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ARTICLE INFO ABSTRACT

Keywords: The synthesis and characterization of {L.n[12-MCgaNteshiy-41}2(iph)s and {Ln[12-MCg.Nshi)-41}2(miph), me-
Lanthanide ions tallacrowns (MCs), where shi®~ is salicylhydroximate, eshi®*~ is 4-ethynylsalicylhydroximate, iph®~ is iso-
Metallacrowns

pthalate, and miph®~ is 5-maleimidoisophthalate, is reported. The ethynyl functionality allows for coupling of
MCs to azides using copper(l) catalyzed alkyne-azide cycloaddition (CuAAC), while the maleimido functionality
allows for coupling of the MCs to thiol-bearing compounds. We demonstrate these coupling reactions using
benzyl azide for the former and cysteamine for the latter, with complete conversion shown by ESI-MS. With the
Sm analogues, the MCs exhibit characteristic luminescent emission of Sm(III), which is preserved after in-
troducing the ethynyl and maleimido groups onto the MC scaffold. Furthermore, the high stability of these
compounds in solution illustrates that once functionalized, the MCs are promising for fluorescent imaging ap-
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plications.

1. Introduction

Metallacrowns (MCs) were introduced by Pecoraro and Lah as in-
organic structural analogs to organic crown ethers in 1989 [1]. Since
their discovery, this class of coordination complexes has been involved
in a wide variety of topics including host guest binding [2-5], mole-
cular magnetism [6-9], coordination polymers [10-12], magnetic re-
sonance imaging contrast [13,14], and lanthanide luminescence
[15-21]. Each of these fields have seen rather interesting developments
[22-25], but for the purpose of this study the focus will be on lantha-
nide based luminescence. Lanthanide(II) ions have attractive proper-
ties for use in optical imaging, such as long lifetimes, narrow char-
acteristic emission, and photobleaching resistance [26,27]. However,
an f-f excitation is Laporte forbidden resulting in low molar absorptivity
(¢ < 10M~'em™) and low luminescence intensity; therefore, an or-
ganic antenna (¢ ~ 10°-10° M~ ecm ™) is often employed to efficiently
absorb light and transfer the absorbed energy from its excited state to
the emitting levels of the lanthanide ion [27]. Metallacrowns and re-
lated metallacryptates have been reported as excellent antenna for
lanthanide sensitization [15-18,21], some of which work very well
with near infrared (NIR) Ln®" ions and are able to fix and image
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necrotic HeLa cells selectively [19,20].

To broaden the application of these excellent lumiphores for both in
vitro and in vivo applications, one needs to develop methods to func-
tionalize the periphery of metallacrowns. One attractive approach is
that of “click” chemistry, which should allow appending a wide variety
of useful molecules ranging from targeting agents to antennae, without
disrupting the self-assembled core of the metallacrown. The concept of
“click” chemistry was introduced by K. Barry Sharpless in 2001 [28].
Formally, he defined a “click” reaction as a C-X-C bond (X is a het-
eroatom) forming reaction with a large driving force (> 20 kcal/mol).
The reaction should also have a wide scope for coupling partners and
have easily isolable products in benign solvents such as water. The
scope of reactions that falls under “click” chemistry include cycload-
dition reactions, nucleophilic ring opening reactions, carbonyl chem-
istry towards formation of stable products such as ureas or amides, and
addition to carbon-carbon multiple bonds (such as a Michael addition).

One “click” reaction of interest for this work is the copper-catalyzed
alkyne azide [3 + 2] cycloaddition (CuAAC). Originally called the
Huisgen coupling reaction, this reaction combines an alkyne and an
azide to form a 1,4 substituted triazole, but was limited as it required
energy input in the form of heat [29]. In 2001, Meldal and Sharpless
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independently discovered that the addition of copper(I) to this system
greatly catalyzes the cycloaddition and allows one to work at ambient
temperatures [28,30]. In addition, the inclusion of copper(I) chelators
such as tris[(benzyl-1,2,3-triazolyl)methyl]lamine (TBTA) can also im-
prove the yield and rate of the reaction and opened up the possibility of
its use in bioconjugation [31]. The mechanism for the copper catalyzed
cycloaddition is not fully understood, but based on kinetic studies the
reaction appears to be second order in both the copper catalyst and
alkyne, which suggests that the intermediate species has a ratio of 2
copper(l) to 2 alkyne to one azide [30]. The most likely mechanism
which includes this ratio was proposed by Meldal in 2008. Despite the
complexity of this reaction, the results are rather straightforward and
the CuAAC has found use across pharmaceutical and biochemical
communities.

