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ABSTRACT: A program has been initiated to develop Fe'/oxo cluster chemistry

with the “pseudocarboxylate” ligand dimethylarsinate (Me,AsO,”) for comparison

with the well investigated Fe'''/oxo/carboxylate cluster area. The synthesis and

characterization of three polynuclear Fe'' complexes are reported, [Fe,-

0,(0,C'Bu)s(0,AsMe, ) ;;(H,0);]Cl; (1),

Na,[Fe|,Na,0,(0,AsMe,) 5,(NO;)s(Me,AsO,H),(H,0),](NO; )6 (2), and [Fe;-

(0,AsMe,)s(Me,AsO,H), (hqn),](NO;) (3), where hgnH is 8-hydroxyquinoline.

The Fe,, core of 1 is a type never previously encountered in Fe™ carboxylate

chemistry, consisting of two Fey units each of which comprises two {Fe;(u3-O*")}

units bridged by three Me,AsO,™ groups and linked into an Fe,, loop structure by

two anti—anti n'm':u Me,AsO,” groups, a bridging mode extremely rare with

carboxylates. 2 also consists of two Fe4 units, differing in their ligation from those

in 1, and this time linked together into a linear structure by a central {Na,(NO;),}

bridging unit. 3 is a linear Fe; complex with no monatomic bridges between Fe'" ions, a very rare situation in Fe'" chemistry with
any ligands and unprecedented in Fe carboxylate chemistry. The distinct differences observed in arsinate vs carboxylate ligation
modes are rationalized largely based on the greater basicity of the former vs the latter. Variable-temperature dc and ac magnetic
susceptibility data reveal all Fe, pairwise interactions to be antiferromagnetic. For 1 and 2, the different J; couplings were estimated
by use of a magnetostructural correlation for high nuclearity Fe"'—oxo clusters and by density functional theory calculations using
broken symmetry methods, allowing identification of their relative spin vector alignments and thus rationalization of their S = 0
ground states. The J;; values were then used as input values to give excellent fits of the experimental )T vs T data. For 3, the fits of
the experimental yyT vs T data to the Van Vleck equation or with PHI gave a very weak J;, = —0.8(1) cm™ (H = —2JS;S;
convention) between adjacent Fe'" ions and an S = °/, ground state. These initial Fe'" arsinate complexes also provide structural
parameters that help validate literature assignments of arsinate binding modes to iron oxide/hydroxide minerals as part of
environmental concerns of using arsenic-containing herbicides in agriculture.

[l Metrics & More | @ Supporting Information

B INTRODUCTION

Iron'—oxo cluster chemistry has been the subject of
investigation by many research groups around the world for
many years because of the relevance of this field to a wide

tallic iron wheel and [Fe,,0,,(OH);(0,CMe),,(mda),]-
(ClO,), (mdaH = N-(methyl)diethanolamine), which is one
of the largest Fe'—oxo clusters reported to date.”"’

In recent years we have also become interested in other

range of areas. These include molecular magnetism and single-
molecule magnets and associated effects such as spin
frustration," ™ bioinorganic chemistry involving structural
models of various Fe proteins and enzymes,” materials
chemistry, such as iron-based Ke%gin ions that are the building
blocks of ferrihydrite minerals,’~" and others. The high Lewis
acidity of Fe™ favors formation of oxide-bridged Fe, cores
through hydrolysis, and commonly employed organic ligands
on the molecule’s periphery are carboxylates, either alone or in
conjunction with one or more chelating/bridging groups
taking advantage of the versatility of carboxylate ligands and
their variety of binding and bridging modes. Using such a
strategy, a multitude of Fe—oxo clusters has been prepared
over the years, including such examples from our own group as

[Fei5(pd)1,(pdH);,(0,CPh)4(NO;)6](NOs)s (pdH, = pro-
pane-1,3-diol), which is the largest single-stranded homome-
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groups that can ligate similarly to carboxylates and which can
thus be referred to as pseudocarboxylates. These have the
formula [RxYOy]_z where Y=DP, S, Se,orAs,x =1or2,y=2
or 3, and z = 1 or 2. Examples include diphenylphosphinate
(Ph,PO,”), benzeneseleninate (PhSeO,”), and dimethylarsi-
nate (Me,AsO,”). Our own group concentrated to date in the
use of these types of pseudocarboxylates in Mn—oxo cluster
chemistry to investigate the result of carboxylate substitution
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Table 1. Crystal Data and Structure Refinement Parameters for 1-3

parameter 1-15SMeCN
formula® C;4H,gpAs;Cl3Fe 05,
Fw, g mol™ 4032.37
space group P2,/c
a (A) 13.6281(5)
b (A) 33.6535(12)
¢ (A) 38.3252(14)
a (deg) 90
B (deg) 97.8612(8)
7 (deg) 90
v, A3 17412.0(11)
2, AY 0.71073
T (K) 100(2)
Peae, g/ cm’ 1.543
R, 0.0740
wR,® 0.1714

