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ABSTRACT: The one-pot reactions between Mn(ClO,),:
6H,0, Ca(ClO,),"4H,0, and the potentially tetradentate
(N,0,0,0) chelating/bridging ligand salicylhydroxime
(shiH;), resulting from the in situ metal ion-assisted amide—
iminol tautomerism of salicylhydroxamic acid in the presence
of various fluorescence carboxylate groups and base NEt;,
afford a family of structurally similar {Mn,Ca} clusters with
distorted square pyramidal topology. The reported complexes
(NHEt;),[Mn,Ca(L1),(shi),] (1), (NHEt;),[Mn,Ca-
(12),(shi)y] (2), (NHER)[Mn,Ca(L2) (shi),(shit),}- = = & o wi o w i
(ClO,) (3), and (NHEt;),[Mn,Ca(L3),(shi),] (4) contain a ¢

similar [Mn,Ca(u-NO),]'*" core of four Mn"™ atoms at the square base and a Ca" atom occupying the apical site. Peripheral
ligation about the core is provided by four n'ip':u carboxylate groups of the anions of 2-naphthoic acid (L17), 9-
anthracenecarboxylic acid (L27), and 1-pyrenecarboxylic acid (L37). Solid-state direct current magnetic susceptibility studies
revealed the presence of predominant antiferromagnetic exchange interactions between the 4 Mn'" centers, which were primarily
quantified by using a simple 1-] fit model to give S = 0 spin ground states with low-lying excited states close in energy to the
ground state. Solution studies in solvent MeCN were carried out on all complexes and confirmed their structural integrity. Cyclic
voltammetry studies showed a similar well-defined reversible oxidation and an irreversible reduction for all complexes, thus
establishing their redox potency and electrochemical efficiency. Emission studies in solution proved the optical activity of all
compounds, with the observed “blue” emission peaks attributed to the z-rich chromophores of the organic fluorescence ligands.
The combined results demonstrate the ability of shiH; and fluorescence carboxylates to yield new heterometallic Mn/Ca clusters
with (i) the same Mn/Ca ratio as the oxygen-evolving complex of Photosystem II, (ii) structural stability in solution, and (iii) a
pronounced redox and optical activity.

Emission (a.u.)

B INTRODUCTION Scheme 1. {Mn,CaO;} Core of the Oxygen-Evolving

Photosynthesis is the sunlight-driven process by which green Complex in Photosystem II

plants, algae, and cyanobacteria convert CO, and H,O into Ca
carbohydrates and molecular O,." Such a light-powered process \
is responsible for essentially all the O, on this planet. Mn——O~_ [ 9
Photosystem 1I (PSII) is a multicomponent assembly of J.e /
. . o} _~ \
proteins and cofactors that absorbs four photons to sequentially M Mo
oxidize a {Mn,CaO;} cluster compound (Scheme 1),” known //

as the water-oxidizing complex (WOC) or the oxygen-evolving
complex (OEC), through a four-electron process called the
Kok cycle.> The latter involves a sequence of the so-called S,
Kok states (n = 0 to 4) with the most oxidized one, S,,
participating to the O, release and the S, being dubbed as the
dark-adapted or dark-stable state.* Although still of some
debate,® the Mn ions at the various S, Kok states all exist in
high oxidation states and are assigned as a mixture of Mn'™ Received: October 11, 2014
Mn', and probably Mn"; the S, state is 3Mn™,Mn"", the dark- Published: December S, 2014

stable S, state is 2Mn™2Mn", the S,, the most studied Kok
state, is Mn"™,3Mn"", and the S, is either a 4MnN—ligand radical
description or a 3Mn",Mn" state.® In addition, the presence of
Ca** ion is vital for the WOC activity; without its existence the
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OEC could not advance to the S; state.” The assembly of the
four Mn and one Ca®" ions in the active site of PSII is achieved
via a combination of y-, y3-, and p1,-O~ groups, which give rise
to the formation of an oxido-bridged {Mn;Ca0O,} distorted
cubane linked to a fourth, “dangling” Mn atom (Scheme 1)8
Peripheral ligation about the Mn,CaO; core is primarily
provided by aspartate and glutamate carboxylate groups of
various polypeptide moieties. It becomes apparent that the
presence of oxido groups is of significant importance for the
stabilization of the higher Mn oxidation states and simulta-
neously for the satisfaction of the Ca®* oxophilicity. Oxides can
be generated from the complete deprotonation of water
molecules; the process by which the OEC is assembled, called
photoactivation, utilizes Mn, Ca, CI7, H,O, and oxidizing
equivalents that result from light absorption.” Despite the large
number of multinuclear, homometallic Mn clusters that have
been synthesized at various high oxidation states,'’ hetero-
metallic Mn"*—Ca cluster chemistry has been only sparingly
explored."' ~'* Agapie and co-workers,'” and some of us,"* have
reported the two closest to the overall topology of native OEC
inorganic model complexes, both containing a {Mn;CaO,}
cubane core with all Mn atoms in the high oxidation state of 4+.

Kinetically distinct species in photoactivation process have
been established,"* and reduction of the S, intermediates in the
Kok cycle has led to species in oxidation states lower than S,
which do not require the presence of oxido groups; these S,
states (n = —1, —2, —3) are known as the reduced OEC states
and contain Mn ions in oxidation states <3.'° For instance, the
S_; state corresponds to a putative Mn",3Mn"" oxidation
state.'® During the catalytic turnover, lower oxidation state
species with lower oxygen-atom content must be generated
upon loss of molecular O,. The ligand set environment is then
responsible for the periodic reorganization, reoxidation, and
reoxygenation of the Mn,CaO, cluster.'” Thus, the synthesis
and detailed study of synthetic analogues (molecular models)
of such lower oxidation state species would greatly enhance our
understanding of the spectroscopic, physical, and catalytical
properties of the WOC, as well as its reactivity and functional
characteristics. In addition, the incorporation of optically active
organic groups in an inorganic Mn,Ca core could provide
access to additional physical properties such as luminescence
and photocatalysis.

Toward the search for new molecular materials with
implications in both bioinorganic chemistry and materials
science, and specifically in the synthesis of structural models of
OEC with optical properties, some of the most crucial synthetic
challenges to confront are (i) the Mn,Ca metal stoichiometry,
(ii) the extended, distorted cubane conformation, (iii) the
stability of the preferred Mn oxidation states, (iv) the choice of
the ancillary bridging ligands, and (v) the optical response to an
external stimulus. With this in mind, we started a program
aiming at the synthesis of new heterometallic Mn—Ca clusters
that would possess as many of the above-mentioned structural
and physicochemical features as possible.'® The synthetic route
employed was based on self-assembly, which includes one-pot
reactions between various Mn and Ca sources in the presence
of carefully selected organic chelating/bridging ligands. With
regard to the choice of organic ligands, Pecoraro and co-
workers' have elegantly shown that salicylhydroxamic acid
(shaH,, Scheme 2) can potentially undergo a metal-assisted
amide—iminol tautomerism, which leads to salicylhydroxime
(shiHj, Scheme 2); the latter is an oximate-based ligand with
four coordination sites available for binding to both Mn and Ca
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Scheme 2. Structural Formulae and Abbreviations of the
Organic Ligands Used in this Study
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metal centers. Oximate-based ligands (>C=N—0") are known
to stabilize Mn atoms with moderate-to-high oxidation states,
also fostering the formation of polynuclear metal complexes.”’
In addition, carboxylate groups with fluorescence substituents,
such as naphthalene, anthracene, and pyrene (Scheme 2,
bottom),”" can potentially provide ancillary ligation to an
inorganic metal core and simultaneously introduce optical
efficiency into the corresponding cluster compounds. We have
recently shown that the employment of 2-naphthoic acid (L1-
H), 9-anthracenecarboxylic acid (L2-H), and 1-pyrenecarbox-
ylic acid (L3-H) in Mn"" cluster chemistry can lead to a family
of [Mn";0(LX);(mpko);](ClO,) triangular clusters (X = 1, 2,
or 3; mpko™ is the anion of methyl 2-pyridyl ketone oxime)
with dual single-molecule magnetic and emissive properties.**
Interestingly, the photoluminescence induced by the fluo-
rescence ligands was not quenched by the highly paramagnetic
nature of the metal complexes.