The other “click” reaction employed in this work is the Michael
addition between thiols and maleimides. This reaction is driven by the
withdrawing effects of the carbonyl groups along with the enhanced
reactivity of the alkene site due to ring strain [32]. The thiol-maleimide
coupling reaction results in the formation of a stable thioether bond
that cannot be cleaved by reducing agent; additionally, this reactions
occurs rapidly at neutral or slightly acidic conditions, which is a notable
advantage for biological applications [33,34]. The mechanism of thiol-
maleimide coupling is typically described a Michael-type addition with
three possible pathways: i) a thiolate-catalyzed addition of a thiol to a
maleimide; ii) formation of thiolate anions from acid-base equilibrium
reactions; and lastly; iii) formation of thiolate anions following a nu-
cleophilic-initiated mechanism [32,35]. Due to the mild reaction con-
ditions, rapid and high reactivity, and selectivity, thiol-maleimide Mi-
chael “click” conjugation reactions have become a popular and reliable
method of bioconjugation, and more recently a promising tool in
polymer and material synthesis [32].

To incorporate the use of CHAAC and thiol-maleimido coupling onto
the metallacrown archetype, an alkyne functionality was added onto
the salicylhydroximate (shi®~) and a maleimido functionality was in-
cluded on the isophthalate (iphz_). Rentschler and coworkers have
previously reported a salicylhydroxamic acid derivative (Hseshi) in
2015 which features an ethyne in the fourth position [36]. While that
work was focused on coupling azides of interest for magnetic study of
copper 12-MC-4s, this same ligand could be of use with gallium me-
tallacrowns which have lanthanide based luminescence, such as the {Ln
[12-MCgantshi-41}2(iph); metallacrown reported by Pecoraro and
coworkers in 2018 [18]. This metallacrowns not only features excellent
lanthanide photophysical properties, but also demonstrates a wide
range of lanthanide emission. These features could be useful towards
the development of color coding biological assays if these complexes
could be functionalized with appropriate biological markers. In addi-
tion, the use of the thiol-maleimido Michael addition is employed via
introduction of a used in the previously reported structure. The first
steps towards such a goal is reported herein as the coupling of these
lanthanide/gallium 12-MC-4 dimer complexes to small molecules such
as benzyl azide or cysteamine.

2. Experimental
2.1. Synthetic procedures

2.1.1. Methyl 4-ethynylsalicylate

Methyl 4-ethynylsalicylate was synthesized by modifying a litera-
ture procedure [36]. Thirty-six mmol (10.01 g, 1 equiv.) of methyl 4-
iodosalicylate was dissolved in 180 mL of triethylamine to form a clear
and brown solution. Then, 43.2mmol (6.15mL, 1.2 equiv.) of tri-
methylsilylacetylene was added and stirred. Next, 1.8 mmol (1.2763 g,
0.05 equiv.) of palladium(Il) bis(triphenylphosphine)dichloride and
3.6mmol (0.6855g, 0.1 equiv.) of copper(l) iodide was added and
stirred for 24h to form a cloudy brown-green solution. The reaction
was quenched by adding 145 mL of 1 M aqueous ammonium chloride
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and stirring for about a half hour. This solution was extracted using two
100 mL portions of ethyl acetate, then another three 50 mL portions,
and dried over sodium sulfate and gravity filtered. The filtrate was
evaporated on a flash evaporator to give a brown-red oil. The residue
was dissolved in 10 mL of dichloromethane and purified using a silica
gel column with an increasing gradient of dichloromethane in hexanes
to yield a yellow oil. The purified intermediate was dissolved in 45 mL
of tetrahydrofuran and treated with 45 mL of 1 M tetrabutylammonium
fluoride in tetrahydrofuran for 2 h. The resulting honey-colored mixture
was acidified to pH 1 using 1 M aqueous hydrochloric acid, then mixed
with 50 mL of distilled water. The mixture was extracted with four
portions of ethyl acetate, dried over sodium sulfate and gravity filtered.
The filtrate was evaporated on a flash evaporator to yield methyl 4-
ethynylsalicylate as a yellow powder. The synthetic yield was 87%.
Elemental analysis of C;0HgO3 [fw = 176.17 g/mol] % found (calcu-
lated): %C 67.92 (68.18); %H 4.59 (4.58); %N 0.00 (0.00). 'H NMR
(400 MHz, d-DMSO) & (ppm): 10.54 (1H, s), 7.75 (1H, d), 7.07 (1H, d),
7.02 (1H, dd), 4.45 (1H, s), 3.88 (3H, s).

