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ABSTRACT: Solvent dependence in the assembly of coordination driven
macrocycles is a poorly understood phenomenon. This work presents the
solvent dependent assembly of 8 lanthanide metallacrowns (LnMCs) in
solution using picoline hydroxamic acid (picHA), Zn(II), and Ln(III) ions.
ESI-MS and single-crystal X-ray crystallography reveal the selective
assembly of LnZn,(picHA),**, LnZng(picHA);**, LnZng(picHA)g>",
LnZn,,(picHA),**, LnZn4(picHA);s>*, Ln,Zn,;(picHA),*",
Ln,Zn,_g(picHA)g_,o, and Ln,Zn,_¢(picHA),_y complexes in five different
solvents. The coordination preferences of the hard Ln(III) ion and
relatively soft Zn(Il) ion dictate the solvent selectivity in this system. The
LnMCs assemble with open or closed Zn(II) and/or Ln(III) coordination
sites based on the behavior of the solvent as an ancillary ligand. This
structural promiscuity is attributed to the symmetry incompatible building
blocks, which generate assemblies with substantial geometric strain such

that no clear thermodynamic minimum exists between the different LnMCs. These LnMCs assemble from a Zng(picHA),*
intermediate, which is monitored using "H NMR and ESI-MS to assess the stability of the complexes and possible assembly
pathways based on kinetic considerations. LnMC assemblies that can be generated through central metal substitution reactions
such as the LnZn,(picHA),*, LnZny(picHA);**, and LnZng(picHA)s"" effectively reach equilibrium after 24 h at room
temperature. In contrast, LnMCs that must disrupt the ZnL,*" structure to assemble, such as the LnZn ¢L,¢*", reach equilibrium
after heating for 24 h at 65 °C. A pathway for LnMC assembly is presented where the Zn;L,*" is the key intermediate based on
these reaction data and shared structural motifs in the complexes. These results correlate solvent dependent assembly to the

building block geometry, highlighting synthetic approaches for generating novel complexes.

B INTRODUCTION

Dative bonds are used widely in the assembly of discrete
supramolecular polygons, polyhedra, and helices.' ™ Interest in
such coordination-driven complexes stems from their diverse
architectures and physical properties. Interior cavities in many
assemblies bind guests reversibly, allowing for fundamental
studies of reactivity in confined spaces™ and perturbing the
properties of responsive guests for sensing and molecular data
storage.é_8 Coordination driven assemblies also serve as
building blocks for the construction of porous solids,
nanofibers, and liquid crystals.”~"®> The metal ion building
blocks can also impart catalytic, optical, magnetic, and
electrochemical functionality."*"®

Substantial research efforts have focused on controlling
coordination-driven assembly, culminating in strategies for
designing high symmetry macrocycles and polyhedra based on
the geometry of the metal ion building blocks."”** One of the
earliest classes of coordination driven macrocycles, metal-
lacrowns (MCs) exemplify the use of symmetry considerations
in the design of discrete macrocycles.”’ >* MCs possess a
repeating metal ion-heteroatom-heteroatom motif through the
ring (Figure 1) and, analogous to crown ethers, frequently bind
metal ions in their central cavity.”>*® MCs have drawn interest
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as single-molecule magnets,”’28 near-infrared lumino-
3% molecular recognition agents,3l_34 and building
blocks for porous solids.*>~** Symmetry-based design strategies
for MCs focus on the geometry of the fused-chelate rings in the
ligand and the coordination preferences of the metal ions.”
Ligands that form fused S-membered and 6-membered chelate
rings, such as salicylhydroxamic acid (shi*~), orient metal ions
at 90° angles. Furthermore, the equatorial arrangement of the
chelate rings generates a linear edge. Thus, propagation of this
chelate motif four times completes the 360° macrocycle and
generates a square-shaped [IZ—MCM(N)’L—4] (Figure 1).40
Ligands that generate fused S-membered chelate rings, such
as picoline hydroxamic acid, generate a 72° angle between
metal ions in the MC ring. With the appropriate ring metals
and central metal, the building blocks complete the 360°
rotation and generate a pentagonal [15-MCyyy)-S]. A planar
arrangement of the bidentate ligands is important for
generating the planar macrocycle. Jahn—Teller distorted ring
metals, such as Cu(II), enforce a planar arrangement of chelate
rings because ring strain on the elongated axis prevents the

phores,””
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Figure 1. Diagrams displaying the design strategy for MCs based on the chelate ring geometry. The square-shaped M(N)[12-MCyyx)-41"" is
generated from ligands that form fused $- and 6-membered chelate rings, such as salicylhydroximate (top). The pentagonal M(N)[15-MCyp(n)1-
5]N* is generated from ligands that form fused S-membered chelate rings, such as picHA (bottom).

formation of octahedral cis-isomers.*"*> Of note, Zn(II) has
previously resulted in the formation of an unexpected inverse
metallacrown.”* The reliability of symmetry based MC design is
evident in the reaction of picHA, an early Ln(IIl) ion, and
either Cu(Il) or Ni(Il), which generates the Ln(III)[15-
MCh(an) picia-S]*" complex exclusively,**¢

In certain instances, a variety of assemblies can arise from
identical components. Such structural promiscuity may result
from flexible*” or polytopic ligands,® distortions in the metal
ion %eometry,“g’49 solvation effects,>*~>* guest recogni-
tion,"”%*™%% or serendipity. This phenomenon can advanta-
geously generate structurally responsive materials for sensing
applications and novel complexes that cannot be predicted by
symmetry-based design strategies. In general, however, our
collective understanding of how a set of building blocks can
yield multiple polynuclear assemblies is limited. Few guidelines
for controlling the assembly of multiple coordination macro-
cycles have been established based on ligand design, metal
coordination geometry, molecular recognition, or other external
factors.

This work provides new insights into controlling the
assembly of multiple coordination macrocycles from identical
precursors through an investigation into the solvent dependent
assembly of eight lanthanide metallacrowns (LnMCs) from the
same three building blocks: picHA, Zn(II), and a Ln(III) ion.
Five of these LnMCs have been crystallographically charac-
terized. From these results, a design strategy is described for
realizing and controlling structurally promiscuous assemblies.
The approach utilizes symmetry incompatible building blocks
with open coordination sites to direct the assembly of different
structural motifs. Symmetry incompatible building blocks
possess symmetry elements that are not complementary with
a single self-assembled structure. Thus, each building block
directs the assembly toward different constructs which possess
notable geometric strain, so no motif has a strong
thermodynamic preference. Furthermore, metal ions with
open metal sites result in solvent coordination, or solvation,
being the deciding factor in the assembly of a particular
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construct. In this study, the geometry of the picHA ligand
promotes the assembly of planar Ln(IIT) [15-MCyy ) picria-51**
complexes. In contrast, the distorted square pyramidal
geometry of Zn(II) leads to a nonplanar arrangement of
equatorial picHA ligands, which promotes the formation of
concave Ln(HI)|:12-MCZn(H)lPiCHA-4:|3+ motifs. As Zn(II) and
Ln(III) ions have open coordination sites, solvent interactions
with the soft Zn(II) ring ions and hard Ln(III) ion dictate
which macrocycle assembles. Insights into the stability and
assembly pathways of these LnMCs are also discussed on the
basis of ESI-MS and 'H NMR data. Two of the LnMCs
discussed in this work’”*> and two intermediates in their
assembly®® have been reported previously.

B EXPERIMENTAL SECTION

All reagents were obtained from commercially available sources and
used as received unless otherwise described. The ligands picHA*® and
quinHA*® and the MC complexes Zn,(picHA),,*® LnZn,(picHA)s,
and LnZn,4(picHA),s* were synthesized as previously described.
Electrospray ionization mass spectrometry (ESI-MS) was performed
with a Micromass LCT time-of-flight electrospray ionization mass
spectrometer at 150 °C at cone voltages of S0 V. Samples were
injected via syringe pump as ~50 uM solutions. ESI-MS data was
processed with MassLynx 4.0 software. NMR spectroscopy was
performed on 400 or 500 MHz Varian spectrometers and the chemical
shifts referenced to residual solvent signals or the internal standards
tetramethylsilane (TMS) or dioxane. 'H Diffusion NMR spectroscopy
was performed using the DOSY gradient compensated stimulated echo
with spin lock and convection compensation (DgcsteSL_cc) pulse
sequence at temperatures of 293 K in pyridine-Ds and 293 or 298 K in
methanol-D,. A diffusion delay of 150 ms, diffusion gradient length of
3.0 ms, and a gradient strength array of 15—30 increments were used.
The gradient field strength was calibrated with D,0O by the University
of Michigan NMR facility staff. The data was fit according to the
equation In(I/I,) = —*6*G*(A—5/3)D to solve for the diffusion
coefficient (D), where I = integral of the peak at a given G, I, = integral
of the peak at G = 0, y = magnetogyric constant of a hydrogen atom
(2.675 x 108 T~' s7"), 5 = diffusion gradient length, A = diffusion
delay, G = gradient field strength.
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Table 1. Crystallographic Data for DyZn,(quinHA),(DMF),(NO;);, DyZng(picHA)4(OH);, and
Dy,Zny(quinHA)o(OH)(NO3),,5Cly 75

complex

molecular formula
mol. wt [g mol™']
cryst syst/space group

DyZn,(quinHA),(DMF)(NO;);
Dyo5Zn;,Cs7.5HysNg 0135
1056.82

orthorhonmic, P2,2,2

a [A] 19.5887(5)

b [A] 22.7717(7)

