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Models for Unsymmetrical Active Sites in Metalloproteins:
Structural, Redox, and Magnetic Properties of Bimetallic
Complexes with M'—(u-OH)—Fe!" Cores

Yohei Sano', Nathanael Lau®, Andrew C. Weitz*, Joseph W. Ziller’, Michael P. Hendrich¥,
and A.S. Borovik'"

TDepartment of Chemistry, University of California — Irvine, 1102 Natural Sciences Il, Irvine, CA
92697-2025, United States

*Department of Chemistry, Carnegie Mellon University, Pittsburgh, PA 15213, United States

Abstract

Bimetallic complexes are important sites in metalloproteins but are often difficult to prepare
synthetically. We have previously introduced an approach to form discrete bimetallic complexes
with M!'—(p-OH)-Fe!'! (M!' = Mn, Fe) cores using the tripodal ligand N,V ,N'-[2,2",2” -
nitrilotris(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido) ([MST]3"). This series is
extended to include the rest of the late 3d/transition metal ions (M!' = Co, Ni, Cu, Zn). All the
bimetallic complexes have similar spectroscopic and structural properties that reflect little change
despite varying the M!! centers. Magnetic studies performed on the complexes in solution using
electron paramagnetic resonance spectroscopy showed that the observed spin states varied
incrementally from S = 0 through S = 5/2; these results are consistent with the antiferromagnetic
coupling between the high-spin M!! and Fe!!! centers. However, the difference in the M!! ion
occupancy Yyielded only slight changes in the magnetic exchange coupling strength, and all
complexes had Jvalues ranging from +26(4) to +35(3) cm™.

Graphical Abstract

Discrete bimetallic complexes with M''-(u-OH)-Fe!!! (M!! = Mn, Fe, Co, Ni, Cu, Zn) cores have
been prepared and X-ray diffraction studies found that each had similar overall structures. The
properties of the complexes were examined which allowed for an evaluation on the effects of the
divalent metal ions. For instance, electron paramagnetic resonance spectroscopy investigations
revealed that the observed overall spin states (S,) varied incrementally from S, = 0 through S, =
5/2 that is consistent with antiferromagnetic coupling between the high-spin M!! and Fe!!! centers.
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INTRODUCTION

Metalloenzymes containing bimetallic transition metal active sites perform many important
functions and reactions in biology. Examples of such active sites include the MnFe site of
ribonucleoide reductase which mediates the synthesis of deoxyribonucleotides,! the FeFe
site of hemerytherin which transports O, in certain invertebrates,? the NiFe site of [NiFe]
hydrogenase which reversibly forms H, from protons, and the ZnFe site of purple acid
phosphatase which degrades organophosphates.# The two metal centers in bimetallic active
sites often have different primary coordination spheres and are bridged by one or more oxido
or hydroxido ligands. Synthetic bimetallic species have been prepared as structural or
functional models for these types of metalloenzymes. Though many of these synthetic
bimetallic compounds contain symmetrical coordination sites for the two metals centers due
to the use of symmetric dinucleating ligands,>~16 several groups have been able to prepare
synthetically challenging bimetallic complexes with unsymmetrical coordination sites.1729

We have previously shown that the tripodal ligand N,V ,N’-[2,2",2” -nitrilotris(ethane-2,1-
diyl)]tris(2,4,6-trimethylbenzenesulfonamido) ([MST]37) can be used to prepare
monometallic complexes with various metals.39-36 These monomeric species can be
oxidized with O, in the presence of a second metal ion (M) and a capping ligand (L) to
form bimetallic species of the formulation [(L)M''—(u-OH)-M""MST]* (Figure 1). The two
metal centers have different coordination environments and are bridged by a hydroxido
ligand formed v7a the activation of O,. In our initial reports, we showed that redox-inactive
metals capped by crown ethers could be installed into the auxiliary coordination site to form
heterobimetallic cores of the formulation M!'—(u-OH)-M!"! (M = Ca, Sr, Ba and M!!' = Mn,
Fe, Figure 1A).30:31.37 Formation of these complexes provided a means to examine the
effects of redox inactive metal ions on the chemical properties of Mn and Fe complexes. For
instance, similar reduction potentials were uncovered for heterobimetallic complexes
containing Ca'' and Sr!! ions, contrasting with the more negative potential for the system
containing the Bal! ion. We have further demonstrated that transition metal ions may also be
bound in the auxiliary coordination site when capped with the ligand 1,4,7-trimethyl-1,4,7-
triazacyclononane (TMTACN) to form M!'—(u-OH)-M"! cores (MM = Mn!'Mn!!!,
MnllFel!! FellFe!!| Figure 1B).38
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In this report, we incorporated several other late first-row transition metal ions into the
auxiliary coordination site, to prepare a series of [[TMTACN)M!—(u-OH)-Fe!'"MST]*
complexes (M'' = Co, Ni, Cu, Zn, denoted as [M''(OH)Fe!'']*). This family of compounds,
including the previously synthesized [Mn!!(OH)Fe!'']* and [Fe!!(OH)Fe!'']* complexes, have
similar bimetallic molecular structures as determined by X-ray diffraction methods. These
[M!'(OH)Fe!"'T* complexes thus allow us to systematically probe the effects of binding an
additional transition metal ion to an Fe!''-OH complex. Our findings indicate that the
[MY(OH)Fe!"'T* cores are maintained in solution and that the complexes have similar
optical, vibrational and electrochemical properties. Furthermore, magnetic studies show that
each metal ion is high spin with the total ground spin states varying from S = 0 for
[Mn!'(OH)Fe!'1* to S = 5/2 for [Zn'!(OH)Fe!'']* owing to a moderate antiferromagnetic
coupling between the two metal centers. These results demonstrate that the binding of a
second transition metal has little change in the properties of the [M''(OH)Fe!'']* complexes,
including the magnetic coupling within the [M!(u-OH)Fe!''] core.

