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ABSTRACT: The inclusion of Ln™ ions into the 12-MC-4 framework
generates the first heterotrimetallic complexes of this molecular class. The
controllable and deliberate preparations of these compounds are
demonstrated through 12 crystal structures of the Ln"™M'(OAc),[12-
MC,"n)eh-4] (H,0),-6DMF  complex, where OAc™ is acetate, shi’ is
salicylhydroximate, and DMF is N,N-dimethylformamide. Compounds 1—
12 have M' as Na, and Ln™ can be Pr™ (1), Nd™ (2), Sm™ (3), Eu™ (4),
Gd" (5), Tb™ (6), Dy™ (7), Ho™ (8), Er™ (9), Tm™ (10), Yb™ (11), and
Y™ (12). An example with M' = K' and Ln™ = Dy" is also reported
(Dy"K(OAC),[12-MCpy, (-4 (DMF) ,DMF (14)). When La", Ce"’,
or Lu™ is used as the Ln™ ions to prepare the Ln"™Na'(OAc),[12-
MCyp,"(nyshi-4] complex, the compound Na,(OAc),[12-MCy,"nyehi-4]-
(DMF)42DMF-1.60H,0 (13) results. For compounds 1—12, the identity of the Ln™ ion affects the 12-MCyy,"(n)shi-4
framework as the largest Ln™, Pr', causes an expansion of the 12-MCyy,"(nyshi-4 framework as demonstrated by the largest
metallacrown cavity radius (0.58 A for 1 to 0.54 A for 11), and the Pr'" causes the 12-MCp,"(n)sni-4 framework to be the most
domed structure as evident in the largest average angle about the axial coordination of the ring Mn™ ions (103.95° for 1 to
101.69° for 11). For 14, the substitution of K' for Na' does not significantly affect the 12-MCyy,"(nyshi4 framework as many of
the structural parameters such as the metallacrown cavity radius (0.56 A) fall within the range of compounds 1—12. However, the
use of the larger K' ion does cause the 12-MCpy,")shi-4 framework to become more planar as evident in a smaller average angle
about the axial coordination of the ring Mn"" ions (101.35°) compared to the analogous Dy"/Na' (7) complex (102.40°). In
addition to broadening the range of structures available through the metallacrown analogy, these complexes allow for the mixing
and matching of a diverse range of metals that might permit the fine-tuning of molecular properties where one day they may be
exploited as magnetic materials or luminescent agents.

B INTRODUCTION components of the mixture, and in some cases, the synthetic
routes have proven general, allowing for the synthesis of series
of related structures.

Since the recognition of metallacrowns (MC) in 1989, a
variety of structures have been reported ranging in size from 9-
MC-3 to 60-MC-20.> Most of these structures have shown the
ability to encapsulate a central metal ion in the MC cavity, akin

The preparation and characterization of heterobimetallic
systems has been reported for decades; however, the control-
lable preparation of heterotrimetallic systems has been less
well-defined. Such centers are found in biology in enzymes such
as the Moorella thermoacetica carbon monoxide dehydrogenase/
acetyl CoA synthase (responsible for conversion of CO, to

Acetyl-CoA) which contains an Fe,S, unit linked to a to crown ethers. Typically the central metal is a transition metal
heterobimetallic copper/nickel site.! Within the past decade ion, though alkali, alkalir;e4earth, and lanthanide metal ions have
several reports of heterotrimetallic coordination complexes and also been incorporated.” The first 12-MC-4, Mn(OAc),[12-
extended solids have appeared with exciting applications in

molecular magnetism, luminescence, and catalysis.2 Often, the Received: November 18, 2013

complexes have contained lanthanides as one of the Published: January 13, 2014
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Figure 1. Single-crystal X-ray structures of previously reported M, X,[12-MCy;,"x)q-4] compounds (side views): (a) Na,Cl,[12-MCpg,"(nyshi-4]

6
]

(b) KZBrz[12—MCMn‘"&N)Shi—4];6 (c) Mn(OAc)z[12-M(31\,1111"(1\1)shi—4:|;5 (d) Ca(benzoate)z[12—MCMnm(N)Shi—4:|2'.10 Color scheme: green, manganese;
yellow, (a) Na!, (b) K, (d) Ca"; red, oxygen; blue, nitrogen; gray, carbon; pink, chloride; brown, bromide. Hydrogen atoms, lattice countercations,

and lattice solvent molecules have been omitted for clarity.

MCy,"(nyshi-4] where "OAc is acetate and shi* is salicylhy-
droximate, was synthesized in 1989 by Lah and Pecoraro.’ The
molecule consisted of a -[Mn™—N—O]- repeat unit with the
triply deprotonated ligand salicylhydroximate and a Mn" bound
to the central cavity with the aid of two acetate bridges. Since
then, the same MC framework (Mn™ and shi*) has been used
to bind Li'® Na'®® K.%® and Ca™'° [although the Ca"
complex'® was not identified as a 12-MCpy, " (n)shi-4 structure ]
in conjunction with various anions, and one 12-MCMnHI(N{Shi-4
structure contains a Mn" bound with benzoate bridges.!' As
shown in Figure 1, both the Na' and K' 12-MCy"nyshi-4
structures bind two monovalent cations, which are slightly
slipped to one edge of the four-atom oxime oxygen ring core of
the macrocycle. These cations are stabilized by counteranions
including chloride, bromide, and isothiocyanate.6_8 Most
interestingly, it was found that the Na' and K' complexes
were preferred in the presence of halides and pseudohalides,
but that in the presence of acetate, Mn" formed the originally
isolated mixed-valence species, Mn(OAc),[12-MCyy," (x)eni-4]-
Thus, it was demonstrated that cation affinity for the
metallacrown was dependent on the bridging anionic ligands.
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Similarly, the affinity of the anions was dependent on the
central cation.® Thus, the 12-MCyy,")shi-4 entity could best be
thought of as recognizing cation—anion pairs, rather than
simply cations or anions. In 2008 a limited report of a Ln™[12-
MCy, " (n)shi-4] complex with no structural details appeared in
conference proceedings;” however, only larger metallacrown
ring structures have bound lanthanide ions in the central
cavity."””~"> One report of a lanthanide (Tb™) binding to a 12-
MC-4 structure type containing Zn" as the ring metal appeared
as an Tb"Zn ¢ structure that formed a TbHI[IZ-MCMnm(N)PiCm-
4], core, where H,picHA= picoline hydroxamic acid, that was
stabilized by a 24-MCZ,,H(N)picHA-8 belt that bridged the two 12-
MC-4 molecules.'® In this case, the Tb™ was displaced out of
the four oxygen atom plane formed by the 12-MC-4. This
structure resulted in a tricationic species which contained lattice
anions.

In addition to the fundamental insight that metallacrowns
provide for understanding metallomacrocyclic chemistry,
applications of these molecules in ion sensing,**'*'” lanthanide
luminescence,'® and molecular magnetism have been re-
ported.">'® The mixture of lanthanide ions and transition
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metals in compounds can lead to interesting magnetic
properties such as single-molecule magnetism. Aside from
probing the nature of 3d—4f electron interactions,'” chemists
have recently strived to combine these two types of ions to
form single-molecule magnets (SMMs) in attempts to broaden
the variety and better understand the phenomena of single-
molecule magnetism.”® In particular the combination of
manganese and lanthanide ions has proved fruitful."**' One
key aspect of these molecules is to control the synthesis, design,
and structural features of lanthanide—transition metal com-
plexes. Metallacrowns are particularly suited for such studies as
they allow facile substitution of central metals across a range of
defined platforms such as 12-MC-4, 14-MC-5, and 15-MC-S$ as
well as other well-behaved polynuclear systems.” Since
metallacrowns usually contain ring metals, central metals, and
bridging anions, one may systematically vary each of these three
components while retaining the basic structural topology of the
system such as the LnHI(NO3)x[15-MCCu“§N)PheHA-5](OH)
system, where Ln™ = Y™ and La™-Tm™ except Pm'",
pheHA = phenylalanine hydroxamic acid, and ¥ = 1-3 and y
= 3 — x”* In addition, the ability to control the structural
teatures of the MC framework can lead to SMM behavior as
evident for the first 12-MC-4, Mn(OAc),[12-MCpg," (a4,
the first Mn—Ln SMM, MngLng,'® or the more recent 14-MC-
§ SMMs, Ln(OAc),[14-MCyy, "y "onni-S]- > For both the
12-MC-4 and 14-MC-S complexes, the planar nature of the MC
allows the magnetoanisotropy vectors of the Mn™ to align,
which contribute to the SMM behavior of the compound.
Furthermore, the general MC framework has been used to
produce other SMMs.'®

Despite the numerous examples of heterobimetallic metal-
lacrowns, a strategy to obtain heterotrimetallic assemblies using
the metallacrown analogy has not been developed. Herein we
report the synthetic schemes and structural descriptions of a
new class of alkali metal—lanthanide—transition metal com-
plexes, Ln""M'(OAc),[12-MC\y, 441 (H,0) ,-6DMF, where
M being Nal, L™ is P, Nd!, Sm™, Eu'l, Gd™, Tb™, Dy,
Ho™, Er™, Tm™, Yb™ and Y™ (a transition metal ion with a
radius that is close to that of the Ho™?**), and Dy"K-
(OAC)4[12'MCMnm5N)shi'4] (DMF),-DMF, achieve this objec-
tive. The basic Ln""M'(OAc),[12-MCy,"n)a-4]** framework
is presented in Scheme 1 with the MC ring highlighted and the
acetates, which bridge the Ln™ and Mn™ jons, and solvent
molecules that are bonded to M' omitted for clarity. The
presented Ln"' compounds expand the range of central cations
complexed by the 12-MC-4 by providing the first example of a
trivalent ion bound to this macrocycle. Furthermore, the
inclusion of a monovalent countercation to the bottom of the

Scheme 1

4+
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ring allows for a fourth variable that may be altered when
examining the physical properties of this system. This study
proves the generality of the syntheses by demonstrating that
different lanthanide ions and alkali ions can be easily
substituted in the central cavity.