2-2MeCN-2H,0 3-4MeOH
CuHipAsyFe )N ;Na,Ogg Cs4HepAssFesN;0,,
4658.00 1615.78
P2,/c C2/c
11.5569(4) 11.4773(6)
24.0559(9) 27.6361(13)
28.2647(10) 20.1457(10)
90 90
98.5260(10) 103.267(2)
90 90
7771.1(5) 6219.4(5)
0.71073 0.71073
100(2) 100(2)
2.067 1.694
0.0424 0.0377
0.0879 0.0763

“Excluding solvent molecules. *Graphite monochromator. I > 26(I). “R, = 100Y.(||F,| — IE.||)/ ZIF,l. “wR, = 100[ Y. [w(F,? — F2)*]/ ¥ [w(F,2)?

]]1/2, w = 1/[22(1302) + [(ap)2 + bp], where p = [max(F2 0) + 2F.* ]/3.

reactions of their conjugate acids on the well-known SMM
[Mn;,0,,(0,CMe),(H,0),]; and it became clear that
pseudocarboxylates can sometimes give similar clusters to
carboxylates, but they can also be a fruitful source of new
cluster types."' "

Based on all the above considerations, we have initiated an
investigation of Fe cluster chemistry with pseudocarboxylate
ligands. This field is not well explored, and most previous work
has been concentrated in alkyl(aryl)phosphonic acids
(RPO;H,, ie., not phosphinic acids) giving, e.g, [Fe,Os-
(0,CPh)4(C1oH;PO3H)¢], [Fes0,(0,CCMe;)s(O;PPh),-
(H,0),], and [Fe4OC1(OZCMe)3(O3PC6H9)3(py)5].18_20
For other pseudocarboxylates such as R,AsO,”, there is a
great deal of room for exploration since only some dinuclear
Fe"—oxo clusters have been reported.”' ~>* Here we describe
the initial use of dimethylarsinic acid (Me,AsO,H) in Fe
cluster chemistry. With a high pK, of 6.27 its conjugate base
Me,AsO,” is a much stronger base than common carbox-
ylates.”*~*” In Mn—oxo chemistry, Chakov et al. reported that
Me,AsO,H can disrupt the Mn,, core to give the [Mn,O,-
(O,AsMe,)4] cubane or heterometallic [Mn;4M,Oq-
(O,CPh)4(0,AsMe,),,] (M = Ca, Sr) with an unusual
looplike structure,” so its products with Fe were of interest for
comparison.

We were also intrigued by the fact that dimethylarsinic acid
(also known as cacodylic acid) has long been used as an
herbicide in growing cotton and fruit and nut trees”®*” and the
subsequent environmental concerns of its toxicity and
accumulation in the soil. Several studies have found that it
tends to be absorbed on iron oxide minerals in the soil;*>*'
iron oxide minerals such as goethite and ferrihydrite, as well as
iron oxide nanoparticles, are known as good absorbents for
As(V) compounds.’*~** However, attempts to identify the
binding modes of cacodylic acid and/or cacodylate on Fe
oxides by X-ray absorption spectroscopy are hampered by the
poorly explored state of Fe/O/Me,AsO,” chemistry, a
situation that can be remedied by the availability of well
characterized Fe/O/Me,AsO,” clusters, but these have not
been available. We herein report the syntheses, crystal
structures, and magnetic properties of Fe; and Fe,, clusters
with Me,AsO," ligation, opening up a new area of higher
nuclearity Fe/O/arsinate chemistry.

B EXPERIMENTAL SECTION

Syntheses. All manipulations were performed under aerobic
conditions using chemicals and solvents as received, unless otherwise
stated. [Fe;0(0,CBu)(H,0);]Cl and [Fe;0(0,CMe)q(H,0),]Cl
were prepared as described elsewhere.’”*® Other reagents were
commercially available; hqnH is 8-hydroxyquinoline.