EXPERIMENTAL SECTION

General Methods

All reagents were purchased from commercial sources and used as received, unless
otherwise noted. Solvents were sparged with argon and dried over columns containing Q-5
and molecular sieves. Sodium hydride (NaH) as a dispersion in mineral oil was filtered with
a medium porosity glass-fritted funnel and washed 5 times each with pentane and diethyl
ether (Et,0). Solid NaH was dried under vacuum and stored under inert atmosphere
(Caution: NaH is flammable when contacted with air or water). The synthesis of the ligand
was carried out in the air and preparations of the metal complexes were conducted in a
Vacuum Atmospheres, Co. drybox under an argon atmosphere. Dioxygen was dried on a
Drierite gas purifier purchased from Fischer Scientific. Co!'(OTf),-2MeCN,39
Ni'l(OTf),-5MeCN,39 Cu''(OTf),-2MeCN,3° Zn!l(OTf),-2MeCN, 39 1,4, 7-trimethyl-1,4,7-
triazacyclononane (TMTACN),40 NMe4[Fe!'MST],37 [Mn'/(OH)Fe!'"JOTf,38 and
[Fe!'(OH)Fe!'"JOT#38 were synthesized according to previous reports.

Complex Synthesis

[Co''(OH)Fe!"lOTf—This salt was prepared using literature procedures for the analogous
[Mn!'(OH)Fe!"OTf salt3® using Co'/(OTf),-2MeCN (69.3 mg, 158 mmol), TMTACN (27
mg, 16 mmol), and NMe4[Fe!'"MST] (132 mg, 158 mmol) to produce the desired salt with
yields that range from 20-25%. Orange crystals of [Co'|(OH)Fe!!'|OTf suitable for X-ray
diffraction were grown from concentrated MeCN solutions by the vapor diffusion method
with Et,0. Elemental analysis calcd. for [Co!!(OH)Fe!!"|OTf.0.75CH,Cl,,
C43,75H63,5C|1,5COF3FEN701034Z C, 43.58; H, 5.73; N, 8.13%, found: C, 43.44; H, 6.14; N,
8.00%. UV-vis (CH,Cly, Amax, M (emax, M~1em™1)) 275 (6560), 389 (4330), 470 (sh).
FTIR (KBr disc, cm™1, selected bands): 3263(0OH), 3023, 2974, 2936, 2914, 2866, 2827,
1603, 1560, 1492, 1467, 1400, 1383, 1364, 1337, 1270, 1221, 1146, 1123, 1098, 1074,
1054, 1030, 1010, 980, 966, 954, 935, 892, 853, 824, 781, 742, 719, 666, 637, 611, 579,
535, 517. Electrospray ionization mass spectrometry (ESI-MS) (CH,Cl,, ES*, m/z): Exact
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mass calcd for [Co!!(OH)Fe!!']*, C4oHg7CoFeN;07S3: 992.3 found: 992.3. E1j (CH,Cly, V
versus [FeCp,]*0): —0.89.

[Ni''((OH)Fe!'"lOTf—This salt was prepared using the method described above for
[Co!'(OH)Fe!'"OTf using Ni''(OTf),.5MeCN (50.0 mg, 0.0889 mmol), TMTACN (15.2 mg,
0.0887 mmol), and NMe,[Fe!'MST] (72.8 mg, 0.0888 mmol) to produce the desired salt
with yields ranging from 30-35%. Dark red crystals of [Ni''(OH)Fe!'"|OTf suitable for X-
ray diffraction were grown from a concentrated MeCN solution by the vapor diffusion
method with Et,O. Elemental analysis calcd. for [Ni!'/(OH)Fe!'"|OTf.CH,Cl,,
Ca4HgoCloF3FeN,NiO10S4: C, 43.08; H, 5.67; N, 7.99%, found: C, 42.92; H, 5.39; N,
8.11%. UV-vis (CH,Cly, Amax, M (emax, M~1em™1)) 275 (6570), 381 (4190), 470 (sh).
FTIR (KBr disc, cm™1, selected bands): 3277(0OH), 3019, 2974, 2934, 2925, 2866, 2827,
1604, 1566, 1494, 1466, 1401, 1383, 1364, 1273, 1223, 1151, 1123, 1101, 1076, 1056,
1031, 1013, 983, 967, 955, 932, 897, 852, 819, 789, 747, 720, 666, 637, 612, 581, 535, 517.
ESI-MS (CH,Cl,, ES*, m/z): Exact mass calcd for [Ni''(OH)Fe!!']*, C4oHg7NiFeN;07S3:
991.3 found: 991.3. E1j» (CH,Cly, V versus [FeCp,]*/0): —0.99.

