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ABSTRACT: The transfer of configuration information from supramolecular
helices is a ubiquitous phenomenon in nature. DNA and proteins often change
their helical structure in response to particular external stimuli and can activate
important related events through sophisticated mechanisms. Attempts to create
artificial multiple-stranded helicates that can adjust the configuration under
external stimuli have also met with limited success. Using a simple ligand, we now
show multiple-stranded lanthanide helicates that transform efficiently. Lanthanide
and ligand are successfully self-assembled into different multiple helical
supermolecular clusters using different templates. Additionally, these intelligent
supermolecular transformers can also be transformed by different external stimuli
and realize the selective recognition and fixation of the corresponding ions and
molecules.

■ INTRODUCTION
Research into supramolecular chemistry has intensified
significantly during the last 2 decades, with a focus on the
design of multicomponent assemblies with more sophisticated
functionalities.1 Multiple-stranded helicates are of interest
because of their geometric simplicity and significance in
biology and materials. Self-assembled lanthanide supramolec-
ular systems, especially multiple-metallic helicates, have
attracted increasing attention because of their magnetic and
spectroscopic properties.2 However, the control and precise
prediction of stereoselective results is still a great challenge
during lanthanide supramolecular assemblies.3 Because lantha-
nide ions are known to have variable coordination numbers,
kinetic lability, and poor stereochemical preferences, the
precise prediction and control of the resulting stereoselectivity
of lanthanide supramolecular assemblies remains an important
and challenging issue.
The transfer of configuration information from supra-

molecular helices is a ubiquitous phenomenon in nature.
DNA and proteins often change their helical structure in
response to particular external stimuli and can activate
important related events through sophisticated mechanisms.4

Potassium ions play a crucial role in numerous biological
processes, including maintenance of fluid and electrolyte
balances in the body, thus making their selective detection
rather important for biomedical diagnosis and environmental
remediation.5 Although a number of potassium(I) probes have
been proposed,6 lanthanide multiple helicates exhibiting high
selectivity and affinity for potassium have not been extensively
developed.7 On the basis of the results of previous studies, we
hypothesized that by careful design of the ligands and choice of
the metal ions, the optimum coordination environment for

special alkaline or alkaline-earth ions might be obtained inside
an easily assembled supramolecular structure. To test this, we
constructed lanthanide helicate clusters designed to selectively
recognize K+ rather than classic receptors comprised of crown
or lariat ethers.8

Additionally, the fixation and activation of atmospheric
carbon dioxide (CO2) is an area of immense research interest
to the scientific community.9 The effective conversion of CO2
to useful chemicals is frequently achieved using transition-
metal-based chemistry and catalysis10 but rarely with
lanthanide helicates.11 We designed this ligand to be able to
capture CO2 to form lanthanide multiple helicates, and the
helicates can be configured in a variety of configurations
because of different environments, just like transformers.
Previously, we reported the first example of lanthanide

multiple helicates altering their helical configurations in the
presence of nitrate ions.12 In this paper, we report efforts to
predict and control the configuration changes of new
lanthanide multiple helicates by selective recognition toward
K+ or CO2.
The linear bis(acylhydrazone) ligand H2L is versatile, and

the self-assembly process depends strongly on templates. Thus,
in the presence of the larger tetrahedral anion ClO4

−, the larger
circular helicate is favored,12 whereas K+ and atmospheric CO2
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induce the formation of s−f tetranuclear dimetallic triple-
stranded helicates and tetranuclear quadruple-stranded lantha-
nide helicates, respectively. More interestingly, the K+ and CO2
templates successfully induced the circular helicates to
transform into either an s−f heterotetrametallic triple-stranded
helicate or a tetranuclear quadruple-stranded lanthanide
helicate, respectively, just like the intelligent molecular
transformers, which can be assembled into different config-
urations under different conditions, and can be reconstructed
under different external stimuli.

