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Stepwise assembly of heterobimetallic complexes: synthesis,
structure, and physical propertiest

Justin L. Lee?, Victoria F. Oswald?, Saborni BiswasP, Ethan A. Hill2, Joseph W. Ziller?,
Michael P. HendrichP, A. S. Borovik?

aDepartment of Chemistry, 1102 Natural Sciences Il, University of California, Irvine, California
92697, USA.

bDepartment of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh,
Pennsylvania 15213, USA

Abstract

Bimetallic active sites are ubiquitous in metalloenzymes and have sparked investigations of
synthetic models to aid in the establishment of structure—function relationship. We previously
reported a series of discrete bimetallic complexes with [Fe!''-(u-OH)-M""] cores in which the
ligand framework provides distinct binding sites for two metal centers. The formation of these
complexes relied on a stepwise synthetic approach in which an Fe!''-OH complex containing

a sulfonamido tripodal ligand served as a synthon that promoted assembly. We have utilized

this approach in the present study to produce a new series of bimetallic complexes with [Fe!!l—
(1-OH)-M'" cores (M = Ni, Cu, Zn) by using an ancillary ligand to the Fe!'! center that contains
phosphinic amido groups. Assembly began with formation of an Fe!!'-OH that was subsequently
used to bind the M fragment that contained a triazacyclononane ligand. The series of bimetallic
complexes were charactered structurally by X-ray diffraction methods, spectroscopically by
absorption, vibrational, electron paramagnetic resonance spectroscopies, and electrochemically by
cyclic voltammetry. A notable finding is that these new [Fe!''—(u-OH)-M!"] complexes displayed
significantly lower reduction potentials than their sulfonamido counterparts, which paves way for
future studies on high valent bimetallic complexes in this scaffold.

Introduction

Complexes with discrete bimetallic cores are found in a number of biological and synthetic
systems and have impact on both physical and functional properties.1-* Within a biological
context, chemical transformations are often regulated by the cooperative effects of bimetallic
cores in which each metal center usually has a different primary coordination sphere.>-13
Replicating these structural features within synthetic systems has been difficult because

TElectronic supplementary information (ESI) available: Tables S1 and S2 and Fig. S1-S3, details of EPR simulation, and
crystallographic data in CIF format. CCDC 2072600-2072603. For ESI and crystallographic data in CIF or other electronic format see
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many preparative methods lead to each metal center having identical sets of ligand
donors.14-23 These methodological restrictions also hinder the preparation of complexes

in which the bimetallic cores contain different metal ions.24-26 One approach to circumvent
these problems is to design a metal complex with an auxiliary binding site that can bind an
additional, and different, metal complex.27-38 Notable examples that use this approach are
the heterobimetallic complexes of Thomas and Lu who have designed ligands that promote
formation of complexes with M—M" bonds.37-42

We are developing a different approach for the stepwise assembly of heterobimetallic
complexes that produces systems with [Fe!!'-(u-OH)-M"] cores. The general design

uses a monomeric Fe!!'-OH synthon that contains a tripodal ligand with three structural
characteristics: (1) it contains a trianionic, tetradentate binding site for the Fe!!'-OH unit, (2)
it contains scaffolding to append hydrogen bond (H-bond) acceptors to form intramolecular
H-bonds with the Fe!''-OH unit, and (3) it contains an auxiliary metal binding site

that includes the hydroxido ligand.*3 These design principles were illustrated in our

use of the tripodal ligand [MST]3~ (M.N’ N ™-[2,2",2” -nitrilotris(ethane-2,1-diyl)]tris(2,4,6-
trimethylbenzenesulfonamido), Fig. 1A) that contains three deprotonated sulfonamide
groups** and was used to prepare a variety of different complexes with [Fe!!'-(u-OH)-

M cores (Fig. 1B).4547 We recently introduced a tripodal ligand [poat]3~ (M,N’ N -
[nitrilotris (ethane-2,1-diyl)]tris(/AP-diphenylphosphinic amido)) that instead of sulfonamido
groups contains phosphinic amido groups (Fig. 1C).#8 We reasoned that the similarities

in the structures of the two tripodal ligands would prepare the analogous [Fe!!'—(u-OH)-
M complexes to compare their properties. We now report our findings for a series of
[(TMTACN)M!!—(u-OH)—Fe'''poat]* (M" = Zn, Cu, Ni; TMTACN = 1,4,7-trimethyl-1,4,7-
triazacyclononane) complexes that show these types of complexes can be readily assembled
to form discrete heterobimetallic complexes. Although they have similar structural and
physical properties, the complexes with [poat]3~ have significantly lower redox potentials
than their sulfonamido counterparts.