[Cu'l(OH)Fe!"fOTf—This salt was prepared using the method described above for
[Co!'(OH)Fe!'"OTf using Cu'l(OTf),-2MeCN (64.2 mg, 0.178 mmol), TMTACN (20.6 mg,
0.120 mmol), and NMey[Fe!'MST] (145.6 mg, 0.178 mmol) to produce the desired salt with
yields from 20-25%. Dark red crystals of [Cu!!(OH)Fe!''JOTf suitable for X-ray diffraction
were grown by layering pentane over a concentrated CH,Cl, solution of the salt. Elemental
analysis calcd. for [Cu!'(OH)Fe!'"JOTf.0.25CH,Cly, Ca3 25Hs7 5Clo. 5CuF3FeN7010S4: C,
44.48; H, 5.83; N, 8.40%, found: C, 44.49; H, 5.97; N, 8.23%. UV-is (CH>Cly, Amax, "M
(emax, M~1em™1)) 275 (14300), 383 (7480), 470 (sh). FTIR (KBr disc, cm™1, selected
bands): 3255(0OH), 3023, 2972, 2936, 2924, 2866, 2827, 1603, 1560, 1492, 1466, 1405,
1383, 1364, 1271, 1223, 1150, 1126, 1102, 1075, 1056, 1031, 1009, 981, 966, 954, 935,
893, 852, 821, 785, 743, 721, 662, 638, 611, 574, 536, 517. ESI-MS (CH,Cl,, ES*, m/z):
Exact mass calcd for [Cu!'(OH)Fe!'']*, C4,Hg7CuFeN;07Ss3: 996.3 found: 996.3. Eq o
(CH,Cl,, V versus [FeCp,]*/0): -0.87.

[Zn'(OH)Fe!'"lOTf—This salt was prepared using the method described above for
[Co''(OH)Fe!"OTf using Zn''(OTf),-2MeCN (79.1 mg, 0.178 mmol), TMTACN (26.6 mg,
0.155 mmol), and NMes[Mn!'"MST] (146 mg, 0.178 mmol) to produce the desired salt with
yields range between 25-30%. Dark red crystals of [Zn!!(OH)Fe!!'|OTf suitable for X-ray
diffraction were grown by layering pentane over a concentrated CH,Cl, solution of the salt.
Elemental analysis calcd. for [Zn!'(OH)Fe!'"JOTf -0.5CH,Cl,, Ca3 5HggClZNF3FeN701Sa:
C, 43.87; H, 5.76; N, 8.23%, found: C, 43.45; H, 6.02; N, 8.13%. UV-vis (CH>Cly, A max;
nm (emax, M~1em™1)) 275 (9410), 391 (6320), 470 (sh). FTIR (KBr disc, cm™, selected
bands): 3238(0OH), 3025, 2968, 2934, 2926, 2868, 2824, 1603, 1561, 1492, 1466, 1405,
1380, 1366, 1265, 1223, 1153, 1126, 1115, 1093, 1061, 1031, 1013, 988, 969, 957, 928,
889, 850, 817, 775, 743, 721, 657, 638, 613, 574, 537, 518. ESI-MS (CH,Cl,, ES*, m/z):
Exact mass calcd for [Zn''(OH)Fe!'']*, C4oHg7ZnFeN707S3: 997.3 found: 997.2. Eqj»
(CH,Cl,, V versus [FeCp,]*/0): -0.89.
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Physical Methods

Elemental analyses were performed on a Perkin-Elmer 2400 CHNS analyzer. Electronic
absorbance spectra were recorded with a Cary 50 using a 1.00 cm or 0.10 cm quartz cuvette.
Fourier transform infrared (FTIR) spectra were collected on a Varian 800 Scimitar Series
FTIR spectrometer in air. High-resolution mass spectra were collected using Waters
Micromass LCT Premier Mass Spectrometer. Cyclic voltammetry (CV) experiments were
conducted using a CH1600C electrochemical analyzer and measured on CH,Cl, solutions of
the complexes. A 2.0 mm glassy carbon electrode was used as the working electrode at a
scan velocity of 0.1 V s™1 and a Pt wire were used as the auxiliary electrode. A ferrocenium/
ferrocene couple ([FeCp,]*/°) was used as an internal reference to monitor the reference
electrode (Ag%*). Tetrabutylammonium hexafluorophosphate (TBAP) was use as the
supporting electrolyte at a concentration of 0.1 M.