B EXPERIMENTAL SECTION

Synthetic Materials. Lanthanum(III) nitrate hexahydrate
(99.999%), terbium(III) nitrate pentahydrate (99.9%), and yttrium-
(11I) nitrate hexahydrate (99.9%) were purchased from Sigma-Aldrich.
Cerium(III) nitrate hexahydrate (99.5%), samarium(III) nitrate
hexahydrate (99.9%), europium(III) nitrate hexahydrate (99.9%),
gadolinium(III) nitrate hexhydrate (99.9%), and salicylhydroxamic
acid (Hjshi, 99%) were purchased from Alfa Aesar. Praseodymium-
(TI0) nitrate hexahydrate (99.9%), neodymium(III) nitrate hexahydrate
(99.9%), thulium(III) nitrate hexahydrate (99.9%), ytterbium(III)
nitrate pentahydrate (99.9%), and lutetium(III) nitrate hydrate
(99.9%) were purchased from Strem Chemicals. Dysprosium(III)
nitrate pentahydrate (99.9%) was purchased from both Sigma-Aldrich
and Alfa Aesar. Holmium(III) nitrate pentahydrate (99.9%) and
erbium(I1I) nitrate pentahydrate (99.9%) were purchased from Acros
Organics. Manganese(II) acetate tetrahydrate (99+%) was purchased
from both Acros Organics and Sigma-Aldrich. Sodium acetate
trihydrate (Certified ACS grade) and potassium hydroxide (Certified
ACS grade, >85%) were purchased from Fisher Scientific. N,N-
Dimethylformamide (DMF, Certified ACS grade) was purchased from
both BDH Chemicals and Sigma-Aldrich. All reagents were used as
received and without further purification.

Syntheses. General Preparation of Ln"Na(OAc),[12-MC'nshi-
4](H,0),6DMF Compounds. The lanthanide(III) nitrate hydrate salt
(0.125 mmol), sodium acetate trihydrate (4 mmol), and salicylhy-
droxamic acid (2 mmol) were mixed in 10 mL of DMF resulting in a
cloudy, slightly pink mixture. In a separate beaker, manganese(II)
acetate tetrahydrate (2 mmol) was dissolved in 10 mL of DMF
resulting in an orange/red solution. The two solutions were mixed
resulting in a dark brown solution and then allowed to stir overnight.
The solution was then filtered to remove a dark brown precipitate,
which was discarded. Slow evaporation of the dark brown filtrate
yielded X-ray quality cubic black/dark brown crystals after 1—8 weeks.

Pr"Na(OAC) [12-MCyomyshi-41(H,0) - 6DMF, 1. The percent yield
was 11% based on praseodymium(III) nitrate hexahydrate. Elemental
analysis for Cg,H,sPrMn,NaN, 05, [fw = 1730.93 g/mol] found %
(calculated): C = 37.44 (37.47), H = 4.39 (4.54), N = 8.00 (8.09). FT-
IR bands (KBr pellet, cm™): 1654, 1600, 1572, 1550, 1514, 1436,
1395, 1322, 1258, 1249, 1154, 1100, 1024, 930, 867, 768, 755, 690,
649, 607, 539, 477.

Nd"Na(OAC) [12-MCytpyshi-41(H,0) - 6DMF, 2. The percent yield
was 60% based on neodymium(III) nitrate hexahydrate. Elemental
analysis for C,H,sNdMn,NaN,,0;, [FW = 1734.25 g/mol] found %
(calculated): C = 37.34 (37.40), H = 4.42 (4.53), N = 8.06 (8.08). FT-
IR bands (KBr pellet, cm™): 1651, 1600, 1573, 1551, 1514, 1436,
1395, 1321, 1258, 1249, 1155, 1101, 1025, 930, 867, 769, 755, 691,
650, 607, 536, 478.

Sm”’Na(OAC)4[7Z-MCM,,’"(N)SM-4](H2O)4-6D/VIF, 3. The percent yield
was 27% based on samarium(IIl) nitrate hexahydrate. Elemental
analysis for Cg4H,eSmMn,NaN,,O5, [fw = 1740.36 g/mol] found %
(calculated): C = 36.99 (37.27), H = 4.37 (4.52), N = 7.96 (8.05). FT-
IR bands (KBr pellet, cm™): 1652, 1601, 1573, 1551, 1515, 1436,
1396, 1322, 1258, 1249, 1155, 1101, 1026, 931, 867, 768, 755, 691,
650, 608, 536, 478.

Eu"Na(OAc),[ 12-MCyynyshi-4(H,0) - 6DMF, 4. The percent yield
was 36% based on europium(III) nitrate hexahydrate. Elemental
analysis for Cy,H,gEuMn,NaN,,0;, [fw = 1741.97 g/mol] found %
(calculated): C = 37.15 (37.23), H = 4.57 (4.51), N = 7.92 (8.04). FT-
IR bands (KBr pellet, cm™): 1652, 1600, 1573, 1551, 1516, 1436,
1396, 1322, 1258, 1249, 1155, 1101, 1028, 931, 867, 768, 755, 691,
650, 609, 537, 478.

Gd"Na(OAC) ,[12-MCymyshi-41(H,0) »6DMF, 5. The percent yield
was 16% based on gadolinium(IIl) nitrate hexahydrate. Elemental
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Table 1. Crystallographic Details for the anNa(OAc)4[12-MCMHHI(N)SM-4] (H,0),6DMF Compounds (1—12) and
Na,(OAC),[12-MCy, " (x)hi-4] (DMF) - 2DMF-1.60H,0 (13)

empirical formula
fw (g/mol)

T (K)
wavelength (A)
cryst syst

space group

a (A)

b (A)

c (A)

a (deg)

p (deg)

v (deg)

V (A%

V4

D (Mg/m?*) (calcd)
abs coeff (mm™")
F(000)

cryst size (mm®)

0 range for data
collection (deg)

limiting indices

reflns collected/
unique

max and min transm

data/restraints/
params

GOF of F*

final R indices [I >
20(1)]
R indices (all data)

largest diff peak and
hole (e~ £_3)

empirical formula
fw (g/mol)

T (K)
wavelength (A)
cryst syst

space group

a (A)

b (A)

c (A)

a (deg)

P (deg)

7 (deg)

vV (A%

VA

D (Mg/m?*) (calcd)
abs coeff (mm™")
F(000)

cryst size (mm®)

0 range for data
collection (deg)

limiting indices
reflns collected/
unique

max and min
transm

data/restraints/
params

1

Cs,H7PrMn,NaN,,0;,
1730.93

100(2)

0.71073

triclinic

PT

12.9551(8)
16.0835(10)
17.5047(11)

89.280(3)

88.725(3)

73.440(3)

3495.1(4)

2

1.645

1.484

1764

0.550 X 0.400 X 0.090
1.164—30.507

—18<h<18 -22<k
<22,0<1<24

56472/28 211 [R(int) =
0.0564]

0.7478 and 0.5434
28211/8/979

1.065

RI1% = 0.0446, wR2? =
0.1169

RI1“ = 0.0569, wR2? =
0.1305

2.092 and —1.713

6
Cs4H,sTbMn,NaN (05,
1748.93
100(2)

0.71073
triclinic

PI
12.9813(4)
16.0778(5)
17.3885(5)
89.3690(10)
88.871(2)
73.2570(10)
3474.59(18)
2

1.672

1.810

1776

0.550 X 0.400 X 0.090
1.638—31.991

—19<h<19,-23<k<
23,0 <1<25

160910/22 218 [R(int) =
0.0327]

0.7463 and 0.5827

22218/8/979

2

Cs4H,sNdMn,NaN ;05
1734.25

100(2)

0.71073

triclinic

PT

12.999(3)

16.108(3)

17.471(3)

89.377(3)

88.793(3)

73.224(3)

3501.7(12)