■ RESULTS AND DISCUSSION
K+-Induced Lanthanide Helicate Supermolecule Iden-

tification Self-Assembly. A linear tetradentate ligand H2L′,
is comprised of two binding strands anchored to a flexible
spacer (Scheme 1). This structure adopts a linear con-

formation favoring a dinuclear triple-stranded helicate
(complex 3, Figure 1a). Structural analysis of complex 3
revealed that the two holes at both ends of the helicate are
formed by six oxygen atoms, respectively. This helicate
possesses internal oxygen-donor atoms, and therefore templat-

ing by cations is possible. This templating depends on the “size
selectivity” between the template and the cavity of the helicate
(“lock-and-key principle”). Interestingly, for each cavity, the
distance from the center to the six ligand oxygen atoms is
about 3.0 Å, which is equal to the coordinate bond length of
K−O.7 Consequently, the cavity exhibits high selectivity and
affinity for potassium ions (Figure 1a).
Complex 3 was prepared from ligand H2L′ and cerium

chloride in a 1:1 ratio (Figure 2a), whereas compounds 4a and
4b were obtained from the ligand H2L, KOH, and lanthanide
halide salts (1:2:1). KOH was added as a base and a template
(Figure 2b). As anticipated, 4a and 4b both captured and fixed
K+ effectively (Figures S6 and S8). X-ray crystallographic
studies revealed that the crystals 4a and 4b have isostructural
relationships and belong to the monoclinic space group P21/c.
To the best of our knowledge, complexes 4a and 4b are the
first examples of s−f tetranuclear dimetallic helicates.
The skeletal structure of complex 4a consists of two La3+

ions, two K+ ions, three deprotonated ligands, and two
coordinated water molecules, forming [K2La2L3(H2O)2]

2+.
Additionally, two Br− counteranions are observed in the
complex (Figure S6). The three ligand strands wrap around
the four metals and form the conformation of a tetranuclear
dimetallic triple-stranded helicate. The metal ions are
approximately aligned [∠K1···La1···La2, 167.250(4)°;
∠La2···La1···K1, 176.270(4)°], both K1···La1 and K2···La2
are regularly spaced by approximately 3.77 Å [K1···La1,
3.7345(14) Å; K2···La2, 3.8027(15) Å], and the La1···La2
distance is 7.1150(6) Å. Each K+ ion is coordinated by seven
coordination atoms, with three phenolic hydroxy and ethoxy
units from three different ligands and one solvent H2O
molecule in a disordered monocapped three-prism arrange-
ment (Figure S7). In addition, each La3+ ion is coordinated by
nine coordination atoms, arising from the coordination of
three tridentate salicylaldehyde−hydrazone domains from
three different ligands (La−N, 2.729−2.808 Å; La−O,
2.381−2.613 Å), consequently three nitrogen atoms together
with six oxygen atoms establish the coordination geometry of
La3+, which can be best described as a distorted monocapped
square antiprism. Confirmation of the roles of K+ ions in the
self-assembly process is demonstrated by its inability to form
analogous helicate structures with other alkali- and alkaline-
earth-metal ions. As designed, the restricted geometric
constraints of the cavities provide high selectivity of the helical
recognizers toward K+ ions over other ions such as Li+, Na+,
Rb+, Mg2+, Ca2+, Sr2+, and Ba2+.
Additional experiments under identical conditions were

conducted to further investigate the ability of these lanthanide-
based helical complexes to selectivity bind K+ over other
alkaline and alkaline-earth metals. These methods included
UV−vis absorption, high-resolution electrospray ionization
mass spectrometry (HR-ESI-MS), and 1H NMR.
The UV−vis absorption spectrum of compound [L3La2] was

recorded in an acetonitrile solution. Upon the addition of 0−
4.0 equiv of K+ to the compound, the absorbance at 301 nm
slightly decreased while the absorption at 390 nm gradually
increased, suggesting the coordination of K+ with this
compound (Figures 1b and S13). Absorption titrations of
this compound with various alkaline and alkaline-earth ions
were conducted to examine the selectivity (Figure S14).
Changes in the spectra were not observed in the presence of
other cations such as Li+, Na+, Rb+, Mg2+, Ca2+, Sr2+, or Ba2+,
indicating selective recognition in the presence of K+. The

Scheme 1. Syntheses of H2L′ and H2L

Figure 1. (a) Schematic representation of the lanthanide helicate
clusters for the recognition and fixation of K+. (b) UV−vis spectral
changes for the compound [L3La2] with K+ (0−4.0 equiv) in
acetonitrile. [L3La2] = 0.67 × 10−5 M; [K+] = 0, 0.02, 0.04, 0.06, 0.08,
0.10, 0.12, 0.14, 0.16, 0.18, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0,
3.0, and 4.0 equiv.
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selectivity of the helicate toward K+ was evidenced by
detection of the corresponding HR-ESI-MS as well. Upon
the addition of 2 equiv of different alkaline and alkaline-earth
ions in the solution of compound [L3Nd2], the main peak was
observed at m/z 875.15686, which represented complex
[L3Nd2K2(CH3OH)2]