¢ [A] 10.1759(3)

a [deg] 90

B [deg] 90

7 [deg] 90

vol [A%] 4539.1(1)

Z/density, p [g cm™] 4/1.546

u [mm™']/F(000) 6.220/2150

cryst size [mm®] 0.13 X 0.10 X 0.08

0 range for data collection [deg] 2.98—68.23

limiting indices —23<h<23
—27<k<27
-12<1<12

measured/unique reflns 97529/8302

completeness to 6 [%] 99.9

data/restraints/params 8302/166/628

GOF on F* 1.102

final R indices [I > 2p(I)]
R indices (all data)
largest diff. peak and hole [e A%]

R1 = 0.0662, wR2 = 0.1831
R1 = 0.0704, wR2 = 0.1865
1.165 and —1.076

DyZng(picHA);(OH); Dy,Zno(quinHA) 1(OH) (NO3),55Clo 75
DyZngCepsH7125N15030.25 Dy, ZngCy75.sHi67Clo 75031250305
2220.204 4141.82
monoclinic, P2,/C triclinic, PT
24.7224(5) 20.445(5)
22.7796(4) 21.830(5)
29.467(2) 22.271(5)

90 93.512(5)
110.143(8) 102.150(5)

90 113.693(5)
15579.6(12) 8779(4)

8/1.893 2/1.567
8.514/8866 6.544/4195

0.11 X 0.01 X 0.01 0.25 X 0.03 x 0.03
1.90—-68.24 20.6—68.30
-29<h <29 -24<h<24
-25<k<27 26 <k<26
-35<1<L35 -26<1<24
170675/28505 235204/31589
99.8 98.1
28505/333/2206 31589/1952/2596
1.049 1.187

R1 = 0.0832, wR2 = 0.2210
R1 = 0.1319, wR2 = 0.2605
2.667 and —2.304

R1 = 0.0718, wR2 = 0.2058
R1 = 0.0794, wR2 = 0.2148
1.514 and —3.124

LnZn,(quinHA)3*. A general synthesis for these compounds is
described below for the Dy(IIl) analogue. Complexes with other
lanthanides were prepared by substituting the appropriate lanthanide
ion for Dy(III). Characterization of all isolated complexes is provided
after the synthetic exemplar.

DyZn ,(quinHA) 4(NO3)s—Dy(Il)[12-MCpzy ) quinta~4(NO3)3. QuinHA
(0.133 mmol, 25.0 mg), zinc nitrate hexahydrate (0.133 mmol, 39.5
mg), and dysprosium nitrate hexahydrate (0.33 mmol, 14.6 mg) were
combined in 3 mL of a 4:1 mixture of methanol and pyridine (v/v).
Triethylamine (0.266 mmol, 37.1 uL) was added followed by the
addition of 3 mL of dimethylformamide (DMF). Once homogeneous,
the solution was immediately transferred to a S0 mL beaker and
crystallized by ether vapor diffusion in a wide-mouth jar containing
~75 mL of ether. The yellow-orange crystals were isolated by
filtration, rinsed with —20 °C pyridine, and air-dried. Yield = 49.4 mg,
72%. ESI-MS (pyridine) gave m/z = 614.9%" (614.9** caled for
[DyZn,(quinHA),(NO;)]**), 1290.8* (1291.7" caled for
[DyZn,(quinHA),(NO;),]*). CHN Analysis for [(DyZn,-
(C10HeN,0,)4(NO3)3(CsH,N),(DMF),(H,0)], found (caled): C
= 41.81 (42.11), H = 3.63 (4.03), N = 12.98 (12.96).

YZn ,(quinHA) 4(NO3)3—Y(II)[12-MCzpg) quintia-41(NO3);.  Yield =
43.1 mg, 65%. ESI-MS (pyridine) gave m/z = 577.4** (578.4** calcd
for [YZn,(quinHA),(NO;)]**), 1216.7* (1217.8" calcd for
[YZn,(quinHA),(NO;),]*). '"H NMR § (ppm) (500 mHz, 9:1
DMF-D, /pyridine-D;), 8.90 (d, 1H, J = 9 Hz), 8.56 (d, J = 9 Hz,
1H), 8.49 (d, 1H, J = 9 Hz), 8.20 (d, 1H, J = 8 Hz), 7.90 (t, 1H, [ = 8
Hz), 7.73 (t, 1H, ] = 8 Hz). CHN Analysis for [(YZn,(C,;H¢N,O,),-
(NO,);(CsHN),(DMF),(H,0)45], found (caled): C = 42.90
(43.09), H = 3.59 (4.27), N = 13.24 (13.26).

TbZn ,(quinHA) ,(NO3) ;—Tb(Il)[12-MCpzy ) quinta-4I(NO3)3.  Yield =
39.7 mg, 27%. ESI-MS (9:1 DMF /pyridine (v/v)) gave m/z = 613.5**
(6134 caled for [TbZn,(quinHA),(NO;)]**). CHN Analysis for
[(TbZn,(C1oHeN,0,)4(NO3);(CsHN),(DMF),(H,0),], found
(caled): C = 41.22 (41.46), H = 3.39 (4.16), N = 12.80 (12.76).

ErZn,(quinHA) 4(NO3)s—Er(IIN[12-MCzpgp quintia-41(NO3);. Yield =
79.6 mg, 57%. ESI-MS (9:1 DMF/pyridine (v/v)) gave m/z =
617.0** (617.9** calcd for [ErZn,(quinHA),(NO,;)]**). CHN Analysis
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for [(ErZn,(C,pHeN,0,),(NO3);(CsHsN),(DMEF),(H,0)55], found
(caled): C = 41.31 (41.47), H = 3.49 (4.11), N = 12.65 (12.76).

LnZng(picHA)g>*. LaZng(picHA)sCls—La(lll)[ 12-MCpp picrin-41,Cls.
PicHA (100 mg, 0.724 mmol), zinc chloride (128.3 mg, 0.941 mmol),
and La(NO;); hexahydrate (62.7 mg, 0.145 mmol) were mixed in 1§
mL of a 9:1 water/pyridine mixture (v/v). After it was stirred
overnight, the solution was set to slowly evaporate, yielding yellow
crystals within 2 weeks. The crystals were isolated by filtration and
rinsed with a —20 °C solution of 4:1 water/pyridine. Yield = 60.0 mg,
16% based on picHA. ESI-MS (4:1 water/pyridine): 583.5%" (583.5°
caled for [LaZng(C¢H,N,0,)s]%*), 882.8%" (883.8%" caled for
[LaZng(C¢H,N,0,)s(OH)*), 893.8%* (892.8** calcd for LaZ-
ng(C¢H,N,0,)5Cl]*). 'H NMR § (ppm) (400 mHz, 4:1 D,0O/
pyridine-Ds), 845 (d, 1H, J = 5 Hz), 7.93 (m, 3H). CHN: found
(caled for LaZng(CqH,N,0,)s(CHN)¢ClL(H,0)s5) C = 38.55
(3830), H = 3.10 (3.25), N = 11.91 (11.48).

DyZng(picHA)s(OH)3—Dy(IN[12-MCazpy picria-41(0H) 5. PicHA (100
mg, 0.724 mmol), zinc carbonate basic (79.5 mg, 0.724 mmol), and
dysprosium carbonate (69.6 mg, 2.41 mmol) were mixed in 10 mL of a
9:1 water/pyridine mixture (v/v). After it was stirred overnight, the
solution was filtered through a fine glass frit. The filtrate was set to
crystallize by THF vapor diffusion. After 2 days, the solution was
filtered to remove white precipitate and again set to crystallize by THF
vapor diffusion. Yellow crystals formed within 2 weeks and were
isolated by filtration and rinsed with a —20 °C solution of 4:1 water/
pyridine. Yield = 28.6 mg, 14% based on picHA. ESI-MS (4:1 water/
pyridine): 895.2*" (895.3*" calcd for DyZng(C4H,N,O,)s(OH)]*).
CHN: found (caled for DyZng(C4¢H,N,0,)s(CsHsN),(OH);-
(H,0),5) C = 31.08 (30.91), H = 2.83 (3.35), N = 10.59 (11.19).