2.1.2. 4-ethynylsalicylhydroxamic acid (Hseshi)

Hgeshi was synthesized by modifying a literature procedure [36].
First, 31.22 mmol of methyl 4-ethynylsalicylate (5.50g, 1 equiv.) was
suspended in 150 mL of methanol. Separately, 93.66 mmol of hydro-
xylamine hydrochloride (6.51g, 3 equiv.) and 124.88 mmol of po-
tassium hydroxide (8.24 g, 4 equiv.) were dissolved in 150 mL of me-
thanol to form clear and colorless solutions. The hydroxylamine
hydrochloride and potassium hydroxide solutions were combined, and
a colorless potassium chloride precipitate was observed. The mixture
was left to stir for 10 min, then the potassium chloride was vacuum
filtered from a clear and colorless filtrate. This filtrate was combined
with the suspension of methyl 4-ethynylsalicylate to form a clear and
orange solution. This solution was stirred for 24 h. Next, another set of
hydroxylamine hydrochloride and potassium hydroxide solutions in
150 mL of methanol were prepared, combined and filtered as described
previously to obtain another clear and colorless filtrate. This filtrate
was combined into the reaction solution and let stir for another 24 h.
The solution was evaporated down to approximately 100 mL using a
flash evaporator and acidified to a pH1 using 1 M hydrochloric acid.
Then 500 mL of distilled water was added followed by 200 mL of brine.
This solution was extracted with ten portions of ethyl acetate, dried
over sodium sulfate and gravity filtered. The filtrate was evaporated
using a flash evaporator to a yellow powder, which was triturated for
20 min in 75 mL of dichloromethane. The cloudy mixture was vacuum
filtered to yield 4-ethynylsalicylhydroxamic acid as a yellow powder.
The synthetic yield was 85%. Elemental analysis for CoH,NO30.15H,0
[179.86 g/mol] % found (calculated): %C 60.22 (60.10); %H 4.16
(4.09); %N 7.81 (7.79). 'H NMR (400 MHz, ds-DMSO) § (ppm): 12.25
(1H, s), 11.42 (1H, s), 9.39 (1H, s), 7.66 (1H, d), 6.98 (1H, s), 6.96 (1H,
d), 4.35 (1H, s).

2.1.3. 5-(3-carboxylacrylamide)isophthalic acid

5-(3-carboxylacrylamide)isophthalic acid was synthesized by mod-
ifying a literature procedure [37]. First, 100 mmol of 5-aminoi-
sophthalic acid hydrate (19.92g, 1 equiv.) and 110 mmol of maleic
anhydride (10.79 g, 1.1 equiv.) were dissolved in 200 mL of DMF. The
mixture was stirred for ~ 6h after which DMF was removed under
vacuum. The obtained product was washed with acetone to give 5-(3-
carboxyacrylamide)isophthalic acid as a yellow powder. The synthetic
yield was 68%. Elemental analysis for C;>HoNO,. 0.2 DMF. 0.8 H,O
[308.23 g/mol] % found (calculated): %C 49.09 (49.10); %H 4.13
(3.92); %N 5.33 (5.45). 'H NMR (400 MHz, ds-DMSO) & (ppm): 13.20
(1H, s), 11.08 (1H, s), 10.38 (1H, s), 8.16 (1H, d), 7.67 (1H, dd), 6.96
(1H, d), 6.46 (1H, d), 6.31 (1H, d).

2.1.4. 5-maleimidoisophthalic acid (H,miph)
5-maleimidoisophthalic acid was synthesized according to a known
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Scheme 1. CuAAC of Hzeshi and benzyl azide as a route to functionalize a metallacrown.

procedure [37]. First, 10.0mmol of 5-(3-carboxyacrylamide)iso-
phthalic acid (2.79 g, 1 equiv.) was added in to the solution of 15.0 mL
acetic anhydride with 5.0 mmol sodium acetate trihydrate (0.68g, 1
equiv.). The resulting mixture was stirred at 60 °C for 2.5h. Acetic
anhydride was then removed under vacuum and water (20.0 mL) was
added. The slurry mixture was stirred at 70 °C for another 2 h, filtered,
and washed with copious amount of water. The white solid obtained is
dried under vacuum to give pure 5-maleimidoisophthalic acid. The
synthetic yield was 77%: Elemental analysis for C;2H,NOg [261.19 g/
mol] % found (calculated): %C 55. 10 (55.18), %H 2.71 (2.70), %N
5.48 (5.36). "H NMR (400 MHz, ds-DMSO) & (ppm) 8.49 (1H, s), 8.18
(2H, s), 7.24 (2H, s).