2+, for K+ (Figure S15). The high
selectivity of lanthanide complexes toward K+ among other
alkali- and alkaline-earth-metal ions was attributed to the cavity
size, geometry, and ligand distance of the oxygen atoms at the
two termini of the helical structures.
The Nd3+ ion can be identified specifically because of its

sharp emission band centered at 1060 cm. It is used in many
potential applications including energy conversion, night
vision, sensing, tracking, anticounterfeit printing, optical
communication, and many other fields as the representative
of near-IR (NIR) materials. Complex [L3Nd2] exhibited a
strong unique emission of the Nd3+ ion at 1025−1125 nm,
which can be assigned to the 4F3/2 →

4I9/2 transition, pointing
toward efficient sensitization of the Nd3+ ion. More
importantly, the luminescent intensity of Nd3+ at 1058 nm
increased rapidly with the addition of 0−2.0 equiv of K+

(Figure S16), exhibiting an obvious NIR luminescent response
to K+.
Reconfiguration of Intelligent Molecular Transform-

ers Induced by K+. To better understand the interactions
between K+ and the lanthanide-based high-nuclearity clusters,
we performed K+-ion-templated self-assembly with hexanuclear
lanthanide cyclic helicate [La6L6(CH3O)3(CH3OH)3](ClO4)3
(1).12 Composition changes based on the presence of K+ ions
were confirmed by X-ray diffraction, IR, and 1H NMR studies.
The addition of KI to a solution of 1 led to the crystallization
of [K2La2L3(H2O)2]

2+, which was confirmed by X-ray
diffraction analysis, and did not lead to the formation of
additional species, which suggests that the s−f tetranuclear
dimetallic helicate is the only thermodynamically favored
assembly in solution. The IR spectra of H2L, 4a, 4b, 1, and 1 +
K+ are presented in Figure S9. The IR spectrum of 1 + K+ is
completely consistent with that of 4 but significantly different
from that of 1, which means that when we added K+ to 1, the
complex was completely converted to 4. The 1H NMR
spectrum of a methanol solution of [K2La2L3(H2O)2]Br2

revealed the presence of one major set of 20 signals, assigned
to the protons from three ligands (Figures 3e and S12). The

addition of KI to the 1.26 mM solution of 1 (K+/La3+ 1:2−
2:1) in CD3OD resulted in the progressive disappearance of
the NMR signals belonging to 1 and the appearance of the
signals assigned to 4a (Figure 3), indicating that 1 changed
into 4a when induced by the K+ template.
Furthermore, when a mixture of all alkali- and alkaline-earth-

metal chlorides was added to a methanol solution of complex
1, chemical shift changes of the 1H NMR spectrum were
consistent with the chemical shift changes of adding K+ only,
which means that only K+ caused the configuration trans-
formation, while other alkali metals and alkaline-earth metals
had no influence. Diffusion-ordered NMR spectroscopy
indicated a single product with a single band at the diffusion
coefficient D = 7.827 × 10−10 m2 s−1 (log D = −9.106; Figure
S17). Analysis of the 1H/1H COSY NMR spectrum of the
product also indicated results consistent with the spectrum of
complex 4a. These data indicated high selectivity and strong

Figure 2. Self-assembly of helicates 3, 4a, and 5a from ligands and the transformations between the configurations (Ce, purple; La, yellow; K,
orange; N, blue; O, red; C, gray). The ligands are represented in different colors. Hydrogen atoms, external counteranions, and solvent molecules
are hidden for clarity.

Figure 3. 1H NMR (400 MHz) titration of 1 (1.26 mM) with KI in
CD3OD by the addition of K+/La3+ at different ratios (bottom to
top): (b) 0.5; (c) 1.0; (d) 2.0, at 298 K for 4 days.
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specificity of the complex with K+ in a methanol solution over
other alkali- and alkaline-earth-metal ions.
CO2-Induced Lanthanide Helicate Supermolecule