Results and discussion

Preparation route for K[Fe!'poat(OH)]

The first-step into the assembly of heterobimetallic complexes was to prepare the
monomeric synthon [Fe!!'poat(OH)]~ which was isolated as its potassium salt by addition
of one equiv. of O, to K[Fe!'poat] (Scheme 1).48 We also found an alternative route

using Ko[Fe'lpoat(OH)] which was prepared from K[Fe!'poat] and water (see Experimental
section for details): treating this Fe!'-OH complex with 0.5 equiv. of |, afforded
K[Fe'''poat(OH)] (Scheme 1). Recrystallization of K[Fe!!'poat(OH)] from methylene
chloride/diethyl ether produced dark yellow crystals in yields of 35%. The molecular
structure of [Fe!'poat(OH)]~ was determined by X-ray diffraction methods. The salt
crystallized as a cluster with two anions of [Fe!!'poat(OH)]~ bounded to two potassium
ions (Fig. 2A, Table S2t). The Fe'll center incorporated an exogenous hydroxido ligand in

TElectronic supplementary information (ESI) available: Tables S1 and S2 and Fig. S1-S3, details of EPR simulation, and
crystallographic data in CIF format. CCDC 2072600-2072603. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/d1dt01021b
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an axial coordination site (Fig. 2B), and the complex had an overall trigonal bipyramidal
(tbp) coordination geometry with a trigonality structural parameter (zs) value of 0.948 (the
ideal trigonal bipyramidal geometry has a z5 = 1, and the ideal square pyramidal geometry
has a 75 = 0). The crystallization as a cluster prevented intramolecular hydrogen bonds to
be formed between the hydroxido ligand and the P=0 group of [poat]3~. K[Fe'!'poat(OH)]
was treated with 18-crown-6 to increase solubility and exhibited an optical spectrum with

a feature at Amay (£, M1 cm™1) = 370 nm (3800), similar to other mononuclear Fe!!'-
hydroxido complexes in tbp geometry.47:49-51 The electron paramagnetic resonance (EPR)
spectrum of K[>’Fe!l'poat(OH)]/18-crown-6 in DMF : THF had features at g= 4.3 and 9.6
(Fig. S1AT). Additionally, the Méssbauer spectrum of [°’Fe!!!poat(OH)]~ showed a six-line
pattern consistent with a high-spin Fe!'l center with an isomer shift (6) of 0.32 mm s1 and
a quadrupole splitting (A£g) of 0.92 mm s~1 (Fig. S1BT). Both magnetic measurements
supported a ground spin state assignment of S=5/2.

Preparation route for the [(TMTACN)M'—(u-OH)-Fe''poat]OTf

The preparation of the discrete heterobimetallic complexes [(TMTACN)M!'-(u-OH)-
Fe'llpoat]OTf (M!' = Zn, Cu, Ni and denoted [M!'(OH)Fe!""]*) was achieved via

the preparative route outlined in Scheme 2. In a typical reaction, NMe4OAc was

added to a CH,Cl, solution of K[Fe!!'poat(OH)], and after removal of the insoluble

KOAC, the resulting mixture was treated with the appropriate [M!/(TMTACN)]?*

complex. [Zn'(TMTACN)(OTf),] and [Cu'(TMTACN)(OTf),]-CH3CN>2 salts were used
to synthesize the [Zn!'(OH)Fe!'']* and [Cu''(OH)Fe!!"]* species; however, attempts to
synthesize and isolate [Ni''(TMTACN)(OTf),] in high purity had been unsuccessful, which
led to this salt being generated 77 situ by mixing equimolar of Ni''(OTf),-5CH3CN and
TMTACN in CH,Cl,. The [M'(OH)Fe!'"OTf salts were first purified as powders via
precipitation from diethyl ether—-CH,Cl, mixtures, and were then further purified via
recrystallization as yellow sheet-like crystals from pentane (or hexane)-CH,Cl, mixtures.
These crystals were suitable for single crystal X-ray diffraction measurements, elemental
analysis, and additional characterization methods. The formulations of the [M!!(OH)Fe!!']*
complexes were supported by ESI-MS, in which the /m/z values and experimental isotope
patterns matched those calculated for [M"'(OH)Fe!'']* (Fig. 3). The three complexes have
similar optical properties with absorbance features around Aa¢ = 315, 372, and 460 nm
(Fig. 4, S2t). In particular, the absorbance feature with a A = 372 nm is similar to those
previously reported in our related heterobimetallic complexes with the [MST]3~ ligand.46

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

Solid-state vibrational properties of the [M!'(OH)Fe!''|* compounds were investigated by
FTIR spectroscopy and exhibit similar features (Fig. S31). For example, the vibrational
spectrum of [Zn!'(OH)Fe!'"JOTf revealed a weak vibrational feature at 3141 cm™1 that is
assigned to the v{O—-H) band. This energy is lower, and the peak is broader than the
corresponding +{O-H) feature observed in the analogous complex with the [MST]3" ligand,
which appears at an energy of 3238 cm~1.46 These observations are consistent with the
phosphinic amido P=0 group in [poat]3~ being a stronger H-bond acceptor than the
sulfonamido S=O0 group in [MST]3". For [Ni''(OH)Fe!'"]*, the v{O-H) band is at 3160
cm~1 and it is similarly broad to suggest that the hydroxido ligand is involved in H-bond
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formation. We were unable to detect the +*{O—H) feature in the [Cu''(OH)Fe!"']* which could
be attributed to the relatively lower Lewis acidity of Cu'! ion,53 and that would strengthen
the H-bond and broaden any v{O-H) feature. The remaining portion of the vibrational
spectra of the three complexes are nearly identical, implying that the overall solid-state
structures for the three complexes could be similar.