Data Collection and Analysis of EPR Measurements

X-band EPR spectra were recorded on a Bruker ELEXSY'S spectrometer equipped with an
Oxford ESR-910 liquid helium cryostat and a Bruker bimodal cavity for generation of
microwave fields parallel and transverse to the applied magnetic field. The quantification of
all signals was measured relative to a CUEDTA spin standard prepared from a copper atomic
absorption standard (Sigma-Aldrich). The microwave frequency was calibrated with a
frequency counter and the magnetic field with a NMR gaussmeter. The temperature was
calibrated with a carbon glass resistor (Lakeshore CGR-1-1000) mounted inside an EPR
tube to provide an accurate measure of the sample temperature under various conditions. A
modulation frequency of 100 kHz was used for all EPR spectra. Mdssbauer spectra were
recorded with a Janis Research Super-Varitemp dewar. Isomer shifts are reported relative to
Fe metal at 298 K.

The simulation software SpinCountwas written by one of the authors.4! The software
diagonalizes the electronic terms of the spin Hamiltonian:

H=JS;-So+Hi+Hs (1)

with A = BS;-gi'B + SiD;'S; (i=1,2) and S;-D;-S;j = D[S, — Si(Si + 1)/3 + (E/D)i(Sxi? -
Syiz)] where the parameters have the usual definitions,*2 and performs least-squares fitting
of simulations to the spectra. The spin S; refers to individual Fe!!' (§=5/2) or M!! sites
depending on the M!! jon incorporated into the ligand. D; is assumed coaxial with gj unless
specified.*3 The quantitative simulations are generated with consideration of all intensity
factors, which allows computation of simulated spectra for a specified sample concentration.

Crystallography

A Bruker SMART APEX Il diffractometer and the APEX2 program package was used to
determine the unit-cell parameters and for data collection. Crystallographic details are
summarized in Supporting Information, and in Table S1.

Inorg Chem. Author manuscript; available in PMC 2017 November 20.
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RESULTS AND DISCUSSION

Preparation Route for the [M'(OH)Fe!'* complexes

The preparation of the bimetallic complexes, [M!'(OH)Fe!'']* was achieved via the synthetic
route outlined in Scheme 1. In a typical reaction, a CH,Cl, suspension of M!/(OTf),-xMeCN
(x = 2 for all except Ni'' which had x = 5), TMTACN, and NMe4[Fe!'MST] was treated with
0.5 equiv. of O, for 1 h. The [M"(OH)Fe!""]* products were purified via recrystallization as
microcrystalline or needle-shaped crystals from CH,Cl,—pentane mixtures, with yields of
20-50%. The formulations of these crystals as [M''(OH)Fe!!']* complexes was supported by
ESI-MS, in which the molecular weight and experimental isotope patterns matched those
calculated for [M''(OH)Fe!'"]* (Figure 2). All the complexes have similar optical properties
with a characteristic absorbance band with Aax between 380-390 nm and extension
coefficients ranging from 4000-8000 M~1cm™1 (Figure 2). These bands are similar to
previously reported bands observed for comparable [LDOM!'-(u-OH)-Fe!''MST]* complexes
(LDM!" = 15-crown-52Cal!, 15-crown-52Sr!!, or 18-crown-6D Bal!, denoted as
[COMY(OH)Fe!'"1*).37 The mechanism that produced the [M"'(uOH)Fe!'"] cores from
dioxygen in these complexes is unknown. It is notable that all other bimetallic complexes of
[MST]3- that followed this synthetic route produced similar hydroxido species.3%:37:38 |n
these other cases, we were also not able to locate the source of the proton on hydroxido
ligand but determined the source of the oxygen atom was from dioxygen.30:37