Identification Self-Assembly. During the preparation of
complex 4, we found another interesting phenomenon. For the
same synthesis conditions, just because of the absence of K+,
we got a completely different complex, 5, which can capture
and fix atmospheric CO2 (Figure 2c). The fixation and
activation of CO2 in the atmosphere are becoming an
important research field. The effective conversion of CO2 to
other useful chemicals is frequently achieved by using catalysts
based on transition metals but rarely with lanthanide helicates.
X-ray crystallographic studies revealed that both crystals 5a

and 5b belong to the triclinic space group P1̅. The asymmetric
unit is very similar to [La4L4(NO3)](NO3)3 (2), as previously
reported.12 Four Ln3+ ions form a twisted rectangle, and four
deprotonated ligands wrap around four Ln3+ ions in a helical
fashion, resulting in the formation of a tetranuclear quadruple-
stranded helicate structure. The most notable structural feature
of 5a and 5b is the encapsulated, distorted CO3

2− anion at the
center in the cage, where the anion uses three oxygen atoms
coordinated to four inner lanthanum ions in μ4-η

2:η2:η2 and μ4-
η1:η1:η2 bridging modes, respectively (Figures S18 and S20).
From another viewpoint, the Ln3+ ions are in close contact,
and the supramolecular structure is further stabilized after the
introduction of CO3

2−. The Nd3+ complex 5b displays efficient
NIR emission upon excitation at 420 nm, arising from the 4F3/2
→ 4IJ (J =

9/2,
11/2,

13/2) transition (Figure S24). The NIR
quantum yield of 5b was 1.43 ± 0.10%, and the luminescence
lifetime was 0.21 μs (Table S1).
The reactions between the complexes and CO2 were further

investigated through IR and NMR spectroscopy. The IR
spectra of the ligand and crystals (5a and 5b) were measured
in the solid state (Figure 4a). Carbonate-based vibrations,
which cannot be observed from the ligand, are shown in the IR
spectra of 5a and 5b at approximately 1500 cm−1. The
presence of CO3

2− in 5a was further confirmed by the results
of solid-state 13C NMR detection (Figure S26), which
exhibited a low-intensity single peak at δ = 172.40 ppm that
should be assigned to the encapsulated CO3

2−.11a,13 To
determine the origin of CO3

2− in the clusters, the same
reactions of L2− with LaCl3·7H2O were carried out in
methanol under an inert atmosphere (Ar or N2). When CO2
was slowly bubbled into the solution, obvious changes in the
UV absorption spectrum were observed. During the experi-
ment, we observed that microcrystalline precipitation gradually
appeared in solution with the introduction of CO2 (Figure
S27). We collected microcrystals for X-ray diffraction and IR,
which confirmed that the composition was indeed that of
complex 5a. All of these results show that the CO2 molecules
are efficiently captured and fixed by these clusters through
chemical conversion.
Reconfiguration of Intelligent Molecular Transform-

ers Induced by CO2. It is interesting to note that CO2 can
also induce configuration transformation. When CO2 was
added to the solution of hexanuclear circular helicate 1,12 the
quadruple-stranded helicate 5a was crystallized and confirmed
by X-ray diffraction analysis, thus indicating that 1 had
changed into 5a when induced by the CO2 template. The IR
spectra of H2L, 5a, 5b, 1, and 1 + CO2 are presented in Figure
4a. New carbonate-based vibrations at approximately 1500
cm−1 can be observed from 5a, 5b, and 1 + CO2, which are
different from 1 and the ligand.14 Additionally, the HR-ESI-MS

spectrum of 1 + CO2 (Figure 4b) exhibited only a single
intense peak at m/z 1188.6480, which could be assigned to the
[La4L4(CO3)]

2+ cation according to the exact comparison of
the intense peak with the simulation based on natural isotopic
abundances. This also indicated that transformation of the
configuration from circular helicate to quadruple-stranded
helicate was achieved by adding CO2.

■ CONCLUSION
KOH is necessary in the self-assembly process of complexes 4a
and 4b because it not only deprotonates the ligands as the
strong base but also controls the formation of heterotetrame-
tallic triple-stranded helicate assemblies by the K+ template,
and therefore these helicates present high affinity for K+ and
good selectivity over other alkali- and alkaline-earth-metal ions.
Conversely, LiOH or NaOH in the self-assembly reactions of
complexes 5a and 5b appear to only deprotonate the ligands,
while CO2 is responsible for the selection of different
structures.
In conclusion, the ligand H2L design is versatile enough to

initiate and direct different multiple helical supermolecular
clusters under different templates to realize the recognition of
different ions and molecules (Figure 5). Consequently, the first
s−f heterotetrametallic triple-stranded helicate clusters and
tetranuclear quadruple-stranded lanthanide helicate clusters
fixing CO2 effectively were assembled. These first examples of
lanthanide helicate clusters, as opposed to crown or lariat ether
compounds, have two cuplike cavities with oxygen-donor
atoms located at two ends for selective K+ recognition,
exhibiting high selectivity over other alkali and alkaline-earth
ions. Under the same alkaline conditions but without