Solid-state molecular structures of [M'(OH)Fe!'l* complexes

The molecular structures of the [M''(OH)Fe!!'[* complexes were determined by X-ray
diffraction methods and revealed discrete bimetallic core structures (Fig. 5). There are two
crystallographically different, but chemically equivalent, molecules in the asymmetric unit
and we will discuss the averages of the metrical parameters and calculated values, which
are shown in Table 1. The triflate counter anion is outer-sphere and not interacting with

the complex. The Fe!!l site adopts a similar tbp geometry as found in [Fe!!'poat(OH)]~ with
an N,4O primary coordination sphere, comprising of the [poat]3~ ligand and the hydroxido
ligand. The complexes have z5 values ranging 0.877 to 0.885, which are less than that
found in [Fe'''poat(OH)]™ (see above). The Fe1-O1 bond distances are statistically identical
within the series (1.887(4)-1.900(2) A), and are comparable with those previously reported
in [(TMTACN)M!—(u-OH)-Fe!'"MST]* (1.884(2) to 1.892(5) A).46

The M sites in the series are all 6-coordinated with N3O primary coordination spheres
that are comprised of the TMTACN ligand, two O-atom donors from the phosphinic

amido groups of [poat]®~, and the bridging hydroxido ligand. A Jahn-Teller distortion is
observed in the Cu'! site of [Cu''(OH)Fe!'']*, in which the axial Cu1-03 and Cul-N7 bond
distances are significantly elongated, while the equatorial Cul-01/Cul-04/Cul-N5/Cul-
N6 bond distances are contracted in comparison with those observed in the Zn!' and Ni'!
analogues (Table 1). We note that a similar Jahn—Teller distortion was also observed in the
[(TMTACN)Cu!'—(u-OH)—Fe!"MST]* complex.46

We further examined the M"'—-O0=P and M"'-N1p1acn bonds in the [M!'(OH)Fe!!]*
complex series; the Cul! analogue is excluded from this discussion because of the
aforementioned Jahn-Teller distortion (see above). The M!'-O=P bond distances range
between 2.089(4)-2.115(2) A; these values are significantly smaller than the corresponding
M!'-O(S) bond distances observed in the sulfonamido complexes that range from 2.148(2)-
2.362(3) A.#6 The difference in M!'-O bond lengths suggests the phosphinic amido P—=0
groups are stronger donating ligands than the sulfonamide S=O groups. Moreover, the
M"-NtyvTacn bond distances trans to the O=P groups are lengthened in [M''(OH)Fe!!"]*
(2.144(5)-2.257(2) A), in comparison with those reported for the MST analogues (2.102(2)—
2.164 (3) A).#6 These observations are consistent with stronger trans influence in the
[poat]®~ system, in which the O=P donors form stronger M''-O=P bonds that cause a
weakening and lengthening the M!''-Np1acn bonds.

The remaining phosphinic amido tripodal arm that does not coordinate to the M!! ion
participates in an intramolecular H-bond with the bridging hydroxido group; the O1...02
distances range from 2.641(2) to 2.655(5) A, which are indicative of H-bonds and consistent
with the observation obtained from FTIR spectroscopy. The O...O distances found in
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[M!'(OH)Fe!'']* are comparable with those found in the [(TMTACN)M!'—(u-OH)-Fe!''"MST]
* complexes (2.619(4)-2.644(3) A).46

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

The electrochemical properties of the [M!'/(OH)Fe!!']* series were investigated using cyclic
voltammetry. The [Zn''(OH)Fe!!"]* complex exhibited a reversible one-electron redox event
at-1.62 V vs. [FeCpa]*0 (ool fpa = 1.01, AE= 0.20 V, AE([FeCp,]*/%) = 0.18 V) that is
assigned to the Zn''Fe!ll/zn!'Fe!! couple (Fig. 6A). The [Cu!!(OH)Fe!!']* complex exhibited
complex redox behavior, with a single reduction and oxidation events at —1.76 V and -1.13
V, respectively (Fig. 6B). One possible explanation for this electrochemical behavior is that
the Cu'! center has a similar reduction potential, which likely results in a large structural
change that could influence the reversibility of an electrochemical event.