[Fe;,0,4(0,C'Bu)g(0,AsMe,),,(H,0);1Cl; (1). To a stirred orange
suspension of [Fe;0(0,C'Bu)(H,0),]Cl (0.24 g, 0.25 mmol) in
MeCN (20 mL) was added Me,AsO,H (0.14 g, 1.0 mmol), and the
mixture stirred overnight at ambient temperature. The resultant clear
dark orange solution was filtered, and the filtrate was left undisturbed
to slowly concentrate by evaporation by ~20% of its volume. X-ray
quality orange platelike crystals of 1-15MeCN slowly grew over §
days, and these were collected by filtration, washed with MeCN and
Et,0, and dried under vacuum. The yield was 31% based on As. Anal.
Calcd (found) for 1 (solvent-free; C,,H;g0As;,Cl3Fe;,O5,): C, 22.04
(22.60); H, 4.50 (5.01); N, 0.00 (0.00). Selected IR data (KBr disk,
cm™): 425(m), 469(s), 581(w), 603(w), 811(vs), 1225(w), 1420(s),
1483(s), 1544(s), 2960(m), 3377(br). The same reaction with
[Fe;0(0,CMe)s(H,0);]Cl gave the analogous product to 1, as
judged by IR spectral comparison.

Na,[Fe;,Na,0,(0,AsMe;),(NOs)¢(Me,AsO,H),(H,0),1(NOs)g
(2). To a stirred orange suspension of Fe(NO,);-9H,0 (0.61 g, 1.5
mmol) in MeCN (20 mL) was added solid NaO,AsMe,-3H,0 (0.41
g, 3.0 mmol), and the reaction mixture was stirred for 3 h during
which time some orange precipitate formed. The mixture was filtered,
and the filtrate was left undisturbed to slowly concentrate by
evaporation by ~20% of its volume. X-ray quality orange rodlike
crystals of 2-2MeCN-2H,0 grew over 2 days, and these were
collected by filtration, washed with MeCN and Et,O, and dried under
vacuum. The yield was 25% based on Fe. Anal. Calcd (found) for 2:
(solvent-free; C,4H;4pAs,,Fe;,Na,N;,0g): C, 11.35 (11.50); H, 3.07
(3.54); N, 3.61 (3.14). Selected IR data (KBr disk, cm™'): 465(m),
534(w), 649(w), 832(vs), 1050(w), 1384(vs), 1638(m), 3406(br).

[Fe3(O,AsMe,)¢(hgn),(Me,AsO,H),1(NO;) (3). Me,AsO,H
(0.34 g, 2.5 mmol) and hqnH (0.10 g, 0.70 mmol) were dissolved
with stirring in MeOH (20 mL), and then NEt; (0.42 mL, 3.0 mmol)
was added followed by the addition of Fe(NO,);-9H,0 (0.40 g, 1.0
mmol) to give an essentially black solution. The reaction mixture was
stirred for a further 3 h and filtered, and the filtrate was layered with
an Et,0/hexanes (1:1 v/v) mixture. Black platelike crystals of §-
4MeOH slowly grew over 5 days, and these were collected by
filtration, washed with MeOH and Et,O, and dried under vacuum.
The yield was 26% based on As. Anal. Caled (found) for 3-4H,0
(C34H;oFe;AsgN;0,5): C: 24.19 (23.79); H: 4.18 (4.18); N: 2.49

https://dx.doi.org/10.1021/acs.inorgchem.0c02554
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(2.56). Selected IR data (KBr disk, cm™): 501(w), 609(w), 646(w),
863(vs), 1112(m), 1383(s), 1465(s), 1497(s), 3406(br).

X-ray Crystallography. X-ray data for 1:15MeCN, 2:2MeCN-*
2H,0, and 3-4MeOH were collected at 100 K on a Bruker DUO
diffractometer using MoKa radiation (4 = 0.71073 A) and an APEXII
CCD area detector. Raw data frames were read by program SAINT
and integrated using 3D profiling algorithms.”” The resulting data
were reduced to produce hkl reflections and their intensities and
estimated standard deviations. The data were corrected for Lorentz
and polarization effects, and numerical absorption corrections were
applied based on indexed and measured faces. The structures were
solved and refined in SHELXTL2014, using full-matrix least-squares
refinement cycles.*® These were carried out by minimizing the wR,
function using F* rather than F values. R, is calculated to provide a
reference to the conventional R value, but its function is not
minimized. The non-H atoms were refined with anisotropic thermal
parameters, and all the H atoms were calculated in idealized positions
and refined as riding on their parent atoms. All crystal data and
refinement details are collected in Table 1.