Figure 4. (a) IR spectra of ligand H2L and complexes (5a, 5b, 1 +
CO2, and 1) in the solid state (KBr disk) at room temperature. (b)
HR-ESI-MS spectrum of 1 + CO2. The inset exhibits the measured
and simulated isotopic patterns at m/z 1188.6480.
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potassium, new tetranuclear quadruple-stranded helicate
lanthanide complexes were fabricated by atmospheric CO2-
induced supramolecular self-assembly. On the other hand,
these intelligent supermolecular transformers can also be
transformed by different external stimuli and, in this process,
realize the selective recognition and fixation of the correspond-
ing ions and molecules. K+ successfully induced transformation
of the configuration from circular helicate to heterotetrame-
tallic triple-stranded helicate, and CO2 successfully induced
reconfiguration from circular helicate to tetranuclear quad-
ruple-stranded helicate. DNA and proteins often change their
helical structure in response to particular external stimuli and
can activate important related events through sophisticated
mechanisms, and our intelligent supermolecular transformers
have successfully simulated this feature.

■ EXPERIMENTAL METHODS
General Procedures. 3-Methoxysalicylaldehyde and 3-ethoxysa-

licylaldehyde were purchased from Alfa Aesar and used without
further purification. All solvents and other reagents were of reagent-
grade quality. Elemental analyses were tested by an Elementar Vario
El instrument. HR-ESI-MS was performed on the Fourier transform
ion cyclotron resonance mass spectrometers Bruker Apex IV FTMS
and Agilent 6210 ESI/TOF. IR spectra were recorded on a Nicolet
Avatar 360 FT-IR instrument. 1H NMR (400 MHz) and 1H NMR
(600 MHz) were recorded on a JEOL JNM-ECS 400 M NMR
spectrometer and a Varian Mercury Plus 400, respectively. Solid-state
13C NMR spectra were performed on a Bruker AV400 spectrometer.
Synthesis of Ligands. The synthesis routes of our ligands H2L′

and H2L are simple and easy, which followed our published procedure
(shown in Scheme 1).12

Synthesis of Complex 3. A total of 2 mL of methanol containing
0.1 mmol of CeCl3·7H2O (37.3 mg) was added in batches to a stirred
solution of 5 mL of N,N-dimethylformamide (DMF) of 0.1 mmol of
H2L′ (41.4 mg). The mixture was stirred in air for 4 h at room
temperature, and then a black solution was formed. The solution was
filtered and then exposed to air. Black block single crystals of Ce2L′3,
which are suitable for X-ray crystallography, were obtained upon slow

evaporation over 1 month (Figure S3). Elem anal. Calcd for 3
(C60H60Ce2Cl2N12O18; noncoordinated solvent molecules were lost
upon drying): C, 45.39; H, 3.78; N, 10.59. Found: C, 45.40; H, 3.75;
N, 10.58. HR-ESI-MS. Found: m/z 758.1103 ([Ce2L′3]2+). Calcd for
C60H60N12O18Ce2: m/z 758.1129 (Figure S4). FT-IR (KBr pellet,
cm−1): 3440.0(br), 1600.0(vs), 1557.5(m), 1442.9(s), 1396.0(m),
1365.5(w), 1292.7(s), 1248.4(s), 1073.3(w), 854.9(w), 739.9(m),
567.3(w) (Figure S5).

