two different pyrazole ligands)
and a base (Cu:Rpz:OH in 1:1:2 molar ratio) in tetrahydrofuran for three days. Various
hydroxides, such as MOH (M = Li*, Na*, K*, Rb", Cs*, BuyN", EtzN") and M(OH), (M = Sr*",
Ba’") can be employed as bases, along with the corresponding carbonates, which provide the
incarcerated CO;> ion. Alternatively, copper carbonate Cu,CO3(OH), can be used both as
copper- and carbonate-source, although it provides lower yields than the THF-soluble copper(II)
nitrate.

Tetrabutylammonium was initially used as counterion in all cases, as it had been shown to
promote crystallization.'™ In the case of highly hydrophobic nanojars based on pyrazoles with
butyl or longer alkyl substituents, however, no ESI-MS signals can be detected when the
counterion is BusN". The lack of ionization is attributed to extensive ion-pair formation, due to
strong hydrophobic interactions between the long alkyl chains of the nanojars and the large
BuyN" counterions. Alkali metal counterions (Li", Na", K", Rb", Cs") offer partial remedy for the
problem, although in this case the MS signal is weakened by another factor: highly hydrophobic
nanojars are insoluble in neat acetonitrile, therefore less polar tetrahydrofuran has to be added to
the MS solvent in a 1:1 ratio to achieve solubility, which further suppresses the MS signal. Et;N"
behaves similarly to BusN", although it does induce noteworthy changes in the crystal structure
of the nanojar (see Crystallography section). Besides tetraalkylammonium and alkali or alkaline-

earth metal cations, [Kc18-crown-6]" has also been successfully employed as counterion, which

Published on 30 March 2016. Downloaded by New Y ork University on 31/03/2016 14:45:19.

forms in-situ when 18-crown-6 is added to the reaction mixture. The identity of a particular
counterion associated with the nanojar is confirmed by ESI-MS(+) (of the metal cations, only
Rb" and Cs" have m/z values within the mass spectrometer’s detection window).

The size distribution of the different [CO32_C{CH(OH)(pZ)}n] nanojars (n = 27-31) varies
slightly with the particular reaction conditions, such as the copper source, counterion and the
base. In contrast, a much more pronounced variation is produced by the different substituents on
the pyrazole ligands.

2.3. Effect of pyrazole substituents on nanojar structure. As seen in Figure 1, the pyrazole 4-
positions point radially away from the nanojar. Therefore, no steric hindrance is predicted to be
caused by substituents in the 4-position. Substitution at the pyrazole 3- and/or 5-positions,
however, is expected to be more critical for nanojar formation, due to the all-cis configuration of

the pyrazole ligands, which places substituents on the pyrazole units close to the neighboring
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ligands. The steric hindrance is expected to be most significant for the two smaller side-rings,
with pyrazole units pointing to the same side of the ring, while the larger, central ring can relieve
the hindrance by orienting the pyrazole units alternately above and below the ring mean-plane
(see also the Crystallography section).

All experiments discussed below are carried out in tetrahydrofuran as reaction medium, an
excellent solvent for all nanojars, but not for the NaNOj3 by-product, which precipitates out of the
reaction medium. The product mixtures are analyzed by ESI-MS in acetonitrile solutions, or, in
the case of pyrazoles with butyl or longer chains, in a less polar CH;CN/THF (1:1) mixture.
Mass spectra are shown in the Supporting Information (Figures S1-S30). Although the relative
intensity of ESI-MS signals is dependent on individual ionization efficiencies, the various
[CO3={Cu(OH)(pz)},]* nanojars (n = 27-31) have identical charge and very similar size and
shape, and are expected to have similar ionization efficiencies under identical ESI-MS
conditions. Therefore, the observed ESI-MS signals should provide reliable information about
the relative concentration of different nanojars based on the same ligand in a given solution.
Indeed, this has been confirmed for nanojars based on the parent pyrazole ligand, using 'H NMR
spectroscopy. In the case of the mixed-pyrazole nanojars, however, ionization efficiencies drop
drastically as the amount of the hydrophobic ligand component within a nanojar of a given size
increases.

Formic acid is commonly used as an additive for mobile phases in reversed-phase liquid
chromatography separations, as a buffer component, to improve peak shapes, and to promote
ionization by producing [M+H]" ions. We find that nanojars are extremely sensitive to even
traces of formic acid in the mass spectrometer; consequently, substituted nanojar species
[Cng_c{Cun(OH)n(HCOO)y(pZ)}nfy] (y = 1-3) are inevitably found in most spectra (at slightly
lower m/z values than the pure nanojar), unless the instrument is opened up and thoroughly
cleaned prior to injection of nanojar samples. In addition, adduct species are also observed
occasionally, at larger m/z values than the pure nanojar.

2.3.1. Substitution of the pyrazole 4-position. Nanojars [COs;={Cu(OH)(4-Rpz)},]*” (n = 27-31)
based on pyrazoles substituted in the 4-position with chains of varying lengths (up to 11 atoms)
have been successfully prepared (Table 1, Figures S6—S13), indicating that linear chains do not
interfere with nanojar formation, regardless of their length (Figure 1). In addition, nanojars with

R =F, Cl, Br, I, phenyl and CF; have been observed (Figures S2—S5, S14, S15), showing that
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moderately bulky groups in the immediate vicinity of the pyrazole 4-position are also tolerated.
In the case of 4-trifluoromethylpyrazole, a hexanuclear species [CusO2(4-CF3pz)9] (m/z 1629) is
also formed beside the nanojars. Pyrazoles with potentially coordinating moieties (R = SO3H,
COOH, CH=0, OH) in the 4-position do not form nanojars: only insoluble, presumably
polymeric products are obtained in those cases. With 4-nitropyrazole (LH), a soluble mixture of
mono- to hexanuclear species (as indicated by the Cu-isotope pattern of the ESI-MS signals) is
obtained (Figure S29). Within this mixture, [Cul,] (m/z 288), [CuLs4] (m/z 575),
[NaCuzOL3(NOs)2] (m/z 690), [CusOLs] (m/z 767), [CusO,L6] (m/z 959), [(BusN)Cus;OLg]
(m/z 1122) and [CugO,L9] (m/z 1422) are identified as major components. The structure of

related di-, tri-, tetra- and hexanuclear copper(Il)-pyrazolate species has been established by X-

25-29

ray diffraction.> *° Partial reduction of Cu*" to Cu" during ESI-MS is also common.*’

insoluble in hexane
and hexadecane poorly soluble in hexane,
insoluble in hexadecane  readily soluble in hexane,
poorly soluble in hexadecane

Published on 30 March 2016. Downloaded by New Y ork University on 31/03/2016 14:45:19.

readily soluble in hexane
and hexadecane

Figure 1. Space-filling models of [CO;c{Cu(OH)(4-Rpz)},7]* nanojars (from left to right: R = H, Me,
"Bu, "Oct).