The [Ni''(OH)Fe!''"]* complex exhibited a reversible one-electron redox event at =1.71 V
vs. [FeCp2]*0 (ool fra = 1.07, AE= 0.18 V, AE([FeCp,] /%) = 0.17 V) that is assigned

to the Ni''Fe!"l/Ni'lFe!! couple (Fig. 6C). The reduction potentials of the [M'!(OH)Fe!ll]*
complexes are significantly more negative than their [(TMTACN)M!'-(u-OH)-Fe!''MST]*
analogs. For instance, the potential for the [Zn'/(OH)Fe!!"]* complex is more negative by
0.73 V than that found for the same process in [[TMTACN) zZn!'—(u-OH)-Fe!''"MST]*
(-0.89 V).46 The observed difference between the two systems is again consistent with
[poat]3~ being a stronger donating ligand than [MST]3~, and highlights the ability of
phosphinic amido groups to stabilize higher valent metal centers.*8

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

The [Zn"'(OH)Fe!"'T* complex showed signals (Fig. 7A) from an S = 5/2 species in
perpendicular mode, with g=4.96 and 3.82 arising from the M, = +3/2 doublet and
weaker resonances at g =9.85 and 9.15 from the Mg = £5/2 and £1/2 doublets, respectively.
The simulation indicated D= -1.7 cm~1 and £/D = 0.21. The spin concentration (5 mM)
determined from simulation was within error equal to that determined by the weight of

the added complex. The electronic properties of this complex are comparable to that of
[(TMTACN)Zn""-(u-OH)-Fe!'"MST]* (D= -2.5 cm™1, £/D=0.21).

The [Cu''(OH)Fe!'']* complex showed a signal (Fig. 7B) from the S = 2 system of the
antiferromagnetically exchange-coupled S= 1/2 (Cu'") and S=5/2 (Fe!!!) ions.#6:48 The
inset shows the temperature dependence of the signal intensity and a theoretical curve for
the exchange-coupled spin system with J= 25 cm™ and D, = -1.7 cm™L. The simulation
overlaid on the spectrum assumes an S = 2 spin Hamiltonian with D= -2.3 cm™1, £/D
=0.15, g, = 2. The conversions from the uncoupled site parameters to an S= 2 system
parameters are: D = 4/3 Dk, g, =2 - Agzcu/6 and A, = 1/6A,,. For Cull, g, ¢y ~ 2.2,52
and Agycy = g-cu—2 % 0.2, giving g, ~ 2. The significant reduction of the system A, value
is cause by spin coupling that renders the Cu hyperfine unresolvable. The value of Jis the
same as that observed for the MST analog.

The [Ni''(OH)Fe''"]* complex showed signals (Fig. 7C) from the S= 3/2 system of the
antiferromagnetically exchange-coupled S= 1 (Ni'") and $=5/2 (Fe!'!) ions. The signals at
g=4.99, 2.46, 1.70 are from the My = £1/2 doublet and g = 5.46, 1.32 are from the M =

Dalton Trans. Author manuscript; available in PMC 2021 September 05.
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+3/2 doublet. The simulation overlaid on the spectrum uses J= 35 cm™, Dge = -1.7 cm™1,
E/Dee = 0.21, Dyj = +12 em™L, /Dy = 0.11, gni = (2.24, 2.17, 2.18). All these values are
comparable to the MST analog. The spin concentration (5 mM) determined from simulation
was within error equal to that determined by the weight of the added complex.

Conclusions

We have demonstrated the stepwise assembly of heterobimetallic complexes from the Fe!!l—
OH synthon, [Fe''poat(OH)]~, and [M!(TMTACN)(OTf),]. The assembly yielded [Fe!!'-(u-
OH)-M""T* complexes in high purity, and we did not observe any unwanted side-reactions,
such as scrambling of the metal ions or redox processes, which we attribute to the properties
of the [poat]®~ ligand. It provides a trianionic binding pocket that stabilizes the Fe!!!

center, while the P=0 units are positioned to assist in the binding of the Ni'!, Cu", and

Zn'' complexes. Spectroscopic and structural studies confirm that the metal centers have
different primary coordination spheres with the Fe!!! being five-coordinated and the M!!
being six-coordinated. Moreover, our findings show that each complex contains an [Fe!!'-
(L-OH)-M"] core structure that persists in both solution and solid states. Results from XRD
and vibrational measurements indicate that each complex contains an intramolecular H-bond
between the hydroxido ligand and a P—=0 moiety from one of the phosphinic amido groups.