Synthesis of Complexes 4a and 4b. A solution of 0.1 mmol of
rare earth halide salt in 2 mL of methanol was added to a light-yellow
and transparent solution of H2L (44.2 mg, 0.1 mmol) with KOH (5.6
mg, 0.2 mmol) after mixing in 8 mL of methanol along with 0.5 mL of
DMF. Tetranuclear dimetall ic tr iple-stranded helicates
[K2La2L3(H2O)2]Br2 (4a; Figure S6) and [K2Nd2L3(DMF)2]Cl2
(4b; Figure S8) were formed by evaporation in air at room
temperature over 4 weeks (yield: 50%). Elem anal. Calcd for 4a
(C66H76Br2K2La2N12O20; noncoordinated solvent molecules were lost
upon evaporation): C, 42.28; H, 4.06; N, 8.97. Found: C, 42.31; H,
4 .01 ; N , 8 . 88 . HR-ES I -MS . Found: m/z 856 .1344
([K2La2L3(H2O)2]

2+). Calcd for [C66H72K2La2N12O18]
2+: m/z

856 . 1350 (F i gu r e S10) . E l em ana l . Ca l cd fo r 4b
(C72H86Cl2K2Nd2N14O20; noncoordinated solvent molecules were
lost upon drying): C, 45.47; H, 4.53; N, 10.31. Found: C, 45.31; H,
4.41; N, 10.28. HR-ESI-MS. Found: m/z 843.1322 ([K2Nd2L3]

2+).
Calcd for [C66H72K2Nd2N12O18]

2+: m/z 843.1285 (Figure S11). FT-
IR for 4a and 4b (KBr pellet, cm−1): 3428.11(br), 2958.88(br),
1603.67(vs), 1453.10(s), 1395.30(m), 1365.64(m), 1310.15(m),
1220.38(s), 1175.51(w), 1068.28(m), 1017.33(w), 972.46(w),
888.05(w), 850.5(w), 741.27(s), 656.86(w), 566.36(w) (Figure S9).

Synthesis of Complexes 5a and 5b. A total of 0.2 mmol of
LiOH·H2O or 0.2 mmol of NaOH and 0.1 mmol of H2L (44.2 mg)
were added into a mixing solvent containing 8 mL of methanol and
0.5 mL of DMF, and then the solution was stirred for 10 min. After
that, a solution of 0.1 mmol of LnCl3·6H2O in 2 mL of methanol was
added. The mixture was rapidly stirred for 10 min. Then the solution
was filtered and exposed to air. Rhombohedral crystals of
[La4L4(CO3)]Cl2 (5a; Figure S18) and [Nd4L4(CO3)]Cl2 (5b;
Figure S20) suitable for X-ray analysis were obtained by slow
evaporation over several weeks at room temperature in air (yield:
60%). CO2 molecules from air are efficiently captured and fixed by
these clusters. Elem anal. Calcd for 5a (C89H96Cl2La4N16O27;
noncoordinated solvent molecules were lost upon drying): C,
44.94; H, 4.04; N, 9.43. Found: C, 44.71; H, 4.01; N, 9.21. HR-
ESI-MS for 5a. Found: m/z 1188.14244 ([La4L4(CO3)]

2+). Calcd for
[C89H96La4N16O27]

2+: m/z 1188.14369 (Figure S21). Elem anal.
Calcd for 5b (C89H96Cl2Nd4N16O27; noncoordinated solvent
molecules were lost upon drying): C, 43.34; H, 3.90; N, 9.09.
Found: C, 43.61; H, 3.98; N, 9.13. HR-ESI-MS. Found: m/z
1197.1517 ([Nd4L4(CO3)]

2+). Calcd for [C89H96Nd4N16O27]
2+: m/z

1197.1509 (Figure S22). FT-IR for 5a and 5b (KBr pellet, cm−1):
3402.00(br), 3180.44(br), 2974.75(br), 1642.97(vs), 1610.00(vs),
1552.44(m), 1500.00(w), 1450.00(s), 1392.02(m), 1308.63(w),
1218.10(s), 1070.39(m), 973.50(w), 883.77(w), 844.85(w),
742.40(w), 651.87(w), 562.13(w) (Figure S25).

Caution! There were no problems involved during the preparation of
rare earth halide salts and hydrazine hydrate, but suitable care should be
taken when handling such potentially hazardous compounds.
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Sustainable synthesis of amino acids by catalytic fixation of molecular
dinitrogen and carbon dioxide. Green Chem. 2018, 20, 685−693.
(14) (a) Langley, S. K.; Moubaraki, B.; Murray, K. S. Magnetic
Properties of Hexanuclear Lanthanide(III) Clusters Incorporating a
Central μ6-Carbonate Ligand Derived from Atmospheric CO2
Fixation. Inorg. Chem. 2012, 51, 3947−3949. (b) Guo, Y. N.; Chen,
X. H.; Xue, S.; Tang, J. Molecular Assembly and Magnetic Dynamics
of Two Novel Dy6 and Dy8 Aggregates. Inorg. Chem. 2012, 51, 4035−
4042.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c03617
Inorg. Chem. 2021, 60, 2764−2770