2.3.2. Substitution of the pyrazole 3(5)-position. Alkyl substituents of various lengths (e.g.,
methyl to n-octyl) are also tolerated at the pyrazole 3(5)-position (Table 1). It is likely that the
longer alkyl chains turn away from the nanojar after the first CH,-unit connected to the pyrazole
nucleus, thus avoiding interference from neighboring pyrazole units of the same Cuy-ring. In
contrast to 4-alkylpyrazoles, the Cusp-nanojars [COs={Cu(OH)(3-Rpz)}30]*" are obtained almost
exclusively with 3(5)-alkylpyrazoles (Figures S16—S20). No nanojars can be observed with
bulky phenyl or CF; substituents at the pyrazole 3(5)-position, which yield only smaller,
Cu;—Cug species. However, a 1:1 molar mixture of 3(5)-PhpzH and HpzH affords an
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approximately Gaussian distribution of nanojars [COsc{Cu,(OH),(3-Phpz),(pz).—y}]* (Figure
S23; major species: n = 29, y = 5-19). Similarly, a 1:1 mixture of 3(5)-F;CpzH and HpzH
produces a series of nanojars [CO3c {Cu,(OH)u(3(5)-F3Cp2),(pz)ay} I*~ (Figures S21, S22; major
species: n = 30, y = 6-17), beside lower nuclearity species [Cu(3-CFs;pz),] (m/z 334),
[CusO(pz)(3-CF3pz)s]  (m/z 814), [CusO(3-CF;3pz)s] (m/z 882), [CusO(pz)(3-CF3pz),(3-
CFspzH)4] (m/z 1152), [CusO(3-CF3pz)3(3-CFspzH)4] (m/z 1220). These latter two experiments
demonstrate that some but not all pyrazole units of a nanojar can tolerate bulkier substituents in
the 3(5)-position. As with 4-substituted pyrazoles, no nanojars are formed by pyrazoles with
COOH, CH=0, NO,;, NH; or OH substituents at their 3(5)-position. In the case of 3-
nitropyrazole (HL), a complex, soluble mixture of products (similar to the one obtained with 4-
nitropyrazole), is characterized by ESI-MS (Figure S30): L (m/z 112), [Cul,] (m/z 288),
[CuLs] (m/z 400), [Cu,Ls] (m/z 463), [Cu,OL3] (m/z 479), [NaCuL4] (m/z 535), [Cux(OH)L4]
(m/z 592), [NaCu,OL4] (m/z 614), [CusO(OH)Ls] (m/z 672), [CuLs] (m/z 687),
[NaCux(OH)Ls] (m/z 727), [CusOLs] (m/z 767), [NaCuyLe] (m/z 822), [CusO,Ls] (m/z 847),
[NaCusOLs] (m/z 902), [CusOzL6] (m/z 959), [(BusN)CusOLs] (m/z 1122), [CucOLy] (m/z
1406), [CugLio] (m/z 1502), [NaCucO,L19o(NO3)] (m/z 1619).

2.3.3. Simultaneous substitution of the pyrazole 3- and 5-positions. As expected, no nanojars are
obtained with 3,5-disubstituted pyrazoles as sole ligands, not even with the smallest methyl
substituent. When used in a 1:1 molar mixture with HpzH, however, 3,5-dialkylpyrazoles and
3(5)methyl-5(3)trifluoromethylpyrazole do form mixed nanojars. The ESI-MS(—) spectrum of
the nanojars [CO3c{Cu,(OH),(3,5-Mespz),(pz)n—y} 1>, obtained from a 1:1 molar mixture of 3,5-
Me;pzH and HpzH, and Cu,COs(OH), as copper/carbonate source, shows three major groups of
peaks (n =27, y=0-9;n =28, y= 6—13; n =30, y = 10—-14) and small amounts of nanojars with
n=29,y=9-14, and n = 31, y = 10—14 (Figure 2). When Cu(NO3), and Na,CO; are used as
copper and carbonate sources, respectively, a slightly different distribution is observed, with n =
30 as the major group, small amounts of n = 28, 29, and only traces of n = 27, 31 (Figure S24).
Different ratios of 3,5-Me,;pzH and HpzH also lead to different distributions: a 2:1 molar mixture
leads almost exclusively to n = 30, y = 13—20 (most abundant peak: y = 14), with small amounts
of n =28, y = 12—18, while a 5:1 ratio leads to n = 30, y = 14—20 (most abundant peak: y = 20).
Using 3,5-Me;pzH:HpzH ratios higher than 1:1 favors nanojars with larger value of y, but

increasing amounts of low-nuclearity species are also produced at the same time. A 1:1 molar
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mixture of 3,5-Me,-4-"OctpzH and HpzH also provides nanojars [CO;c{Cu,(OH),(3,5-Me,-4-
”Octpz)y(pz)n—y}]zf, among which the ones with n = 30, y = 10—16 constitute the major group.
The ESI-MS(—) of [CO3c{Cuy(OH)n(3,5-Et2pz)y(pZ) n-y }]2_ shows three major groups, n =27,y
~0-3;n=29, y=0-10; n =30, y = 9—14, and small amounts of n=31,y=0-11 andn=32,y =
12-15 (Figure S25). In the case of [CO3;c{Cun(OH),(3-"Bu-5-"Hexpz)y(pz)ny}]*", the major
peaks correspond to the parent nanojars (n = 27, 29-31; y = 0), but smaller amounts of
substituted species (y = 1—6) are also observed (Figure S26). In the case of a 3(5)-Me-5(3)-
CFspzH:HpzH (1:1) mixture, the major species is [CuzO(pz)3(3-Me-5-CF3pz),] (m/z 706), along
with other low-nuclearity species, and small amounts of nanojars are also observed:
[CO3c{Cun(OH),(3-Me-5-CF3pz)y(pz)n-y =27, y=0-2;n=29,y=0-2;n=30,y =
1-11) (Figures S27, S28). In the case of pyrazoles with bulkier substituents, such as
bis(trifluoromethyl)-, di-'butyl- and diphenylpyrazole, however, not even mixed nanojars can be
obtained. Di-butyl- or diphenylpyrazole mixtures with HpzH (1:1) lead to
[CO3c{Cu(OH)(pz)},]* (n = 27-31) as the only THF-soluble products. In the case of 3,5-
(CF3)pzH:HpzH (1:1), the main species observed by ESI-MS(—) is the trinuclear
[CuzO(pz)3{3,5-(CF3)2pz}2] (m/z 814), along with its adducts [NayCuzO(pz)3 {3,5-(CF3)2pz}o+y]
(y=1,m/z 1040; y = 2, m/z 1266, y = 3, m/z 1492; y = 4, m/z 1718; y = 5, m/z 1944) and
[(BusN)CusO(pz)3{(3,5-CF3)pz}3] (m/z 1260), as well as [CuzO(pz)2{(3,5-CF3)pz}s] (m/z
950), [Cu3zOH(pz)3{(3,5-CF3)pz}3] (m/z 1018) and its adduct [Na,CusOH(pz);{(3,5-
CF3)pz}s] (m/z 1470). In addition, mononuclear [Cu{(3,5-CFs)pz},] (m/z 470), tetranuclear
[Na,CusO(pz)3{(3,5-CF3)apz}3+y] (y = 1, m/z 1307; y = 2, m/z 1533; y = 3, m/z 1759),
hexanuclear [Nay,CusO2(pz)s{(3,5-CF3)opz}3+y] (y =1, m/z 16515y =2, m/z 1877; y = 3, m/z
2103) as well as the free ligand and its Na-adducts, [Nay{(3,5-CF3):pz}i+y] (y =0, m/z203;y =
1, m/z 429; y = 2, m/z 655), are also observed. Concurrently, the ESI-MS(+) spectrum of the
same solution shows, beside the dominant BuyN' ion, mostly trinuclear species
[NayCugO(pz)3{3,5-(CF3)2pz}y]Jr (y=0,m/z408;y =1, m/z 634; y =2, m/z 860; y = 3, m/z 1086;
y = 4, m/z 1312; y = 5, m/z 1538), and smaller amounts of hexanuclear species
[(BusN)yNa,Cus0x(p2)s{(3,5-CF3)2pz} 1+y+2] (y=0,2=3,m/z1697;y=0,z=4, m/z 1923; y =
0,z=5 mz2149;,y=2,z2=0,m/z 1910; y=2,z=1, m/z 2136; y = 2, z = 2, m/z 2362),
[Na3;CusO(OH)(pz)s{(3,5-CF3)pz}s]” (m/z 1901) and [(BusN):;Na,CusOa(pz)7{(3,5-CF3)apz}s]”
(m/z 2672). In general, we observe that the larger the substituents at the pyrazole 3/5 positions,
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the less favorable the formation of the corresponding nanojars becomes, and the more low-

nuclearity species are obtained.
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Figure 2. ESI-MS(-) spectrum of [CO;C{Cun(OH)n(3,S-Mezpz)y(pz)n,y}]2’ (yn—y & m/z values shown)
obtained from Cu,CO3(OH),, 3,5-Me,pzH/HpzH (1:1), NaOH and Bu,NOH.
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Table 1. [Nanojar]*~ species with differently substituted pyrazoles detected by ESI-MS(-). Occasionally,
minor amounts of singly-charged [Counterion’(Nanojar*")]” species are also observed (not shown).