We here report the synthesis and structural, spectroscopic,
and physicochemical properties of a new family of oxido-free
{Mnl"'Ca} clusters with some relevance to low oxidation states
of OEC, featuring a distorted square pyramidal topology, an
inherent structural stability in solution, and redox and optical
activities arising from the metal ions and fluorescence ligands.

B EXPERIMENTAL SECTION

Synthesis. All manipulations were performed under aerobic
conditions using chemicals and solvents as received.

(NHEt;),[Mn,Ca(L1),(shi),] (1). To a stirred, colorless solution of
shaH, (0.15 g, 1.0 mmol) and NEt; (0.42 mL, 3.0 mmol) in CH,Cl,
(30 mL) was added solid 2-naphthoic acid (L1-H; 0.17 g, 1.0 mmol).
The resulting pale yellow suspension was kept under magnetic stirring
at room temperature for ~10 min, followed by the consecutive
addition of solids Mn(ClO,),-6H,0 (0.16 g, 0.5 mmol) and
Ca(ClO,),"4H,0 (0.16 g 0.5 mmol). The resulting ecru suspension
was stirred for 2 h, during which time all the solids dissolved, and the
color of the solution changed to dark brown. The solution was filtered,
and a mixture of Et,0/C¢H;, (60 mL, 1:1 v/v) diffused into the
filtrate. After 5 d, brown platelike crystals of 1 had appeared and were
collected by filtration, washed with CH,Cl, (2 X S mL) and Et,0 (2 X
S mL), and dried under vacuum; the yield was 30%. The crystalline
solid was analyzed as 1: C, 57.67; H, 4.38; N, 4.80%. Found: C, 57.43;
H, 4.25; N, 4.99%. Selected attenuated total reflection (ATR) data
(cm™): 3050 (wb), 2985 (m), 1595 (vs), 1565 (s), 1509 (m), 1467
(m), 1432 (s), 1388 (m), 1315 (m), 1244 (m), 1153 (m), 1097 (m),
1033 (s), 937 (m), 863 (m), 792 (m), 753 (mb), 681 (s), 648 (mb),
480 (m). UV—vis: 4/nm in MeCN: 243, 270, 331.

(NHEt;),[Mn,Ca(L2)(shi),] (2). To a stirred, colorless solution of
shaH, (0.15 g, 1.0 mmol) and NEt; (0.56 mL, 4.0 mmol) in CH,Cl,
(30 mL) was added solid 9-anthracenecarboxylic acid (L2-H; 0.18 g,
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Table 1. Crystallographic Data for Complexes 1—4

parameter 1 2-4CH,Cl, 3-2CH,Cl, 4-5CH,Cl,

formula® CgyHoMn,CaN,Oy C104Hy,Mn,CaN¢O,0Clg Cy34H,4sMn,CaN; 05,Cls C,13Ho4Mn,CaN¢O50Cl,

FWa/g mol™! 1749.35 2289.28 2829.72 2470.28

crystal type brown plate brown plate brown plate red plate

crystal size/mm 0.35 X 0.18 X 0.05 0.38 X 0.21 X 0.11 0.25 X 0.14 x 0.03 0.08 X 0.05 x 0.03

crystal system orthorhombic monoclinic monoclinic triclinic

space group Pben P2,/n P2,/n P1

a/A 17.774(2) 21.872(2) 14.7076(12) 16.5865(2)

b/A 26.125(4) 19.242(2) 29.524(2) 17.4560(2)

/A 17.139(2) 26.024(2) 31.846(2) 19.3789(3)

a/deg 90 90 90 110.620(1)

/deg 90 91.153(4) 101.206(3) 94.871(1)

y/deg 90 90 90 94.214(1)

V/A3 7958.4(2) 10950.2(16) 13564.8(2) 5200.2(1)

z 4 4 4 1

T/K 150.0(2) 150.0(2) 150.0(2) 100(2)

Peac/g cm™ 1.460 1.389 1.386 1.578

,u/rnrrf1 0.762 0.760 0.577 0.771

0 range/deg 3.65—25.03 3.65—-25.03 3.66—25.03 3.52-23.97

index ranges 0<h<2l —-25<h<26 —-17<h<17 —-19<h<19
0<k<3l -22<k<22 -35<k<35 —20<k<20
0<1<20 -30<1<30 —-37 <137 —-22<1<20

collected reflections 6968 139672 168 834 54493

independent reflections 4534 (R, = 0.1645) 19 125 (R, = 0.0476) 23 889 (R, = 0.0765) 15587 (R;, = 0.0307)

final R%* indices [I > 20(1)] Rl = 0.1554 RI = 0.0925 R1 = 0.0969 Rl = 0.0784
wR2 = 0.4217 wR2 = 0.2370 wR2 = 0.1991 wR2 = 0.2322

(AP) magmin/ e A7 4.111, —0.713 3.599, —1.200 1.799, —1.188 1.897, —1.613

“Including solvate molecules. bR1 = Z(||E,| — IF.||)/ZIF,l. “wR2 = [Z[w(F> — F2)*]/Z[w(F2)*1]"2 w = 1/[0 2(F,2) + (ap)® + bp), where p =

[max(Ey% 0) + 2F.2]/3.

0.8 mmol). The resulting pale yellow suspension was kept under
magnetic stirring at room temperature for ~15 min, followed by the
consecutive addition of solids Mn(ClO,),-6H,0 (0.29 g, 0.8 mmol)
and Ca(ClO,),4H,0 (0.06 g, 02 mmol). The resulting ecru
suspension was stirred for 2 h, during which time all the solids
dissolved, and the color of the solution changed to dark brown. The
solution was filtered, and Et,O (60 mL) diffused into the filtrate. After
3 d, X-ray quality dark brown platelike crystals of 2-4CH,CIl, had
appeared and were collected by filtration, washed with CH,CL, (2 X 5
mL) and Et,0 (2 X S mL), and dried under vacuum; the yield was
60%. The crystalline solid was analyzed as 2: C, 61.61; H, 4.34; N,
4.31%. Found: C, 61.39; H, 4.25; N, 4.34%. Selected ATR data
(em™): 3041 (m), 2983 (m), 1589 (vs), 1565 (s), 1513 (m), 1486
(m), 1468 (m), 1429 (s), 1384 (m), 1313 (vs), 1274 (m), 1254 (m),
1154 (m), 1096 (m), 1031 (m), 937 (s), 884 (m), 861 (s), 797 (m),
733 (vs), 681 (s), 646 (s), 615 (vs), 524 (m), 481 (m), 457 (m). UV—
vis: A/nm in MeCN: 250, 288, 347, 356, 382.
(NHEt;3)s[Mn,Ca(L2) ,(shi) ,(shiH,),](CIO,) (3). To a stirred, colorless
solution of shaH, (0.05 g, 0.3 mmol) and NEt; (0.13 mL, 0.9 mmol)
in CH,Cl, (30 mL) was added solid 9-anthracenecarboxylic acid (L2-
H; 0.07 g, 0.3 mmol). The resulting pale yellow suspension was kept
under magnetic stirring at room temperature for ~15 min, followed by
the consecutive addition of solids Mn(ClO,),-6H,0 (0.11 g 0.3
mmol) and Ca(ClO,),-4H,0 (0.06 g, 0.2 mmol). The resulting ecru
suspension was stirred for 2 h, during which time all the solids
dissolved, and the color of the solution changed to dark brown. The
solution was filtered, and a mixture of Et,0/C¢H,, (60 mL, 1:1 v/v)
diffused into the filtrate. After four weeks, dark red platelike crystals of
3-2CH,Cl, appeared and were collected by filtration, washed with
CH,Cl, (2 X S mL) and Et,0 (2 X 5 mL), and dried under vacuum;
the yield was 20%. The crystalline solid was analyzed as solvent-free 3:
C, 60.28; H, 5.75; N, 6.92%. Found: C, 60.10; H, 5.52; N, 7.12%.
Selected ATR data (cm™): 3040 (s), 2981 (mb), 1593 (vs), 1567 (s),
1515 (m), 1431(s), 1383 (m), 1311 (vs), 1256 (m), 1155 (m), 1093
(m), 1032 (m), 1024 (s), 936 (m), 898 (m), 861 (s), 756 (s), 734 (s),
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679 (s), 647 (s), 619 (vs), 524 (m), 478 (m), 456 (m). UV—vis: A/nm
in MeCN: 252, 284, 350, 358, 381.