For 1:15MeCN, the asymmetric unit consists of a complete Fe ,
cluster cation, three CI~ counterions, and ~15 MeCN solvent
molecules, most of which were disordered and could not be modeled
properly. Thus, program SQUEEZE,” a part of the PLATON
package of crystallographic software, was used to calculate the solvent
disorder area and remove its contribution to the overall intensity data.
One Me,AsO,” ligand was disordered about two positions that
refined with 50:50% occupancies. In the final cycle of refinement,
30663 reflections (of which 20353 are observed with I > 26(I)) were
used to refine 1461 parameters, and the resulting R,, wR,, and S
(goodness of fit) were 7.22%, 16.69%, and 1.023, respectively.

For 2-2MeCN-2H,0, the asymmetric unit contains half the
Fe;;,Na, cluster cation lying on an inversion center, two half-
occupancy Na® jons, three NO;™ ions, and one MeCN and one H,O
solvent molecules. Two arsinate ligands exhibit some slight disorder
and were refined in two parts, and the three NO;~ counterions
showed slight rotational disorder. There was extensive hydrogen
bonding between the various cations and anions. In the final cycle of
refinement, 28930 reflections (of which 23228 are observed with I >
26(I)) were used to refine 851 parameters, and the resulting R, wR,,
and S (goodness of fit) were 4.24%, 8.79%, and 1.085, respectively.

For 3*4MeOH, the asymmetric unit consists of a half Fe; complex
lying on an inversion center, a half-occupancy NO;™ counterion, and
two MeOH solvent molecules. The latter were badly disordered over
four positions and could not be modeled properly, and thus, program
SQUEEZE was again used to remove their intensity contributions.*
One arsinate ligand (As2) is disordered and was refined in two
positions with 93:7% occupancies. The H atom on unbound O3 of
the arsinic acid ligand was obtained from a difference Fourier map and
refined freely. The half nitrate counterion is located on an inversion
center and disordered so that an O atom shares the same position as
the second nitrate nitrogen position. In the final cycle of refinement,
7736 reflections (of which 6440 are observed with I > 26(I)) were
used to refine 324 parameters, and the resulting R;, wR,, and S
(goodness of fit) were 3.77%, 7.63%, and 1.045, respectively.

DFT Calculations. To make DFT calculations for 1 computa-
tionally tractable, we considered one Feg half of the full Fe,, structure
taken from the CIF data by cleaning extraneous atoms, i.e., minor
ligand disorder positions, CI~ counterions, and lattice solvent. This
simplification leads to a total of 15 distinct J; exchange couplings and
32 Ising-type spin vector configurations: 1 high spin, 6 with one spin
inversion, 15 with two spin inversions, and 10 with three spin
inversions. The energies of these configurations can be expressed in
terms of a sum over all spin interactions (eq 1) where (ij) stands for
all ij pairs, S = +°/, for Fe'™, and E; is a constant that serves to equate

E({S)) = =2 D1 J;S:S; + Eq
i) (1)

the spin model and DFT energies. To determine the exchange
couplings, the energies of all 32 configurations were evaluated from

broken spin-symmetry DFT calculations, and the resulting energies
were used to perform a linear fit of the Ising-type energy expression in
eq 1. This strategy has been successfully used in the literature to
extract exchange couplings in multicenter transition metal com-
plexes.**™** The R for the linear regression differs from unity by less
than 1077, which indicates that the magnetization is tightly localized at
the magnetic centers, and thus, the DFT calculations behave
energetically like an Ising system. We have also verified that the
atomic spin populations obtained are consistent with the expected
broken spin symmetry configuration.

DFT calculations were performed using the hybrid version of the
Perdew—Burke—Ernzerhof (PBEh) functional, which incorporates
25% of exact (Hartree—Fock-type) exchange. This functional is
known to perform well for magnetic exchange couplings** and for the
particular case of oxo-bridged Fe--Fe couplings to yield an RMS error
of ~10%, as shown for a set of 11 dinuclear Fe!"! complexes.*® Pople’s
6-311+G™** basis was used for Fe atoms and the 6-31G** for lighter
elements.*”** All calculations included all the electrons and neglected
scalar and spin—orbit relativistic effects. All calculations were
performed using an in-house version of the Gaussian 16 program®’
that allows for a simple spin inversion of the magnetic centers to
produce a reasonable initial guess for self-consistent calculations. No
symmetry was assumed at any point in the model or the DFT
calculations. A self-consistency convergence threshold of 107 Ha =
0.2 cm™ in the energy and 107% in the RMS changes in the density
matrix was used in all calculations.