Entry | Pyrazole (LH) Nanojar [CO;c{Cu(OH)L},|*

1 HpzH m/z 2023 (n=27), 2171 (n =29), 2244 (n = 30), 2318 (n =31)

2 4-FpzH m/z 2266 (n=27), 2431 (n =29), 2514 (n = 30), 2597 (n =31)

3 4-ClpzH m/z 2488 (n=27), 2670 (n=29), 2761 (n=30), 2852 (n=31)

4 4-BrpzH m/z 3088 (n=27), 3314 (n =29), 3428 (n = 30), 3541 (n=31)

5 4-IpzH m/z 3723 (n=27), 3996 (n=29), 4133 (n=30), 4270 (n=31)

6 4-EtOpzH m/z 2618 (n=27), 2809 (n=29), 3001 (n=31)

7 4-MepzH m/z 2212 (n=27), 2374 (n = 29), 2455 (n = 30), 2536 (n=31)

8 4-"BupzH m/z 2780 (n=27),2984 (n=29), 3188 (n=31)

9 4-"OctpzH m/z 3538 (n=27), 3798 (n=29), 4058 (n=31)

10 | 4-(HOCH,CH,CH,)pzH m/z 2807 (n=27), 2910 (n =28), 3013 (n=29), 3116 (n=30), 3218 (n=31)

11 4-(CH;0CH,CH,0)pzH m/z 3023 (n=27), 3245 (n=29), 3466 (n=31)

12 | 4-(CH;3;(OCH,CH,),0)pzH | m/z 3618 (n=27), 3751 (n=28), 3883 (n=29),4016 (n=30), 4149 (n=31)

12 | 4-(CH;3;(OCH,CH,);0)pzH | m/z 4212 (n=27), 4522 (n=29), 4832 (n=31)

14 | 4-CF;pzH m/z 2941 (n=27), 3157 (n=29), 3372 (n=31)

15 4-PhpzH m/z 3050 (n=27), 3274 (n =29), 3386 (n = 30), 3498 (n =31)

16 | 3-MepzH m/z 2455 (n = 30)

17 3-EtpzH m/z 2665 (n = 30)

18 3-"PrpzH m/z 2876 (n = 30)

19 3-"BupzH m/z 3086 (n = 30)

20 | 3-"OctpzH m/z 3928 (n = 30)

21 3-CF;pzH/HpzH [COs {Cu,(OH),(3-CF3pz),(p2)o-y} 1 (n=27,29,30; y = 3-17)
(1:1) m/z 2125-2822

2 3-PhpzH/HpzH [CO3C{Cun(OH)H(S-Phpz)y(pz)n,y}]2’ (n=27,29; y=5-19)
(1:1) m/z 2251-2893

23 3,5-Me,pzH/HpzH [COgC{Cun(OH)n(3,S-Mezpz)y(pz)n,y}]2’ (n=27-31,y=0-14)
(1:1) m/z 2023-2515

2 3,5-Mey-4-"OctpzH/HpzH | [CO5c {Cu,(OH),(3,5-Me,-4-"Octpz),(pz)n-y}I* (n=29-31,y = 11-17)
(1:1) m/z 3015-3366

95 3,5-Et,pzH/HpzH [COs {Cu,(OH),(3,5-Etypz)y(p2)ny}1* (0 =27-32,y = 0-15)
(1:1) m/z 2023-2813

26 3-"Bu-5-"HexpzH/HpzH [COsc {Cu,(OH),(3-"Bu-5-"Hexpz),(pz),—y}]* (n =27, 29-31, y = 0—6)
(1:1) m/z 2023-2665

7 3-Me-5-CF;pzH/HpzH [CO5c {Cu,(OH),(3-Me-5-CF;3pz),(p2)ny} 1> (n =27, 29, 30, y = 0—11)
(1:1) m/z 2023-2696
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2.4. Crystallographic analysis. All three nanojar structures described herein consist of three
neutral [cis-Cu"(n-OH)(u-pz)]x rings, with a larger one (x = 13 or 14) sandwiched by two
smaller ones (x = 7, 8 or 9), and they all incarcerate a carbonate ion in their central cavity. The
central, larger ring is approximately flat, with the pyrazolate units symmetrically alternating
slightly above and below the ring mean-plane, and they do not form hydrogen bonds to the
carbonate ion. The smaller side-rings are bowl-shaped, with their pyrazolate moieties pointing
away from the central ring, while their OH groups point toward the center of the nanojar and
form multiple hydrogen bonds with the incarcerated COs*~ ion. While there is no direct bonding
between the two smaller rings, they are both involved in multiple H-bonds and weak axial Cu—O
interactions with the larger central ring. In the [Cu(OH)(pz)]x rings, Cu—O and Cu—N bond-
lenghts are within normal ranges (1.872(4)—1.967(4) and 1.923(4)—2.025(4) A, respectively).
Two BusN" (or Et4N+) counterions balance the 2— charge of the carbonate ion in all nanojars.
2.4.1. (EtyN),[CO;c{Cu(u-OH)(u-pz)}20(H20),] (Et;N-1-2H,0). The nanojar in Et4N-1-2H,0,
which consists of three [Cu(OH)(pz)]x rings with x = 8, 13 and 8, is similar to the one found in
BuyN-1 (Figures S31-S33);® however, the difference in counterion size (EtsN" vs. BusN") does
induce significant changes in the molecular structure of the nanojar (Figure S34). Furthermore,
despite a seemingly very similar overall crystal packing, the position of the nanojars relative to
the crystal’s symmetry elements is altered in Et4N-1 compared to BusN-1. In BusN-1, the nanojar
is located on a two-fold rotation axis (C5), which runs through the C-atom of the incarcerated
carbonate ion, symmetrically bisecting the latter. In Et4N-1, the nanojar is also located on a two-
fold rotation axis, but unlike in BusyN-1, the C, axis does not bisect the carbonate ion
symmetrically, although it still runs through its central C-atom. As a result, the incarcerated
carbonate ion in Et;N-1 is disordered over two positions (50/50). Similarly to BuyN-1, in Et,N-1
each Cug-ring forms six H-bonds to the carbonate ion (for one Cug-ring, O---O: 2.81(1)—3.12(1)
A; average: 2.90(1) A; for the other Cug-ring, O---O: 2.68(1)-3.01(1) A; average: 2.90(1) A).
As in BuyN-1, only eight of the twelve H-bonds to carbonate in Et4N-1 have O---O distances
<2.92(1) A. The average H-bonding distance to carbonate is identical in BuysN-1 and Et;N-1
(2.90(1) A). The central Cu;s-ring forms five H-bonds to each Cug-ring (average O---O: 2.752(6)
A in Et4N-1, 2.766(6) A in BugN-1).

The presence of two water molecules (symmetry-related) in Et;N-1 has significant

consequences on the structure of the nanojar (no water is found in BuyN-1). Each H,O molecule
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is hydrogen-bonded to two OH groups across the Cug-ring (O19---O5: 2.851(6), O19---O2:
3.039(7) A). As a result, those two OH groups are pulled closer to each other (02:--05: 4.981(6)
A), compared to the corresponding distance in BuyN-1 (O---O: 5.596(6) A), which lacks the
bridging H,O molecules. In fact, O2 and OS5 are indeed the two most likely O-atoms to bind a
bridging H,O molecule, since those two O-atoms are not involved in significant H-bonding with
the Cuys-ring (O---O: 3.326(6) and 3.317(6) A in Et4N-1; 3.245(6) and 3.324(6) A in BuyN-1).
The distance between the two bonded Cu-atoms across the ring also decreases from 8.254(1) A
in BuyN-1 to 7.846(1) A in Et;N-1.