The formation of bimetallic complexes with a bridging hydroxido ligand has relevance to
active sites within metalloproteins.®-12:54 The diverse examples that have these types of
core structures include the di-Fe centers in the respiratory protein hemerythrin that also
contain one five- and one six-coordinate site,” and the FeZn site in purple acid phosphatase
that degrades organophosphates.® The isolation of the [ TMTACN)M!—(u-OH)—Fe!!'poat]*
complex further allowed comparisons to the related series of complexes, [[TMTACN) M-
(1-OH)-Fe!'"MST]*, that are made with a sulfonamido tripod. We found major differences
in the one-electron reduction potentials between these two sets of bimetallic complexes with
those prepared with [poat]3~ having significantly lower potentials. This finding indicates that
phosphinic amido donors create stronger ligand fields than comparable sulfonamido donors.
In addition, the M''-Op—g bonds are shorter than the analogous M"'-Os—g which suggests
that the P==0 units, with their larger dipole, can form stronger M—O bonds. These results
suggest that ligands with phosphinic amido groups could stabilize higher valent bimetallic
complexes. We pointed out that one limitation of complexes with sulfonamido tripods is

the inability to access higher valent metal centers. Tripodal ligands with phosphinic amido
donors should help correct this deficiency because our data indicates that [poat]3~ is better
at stabilizing higher oxidized metal centers than the corresponding sulfonamido ligand. Our
recent detection of the Fe!V=0 complex [Fe!Vpoat(0)]~ supports this premise and, taken
together with the work presented here, illustrates the versatility and promise of this type of
ligand.48

Experimental

General procedures

All reagents were purchased from commercial sources and used as received unless otherwise
noted. Solvents were sparged with argon and purified using a JC Meyer Co. solvent

Dalton Trans. Author manuscript; available in PMC 2021 September 05.
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purification system with columns containing Q-5 and molecular sieves. Potassium hydride
(KH) as a 30% dispersion in mineral oil was filtered with a medium porosity glass frit

and washed 5 times each with pentane and diethyl ether (Et,0). Solid KH was dried under
vacuum and stored under an inert atmosphere. All synthetic manipulations were conducted
in a Vacuum Atmosphere, Co. drybox under an argon atmosphere. Hzpoat,*® TMTACN,5:56
Zn!'(OTf),-2CH3CN,>” [Cu'(TMTACN)(OTf),]-CH3CN, 2 and Ni'!(OTf),-5CH3CN>7 were
synthesized according to previous reports.

Physical methods

Electronic absorbance spectra were recorded with a Cary 50 spectrophotometer using

a 1.00 cm quartz cuvette. High resolution mass spectra were collected using Waters
Micromass LCT Premier Mass Spectrometer. Solid-state Fourier transform infrared (FTIR)
spectra were collected on a Thermo Scientific Nicolet iS5 FT-IR spectrometer equipped
with an iD5 ATR accessory. Cyclic voltammetry experiments were conducted using a
CHI600G electrochemical analyzer. A 2.0 mm glassy carbon electrode was used as

the working electrode at scan velocities between 0.01 and 0.5 V s™1. A ferrocenium/
ferrocene ([FeCp,]*0) standard was used as an internal reference to monitor the reference
electrode (Ag*/Ag). Tetrabutylammonium hexafluorophosphate (TBAP) was used as the
supporting electrolyte at a concentration of 0.1 M. Elemental analyses were performed on a
PerkinElmer 2400 Series 11 CHNS elemental analyzer. 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 the generation of microwave fields parallel and
transverse to the applied magnetic field. The microwave frequency was calibrated with a
frequency counter, and the magnetic field was measured with an NMR gaussmeter. The
sample temperature was calibrated against a calibrated cernox sensor (Lakeshore CX-1050)
mounted inside an EPR tube. A modulation frequency of 100 kHz was used for all EPR
spectra. The simulation software SpinCount was written by one of the authors.>® The
software diagonalizes the electronic terms of the spin Hamiltonian, and performs least-
squares fitting of simulations to the spectra. The quantitative simulations are generated
with consideration of all intensity factors, which allows the computation of simulated
spectra for a specified sample concentration. The quantification of all signals was performed
relative to a CUEDTA spin standard prepared from a copper atomic absorption standard
(Sigma-Aldrich). Additional information for EPR data analysis and crystallographic details
are summarized in ESI.t

Synthesis of K[Fe!'poat(OH)]

Route 1 — oxygenation of K[Fe!'poat].—K][Fe!'poat] was synthesized /n situ as
described in the reported procedure.*8 To a solution of Hspoat (400 mg, 0.536 mmol) in
anhydrous THF (13 mL) was added KH (68.0 mg, 1.64 mmol), and the reaction was allowed
to proceed until gas evolution ceased and all solids were dissolved. To the solution was
added Fe!(OAc), (96 mg, 0.56 mmol). The yellow solution was stirred for 25 min and

then filtered through a medium fritted glass funnel to remove insoluble material. The yellow
filtrate was transferred to a 50 mL Schlenk flask, which was sealed with a rubber septum
and brought out from the glove box. Anhydrous O, (12 mL, 7=298 K, P=1 atm, 0.54
mmol) was injected into the headspace via syringe. The initial yellow solution turned dark
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brown and stirred for 1 h. After the reaction was complete, all volatiles were removed under
vacuum, and the reaction flask was brought into the glovebox. The residues were redissolved
in CH,Cl, (6 mL) and were layered with Et,0 to afford dark yellow crystals (160 mg, 35%).