2.1.5. Tris(benzyltriazolylmethyl)amine, TBTA

TBTA was synthesized by modifying literature procedure for CUAAC
in HyO/t-butanol [30]. One mmol of tripropargylamine (142pL, 1
equiv.) and 3 mmol of benzyl azide (375 pL, 3 equiv.) were dissolved in
12mL of a 1:1 H,O:t-butanol mixture. Next, 0.03 mmol of sodium L-
ascorbate was added as a 1 M solution in H>O (300 pL, 0.03 equiv.),
followed by 0.03 mmol of copper(II) sulfate as a 3M solution in H,O
(100 pL, 0.03 equiv.). This mixture was allowed to react for 3 days, then
was dissolved in 50 mL of cold H,O. This mixture was then extracted
with five portions of 25 mL of ethyl acetate. The organic layers were
combined, dried over sodium sulfate, then gravity filtered. The filtrate
was evaporated using a flash evaporator, then redissolved in 5mL of
DMF. The solution was evaporated using a flash evaporator to give
TBTA as a brown powder. The synthetic yield was 88%. Elemental
analysis for C3pH3oN;o. 1.25 C4H;00 [fw = 623.04 g/mol] % found
(calculated): %C 67.45 (67.47). %H 6.49 (6.84), %N 22.49 (22.48). 'H
NMR (400 MHz, ds-DMSO): 8.09 ppm (3H, s), 7.32 ppm (15H, m), 5.59
(6H, s), 3.61 (6H, s).

2.1.6. General synthesis for {Ln[12-MCganyesni)-41Na}2(iph)4, Ln-e8

Ln-e8 were synthesized by modifying a literature procedure [18].
0.125 mmol of Ln(NO3)3.xH»0 (Ln = Sm or Y, 1 equiv.) and 0.6 mmol
of Ga(NO3)3 (0.1535g, 4.8 equiv.) were dissolved in 5mL of DMF.
Separately, 0.6 mmol of Hazeshi (0.1063g, 4.8 equiv.), 0.3 mmol of
isophthalic acid (0.0498g, 2.4 equiv.), and 2.4 mmol of saturated
aqueous sodium hydroxide (119.4 uL, 19.2 equiv.) were dissolved in
15 mL of DMF for form a clear and yellow solution. The solutions were
combined and let stir for at least 1 h, then gravity filtered. The filtrate
was evaporated slowly over 2—-4 weeks yielding yellow-brown crystal-
line plates, isolated by vacuum filtration and washing with cold DMF.

2.1.7. SmyGag(eshi)g(iph) sNa>(DMF)5(H20)s, Sm-e8

The synthetic yield was 10% based on samarium nitrate hexahy-
drate. Elemental analysis for SmyGagCi40H;60N23063Naz
[fw = 4194.57 g/mol] % found (calculated): %C 42.73 (42.67); %H
4.00 (4.06); %N 7.87 (7.68). ESI-MS for Sm»GagCio4HsNsO40 [M1>~,
found (calculated): 1454.19 (1456.22). 'H NMR (500 MHz, d,-MeOH):
8.66 ppm (3H, s), 8.08 ppm (2H, d), 7.56 ppm (1H, t), 7.13 ppm (2H, s),
6.88 ppm (2H, d), 3.49 ppm (2H, s).

2.1.8. YgGag(eShi)g(iph)‘dVaz(DMF)16(H20)12, Y-e8

The synthetic yield was 11% based on yttrium nitrate hexahydrate.
Elemental analysis for Y,GagC152H184N2406gNa, [fw = 4216.82 g/mol]
% found (calculated): %C 41.72 (41.73); %H 3.19 (3.17); %N 6.05
(6.08). ESI-MS for Y,GagCip4H4gNgOso [MI]?>~, found (calculated):
1395.58 (1392.11). 'H NMR (500 MHz, d,-MeOH): 9.07 ppm (1H, s),
8.23 ppm (2H, d), 8.03 ppm, (2H, d), 7.30 ppm (1H, t), 7.09 ppm (2H,
s), 6.85 ppm (2H, d), 3.47 ppm (2H, s).