In both Et4sN-1 and BusN-1, seven Cu-atoms of each Cug-ring form axial Cu—O interactions
shorter than 3.00(5) A with the Cujs-ring (EtzN-1, Cu---O: 2.367(5)-3.041(5) A, average:
2.575(4) A; BuyN-1, Cu---O: 2.340(4)—2.993(4) A, average: 2.573(4) A). The other Cu-atoms,
including the ones of the Cuy;-ring, are at distances larger than 3.201(4) A from the closest non-
bonding O-atoms. Overall, there are fourteen Cu---O distances <3.00(5) A in each nanojar, with
an average of 2.574(4) A.

2.4.2. (BuyN)2[ CO;H Cusp(u-OH)s30(u-pz) 15(-3,5-Meapz) 1 5(H20)}] (BuyN-2). Within the triclinic
(P1) crystal lattice of 2, the nanojar is located on a general position (with pseudo-mirror
symmetry) and consists of three rings, [Cu(OH)(pz)];, [Cu(OH)(3,5-Me;pz)]i4 and
[Cug(OH)¢(pz)s(3,5-Meypz)(H,0)] (Figures 3, S35-S45). The encapsulated carbonate ion is
found disordered over three positions (55/28/17), around the axis perpendicular to the central
carbon atom (Figure S35). In each orientation, the carbonate ion is bound by twelve hydrogen
bonds (average O---O: 2.90(2) A), six each from the Cus- and Cuo-rings, four to each of the
three carbonate O-atoms. The Cuy- and Cuy-rings each accept seven H-bonds from the Cu,4-ring
(Cuy-ring, O---0: 2.787(5)-3.123(5) A, average: 2.976(5) A; Cuo-ring, O---0O: 2.750(5)—3.050(5)
A, average: 2.910(5) A). Thus, the fourteen OH groups of the Cujs-ring form alternating H-
bonds with the Cu;- and Cuo-rings (average O---O: 2.943(5) A). The presence of a water
molecule within the nanojar is apparently the consequence of the steric hindrance caused by the
methyl groups of the 3,5-Me;pz unit within the Cug-ring. Thus, the H,O molecule fills the void
created between the Cug- and Cuy4-rings, as the Cu,(p-3,5-Meypz) moiety moves away from the
two neighboring pyrazole units of the Cuo-ring (Figure 3, bottom). This H,O-molecule bridges
the pair of Cu-atoms linked by the only 3,5-Me;pz unit of the Cuo-ring (Cu28---031: 2.431(6),
Cu29---031: 2.450(7) A), and donates a very short hydrogen bond to an adjacent OH-group of

13
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the Cujy-ring (O16—H160---031: 2.482(9) A). The overall H-bonding pattern in 2 is shown in
Figure S44.

Figure 3. Top- and side-views of the crystal structure of 2. Color scheme: Cu; — olive; Cug — red; Cuyy —
orange; CO;> — lime-green; H-bonds and weak Cu---O interactions — green and black dashed lines,
respectively; Cu—O bonds to the coordinated H,O molecule — red/white stripes. Only the major
component of the disordered units, and no C—H and H,O hydrogens, counterions or solvent molecules are
shown.

The Cuy- and Cuo-rings form seven and six Cu---O contacts <3.000(1) A, respectively, with
O-atoms of the Cuy4-ring (Cus-ring, Cu---O: 2.516(4)—2.809(4) A, average: 2.618(4) A; Cuo-
ring, Cu---O: 2.407(4)-2.984(5) A; average: 2.541(4) A). Two Cu-atoms of the Cug-ring
(bridged by the 3,5-Mespz ligand) bind the bridging H,O molecule, which donates a H-bond to

the Cujs-ring. All other Cu-atoms, including the ones of the Cujs-ring, are at distances larger

14
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than 3.545(4) A from the closest non-bonding O-atoms. Overall, there are thirteen Cu---O
distances <3.000(1) A in-between Cu,-rings, with an average of 2.548(4) A.

2.4.3. (BuyN):[CO;{ Cuso(u-OH)30(1-pz) 16(1-3,5-Meopz) 14}] (BuyN-3). Nanojar 3, consisting of
one [Cu(OH)(3,5-Me;,pz)]i14 and two [Cu(OH)(pz)]s rings, is located on a two-fold rotation axis
(C>), which runs perpendicular to the encapsulated carbonate ion, disordered accordingly over
two positions (50/50). The position of the nanojar and encapsulated carbonate ion relative to the
C, axis is clearly different than in Et4N-1 and BusN-1, in which the C; axis is located in the plane
of the carbonate ion. The central Cuj4-ring is made up by 3,5-dimethylpyrazolate ligands, while
the two Cug side rings contain only non-substituted pyrazole ligands.

The CO5® ion is bound by a total of nine H-bonds in each disordered position (O---O:
2.63(9)-2.97(9) A, average: 2.87(8) A), four from one Cug-ring and five from the other, with
each O-atom having three H-bonds. Each Cug-ring forms six H-bonds with the Cu,4-ring (O---O:
2.73(5)-2.96(5) A, average: 2.87(5) A). The two Cug-rings form six and eight Cu---O contacts
<3.00(7) A, respectively, with O-atoms of the Cuy4-ring (one Cug-ring, Cu---O: 2.52(3)—2.76(3)
A, average: 2.56(3) A; other Cug-ring, Cu---O: 2.43(3)-3.10(3) A; average: 2.67(3) A). All other
Cu-atoms, including the ones of the Cuy4-ring, are at distances larger than 3.13(3) A from the
closest non-bonding O-atoms. Overall, there are fourteen Cu---O distances <3.00(7) A, with an
average of 2.61(3) A.

2.5. Solubilizing nanojars in hydrocarbon solvents and water. For liquid-liquid extraction
purposes, solubility of the nanojar in long-chain aliphatic solvents is desirable. Characteristics of
such solvents (typically Co—C,3 alkanes/isoalkanes) include low toxicity, low vapor pressure, low
flammability (high flash point), negligible solubility in water, chemical inertness, no odor or
color, and low price. Nanojars comprised of the parent pyrazole ligand (HpzH), however, are
insoluble in aliphatic solvents." As illustrated in Figure 1, attachment of aliphatic chains of
increasing lengths to the pyrazole 4-position leads to a gradual increase of the solubility of the
corresponding nanojar in aliphatic solvents, such that nanojars based on 4-n-octylpyrazole are
readily soluble in n-hexadecane (C4, longest straight-chain alkane that is liquid at room
temperature; mp = 18 °C) and even in heavy mineral oil (C;5—Csg). The same is true for the 3-n-
octylpyrazole derivative, as well as the heteroleptic nanojars based on mixtures of non-

substituted pyrazole and 3,5-dimethyl-4-n-octylpyrazole or 3-n-butyl-5-n-hexylpyrazole.
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Figure 4. Top- and side-views of the crystal structure of 3. Color scheme: Cug — magenta; Cu;; — orange;
CO5> — lime-green (only one position of the disordered carbonate, and no H—atoms, counterions or
solvent molecules are shown).