Other Studies. Infrared spectra were collected in the solid state
(KBr pellets) in the 400—4000 cm™' range using a Nicolet Nexus 670
FTIR spectrometer. Direct current (dc) and alternating current (ac)
magnetic susceptibility measurements were performed on vacuum-
dried polycrystalline solids, embedded in eicosane to prevent
torquing, with a Quantum Design MPMS-XL SQUID magnetometer
capable of operating with applied dc fields up to 7 T in the 1.8—400 K
range. dc studies were carried out in the 5.0—300.0 K range in a 0.1T
(1000 Oe) magnetic field, and ac studies were carried out in the 1.8—
15.0 K range in an ac field of 3.5 G and oscillation frequencies up to
1500 Hz. Program PHI®® was used for fitting the dc susceptibility
data. Fits to the Van Vleck equation were performed using the
program Sigmaplot. Elemental analyses (C, H, N) were performed on
vacuum-dried samples at Atlantic Microlab, Inc.

B RESULTS AND DISCUSSION

Syntheses. The pK, values of some carboxylic and
pseudocarboxylic acids are compared in Table 2, and

Table 2. pK, of Common Carboxylic and Some
Pseudocarboxylic Acids

acid pK, ref
acetic acid (MeCO,H) 4.76 24
benzoic acid (PhCO,H) 4.20 24
pivalic acid (‘BuCO,H) 5.03 24
diphenylphosphinic acid (Ph,PO,H) 232 25
benzenesulfonic acid (PhSO;H) —2.80 26
dimethylarsinic acid (Me,AsO,H) 6.27 27

Me,AsO,H can be seen to be significantly less acidic than
even pivalic acid. Thus, its conjugate base should be a strong
donor ligand, but the high pK, suggested that carboxylate
substitution by Me,AsO,H in a preformed cluster might not be
the best reaction strategy. Nevertheless, since many synthetic
routes to high nuclearity Fe/O/RCO,~ clusters have employed
the common [Fe;(O,CR)4(H,0);]" salts as preformed
starting materials, we decided for comparative reasons to
initiate our studies using the analogous reaction system with
arsinic acid but employing the R = ‘Bu derivative to facilitate
carboxylate protonation and replacement as pivalic acid, and

https://dx.doi.org/10.1021/acs.inorgchem.0c02554
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this proved successful. Thus, the Fe;:Me,AsO,H reaction in a
1:4 ratio gave [Fe;,0,(0,C'Bu)s(0,AsMe,);,(H,0);]Cl; (1)
in ~30% yield (eq 2). Since Me,AsO,H is the

4[Fe,0(0,CR)4(H,0),]" + 17Me,AsO,H
— [Fe;,0,(0,CR);(0,AsMe, ),,(H,0), " + H*
+ 9H,0 + 16RCO,H )

limiting reagent, we explored the 1:4.25 reaction, as well as 1:6
and 1:8 but obtained the same product 1 in comparable yield
in each case. Decreasing the ratio to 1:3 also gave 1 but in a
lower yield of 15%. Adding NEt; gave a mixture of 1 and other
products (as judged by IR spectra) that we could not separate.
Use of the R = Me starting material gave the corresponding
product to 1, as judged by IR spectral comparison (Figure S1),
and it was not studied further.

To exclude carboxylates completely, reactions of simple Fe
salts with NaO,AsMe, were investigated, and this led to 2, a
salt of another Fe;, cluster (eq 3) with some structural
similarity to 1 (vide infra). Small changes to the Fe:Me,AsO,~
ratio did not affect the product or its yield.

III

12Fe(NO,); + 22Na0,AsMe, + 10H,0
— [Fe;,Na,0,(0,AsMe, ),,(Me,AsO,H), (H,0)s(NO,;)]**
+ 20NaNO, + 6HNO, + 4NO,~ (3)

We recently reported the synthesis of two Fe/O/RCO,/
hgn™ clusters of nuclearity Fes and Feg from the reaction of
[Fe;0(0,CR)4(H,0),;]" with 8-hydroxyquinoline (han).2
Thus, for comparison we have explored similar reactions using
Me,AsO,H and found that the Fe**/Me,AsO,H/hqnH/NEt,
= 1:2.5:0.7:3 ratio leads to the [Fe;(O,AsMe,)¢(hqn),-
(Me,AsO,H),]" cation of 3 (eq 4). Not only is this completely
different from the hqnH products with carboxylates, it is also
extremely unusual in containing no monatomic 0%, HO,
RO7, or related group bridging

3Fe’* + 8Me,AsO,H + 2hqnH + 8NEt,
— [Fe;(0,AsMe, )s(Me,AsO,H), (hqn),]" + 8NHEt,*  (4)

Fe, pairs (vide infra). The MeOH assisted solubility of all
reagents, and no product was isolated if NEt; was not added.
The indicated reagent ratio was the one that gave the highest
yield of pure material.