2.1.9. CuAAC on Sm-e8 Metallacrowns to make the benzyl triazyl species
Sm-bt8

To obtain a Sm-e8 with all eight functionalities reacted with an
azide, a modified literature procedure was used [36]. First, 6.65 umol of
TBTA (4.14 mg, 0.525 equiv.), 13.3 umol of Cul (2.54 mg, 1.05 equiv.),
and 13.3 umol of sodium ascorbate (2.63mg, 1.05 equiv.) were dis-
solved in 1 mL of DMSO. Next, 114 umol of benzyl azide (14.28 uL, 9
equiv.) followed by 12.7 pmol of Sm-e8 (50.00mg, 1 equiv.) were
added and the reaction was warmed to 75 °C and stirred for 24 h. The
solution was allowed to evaporate slowly in a humid environment until
a grey powder formed. This powder was isolated via vacuum filtration
and washing with cold water. Elemental analysis shows that TBTA
precipitates along with the clicked metallacrown. The synthetic yield
was 70%. Elemental Analysis for Sm,GagC160H104N32040Naz. TBTA. 14
DMSO. H,0 [fw = 5661.72 g/mol] % found (calculated): %C 46.22
(46.25), %H 4.03 (3.92), %N 10.25 (10.39). ESI-MS for
SmyGagCi60H104N32040 [M1?~, found (calculated): 1986.94 (1988.48)
(Scheme 1).

2.1.10. General synthesis for {Ln[12-MCg shiy-41Na} o(miph).,, Ln-m4

First, Ln[12-MCgantshi)-41(C7H502)4(CsHgN) metallacrowns were
synthesized according to a literature procedure [17]. Then 0.5 mmol (1
equiv.) of metallacrown with Ln = Sm or Y was dissolved in 5-10 mL of
DMF with 1.00 mmol of Homiph (0.26 g, 2 equiv.) and stirred for 6 h.
The DMF was evaporated using a vacuum, and the powder obtained
was washed with methanol to yield pure product.

2.1.11. SmZGag(shi)g(miph)4Na2(CH30H)3(HZO)19, Sm-m4

The synthetic yield was 81% based on metallacrown. Elemental
Analysis for Sm,GagC;,0H102N12070Naz [fw = 3580.49 g/mol] % found
(calculated): %C 35.94 (35.89), %N 2.84 (2.89), %H 4.76 (4.69). ESI-
MS for SmyGagCi04Hs2N12045 [M]?~, found (calculated): 1547.73
(1550.22). 'H NMR (400 MHz, ds-DMSO) § (ppm): 8.33 (m, 1H), 7.95
(broad s, 2H), 7.51 (td, 2H), 7.20 (d, 2H), 6.91 (broad s, 2H), 6.71
(broad s, 2H), 5.46 (broad s, 2H).

2.1.12. YzGﬂg(Shl)g(mlph)4(C5H6N)2(C5H5N)2(CH3OH)
(CsH;NO)2(H20) 12, Y-m4

The synthetic yield was 84% based on metallacrown. Elemental
Analysis for Y,GagCi31H;16N18063 [fw = 3686.03 g/mol] % found
(calculated): %C 42.63 (42.69), %N 3.07 (3.17), %H 6.85 (6.84). ESI-
MS for Y,GagCipsHsz:Ni204s [M]?~, found (calculated): 1486.70
(1486.21). 'H NMR (400 MHz, ds-DMSO) 8§ (ppm): 8.96 (d, 1H), 8.04
(d, 2H), 7.87 (t, 2H), 7.22 (t, 2H), 7.07 (s, 2H), 6.87 (t, 2H), 6.69 (¢,
2H).
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Scheme 2. Micheal addition of Homiph and cysteamine as a route to functionalize a metallacrown.

2.1.13. Thiol Michael Addition on Sm-m4 Metallacrowns to make the
thioether Sm-te4

Sm-m4 (0.020 mmol) and cysteamine (0.18 mmol) were mixed in
2mL DMF. After 4 h, DMF was evaporated under vacuum and the ob-
tained powder was washed with methanol to give the pure product. The
synthetic yield was > 95%. Elemental Analysis for
SmyGagCi16H148N16078S4Na, [fw = 4047.22 g/mol] % found (calcu-
lated): %C 34.38 (34.43), %H 3.56 (3.69), %N 5.45 (5.54). ESI-MS for
Sm,GagCr12HgoN1604554 [M12 ™, found (calculated): 1702.18 (1704.28)
(Scheme 2).