Although all nanojars prepared so far are soluble in tetrahydrofuran, the solubility of the ones
based on 4-halopyrazoles in toluene is drastically reduced compared to the parent nanojar and the
alkyl- or ether-substituted ones. Thus, only the 4-fluoro-derivative is sparingly soluble in
toluene, while the other halo-derivatives are practically insoluble. It is also noteworthy to
mention that the solubility of the parent nanojar (but not of the ones with alkyl chain
substituents) in toluene is lower when the counterion is a metal cation, compared to the BuyN'-

salt.
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Some future applications of nanojars might require solubility in water. Again, nanojars based
on the parent non-substituted pyrazole are insoluble in water.' Polar, hydrophilic substituents,
such as sulfonate, carboxylate or hydroxyl groups, would be expected to increase the solubility
of the corresponding nanojars in water. However, those groups are also good donors (especially
in their deprotonated forms), and, in the presence of Cu®’, lead to the formation of polymeric
products instead of nanojars.”'® To impart solubility in water while maintaining nanojar
structure, we prepared novel pyrazole ligands with oligo(ethylene glycol) methyl ether chains
attached to the 4-position, 4-CH3;(OCH,CH,),OpzH (z = 1-3) (Scheme 2). While
Nay[CO3{Cu(OH)(4-CH3(OCH,CH;),0Opz)},] (n = 27-31) nanojars are negligibly soluble in
water when z = 1, the corresponding ones with z = 2 have noticeable solubility, and become
readily soluble when z = 3.

2.6. Liquid-liquid extraction of carbonate from water. The carbonate ion (COs")isina pH-
dependent equilibrium with the bicarbonate ion (HCO; ) and CO,.** At neutral pH, virtually no
CO;5” ion is found in aqueous solution, while above pH~12, carbonate is found exclusively as
COs>". Given its very large hydration energy (AG,° = —1315 kJ/mol), the COs> ion is difficult to
extract from water, compared to HCOs (AG,° —368 kJ/mol).** Herein we show that nanojars are
excellent hosts for the solvent extraction of carbonate at pH 8—14. The industrial solvent Isopar-
L is chosen as the organic extraction medium, which is a relatively harmless, colorless and

odorless mixture of C;;—C;3 isoalkanes, with low vapor pressure (0.3 mmHg at 20 °C, bp

Published on 30 March 2016. Downloaded by New Y ork University on 31/03/2016 14:45:19.

~189-209 °C, compared to hexane: 132 mmHg, bp 69 °C). Carbonate is extracted quantitatively
from a 1.0 mM aqueous Na,COs; solution at pH 8—14 by stirring with a mixture of 4-R-pyrazole
(R = mn-butyl or n-octyl), copper nitrate and NaOH (1:1:2 molar ratio) in Isopar-L, whereby
nanojars Na;[CO3c{Cu(OH)(4-R-pz)},], identified by ESI-MS(-), are separated into the organic
phase. As the nanojar forms, it creates a highly hydrophilic cavity that encloses the carbonate
ion, surrounded by a highly hydrophobic outer layer, which fully isolates the ion and provides
solubility in the hydrophobic solvent. The incarcerated anion can be released as bicarbonate

and/or CO; upon stripping the organic phase with a dilute nitric acid solution.

3. CONCLUSIONS
The present study, based on 40 differently substituted pyrazoles with one, two or three

substituents of varying length, bulkiness and coordinating ability in the 3-, 4- and 5-positions,
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provides a comprehensive picture of the effect of ligand substitution on nanojar structure. We
find that reasonably bulky, non-coordinating substituents (such as alkyl chains, phenyl, CF3) are
tolerated at the pyrazole 4-position, while steric hindrance at the 3- and 5-positions will prevent
the formation of nanojars. Although long, straight chains are also tolerated at the pyrazole 3(5)-
position, no homoleptic nanojars can be obtained with 3-phenyl- or 3-CF;-pyrazole, nor with any
3,5-disubstituted pyrazoles, regardless of the size of the two substituents. In those cases,
however, heteroleptic nanojars can be obtained in the presence of non-substituted pyrazole (or,
presumably, 4-substituted pyrazoles), with the exception of 3,5-R,pyrazoles with bulky R groups
(‘Bu, CF3, Ph), which are unable to fit within any nanojar. X-ray crystallographic studies on two
of the various possible (BusN),[CO3={Cuzo(OH)30(3,5-Me;pz)(pz)30-y} ] nanojars (with y = 14
and 15), obtained using a 1:1 mixture of 3,5-dimethylpyrazole and non-substituted pyrazole,
demonstrate in both cases that the disubstituted ligands are preferentially incorporated into the
larger, central [Cu(OH)(3,5-Me;pz)]i4 ring (Cuyg). This approximately flat ring allows the
ligands to symmetrically alternate above and below the ring mean-plane, thus avoiding steric
hindrance between substituents on neighboring pyrazole units. In the nanojar with y = 14, the
central Cujs-ring is sandwiched in-between two smaller Cug-rings, which are bowl-shaped and
place the pyrazole ligands much closer to each other, leaving little room for substituents. In the
case of the nanojar with y = 15, the two smaller rings are [Cu(OH)(pz)]; (Cu;) and
[Cug(OH)¢(3,5-Meypz)(pz)s] (Cug). While the Cus-ring is comprised only of non-substituted
pyrazoles, the Cuo-ring does incorporate one disubstituted pyrazole. The crystal structure shows
that this bulkier ligand turns sharply away from the neighboring pyrazole units of the Cug-ring, to
accommodate the substituents.

The limited ability of the smaller Cuy-rings to incorporate disubstituted pyrazoles is also
evident from the results of the ESI-MS studies. These studies show that even in the case of 3,5-
dimethylpyrazole/pyrazole ratios larger than 14:16 (such as 15:15 or 20:10), the most abundant
nanojar in the mixture is still [COs;c{Cuso(OH)30(3,5-Meapz)14(pz)i6} 1>, in which the central
ring is fully substituted, and the two smaller side-rings are not substituted at all. Not only is the
nanojar with y = 14 the most abundant species in these mixtures, but there is also an abrupt drop
in the abundance of the nanojars with y > 14, reflecting the weaker tendency of the smaller Cuy-
rings to incorporate disubstituted pyrazoles. Nevertheless, homoleptic Cusp-nanojars based solely

on 3-substitued pyrazoles can be obtained, in which case the monosubstituted ligands of the
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smaller Cuy-rings are likely found in a propeller-type arrangement, minimizing the repulsion
between substituents and neighboring pyrazole units. Regardless of the position on the pyrazole
ligand, COOH, SOs;H, CH=0, OH, NH; and NO, groups prevent the formation of nanojars, and
either insoluble, presumably polymeric, or soluble, small complexes (Cu;—Cug, in the case of 3-
and 4-nitropyrazole) are obtained instead. This study also led to new synthesis methods of 4-n-
octylpyrazole, 3,5-dimethyl-4-n-octylpyrazole and 4-ethoxypyrazole, and inspired the
preparation of novel pyrazole ligands with oligoether chain substituents, which render nanojars
soluble in water.

We have demonstrated that the solubility of nanojars in various solvents can be conveniently
tuned by varying the substitution of the pyrazole ligands. Thus, alkyl chains of increasing lengths
impart increasing solubility in aliphatic solvents, rendering nanojars amenable for the large-scale
liquid-liquid extraction of anions with large hydration energies from aqueous solutions. The
extraction process is exemplified here by the efficient transfer of carbonate from water to an
aliphatic solvent, which is unprecedented for an anion with such large hydration energy. We are
currently exploring the removal of toxic anions, such as arsenate, chromate and selenate, from

water using nanojars as extracting agents.

4. EXPERIMENTAL SECTION
4.1. Materials and methods. 4-Hydroxypyrazole,” 3-hydroxypyrazole,*® 4-fluoropyrazole,’’” 4-

Published on 30 March 2016. Downloaded by New Y ork University on 31/03/2016 14:45:19.

chloropyrazole,™ 4-bromopyrazole,”® 4-iodopyrazole,” 4-nitropyrazole,”® 4-formylpyrazole,* 3-
formylpyrazole,"!  pyrazole-4-sulfonic acid,** 3,5-diethylpyrazole,*  3(5)-n-butyl-5(3)-n-
hexylpzH,* 3,5-di-tert-butylpyrazole,*’ 3,5-bis(trifluoromethyl)pyrazole, *® 3,5-
diphenylpyrazole,*’ 4-phenylpyrazole,”® 4-n-butylpyrazole,” 4-(3-hydroxypropyl)pyrazole®® and
3(5)-n-alkylpyrazoles”' (alkyl = Me, Et, Pr, Bu, Oct) are prepared according to published
procedures. All other commercially available chemicals are used as received. Reactions are
carried out in the air, unless stated otherwise. Hexane (mixture of isomers) and
dimethylformamide are dried with molecular sieves.