Vibrational Properties

The solid-state vibrational properties of the [M'/(OH)Fe!'"JOTf salts were assessed using
FTIR spectroscopy. As this series of complexes only differed by the identity of the M!! jon,
the FTIR spectra are nearly identical with v(OH) bands observed between 3200-3300 cm™1
(Figure 3B). The energies and relative broadness of the bands suggests the presence of
intramolecular H-bonds between the bridging hydroxido ligands and one of the sulfonamido
oxygen atoms from [MST]3~44:45 Within the series of [M'/(OH)Fe!!']* complexes we do not
observe a significant change in the energies of v(OH) or the shape of this band (Table 1).
These results imply that changes in the auxiliary transition metal ion has a limited effect on
the properties of the Fe!''-O(H) unit. The small range in ionic radii for the divalent metal
ions* should correlate with each having similar Lewis acidities, which can explain the
minimal changes in the energy of the v(OH). Note that [CDCa''(OH)Fe!!"] and
[CDsr!(OH)Fe!'"] complexes also have a small difference in the energies of their v(OH)
bands (3369 and 3389 cm™1).37 However, energies of the v(OH) bands for the
[M'(OH)Fe!'']* complexes are all smaller than those found for [COM!'/(OH)Fe!'"]
complexes. We attributed this difference to the [M''(OH)Fe!'']* complexes having stronger
intramolecular H-bonds than those found in [COM!(OH)Fe!'!]. This result can be explained
by the auxiliary transition metal ions in the [M"'(OH)Fe!"']* complexes being stronger Lewis
acids relative to alkaline earth metal ions found in [COM!(OH)Fe!'']*. An increase in the
Lewis acidity should weaken the O—H bonds, which make the hydroxido ligands more acidic
to produce stronger intramolecular H-bonds.

Inorg Chem. Author manuscript; available in PMC 2017 November 20.
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Solid-state molecular structures of [M'(OH)Fe!'T* complexes

The molecular structures of the [M''(OH)Fe!!"* complexes were determined by X-ray
diffraction methods and revealed the bimetallic core structures (Figure 3). Selected metrical
parameters and calculated values are shown in Table 2. As expected, the Fe!!l and M!!
centers have different coordination geometries. The Fe!!! centers have a five-coordinate N4O
primary coordination sphere, formed by the [MST]3~ ligand and a bridging hydroxido
ligand, and adopt a distorted trigonal bipyramidal (tbp) geometry. This coordination
geometry was assessed using the trigonality structural parameter ts in which ideal tbp
geometry has t5 = 1 and ideal square pyramidal geometry has 5 = 0:48 the t5-values for the
Fe!ll centers range from 0.863 to 0.745 for the series of [M!'(OH)Fe!'']* complexes (Table
2). In contrast, the M!! centers have a six-coordinate, N3O primary coordination sphere
formed by two sulfonamido groups of the [MST]3" ligand, a bridging hydroxido ligand, and
the TMTACN ligand. The M centers adopt a distorted octahedral geometry based on the
octahedral quadratic elongation parameter Aot = 1.010-1.036, where ideal octahedral
geometry has Aot = 1 and higher values reflect greater distortion from this idealized
geometry (Table 1).49 The coordination geometries of the complexes with Fe!l, Co!!, and
Cu'" jons exhibited a Jahn-Teller distortion, with the strongest observed in [Cu'/(OH)Fe!'']*
with At = 1.036. This effect also caused elongated axial Cul-04 and Cul-N5 bond
distances of 2.579(5) and 2.286(6) A that are significantly longer than the other bond
distances within the Cu'! primary coordination sphere. In contrast, the Ao-values of 1.021
for [Fe!l(OH)Fe!'']* and 1.013 for [Co'/(OH)Fe!!"]* are intermediate compared to the rest of
the series and no significantly elongated bond lengths are observed for either complex.
These observations are consistent with the Jahn-Teller distortions occurring within the tyq
orbitals for the Fe!l and Co!' ions, which are not appreciably involved in bonding to the
ligands.

Displacement of the M!! center from the N5-N6-N7 plane of the TMTACN ligand (d[M1-
NtmTacn]) were correlated to the ionic radius*® of the M ion. The Ni'! ion has the shortest
ionic radius in this series and has the shortest d[M1-Ntpracn] of 1.317 A, whereas the
Mn!!ion has the longest ionic radius and a d[M1-NtpTacn] of 1.552 A. Additionally, the
bond distance between the M!' metal center and O1 of the bridging hydroxido ligand also
follows the trend of ionic radii, in which shorter distances generally correspond to the M'!
ions with shorter ionic radii (Figure S2A). The [Cu'/(OH)Fe!'']* complex does not follow
the trend because of Jahn-Teller distortion that results in a significantly shorter Cul-O1
bond distance of 1.905(5) A (Figure S2A). We also examined whether there were
correlations between the experimental parameters and the pK; values of the corresponding
[M!(H,0),]%* complexes (Figure S2B).4” These pK, values have been shown to be good
indicators of the Lewis acidity of the M!! ions, and are useful predictors especially when
used in comparing complexes with similar structural properties.>®-52 A correlation was
found between the M!'-O1 bond distances and the pK values of the corresponding
[M!(H,0)6]%* complexes (Figure S2B) with the Cu1-O1 bond distance now fitting the
trend; however, correlations were not found to other structural or spectroscopic
measurements.

Inorg Chem. Author manuscript; available in PMC 2017 November 20.
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The other metrical parameters in the series do not vary significantly between complexes. For
instance, the Fe1-0O1 bond distances are statistically identical within the series. The O1---06
distances generally decrease from Mn!! to Zn!!, but these differences are small with changes

that only span 0.03 A. The solid-state data agree with the observation drawn from the optical
and vibrational studies that in this series of bimetallic complexes the identity of the divalent

metal ion does not seem to alter physical properties at the Fe!!! center.