Description of Structures. 1.15MeCN crystallizes in
monoclinic space group P2,/c with the Fe, cation in a general
position. The complete structure of the cation and its partially
labeled core are shown in Figure 1, and selected bond
distances and angles are listed in Table S1. The structure
comprises four triangular {Fe™,(15-O*")} units, as found in
the starting material, linked in pairs by two n*n':4; and one
" :u, Me,AsO,” groups each (Scheme 1) into two
intimately connected Feq subunits (Fe3--Fe4 = 3.272(3) A;
Fe9--Fel0 = 3.273(3) A). These are then linked by two anti—
anti n":n':u Me,AsO,” groups (Fel--Fel2 = 6.462(3) A; Fe6--
Fe7 = 6.495(3) A) into the complete Fe,, core with a
rectangular looplike structure. Each Fe; triangle is isosceles,
with one edge monoatomically bridged by two O atoms.
Peripheral ligation is completed by eight ‘BuCO,” and eight
Me,AsO,~ groups all in the common syn—syn n':n':u bridging
mode, a terminal H,O ligand on Fe2/Fe8/Fell atoms at three
corners of the structure, and a terminal monodentate
Me,AsO,” on FeS$ at the fourth corner. If the latter difference

Fe2 Fel1

Fe3 Fe10

Fe4 Fe9

Figure 1. (top) Complete structure of the cation of 1, with H atoms
removed for clarity, and (bottom) its Fe—oxo core; O1—4 are O*~
ions, and the other O atoms are all from Me,AsO,” groups. Color
code: Fe blue; As violet; O red, C gray.

Scheme 1. Carboxylate and Arsinate Bridging Modes Found
in Complexes 1—-3

tBU Me Me

Y

Cs P:s‘ _=
07 Mo oF N0 Fe( | _Asy, °
I
Fe Fe Fe Fe

syn-syn nlz’qlzp anti-anti nl:nltp,

Me /Me Me Me
Fe ; Fe -:/ Fe
As As
\T,/—— \T \T,/—— %T/
Fe Fe Fe Fe
n2m'iy nZm%py

is ignored, then the cluster has virtual C,, symmetry, with the
C, axis passing through the midpoints of the Fe3—Fe4 and
Fe9—Fel0 vectors and can be described as a dimer of Feq
units. Fe and As oxidation states and O protonation levels were
confirmed by BVS calculations (Table $2).°" There is a pair of

https://dx.doi.org/10.1021/acs.inorgchem.0c02554
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adjacent O—H--O hydrogen bonds at each end of the Fe,,
cations directly to neighboring cations that lead to H-bonded
chains. These each involve a terminal H,0 (0SS, O56) ligand
on Fe2 and Fe8 of neighboring cations and a nearby
Me,AsO,” O atom (07, O24) on the neighbor (O7--056 =
2.821(12)A, 024--0SS = 2.633(12) A) (Figure S2). The
structure of 1 is somewhat reminiscent of that reported
previously for [Mn,¢X,04(0,CPh) ¢(Me,AsO,),,] (X = Ca**
or Sr**), which can be similarly described as a dimer since it
comprises two Mn ,X, units held together into a loop structure
by two anti—anti n':n':y Me,AsO,~ groups and with each unit
cont@ining a central 172:172:/44 Me,AsO,” group as in 3 (Figure
S3).

2:2MeCN-2H,0 crystallizes in space group P2,/c with the
Fe;Na, cation lying on an inversion center. Its complete
structure and a partially labeled Fe4 core are shown in Figure 2,

respectively) probably because at these atoms pivalate ligands
in 1 are replaced by NO;™ ligands in 2. These deviations
notwithstanding, the Fes units of 1 and 2 are essentially
isostructural. Therefore, we conclude this Fes unit to be a
favored structural unit in Fe/O/Me,AsO,” chemistry, even
with some carboxylate incorporation. Within Fe/O/RCO,”~
cluster chemistry there are a number of Feq topologies, many
of them comprising linked triangular units with “chairlike”,
“planar”, “twisted-boat”, stacked triangles, linked triangles,
octahedral, and fused or extended butterflies,>> >® but
nevertheless, none of them are the same as the Fes unit of 1
and 2, most likely due to the 77%:17%:4, Me,AsO,” binding mode
that supports it, which is unknown in Fe carboxylate
chemistry (vide infra).