2.2. Physical methods

ESI-QTOF MS was performed on an Agilent 6520 Accurate-Mass Q-
TOF LC/MS quadrupole time of flight mass spectrometer in negative ion
mode with a fragmentation voltage of 250 V. Samples were prepared by
dissolving approximately 1 mg of compound in 1 mL of methanol, then
diluting 20 pL of the solution into another 1 mL of methanol. Samples
were directly injected using a syringe (without the HPLC or auto-
sampler). Data were processed with Agilent MassHunter Qualitative
Analysis software. Elemental analysis was performed on a Carlo Erba
1108 elemental analyzer and a PerkinElmer 2400 elemental analyzer by
Atlantic Microlabs, Inc.

2.3. Proton nuclear magnetic resonance

'H NMR spectra were collected using a 400 MHz Varian MR400 or
500 MHz Varian vamrs 500 spectrometer. Solutions were prepared in
ds-DMSO or d,-MeOH and collected using a standard pulse sequence for
45° excitation. Spectra were processed using MestraNOVA 6.0 software.

2.4. 'TH-'H cosy

COSY experiments were performed in a mixture of 9:1 d,-MeOH and
ds-DMSO using a 500 MHz Varian vnmrs 500 spectrometer using a
standard pulse sequence with 16 scans using 128 T; increments. Spectra
were processed using MestraNOVA 6.0 software.

2.5. X-ray crystallography

Colorless plates of Sm-e8 were grown from a N,N-dimethylforma-
mide solution of the compound at ambient conditions. A crystal of di-
mensions 0.17 X 0.15 x 0.15mm was mounted on a Rigaku AFC10K
Saturn 944+ CCD-based X-ray diffractometer equipped with a low
temperature device and Micromax-007HF Cu-target micro-focus ro-
tating anode (A = 1.54187 [o\) operated at 1.2kW power (40kV,
30mA). The X-ray intensities were measured at 85(1) K with the
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detector placed at a distance 42.00 mm from the crystal. A total of 2028
images were collected with an oscillation width of 1.0° in w. The ex-
posure times were 1s. for the low angle images, 3s. for high angle.
Rigaku d*trek images were exported to CrysAlisPro for processing and
corrected for absorption [38]. The integration of the data yielded a total
of 151,350 reflections to a maximum 260 value of 69.55° of which
18,269 were independent and 17,636 were greater than 20(I). The final
cell constants (Table S1) were based on the xyz centroids of 71,740
reflections above 100(I). Analysis of the data showed negligible decay
during data collection. The structure was solved and refined with the
Bruker SHELXTL (version 2018/3) software package [39], using the
space group P2;/n with Z=2 for the formula
C137.6H140.4GagN19 2Na;0¢4 2Sm,. All non-hydrogen atoms were refined
anisotropically with the hydrogen atoms placed in idealized positions,
with the exception of H21A, H21B, H22A, H22B, H23A, H23B, H24A,
H24B which were refined from the difference map using DFIX and
DANG restraints. Full matrix least-squares refinement based on F2
converged at R1 = 0.0555 and wR2 = 0.1680 [based on I > 2sigma
(D1, R1 = 0.0568 and wR2 = 0.1700 for all data. The SQUEEZE sub-
routine of the PLATON program suite was used to address the dis-
ordered solvent present in the structure [40]. Additional details are
presented in Table S1 and are given as Supporting Information in a CIF
file.

2.6. Absorption spectroscopy

Solution-state UV-vis spectra were collected on samples dissolved in
methanol or a 9:1 mixture of methanol and DMF (approx. 100 uM)
using a Cary 100Bio UV-Vis spectrophotometer in absorbance mode.
Extinction coefficients were determined using the Beer-Lambert law by
measuring five serial additions of the 100 mM stock to 3 mL of me-
thanol. Data were processed using Microsoft Excel 2013 and SigmaPlot
10 software.