NdZng(picHA)g(OH);—=Nd(II[12-MCyzp, 1) pictia-41,(0H) ;5. The
NdZng(picHA)4(OH); was synthesized following the procedure for
DyZng(picHA)4(OH);, substituting neodymium carbonate for dys-
prosium carbonate. Yield = 18.3 mg, 10% based on picHA. ESI-MS
(4:1 water/pyridine): 585.9°" (585.2%* calcd for
NdZng(C¢H,N,0,)s]%"), 886.3*" (886.3*" calcd for
NdZng(C¢H,N,0,)s(OH)]**). CHN: found (calcd for NdZng-
(C6H4N202>8(CsHsN)z(OH%(HzO)aS) C = 33.66 (33-45); H =
2.65 (2.81), N = 11.55 (12.11).
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Figure 2. Chemdraw diagram (left) and crystal structure images of the DyZn,(quinHA),(DMF),(NO;);(py)s complex. Color scheme: Gray =
carbon, red = oxygen, blue = nitrogen, gray-purple = zinc, green = dysprosium. Coordinated pyridine and DMF (center only) ligands are displayed as

thin lines for clarity.

Figure 3. Crystal structure images of the DyZng(quinHA)s(OH),(py), complex shown with elemental colors and in orange to highlight the [12-
MCy,(m)pictia-4] units. Color scheme: Gray = carbon, red = oxygen, blue = nitrogen, gray-purple = zinc, sea green, green = dysprosium, orange =
atoms in the 12-MC-4. Coordinated pyridine ligands are displayed as thin lines for clarity.

Ln,Zng(quinHA),o(OH)**. A general synthesis for these com-
pounds is described below for the Dy(III) analogue. Complexes with
other lanthanides were prepared by substituting the appropriate
lanthanide ion for Dy(III). Characterization of all isolated complexes is
provided after the synthetic exemplar.

Dy,Zno(quinHA)o(OH)(NO3), ,5Cly 75. QuinHA (0.664 mmol, 125.0
mg), zinc chloride (0.531 mmol, 72.5 mg), triethylamine (1.33 mmol,
185 uL), and dysprosium nitrate hexahydrate (0.133 mmol, 58.2 mg)
were stirred in 20 mL of a 1:1 mixture of water and pyridine (v/v).
Once homogeneous, the solution was immediately transferred to a 50
mL beaker and crystallized by benzene vapor diffusion in a wide-
mouth jar containing ~75 mL of benzene. Yellow-orange crystals were
isolated by filtration, rinsed with a 4 °C 4:1 mixture of water and
pyridine (v/v), and air-dried. Yield =166.1 mg, 67% based on
H,quinHA. ESI-MS (4:1 water/pyridine (v/v)) gave m/z = 930.5%
(930.3%* caled for [Dy,Zno(quinHA),o(OH)]*), CHN Analysis for
[Dy,Zny(C1oHeN,0,)10(OH)Cly s(NO;), s(CsHN)s(H,0)s], found
(caled) C = 44.60 (44.80), H = 3.00 (3.20), N = 11.28 (11.28).

TbyZng(quinHA) 1o(OH)(NO3), 55Cly 75. Yield = 158.5 mg, 63% based
on H,quinHA. ESI-MS (4:1 water/pyridine (v/v)) gave m/z = 928.4%*
(928.2% caled for [Tb,Zny(quinHA),o(OH)]**), CHN Analysis for
[Tb,Zns(C1oHgN,0,)10(OH)Cly s(NO;), s(CsHN),  shy(H,0)s],
found (calcd) C = 44.02 (44.22), H = 2.84 (3.13), N = 11.26 (11.17).

Eu,Zng(quinHA)o(OH)(NO3), 55Cly 75. Yield = 168.5 mg, 68% based
on H,quinHA. ESI-MS (4:1 water/pyridine (v/v)) gave m/z = 923.4%*
(923.5%* caled for [Eu,Zng(quinHA),o(OH)]**), CHN Analysis for
[EuyZng(C1oHeN,0,) 10(OH) Cly 75 (N O3 )55 (CsHsN) 7 5 (Hy0)s],
found (calcd) C = 44.80 (44.94), H = 2.85 (3.14), N = 11.43 (11.34).
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X-ray Crystallography. Intensity data for the structures were
collected at 85(2) K on an AFC10K Saturn 944+ CCD-based X-ray
diffractometer equipped with a low temperature device and Micromax-
007HF Cu-target microfocus rotating anode (4 1.54187 A).
operated at 0.20 kW power (20 kV, 10 mA), p = 4.510 mm™". The
data were processed with CrystalClear 2.0°” and corrected for
absorption. The structures were solved and refined with the
SHELXTL (version 2008/4) software package.*® All non-hydrogen
atoms were refined anisotropically with the hydrogen atoms placed at
their ideal positions. All other experimental details are presented in
Table 1.

B RESULTS

LnMC Crystal Structures. Previous work reported the
crystallization of Ln(IIT)[15-MCy, 1) picua-S](NO3);
(LnZns(picHA)5(NO3);) and Ln(IH)[12'MCZn(11),picHA'
4]2[24'MCZn(II),picHA'8](OTf)3 (LnZn,4(picHA) ((OTf);)
complexes.” Three novel LnMC motifs were crystallized in
this work with Zn(II) and Ln(IIl) ions. Picoline hydroxamic
acid was the primary ligand in this study. However, a less-
soluble structural derivative, quinaldic hydroxamic acid
(quinHA), was also utilized to facilitate LnMC crystallization
when appropriate crystallization conditions could not be
identified with picHA. Notably, the ZniL,>" has been
crystallographically characterized with both ligands and no
substantial structural differences could be elucidated between
the two complexes.*® Therefore, the structures of the LnMCs
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Figure 4. Crystal structure images of the Dy,Zny(quinHA) ,((OH)(py)s(NO;),,5Cly s complex displayed from two different angles to highlight the
[14-MCpu ) quinria-S] (left) and split [15-MCyp i) quinnia-S] (right) motifs. Color scheme: Gray = carbon, red = oxygen, blue = nitrogen, gray-purple
= zing, sea green = dysprosium. Coordinated pyridine ligands are displayed as thin lines for clarity.

with quinHA should be representative of the motifs assembled
with picHA in solution.

First, a Dy(IH)[lZ-MCZn(H)' intia-4] (DMF),(NO;); com-
plex ( [DyZn4(quinHA)4(NO3)j, Figure 2) was crystallized by
ether vapor diffusion into a DMF/pyridine solution. The
complex shows the distinct [Zn—N—O] repeat unit of a MC
repeated 4-fold in a macrocycle, with a Dy(III) ion in the center
bound to the Oyygroximate: The ditopic ligand bridges the Zn(II)
ring ions with bidentate Nyjgoximater Npyridyt a0d Ohydroximates
Ocarbonyl chelates. As a whole, the complex is a Ln(III) analogue
of the previously reported Zn(II) [IZ'MCZn(II),quinHA'4] (BF4)2.56
Each Zn(1I) ion is five coordinate with pyridine ligands bound
axially. To assign whether the ions are square pyramidal or
trigonal bipyramidal, 7-values were measured, where 0 = pure
square pyramidal and 1 = pure trigonal bipyramidal.®’ z-values
of 0.08—0.22 indicate the Zn(II) ring ions have square
pyramidal geometry. The Zn(II) ions rest above the ligand
plane by 0.564 A on average. Elongated Zn(II)_NquinH_A—pyridyl
bond distances of 2.21 A are observed. The central cavity on
the Dy(III) [12-MCy, ) quintia-4] (DMF),(NO3); has a radius
of merely 0.64 A, too small for the 1.027 A radius of Dy(III).
Therefore, the Dy(III) ion sits 1.19 A above the oxygen mean
plane. The Dy(Ill) is 8-coordinate, possessing four DMF
ligands. The Dy—Opydroximate Pond distances are slightly shorter
than the Dy—Opy distances (2.330 and 2.406 A, respectively).
Three unbound nitrate anions in the lattice provide charge
balance. This complex was also isolated with Y(III), Tb(IIL),
and Er(1II) lanthanide ions.