(NHEt;),[Mn,Ca(L3),(shi),] (4). To a stirred, colorless solution of
shaH, (0.15 g, 1.0 mmol) and NEt; (0.56 mL, 4.0 mmol) in CH,Cl,
(30 mL) was added solid 1-pyrenecarboxylic acid (L3-H; 0.20 g, 0.8
mmol). The resulting pale yellow suspension was kept under magnetic
stirring at room temperature for ~1S min, followed by the consecutive
addition of solids Mn(ClO,),6H,0 (0.29 g, 0.8 mmol) and
Ca(ClO,),*4H,0 (0.06 g, 0.2 mmol). The resulting ecru suspension
was stirred for 2 h, during which time all the solids dissolved, and the
color of the solution changed to dark brown. The solution was filtered
and left to evaporate slowly at room temperature. After 5 d, X-ray
quality dark brown platelike crystals of 4-SCH,Cl, appeared and were
collected by filtration, washed with CH,Cl, (2 X S mL) and Et,0 (2 X
S mL), and dried under vacuum; the yield was 50%. The crystalline
solid was analyzed as solvent-free 4: C, 63.41; H, 4.14; N, 4.11%.
Found: C, 63.76; H, 4.42; N, 3.98%. Selected ATR data (cm™): 3035
(m), 2984 (m), 1591 (vs), 1567 (s), 1510 (m), 1469 (m), 1432 (s),
1386 (m), 1353 (s), 1311 (m), 1255 (m), 1178 (m), 1152 (m), 1095
(m), 1033 (s), 936 (s), 839 (s), 787 (m), 753 (m), 712 (vs), 678 (vs),
645 (m), 612 (vs), 533 (m), 479 (s). UV—vis: A/nm in MeCN: 250,
288, 342, 360, 382.

X-ray Crystallography. Selected crystals of 1-2H,0, 2-4CH,Cl,,
and 3-2CH,Cl, were manually harvested and mounted on cryoloops
using adequate 0il.>® Diffraction data were collected at 150.0(2) K on a
Bruker X8 Kappa APEX II charge-coupled device (CCD) area-
detector diffractometer controlled by the APEX2 software package®*
(Mo Ka graphite-monochromated radiation, 4 = 0.71073 A), and
equipped with an Oxford Cryosystems Series 700 cryostream
monitored remotely with the software interface Cryopad.> Images
were processed with the software SAINT+.2® The majority of single
crystals chosen for data collection showed very weak X-ray diffraction
patterns under Mo Ka radiation; it was not feasible to obtain any
better data for complexes 1—3 than the ones reported herein.
Attempts to work with larger crystals failed to give acceptable data due
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to crystal twinning problems. To confirm that the intensity of
conventional X-rays hinders the acquisition of high-quality crystal data,
access to synchrotron radiation was necessary. Selectively for complex
4-5CH,Cl,, good-quality X-ray diffraction data from a small, but single,
crystal were collected under the synchrotron radiation beam at the
Swiss-Norwegian BMOla beamline (European Synchrotron Radiation
Facilities (ESRF), Grenoble, France), at 100(2) K, on the multi-
purpose PILATUS@SNBL diffractometer equipped with a PILA-
TUS2m detector, using a highly monochromatic synchrotron radiation
with wavelength (1) fixed at 0.68239 A. Images were processed using
the software CrysAlis’™.”” All the data were corrected for absorption
by the multiscan semiempirical method implemented in SADABS.*®
The structures were solved by direct methods implemented in
SHELXS-97*** and refined from successive full-matrix least-squares
cycles on F* using SHELXL-97.%%%!

The non-hydrogen atoms were successfully refined using aniso-
tropic displacement parameters, except from one Et;NH" cation in the
structures of 1 and 2-4CH,Cl,, which were refined with isotropic
parameters. Hydrogen atoms bonded to carbon, nitrogen, or oxygen
atoms were located at their idealized positions using appropriate HFIX
instructions in SHELXL; 43 for the aromatic carbons, 23 for the —CH,
group, 137 for the terminal —CHj; methyl groups, 13 for the —NH
group, and 147 for the —OH group. All these atoms were included in
subsequent refinement cycles in riding-motion approximation with
isotropic thermal displacements parameters (Uy,) fixed at 1.2 or 1.5 X
U, of the relative atom.

Substantial electron density was found on the data of 1, 2-4CH,Cl,,
and 3-2CH,Cl,, most likely as a consequence of additional disordered
solvent molecules. Several attempts to locate and model remaining
solvent molecules revealed to be ineffective, and the investigation for
the total potential solvent area using the software package PLATON>
confirmed unequivocally the occurrence of cavities with potential
solvent-accessible void volume. Therefore, the original data sets were
treated with the SQUEEZE®* subroutines to eliminate the
contribution of these highly disordered molecules in the solvent-
accessible volume. The programs used for molecular graphics were
MERCURY and DIAMOND.*® Unit cell parameters and structure
solution and refinement data for all complexes are listed in Table 1.
Further crystallographic details can be found in the corresponding CIF
files provided in the Supporting Information.

Physical Measurements. Infrared (IR) spectra were recorded in
the solid state on a Bruker FT-IR spectrometer (ALPHA Platinum
ATR single reflection) in the 4000—450 cm™ range. Elemental
analyses (C, H, and N) were performed on a PerkinElmer 2400 Series
II Analyzer. UV—visible (UV—vis) spectra were recorded in MeCN
solution at concentrations ~10™> M on a Beckman Coulter DU Series
700 dual beam spectrophotometer. Electrospray ionization (ESI) mass
spectra (MS) were taken on a Bruker HCT Ultra mass spectrometer
from solutions of complexes 1—4 prepared in MeCN. Excitation and
emission spectra were recorded in MeCN solutions (~107° M) using a
PTI FeliX32 spectrofluorometer. Electrochemical studies were
performed under argon using a BASi EC-epsilon Autoanalyzer and a
standard three-electrode assembly (glassy carbon working, Pt wire
auxiliary, and Ag/AgNO; reference) with 0.1 M NBu",PF as
supporting electrolyte. Quoted potentials are versus the ferrocene/
ferrocenium couple, used as an internal standard. The scan rates for
cyclic voltammetry were 100 mV/s. Distilled solvents were employed,
and the concentrations of the complexes were approximately 1 mM.
Direct current (dc) magnetic susceptibility studies were performed at
the University of Florida Chemistry Department on a Quantum
Design MPMS-XL SQUID susceptometer equipped with a 7 T
magnet and operating in the 1.8—400 K range. Samples were
embedded in solid eicosane to prevent torquing. Pascal’s constants
were used to estimate the diamagnetic correction, which was
subtracted from the experimental susceptibility to give the molar
paramagnetic susceptibility (yy).>*
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B RESULTS AND DISCUSSION

Synthesis and IR Spectra. The majority of synthetic
procedures to heterometallic Mn/Ca complexes rely on the
reactions of readily available MnX, and CaX, starting materials
(X~ = various) with a potentially chelating/bridging organic
ligand. This route has led to numerous mixed Mn/Ca
complexes with different metal stoichiometries, Mn oxidation
level descriptions, and structural topologies.'”'**> An alter-
native route refers to the comproportionation reactions
between Mn(II) and Mn(VII) reagents, in the presence of
CaX, salts, under acidic conditions. This flexible and
unpredictable strategy does not require the copresence of an
organic chelate and has provided access to complex
[Mn'Y;Ca,0,(0,CBu)s(*‘BuCO,H),],"> one of the closest
structural models of the asymmetric-cubane OEC unit. In the
present study we followed the first route, and we have thus
explored reactions involving salicylhydroxamic acid (shaH,)
chelate and Mn/Ca inorganic salts in the presence of various
fluorescence carboxylate groups. The simultaneous presence of
“competing” carboxylate groups (ie, MeCOj3, ‘BuCOj, etc.)
on the metal starting materials would likely complicate the
reaction mixtures, and we have thus avoided their use.