3:4MeOH crystallizes in the monoclinic space group C2/c¢
with the Fe; cation lying on an inversion center. Its partially
labeled structure is shown in Figure 3, and selected bond

“,’)
022 /

Figure 2. (top) Complete structure of the centrosymmetric Fe ,Na,
cation of 2, from a viewpoint that emphasizes the two n%#':u,
Me,AsO,” groups in each Feq unit and the {Na,(NO;),} central
bridging unit. H atoms have been removed for clarity. (bottom) One
Feg unit from a viewpoint emphasizing its 7ty Me,AsO,~ group.
Color code: Fe blue; Na gold, As violet; O red, N green, C gray.

and selected bond distances and angles are listed in Table S3.
The structure can again be described as a dimer of two Fe''
units, with the cores of the latter being very similar to those in
1, i.e., two isosceles Fe; units bridged by two n%#":; and one
4, Me,AsO,” groups. The main differences are (i) the
four syn—syn n':n':u ‘BuCO,” ligands of 1 have been replaced
by two Me,AsO,” and two NO;~ groups bridging like the
carboxylates, and (ii) the two Fe, units are bridged into a linear
structure by a central {Na,(4-NO,), }unit. As a result, the two
anti—anti n':n':u Me,AsO,” that formed the dimer in 1 are
now monodentate terminal ligands in 2, with one of them
protonated (022) as confirmed by O BVS (Table S4) but
both still using an anti lone pair to do so. Two Na" and six
NO;™~ counterions complete the double-salt compound.

In order to quantitatively compare the Fe4 cores of 1 and 2,
root-mean-square deviation (RMSD) calculations were carried
out.”” The result (Figure S4) gives a weighted RMSD for the
whole Feg4 unit of only 0.107 A. Deviations for the Fe atoms are
within 0.1 A except for Fe2 and Fe4 (0.126 and 0.174 A,

Figure 3. Structure of the centrosymmetric Fe; cation of 3, with H
atoms removed for clarity except those on the monodentate
Me,AsO,H ligands. Color code: Fe blue; As violet; O red, N green,
C gray, H pink.

distances and angles are listed in Table S5. The structure
consists of a linear Fe'; unit with each Fe, pair bridged by
three syn—syn n':p';u Me,AsO,” groups. There are no
monatomic bridges, and thus, the Fe---Fe separations are
long (4.585(1) A). The Fe—O—As—O—Fe bridges are more
distorted than those in 1 and 2: For syn—syn ":n':u Fe—O—
As—O-—Fe bridges in 1, the torsion angles between the two
Fe—O are ~10° but those in 3 are ~70°. Ligation is
completed by a chelating hqn™ and a monodentate Me,AsO,H
on each outer Fe; Fe oxidation states and O protonation levels
were determined by BVS calculations (Table S6). There are
two intermolecular O—H:--O hydrogen bonds at each end of
the Fe; cations linking them into linear chains that all run
parallel in the crystal. These involve the protonated O3 of the
Me,AsO,H ligand and the bound O2 of the same ligand on the
neighboring cation (02--03 = 2.638(4) A).

Comparison of Dimethylarsinate and Carboxylate
Chemistry. Although the number of Fe/O/arsinate com-
pounds is still small, it is nevertheless instructive to compare
them with Fe/O/carboxylate chemistry. Two major points can
be noted: (i) Carboxylates can also display different bridging
modes in Fe/O chemistry and elsewhere, but Me,AsO,”
appears to more readily employ its anti lone pairs and give
U3~ and p,-bridging modes, as well as the anti—anti y, mode
that is rare for carboxylates. All three bridging modes are found
in 1 and 2 and also the related [Mn;¢X,05(O,CPh)¢-
(0,AsMe,),,] (Figure S3). The #*:7*:u, mode is also very rare
for carboxylates—it is found, for example, in the [Ce;MngOg-
(RCO,),5(RCO,H),] clusters,”® but we are unaware of an
example in Fe™ chemistry. (ii) The absence of a monoatomi-
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cally bridging O*~, HO™, or RO™ (R = alkyl or aréyl) group in 3
is extremely rare in Fe'' carboxylate chemistry.’”®" Even in Fe!!
chemistry such bridges are often to be found, typically from
carboxylate O atoms.*>®*

The most plausible explanation is the higher basicity of
Me,AsO,", as reflected in the pK, of the acid. For carboxylates,
the syn O lone pairs are recognized, both experimentally and
computationally, to be more basic than the anti pairs, leading
to predominant syn—syn carboxylate bridging.***> Thus, when
the anti lone pairs do get involved, it is often in addition to the
syn ones, and this is certainly true for Fe.°° Indeed, at one
time all known Fe™ carboxylate complexes had the syn binding
mode,”” and although there are now examples using anti lone
pairs,"*% the syn—syn binding mode is still by far the majority.