A crystal structure of a Dy(III)[12-MCy, 1) picha-
4],(OH);(py), sandwich complex was obtained from aqueous
pyridine solutions and carbonate salts of Zn(Il) and Dy(III). In
the structure, three y,-oxygen atoms bridge the axial positions
of the Zn(II) ring metals (Figure 3). These bridging oxygens
are assigned as hydroxides based on the acidity of the two
Zn(II) ions, requirements for charge neutrality, and the
somewhat short Zn—O bond lengths (av = 1.981 A). The
average Zn—O—Zn angle of 108° is more consistent with the
sp® hybridization expected for water, however this can be
attributed to strain imposed by the staggered [12-MCZH(H),PKHA-
4] units. The two Zn(II) ions without hydroxide ligands are
adjacent to each other and have axially bound pyridines. The
pitch of the picHA ligands varies around the ring, which is
reflected in the range of 7-values found in the Zn(II) ions
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(0.01—0.76). This pitch variation is attributed to the different
axial ligands on the Zn(II) ring ions. The complex as a whole is
the dimeric sandwich complex of the LnZn,(quinHA),**
described above. In addition, such a sandwich motif was
observed in the previously reported LnZn,¢(picHA)s>*
encapsulated sandwich complex. A NdZng(picHA)g(OH),
complex was also isolated. An analogous LaZng(picHA)yCl,
structure was obtained without bridging hydroxide ligands.
However, substantial disorder prevented the complete refine-
ment of this structure.

Lastly, a crystal structure of a dilanthanide complex was
obtained with the quinHA ligand, Dy,Zno(quinHA),,(OH)-
(py)o(NO3), ,5Clg 55 (Figure 4). The
D)72Zn9(quinI-I.A)IO(OH)3+ possesses two 8-coordinate Dy(11I)
ions in the center that are bridged by three 1,-Oyygoximace 2toms.
The MC repeat unit propagates irregularly around this core.
The complex appears as two planar LnMCs that have collided
at a 90° angle relative to the other. On one, a distinct
Dy(I11) [ 14-MCrpyy(111),z0(11),quintta-5 ] (OH) motif possessing only
C, rotational symmetry is observed. The Dy(III)[14-
MCpy(111),z0(10),quintia-S] motif contains a Dy(IlI) ring metal at
one end and a p,-oxygen bridge at the other. Such a
Dy(III) [ 14-MCpyy(111) mn(mmshi-S ] (OH)** motif was recently
reported with Mn(III) ring metals and shi ligands (Figure
5).”® The bridging oxygen is thought to be a hydroxide based
on the charge balance requirements for the +4 charged cluster,
as only three negative charges can be assigned in the lattice.
ESI-MS of the complex also consistently shows a hydroxide
adduct (vide infra). The 1.99 and 1.95 A Zn—O bond distances
and 101.5° Zn—O—Zn bond angles do not clarify whether the
oxygen is a water or hydroxide. Hydrogen bond acceptors
surrounding the oxygen atom demonstrate that the oxygen is
protonated, however the assignment as a hydroxide or water
based on the orientation of the hydrogen bond acceptors is not
possible due to disorder. From this evidence, the oxygen atom
is tentatively assigned as a hydroxide, though formulation as a
water ligand is possible. The other portion of the
Dy,Zny(quinHA),, structure could be described as a partially
formed Dy(IIT)[15-MCy, 1) quinnia-5] (Figure $ and Supporting
Information S1). Four Zn(II) ions and four quinHA ligands
propagate the prototypical MC motif. However, a Dy(III) ion
occupies the position of the fifth zinc, disrupting the
macrocycle. The fourth Zn(II) ion is four-coordinate, binding
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Figure S. Depictions of the Ln(III)[ 14-MCy, -5 (OH)**** (left)
and Dy(III)[15-MCpp1p) quinsia-5]  (right, Supporting Information)
complexes for comparison with the structural motifs in the
Dy,Zny(quinHA),o(OH)(py)s(NO;),,sCly5s. Color scheme: Gray =
carbon, red = oxygen, blue = nitrogen, gray-purple = zinc, sea green =
dysprosium, purple = manganese.

the fifth quinHA ligand with an opposite directionality as the
other ligands. The O,0’-chelate of this quinHA ligand binds to
an additional Zn(1I)-quinHA subunit, which altogether caps the
axial metal sites on the Dy(IIT) [ 14-MCpy () 74 (1), quintia-S]- The
Ln,Zny(quinHA),o(OH)*" was also isolated with Tb(III) and
Eu(III) ions.

Solvent Dependent LnMC Assembly. ESI-MS character-
ization of LnMC assembly reactions was performed in different
solvents in order to demonstrate the solvent selectivity of the
assembly process. For this study, H,picHA, triethylamine,
Zn(NO;),, and Ln(NO;); (Ln = La(III), Y(III)) were mixed in
a 5:10:5:1 ratio with the concentration of Ln(NOj;); being 5.8
mM. These standard reaction conditions were employed in all
solvents to demonstrate that the selective assembly is not a
result of the stoichiometry, concentration, or counterion
differences. Reactions were performed at room temperature
and 65 °C for 24 h to identify complexes that have higher
activation energies for assembly. Both La(III) and Y(III) were
examined to assess templating effects based on the size of the
Ln(III) ion (8-coordinate ionic radii 1.16 and 1.02 A,
respectively). It was expected that this size discrepancy could
greatly impact the thermodynamic stability of the LnMC
because La(1ll) has a 1.57 greater log K for displacing Ca(II)
from a Ca(II)[15-MCgy(p)pheria-S]>" than Y(III).> Also, the
diamagnetism of La(IlI) and Y(III) benefits the NMR
experiments below. The assembly reactions performed in
pyridine, 9:1 DMF/pyridine, 4:1 water/pyridine, methanol, and
DMF at room temperature and 65 °C are described.
Performing the reaction in DMSQO, acetonitrile, and pure
water did not result in appreciable LnMC formation and,
therefore, are not discussed. For each solvent, the species
identified in the assembly reactions are listed in Table 2. It
should be noted that ESI-MS peak intensities are dependent on
the ionization efficiency of the ion, which varies depending on
the chemical species and the solution conditions. The peak
intensities listed herein are meant to describe the appearance of
the spectra and not to draw conclusions about the relative
concentrations of the MC complexes.

ESI-MS analysis of the reaction between picHA, Zn(II), and
La(Ill) in pyridine at room temperature reveals the
LaZng(picHA)** as the predominant LnMC product. Peaks
for LaZng(picHA)(NO,)** at m/z = 603.3*" and LaZ-
ng(picHA)(NO,)," at m/z = 1268.5 are present with 100%
and 56% relative intensity (Supporting Information Figure S2).
Various other LaZns(picHA)** adducts with hydroxide anions
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Table 2. MC Species Observed by ESI-MS for the Reaction
of H,picHA, Triethylamine, Zn(NO;),, and Ln(NO;),
(5:10:5:1 Ratio) in the Indicated Solvent”

solvent MCs w/o Ln(Il)  La(Ill) MCs  Y(III) MCs

pyridine ZngL, LaZn,L, YZn,L,
LaZngL, YZn,L,
9:1 DMF/pyridine ZngL, LaZn,L, YZn,L,
LaZngLg YZn;Lg
4:1 water/pyridine ZngL, LaZngL YZnglg
LaZngLg Y,Zn;Lg

La,ZngL, Y,ZngL,

Y,ZngLy,

Y,ZngL,,

methanol ZngL, LaZn,L YZn,(L,¢
Zn;sLy, LaZn, (L Y,Zn,Lg

ZnyLy, Y,Zn;L,
DMF ZngL, LaZn,L, YZn,L,
Zny,L, LaZngL, YZngl g

ZnysL3 LaZngLg YZn,,L,,

LaZn,L,, YZn gL

LaZn (L Y,Zn;L,

“The LnMC species with the greatest relative intensities are displayed
in bold.

or coordinated solvent molecules are also present in the mass
spectrum. Furthermore, peaks for Zn(picHA),** and a
LaZn,(picHA),** species can also be seen with about 1%
relative intensity (Table 2). ESI-MS analysis of the standard
assembly reaction in 9:1 DMF/pyridine led to an increase in
the relative intensity of the LaZn,(picHA),*" to 8% after
heating the reaction at 65 °C for 24 h, though
LaZng(picHA)s(NO;)*" is still the greatest intensity peak
(Figure 6 and Supporting Information Figure S2).

ESI-MS of 5:10:5:1 mixtures of picHA, triethylamine,
Zn(NO;),, and La(NO;); salts in 4:1 water/pyridine (v/v) at
room temperature (Figure 6 and Supporting Information
Figure S2) reveals peaks for LaZng(picHA)** at 582.8 m/z and
38% relative intensity and LaZng(picHA)s(OH)>" at 883.8 m/z
and 100% relative intensity. In addition, a Zng(picHA),** peak
has 49% intensity and an La,Zn,(picHA),o(OH)>" species was
identified at 747.5 m/z with 11% relative intensity. Upon
heating the reaction mixture for 24 h at 65 °C, no new species
grow into the spectrum, though the relative intensity of the
Zng(picHA),>* peak increases to 100% and the LnMC peaks
concomitantly decrease in intensity. In methanol, peaks for the
LaZn(picHA)s(NO;)*" at m/z = 603.3>" have the greatest
intensity after reacting at room temperature and 65 °C for 24 h,
though a strong LaZn,4(picHA) ¢’" species persists as well at
m/z =1120.7. In DMF, the room temperature assembly
reaction shows the LaZng(picHA);** as the predominant
species, though LaZng(picHA)s(NO,)** peak at 906.3 m/z
has 21% relative intensity (Supporting Information Figure S2).
Performing the reaction in DMF at 65 °C results in a
dramatically different spectrum (Figure 6). While the
LaZng(picHA);** as a significant species, the LaZng(picHA)g*"
species is no longer present. Instead, peaks corresponding to
LaZn,,(picHA),(NO;)(OH)(H"),** at 878.9 and LaZ-
n¢(picHA) &> at 1120.7 m/z are evident with 61% and 32%
relative intensity, respectively.