A variety of reactions differing in the Mn/Ca/shaH, ratio,
the fluorescence carboxylic acids, the inorganic ions present, the
organic base, and/or the reaction solvent(s) were explored in
identifying the following successful systems. The one-pot
reaction of Mn(ClO,),6H,0 and Ca(ClO,),4H,0 with
shaH, in a 1:1:2 molar ratio in CH,Cl, in the presence of 2
and 6 equiv of each 2-naphthoic acid (L1-H) and NEt, gave a
dark brown solution that, upon filtration and slow diffusion
with Et,O/hexanes, afforded brown crystals of the mixed-metal
complex (NHEt;),[Mn} Ca(L1),(shi),] (1) in 30% vyield
(based on the total available Ca). The formation of
representative 1 is summarized in eq 1.

4Mn(ClO,),-6H,0 + Ca(ClO,),-4H,0 + 4shiH,
+ 4L1-H + O, + 12NEt,
— (NHEt,),[Mn} Ca(L1),(shi),] + 10(NHEt,)(ClO,)
+ 30H,0 (1)

The coordinated anion of shi*~ was resulted from the metal
ion-assisted transformation of shaH, under basic conditions.
The reaction is an oxidation, undoubtedly by O, under the
prevailing basic conditions. The NEt; has the role of proton
acceptor to facilitate the deprotonation of the shaH, and L1-H
molecules. Employment of different organic bases, such as
NMe;, Bu";N and Me,NOH, did not afford crystalline materials
but only oily products that we were not able to further
characterize. The reaction solvent was found to be of critical
importance for the crystallization of all reported compounds
1—4; various reactions in polar solvents gave amorphous
precipitates that were probably mixtures of different products.
Once the identity of 1 was established by single-crystal X-ray
diffraction studies (vide infra), we managed to optimize the
synthesis and increase the yield (~70%) of the crystalline
compound by adjusting the Mn/Ca/shaH,/L1-H/NEt; ratio to
4:1:5:4:20. The latter ratio was also adopted for the synthesis of
isostructural compounds (NHEt;),[Mn,Ca(L2),(shi),] (2)
and (NHEt;),[Mn,Ca(L3),(shi),] (4) in yields of 60 and
50%, respectively, under different crystallization methods (slow
diffusion with Et,O for 2 and slow evaporation at room

dx.doi.org/10.1021/ic502492x | Inorg. Chem. 2015, 54, 2137—2151



Inorganic Chemistry

temperature for 4). Interestingly, and only in case of 9-
anthracenecarboxylic acid (L2-H), the metals-to-ligands ratio
proved to slightly affect the chemical identity of
(NHEt;),[Mn,Ca(L-X),(shi),] (X =1 (1), 2 (2), 3 (4)).
Hence, the reaction of Mn(ClO,),-6H,0 and Ca(ClO,),-4H,0
with shaH, in a 3:2:3 molar ratio in CH,Cl, in the presence of
3 and 9 equiv of each L2-H and NEt; gave a dark brown
solution that, upon filtration and slow diffusion with Et,0/
hexanes, afforded brown crystals of (NHEt,);[Mn,Ca(L2),-
(shi),(shiH,),](ClO,) (3) in 20% yield. The formation of 3 is

summarized in eq 2.
4Mn(ClQ,),-6H,0 + Ca(ClO,),-4H,0 + 6shiH,
+ 4L2-H + O, + 14NEt,
— (NHEt;)s[Mn,Ca(L2), (shi), (shiH,),](CIO,)

+ 9(NHEt,;)(ClO,) + 30H,0 (2)

Complex 3 is again a {Mn,Ca} species albeit with two
additional shiH,™ ions acting as terminal ligands (vide infra).
Clearly, these reaction systems are very complicated,
undoubtedly with many species in equilibrium, and thus are
sensitive to small changes in reaction conditions. Finally, the
substitution of ClOj ions in the MnX, and CaX, precursors by
other inorganic ions, such as CI™ or NOj3, did not lead us to any
crystalline material under various crystallization techniques and
workup conditions. Compounds 1—4 are all stable and
crystalline solids at room temperature and nonsensitive toward
air and moisture. They are all soluble in MeCN, MeOH,
dimethylformamide, and dimethyl sulfoxide and partially
soluble in almost all other organic solvents such as benzene,
tetrahydrofuran, and toluene. Given the pronounced ability of
polar and protic solvents to reduce high-oxidation state Mn
species,®® we avoided dissolving the reported compounds in
MeOH, and we have instead focused on the spectroscopic and
physicochemical characterization of 1—4 in MeCN solutions.

All complexes 1—4 have very similar IR spectra. Several
bands appear in the ~1595—1380 cm™' range, assigned to
contributions from the stretching vibrations of the aromatic
rings of shi’~ and fluorescence ligands, which overlap with
stretches of the carboxylate bands;®” they, thus, do not
represent pure vibrations and render exact assignments difficult.
Contributions from the v(C=N) .. modes of shi*~ would
be also expected in this region. It is very likely that the strong
bands at 1595 and 1432 cm™ (1), 1589 and 1429 cm™ (2),
1593 and 1431 cm™ (3), and 1591 and 1432 cm™ (4) in the
spectra of 1—4 are attributed to the v,(CO,) and r,(CO,)
modes, respectively; the former should also involve a ring-
stretching character. The difference A [A = 1, (CO,) —
1,(CO,)] is small (<163 cm™) in all cases, as expected for the
predominant bidentate bridging mode of carboxylate ligation
(vide infra).*® The bands at ~3050 and ~2980 cm™' can be
assigned to the stretching vibrations of v(N—H) modes from
the presence of Et;NH* countercations.*

Description of Structures. Complexes 1, 2, and 4 are
isostructural and differ only in the nature of the fluorescence
carboxylate ligand and lattice solvate molecules; the latter will
not be further discussed. Given the superior quality of X-ray
diffraction data for compound 4 obtained through synchrotron
radiation, and consequently its more precise metric parameters
(bond distances and angles), only the structure of representa-
tive complex 4 will be described in detail. The crystal structure
of 4 consists of a [Mn,Ca(L3),(shi),]*>" dianion (Figure 1,
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Figure 1. Partially labeled representations of the structures of the
anions present in complexes 4 (top), 1 (middle), and 2 (bottom), with
the gold thick bonds emphasizing the different carboxylate moieties.
Color scheme: Mn™ blue, Ca" yellow, O red, N green, C gray. H
atoms are omitted for clarity. Symmetry operation for the primed
atoms in 1: —x, y, 1/2 — z.

top), two Et;NH" cations, and five lattice CH,Cl, molecules.
Complex 4-SCH,Cl, crystallizes in the triclinic space group P1
with the {Mn,Ca} dianion in a general position. In contrast,
complexes 1 (Figure 1, middle) and 2-4CH,Cl, (Figure 1,
bottom) crystallize in the orthorhombic Pbcn and monoclinic

dx.doi.org/10.1021/ic502492x | Inorg. Chem. 2015, 54, 2137—2151



Inorganic Chemistry

Table 2. Selected Interatomic Distances (A) and Angles (deg) for Complexes 1,” 2-4CH,Cl,, 3-2CH,Cl,, and 4-5CH,Cl,