2

1.645

1.527

1766

0.330 X 0.260 X 0.041
2.332-31.267

—18<h<18,-23<k<
23,0<1<24

35704/20209 [R(int) =
0.0541]

0.7462 and 0.5819
20209/58/978

1.022

RI% = 0.0365, wR2? =
0.0758

RI® = 0.0503, wR2” =
0.0815

1.091 and —0.665

7
Cs4H7sDyMn,NaN,,O3,
1752.51
100(2)

0.71073
triclinic

P
12.9657(13)
16.0684(16)
17.4114(16)
89.412(5)
88.862(5)
73.308(5)
3473.9(6)

2

1.675

1.867

1778

0.390 X 0.200 X 0.090
1.170—32.030

—19<h<19,-23<k<
23,0 <1<25

153 453/22 105 [R(int) =
0.0388]

0.7463 and 0.6161

22 105/8/982

3
Cs4,H7sSmMn,NaN ;05
1740.36
100(2)

0.71073
triclinic

PT
12.9948(14)
16.0950(17)
17.4377(19)
89.3383(16)
88.8405(16)
73.2931(15)
3492.4(7)

2

1.655

1.628

1770

0.390 X 0.320 x 0.070
2.380—31.497

—18<h<18,-23<k<
23,0 <1<24

33305/20 450 [R(int) =
0.0329]

0.7462 and 0.5690
20 450/40/984

1.046

RI1% = 0.0250, wR2? =
0.0615

RI1% = 0.0293, wR2? =
0.0642

1.250 and —0.564

8
Cs,HsHoMn,NaN ;05
1754.94
100(2)

0.71073
triclinic

PT
12.9749(9)
16.0760(11)
17.3795(12)
89.404(4)
88.872(4)
73.320(4)
3471.8(4)

2

1.679

1.932

1780

0.250 X 0.200 X 0.050
1.322—-32.027

—19<h<19,-23<k<
23,0 <1<25

22427/22427 [R(int) =
0.0351]

0.7463 and 0.6155

22427/8/981

1732

4
Cs4H,sEuMn,NaN,,0;,
1741.97

100(2)

0.71073

triclinic

P1

12.9959(12)
16.0915(15)
17.4147(16)
89.3524(14)
88.8596(14)
73.2486(13)

3486.5(6)

2

1.659

1.689

1772

0.340 X 0.300 X 0.060
2.644—31.530

—18<h<18,-23<k<
23,0 <1<25

35104/21010 [R(int) =
0.0386]

0.7462 and 0.5843
21010/40/984

1.054

RI“ = 0.0243, wR2? =
0.0597

RI1% = 0.0279, wR2® =
0.0626

1.330 and —0.648

9

Cs4,H7sErMn,NaN, (O3,
1757.27

100(2)

0.71073

triclinic

PT

12.9903(14)
16.0769(17)
17.3630(18)

89.395(2)

88.890(2)

73.224(2)

3471.1(6)

2

1.681

2.001

1782

0.360 X 0.120 X 0.030
2.346—30.893

~18<h<18 -23<k
<23,0<1<25

35210/20276 [R(int) =
0.0441]

0.7461 and 0.5819

20276/40/984

S

Cs4H,3GdMn,NaN,,05,
1747.26

100(2)

0.71073

triclinic

PT

13.0021(17)

16.094(2)

17.403(2)

89.367(2)

88.874(2)

73.155(2)

3484.8(8)

2

1.665

1.741

1774

0.420 X 0.390 X 0.100
1.637—30.999

—-18<h<18 -23<k<
23,-25<1<25

37851/21267 [R(int) =
0.0320]

0.7463 and 0.6070
21267/8/979

1.082

R1° = 0.0262, wR2? =
0.0610

RI1“ = 0.0319, wR2? =
0.0648

0.873 and —0.689

10
Cs,HssTmMn NaN (O3,
1758.94
100(2)

0.71073
triclinic

PI

12.980(3)
16.066(4)
17.333(4)
89.392(3)
88.886(3)
73.237(3)
3460.2(13)

2

1.688

2.077

1784

0.310 X 0.190 X 0.060
2.385—31.398

—-18<h<18,-22<k<
23,0<1<24

35899/19 791 [R(int) =
0.0486]

0.7462 and 0.5805

19791/40/984
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Table 1. continued

6 7
GOF of F* 1111 1.085
final R indices [I > R1% = 0.0237, wR2” = RI? = 0.0243, wR2? =
26(1)] 0.0568 0.0502
R indices (all data) RI® = 0.0288, wR2? =  R1 = 0.0331, wR2® =
0.0604 0.0544

8 9 10
1.043 1.023 1.026
RI“ = 0.0225, wR2Y = RI“ = 00295, wR2? = R1 = 0.0350, wR2” =
0.0494 0.0647 0.0686
RI1“ = 0.0278, wR2? = R1“ = 0.0361, wR2®? = RI% = 0.0486, wR2® =
0.0519 0.0678 0.0737

largest diff peak and  1.686 and —1.074 1.789 and —0.817 1.530 and —0.581 1.230 and —0.670 1.424 and —0.999
hole (e™ A™%)

11 12 13
empirical formula Cs,H,sYbMn,NaN,,05, CyH,sYMn,NaN,,0;, Cs6Hg 20Mn N{,Na, O, ¢o
fw (g/mol) 1763.03 1678.92 1597.94
T (K) 100(2) 100(2) 100(2)
wavelength (&) 071073 071073 071073
cryst syst triclinic triclinic monoclinic
space group PT P1 P2 /c
a (A) 12.9978(11) 12.9998(10) 14.8397(14)

b (A) 16.0779(13) 16.0840(12) 17.1527(16)

¢ (&) 17.3428(14) 17.3773(13) 14.7756(14)

a (deg) 89.4135(12) 89.4150(10) 90

B (deg) 88.8742(12) $8.8920(10) 111.4680(10)

7 (deg) 73.2204(12) 73.1890(10) 90

vV (A% 3469.2(5) 3477.4(5) 3500.1(6)

V4 2 2 2

D (Mg/m?®) (caled) 1.688 1.603 1516

abs coeff (mm™") 2.141 1.630 0.804

F(000) 1786 1724 1656

cryst size (mm?) 0.210 X 0.120 X 0.030 0.400 X 0.310 X 0.050 0.450 X 0.430 X 0.390

0 range for data collection (deg) 2.154—31.470 2.152—-30.326 2.375-31.412

limiting indices —18<h<18-23<k<23,0<I< —-18<h<18-22<k<22-24<I< —21<h<2l,-24<k<25-21<I<
24 24 21

48 628/36391 [R(int) = 0.0420]
0.7462 and 0.5549

36 391/40/984

1.035

R1“ = 0.0271, wR2” = 0.0633
RI1“ = 0.0329, wR2” = 0.0660
1.116 and —0.632

reflns collected/unique

max and min transm

data/restraints/params

GOF of P

final R indices [I >20(I)]

R indices (all data)

largest diff peak and hole (e~
A7)

2RI = X(IF,| — IFA)/ZIF,. PwR2 = [E[w(F}? —
constants); ¢ = [Z[w(F,2 — F2)*]/(n — p)]"%

161036/56 304 [R(int) = 0.0431]
0.7460 and 0.5001

56 304/75/1319

1.039
RI? = 0.0402, wR2? = 0.0928
RI1% = 0.0532, wR2? = 0.0996
0.921 and —0.882

74 616/10 855 [R(int) = 0.0244]
0.7462 and 0.6373

10 855/24/532

1.039

RI% = 0.0290, wR2” = 0.0758
RI” = 0.0353, wR2? = 0.0815
0.586 and —0.307

ED?/Z[w(F) 1Y% w = 1/[6*(E2) + (mp)? + np); p = [max(F,%0) + 2F2]/3 (m and n are

analysis for Cg,H,sGdMn,NaN,,O;, [fw = 1747.26 g/mol] found %
(calculated): C = 37.50 (37.12), H = 4.23 (4.50), N = 7.71 (8.02). FT-
IR bands (KBr pellet, cm™): 1653, 1601, 1573, 1552, 1515, 1436,
1395, 1321, 1258, 1248, 1155, 1101, 1027, 931, 867, 768, 755, 691,
650, 609, 536, 479.

TO"Na(OAC) [ 12-MCyt pyshi-41(H;0) - 6DMF, 6. The percent yield
was 28% based on terbium(III) nitrate pentahydrate. Elemental
analysis for Cq,H,qTbMn,NaN,,O5, [fw = 1748.93 g/mol] found %
(calculated): C = 37.31 (37.08), H = 4.37 (4.50), N = 7.74 (8.01). FT-
IR bands (KBr pellet, cm™): 1653, 1601, 1573, 1552, 1515, 1436,
1396, 1322, 1258, 1248, 1156, 1101, 1028, 932, 867, 769, 755, 691,
651, 610, 537, 480.