Performing the assembly reaction with Y(NO;); in place of
La(NOs;); results in largely the same species and solvent trends
(Supporting Information Figure S4 and Figure 6). However,
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Figure 6. Mass spectra of assembly reactions performed at 65 °C of 5:10:5:1 H,picHA, triethylamine, Zn(NOj;),, and either La(NOs); (left) or
Y(NO,); (right) in the indicated solvents after 24 h. The peak labels are color coded with the structures of the corresponding crystallographically

characterized complexes. In the peak labels, L = picHA.

the relative intensities of the species vary, presumably due to
different thermodynamic stabilities of the LnMCs based on the
size of the Ln(IIl) ion (vide infra). ESI-MS of the assembly
reaction between picHA, triethylamine, Zn(NO,),, and Y-
(NO;); (5:10:5:1 ratio) with Y(III) in pyridine reveals the
Zng(picHA),>* species at m/z = 434.9”" is the predominant
species with 100% relative intensity. Peaks for YZn,(picHA),*>"
and YZns(picHA);>* species are observed at room temperature
with less than 5% relative intensity (Supporting Information
Figure S4). After heating at 65 °C for 24 h, these peaks increase
in intensity such that the YZn,(picHA),",
YZn,(picHA)4,(NO;)**, and YZn,(picHA)** species have
56%, 100%, and 43% relative intensity, respectively, while the
Zng(picHA),** peak intensity drops to 10%. In 9:1 DMF/
pyridine, the YZn,(picHA),** peak intensity relative to the
YZn,(picHA);* species is greater compared to pyridine. After
heating at 65 °C, the YZn,(picHA),*" at 477.3 m/z has 100%
intensity while the YZny(picHA)** peak at 578.2 m/z has 4%
intensity (Figure 6).

The assembly reaction at room temperature in 4:1 H,O/
pyridine (v/v) with Y(III) reveals strong peaks for dilanthanide
complexes, such as a Y,Zng(picHA)o(OH)** at m/z 647.5 and
40% relative intensity and Y,Zn,(picHA),,*" at m/z = 1029.8
and 59% relative intensity. Additionally, a
YZng(picHA)s(OH)** 859.0 m/z is evident with 9% intensity.
Performing the reaction at 65 °C results in similar peaks but
much lower intensity (<10%) relative to the Zns(picHA),>*
species at 434.9*". In methanol, the room temperature reaction
reveals peaks for a Y,Zn;(picHA),(NO,);** species at 520.9
with 72% intensity, Zn,4(picHA) ,(methoxide)** at 860.7 m/z
with 30% intensity, and YZn,4(picHA),¢** at 1103.7 m/z with
34% intensity. Performing the reaction at 65 °C results in the
loss of the Y,Zn,(picHA),(NO,;),*" peaks and the appearance
of Y,Zn,(picHA)s(NO;)* at 589.3 m/z with 78% relative
intensity and Y,Zns(picHA),(OH)*" at 641.6 m/z with 76%
relative intensity. In DMF, the ESI-MS spectrum of the
assembly reaction at room temperature reveals a mixture of
Zng(picHA),**, YZn,(picHA),>*, YZng(picHA)g**, and
Y,Zn;(picHA),* species. However, ESI-MS analysis of the
assembly reaction in DMF at 65 °C for 24 h reveals the loss of
these species and the growth of peaks for YZn,,(picHA),,** at
834.3 m/z with 8% intensity, YZn,,(picHA),,(NO;)(OH)-
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(H*),* at 862.3 m/z with 74% intensity, and YZn,(picHA) ;s>
at 1103.7 m/z with 13% intensity.

On the basis of this intricate solvent dependence in the
assembly of LnMCs, the solvent dependence of Zn,(picHA),*"
was examined. Previously, the Zng(picHA),>" was the only MC
found to assemble in pyridine based on ESI-MS. The reaction
between picHA, triethylamine, and Zn(NOs), in a 1:2:1
mixture was performed in a variety of solvents (Supporting
Information Figure SS). In all pyridine containing solvents, the
Zng(picHA),>* at 434.9 m/z was the only MC that could be
identified in the mass spectra. In methanol, the mass spectrum
revealed peaks at m/z = 860.7°* and 1307.5%, corresponding to
Zn,,(picHA) ,(methoxide)** and Zn,,(picHA),(methoxide)-
(NO;)* species, respectively. Peaks for Zn,;(picHA),;** and
Zn,5(picHA) 5*" species were also observed with less than 20%
relative intensity. Similar peaks were seen when the assembly
was performed in DMF, though with less than 5% intensity
relative to the ZnsL,*" peaks. Unfortunately, these complexes
have not been crystallographically characterized yet. Observa-
tion of such a large cluster is not unprecedented as a Cu,g(a-
aminoHA),,(OAc),,ClL,*" helicate has been isolated from
methanol.”

Conversion of Zns(picHA),2" to LnMCs. The reaction of
the Zng(picHA),** with Ln(III) ions was assessed to provide
qualitative insights into the kinetics of the assembly of the
different LnMCs, the thermodynamic stability relative to the
Zng(picHA),**, and support the role of the Zny(picHA)," as an
intermediate in the assembly of the LnMCs.>® The reactions
were performed by adding 0.8 equiv of either La(NO;); or
Y(NO;); to the Zng(picHA),(OTf),, which gives a 5:6.25:1
ratio of picHA, Zn(1II), and the Ln(III). '"H NMR and ESI-MS
were collected after 24 h at room temperature and 24 h of
heating at 65 °C. The titration of La(IlI) and Y(III) to the
Zn,(picHA),(OTf), in pyridine were previously reported.>
These titrations show over 90% conversion of the
Zng(picHA),** to the LaZng(picHA)** at room temperature
after 24 h, and 99% conversion after heating at 65 °C for 24 h.
The reaction with Y(III) is not as complete or selective. The
Zng(picHA),>* remains as a major species in solution after
heating at 65 °C for 24 h, and more than one new LnMC
product is present.
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In 9:1 DMF/pyridine, conversion of the Zng(picHA),*" to
LnMCs occurs readily at room temperature. With La(III), ESI-
MS shows the LaZng(picHA);** is the primary product of the
reaction (Supporting Information Figure SS). Four downfield
resonances grow into the 'H NMR spectrum at room
temperature, though the Zng(picHA),*" is still present with a
3.5:1 integral ratio of LaZng(picHA)¢** to Zng(picHA),*". No
changes are observed upon heating the spectrum at 65 °C for
24 h. In 4:1 water/pyridine, very little conversion of the
Zng(picHA)** to the LaZng(picHA)g** occurs with the
addition of 0.8 equiv of La(NO;); (Supporting Information
Figure S6) at room temperature or 65 °C. The 'H NMR
spectra shows very low intensity peaks that grow in at ~8.5 and
8.1 ppm that are consistent with the spectrum of isolated
LaZng(picHA)g**, though with the integral ratio relative to the
Zng(picHA),** being 0.05:1 or less. ESI-MS reveals low
intensity peaks for the LaZng(picHA)’*, supporting that
limited conversion occurs.

In methanol, '"H NMR and ESI-MS demonstrate that the
Zng(picHA),*" reacts with La(IIl) to form both the
LaZng(picHA);** and the LaZn4(picHA),s** (Supporting
Information Figure S7). Upon reacting at room temperature
for 24 h, the LaZn(picHA)** to LaZn(picHA),&* to
Zng(picHA),>* '"H NMR integral ratio are 0.8:0.01:1. The
mass spectra shows a modest, 2% relative intensity for the
LaZn,4(picHA),s** at 1120.7 m/z. Heating the reaction mixture
at 65 °C for 24 h leads to the growth of the LaZn 4(picHA) s>*
peaks in the '"H NMR and ESI-MS spectra. The resonance
integral ratios for LaZng(picHA)** to LaZn¢(picHA),s*" to
Zng(picHA),** reaches 0.5:0.5:1. In DMF, the addition of 0.8
equiv of La(NO;); to the Zn(picHA),* results in downfield
resonances for the LaZng(picHA);** appearing after 24 h with a
1.2:1 integral ratio relative to the Zng(picHA),*" (Supporting
Information Figure S8). ESI-MS supports that the
Zng(picHA),>* and LaZng(picHA)** are the only major
species in solution. Upon heating the solution at 65 °C for
24 h, the LaZng(picHA)** to Zng(picHA),* integral ratio
shifts to 1:1. In addition, a variety of low intensity peaks grow in
to the "H NMR spectrum between 6.8 and 9.2 ppm. ESI-MS
shows a prominent peak for the LaZn,(picHA),,(NO,)(OH)-
(H*),*" at 878.8 m/z and 45% intensity and a peak for the
LaZn,¢(picHA) > at 1120.7 m/z with less than 5% intensity.
In summary, ZngL,** conversion to the LaZns(picHA)s** or
LaZng(picHA)*" proceeds facilely at room temperature, while
the LaZn,(picHA);,** and LaZn4(picHA),s** formation
requires heating.