Mass spectrometric analysis of the nanojars is performed on a Waters Synapt G1 HDMS
instrument, using an electrospray ionization source. 10*~10~ M sample solutions are prepared
in CH3CN, except for the nanojars with butyl or longer alkyl chain substituents, in which case a

1:1 (vol.) mixture of CH3CN/THF is used. Samples are infused by a syringe pump at 5 pL/min
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and nitrogen is supplied as nebulizing gas at 500 L/h. The electrospray capillary voltage is set to
—2.5 or +3.0 kV, respectively, with a desolvation temperature of 110 °C. The sampling and
extraction cones are maintained at 40 V (100 V for nanojars with long alkyl chain substituents)
and 4.0 V, respectively, at 80 °C.

4.2. Decanal diethyl acetal. Decanal (47.1 mL, 39.1 g, 250 mmol), triethyl orthoformate
(41.6 mL, 37.1 g, 250 mmol) and p-toluenesulfonic acid monohydrate (476 mg, 2.50 mmol) are
dissolved in 250 mL absolute ethanol. After standing for 1 hour at room temperature, 'H NMR
indicates that the reaction is practically complete. The solution is left to stand overnight, then it is
poured into 500 mL of saturated sodium bicarbonate solution (~96 g NaHCOs/L H,O0 at 20 °C),
and is extracted with ethyl acetate (5 x 100 mL). The combined organic extracts are dried
overnight with anhydrous Na,SO,, followed by evaporation of the solvent and drying under high
vacuum to yield 56.4 g (98%) of decanal diethyl acetal. 'H NMR (400 MHz, CDCls): & 4.46 (t,
1H,*J = 6 Hz), 3.62 (dq, 2H, *J = 7 Hz), 3.47 (dq, 2H, *J =7 Hz), 1.58 (m, 2H), 1.25 (m, 14H),
1.19 (t, 6H, *J =7 Hz), 0.86 (t, 3H, J =7 Hz) ppm.

4.3. General method of preparation for 7-ethoxy-2,5,8-trioxadecane, 10-ethoxy-2,5,8,11-
tetraoxatridecane and 13-ethoxy-2,5,8,11,14-pentaoxahexadecane. NaH (60% dispersion in
mineral oil, 4.000 g, 100 mmol) is placed in a 250 mL three-neck, round-bottom flask, which is
connected to a Schlenk line. A condenser is attached, the third neck is sealed with a rubber
septum, and the system is evacuated and purged with nitrogen three times. The mineral oil is
washed away from the sodium hydride by rinsing with anhydrous hexane. The hexane (50 mL) is
introduced with an N,-purged syringe, and the mixture is stirred for 3 minutes. After the NaH has
settled, the supernatant is removed with a syringe, and the procedure is repeated three more
times. The residue is then dried thoroughly by applying high vacuum. Neat bromoacetaldehyde
diethyl acetal (100 mL, 131 g, 0.664 mol) is added by syringe under stirring, followed by the
dropwise addition of the oligo(ethylene glycol) monomethyl ether, CH;(OCH,CH,),OH (50.00
mmole; z =1, 3.950 mL, 3.8045 g; z = 2, 5.800 mL, 6.007 g; z = 3, 8.000 mL, 8.210 g). The
reaction is exothermic and is accompanied by a color change from light grey to brown. After
heating to 100 °C for 48 hours under stirring, the reaction mixture is left to cool down to room
temperature. Water (20 mL) is added to quench the unreacted NaH, and the excess
bromoacetaldehyde diethyl acetal is distilled off under high vacuum at ~30 °C. The dark brown

viscous residue is taken up into dichloromethane (200 mL) and is washed with water (40 mL)
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twice, followed by drying the organic layer with MgSO,4 overnight. After filtration, the solvent is
removed under vacuum at ~ 30 °C and the product is obtained as red-brown viscous oil in close
to quantitative yield. Although the product is of sufficient purity to be used in the next step,
vacuum distillation can be employed if further purification is needed.

4.3.1. 7-Ethoxy-2,5,8-trioxadecane. Obtained as colorless oil after distillation (b.p. 4749 °C at
0.005 mmHg). "H NMR (400 MHz, CDCls): & 4.63 (t, 1H, >J = 5 Hz, CH(OCH;CH,),), 3.65—
3.68 (m, 4H, OCH,CH3), 3.52-3.59 (m, 6H, OCH,CH; and OCH,CH), 3.36 (s, 3H, OCHs), 1.20
(t, 6H, OCH,CH3) ppm. C NMR (101 MHz, CDCl;): & 101.3, 72.03, 70.9, 70.96, 62.4, 59.1
ppm. HRMS (ESI-TOF) m/z: [MJrNa]+ calcd for CoH,oNaO4 215.1259; found 215.1254.

4.3.2. 10-Ethoxy-2,5,8,11-tetraoxatridecane. Obtained as colorless oil after distillation (b.p. 72—
73 °C at 0.005 mmHg). "H NMR (400MHz, CDCls): § 4.67 (t, 1H, CH(OCH;CH,),), 3.50-3.79
(m, 14H, OCH, and OCH,CHj3), 3.35 (s, 3H, OCHj), 1.19 (t, 3H, CH,CH3) ppm. >C NMR (101
MHz, CDCl;): 6 101.4, 72.0, 71.7, 70.9, 70.7, 70.6, 65.7, 62.5, 59.2, 15.4 ppm. HRMS (ESI-
TOF) m/z: [MJrNa]+ calcd for C11Hp4NaOs 259.1521; found 259.1514.

4.3.3. 13-Ethoxy-2,5,8,11,14-pentaoxahexadecane. Obtained as brown viscous oil. 'H NMR (400
MHz, CDCls): § 4.62 (t, 1H, *J = 6 Hz, CH(OCH;CH,),), 3.62-3.66 (m, 12H, CH,CH; and
OCH,CH,), 3.51-3.59 (m, 6H, OCH,CH>), 3.36 (s, 3H, OCHs), 1.20 (t, 6H, CH,CH;) ppm. °C
NMR (101 MHz, CDCls): 6 101.3, 72.012, 71.967, 70.965, 70.705, 70.667, 70.664, 70.613, 62.4,
59.1 ppm.

4.4. General method of preparation for 3-R-2-octyl-prop-2-enal, 3-R-2-(2-methoxyethoxy)-
prop-2-enal, 3-R-2-(2-(2-methoxyethoxy)ethoxy)-prop-2-enal and 3-R-2(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)-prop-2-enal (R = NMe; and OEY).