Route 2 — chemical oxidation of K,[Fe!'poat(OH)].—K,[Fe!'poat(OH)] was first
synthesized /n situ. To a solution of Hapoat (200 mg, 0.268 mmol) in anhydrous THF (6
mL) was added KH (33 mg, 0.82 mmol), and the reaction was allowed to proceed until
gas evolution ceased and all solids were dissolved. To the solution was added Fe'/(OAc),
(48 mg, 0.28 mmol). The yellow solution was stirred for 25 minutes and H,O (5 pL, 0.3
mmol) was added v7a syringe. After 5 min, the reaction mixture was filtered through a
medium porosity glass frit to remove insoluble material. KH (11 mg, 0.27 mmol) was
added to the filtrate, which turned orange and was allowed to stir for 20 min. The reaction
mixture was then filtered through a medium porosity glass frit to remove any insoluble
material. 0.5 equivalent of I, (34 mg, 0.13 mmol) was added to the orange solution, which
turned yellow brown and stirred for 30 min. The reaction mixture was then reduced to
dryness and triturated with Et,O until the residue was a free-flowing powder. The powder
was redissolved in MeCN and filtered to remove KI. Et,O was allowed to diffuse into the
MeCN solution resulting in dark yellow crystals (46 mg, 20%). Elemental analysis calcd for
K[Fe!!'poat(OH)]-(CH3CN)-(H20), CaoHa3FeKN,O4P3-(CH3CN)-(H,0); C, 57.77; H, 5.29;
N, 7.66%, found: C, 57.74; H, 5.09; N, 7.32%. FTIR (diamond ATR, cm™1): 3562, 3068,
3051, 3006, 2972, 2945, 2931, 2897, 2848, 2839, 1591, 1572, 1481, 1458, 1446, 1435,
1400, 1373, 1346, 1336, 1302, 1281, 1255, 1190, 1176, 1161, 1107, 1092, 1068, 1041,
1028, 999, 958, 924, 852, 787, 750, 735, 715, 696, 619, 579, 559, 532. EPR (X-band,

1 -mode, DMF : THF with 2 equiv. 18-crown-6, 12 K): g = 9.6, 4.3. Mdssbauer (DMF :
THF with 2 equiv. 18-crown-6, 4.2 K): §=0.32 mm s™%; AEy = 0.92 mm s™1. UV-vis
Amax(DMF : THF with 2 equiv. 18-crown-6)/nm (/M1 cm™1): 370 (3800).

Synthesis of [Zn!(TMTACN)(OTf),]

Zn'(OTf),-2CH3CN (104.7 mg, 0.2350 mmol) was suspended in 20 mL CH,Cl,, and
TMTACN (46.0 pL, 40.7 mg, 0.237 mmol) was added in one portion using a syringe. The
reaction mixture turned clear and was allowed to react for 2 h. The solution was filtered
with a fine porosity glass frit to remove any insoluble materials, and all volatiles were
removed under vacuum. The white residue was redissolved in 2 mL CH,Cly, and white
solids were precipitated after the addition of 20 mL Et,0. The white solids were collected
on a fine porosity glass frit and dried under vacuum, affording the product (115 mg, 91.5%).
Elemental analysis calcd for [Zn!(TMTACN)(OTf),], C11H21FgN30gS2Zn: C, 24.70; H,
3.96; N, 7.86%, found: C, 24.86; H, 3.98; N, 7.66%.

Synthesis of [(TMTACN)Zn'—(u-OH)-Fe!'poat]OTf

K[Fe!!lpoat(OH)] (92.4 mg, 0.108 mmol) was dissolved in 4 mL anhydrous CH,Cl,.
NMe4OAc (15.6 mg, 0.117 mmol) was added in one portion, and the mixture was allowed
to stir for 1 h. The reaction mixture was filtered with a fine porosity glass frit, and the
filtrate was added dropwise to a 1 mL CH,Cl, solution of [Zn!((TMTACN)(OTf),] (58.2
mg, 0.109 mmol). The reaction was allowed to proceed for 1 h, and the mixture was filtered
with a medium porosity glass frit to remove any insoluble materials. The filtrate was layered
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with Et,0 to yield a light brown powder. After the light brown powder was collected and
dried, it was redissolved in CH,Cl,, and was layered with pentane to yield yellow sheet-like
crystals. The crystals were collected on a glass frit and dried under vacuum, affording the
product in yields that ranged from 40-50%. Elemental analysis calcd for [[TMTACN)Zn!!—
(1-OH)-Fe!''poat] OTF-1.5CH,Cly, CsoHgaF3FeN707P3SZn-1.5CH,Cl,; C, 48.33; H, 5.08;
N, 7.37%, found: C, 48.64; H, 4.85; N, 7.67%. FTIR (diamond ATR, cm™1): 3141 (OH),
3074, 3049, 3020, 2993, 2964, 2947, 2902, 2877, 2848, 2817, 1591, 1493, 1483, 1464,
1435, 1363, 1267, 1223, 1165, 1140, 1115, 1084, 1065, 1030, 1016, 991, 964, 931, 891,
812, 750, 723, 696, 636. EPR (X-band, L-mode, CH,Cl,:THF, 16 K): g=9.85, 9.15,