1

Mn(1)--Mn(2) 4.610(2) Mn(2)--Mn(2") 6.550(2)
Mn(1)--Mn(2") 4.621(2) Mn(1)--Ca(1) 3.678(2)
Mn(1)--Mn(1") 6.495(2) Mn(2)--Ca(1) 3.628(2)
Mn(1)-0(4) 2.122(7) Mn(2)-0(1) 1.896(6)
Mn(1)-0(2') 1.894(5) Mn(2)-0(6) 2.050(7)
Mn(1)-0(7") 1.974(7) Mn(2)-0(8) 1.831(7)
Mn(1)-0(10) 1.839(6) Mn(2)-0(9) 1.976(6)
Mn(1)-N(2) 1.933(6) Mn(2)-N(1) 1.935(6)
Ca(1)-0(1) 2.376(6) Ca(1)-0(3) 2.385(9)
Ca(1)-0(2) 2.353(5) Ca(1)-0(5) 2.384(9)
Mn(1)-0(2")-N(1")—Mn(2’) 170.6 Mn(1")—-0(2)—Ca(1) 119.6(3)
Mn(2)-0(1)—-N(2)—Mn(1) 174.1 Mn(2)—-0(1)—Ca(1) 115.8(3)

2-4CH,Cl,
Mn(1)--Mn(2) 4.612(1) Mn(2)--Mn(4) 6.543(1)
Mn(2)--Mn(3) 4.630(1) Mn(1)-Ca(1) 3.731(1)
Mn(3)--Mn(4) 4.636(1) Mn(2)--Ca(1) 3.726(1)
Mn(4)--Mn(1) 4.615(1) Mn(3)--Ca(1) 3.696(1)
Mn(1)--Mn(3) 6.533(1) Mn(4)--Ca(1) 3.760(2)
Mn(1)-0(5) 1.880(4) Mn(3)-0(2) 1.885(4)
Mn(1)-0(12) 1.944(4) Mn(3)-0(3) 2.146(5)
Mn(1)-0(14) 2.069(5) Mn(3)-0(8) 1.859(4)
Mn(1)—0(20) 1.860(4) Mn(3)-0(17) 1.945(4)
Mn(1)-N(4) 1.963(5) Mn(3)-N(1) 1.976(5)
Mn(2)-0(1) 1.868(4) Mn(4)-0(6) 1.881(4)
Mn(2)-0(16) 2.115(4) Mn(4)-0(7) 1.944(4)
Mn(2)-0(18) 1.862(4) Mn(4)-0(9) 2.140(5)
Mn(2)-0(19) 1.947(4) Mn(4)-0(11) 1.867(4)
Mn(2)-N(3) 1.974(5) Mn(4)-N(2) 1.968(5)
Ca(1)-0(1) 2.466(4) Ca(1)-0(6) 2.476(4)
Ca(1)-0(2) 2.428(4) Ca(1)—0(10) 2.365(4)
Ca(1)-0(4) 2.405(4) Ca(1)—0(13) 2.350(5)
Ca(1)-0(5) 2.503(4) Ca(1)-0(15) 2.389(4)
Mn(1)—0(5)—N(2)—Mn(4) 179.2 Mn(1)-0(5)—Ca(1) 1159(2)
Mn(2)—O(1)-N(4)—Mn(1) 177.0 Mn(2)-0(1)—Ca(1) 117.9(2)
Mn(3)—0(2)—-N(3)—Mn(2) 175.0 Mn(3)-0(2)—Ca(1) 117.4(2)
Mn(4)—0(6)—N(1)—Mn(3) 175.6 Mn(4)—0(6)—Ca(1) 118.7(2)
3-2CH,CL,
Mn(1)--Mn(2) 4.617(3) Mn(2)--Mn(4) 6.407(3)
Mn(2)--Mn(3) 4.569(2) Mn(1)--Ca(1) 3.749(1)
Mn(3)--Mn(4) 4.641(3) Mn(2)---Ca(1) 3.790(1)
Mn(4)-+-Mn(1) 4.535(2) Mn(3)-Ca(1) 3.744(1)
Mn(1)--Mn(3) 6.566(5) Mn(4)--Ca(1) 3.752(1)
Mn(1)-0(5) 1.875(4) Mn(3)-0(2) 1.870(4)
Mn(1)-0(15) 1.951(4) Mn(3)-0(3) 2.088(4)
Mn(1)—0(17) 2.158(4) Mn(3)-0(8) 1.861(4)
Mn(1)-0(23) 1.851(4) Mn(3)-0(20) 1.942(4)
Mn(1)-N(5) 1.970(5) Mn(3)-N(1) 1.989(5)
Mn(2)-0(1) 1.893(4) Mn(4)-0(6) 1.890(4)
Mn(2)-0(19) 2.283(4) Mn(4)-0(7) 1.941(4)
Mn(2)-0(21) 1.873(4) Mn(4)—-0(9) 2.309(4)
Mn(2)-0(22) 1.961(4) Mn(4)-0(11) 2.270(4)
Mn(2)-0(24) 2.244(4) Mn(4)—0(14) 1.869(4)
Mn(2)-N(4) 1.976(5) Mn(4)-N(3) 1.980(5)
Ca(1)-0(1) 2.468(4) Ca(1)-0(6) 2.452(4)
Ca(1)-0(2) 2.440(4) Ca(1)—0(10) 2.354(4)
Ca(1)-0(4) 2.397(4) Ca(1)—0(16) 2.427(4)
Ca(1)-0(5) 2.399(4) Ca(1)—-0(18) 2.331(4)
Mn(1)—O(5)—N(3)—Mn(4) 154.4 Mn(1)-0(5)—Ca(1) 122.1(2)
Mn(2)—0(22)—N(5)—Mn(1) 164.9 Mn(2)-0(1)—Ca(1) 120.2(2)
Mn(3)-0(2)—N(4)—Mn(2) 163.5 Mn(3)-0(2)—Ca(1) 120.1(2)
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Table 2. continued

3-2CH,ClL,
Mn(4)—0(6)—N(1)—Mn(3) 173.5 Mn(4)-0(6)—Ca(1) 119.0(2)
4-5CH,Cl,
Mn(1)--Mn(2) 4.589(2) Mn(2)--Mn(4) 6.593(4)
Mn(2)--Mn(3) 4.599(2) Mn(1)--Ca(1) 3.729(1)
Mn(3)--Mn(4) 4.645(3) Mn(2)-Ca(1) 3.721(1)
Mn(4)-+-Mn(1) 4.595(2) Mn(3)-Ca(1) 3.804(1)
Mn(1)--Mn(3) 6.426(3) Mn(4)--Ca(1) 3.773(1)
Mn(1)-0(1) 1.872(3) Mn(3)-0(9) 1.889(3)
Mn(1)-0(6) 1.846(3) Mn(3)-0(11) 2.165(3)
Mn(1)-0(13) 2.070(3) Mn(3)-0(16) 1.975(3)
Mn(1)-0(20) 1.931(3) Mn(3)-0(17) 1.865(3)
Mn(1)-N(1) 1.956(3) Mn(3)—-N(3) 1.975(3)
Mn(2)-0(2) 1.881(3) Mn(4)-0(3) 1.890(3)
Mn(2)—-0(15) 2.073(3) Mn(4)-0(4) 1.871(3)
Mn(2)—-0(18) 1.931(3) Mn(4)—-0(5) 1.950(3)
Mn(2)-0(19) 1.863(3) Mn(4)-0(7) 2.118(3)
Mn(2)-N(4) 1.959(4) Mn(4)-N(2) 1.975(4)
Ca(1)-0(1) 2.422(3) Ca(1)—0(9) 2.495(3)
Ca(1)-0(2) 2.423(3) Ca(1)—0(10) 2.335(3)
Ca(1)-0(4) 2.448(3) Ca(1)-0(12) 2.389(4)
Ca(1)-0(8) 2421(3) Ca(1)—0(14) 2.375(3)
Mn(1)—0O(1)—-N(4)—Mn(2) 171.5 Mn(1)-0(1)—Ca(1) 120.0(1)
Mn(2)—0(2)—-N(3)—Mn(3) 165.3 Mn(2)-0(2)—Ca(1) 119.1(2)
Mn(3)—0(9)—N(2)—Mn(4) 171.4 Mn(3)-0(9)—Ca(1) 119.7(1)
Mn(4)—0(4)—-N(1)—Mn(1) 169.2 Mn(4)—-0(4)—Ca(1) 121.2(1)

’

“Symmetry code: ' = 1 — x, —y, —z.