POCI; (6.38 ml, 10.5 g, 68.4 mmol) is added to a 100 mL Schlenk-flask equipped with a
pressure-equalizing addition funnel, sealed with a rubber septum. The system is evacuated and
purged with nitrogen a few times while cooling in an ice bath. DMF (5.86 ml, 5.53 g, 75.7
mmol) is injected into the additional funnel via N,-purged syringe, and is added dropwise to
POCl; under stirring. Decanal diethyl acetal (726 g, 31.5 mmol) or
CH3(OCH,CH,;),OCH,CH(OEt), (31.5 mmol; z=1, 6.05 g; z=2, 7.43 g; z= 3, 8.82 g) is added
via syringe to the colorless crystalline Vilsmeier reagent obtained. The ice bath is replaced with a
water bath and the reaction mixture is allowed to warm up to room temperature. The color of the

reaction slowly turns yellow. The temperature of the water bath is raised to 70—75 °C, causing
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the color to quickly turn dark orange and then dark red. A vigorous reaction ensues,
accompanied by a large increase in pressure (relieved through the Schlenk line’s oil bubbler).
The reaction mixture is kept at the same temperature for 2 hours, then the dark brown-red,
viscous solution is poured into 50 g crushed ice and is left to stand overnight. Next day, the
mixture is extracted with CH,Cl, (2 x 25 mL), followed by Et,O (25 mL). The aqueous phase is
neutralized with solid K,COs (20 g), which is added in small portions, under stirring, until pH =
8. The orange-red solution is extracted again with CH,Cl, (5 x 25 mL) and Et,O (2 x 20 mL).
The combined organic extracts are dried overnight with anhydrous MgSO,. After filtration, the
solvent is evaporated under vacuum and DMF is distilled off in vacuum on a water bath at 80 °C.
The resulting dark red-brown oil consists of a mixture of 3-(dimethylamino)-2-n-octyl-prop-2-
enal and 3-ethoxy-2-n-octyl-prop-2-enal in the case of CHi;(CH;)sCH(OEt),, and OEG-
substituted dimethylamino- and ethoxy-propenal, as well as smaller amounts of EtO-substituted
dimethylamino- and ethoxy-propenal in the case of CH3(OCH,CH,),OCH,CH(OEt),. These
mixtures are used without separation in the next step.

4.5. General method of preparation for 4-octylpyrazole, 4-(2-methoxyethoxy)pyrazole, 4-(2-
(2-methoxyethoxy)ethoxy)pyrazole and 4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)pyrazole.
The mixtures obtained above are dissolved in methanol (60 mL), hydrazine monohydrate (1.95
ml, 1.98 g, 39.5 mmol) is added and the mixture is refluxed for 2 hours. After cooling to room
temperature, the solvent is removed under vacuum. The dark red-brown oil is subjected to
purification by vacuum distillation or column chromatography.

4.5.1. 4-Octylpyrazole. Vacuum distillation using a Vigreux column provides pure 4-
octylpyrazole as a colorless liquid (b.p. 143 °C at ~0.1 mmHg), which solidifies on cooling.
Yield: 4.21 g (75% based on decanal). 'H NMR (400 MHz, CDCl;): & 12.07 (s, br, 1H), 7.40 (s,
2H), 2.49 (t, 2H, *J = 8 Hz), 1.56 (m, 2H), 1.30 (m, 10H), 0.90 (t, 3H, °J =7 Hz) ppm. °C NMR
(101 MHz, CDCl3): & 132.5,121.2, 32.0, 31.2, 29.6, 29.4, 24.2, 22.8, 14.2 ppm.

4.5.2. 4-(2-methoxyethoxy)pyrazole. Purified by column chromatography on silica gel (300 g)
using neat ethyl acetate as eluent (R¢ 0.49). The product (1.52 g) is obtained as an orange oil in
34% overall yield (based on ethylene glycol monomethyl ether). "H NMR (400MHz, CDCls): &
7.29 (s, 2H, 3,5-H-pz), 4.01-4.03 (m, 2H, OCH,), 3.67-3.70 (m, 2H, OCH,), 3.42 (s, 3H, OCHj)
ppm. *C NMR (101 MHz, CDCL): & 145.5, 121.1, 71.1, 59.2 ppm. HRMS (ESI-TOF) m/z:
[M+Na]Jr calcd for C¢H(N,NaO, 165.0640; found 165.0643.
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4.5.3. 4-(2-(2-methoxyethoxy)ethoxy)pyrazole. Purified by column chromatography on silica gel
(300 g) using neat ethyl acetate as eluent (R¢ 0.35). The product (1.50 g) is obtained as an
orange-red oil in 26% overall yield (based on diethylene glycol monomethyl ether). '"H NMR
(400 MHz, CDCls): & 7.28 (s, 2H, 3,5-H-pz), 4.02 (t, 2H, OCH,, >J = 4 Hz), 3.78 (t, 2H, OCH,,
3J =4 Hz), 3.68 (t, 2H, OCH,, *J = 4 Hz), 3.56 (t, 2H, OCH,, *J = 4 Hz), 3.37 (s, 3H, OCH})
ppm. C NMR (101 MHz, CDCls): § 145.5, 120.9, 71.9, 71.2, 70.7, 69.9, 59.1 ppm. HRMS
(ESI-TOF) m/z: [M+Na]+ calcd for CgH4N,NaO3 209.09021; found 209.0902.

4.5.4. 4-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)pyrazole. Purified by column chromatography on
silica gel (300 g) using an eluent gradient as follows: 95:5 EtOAc:hexanes first, neat EtOAc
second, 95:5 EtOAc:MeOH third, and 90:10 EtOAc:MeOH last. The product (1.44 g) is obtained
as an orange-yellow oil in 20% overall yield (based on triethylene glycol monomethyl ether). 'H
NMR (400 MHz, CDCls): 6 7.28 (s, 2H, 3(5)-H-pz), 4.00-4.02 (m, 2H, OCH>), 3.76-3.79 (m,
2H, OCH,), 3.62-3.71 (m, 6H, CH,OCH,CH.,), 3.53-3.55 (m, 2H, OCH>), 3.36 (s, 3H, OCH5).
BC NMR (100 MHz, CDCls): & 145.5, 121.0, 71.9, 71.3, 70.7, 70.6, 70.5, 69.9, 59.1 ppm.
HRMS (ESI-TOF) m/z: [M+Na]+ calcd for CoH;sN,NaO4 253.1164; found 253.1173.

4.6. 4-Ethoxypyrazole. Obtained as a side-product during the column chromatography of the
mono-, di- and triethyleneglycol methyl ether-substituted pyrazoles described above, in 5:8, 5:10
and 5:7 molar ratios, respectively (4-EtOpyrazole:4-OEGpyrazole). 'H NMR (400 MHz,
CDCls): & 7.28 (s, 2H, 3,5-H-pz), 3.94 (q, 2H, *J = 7 Hz, CH,CH3), 1.37 (t, 3H, °J = 7 Hz,
CH,CH3). *C NMR (101 MHz, CDCls): & 145.6, 120.8, 67.5, 15.0 ppm. HRMS (ESI-TOF) m/z:
[M+H]" calcd for CsHoN,O 113.0715; found 113.0695.

Published on 30 March 2016. Downloaded by New Y ork University on 31/03/2016 14:45:19.

4.7. 3,5-Dimethyl-4-octylpyrazole. First, 3-(n-octyl)pentane-2,4-dione is prepared as follows. A
mixture of acetylacetone (30.0 ml, 29.2 g, 0.292 mol) and 1-iodooctane (53.0 ml, 70.5 g, 0.293
mol) was added dropwise to a stirred suspension of anhydrous K,COs (50.0 g, 0.362 mol) in 50
mL acetonitrile. The reaction mixture was refluxed overnight with stirring. After cooling to room
temperature, the solid was filtered off and washed with acetone. The organic solvents were
evaporated on a rotavap, water was added to the residue and it was extracted with diethyl ether.
After evaporation of the ether, the residue (60.7 g) was fractionally distilled under vacuum using
a Vigreux column, and the fraction distilling at 104 °C (43.5 g) was redistilled. The fraction

distilling at 117 °C (41.0 g, yield: ~66%) was found to be a mixture of the keto and enol forms of
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3-(n-octyl)pentane-2,4-dione, with a small amount of O-alkylated enol. This mixture was used in
the next step without further purification.

Hydrazine hydrate (N,Hs 50—60% in H,O, 12.414 g) is added dropwise to a solution of 3-(n-
octyl)pentane-2,4-dione (38.851 g) in 150 mL EtOH with stirring. The mixture is refluxed for 14
hours and the solvent is evaporated on a rotavap. The residue (38.664 g) is fractionally distilled
under vacuum, using a Vigreux column. The fraction distilling at 155-160 °C (32.721 g) is
redistilled, yielding 32.125 g (56% based on acetylacetone) of pure 3,5-dimethyl-4-n-
octylpyrazole boiling at 160 °C. '"H NMR (400 MHz, CDCls): 2.31 (t, 2H, *J = 8 Hz), 2.19 (s,
6H), 1.41 (m, 2H), 1.27 (m, 10H), 0.87 (t, 3H, *J = 7 Hz) ppm. °*C NMR (101 MHz, CDCL):
142.0, 115.8, 32.0, 30.8, 29.6, 29.5, 29.4, 23.1, 22.8, 14.2, 11.0.