2770

https://dx.doi.org/10.1002/anie.201404470
https://dx.doi.org/10.1002/anie.201404470
https://dx.doi.org/10.1002/adfm.201201251
https://dx.doi.org/10.1002/adfm.201201251
https://dx.doi.org/10.1021/ol200277n
https://dx.doi.org/10.1021/ol200277n
https://dx.doi.org/10.1039/C2CC16481G
https://dx.doi.org/10.1039/C2CC16481G
https://dx.doi.org/10.1039/C2CC16481G
https://dx.doi.org/10.1021/ac101894b
https://dx.doi.org/10.1021/ac101894b
https://dx.doi.org/10.1021/ac101894b
https://dx.doi.org/10.1002/anie.201210334
https://dx.doi.org/10.1002/anie.201210334
https://dx.doi.org/10.1002/anie.201210334
https://dx.doi.org/10.1002/anie.200602060
https://dx.doi.org/10.1002/anie.200602060
https://dx.doi.org/10.1039/c002278k
https://dx.doi.org/10.1039/c002278k
https://dx.doi.org/10.1039/C6CC01938B
https://dx.doi.org/10.1039/C6CC01938B
https://dx.doi.org/10.1039/C6CC01938B
https://dx.doi.org/10.1021/ja0768688
https://dx.doi.org/10.1021/ja0768688
https://dx.doi.org/10.1021/ja8077889
https://dx.doi.org/10.1021/ja8077889
https://dx.doi.org/10.1039/C0CC02637A
https://dx.doi.org/10.1039/C0CC02637A
https://dx.doi.org/10.1039/C0CC02637A
https://dx.doi.org/10.1021/acs.inorgchem.6b02063
https://dx.doi.org/10.1021/acs.inorgchem.6b02063
https://dx.doi.org/10.1021/acs.inorgchem.6b02063
https://dx.doi.org/10.1021/jo801260f
https://dx.doi.org/10.1021/jo801260f
https://dx.doi.org/10.1021/jo801260f
https://dx.doi.org/10.1021/jo801260f
https://dx.doi.org/10.1126/science.1078938
https://dx.doi.org/10.1126/science.1078938
https://dx.doi.org/10.1021/acscatal.6b02265
https://dx.doi.org/10.1021/acscatal.6b02265
https://dx.doi.org/10.1021/acscatal.6b02265
https://dx.doi.org/10.1039/C6GC02934E
https://dx.doi.org/10.1039/C6GC02934E
https://dx.doi.org/10.1039/C6GC02934E
https://dx.doi.org/10.1002/anie.200462121
https://dx.doi.org/10.1002/anie.200462121
https://dx.doi.org/10.1002/anie.200500587
https://dx.doi.org/10.1002/anie.200500587
https://dx.doi.org/10.1021/ja039577h
https://dx.doi.org/10.1021/ja039577h
https://dx.doi.org/10.1039/C8DT05048A
https://dx.doi.org/10.1039/C8DT05048A
https://dx.doi.org/10.1002/anie.200900838
https://dx.doi.org/10.1002/anie.200900838
https://dx.doi.org/10.1039/D0DT01743D
https://dx.doi.org/10.1039/D0DT01743D
https://dx.doi.org/10.1039/D0DT01743D
https://dx.doi.org/10.1039/C7CC09092G
https://dx.doi.org/10.1039/C7CC09092G
https://dx.doi.org/10.1039/C7CC09092G
https://dx.doi.org/10.1039/C8GC02645A
https://dx.doi.org/10.1039/C8GC02645A
https://dx.doi.org/10.1002/anie.201210172
https://dx.doi.org/10.1002/anie.201210172
https://dx.doi.org/10.1021/ja104083y
https://dx.doi.org/10.1021/ja104083y
https://dx.doi.org/10.1021/ja104083y
https://dx.doi.org/10.1039/C7GC02911J
https://dx.doi.org/10.1039/C7GC02911J
https://dx.doi.org/10.1021/ic3002724
https://dx.doi.org/10.1021/ic3002724
https://dx.doi.org/10.1021/ic3002724
https://dx.doi.org/10.1021/ic3002724
https://dx.doi.org/10.1021/ic202170z
https://dx.doi.org/10.1021/ic202170z
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03617?ref=pdf