The reaction between the Zng(picHA),*" and Y(NO;); in
9:1 DMF/pyridine yields the YZn,(picHA),’" is the primary
product based on ESI-MS (Supporting Information Figure S9),
where a YZn,(picHA),(NO;)** peak at m/z = 477.3 has 100%
intensity relative to the Zng(picHA),*" at 434.9 m/z with 20%
intensity. In the '"H NMR spectrum, the YZn,(picHA),*"
resonances are slightly upfield of the Zn,(picHA),* signals,
with a 3.9:1 integral ratio. These integral ratios are effectively
unchanged upon heating at 65 °C for 24 h. These data show
that there is no significant energy barrier inhibiting
Zng(picHA),>* conversion to the LaZns(picHA)s** and
YZn,(picHA),**. In 4:1 H,0/pyridine, the titration of Y(III)
to the Zng(picHA),** results in the near complete loss of the
Zng(picHA),** resonances and the appearance of a variety of
peaks with very low intensity (Supporting Information Figure
$10). The ESI-MS spectrum of this reaction mixture contains a
Zn,(picHA),** peak at 434.9 m/z and 100% relative intensity.
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Peaks for the YZng(picHA)g*" and Y, clusters are also evident
with less than 10% relative intensity. The low intensity of the
resonances in the "H NMR spectrum could be due to the low
concentration of the different species in solution or exchange
processes. No significant changes to the '"H NMR or ESI-MS
spectra are evident after heating the reaction mixture for 24 h at
65 °C.

Reacting the Zn,(picHA),,(OTf), with Y(NO,), in methanol
at room temperature results in very weak peaks for the
YZn,4(picHA),s** appearing in the mass spectrum at 1103.7 m/
z with less than 5% intensity and the '"H NMR spectrum with
roughly a 0.0S:1 integral ratio with the Zng(picHA),** (Figure
7). After heating the reaction mixture at 65 °C for 24 h, the

J\ J k J \ J\ ) k J \LYZn¢(picHA);(OTH)s

+0.8 eq. Y(NO,);

A ,l M My M M A A_24 hours at 65 °C
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Figure 7. "H NMR and ESI-MS spectra of the titration of 0.8 equiv of
Y(NO,); to Zns(picHA),(OTf), in methanol-D,.

YZn,4(picHA),s** peaks dramatically increase in intensity. The
YZn,¢(picHA)5*" to Zng(picHA),*" integral ratios in the 'H
NMR spectrum are 2.75:1, and the ESI-MS peaks for the two
species have roughly equal intensity. Furthermore, the ESI-MS
and 'H NMR spectra show no evidence for the
YZn4(picHA)*. Thus, the reaction of the Zng(picHA),>*
with Y(III) in methanol proceeds selectively to the
YZn,¢(picHA),s**, though the LaZng(picHA);*" also forms
with La(Ill). In DMF, the addition Y(NO;); to the
Zng(picHA),>* leads to significant changes to the 'H NMR
spectrum (Supporting Information Figure S11) after 24 h at
room temperature. A resonance at 8.65 ppm appears with a
2.25:1 integral ratio relative to the Zns(picHA),**. ESI-MS
suggests this species is the YZn,(picHA),**, though peaks for
the YZng(picHA)s** and YZn 4(picHA) s> are also observed
with less than 10% intensity. Upon heating, the 'H NMR
spectrum shows nearly complete loss of the Zng(picHA),>.
The YZn,(picHA),*" also loses intensity, and new resonances
appear from 6.8—9.2 ppm. ESI-MS reveals that these new
resonances originate from the YZn,(picHA),*" and
YZn,5(picHA),s**. So the conversion of the Zns(picHA),*" to
the YZn,(picHA),*" proceeds at room temperature, though
appreciable formation of larger MCs requires heating.
Solution Stability and Interconversion of the Lantha-
nide MCs. As many practical applications of coordination
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driven assemblies occur in solution, the solution stability of the
various LnMCs was assessed. While all LnMCs discussed in this
work assemble with both La(III) and Y(III) based on ESI-MS,
not all complexes could be isolated with all of the lanthanide
ions. Furthermore, many complexes could only be crystallized
with the quinHA ligand, presumably because of the lower
solubility of the larger aromatic group in these polar solvents.
Direct comparisons of solution stability and interconversion
were complicated by these factors.

Previously, the LnZn,(picHA)** complexes were shown to
be stable in methanol and pyridine at room temperature over a
period of 24 h. However, the complexes show evidence for
rearranging in solution over 2 weeks, as peaks for the
Zng(picHA),**, LnZn 4(picHA),¢*", and dinuclear Ln, clusters
appear in ESI-MS spectra of these solutions. In 4:1 water/
pyridine, the LnZng(picHA);** complexes rapidly convert to
the LnZng(picHA)g** and Ln, clusters within 2 h. The
LnZn,4(picHA);s>* was found to be stable in methanol,
pyridine, and DMF. However, rearrangement of the
LnZn,4(picHA)s** to the LnZng(picHA)g** can be observed
by ESI-MS within 24 h in 4:1 water/pyridine at room
temperature.

The LnZn,(quinHA),>" partially converts to the
LnZng(quinHA)** and Zng(quinHA),** in 9:1 DMF/pyridine
based on ESI-MS. '"H NMR spectra of the YZn,(quinHA),*
after S min in solution show the complex is the only major
species (Supporting Information Figure S12). After 26 h at
room temperature, a new species with 20% relative integrals
grows in. ESI-MS suggests this new species is the
Zns(quinHA),>*. The LaZng(picHA)g** displays limited
stability in solution as it partially degrades to the
Zng(picHA),>" after 24 h in 4:1 H,O/pyridine, though no
other LnMCs are present (Supporting Information Figure
S13). The '"H NMR spectrum of the LaZng(picHA),Cl; shows
two distinct MC resonances at 8.65 and 7.93 ppm with relative
integrals of 1:3 (Supporting Information Figure S$6). In
methanol, the complex completely rearranges to form the
LaZng(picHA)** and LaZn,¢(picHA),s*" after 24 h at room
temperature. Conversion to the LaZn,(picHA) > is evident by
ESI-MS in pyridine or to the LaZn,4(picHA),&** in 9:1 DMF/
pyridine and DMF at room temperature in 24 h. The
Ln,Zny(quinHA),o(OH)*" shows limited solution stability as
well. The mass spectrum contains peaks for the complex only in
4:1 water/pyridine upon dissolution for 15 min (Supporting
Information Figure S13), though peaks for the Zng(quinHA),**
appear within 24 h at room temperature. The complex
rearranges to other dilanthanide species in methanol after 24
h at room temperature, though rearrangement is not seen in
pyridine or 9:1 DMF/pyridine.

Bl DISCUSSION

Solvent Directed Assembly of Symmetry Incompat-
ible Building Blocks with Open Coordination Sites. This
work establishes the intricate solvent-dependence that controls
the assembly of LnMCs with picHA and Zn(II) ions. A key aim
of this work is to extract principles for controlling solvent
dependence based on the building block geometry. Such
solvent dependence may advantageously lead to responsive
assemblies for sensing applications or realize novel complexes
that could not be designed by the prevailing symmetry-based
design strategies for coordination driven assemblies. Of note,
LnMCs can display single molecule magnetism, molecular
recognition behavior, and second harmonic generation. LnMCs
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with Zn(II) ring ions exhibit bright near-infrared luminescence
because the MC topology excludes C—H oscillators from the
proximity of the lanthanide ion, which mitigates vibrational
quenching.*”

Crucial to understanding the solvent dependent assembly
seen with Zn(II) ring ions, there is no solvent dependence in
the assembly of the LnCus(picHA);** and LnNig(picHA)s*.
The lack of solvent dependence in these complexes is attributed
to the symmetry compatible building blocks. The equatorial
coordination preferences of Cu(Il) and Ni(II) and the
geometry of picHA share an enthalpic preference for the
planar pentagonal complex. Therefore, other LnMCs do not
assemble because of the signiﬁcant strain involved in forming
the Ln(III)[12- -MCpy(m), pch.A_4] or other motifs with these
building blocks. Importantly, LnCus(picHA)s** and
LnNig(picHA);** do not exhibit solvent dependence even
though they have solvent-accessible coordination sites. This
observation demonstrates that the open coordination sites
alone do not lead to solvent dependent assembly behavior.