4.8. General methods of preparation for nanojars. In each case, the identity of the resulting
nanojar mixtures is determined using ESI-MS (Table 1).

Method A. Cu(NOs),-2.5H,0 (1.000 g, 4.30 mmol), pyrazole ligand (4.30 mmol), NaOH (332
mg, 8.30 mmol), Na,CO3-H,0 (533 mg, 4.30 mmol) and BuyNOH (1M in H,O, 318 mg, 0.318
mmol) are stirred in THF (20 mL) for 3 days. After filtration, the deep blue solution is left to
evaporate. The dark blue residue is stirred with THF (15 mL), then filtered and slowly added to
deionized water (100 ml) under stirring. The blue precipitate is filtered, washed with water and
dried in vacuum to yield (BusN);[CO3c{Cu(OH)(pz)},] (n = 27-31). In the case of mixed-
pyrazole nanojars, 2.15 mmol of each pyrazole ligand is employed. Et4NOH can also be used
instead of BuyNOH.

Method B. Same as above, except that Cu(NO;),:2.5H,O and Na,CO;-H,O are replaced by
CuCO;3-Cu(OH); (475 mg, 2.15 mmol).

Method C. Same as method A, except that M'OH (8.60 mmol; M' = Li", Na*, K*, Rb", Cs") or
M"(OH),-8H,0 (4.30 mmol; M" = Sr**, Ba*") are used as base and counterion-source instead of
NaOH/BuNOH. The corresponding metal carbonate is employed as carbonate-source.
Depending on the base used, M [COsc{Cu(OH)(pz)},] or M"[COs;c{Cu(OH)(pz)}s] (n =
27-31) nanojars are obtained. In the case of KOH, 18-crown-6 (137 mg, 0.518 mmol) can be
added to the reaction mixture to obtain (K'<18-crown-6),[CO5* < {Cu(OH)(pz)}.] (n = 27-31).
4.9. Liquid-liquid extraction of carbonate from water. To a 1.0 mM aqueous solution of
Na,CO; at pH 814 (7.9 mg anhydrous Na,CO; in 75 mL NaOH 10°-1 M) is added
Cu(NOs3),:2.5H,0 (500 mg, 2.15 mmol), 4-R-pyrazole (R = n-butyl, 267 mg, 2.15 mmol; R = n-
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octyl, 385 mg, 2.15 mmol), NaOH (172 mg, 4.30 mmol) and ISOPAR-L (75 mL), and the
mixture is stirred vigorously under N,. The organic phase immediately starts turning blue, and
the aqueous phase gradually turns colorless. ESI-MS of the deep-blue organic phase indicates
the presence of [CO;c{Cu(OH)(4-R-pz)}.]>, at m/z 2780 (Cuy7), 2984 (Cuyo), 3188 (Cus;) (R =
n-butyl), and m/z 3538 (Cuy7), 3798 (Cuyy), 4058 (Cus;) (R = n-octyl), respectively.

4.10. X-ray crystallography. Single crystals are grown by hexane vapor diffusion to a toluene
solution of the nanojars. Once removed from the mother liquor, the crystals are extremely
sensitive to solvent loss at ambient conditions and are mounted quickly under a cryostream (100
K) to prevent decomposition. X-ray diffraction data are collected at 100 K from a single-crystal
mounted atop a glass fiber under Paratone-N oil, with a Bruker SMART APEX II diffractometer
using graphite-monochromated Mo-Ka (L = 0.71073 A) radiation. The structures are solved by
employing SHELXTL direct methods and refined by full-matrix least squares on F°, using the
APEX2 v2014.9-0 software package.’® All non-H atoms are refined with independent anisotropic
displacement parameters, except the disordered molecules. C—H hydrogen atoms are placed in
idealized positions and refined using the riding model. O—H hydrogen atoms are located from the
difference Fourier maps; their displacement parameters are fixed to be 20 % larger than those of
the attached O atoms. For the disordered molecules, geometrical restraints are used and H-atoms
are not assigned. Crystallographic details are summarized in Table 2, and thermal ellipsoid plots,
as well as structural details, are shown in the Supporting Information. Crystallographic data have
been deposited at the Cambridge Crystallographic Data Centre (deposition numbers: CCDC
1455325 and 1455326). Copies of the data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; fax: +44 1223 336033; e-malil:
deposit@ccdc.cam.ac.uk).

(Et;N),[COs* < {cis-Cu'(n-OH)(p-pz) } s+13:8](C7Hg)a(H,0)»: EtyuN-1(C7Hg)s(H,0),.  One
Cu(OH)(pz)Cu unit of the Cu,;-ring is disordered (50/50) abount the two-fold rotation symmetry
axis running through the nanojar. The toluene solvent molecules are disordered over two
positions (50/50); one of them is disordered about the C, rotation axis.

(BusN),[COs* < {cis-Cu"(u-OH)(u-pz) } 7 {cis-Cu"(u-OH)(u-3,5-Mepz)} 14 {cis-Cuo" (u-OH)o
(u-pz)s(n-3,5-Meypz)(H20)} ](C7Hg)s: BusN-2(C;Hg)s. One pyrazolate unit of the Cuy-ring, one

dimethylpyrazolate unit of the Cu;4-ring and one pyrazolate unit of the Cuo-ring are disordered
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over two positions (50/50, 40/60, 40/60). A terminal CH3 group of one of the two TBA
counterions is disordered over two positions (50/50), and the carbonate ion is disordered over
three positions (55/28/17). Four of the five toluene solvent molecules are disordered. Hydrogens
for the water molecule could not be located form the residual electron density map.

(BugN),[COs* ={cis-Cu'(n-OH)(u-pz) } s {cis-Cu" (u-OH)(p-3,5-Meapz) } 14 {cis-Cu" (u-OH) (u-
pz)}s]: BusN-3. Only very small crystals of BusN-3 could be obtained, which diffracted poorly;
therefore, only preliminary data are presented here (monoclinic, P2/n, a = 23.864(4) A, b =
14.830(2) A, ¢ = 31.070(4) A, B = 95.138(10), V = 10952(3) A’, Z = 2). Although the severely
disordered solvent molecules and BuyN" counterions are not modeled, the identity of the nanojar
is established unambiguously, and all Cu-atoms are refined anisotropically (R; = 16%, Ry, =
20%).

Table 2. Crystallographic data of nanojars Et4N-1 and BuyN-2.

47

Et;N-1(H,0)(C7Hg)4 BuyN-2(C;Hg)s
Formula Ci32H19:Cu20N60034 Ci33H204Cu30N62 034
FW 5006.10 5873.03
Crystal system monoclinic triclinic
Space group C2/c P1
a/A 30.0687(6) 22.5542(3)
b/A 26.6625(5) 23.0479(3)
c/A 26.2115(5) 26.4003(3)
o/deg 90.000 90.645(1)
B/deg 117.373(1) 102.627(1)
y/deg 90.000 118.805(1)
VIA® 18661.0(6) 11625.003)
VA 4 2
Deqe/g cm ° 1.782 1.678
/mm’’ 3.304 2.754
Reflns collected/unique 225664/23223 305982/41130
R(int) 0.1191 0.0587
Obsd reflns [/ > 26(/)] 14010 30705
Data/parameters/restrains | 23223/1205/34 41130/2867/57
GOF (on F*) 1.063 1.034
R(F), Ry(F) [/ > 20(1)] 0.0556, 0.1180 0.0483, 0.1296
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R(F), Ry(F) [all data] 0.1201, 0.1481 0.0754, 0.1508
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