Dy"Na(OAC) {[12-MCy"yshi-41(H;0) »6DMF, 7. The percent yield
was 45% based on dysprosium(III) nitrate hydrate. Elemental analysis
for CsH,DyMn,NaN,(O5, [fw = 1752.51 g/mol] found %
(calculated): C = 37.23 (37.01), H = 4.52 (4.49), N = 7.84 (7.99).
FT-IR bands (KBr pellet, cm™): 1654, 1600, 1574, 1552, 1514, 1435,
1392, 1316, 1256, 1244, 1156, 1100, 1028, 931, 865, 770, 755, 689,
651, 613, 535, 483.

Ho"Na(OAC) [12-MCy,tnyshi-41(H,0) - 6DMF, 8. The percent yield
was 22% based on holmium(III) nitrate pentahydrate. Elemental
analysis for Cg4H,sHoMn,NaN,,O5, [fw = 1754.94 g/mol] found %
(calculated): C = 37.00 (36.96), H = 4.40 (4.48), N = 7.77 (7.98). FT-
IR bands (KBr pellet, cm™): 1653, 1601, 1573, 1552, 1516, 1437,
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1396, 1322, 1258, 1248, 1155, 1101, 1029, 932, 867, 768, 755, 691,
651, 610, 535, 480.

EF"Na(OAC) 4 12-MCyy wyshi~41(H,0) »6DMF, 9. The percent yield
was 83% based on erbium(III) nitrate pentahydrate. Elemental analysis
for CgH,sErMn,NaN,O;, [fw = 175727 g/mol] found %
(calculated): C = 36.79 (36.91), H = 4.53 (4.47), N = 7.95 (7.97).
FT-IR bands (KBr pellet, cm™): 1653, 1601, 1574, 1553, 1517, 1437,
1396, 1322, 1258, 1248, 1155, 1101, 1030, 932, 867, 768, 755, 691,
651, 610, 536, 479.

Tm"Na(OAC) J[12-MCyy"nyshi-41(H;0),-,6DMF, 10. The percent
yield was 18% based on thulium(III) nitrate hexahydrate. Elemental
analysis for the dried material Cs,H,sTmMn,NaN,;;,0;, [fw = 1758.94
g/mol] found % (calculated): C = 36.01 (36.87), H = 4.14 (4.47), N =
7.49 (7.96). FT-IR bands (KBr pellet, cm™): 1652, 1599, 1574, 1555,
1514, 1436, 1394, 1319, 1257, 1247, 1158, 1101, 1030, 932, 866, 774,
758, 689, 651, 615, 538, 481.

YB"Na(OAC) 4[12-MCyit pysi-41(H;0) - 6DMF, 11. The percent yield
was 11% based on ytterbium(III) nitrate pentahydrate. Elemental
analysis for Cy,H,sYbMn,NaN,,O;, [fw = 1763.05 g/mol] found %
(calculated): C = 36.25 (36.79), H = 4.32 (4.46), N = 7.62 (7.94). FT-
IR bands (KBr pellet, cm™): 1653, 1601, 1574, 1553, 1518, 1438,
1396, 1322, 1258, 1248, 1156, 1102, 1032, 932, 867, 769, 755, 692,
652, 612, 539, 480.
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W”Na(OAcL,[72—MCMn/"(N)sh,-—4](HZO)4'6DMF, 12. The percent yield
was 7.3% based on yttrium(III) nitrate hexahydrate. Elemental analysis
for Cq,H,3YMn,NaN, 05, [fw 1678.92 g/mol] found %
(calculated): C = 38.20 (38.63), H = 4.40 (4.68), N = 7.64 (8.34).
FT-IR bands (KBr pellet, em™): 1652, 1601, 1573, 1555, 1516, 1436,
1395, 1321, 1258, 1248, 1156, 1101, 1030, 932, 867, 768, 755, 691,
651, 611, 538, 481.

Preparation of Na,(OAc),[12-MCy,"n)shi-41(DMF)s-2DMF-
1.60H,0. Na,(OACc),[12-MCy"nysni-4]1(DMF) 5 2DMF-1.60H,0, 13.
Sodium acetate trihydrate (4 mmol) and salicylhydroxamic acid (2
mmol) were mixed in 10 mL of DMF resulting in a cloudy, slightly
pink mixture. In a separate beaker, manganese(II) acetate tetrahydrate
(2 mmol) was dissolved in 10 mL of DMF resulting in an orange/red
solution. The two solutions were mixed resulting in a dark brown
solution and then allowed to stir overnight. Following this, the
solution was filtered to remove a dark brown precipitate, which was
discarded. Slow evaporation of the dark brown filtrate yielded X-ray
quality cubic black/dark brown crystals after 6 days. The percent yield
was 53% based on manganese(I) acetate tetrahydrate. Elemental
analysis for Cs¢Hg; ,0Mn,Na,N ;0,560 [fw = 1597.94 g/mol] found %
(calculated): C = 42.23 (42.09), H = 5.17 (5.12), N = 10.40 (10.52).
FT-IR bands (KBr pellet, cm™): 1656, 1599, 1568, 1511, 1469, 1434,
1390, 1315, 1256, 1156, 1144, 1098, 1032, 935, 863, 756, 680, 649,
612, 585, 542, 479.

If 0.125 mmol of lanthanum(IIl) nitrate hexahydrate, cerium(III)
nitrate hexahydrate, or lutetium(III) nitrate hydrate is included in the
synthesis as described for compounds 1—12, the respective lanthanide
ion is not incorporated into the metallacrown and compound 13 is
synthesized instead.

Preparation of Dy"K(OAc),[12-MCy,"x)shi-41(DMF),-DMF.
Dy"K(OAC) 4[12-MCpy" nyshi-41(DMF) - DMF-2K(Hsal), 14. Manganese-
(1) acetate tetrahydrate (4 mmol) and potassium hydroxide (2.7
mmol) were dissolved in 15 mL of DMF. In a separate beaker,
salicylhydroxamic acid (4 mmol) and dysprosium(IIl) nitrate
pentahydrate (0.5 mmol) were dissolved in 16 mL of DMF. After
the manganese acetate/potassium hydroxide solution turned red in
color, it was added to the dysprosium(III) nitrate/salicylhydroxamic
acid solution resulting in a dark green-brown solution; this solution
was then allowed to stir overnight. Following this, the solution was
filtered, and the dark green-brown filtrate was divided into multiple
small 20 mL scintillation vials to allow slow evaporation of the solvent.
X-ray quality green block crystals were isolated after 5 months. The
percent yield was 5.9% based on dysprosium(III) nitrate pentahydrate.
Due to the extended period of time necessary to crystallize the
metallacrown, potassium salicylate (C,H;KO;) also cocrystallized with
the metallacrown. Efforts were made to separate the compounds;
however, complete separation could not be achieved. Thus, the
elemental analysis percentages take into account the potassium
salicylate. Elemental analysis for CgHgDyMn,KNgO,s-2KC,H O,
[fw = 1975.864 g/mol] found % (calculated) C = 39.87 (39.51), H
=3.92 (3.72), N = 6.74 (6.38).

Physical Methods. FT-IR spectra were obtained on a Jasco FT-IR
460 Plus spectrometer. Elemental analyses were performed on a Carlo
Erba 1108 elemental analyzer and a PerkinElmer 2400 elemental
analyzer.

X-ray Crystallography. For compounds 1—13, a mineral oil
coated crystal was mounted on a MicroMesh MiTeGen Micromount
and transferred to a Bruker AXS SMART APEXII CCD X-ray
diffractometer. The X-ray diffraction data were collected at 100 K
using Mo Ka (4 = 0.71073 A) radiation. Data collection and cell
refinement were performed using APEX2 (Bruker AXS Inc., Madison,
Wisconsin, 2012) and SAINT+ (Bruker) embedded in APEX2,
respectively. Additional details are provided in Table 1 and in the
individual CIFs of each compound.

For compound 14, crystals were mounted onto a standard Bruker
APEX-I CCD-based X-ray diffractometer equipped with a low
temperature device. The X-ray diffraction data were collected at 85
K using Mo Ka (4 = 0.71073 A) radiation. Data collection and cell
refinement were performed using SMART (Bruker, APEX-I) and
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SAINT+ (Bruker), respectively. Additional details are provided in
Table 2 and in the individual CIF of the compound.