The O1.--06 distances ranging from 2.619(4)-2.649(2) A in the [M"'(OH)Fe!'"]* indicate
that intramolecular H-bonds are formed between the bridging hydroxido ligand and the O1
atom of the [MST]3" ligand.>3 These distances are shorter than the reported distances for the
comparable [COM!(OH)Fe!'']* complexes, which have O1.--O6 distances ranging from
2.685(6)-2.700(6) A.3” The O1.--06 distances for the [M!'(OH)Fe!'']* complexes suggest
that stronger H-bonds are formed in the heterobimetallic complexes containing two
transition metal ions. Moreover, these structural data corroborate findings from the
vibrational studies that stronger Lewis acids within the [M!'(OH)Fe!'']* core promote
stronger intramolecular H-bonds.

Electrochemical properties of [M'(OH)Fe!'l* complexes

The electrochemical properties of the series of complexes were probed using cyclic
voltammetry (Figure S1 and Table 1). The previously reported [Mn'/(OH)Fe!'']* and
[Fe!'(OH)Fe!'']* complexes exhibited two quasi-reversible one-electron redox events which
were assigned to the M''Fell/M!Fellt and M!Fe!!!)/MIIFe!!! couples.38 However, only one
quasi-reversible one-electron redox event, assigned to the M'Fe!l/M!!Fe!!! couple, was
observed in the cases of [Co!!(OH)Fe!'']*, [Ni''(OH)Fe!'']*, [Cu'l(OH)Fe!'']*, and
[Zn''(OH)Fe!'']*. Most of the M!IFel!l/M!Fe!!! redox potentials for the [M!'(OH)Fe!!!]*
complexes range from —0.89 to —0.85 V versus [FeCp,]*/%; the potential for the
[Ni''(OH)Fe!'']* complex is slightly outside this range at —0.99 V. These data support the
spectroscopic and structural findings that the additional transition metal ion does not have a
large impact on the properties of the Fe center. The lack of a second oxidation event is
consistent with the tendency of late transition metal ions to have more positive oxidization
potentials that may be difficult to observe. It is thus not surprising that the M!IFe!!!//m!I1Felll
couples could not be detected under the condition of the CV experiments. The separation
between M!IFel!l/M!'Fe!!! and the M!'Fe!!l/M!!Fe!!! (M = Co, Ni, Cu, Zn) couples (AE;)
should be even larger than the 1.54 and 1.21 V observed for the [Mn!!(OH)Fe!'']* or
[Fe!'(OH)Fe!'']* complexes, respectively. The expected increase in A£;/, suggest that the
series of [M!'(OH)Fe!!"]* species should be stable toward disproportionation.

Electron paramagnetic resonance properties of [M!(OH)Fe!'* complexes

We have investigated the EPR properties for each [M!'(OH)Fe!!'] complex and the results are
found in Table 3. All the complexes had observable signals except [Co!!(OH)Fe!'']* which
showed no EPR features over a temperature range of 10 to 80 K in both parallel- and
perpendicular-modes. The lack of detectable signals is presumably caused by the
antiferromagnetically spin-coupling of the S = 3/2 Co'' and S = 5/2 Felll centers to give a
ground S = 1 state. Because of the large spin-orbit coupling constant of Co'! ions, the
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resulting S = 1 and S = 2 states would have large D-values that prevent the complex from
having detectable signals with X-band EPR spectroscopy.

We used the [Zn!'(OH)Fe!''T* complex to evaluate the properties of the Fe!l! center in the
absence of any magnetic coupling. The complex shows a perpendicular-mode signal with
intense resonances near g = 4.97 and 3.84, and weaker resonances near g =10 that are
indicative of a rhombic S = 5/2 system (Figure 5). Quantitative simulations of the signal at
variable temperatures matched the spectra for zero-field splitting parameters of D = -2.5
cm~1and E/D = 0.21, and agreed with the concentration of the complex. These parameters
are similar to those previously reported for the mononuclear [Fe!'"Hsbuea(OH)] ~ complex
([Hsbuea]®™ = tris[(V -tert-butylureaylato)-A-ethyl)Jaminato, D = -2.4 cm™1, E/D = 0.16)>*
which has a similar coordination geometry to the Fe center in [Zn!!(OH)Fe!'']. Moreover, the
addition of the [Zn'(TMACN)]%* fragment via the hydroxido bridging ligands affects the
rhombicity of the Fe portion of the complex, but not the value for the axial D parameter.