Alternatively, solvent dependence is observed using the
symmetry incompatible building blocks picHA, Zn(Il), and
Ln(III). PicHA generates the vertex of a planar pentagon and
Zn(II) forms nonplanar S-coordinate complexes. The Ln(III)
ions readily adopt C; C, and C; symmetrical coordination
environments with almost no thermodynamic preference.
Therefore, these building blocks do not share the symmetry
elements of a single self-assembled complex. In other words,
there is no single motif that can be assembled that avoids
geometric strain. Since the Zn(II) and Ln(III) ions have open
coordination sites, the assembly of these building blocks is
influenced by their interactions with solvent molecules. It
should be noted that the solvent is also acting as a ligand in
these complexes, so the effects of solvation and coordination to
the open metal sites cannot be separated.

Solvent Directed Assembly of PicHA, Zn(ll), and
Ln(lll). ESI-MS provides the strongest evidence for the
selectivity imposed by the solvent. By simply mixing
H,picHA, 2 equiv of triethylamine to facilitate ligand
deprotonation, and 1 equiv of Zn(NO,),, two distinct MC
structural motifs assemble in solution (Supporting Information
Figure $4): the Zng(picHA),*" and clusters with approximately
Zn,,(picHA),** formulations. Upon mixing S equiv of
H,picHA, 10 equiv of triethylamine, S equiv of Zn(NO;),
and 1 equiv of a Ln(NOj;); salt, eight distinct LnMC motifs
have been identified that assemble in solution (Figure 6,
Supporting Information Figures S2 and S3, and Table 2):
LnZn,(picHA),**, LnZns(picHA);**, LnZng(picHA)g,
LnZny,(picHA);,™, LnZnys(picHA) s, Ln,Zns(picHA),",
Ln,Zn;_o(picHA)s_1p, and Ln,Zn, s(picHA)z_o. Excepting
the Ln,Zn;(picHA),", all complexes persist after heating the
solutions at 65 °C for 24 h and have been observed with both
Y(III) and La(IIl). Six of these MCs have been isolated and
crystallographically characterized with either picHA or quinHA
ligands: Zns(picHA),**, LnZn,(quinHA),*, LnZn(picHA):*,
LnZng(picHA)*", LnZn,s(picHA)s**, and
Ln,Zny(quinHA),o(OH)*".

The geometry of the fused chelate rings on picHA promotes
the formation of a pentagonal [15-MCg,y 1) picHA” -5] motif
(Figure 1). Therefore, the LnZng(picHA);>* assembly is
directed by the ligand and it assembles in all solvents (Table
2). In contrast, the distorted square pyramidal Zn(II) ring
metals promote the formation of concave [12-MCgy1) picia-4]
topologies. Additionally, it can be surmised that aqueous
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pyridine mixtures lead to bridging waters or hydroxides, as seen
in the DyZng(picHA)s(OH); and Dy,Zny(quinHA),o(OH)**
structures (Figures 3 and 4). On the basis of the assembly data,
selectivity for the LnZn,(picHA),*, LnZng(picHA)s*, Ln,
clusters, LnZn,,(picHA),**, and LnZn, 4(picHA) ¢** is dictated
by solvent interactions with the metal ions

Figure 8 relates the solvent to the LnMCs that selectively
assemble in those conditions. The LnZn;Ls** was omitted from

Solvents that Coordinate to Ln(lll)
(DMF)

. Present Not Present
= LnZn,L, LnZnglgy  Ln, Clusters
N
2% 8
Tela

()
£3 &
TQ
g8 =
O
= _g - LnZnyglye Ln, Clusters
S S S LnZnp,l,,
223
o a
= - Ln,Znsl,
[e) [=]
n 2

Figure 8. Relationship between the predominant LnMCs that
selectively assemble after 24 h at 65 °C in solution based on the
presence of DMF and/or pyridine. The LnZnsLs** was omitted since
it assembles to some extent in all solvents surveyed in this work.

this chart as its assembly shows a limited solvent dependence. It
is evident that pyridine containing solvents lead to the
formation of complexes with solvent exposed Zn(Il) ions,
such as the LnZn,L,** and LnZngLg*. This trend likely arises
from the Zn(II) ring metal having a high affinity for pyridine,
which both have intermediate softness. Hydroxide, and
presumably water as well, can act as a bridging ligand between
two Zn(II) ions. Therefore, the assembly in 4:1 water/pyridine

generates MCs with solvent-exposed Zn(II) ring metals and
bridging hydroxides. This selectivity is reflected in the crystal
structure of the DyZng(picHA)g(OH); complex (Figure 3),
which contains Zn(II) ions with pyridine or hydroxides in the
axial positions.

The Ln(1II) ions are more oxophilic than Zn(II), preferring
to interact with DMF. This preference for DMF is reflected in
the preferential assembly of the LnZn,L,** in 9:1 DMF/
pyridine. The Ln(III) ions are exposed to the DMF molecules
while the Zn(II) ring metals are free to interact with pyridine.
The DMF ligands on the central Dy(III) ion in the
DyZn,(quinHA),(DMF),(NO;); crystal structure are consis-
tent with this trend (Figure 2). In 4:1 water/pyridine, there is
no DMEF to solvate the exposed Ln(III) sites in the LnZn,L,*.
Therefore, a sandwich motif is generated to saturate the
coordination sphere of the central Ln(III) ion. The assembly of
the LnZn,¢L,4 in methanol, which contains a sandwich motif,
further supports this idea that DMF prevents Ln(III)[12-
MCy,n),-4), sandwich motifs. Furthermore, the [24-
MCy,)-8] motif in the LnZn,(L,¢** can be attributed to
the absence of pyridine during its assembly. As the Zn(II) ions
are not solvated by pyridine, the 24-MC-8 assembles to bind to
the Zn(II) axial coordination sites. In summary, DMF solvates
the Ln(Il) coordination sites and prevents the formation of
sandwich complexes. Pyridine solvates the axial Zn(II) sites and
blocks the formation of [24-MCy,);-8] motifs on the
Ln(II) [12-MCqpp )41

While a crystal structure of the LnZnj,L;,>" complex that
preferentially assembles in DMF could not be obtained, these
assembly trends suggest it has a Ln(III)[12-MCy, ) -4][24-
MCy,u)-8](DMF),** structure. A model of this proposed
structure was prepared by manually removing one [12-
MCy,(m) picia-4] subunit from the DyZn,s(picHA),s(OTf),
structure and then overlaying central Dy ion with the Dy
(DMF), subunit of the DyZn,(quinHA),(DMF),(NO;),
complex such that sensible bond distances and angles were
maintained in the program Discovery Studio Visualizer 2.5.%
This model is displayed in Figure 9 and Supporting
Information Figure S14, showing the Ln(III)[12-

Ln(I11)

Figure 9. A minimal scheme depicting pathways for the conversion of the ZngL,”* to LnMCs. The proposed structure for the
LnZny,(picHA),,(DMF),*" species is displayed at the bottom with DMF ligands in dark green.
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MCZn(H),PiCHA—4]3+ motif with four DMF ligands coordinated to
the Ln(III) ion, just as in the DyZn,(quinHA),(DMF),(NO;),
structure. A [24-MCy,)1-8] is expected to bind the Zn(II)
ions of the [12-MCy,)-4] since there is no pyridine to
solvate the axial coordination sites on the ring metals.

It is also worth considering the Zn,L;,*" complex that
assembles in methanol and DMF, but not in pyridine
containing solvents. Considering that a [24-MCp, ) pictia-8]
assembles on the Ln(III)[12—MCZn(H)‘PicHA-ﬂ23+ motif of the
LnZn,¢(picHA);s** in methanol, it is possible that this
Zn,;L;," species contains a Zn(H)[lZ—MCZn(H),L—H [24-
MCzym 7L—8:|2+ structure. Such a complex would have a
Zn5L,,”" stoichiometry. While a species with this stoichiometry
has not been observed by ESI-MS, it is possible that the species
can only be ionized with an exogenous Zn(II) to form the
Zn,,L;,*, or by losing a ligand to form the Zn,3L,,*".

The strategy of using symmetry incompatible building blocks
with open coordination sites should be quite general because
similar symmetry considerations dictate the assembly of most
MCs and other coordination driven assemblies. Systems with
only one metal jon would be expected to form only two
coordination motifs, which is seen in the ZnsL,** and Zn,,L;,*
assembled from Zn(I) and picHA. As picHA, Zn(1l), and
Ln(1II) is a three component system, a greater number of
complexes are observed. Moreover, differential solvation
preferences of the soft Zn(II) ions and hard Ln(III) ions likely
contributes to the assembly of so many complexes in this
system. If both metal ions had similar polarizabilities, they
would have similar interactions with the solvent and the
assembly process might not be perturbed as significantly as this
system.