Table 2. Crystallographic Details for Dy"™K(OAc),[12-
MCy," (n)shi-4] (DMF) sDMF (14)

14
empirical formula Cg3Hg DyMn,KNyO,¢
fw (g/mol) 1623.46
T (K) 85(2)
wavelength (A) 0.71073
cryst syst monoclinic
space group C2/c
a (A) 16.1208(13)

b (A) 16.3127(13)

¢ (A) 23.4413(18)

a (deg) 90.00

B (deg) 95.3460(10)

7 (deg) 90.00

V (&%) 6137.6(8)

V4 4

D (Mg/m?®) (calcd) 1.757

abs coeff (mm™") 2.160

F(000) 3268

crystal size (mm) 0.28 X 0.10 X 0.09

0 range for data collection (deg) 1.75—28.34

limiting indices —21<h<21,-21<k<2],-31<I<
31

85 865/7659 [R(int) = 0.0452]
0.8293 and 0.5830
7659/438/0

1.096

R1“ = 0.0328, wR2? = 0.0854
RI1° = 0.0373, wR2" = 0.0882
0.981 and —0.922

reflns collected/unique

max and min transm

data/restraints/params

GOF of P

final R indices [I > 20(I)]

R indices (all data)

largest diff peak and hole (e~
A7)

“RI = Z(IIF,| — IEJI)/ZIF, ). "wR2 = [Z[w(F,? — F2)*]/Z[w(F°)*]]"3
w=1/[c*(F.2) + (mp)* + np]; p = [max(F,%0) + 2F.*]/3 (m and n are
constants); o = [X[w(F,> — FE2)*)/(n — p)]"%

B RESULTS

General Description of Ln"Na(OAc),[12-MCy,"n)shi-
4](H,0),-6DMF Structures. Each metallacrown (1—12)
consists of the typical 12-MCy," (x4 framework (Figure 2
and Supporting Information Figures S1—S24). A pseudo-C,
axis is located in the MC central cavity, which produces a Mn—
N-—O repeat unit that occurs four times to complete a square
geometry. A lanthanide ion and a sodium ion are bound on
opposite faces of the central cavity (Figure 2b).

The metallacrown is slightly domed with the lanthanide ion
captured on the convex side of the central cavity, while a
sodium ion is captured on the concave side (underside) of the
central cavity. Each Mn and Ln is assigned an oxidation state of
3+. This is supported by the bond valence sum calculations and
average bond lenghs (Supporting Information Table S1).** In
addition, charge considerations support the oxidation states of
the metal ions. The presence of four "OAc and four shi*
ligands provides 16 negative charges that are balanced by four
Mn™ one Ln™ and one Nal Each Mn'™ ion could be
considered to be five coordinate with a slightly distorted square
pyramidal geometry and an elongated axis approximately
perpendicular to the plane of the metallacrown. This geometry
assignment is supported by 7 values™ near zero (Supporting
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Figure 2. Single-crystal X-ray structure of PrHINa(OAc)4[12—MCMH'"(N)SM—4] (H,0),-6DMF, 1: (a) top view and (b) side view. The thermal ellipsoid
plot of 1 is at 50% probability level. All atoms comprising the MC ring are labeled in part a, and only the metal atoms are labeled in part b. Hydrogen
atoms and the lattice solvent molecules have been omitted for clarity. Color scheme: purple, Pr'; green, Mn™; yellow, Na’; red, oxygen; blue,

nitrogen; gray, carbon.

Information Table S2) in which an ideal square pyramidal
geometry is given by 7 = 0 and an ideal trigonal bipyramidal
geometry is specified as 7 = 1. The basal atoms of the
coordination are supplied by the oxime and carbonyl oxygen
atoms of one shi® to form a five-membered chelate ring and a
six-membered chelate ring formed on the opposite side by the
oxime nitrogen and phenolate oxygen atoms of a second shi*.
An oxygen atom from a bridging acetate anion serves as the
apical ligand. The acetate anion bridges each ring Mn"" to the
central Ln"™. An alternative description of the Mn™ polyhedron
is that of a highly tetragonally distorted 6-coordinate complex
with very long Mn—water distances (~2.5 A). As discussed
below, these water molecules are also bound to the Na' ion,
which could lead to these longer distances especially in a Jahn—
Teller system where a neutral ligand is trans to an anion.
Additionally, the water—Mn—acetate oxygen bond angles
closely approximate 180° (173.5—177.6° for 1).

Each Ln™ is eight coordinate with a slightly distorted square
antiprismatic geometry as shown for 1 in Figure 3. The bridging

square antiprism geometry @ = 45°. The skew angles were
calculated using the program Mercury’” by defining the
centroids of the acetate oxygen atoms and oxime oxygen
atoms and then measuring the angle about the Ln'
(Supporting Information Figure S25).

The octacoordinate Na' ion binds to the central cavity of the
MC with the oxime oxygen atoms of the shi® ligands, and the
coordination is completed by four water molecules. The top
four oxime oxygen atoms and bottom four water oxygen atoms
form a severely distorted square antiprism geometry about the
Na' as shown in Figure 3. The geometry assignment is
supported by calculated skew angles (®) about the Na' as the
angle is between that of both ideal values (Supporting
Information Table S3). The skew angles were again calculated
using the program Mercury with the same procedure stated for
the Ln™ ions (Supporting Information Figure S26).

The Pr'™ and Na' ions are displaced from the centroid of
their respective polyhedra away from the metallacrown ring
oxime oxygen atoms as best seen in Figure 4 and tabulated in

a)

b)
19 021

o7

0102/4.

04

0'10/’ 2

022 \
o7

Figure 3. (a) View of the first coordination sphere of Pr'" (purple) in
1 along the pseudo-C, axis illustrating the square antiprismatic
geometry of the 8-coordinate lanthanide ion. (b) View of the first
coordination sphere of Na' (yellow) in 1 along the pseudo-C, axis
showing the significant distortion from square antiprismatic geometry.
For both (a) and (b) the MC ring oxime oxygen atoms are O1, O4,
07, and O10. The thermal ellipsoid plot is at 50% probability level.

023

acetates provide four oxygen atoms, while the Ln"" binds to the
central cavity of the MC via the oxime oxygen atoms of the shi*
ligands. The assignment of square antiprismatic geometry about
the Ln™ is supported by calculated skew angles (®) about the
Ln"" (Supporting Information Table $3) which are near 45°.%°
For an ideal square prism geometry @ = 0°, and for an ideal
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b)
010

o1 o7
04
021

Figure 4. Illustration (side views) of the displacement in 1 of the Pr'™
ion (a) and Na' ion (b) from the center of the polyhedron that
surround the metals. The movement in both cases is away from the
metallacrown ring oxime oxygen atoms (01, 04, 07, 010). In part a,
the oxime oxygen atoms are located on the bottom, while in part b the
oxime oxygen atoms are located on the top. The thermal ellipsoid plot
is at 50% probability level.

Table 3. In 1, the Pr'™" is 1.70 A from the oxime oxygen mean
plane (O, MP), while it is displaced 0.97 A from the
corresponding mean plane made from the four oxygen atoms
of the bridging acetates (O, .MP). This corresponds to a 0.37 A
displacement of the Pr'! away from the metallacrown ring
toward the acetate oxygen atoms. Similarly, the Na' cation is
slightly further removed from the O,,MP (1.88 A), while being
0.82 A from the mean plane produced by the four oxygen water
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Table 3. Structural Feature Comparison of the an[IZ'MCMn"‘(N)shi'4] Structures

L™ MC
crystal  alkali metal  cavity av adjacent  av cross cavity
radius crystal radius Mn""—Mn™ Mn""—Mn™
compd (A"  radius (A)*  (A)® distance (A)  distance (A)
1 1.15 1.24 0.58 4.63 6.54
2 1.14 1.25 0.57 4.62 6.54
3 1.11 124 0.57 4.62 6.53
4 1.10 1.24 0.56 4.62 6.53
S 1.09 1.25 0.56 4.62 6.53
6 1.07 1.24 0.56 4.61 6.52
7 1.06 1.24 0.55 4.61 6.52
8 1.08 1.24 0.55 4.61 6.52
9 1.04 1.24 0.55 4.61 6.51
10 1.03 1.24 0.55 4.60 6.51
11 1.03 1.24 0.54 4.61 6.51
12 A 1.0 1.24 0.55 4.61 6.52
12 B 1.05 1.24 0.55 4.61 6.52
13 N/A 1.15 0.55 4.62 6.54
14 1.06 1.50 0.56 4.63 6.54

av cross cavity O~ av cross cavity O,-  av cross cavity Ogqpyene

compd O, distance (4) 0, distance (A) O,ypvent distance (A)
1 3.75 4.32 4.58
2 3.74 4.28 4.57
3 3.73 421 4.58
4 3.72 4.17 4.58
S 3.72 4.15 4.58
6 3.71 4.11 4.58
7 3.71 4.08 4.58
8 3.70 4.05 4.58
9 3.69 4.02 4.58
10 3.70 3.99 4.58
11 3.69 3.98 4.58
12 A 3.70 4.04 4.58
12 B 3.70 4.05 4.58
13 3.71 N/A N/A
14 3.71 4.00 5.33
Lo Lo Lo
0,.MP O, MP MnMP Ln™ distance difference
distance distance distance between MnMP and
compd A) 4) (4) O MP (A)
1 1.70 0.97 2.07 0.37
2 1.68 0.99 2.05 0.36
3 1.65 1.00 2.01 0.36
4 1.63 1.02 1.99 0.36

La_ Lo Lo
O, MP o, .MP MnMP Ln™ distance difference
distance distance distance between MnMP and

compd (4) A) A) O,MP (A)