The remaining [M''(OH)Fe!""T* complexes (M!' = Mn, Fe, Ni, Cu) were analyzed using
variable temperature EPR measurement and each showed antiferromagnetic coupling
between the Fe!!! center and the other divalent metal ion. The magnetic exchange coupling
did not vary significantly with Fvalue for the heterobimetallic complexes ranging from
26(4) to 35(3) cm~! (Table 3).55 The EPR spectra for [Mn'/(OH)Fe!'']* and [Fe!'(OH)Fe!!']*
have been previously described38 and the methods used to determine their exchange-
coupling JFvalues are found in ESI (Figures S3, S4). The spectra and magnetic properties for
[Ni''(OH)Fe!'"* and [Cu'/(OH)Fe!"']* are discussed below.

[Ni"'(OH)Fe"T*—EPR spectra of [Ni''(OH)Fe!!']* showed a perpendicular-mode signal
with prominent features at g = 5.45 and 5.05 that are indicative of a rhombic spin-coupled
Sc = 3/2 ground state (Figure 6). The signals at g =5.45 and 5.05 originate from the Mg =
+3/2 and +1/2 doublets, respectively. This ground spin state results from the
antiferromagnetic exchange coupling of the S = 5/2 Fe!!l center to S = 1 Ni'! site to give rise
to an effective spin-coupled Sc = 3/2 state. The relative intensities of these two sharp peaks
changed significantly between temperatures of 2 to 30 K: the g = 5.45 feature is most intense
at 2 K which indicates that D < 0 for Sc= 3/2. At higher temperatures, a signal near g=8
grows in intensity consistent with it originating from the excited state S = 5/2 manifold.
The temperature dependence of the signals was measured from 2 to 100 K with
representative spectra are shown in Figure 6.

The effect of temperature on each feature is plotted as signal intensity x temperature versus
temperature (Figure 7) in which the ordinate axis is scaled to reflect the percentage
population of the appropriate spin manifold.%6:7 The fits to the temperature dependence for
temperature less than 30 K gave D= -3.4 cm™1 for the S = 3/2 manifold. The D-value for
[Ni''(OH)Fe!'']* is related to D-values for each metal-ion site through the spin-coupling
relation, Dg=3/, = 28/15 Dre(iy ~ 1/15 Dyiqiry. 8 A zero-field splitting value of Dyiqy = 16
cm~1 was calculated from this relationship and using the Dre(in)-value (Table 3) determined
for [Zn'(OH)Fe!!']*. With these parameters, the temperature dependences of the signals
were fit using eq 1 to determine the exchange coupling constant, /= +35(5) cm™1 (Figure 7).
Above 30 K, both signals from the Sz = 3/2 manifold decreased in intensity with
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concomitant increase in the g = 8 signal because the higher excited-state manifolds in the
spin coupled system are populated.

[Cu''(OH)Fe!""[*—This complex showed a parallel-mode EPR signal at g= 10.1 (Figure 8)
that was most intense at the lowest temperatures allowed by the cryostat (2 K). The
temperature dependence of the signal was recorded and a plot of intensity x temperature
versus temperature is shown in the inset of Figure 8. The signal originates from the ground
Sc= 2 state of S = 5/2 Fe!ll site that is antiferromagnetically exchange-coupled to S = 1/2
state of the Cu'! center. Based on eq 1, the percent population of the doublet producing the g
= 10 signal was plotted to give a Jvalue of +33(5) cm™1 (Figure 8, inset). There was no
evidence of a signal from the S = 3 state at temperatures > 60 K presumably because of
broadening. The simulation overlaid on the spectra were again obtained using eq 1 and the
D-value obtained for [Zn!!(OH)Fe!'']* (Figure 8, Table 3). The deviations of the g-values
from 2.0 for the Cul! site and the hyperfine A-tensor are reduced by a factor of 1/6 because
of the spin interaction with the Fe!ll center which results in only minor dependence of the
signal to variations in the Cu'! parameters. Nevertheless, simulations of the signal for a set of
parameters in agreement with for [Zn!'(OH)Fe!!']* and a tetragonal Cu!! center provided an
accurate fit to the observed signal and its temperature-dependence the concentration of the
complex.

CONCLUSIONS

This work has described the preparation and characterization of four new complexes in a
series of bimetallic complexes of the formulation [(TMTACN)M!'—(u-OH)-Fe!''MST]™,
where M!! = Co, Ni, Cu, Zn. All compounds in this series have similar optical, vibrational,
and electrochemical features compared to the previously published [Mn'l(OH)Fe!'']* and
[Fe!'(OH)Fe!'"]* complexes.38 The solid state structures determined by X-ray diffraction
methods showed that all the complexes contain a M!'—(u-OH)-Fe!!! core. The two metal
centers have different coordination environments, with the Fe!!l centers having five-
coordinate, distorted tbp primary coordination spheres and the M'! center having six-
coordinate, distorted octahedral primary coordination spheres. The metrical parameters of
the Fe'!!! site remain consistent throughout the series, while the metrical parameters around
the M!! site vary predictably depending on the ionic radii of the M!! center. The
[Cul'(OH)Fe!"']* complex has metrical parameters that do not follow the trend of ionic radii,
but these differences are attributed to the strong Jahn-Teller distortion expected for a d® Cu'!
metal center. Taken together, our results show that the identity of the auxiliary divalent metal
ion has only small effects on the properties of the Fe!l'-OH unit.