4.96, 3.82. UV-Vis Amax(CH2Clo)/nm (e/M~1 em™1): 319 (4200), 372 (5200), 460 (sh).
Electronspray ionization mass spectrometry (ESI-MS) (CH3CN, ES*, m/2): exact mass calcd
for [Zn"'(OH)Fe!'"*, C51HgaFeN;04P3Zn, 1051.2875; found, 1051.2848. £1/ (CH,Cly, V
versus [FeCp,]*/0): -1.62.

Synthesis of [(TMTACN)Cu'—(u-OH)-Fe''poat]OTf

This salt was prepared using the method described above for [ TMTACN)Zn!!—(u-OH)-
Fe'llpoat]OTf with the following modifications: K[Fe!'lpoat(OH)] (125.7 mg, 0.1469 mmol),
NMe4OAc (21.2 mg, 0.159 mmol), [Cu'(TMTACN)(OTf),]-CH3CN (85.1 mg, 0.148
mmol). Yellow sheet-like crystals (40-50% yield) suitable for X-ray diffraction were
grown from a concentrated CH,ClI, solution layered with hexane. Elemental analysis calcd
for [(TMTACN)Cu''—(u-OH)-Fe!''poat]OTf-2CH,Cl,, CsoHgaCuF3FeN707P3S-2CH,Cly;
C, 47.33; H, 5.00; N, 7.16%, found: C, 46.93; H, 4.88; N, 7.26%. FTIR (diamond

ATR, cm™1): 3053, 2987, 2962, 2900, 2858, 2821, 1589, 1491, 1483, 1469, 1441, 1435,
1360, 1263, 1223, 1173, 1149, 1134, 1115, 1068, 1030, 1014, 993, 962, 931, 893, 877,
808, 783, 752, 719, 696, 636. EPR (X-band, //-mode, CH,Cl,:THF, 16 K): g=8.2. UV-
Vis Amax(CH2Clo)/nm (e/M~1 em™1): 315 (sh), 372 (4200), 460 (sh). ESI-MS (CH3CN,
ES*, m/2): exact mass calcd for [Cu'(OH)Fe!!"]*, C51HgaCuFeN704P3, 1050.2880; found,
1050.2909. £yq (CH,Cly, V versus [FeCp,]*0): =1.13. £yc (CHLCly, V versus [FeCp,]*0):
-1.76.

Synthesis of [[TMTACN)Ni'—(u-OH)-Fe!'poat]OTf

This salt was prepared using the method described above for [(TMTACN)Zn!'—(u-OH)-
Fe!l'poat]OTf with the following modifications: K[Fe!!'poat(OH)] (190.0 mg, 0.2231 mmol),
NMe,OAc (31.2 mg, 0.238 mmol), 6 mL CH,Cl,. Ni''(OTf),-5CH3CN (125.9 mg, 0.2240
mmol) and TMTACN (44.0 pL, 38.9 mg, 0.227 mmol) were pre-mixed for 1 h before
using. Dark yellow crystals (50-60% yield) suitable for X-ray diffraction were grown

from a concentrated CH,Cl, solution layered with hexane. Elemental analysis calcd

for [(TMTACN)Ni!'-(u-OH)-Fe!'poat]OTF.0.5C5H 15, C5oHgaF3FeN;NiO7P3S-0.5C5H12;
C, 53.15; H, 5.73; N, 7.96%, found: C, 53.15; H, 5.53; N, 7.90%. FTIR (diamond ATR,
cm™1): 3160 (br, OH), 3064, 3050, 3008, 2970, 2960, 2904, 2860, 2827, 1614, 1591, 1572,
1484, 1471, 1462, 1450, 1435, 1379, 1361, 1263, 1222, 1169, 1140, 1117, 1082, 1061,
1030, 1014, 991, 957, 935, 924, 897, 876, 806, 785, 750, 721, 696, 636. EPR (X-band,

1 -mode, CH,Cl,: THF, 16 K): g=5.46, 4.99, 2.46, 1.70, 1.32. UV-vis Apmax(CH2Clo)/nm
(e/M~1 cm™1): 312 (sh), 372 (6400), 455 (sh), 513 (sh). ESI-MS (CH3CN, ES*, m/2): exact
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mass calcd for [Ni''(OH)Fe!'']*, Cs1HgaFeN;NiO4P3, 1045.2937; found, 1045.2939. £1/»
(CH.Cly, V versus [FeCp,]*/0): -1.71.
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Refer to Web version on PubMed Central for supplementary material.
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Structures of [MST]3~ (A), [(TMTACN)M!—(u-OH)-Fe'"MST]* (B), and [poat]®~ (C).
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Fig. 2.