2.7. Solution-state fluorescence spectroscopy

Approximately 2 uM solutions of metallacrown were prepared and
measured for solution state excitation and emission using a Horiba
Scientific Fluoromax 4 fluorimeter in a 1 mL quartz cuvette. Excitation
spectra were measured using a An, of 595 nm and a slit width of 2 nm
for the excitation and a slit width of 5nm for the emission. Emission
spectra were recorded using a Aex of 315 nm for Sm-m4 and Sm-te4 or
Aex Of 340 nm for Sm-e8 and Sm-bt8 with an excitation slit width of
5nm and an emission slit width of 2 nm. Background spectra of me-
thanol were recorded and used to subtract second harmonic artifacts.
Data were processed using Origin 8 and SigmaPlot 10 software.
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Fig. 1. X-ray crystal structure of Sm-e8. Solvent molecules and hydrogen atoms
are removed for clarity. The color scheme for atoms is the following:
Sm = green; Na = purple, C = grey, N = blue, O = red.

Sm-e8 Sm-bt8
m/z: 1456.22 m/z: 1988.48
(2- charge) (2- charge)
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Fig. 2. ESI-MS of the fully coupled Sm-bt8 with eight benzyl azides. The
spectrum was collected in methanol in negative ion mode with a fragmentation
voltage of 250 V. The background spectrum was not subtracted.

3. Results and discussion
3.1. Synthesis and structure

Stoichiometric addition of the metallacrown components results in
desired coordination complexes with samarium or yttrium. Consistent
ESI-MS, elemental analysis, and *"H NMR demonstrate the formation of
a consistent composition of either {Ln[12—MCGaﬂI(eshi)—4]}Z(iph)4 or {Ln
[12-MCgantsni-41}2(miph), for each respective lanthanide (Fig. 2,
Fig. 3, and Figs. S7-10, Supporting Information). Sm-e8 crystallized in
the space group P2;/n from slow evaporation of DMF and the resulting
structure is shown in Fig. 1. The overall structure is reminiscent of a
previously reported {Dy[12-MCgansni-41}2(iph)s metallacrown [18]
except that the shi®~ hydroximate is now eshi®~ and sodium counter-
cations were used instead of the ammonium ions in the original struc-
ture. The samarium(III) are eight-coordinate where four oxime oxygens
from the metallacrown comprise one face of a distorted square anti-
prism and four carboxylate oxygens bind from the isophthalate ligands
to form the other. The gallium ions are in six-coordinate pseudo-octa-
hedral geometry where the equatorial positions are occupied by the
metallacrown chelate motif from the hydroximates, one axial position is
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Fig. 3. ESI-MS of the fully coupled Sm-te4 with four cysteamine. The spectrum
was collected in methanol in negative ion mode with a fragmentation voltage of
250V. The background spectrum was subtracted once.
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Fig. 4. UV-Vis absorbance of samarium metallacrown complexes in approx.
2-3 uM methanol solution at room temperature.

filled by a carboxylate oxygen on isophthalate, and the other axial site
is coordinated to a solvent molecule. The sodium counter cations are
also incorporated into the solid state structure on the opposite face of
the metallacrown from the samarium in a nine-coordinate monocapped
square antiprism geometry, where four sites are occupied by metalla-
crown oxime oxygens, four are filled by solvents, and the final apical
position is filled by a solvent with 50% occupancy. This sodium binding
motif has been observed in two previously reported metallacrowns
using gallium(II) or manganese(IIl) [41,42].

Solution state composition was determined from consistent ESI-MS
and 'H NMR for the Sm*®* and Y*>* analogs in methanol solutions. ESI-
MS shows spectra with only one peak present with a — 2 charge of
consistent mass for the metallacrown moiety (Fig. S1, Supporting
Information). Sm-e8, Y-e8, Sm-m4 and Y-m4 have 'H NMR spectra
consistent with a fourfold symmetric complex where integration gives a
two to one ratio between the iph®?~ and the shi®*~ derivatives (Figs.
§7-10, Supporting Information). The peak assignment was confirmed
using COSY for Y-e8 and Y-m4, where expected correlations between
peaks related to the salicylhydroximate or the isophthalate are observed
for each ligand (Figs. S11 and S12, Supporting Information). Taken
together, the observation of a single peak in ESI-MS and well defined 'H
NMR spectra suggest that the complex is solution stable. To confirm the
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Fig. 5. Solution state excitation (A, = 595nm, left) and emission (Aex = 315 or 340 nm, right) spectra of samarium metallacrowns collected in approx. 2 pM
solutions at room temperature. Background spectra were subtracted to remove second harmonic artifacts.

long term stability of these metallacrowns ESI-MS in methanol (Fig.
S13) was performed. Both Y-m4 and the yttrium analog of the pre-
viously reported unmodified metallacrown dimer were dissolved in the
same solution, which was monitored over the course of five days. After
five days both peaks are still observed as discrete species, suggesting
there is no exchange of ligands.