P2,/n space groups, respectively. Selected interatomic distances
and angles for complexes 1, 2, and 4 are listed in Table 2.
The core of 4 consists of four Mn" and one Ca" atoms
arranged in a slightly distorted square pyramidal topology
(Figure 2, left), with the Ca" atom occupying the apical

Figure 2. Labeled representations of the {Mn,Ca} square pyramidal
topology (top, left) and the complete [Mn,Ca(u-NO),]'%* core of
representative complex 4 (top, right). Square antiprismatic coordina-
tion geometry of Ca'l atom in 4; the points connected by the black
lines define the vertices of the ideal polyhedron. Color scheme as in
Figure 1.

position and the Mn" atoms forming the square base. The

Mn---Mn--Mn angles are spanning the range of 88.1—91.8°
deviating only slightly from the ideal 90°, and the Mn---Ca---Mn
angles of the four triangular faces lie within the 75.3—76.1°
range. The Mn' atoms form a near-planar square, with each of
the edges bridged by a diatomic oximate group from a shi*~
ligand, thus giving Mn--Mn separations of 4.589(1)—4.645(1)
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A. The almost perfectly planar Mn, unit is clearly due to the
large Mn—O—N—Mn torsion angles of 171.5° (Mnl1-O1—
N4—Mn2), 165.3° (Mn2—02—N3—Mn3), 171.3° (Mn3—09—
N2—Mn4), and 169.2° (Mn4—04—N1—Mnl), very close to
the ideal linearity of 180°. The linkage between the basal Mn™
atoms and the apical Ca" atom is provided by the oximate O
atoms of shi’~ ligands and the four 7":7":u bidentate bridging
pyrene carboxylate (L37) groups. The Mn--Ca separations
[3.773(1), 3.804(1), 3.729(1), and 3.721(1) A] in the square
pyramid of 4 are in close proximity with conclusions from Ca
EXAFS studies on the {Mn,Ca} extended cubane of OEC
(approximately 3.4 A).** Differences between the Mn--Ca
separations of 4 and those of OEC are to be expected given the
different core topologies, greater distance uncertainties in the
crystal structure of a large PSII multicomponent assembly,
structural perturbations caused by the polypeptide environ-
ment, and the fact that some of the Mn atoms of OEC in the
PSII crystal structure will be at a higher oxidation state (i..,
Mn'"), leading to shorter bond distances on average.B’41
Ligation around each Mn" atom is completed by the
alkoxido and phenoxido O atoms from shi’~ groups; the latter
are thus 5':7":n':n*u;. The complex therefore contains an
overall [Mn,Ca(u-NO),]'*" core (Figure 2, right), which can
also be described as a [12-MCyg,mn(eny-4] metallacrown®
surrounding a Ca" atom. The latter lies 1.873 A out of the Mn,
plane. All Ca—O bonds are in the range of 2.335(3)—2.495(3)
A. All Mn™ atoms in 1, 2, and 4 are five-coordinate with almost
perfect square pyramidal geometries. This is confirmed by
analysis of the shape-determining bond angles using the
approach of Reedijk and Addison,** which yields an average
value for the trigonality index, 7, of 0.04 for the four metal ions,
where 7 is 0 and 1 for perfect square pyramidal and trigonal
bipyramidal geometries, respectively. The Mn oxidation states
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were established by charge balance considerations, metric
parameters, and bond valence sum calculations (BVS, Table
3).** In all the compounds, the Ca" atom is eight-coordinate in

Table 3. BVS Calculations” for Mn Atoms in 1—4

complex atom Mn" Mn™ Mn"
1 Mnl 3.27 3.04 3.12
Mn2 3.35 3.11 3.20

2 Mnl 3.30 3.0 3.14
Mn2 3.24 3.00 3.09

Mn3 3.18 295 3.03

Mn4 3.20 2.96 3.05

3 Mnl 321 2.97 3.06
Mn2 327 3.03 2.86

Mn3 3.25 3.01 3.10

Mn4 3.28 3.03 3.13

4 Mnl 3.38 3.13 3.22
Mn2 3.31 3.07 3.16

Mn3 3.10 2.87 295

Mn4 3.17 294 3.02

“The underlined value is the one closest to the charge for which it was
calculated. The oxidation state is the nearest whole number to the
underlined value.

a CaOg environment possessing square antiprismatic geometry.
That was confirmed by the continuous shape measure (CShM)
approach, which essentially allows one to numerically evaluate
by how much a particular structure deviates from an ideal
shape.*> The best fit was obtained for the square antiprism
(Figure 2, bottom) with CShM value of 0.77. Values of CShM
between 0.1 and 3 usually correspond to a not negligible but
still small distortion from ideal geometry.*®

Complex (NHEt,)[Mn,Ca(L2),(shi),(shiH,),](ClO,) (3)
has a very similar structure (Figure 3) to that of 2, the only
significant difference being the terminal (1') coordination of
two singly deprotonated shiH, ligands on two Mn™ atoms
(Mn2 and Mn4). As a result, Mn2 and Mn4 exhibit a near-
octahedral geometry that takes the form of an axially elongated

Figure 3. Partially labeled representation of the structure of the anion
present in complex 3, with the cyan thick bonds emphasizing the JT
axes of six-coordinate Mn"" atoms. H atoms are omitted for clarity.
Color scheme as in Figure 1.
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Jahn—Teller (JT) distortion, as expected for a high-spin d* ion
in this geometry. The JT axes in both Mn sites involve the
anthracene carboxylate and shiH; phenoxido O atoms. The
noncoordinated N and the oximato and alkoxido O atoms of
shiH; are strongly H-bonded to two Et;NH" countercations.

From a supramolecular viewpoint, all reported compounds
1—4 show similar intramolecular H-bonding interactions that
include the Et;NH" cations as donors and the O atoms of
carboxylate ligands as acceptors. The pyrene analogue 4 shows
two sets of intramolecular 7—7 stacking interactions between
adjacent centroids, as defined by C9—C24 (centroid A)/C30—
C45 (centroid B), and C47—-Cé62 (centroid C)/C64—C79
(centroid D); their distances are centroid A:- centroid B =
3.807 A and centroid C:-- centroid D = 3.835 A (Supporting
Information, Figure S1). Finally, the crystal structures of all
complexes exhibit intermolecular interactions that involve the
aromatic rings of the ligands and H-bonding interactions
between the countercations, lattice solvate molecules, and
coordinated ligands. The shortest, intermolecular Mn--Mn
distances between neighboring cluster compounds are 6.461
(for 1), 8.445 (for 2), 8.789 (for 3), and 6.881 A (for 4).

It is quite intriguing that Mn—Ca heterometallic chemistry
has not been so extensively developed as Mn-3d’ and Mn-4f
mixed-metal chemistry although it has attracted the interest of
many inorganic synthetic chemists during the last three decades
or so. Complexes 1—4 join only a handful of previous Mn—Ca
compounds,"' ™" and together with (NHEt;),[Mn",Ca-
(0,CPh),(shi),],'® these are the only structurally characterized
species with a 4:1 Mn/Ca ratio and all Mn atoms in +3
oxidation state.