Insights into the Assembly Mechanism. Analysis of the
structures and Zn;L,*" reactivity data provides insights into the
LnMC assembly pathways. We are proposing the following
pathways depicted in Figure 9, where the ZniL,>" is the key
intermediate in LnMC assembly and undergoes three types of
reactions: (1) Insertion of a Ln(III) ion into the center of the
MC, pushing the central Zn(II) into the ring of a split-open
[12-MCy,()-4], (2) substitution of the central Zn(II) ion in
the ZnL,** for a Ln(III) ion, and (3) cannibalization of the
ZngL*" to abstract Zn(II) and picHA ligands that reassemble
on an LnMC template. We feel that two distinct pathways will
lead to different types of LnMCs using these three reactions.

Performing the first reaction on the ZngL,”*, where the
Ln(1II) ion disrupts the [12-MCy,)-4] by pushing the
central Zn(II) into the ring, could generate the LnZnLs* upon
the incorporation of an exogenous ligand to complete the split-
open macrocycle. This concept is supported by the observation
of the split-open Ln(III)[15-MCZH(H),qumHA-5:| motif in the
Dy,Zny(quinHA),o(OH)*" structure (Figure 4). Additionally,
dilanthanide clusters such as the Ln,ZnyL;,(OH)* may be
generated from this split-open LnMC species.

The second pathway invokes the central ion substitution
reaction to replace the central Zn(Il) ion of the ZngL,** with a
Ln(III) ion to form the LnZn,L,**. The LnZn,L,** could then
react with a ZngL,*", displacing the central Zn(II) ion to form
the LnZngLg®* sandwich complex. This LnZngLg*" sandwich
complex could serve as a template for the LnZn ¢L,¢>*, which
would invoke the ZnsL,>* cannibalization reaction to obtain the
eight ligands and eight Zn(Il) needed to generate the [24-
MCy,m),.-8] motif. Additionally, the LnZn,L,* could serve as
a template for forming the LnZnj,L;,*" through a similar
cannibalization reaction. The LnZn,;,L,,*" could react with a
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ZngL,** through a central metal substitution reaction to
generate the LnZn,¢L,¢*".

The reactivity of the ZnL,** with Ln(III) ions in different
solvents supports this mechanism. "H NMR and ESI-MS data
show that ZniL,** conversion to the LnZn,(picHA),*,
LnZng(picHA)*,>® and LnZng(picHA)g* proceeds readily at
room temperature, effectively reaching equilibrium after 24 h
based on the minimal changes in the spectra after heating at 65
°C. (Figure 7 and Supporting Information Figures S5—S11).
Likewise the LnZng(picHA);** appears in DMF, methanol, and
DMF/pyridine upon reacting at room temperature. This facile
assembly at room temperature is consistent with the LnZn,L,**,
LnZnLs**, and LnZngLg’* being formed through a reaction
with a low activation energy. It seems reasonable that central
metal substitution or the central metal displacement reactions
would have such low activation energies as they would involve
the disruption of only four labile dative bonds. In contrast, the
assembly of the LnZn,(picHA);,>* and LnZn4(picHA),s**
requires heating to reach equilibrium within 24 h (Figure 7 and
Supporting Information Figures S7, S8, and S11). These
differences suggest that there is a reasonably large activation
energy for forming the LnZn,(picHA),,*" and
LnZn,¢(picHA) 4% that is not present for the
LnZn,(picHA),*, LnZng(picHA)s**, or LnZng(picHA)g*.
The cannibalization reaction of the Zn,L,*" invoked to generate
the eight Zn(IT) and picHA ligands for the [24-MCy, ) piciia-8]
should possess a greater activation energy than central metal
substitution or displacement. Therefore, the different temper-
atures required for assembling the LnZn;,L;,*" and
LnZn¢L,s*" is consistent with the proposed assembly pathway.
It should be noted that no evidence has been obtained to
support that the [24-MCgy,y);-8] species persists in the
absence of the templating M(N)[12-MCy, ) -4]"".

Solution Stability. The stability of the LnMCs relative to
the ZngL,>* was assessed to gain insight into the utilization of
the complexes in solution applications. The titrations of
Ln(NO;); to Zng(picHA),(OTf), show that the
Zng(picHA),>* has a similar thermodynamic stability as the
LnMCs because residual Zng(picHA),** remains once the
Ln(NO,); is added, even with an excess of Ln(NOs,), for most
of these titrations.*® This greater thermodynamic stability with
larger lanthanides is consistent with the trends in Ln(III)[15-
MCCH(H)'PheHA—S]s“L complexes in aqueous conditions.”® The
conversion to the YZn,(picHA),*" in 9:1 DMF /pyridine nearly
proceeds to completion, though the YZn,(quinHA),(NO;),
generates about 20% Zng(picHA),** upon dissolution after 26
h. In addition, the LnZng(picHA)*", LnZng(picHA)g**, and
LnZan(quinHA)lo(OH)3+ undergo rearrangements to the
Zng(picHA),>* at room temperature over the period of hours
to days. Interestingly, similar time scales are necessary to
replace the central ion in Ca(II)[IS-MCCU(II)IP},CHA-S]3+
complexes with the thermodynamically preferred Ln(III)
jons.! Importantly, the rearrangement of the LnMCs to the
Zng(picHA),”* demonstrates that coordination of the central
Ln(1II) ion is kinetically unstable in these LnMCs at room
temperature. Promisingly, as the rearrangement to the
Zng(picHA),>* is relatively slow, solution processing of the
complexes and incorporation into ordered assemblies and
networks may still be feasible.

Unlike the other LnMCs, the LnZn,4(picHA) ¢** complexes
with middle Ln(III) ions, such as Y(III), are stable kinetically in
a variety of organic solvents at room temperature.”’ No
Zng(picHA),** is observed by ESI-MS in methanol or pyridine
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over many days. With the very large or very small Ln(III) ions
such as La(III) and Yb(III), partial decomposition is evident in
the trace Zng(picHA),*" that grows in over the time period of
hours to days in pyridine. The kinetic stability of the
LnZn¢(picHA) &> relative to the other LnMCs is likely a
result of the decomposition mechanism. LnZn,L,**, LnZnsLs*,
and LnZngLg** conversion to the Zn;L,*" involves central metal
substitution, a kinetically facile reaction. In contrast,
LnZn,(L,¢** conversion to the ZngL,** involves removal of
Zn(II) and picHA ligands from the [24-MCy,y);-8], which is
presumably has a higher activation energy.

B CONCLUSION

The field of coordination driven assembly has established that
high symmetry macrocycles and polyhedra can be prepared by
design when the building block geometries are compatible with
the polynuclear supramolecular complex. Building blocks that
deviate from these design principles can introduce complexity,
as multiple assemblies can result from identical building blocks
through equilibria that are difficult to understand or control
because each construct possesses geometric strain. This work
has helped to identify the role of symmetry incompatible
building blocks in generating these promiscuous assembly
equilibria. Moreover, it was recognized that open metal sites on
these symmetry-incompatible building blocks serve a crucial
role in obtaining and controlling solvent dependent assembly
equilibria. More than eight LnMCs were shown to assemble in
five different solutions using picHA, Zn(Il), and Ln(IIL).
Selectivity in their assembly is imposed by the preferential
interaction of the solvent with the metal ions through hard—
soft interactions and by the proclivity of water to form bridging
hydroxide moieties.

Understanding these complex assembly equilibria using
symmetry incompatible building blocks is beneficial for the
design of functional multiple-component complexes and
systems. The requirements of symmetry compatible building
blocks can rigidly require certain metal ions to provide the
appropriate coordination geometry, such as square-planar
Pd(II) or Pt(II) ions to provide a 90° vertex. However, the
inclusion of other metal ions may be necessary to provide the
appropriate magnetic, spectroscopic, catalytic, or electro-
chemical properties for a particular application. For example,
our interest in Ln(III) luminescence using LnMCs prompted
the utilization of Zn(II) ring ions to avoid quenching through
the d-d transitions of Cu(II) or Ni(II). In addition, responsive
assemblies transition from one polynuclear complex to another
triggered by molecular recognition hold promise in sensing or
other systems chemistry applications. We expect that symmetry
incompatible building blocks will be a reliable approach for
generating responsive systems.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic CIF files, Dy(III)(NO5),[15-MCp,), quintia-
5](NO,); synthesis and crystal structure data, additional mass
spectra and NMR on metallacrown assembly and stability, and
proposed structure of the LnZn,,(picHA);,(DMF),**. This
material is available free of charge via the Internet at http://
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Cambridge Crystallographic Data Center using requisition
numbers 878969 and 981753—981755.
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