S 1.62 1.03 1.97 0.35

6 1.61 1.02 1.96 0.35

7 1.59 1.03 1.94 0.35

8 1.58 1.03 1.92 0.35

9 1.57 1.04 191 0.35

10 1.56 1.03 1.91 0.35
11 1.55 1.03 1.90 0.35
12 A 1.57 1.04 1.92 0.35
12 B 1.58 1.03 1.93 0.35
13 N/A N/A N/A N/A
14 1.59 1.07 1.86 0.27
Na* or K'~O,MP  Na' or K'=Oy,euMP  Ln™-Na* or K*

compd distance (A) distance (A) distance (A)

1 1.88 0.82 3.58

2 1.89 0.82 3.58

3 1.89 0.81 3.54

4 1.90 0.80 3.53

S 191 0.80 3.53

6 1.90 0.80 3.51

7 1.90 0.80 3.50

8 191 0.79 3.49

9 191 0.79 3.48

10 191 0.80 3.46

11 191 0.79 3.46

12 A 1.92 0.79 349
12 B 191 0.79 349
13 1.66 N/A 3.34
14 221 0.50 3.80

“The Ln™ crystal radius was calculated by determining the average
Ln™-0 bond distance and then subtracting the estimated radius of an
oxygen atom (1.30 A). A similar method was used to calculate the Na'
and K crystal radii. “The metallacrown cavity radius was calculated
according to the method described in Supporting Information Figure
S$30. First the average oxime oxygen distance was determined about
the MC ring, and then this distance was used to determine the
distance from the oxime oxygen atom to the center of the MC ring.
The MC cavity radius was calculated by subtracting 1.30 A (estimated
oxime oxygen atom radius) from the distance of the oxygen atom to
the center of the MC ring.

atoms. The Ln"™ displacement across the series of compounds

follows the expected trend for the lanthanide contraction as 11,
which contains Yb™, is only 1.55 A from the O, MP.
Interestingly, the movement of the trivalent lanthanides by
~0.15 A closer to the O,,MP across the series of compounds is
not reflected by a larger displacement of the sodium ion away
from the O, MP as might have been anticipated on the basis of
electrostatic repulsion. Instead, one sees a movement of the Na'
away from the oxime ring caused by the approaching Ln' of
only ~0.03 A. Thus, the Ln™—Na' separation decreases by
~0.12 A across the series.

The structures of 1—12 are strikingly domed with the Na' on
the underside of the molecule. The Ln™
O, MP plane, while the Na' ions are closer to the manganese-
(II1) mean plane (MnMP). Furthermore, the Pr'! causes the
12-MCp,"n)sni-4 framework to be the most domed of the
structures. This is evident in the larger average angles (103.95°

ions are closer to the
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for 1 to 101.69° for 11) about the axial coordination of the
Mn"" ions for 1 (Supporting Information Table S4).
Calculation of the centroid produced by the oxime oxygen
atoms of the MC ring and then measurement of the angle
between the acetate oxygen atom bound to the Mn™ the Mn'",
and the centroid, the angle of the Jahn—Teller axis relative to
the MC can be determined (Supporting Information Figure
$27). This angle can be used as an indication of the planarity of
the 12-MCy,"(nysni-4 framework. Also, the doming of the
structure can be inferred from the Ln™ jon distance difference
between the O, MP and the MnMP. In 1 the Pr'" results in the
greatest difference (0.37 A). This difference decreases upon
going from Pr'! to Yb™ (0.35 A) indicating that 11 has a less
domed structure.

In addition, for compounds 1—12 six DMF molecules are
located in the lattice, one of which is disordered over two sites.
For 1 and 6, the disorder of a second DMF molecule involves
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only the oxygen atom, which is disordered over two alternative
sites. For compounds 1-—11, which crystallize in the
centrosymmetric P1 space group, there is one independent
MC in each unit cell, while for compound 12, crystallizing in a
unit cell metrically the same as in 1—11 but in Pl with a
pseudocenter of inversion but no exact centrosymmetry, there
are two independent MCs; thus, for 12 the two MCs are
labeled the “A” MC and the “B” MC, and when it is necessary
to distinguish the two MCs, the designations 12_A and 12 B
will be used.

Structural Description of Na,(OAc),[12-MCy,"nshi-
4](DMF)g:2DMF-1.60H,0. The metallacrown 13 consists of
the typical 12-MCyy,"(nyspi-4 framework (Figure S and

Figure S. Single-crystal X-ray structure of Na,(OAc),[12-MCy," x)shi-
4](DMF),-2DMF-1.60H,0, 13 (side view). The thermal ellipsoid plot
of 13 is at 50% probability level. Only the metal atoms are labeled.
Hydrogen atoms and the lattice solvent molecules have been omitted
for clarity. Color scheme: green, Mn'; yellow, Na'; red, oxygen; blue
nitrogen; gray, carbon.

Supporting Information Figure S28). An inversion center is
located in the MC central cavity, which generates a Mn—N—O
repeat unit that completes an overall square geometry. Two
sodium ions are bound on opposite faces of the central cavity.
The metallacrown face is nearly planar with two benzene rings
slightly bent above and below the plane of the molecule. The
greater planarity of 13 is reflected in the smaller average angle
between the axial oxygen atom, Mn'", and the centroid of the
oxime oxygen atoms (94.65°), and the smaller distance
difference (0.01 A) of the Na' from the O, MP and the
MnMP (Supporting Information Table S4 and Table 3,
respectively). Each Mn is assigned an oxidation state of 3+.
This is supported by the bond valence sum calculations and
average bond distances (Supporting Information Table S$1).**
Furthermore, charge considerations support the oxidation
states of the metal ions. The presence of two “OAc and four
shi* ligands supports the assignment of four Mn™ and two Na',
Mn1 has a coordination number of five with a distorted square
pyramidal geometry and an elongated axis approximately
perpendicular to the metallacrown plane. The geometry
assignment is supported with 7 values of 0.01 (Supporting
Information Table $2).>° The basal atoms of the coordination
are supplied by the oxime and carbonyl oxygen atoms of one
shi® to form a five-membered chelate ring and on the opposite
side oxime nitrogen and phenolate oxygen atoms of a second
shi* form a six-membered chelate ring. The oxygen atom from
a bridging acetate anion serves as the apical ligand. The Mnl to
DMF distance of 3.73 A precludes the description of this atom
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as a Jahn—Teller distorted, 6-coordinate species. The acetate
anions serve to bridge the Mnl ions to the central Na'. Mn2
has a coordination number of six with distorted octahedral
geometry. The equatorial plane atoms of the coordination are
supplied by the oxime and carbonyl oxygen atoms of one shi*
to form a five-membered chelate ring and a six-membered
chelate ring formed on the opposite side by the oxime nitrogen
and phenolate oxygen atoms of a second shi®. The axial atoms
of the elongated Jahn—Teller axis consist of carbonyl oxygen
atoms from trans DMF molecules. One of the carbonyl oxygen
atoms serves as a p-bridge to the central Na'. The
heptacoordinate Na' ion binds to the central cavity of the
MC with the four oxime oxygen atoms of the shi* ligands, and
the coordination is completed by a nonbridging carbonyl
oxygen atom of a DMF, a carbonyl oxygen atom of a DMF that
bridges to Mn2, and an oxygen atom from a bridging acetate
anion. The four oxime oxygen atoms form a square base, and
the other three oxygen atoms form a triangular face above the
face of the metallacrown. In addition, for 13 two partially
occupied water molecules and two disordered DMF molecules
are located in the lattice. The presence of the water molecule
induces disorder in the DMF molecule over two positions.

Unlike the situation with compounds 1—12, 13 has a
monovalent ion on the other side of the metallacrown ring
from the Na'. As seen in Table 3, the Na' to the O, MP is only
1.66 A as compared to complexes 1—12, where this distance
was approximately 1.9 A. The 3.34 A Na'-Na' separation is
0.12—0.24 A shorter than the corresponding Ln"'—Na'
distances observed in 1—-12.

Structural Description of Dy"K(OAC),[12-MCp"nyshi-
4](DMF),-DMF. Metallacrown 14 also consists of the typical
12-MCpp,"(nyshi-4 framework (Figure 6 and Supporting

Figure 6. Single-crystal X-ray structure of Dy™K(OAc),[12-
MCy,"(n)shi-4] (DMEF) -DMF, 14 (side view). The thermal ellipsoid
plot of 14 is at 50% probability level. Only the metal atoms are labeled.
Hydrogen atoms and the lattice solvent molecules have been omitted
for clarity. Color scheme: purple, Dy™; green, Mn"; yellow, K'; red,
oxygen; blue, nitrogen; gray, carbon.