3.2. Coupling of small molecules to a metallacrown

The CuAAC reaction was carried out as described in the experi-
mental section above to isolate a grey solid. ESI-MS on this recovered
solid shows a — 2 peak at 1986.94 m/z which is consistent with com-
plete conversion of the ethnyne to a benzyl triazole on Sm-e8 (Fig. 2).
This result demonstrates that it is possible to transfer the CuAAC
method reported by Rentschler and coworkers onto non-cupric me-
tallacrown scaffolds without altering the metallacrown by replacing
either gallium or lanthanide ions with copper ions.

The Michael Addition was carried out on a maleimido functionality
on the isophthalate bridge to form a thioether linkage as described in
the experimental section above. Four cysteamine molecules were ap-
pended to the metallacrown demonstrating a complete conversion of
the maleimide to a succinamide thioether. ESI-MS shows a single peak
at 1702.18 m/z which corresponds to the complete conversion of all
four malimido functional groups to a coupled thioether with cysteamine
(Fig. 3).

These results highlight two interesting ideas. The first is that one
may incorporate the capability to couple molecules of interest to these
metallacrown species using either an ethynyl functionality or a mal-
eimido functionality. The second is that since these functional groups
are either on the hydroximate or the carboxylate ligand of the me-
tallacrown, one may strive for orthogonal functionality where the
CuAAC reaction may lead to coupling of one molecule, while the mal-
eimido could couple another molecule independently of one another,
all on the same metallacrown scaffold.

3.3. Optical properties

The reported {Sm[12-MCgantsni)-41}2(iph)4 metallacrown was syn-
thesized according to the published procedure and used as a basis of
comparison [18]. The solution state absorbance of Sm-e8, Sm-m4, Sm-
bt8 and Sm-te4 analogs was measured in methanol solutions. The ab-
sorbance spectrum for each analog shown in Fig. 4 have a s-n* tran-
sition band with Ap., of approximately 315nm (31,750cm™") or
335nm (29,850 cm ™). This s-rt* transition is red-shifted by close to
25 nm from the original shi®>~ metallacrown in the case of Sm-e8 and
Sm-bt8. The redshift in this band also shows a redshift in the S; energy
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determined as the absorbance edge from 340 nm to 370 nm. There is no
notable redshift in this absorbance for Sm-m4 or Sm-te4. Solution-state
excitation and emission spectra were also determined for the samarium
metallacrowns. The extinction coefficients do not appreciably change
after coupling is performed on the metallacrown. Characteristic Sm>*
emission bands are observed with bands at 560 nm (*Gs,, =°Hs,2),
595nm (“Gs,, 2°Hy,,), 645nm (*Gs,, °Hgs), and 700nm (*Gs,o
->°%H,; ,2) (Fig. 5). The excitation spectrum (Fig. 5) shows a smooth
region between 250 and 360 nm indicative of an antenna effect sensi-
tization for Sm-e8 and Sm-bt8, while Sm-m4 and Sm-te4 show sensi-
tization between 250 nm and 345 nm. The antenna effect region edge is
redshifted by approximately 15nm between the two spectroscopic
profiles. It also important to note that the capability to sensitize sa-
marium is preserved after coupling a small molecule to the metalla-
crown.

4. Conclusions

The tunable nature of metallacrown scaffolds was exploited to in-
corporate an ethynyl and a maleimido functionality onto a known
metallacrown structure in a controlled fashion. The eshi®~ ligand was
able to operate as an antenna for lanthanide sensitization where both
the UV-vis absorbance and excitation spectra show a significant red-
shift compared to the original shi®*~ metallacrown. The ethynyl group
was coupled to benzyl azide to fully convert Sm-e8 from eight ethynyes
to 8 benzyl triazoles and was confirmed using mass spectrometry.
Similarly, the conversion of a maleimido to a thioether was shown on
Sm-m4 using cysteamine. The ability to sensitize samarium is preserved
after each coupling is accomplished indicating that this could be a
useful route for coupling other organic azides or thiol-bearing mole-
cules of interest to a luminescent metallacrown complex.
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