Electronic Spectra and Electrospray lonization Mass
Spectrometry (ESI-MS). UV—vis and ESI-MS studies were
performed to probe the structural integrity of 1—4 in solution
and elucidate any possible photophysical properties. The
electronic absorption spectra of isostructural complexes 1, 2,
and 4 were recorded in MeCN solutions of concentrations =
107> M (Figure 4). All three compounds show the character-
istic bands (shoulders and/or sharp peaks) of naphthalene,
anthracene, and pyrene functional groups slightly shifted to
higher wavenumbers, consistent with coordination of the
fluorescence carboxylate ligands to the metal centers.” The
high-intensity absorption bands in the 240—350 nm region are
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Figure 4. Absorption spectra of complexes 1, 2, and 4 in MeCN
(~107° M).
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Figure S. Negative ion ES mass spectra of 1 (top, left), 2 (top, right), and 4 (bottom) in MeCN. Insets illustrate the zoomed region around the

predominant [Mn,Ca(LX),(shi),]*~ dianions (X = 1—3) and the cor

responding, theoretically calculated, isotopic distributions.

assigned to m—n* transitions within the aromatic organic
ligands, while the less-intense bands at ~380 nm are possibly
due to ligand-to-metal charge transfer effects.*® Note that the
absorption bands of neutral salicylhydroxamic acid (218, 236,
and 300 nm) appear to overlap with the bands of polyaromatic
carboxylate ligands upon coordination with the metal centers.
Hence, the conclusions from the UV—vis studies were very
promising that compounds 1, 2, and 4 retain their solid-state

{Mn,Ca} structures in solution, and confirmation was sought
by electrospray ionization (ESI) mass spectrometry (MS).
Negative (—) ion ES-MS studies were conducted to
investigate the stability of complexes 1, 2, and 4 in the aprotic
MeCN solvent. Unfortunately, due to the paramagnetic nature
of 1—4, solution NMR spectroscopy could not provide any
useful structural information. In contrast, ESI-MS is a soft
technique that (i) allows the detection of multiply charged ions,
(ii) does not alter the connectivity of the compounds (through
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disassembly and reassembly processes), and (iii) causes very
little fragmentation.*” Although very rare in volatile transition
metal cluster chemistry, all three described compounds proved
to preserve their core structures in solution with high-intensity
ion signals corresponding to the sole presence of {Mn,Ca}
cores without major fragment ions. For complexes 1, 2, and 4,
the strong intensity peaks at 772, 872, and 920 m/z nicely
reproduce the doubly charged [Mn,Ca(L1),(shi),]*", [Mn,Ca-
(L2),(shi)4]*", and [Mn,Ca(L3),(shi),]*~ species, respectively
(Figure S). In support of these assignments is the excellent
match observed between the acquired isotopic patterns of
[Mn,Ca(LX),(shi),]*” ions (X = 1—3) and the theoretically
calculated distributions (Figure S, insets), allowing us to
confirm the structural integrity of 1, 2, and 4 in MeCN. The
very low intensity peaks at 1373, 1523, and 1595 m/z can be
assigned to the least abundant, singly anionic fragments
[Mn,Ca(L1),(shi),]”, [Mn,Ca(L2),(shi),]”, and [Mn,Ca-
(L3),(shi),] ™, respectively, which correspond to the reported
{Mn,Ca} core structures with the dissociation of one
carboxylate ligand.

Electrochemistry. The redox activity of electrochemically
prominent metal complexes can be assessed by cyclic
voltammetry. This technique is of significant importance in
both molecular magnetism and bioinorganic chemistry. For
example, in the molecular magnetism arena, electrochemical
studies of various [Mn" Mn',0,,(0,CR)«(H,0),] com-
pounds have revealed a rich redox chemistry involvin% several
quasi-reversible oxidation and reduction processes.”® Four
different oxidation levels of this family of clusters have been
isolated, and the corresponding 1-, 2-, 3-, and 4-electron
reduced species were characterized in the solid-state and
demonstrated their distinct single-molecule magnetism proper-
ties compared to the parent [Mn;,] complex®' In the
bioinorganic and biomimetic fields related to PSIJ, it is now
well-documented that Mn ions within OEC show a high degree
of redox and chemical versatility, while the protein residues and
coordination environment are both critical for modulating the
redox potentials and 5I;roviding pathways for electron- and
proton-transfer effects.”” For example, in the S, state of OEC
cycle, EPR, XANES, and ENDOR studies have proposed two
different formal oxidation states, II/III/IV/IV and III/III/III/
IV, for the Mn atoms.>

Toward that end, the electrochemical properties of
complexes 1, 2, and 4 were studied in MeCN and all showed
that they exhibit very similar redox processes. The cyclic
voltammogram (CV) of complex 1 is shown in Figure 6 (top).
It displays a well-defined reversible oxidation at ~0.43 V and an
irreversible reduction that corresponds to the broad peak at
—0.47 V. The CV spectra of the anthracene analogue 2 (Figure
6, middle) and pyrene-substituted 4 (Figure 6, bottom) show
very similar patterns comprising well-defined reversible
oxidations at ~0.44 and ~0.42 V, and irreversible reductions
associated with the appearance of weak and broad peaks at
—0.78 and —0.79 V, respectively. For the reversible oxidation
couple of all three studied compounds, the forward and reverse
waves are well-formed with a peak separation of 70 (1), 190
(2), and 100 (4) mV comparable to that of ferrocene under the
same conditions; this is indicative of a one-electron process.>*
In summary, all complexes exhibited a similar oxidation, but the
reduction waves seemed to be slightly different. Such small
discrepancies most likely result from the different nature of the
carboxylate ligand. It is known that in isostructural, high
oxidation state Mn complexes the identity, basicity, and steric
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Figure 6. Cyclic voltammograms at 100 mV s~ for complexes 1 (top),
2 (middle), and 4 (bottom) in MeCN containing 0.1 M N"Bu,PF, as
supporting electrolyte. The indicated potentials are vs Fc/Fc".

and electronic properties of the carboxylate ligands affect the
sensitivity of metal ions’ redox potentials.”> The electro-
chemical results may be illustrated as [Mn,Ca]* < [Mn,Ca] —
[Mn,Ca]~. Synthetic efforts to isolate and structurally
characterize the monocation are objectives for future research
efforts to address and accomplish.

Photophysical Studies. The pronounced ability of
complexes 1—4 to retain their structures in solution prompted
us to further investigate their optical activity at room
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temperature conditions. We have thus decided to perform
excitation/emission studies in MeCN solutions of 1, 2, and 4 at
concentrations 107> M. Very recently, Chia and Tay
overviewed the difficulties in obtaining emissions from
transition metal complexes, usually produced from triplet
excited states, as a result of the fast intersystem crossing
facilitated by the strong spin—orbit coupling,*® It is also known
that quenching of the emission intensity due to paramagnetic
effects is a common feature in 3d-metal complexes.”” To tackle
this problem, the use of organic bridging groups with emission
dyes seems to be a promising route.

The fluorescence behaviors of the free, uncoordinated shaH,
and LX-H (X = 1-3) ligands are well-known in both solid-state
and solution. For instance, and with relevance to our studies,
shaH, in MeCN shows a maximum emission at 450 nm upon
maximum excitation at 346 nm.>® Complex 1 shows an intense
emission at 396 nm upon excitation at the maximum observed
at 300 nm (Figure 7, top); the location of the emission peak is
at the same area where naphthalene emits but slightly shifted,
indicative of charge transfer from the ligands to the cluster
core.’” A light brown solution of complex 2 in MeCN also
shows a very strong “blue”-shifted emission upon excitation at
the UV region, with the three emission peaks at 391, 410, and
433 nm attributed to the characteristic peaks of anthracene
chromophore (Figure 7, middle) 2% Interestingly, complex 4
displays two sharp emission peaks at 392 and 408 nm, upon UV
excitation at 380 nm, which are characteristic of the
corresponding monomer and excimer emissions of the pyrene
unit.*>®' The formation of a pyrene excimer requires an excited
molecule to come in contact with another molecule in its
ground state within the excited-state lifetime. For this to occur,
the pyrene units must be well-isolated from each other such
that excitation is localized on one of the molecules, and then
diffusion of the molecule will allow for an encounter between
an excited pyrene and a ground-state one. In such an ideal case,
the fluorescence emission of pyrene excimers appears as a
broad, structureless band located at 470—500 nm.®* In complex
4 the excimer peak has been blue-shifted, and this is likely due
to its coordination with the metal centers and the presence of
significant intramolecular 7—7z* interactions, which bring the
pyrene units into close contacts.