Information Figure S29). A C, axis is located in the MC
central cavity which generates a Mn—N—O repeat unit that
completes an overall square geometry. A lanthanide ion and a
potassium ion are bound on opposite faces of the central cavity.
The metallacrown is slightly domed with the lanthanide ion
captured on the convex side of the central cavity, while a
potassium ion is captured on the concave side of the central
cavity. The 12-MCy,"(n)sni-4 framework of 14 is domed to a
slightly smaller extent compared to 1—12. Compound 14
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possesses a smaller average angle between the axial oxygen
atom, Mn', and the centroid of the oxime oxygen atoms
(101.35°) and possesses a smaller distance difference (0.27 A)
of the Ln™ from the O,MP and the MnMP (Supporting
Information Table S4 and Table 3, respectively). Each Mn and
Ln is assigned an oxidation state of 3+. This is supported by the
bond valence sum calculations and average bond distances
(Supporting Information Table S1).** Furthermore, charge
considerations support the oxidation states of the metal ions.
The presence of four “OAc and four shi® ligands supports the
assignment of four Mn", one Ln", and one K' The
coordination numbers and geometries about the Mn™ and
Dy™ ions are strikingly similar to that found for complexes 1—
12. Details concerning the 7 parameters for the Mn'™ ions and
the skew angles for the Dy can be found in Supporting
Information Tables S2 and S3, respectively. The geometry
about the Mn™ ions is a distorted square pyramid, and the
coordination sphere of Mn"" is completed by two shi® ligands
and an apical oxygen atom of a bridging acetate anion. The
acetate anions serve to bridge the Mn'"" ions to the central Dy
As in 1-12, an alternative description of the polyhedron about
the Mn' is that of a highly tetragonally distorted 6-coordinate
complex with very long Mn—DMF distances (~2.5 A). The
geometry about the Dy'" is best described as a slightly distorted
square antiprism, and the coordination sphere of the Dy™ is
completed by four oxime oxygen atoms and four acetate oxygen
atoms. The main structural difference between 14 and 1-12 is
the coordination of the K! jon. As in 1—12, the octacoordinate
K' ion binds to the central cavity of the MC with the oxime
oxygen atoms of the shi® ligands. The difference is that the
coordination sphere of the K' is completed by four DMF
molecules. As in 1—12, the top four oxime oxygen atoms and
bottom four carbonyl oxygen atoms form a severely distorted
square antiprism geometry about the K'. The geometry
assignment is supported by calculated skew angles (®) about
the K' that are between both ideal values (Supporting
Information Table S3). The potassium ion is further from the
O, MP than observed for the corresponding Dy"™/Na'
complex, 7, by 0.31 A as would be expected due to larger
ionic radius of K' However, comparison of 7 and 14
demonstrates that this relative movement of the potassium
ion has no influence on the Dy distance to the O, MP, which
remains 1.59 A. Accordingly, the Dy"'—K' distance increases by
only 0.31 A for 14 when compared to the Dy"'—Na' distance of
7. In addition, for 14 a lattice DMF molecule is disordered over
two sites.

B DISCUSSION

The preparation of molecular heterometallic species, partic-
ularly those that controllably contain three different metals, has
been advanced recently.” In addition, it is relatively rare that
such compounds can be prepared in a one-step high yield
synthesis by exploiting molecular self-assembly. We felt that the
metallacrown analogy, which has been so effective at forming
predictable polymetallic structures of defined composition,
would be an excellent entry into such species.

On the basis of this premise, one finds that the Ln"Na-
(OAC),[12-MCy," (nyni-4] (H,0) -6DMF  compounds, 1-12,
can be synthesized in relatively good yield (7—83%) via the
simple substitution of the appropriate lanthanide(IIl) nitrate
hydrate salts in the synthetic procedure. This series
demonstrates the controllable substitution of the trivalent
cation across the series. While we have not examined
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exhaustively the variability of the alkali metal ion complexation,
14 demonstrates that, at least for the Dym analogue, 7,
potassium can be easily incorporated at the monovalent cation
site. Although we have not examined the variation of either the
metallacrown ring inducing ligand salicylhydroximate, shi*, or
the bridging acetates, numerous previous studies have
demonstrated that these positions are easily modified through
the choice of starting hydroxamic acid or carboxylate salt.®
Thus, we conclude that hundreds of isostructural hetereo-
trimetallic derivatives of LnIHMIL4[lZ—MCMn“I(N)Lr-él-] are
possible by variation with the majority of the lanthanides, at
least two alkali metal cations, numerous 12-MC-4 inducing
hydroxamates with a 5,6-chelate ring structure, and a broad
range of bridging monoanion carboxylates (13 of which are
structurally characterized herein). This assessment does not
include variation of the Mn' ring metal, which can be
substituted to form 12-MC-4 complexes with reported
structures containing Fem,28 CuH,29 NiH,30 ZnH,31 Co 111,32
and Sn'.** Taking this selective modification into account
expands the possibilities to over a thousand potential
compounds. Thus, this incredibly fertile system potentially
allows controllable alternation of five different parameters to
vary the physical properties of a single, well-defined structure
type.

It should be noted that not all lanthanides yielded structure
types 1—12. If La™ and Ce™ (the largest and lightest of the
lanthanides) or Lu™ (the smallest and heaviest of the series)
were selected as the starting trivalent cations, Na,(OAc),[12-
MCyp,"(n)shi-4] (DMF)¢ was recovered. It may be that these
three lanthanides, which are at the extremes of size, may not be
well adapted for either forming bridges to the Mn" ions or
forming strong bonds with the oxime oxygen atoms of the
metallacrown ring.

The Nay(OAc),[12-MCyy,"(n)shi-4] (DMF)4 compound can
be made purposely as described in the Experimental Section by
the elimination of the appropriate lanthanide nitrate salt, and
the structure reported for 13 is for this direct synthesis. The
structure of 13 resembles that of other 12-MCyg,")gmi-4
compounds that bind two sodium ions: Na,Cl,[12-
MC o (n)shi-4]DME-3DMF, Na,Cl,;” Na,Br,[12-
MCy,"()ahi-4] (DMF)5, NayBr;® Nay(NCS), [ 12-MCypy "y
4](DMF)g, Na,(NCS),.® This new disodium structure contains
one bridging acetate that links the cation to the 12-MC-4 as
well as the four oxime oxygen atoms. The metrical parameters
for 13 (Table 3) are very similar to the metrical parameters for
the other three disodium compounds (Supporting Information
Table SS). Akin to these other disodium compounds, 13 is
nearly planar, forming a stepped structure, as the Na' distance
difference between the MnMP and the O, MP is only 0.01 A.

The planar orientation of 13 contrasts markedly with that
observed for 1—12 and 14. A quick examination of Figure 2b
demonstrates that 1 (and all of the compounds containing both
a Ln" and an alkali metal ion) is strongly domed, with the alkali
cation within the dome and the Ln™ and acetates on the
exterior face of the structure. A clear visual demonstration of
the extent of this doming compared with the disodium
complexes is provided by Figure 7, where 1 is shown in
green and 13 is represented in red. This comparison is better
quantitatively described by examination of the metrical data
provided in Table 3 which compares the Ln"'—O_,MP distance
and the Ln™-MnMP distance. For 1—12 the distance
difference between these two measurements is significantly
greater (0.35 to 0.37 A for 1—12) than that of the distance
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Figure 7. Overlay of the X-ray structures of 1 (green) and 13 (red)
with acetates and coordinated solvent molecules removed for clarity.
The doming effect of 1 and the stepped structure of 13 are emphasized
in this view. The difference of the four atom oxime oxygen planes has
been minimized between the two structures for this view.

difference between the Na'—-O M and Na'-MnMP for 13
(0.01 A).

The identity of the Ln"" influences the structural features of
the 12-MCyy,"o)h-4 framework as listed in Table 3. The
largest Ln'" investigated was Pr', 1. The presence of the larger
Pr'"! leads to an expansion of the 12-MCpy " )shi-4 framework.
This is clearly evident in the MC cavity radius calculations,
average adjacent Mn"—Mn™ distances, average cross cavity
Mn"™—Mn"" distances, and average Cross cavity oxime oxygen—
oxime oxygen distances. Compound 1 has the largest values of
all the MCs investigated, while the 12-MC\y,"(x)s-4 framework
is the most constrained by the presence of the smallest Ln" ion
investigated, Yb"™ (11). Moreover, the values steadily decrease
from Pr'" to Yb™ indicting that the Ln"" size consistently affects
the 12-MCy,"n)spi-4 framework. In addition, the distance of
the Ln"" from the 12-MCyy,(y)q,-4 framework varies based on
the identity of the Ln™ following the standard lanthanide
contraction. The larger Pr'' lies farthest from the 12-
MCy,"(w)shi-4 framework on the basis of the longer distances
from the O,,MP. For compounds 1—12 the crystal radius of the
Na' does not vary greatly nor does the out of plane
displacement from the O, MP shift significantly (<0.03 A).
The sodium ion does most closely approach the oxygen ring in
1 and is farthest in 12. The consequence of the relative
invariance of the sodium position is that the smallest Ln™ ions
have significantly shorter Ln"'—Na' separations (Pr''—Na' 3.58
A vs Yb"-Na' 3.46 A). Despite the closer distance for Yb™,
there is no significant structural perturbation suggesting that
the presence of the Na' ion is critical for the molecular doming
conformation.