Thermal ellipsoid diagrams depicting the molecular structure of {K[Fe!!'poat(OH)]}, by
X-ray diffraction (A). The [Fe!''lpoat(OH)]~ fragment is illustrated in (B). Ellipsoids are
drawn at the 50% probability level, and only the hydroxido H atoms are shown for clarity.
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Fig. 3.
ESI-MS spectra of (A) [Zn!'(O)Fe!'']*, (B) [Cu!!(OH)Fe!'']*, and (C) [Ni'l(OH)Fe!"']*, with
the simulated spectra given in grey.
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Electronic absorbance spectra for [Zn!'(O)Fe!!']* (black solid line), [Cu!'(OH)Fe!'"]* (black
dashed line), and [Ni''(OH)Fe!'']* (black dotted line) complexes. Absorbance measurements
were performed on a 0.10 mM CH,Cl, solution at room temperature.

Dalton Trans. Author manuscript; available in PMC 2021 September 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Leeetal.

Page 17

Fig. 5.

Thermal ellipsoid diagrams depicting the molecular structures of (A) [Zn'/(O)Fe!'*, (B)
[Cu''(OH)Fe!*, and (C) [Ni''(OH)Fe!'']* determined by X-ray diffraction. Ellipsoids are
shown at the 50% probability level, and only the hydroxido H atoms are shown for clarity.
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Fig. 6.
Cyclic voltammograms of (A) [Zn!'(O)Fe!'']*, (B) [Cu''(OH)Fe!!']*, and (C) [Ni''(OH)Fe!'"]
*. The cyclic voltammograms were collected at 100 mV s~1 in the presence of [FeCp,] (*).
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Fig. 7.

EIgR spectra (red lines) and simulations (black lines) of (A) [zn!'(OH)Fe!'']*, (B)
[Cu''(OH)Fe!"*, and (C) [Ni''(OH)Fe!!']*. Sample concentrations: 5 mM in CH,Cl, : THF.
Instrumental conditions: Temperature, 16 K; microwave frequency, 9.645 GHz, B; L B

(A and C), 9.343 GHz, B4IIB (B); microwave power, 0.2 mW. See text for simulation.
parameters.
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Scheme 1.
Preparative routes to the monomeric Fe—OH complexes.
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Preparative route to the bimetallic [M''(OH)Fe!"']* complexes (M!' = Zn, Cu, Ni).
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Selected bond lengths/distances (A) and angles (°) for [M"'(OH)Fe!!']* complexes®

M
[MI(OH)FEI]*  zn'! cu'! Nil!
Bond lengths/distances (A)
Fel-N1 2207(2)  2.205(1)  2.224(5)
Fel-N2 2022(2) 2.024(1)  2.017(4)
Fel-N3 2.005(2) 1.996(1)  2.000(5)
Fel-N4 2007(2)  2.006(1)  2.007(5)
Fel-O1 1.900(2) 1.898(1)  1.887(4)
01...02 2653(2) 2.641(2)  2.655(5)
M1-01 1.983(2)  1.910(1)  1.981(4)
M1-03 2115(2)  2.354(1)  2.091(4)
M1-04 2007(2)  2.019(1)  2.089(4)
M1-N5 2240Q2)  2.132(1)  2.144(5)
M1-N6 2154(2)  2.038(1)  2.106(5)
M1-N7 2257(2)  2357(2)  2.156(5)
Fel...M1 3416(1)  3.409(1)  3.423(1)
av Fel—Neq 2011(2)  2.009(1)  2.008(5)
av MI-Npyracn  2.217(2)  2.176(1)  2.135(5)
ofFel-Neg] 0.364 0.360 0.370
AMI-Nyyrac] 1474 1.405 1.370
Angles (°)
01-Fel-N1 174548) 173.69(5) 174.54(17)
N2-Fel-N3 121.44(9) 120.87(6) 121.94(20)
N3-Fel-N4 109.64(9) 110.75(6)  108.92(20)
N2—Fel-N4 119.26(9) 118.91(6) 119.09(19)
Fel-01-M1 123.26(9) 127.04(7) 124.45(20)
03-M1-04 96.68(7)  94.24(4)  94.46(15)
N5-M1-N6 81.31(8)  8455(6)  84.03(18)
N5-M1-N7 7896(8)  79.74(5)  81.99(19)
N6-M1-N7 81.35(9) 82.01(6) 83.70(20)
Calculated values
_ 0.885 0.880 0.877

a :
Bond lengths, distances, and angles are reported as an average.

bTrigonaIity structural parameter, =5 = (8— a)/60°. Bis the largest bond angle observed, and a is the second largest bond angle observed.
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