Solid-State Magnetic Susceptibility Studies. Variable-
temperature magnetic susceptibility measurements were
performed on powdered polycrystalline samples of complexes
1, 3, and 4, restrained in eicosane to prevent torquing, in a 1 kG
(0.1 T) field and in the 5.0—300 K range. The data are shown
as yyT versus T plots in Figure 8. The isostructural complexes
1 and 4 exhibited similar magnetic behavior (vide infra), and we
have thus decided to perform magnetic studies on the slightly
different complex 3 instead of 2; however, the magnetic
response was again similar to that of 1 and 4. The yyT product
for all three compounds steadily decreases from 12.09 (1),
12.19 (3), and 9.53 (4) cm® K mol™" at 300 K to 1.32 (1), 1.35
(3), and 0.62 (4) cm® K mol™ at 5.0 K. The 300 K values are
close to or less than (in case of the pyrene analogue 4) the spin-
only (g = 2) value of 12 cm® K mol™" for four noninteracting
Mn'™ ions, similar to the yyT value of the previously reported
[Mn,Ca(O,CPh),(shi),]>~."* The shape of the yyT versus T
curves clearly indicates the presence of predominant anti-
ferromagnetic exchange interactions between the four Mn™
atoms and a resulting S = 0 ground state for each of the
reported compounds.
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Figure 7. Excitation (1) and emission (2) spectra of complexes 1
(top), 2 (middle), and 4 (bottom) in MeCN. The inset highlights a
photograph of complex 2 under a UV lamp.

To determine the individual pairwise exchange parameters J;
between MnMn; pairs within the magnetic cores, the yyT
versus T data for complexes 1, 3, and 4 were fit to the
theoretical expression for a Mn}' square (inset of Figure 8, top)
using the isotropic Heisenberg spin Hamiltonian given by eq 3.

H=-2J(5-S, + 5,8, + §:5, + §;:S,) ()

In light of the very similar Mn—N—O—Mn torsion angles
and Mn---Mn separations within the Mn, square, all
interactions between neighboring Mn'™ atoms were considered
as equivalent (1-J model). The fit parameters were thus ] and g.
A temperature-independent paramagnetism (TIP) term was
also included in all cases. Data below 30 K were omitted to
avoid effects from Zeeman interactions, magnetic anisotropy
(zero-field splitting, D), and crystal structure disorders; these
are all factors that are not included in the above model.** Good
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Figure 8. T vs T plots for 1 (top), 3 (middle), and 4 (bottom) at
0.1 T direct current field. The red solid line is the fit of the
corresponding data; see the text for the fit parameters. (inset) 1-J
coupling scheme used for all complexes.

fits were obtained for all three complexes, and these are shown
as solid lines in Figure 8. The best-fit parameters were: | =
—3.17(4) cm™, g =1.97(1), and TIP = 6 X 10~ cm® mol ™" for
1; ] = —2.73(2) cm™, g = 2.10(4), and TIP = 10~> cm® mol ™
for 3; and J = —2.98(2) cm™, g = 1.86(2), and TIP = 8 X 10™*
cm® mol™" for 4. The fits of the data indicate S = 0 ground
states and S = 1 first excited states lying 6.34, 5.46, and 5.96
cm™" higher in energy, respectively. Attempts to include a D
term into the fitting process, using the program PHIL® failed to
give us a better low-temperature fit. Fits of the data to a 2-J
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model, assuming that the next-nearest neighbor interactions
across the diagonal Mn sites are not zero, gave results of
comparable quality (Supporting Information, Figure S2).
These, however, could lead to overparameterization problems,
and therefore the long Mn"™--Mn" exchange interactions can
be ignored. Finally, none of the magnetically studied complexes
showed peak maxima in the yuT versus T plots. The
antiferromagnetic interactions in all compounds are as expected
for systems coupled solely through oximate bridges with very
large M—N—-O-M (M = 3d-metal ion) torsion angles
(>160°).5*

Relevance of Complexes 1—4 to Low-Oxidation States
of OEC: A Qualitative Approach. In the absence of
advanced XAS, EXAFS, and ENDOR studies, which would
shine more light into the similarities of 1—4 with OEC, we
provide instead a qualitative and brief discussion of the
relevance of reported compounds to some species of the
native enzyme. Complexes 1—4 have the same Mn,Ca content
and carboxylate ligation as the OEC. We recognize that within
the structures of all complexes the average Mn---Mn (between
closest neighbors) and Mn---Ca separations are ~4.6 and ~3.7
A, respectively, significantly longer than the corresponding
values of 2.7—3.3 and ~3.4 A for the OEC in PSIL. However,
the structures of the reported compounds may be relevant to
the OEC in other ways. On the basis of the S; Kok state of the
OEC being at the 2Mn",2Mn"" oxidation level, the Mn'", level
of 1—4 would place them at the S_; state. Hydrazine (N,H,),
hydroxylamine (NH,OH), and nitric oxide are known to be
able to reduce the OEC to S_;, S_,, and even S_; states.®
These are not involved in the water oxidation catalytic cycle but
may be related to intermediates during the in vivo assembly of
the OEC. Assuming these involve Mn-based reductions, then
they would be at the 4Mn™, Mn",3Mn™ and 2Mn",2Mn™
levels, respectively; an EPR signal assignable to a Mn"Mn"
subunit has been detected for S_,.% It is thus possible that the
structures of complexes 1—4 may be of more relevance to these
lower oxidation state forms of the OEC that will have a lower
preference for oxido bridges than to the higher oxidation states
that have a cubane structure and are involved in the catalytic
cycle. Along these lines, the similarity between the oximato N—
O bridging unit of shi’*~ within 1—4 and the M—N—O—M unit
seen in hydroxylamine-bridged metal complexes®” is intriguing
and suggests that 1—4 may be providing insights into the kind
of subunits that might be generated on reduction of the OEC
with NH,OH.

Bl CONCLUSIONS

To summarize, we have shown that salicylhydroxime scaffold
can provide the means of obtaining new heterometallic Mn/Ca
clusters with the same Mn,Ca stoichiometry as the OEC and
the four Mn ions in a moderate 3+ oxidation level. In addition,
the incorporation of fluorescent carboxylate groups as
supporting ligands about the paramagnetic Mn,Ca core has
also enabled us to gain access to some interesting photophysical
properties such as blue-shifted emissions at room temperature.
The reported compounds are also very rare examples of metal
clusters that retain their solid-state structures in solution, as
accurately confirmed by ESI-MS. This is most likely due to the
pronounced stability of the Mn,Ca metallacrown core induced
by the four donor atoms of the salicylhydroximate ligand.

It must be admitted that the core of 1—4 is different from the
distorted-cubane core found in the native OEC but may be
relevant to lower oxidation level species that are intermediates
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during assembly of the OEC in vivo or to those generated by
treatment of the OEC with strong reducing agents. By taking
into account the well-defined reversible oxidation observed in
all studied Mn}'Ca compounds, we are now seeking methods
to isolate the one-electron oxidized species that would facilitate
the stabilization of O*~ groups and consequently the formation
of an oxido-bridged metal core, structurally closer to that seen
in the OEC and more susceptible in resembling the S, state of
the Kok cycle.
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