This conclusion is supported by comparing these structures
to the corresponding potassium containing complex, 14, and
the previously reported {NH(CH,CH),},{Ca(OBz),[12-

MCy,"(nyshi-4]}-4CH,Cl,, where OBz is benzoate, Ca-
(OBz),." Comparing the Dy™ complexes containing Na' (7)
and K' (14) and despite the fact that the potassium cation of 14
is displaced over 0.3 A farther from the O, MP than the sodium
cation in 7, the Dy™ ion positions with respect to the same
O, MP are invariant (7 1.59 A vs 14 1.59 A). This observation
suggests that electrostatic repulsion between ions is negligible.
This is not to say that there are no differences in the Dy"
position as the Dy"'~MnMP distance decreases by nearly a
tenth of an angstrom (7 1.94 A vs 14 1.86 A) upon potassium
substitution. This suggests that the doming of the metallacrown
is dependent to some extent on the monovalent cation.
Compound 14 appears to be less domed than 7, as 14
possesses a smaller average angle between the axial oxygen
atom, Mn', and the centroid of the oxime oxygen atoms (7
102.40° vs 14 101.35°) and a smaller distance difference of the
Ln™ from the O, MP and the MnMP (7 0.35 A vs 14 0.27 A).

This observation raises the question as to whether sodium or
potassium is essential for the observed doming. This question
may be answered by comparison of 1 with Ca(OBz), as shown
in Figure 8 (it should be noted that any of the complexes 2—12
and 14 could be substituted for 1 in this analysis). While the
top half of 1 and Ca(OBz), are similar in that they contain a
cation bound to the metallacrown by four carboxylate oxygen
atoms, the calcium complex contains two noncoordinating
alkylammonium cations. Examination of Figure 8 demonstrates
that both complexes are nearly equivalently domed, despite the
absence of Na' or K' in the Ca" structure. This is quantitatively
confirmed as shown in Supporting Information Table S6 where
the Ca—O_ MP (1.54 A) and Ca—MnMP (1.80 A) distances
and the difference of these distances (0.26 A) are consistent
with significant doming. Also, the average angle between the
axial oxygen atom, Mn'", and the centroid of the oxime oxygen
atoms of Ca(OBz)4 is 106.06° (Supporting Information Table
S$7). For the compounds Mn(OAc),[12-MCy," (n)eni-4]-
(DMF)4-2DMF, Mn(OAc),,* and Mn(OBz),[12-MCyy, " -
4](CH,OH)-2CH;0H, Mn(OBz),,'" a similar, but smaller,
effect can be seen when Mn"(OAc), or Mn"(OBz), is bound
to the 12-MC-4 without a trans monovalent cation (Supporting
Information Tables S6 and S7). We conclude from these
observations that while the monovalent cation may perturb the
extent of doming, it is not responsible for the domed
conformation.

Given that the monovalent cations trans to the lanthanides
are not essential for the observed doming of the metallacrown,

Figure 8. Stereodiagram overlay of the X-ray structures of 1 (green) and Ca(OBz)," (red) illustrating the domed structures of both complexes. The
difference of the four atom oxime oxygen planes has been minimized between the two structures for this view.

1739

dx.doi.org/10.1021/ic402865p | Inorg. Chem. 2014, 53, 1729—-1742



Inorganic Chemistry

Figure 9. Stereodiagram overlay of the X-ray structures of 6 (green) and TbZn,'¢ (red) illustrating the domed structures of both complexes. The
top 12-MC-4 and encircling 24-MC-8 of TbZn 4 have been removed for clarity. The difference of the four atom oxime oxygen planes has been

minimized between the two structures for this view.

one must consider what other factors might contribute to this
conformation. A key consideration is the polyhedron of the
metallacrown ring ion, in this case the Mn'" jons. A recent
analysis of 12-MC-4 structures has appeared when the
metallacrown template ligand contained two S-membered
chelate rings rather than the 5,6-fused chelate rings of the
salicylhydroximate.>* In this case, the structures of Ni'[12-
MCNi"(N)PiCHA—4]2+ and ZnH[IZ—MCZn"(N)PiCHA—ﬂ and the
computed structure of CuH[12—MCCHH(N)V31HA—4]2+35 (where
H,picHA= picoline hydroxamic acid and valHA = valine
hydroxamic acid) were compared, and it was observed that
doming followed the order Zn" > Ni" > Cu" even for cases
where the central divalent cation was not displaced from the
oxime ring plane. The causative feature was the geometry of the
ring metal. In particular, the Zn" had 7 values consistent with a
square pyramidal complex and was the furthest displaced from
the basal ligand mean plane (0.58 A). What we observe for the
[12-MCpy,"(nyshi-4] framework is a similar phenomenon with
the domed structures containing Mn'" that are all displaced out
of the plane toward the same face of the metallacrown, which in
this case is toward the lanthanide ion. The Mn™ ions of 1 are
on average displaced from the basal ligand mean plane by 0.17
A. This is facilitated by the coordinated acetate ligands (or in
the case of Ca", benzoate) that pull the Mn'™ to that face of the
metallacrown.

Recently, the structure of a Tb™Zn";, TbZn,, complex
appeared as a lanthanide sandwich complex formed with two
[12-MCp,inypictia-4] species that was encircled by a [24-
MCZnH(N)picHA'B]'I One can approximate the structures of 1—
12 and 14 by removing the top [12-MCy,pica-4] and the
[24—MCZnﬂ(N)PiCHA-8:|. A comparison of this molecular fragment,
Tb"[12-MCy, " nypicria-4], to Tb"Na(OAc),[12-MCyy, " nyahi-
4](H,0),, 6, reported herein is shown in Figure 9. One sees
that, in this case, the greater Zn" displacement from the basal
ligand mean plane than the Mn™" (average values: Zn" 0.66 A
for Tb"'Zn" ¢ vs Mn™ 0.17 A for 6) leads to greater doming.
While it is true that the 5,5-fused chelate rings of the ligand
accentuate this effect, it should be remembered that essentially
planar Cu'; and Ni's type 12-MC-4 structures can be obtained
with more in-plane ring metals.””*° Once again, a monovalent
cation trans to the lanthanide is not required for the domed
structure. Thus, it appears that the conformation of the ring
metal is critical in determining the doming of this class of
metallacrowns.

B CONCLUSION

The 12 crystal structures of the general formula Ln"Na-
(OAC),[12-MCpy,)hi-4] (H,0) ,-6DMF complex, where Ln™
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is Pr'" (1), Nd™ (2), Sm™ (3), Eu™ (4), Gd™ (5), Tb™ (6),
Dy™ (7), Ho™ (8), Er™ (9), Tm™ (10), Yb™ (11), and Y™
(12), and Dy™K(OAc),[12-MCy," )e-4](DMEF),-DMF (14)
represent the first heterotrimetallic metallacrowns. The identity
of the Ln"™ influences the 12-MCyy,"(n)shi-4 framework as the
largest Ln™, Pr', leads to an expansion of the structure as
evident in the largest MC cavity radius and longest average
adjacent Mn™—Mn"" distances, average cross cavity Mn"'—
Mn™ distances, and average cross cavity oxime oxygen—oxime
oxygen distances. In addition, Pr'" produces the most domed
12-MCpy,")shi-4 framework as evident in the largest average
angles about the axial coordination of the ring Mn™ ions and
the greatest distance difference of the Ln™ between the O ,MP
and the MnMP. The substitution of K' for Na' does not
significantly affect the size of the MC cavity, but the K' ion does
affect the planarity of the 12-MCyy,"(x)ehi-4 framework. For 14,
the 12-MCy,"(nyspi-4 framework is more planar as evident in a
smaller average angle about the axial coordination of the ring
Mn" ions and a shorter distance difference of the Ln"™ between
the O,,MP and the MnMP.

This new structure type promises a remarkable range of
controllable stoichiometries and molecular topologies. On the
basis of these studies and previous reports, we can now
consider synthesizing compounds of this type with 11 different
lanthanides, two different alkali cations, ring metal variants
ranging from Mn" to Zn", a broad range of templating variants
of the shi® ligand, and several different carboxylate bridging
groups. Considered together, this suggests thousands of
molecular species of controlled topology to which one now
has access. By varying each of these parameters one can imagine
controllable magnetic interactions to optimize molecular
magnetism or develop stable luminescent materials. Future
work will investigate the magnetism of 1—12, 14, and related
compounds in particular for single-molecule magnet behavior,
as the Mn"(OAc),[12-MCy,x)g-4] complex showed slow
magnetic relaxation. The present class of structures still offers
the opportunity for the alignment of magnetoanisotropy
vectors within the molecule but now also allows for
incorporation of magnetoanisotropy directly from the chosen
lanthanide as well as a significant amount of unpaired spin.

B ASSOCIATED CONTENT
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X-ray crystallographic information of all structures in CIF
format. Additional structural descriptions, crystallographic
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