The magnetic properties of the complexes were investigated by EPR spectroscopy. The two
high-spin metal centers exhibit antiferromagnetic coupling, allowing the series of complexes
to access spin states ranging from S = 0 for the [Mn'/(OH)Fe!'']* complex to S = 5/2 for the
[Zn''(OH)Fe!'']* complex. The EPR results suggest that the complexes remain assembled in
solution and the magnitude of the J~values is consistent with a bridging hydroxido ligand.
This series of heterobimetallic complexes allows a comparison of electronic properties for a
range of transition metal ions without significant structural changes. The magnitude of Jwas
found to be nearly invariant of the spin-state of the M!! ions. Spin exchange interactions
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typically occur through the d orbitals of the metal ions and those of the bridging ligand.
There are potentially many orbital pathways contributing to spin-spin exchange interactions,
and the d orbitals containing the unpaired electrons would presumably influence the
magnitude of J. The dtelectron population of the M!! center increased in our series of
complexes that range from [Mn!!(OH)Fe!'']* to [Cu'!(OH)Fe!'']* and with this increase the
number of unpaired electrons within the d orbitals changes. An explanation for the near
invariance in the values of J, despite different exchange pathways through the d orbitals, is
still unknown and requires further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Examples of bimetallic systems using the ligand [MST]3~ with (A) redox-inactive metal ions

and (B) transition metal ions.
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ESI-MS spectra of (A)[Mn!'(OH)Fe!']* 38 (B) [Fe!!(OH)Fe!!']*,38 (C) [Co!'(OH)Fe!'*, (D)
[Ni''(OH)Fe!''1*, (E) [Cu''(OH)Fe!*, (F) [zn"(OH)Fe!!']*, with the simulated spectra in

grey.
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Figure 3.
(A) Absorbance and (B) FTIR spectra for [Mn!'(OH)Fe!'']* (black solid line),38

[Fe''(OH)Fe!"']* (black dashed line),38 [Co'!(OH)Fe!!'T* (black dotted line), [Ni''(OH)Fe!!']*
(grey solid line), [Cu''(OH)Fe!""]* (grey dashed line), (F) [Zn'(OH)Fe!'']* (grey dotted line).
Absorbance measurements were performed on 0.1 mM CH,Cl5 solutions at room
temperature, and FTIR measurements were performed in KBr discs.
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Figure 4.
Thermal ellipsoid diagrams depicting the molecular structures of (A) [Mn!'(OH)Fe!!!]* 38

(B) [Fe''(OH)Fe!!']* 28 (C) [Co''(OH)Fe!"'T*, (D) [Ni''(OH)Fe!'T*, (E) [Cu''(OH)Fe!!']*,
and (F) [zn"'(OH)Fe!"']*. Ellipsoids are drawn at the 50% probability level, and only the
hydroxido H atoms are shown for clarity.
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Figure 5.
EPR spectra (red) and simulations (black) of Zn!!Fe!ll at the temperatures listed. Microwave

parameters: 9.647 GHz, 0.02 mW, B, L B. See Table 3 for simulation parameters.
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Figure 6.
EPR spectra (red) and simulations (black) of [Ni''(OH)Fe!!"]* at the temperatures listed,

showing changes in the relative intensities of the signals (g = 5.45, 5.05, 2.34, 1.65) from the
Sc = 3/2 state and growth of the g = 8 signal from the S¢ = 5/2 state. Microwave parameters:
9.663 GHz, 0.2 mW, B _L B. The simulations matched the temperature dependence of the
signals and used a concentration that was in quantitative agreement with that measured for
the complex.
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Figure 7.
Signal intensity x temperature versus temperature of the signals at g = 5.45(@), 5.05(H),

8.0(x) observed from [Ni''(OH)Fe!''T*. The solid traces are % population of the indicated
doublets calculated from eq 1 for J = 35 cm~ and appropriate parameters in Table 3.
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Figure 8.
EPR spectrum (red) and simulation (black) of [Cu'/(OH)Fe!!']* attemperature of 7 K.

Microwave parameters: 9.339 GHz, 0.02 mW, B || B. See Table 3 for simulation
parameters. The inset shows signal intensity x temperature and the corresponding percent
population of the corresponding doublet for /= +33(3) cm~1 with the error represented by
the dashed lines.
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Scheme 1.

Preparation of [[TMTACN)M!!—(u-OH)-Fe!'"MST]* complexes. M!' = Mn, Fe, Co, Ni, Cu,
Zn, x = 2 for all syntheses except Ni!' where x = 5.
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