The greater basicity of dimethylarsinate will make both the
syn and anti lone pairs better donor groups and rationalize the
variety of bridging modes seen even in the few clusters
prepared to date. The high basicity likely also rationalizes the
absence of Fe—O—Fe bridges in 3 by mollifying the metal’s
charge density without recourse to hard oxide or similar ions.
In 1, another reason why arsinate groups link the two Fey units
rather than carboxylates is steric hindrance: the space-filling
diagram (Figure SS) shows that the Me groups of the two
1% groups are already in close contact, and given that the
arsinate O---O distance is 0.5—0.6 A longer than that for a
carboxylate in the equivalent binding mode, we estimate that
linkage of the two Feq units by n:#*:u, carboxylates would
require them to be ~0.4 A closer together, which is clearly not
possible on steric grounds.

Relevance to Environmental Studies. As mentioned in
the Introduction, there have been several studies of the surface
interactions of iron oxides and dimethylarsinic acid. For
example, by analyzing the absorption of the acid on goethite
(an iron(I1I) oxide-hydroxide) with X-ray absorption spec-
troscopy, Shimizu et al. concluded an Fe--As distance of ~3.3
A and ~1.8 Fe per As atom, which matches well with those for
Fe, units bridged by syn—syn n';':u arsinates in 1 and 2
(3.19-3.31 A).”" Additional studies by Nguema et al. were in
agreement.32 The ;- and p,-modes in 1 and 2 have longer Fe--
As distances (typically 3.4—3.5 A) and should provide a useful
distinction for identifying other interactions between dime-
thylarsinic acid and iron oxide-based minerals.

Magnetic Susceptibility Studies. Variable-temperature
dc magnetic susceptibility (y,) data were collected on crushed
vacuum-dried microcrystalline samples in the 5.0—300 K range
ina 0.1 T (1 kG) applied dc field and are plotted as y\T vs T.

For 1, yyT decreases steadily from 18.8 cm® K mol™ at 300
K to 0.80 cm® K mol ™" at 5.0 K (Figure 4). The 300 K value is
much lower than that for 12 noninteracting high-spin Fe'" ions
with ¢ = 2 (52.5 cm® K mol™') indicating dominant
antiferromagnetic (AF) interactions in 1, and the 5.0 K value
indicates an S = 0 ground state. For 2, a similar profile is seen,
with T decreasing steadily from 20.8 cm® K mol™ at 300 K
to 2.43 cm® K mol™ at 5.0 K (Figure 4), again indicating
dominant AF interactions and an S = 0 ground state.

We realized that with 12 Fe! jons in 1 and 2, low
crystallographic symmetry, and a large number of inequivalent
J;; Fe, pairwise exchange interactions, it would be very difficult
to get meaningful fits of the data. On the basis of prior
experience, we thus took the following steps: (i) since 1 and 2
are both Fe4 dimers bridged by units that should give at best
weak exchange interactions, the two Fe4 units were assumed to
be noninteracting, and the fits thus performed on yT per Feg
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Figure 4. y\,T vs T per Fe, for 1 (red) and 2 (green).

unit; and (ii) the C, virtual symmetry of each Fey unit was
applied. As a result, the system reduces to a 4-J model (Scheme
2). However, as we have shown elsewhere,” even a 4-J fit can

Scheme 2. Exchange Coupling Model Used for 1 and 2
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give many excellent but very different fits depending on the
input values. As a test, we fit the data for 1, divided by two to
make it per Feq unit, with three reasonable sets of input values,
namely 0, —10, and —20 cm™’, and got excellent fits in each
case but with very different fit parameters (Table 3); however,
none of these were acceptable based on expected values for the
Fe, structural units—and multiple runs for given inputs did not
always give the same best fit! In particular, J;; is much too

Table 3. Typical Fits of T vs T Data for 1 with Different
Input Values

7 Fit(0)*° Fit(—10)"¢ Fit(—20)"¢
T -35.6 -37.5 152
s -25.0 —11.6 -327
Tis -29.5 —26.0 -32.7
Tsa +35.6 —-5.7 -9.7

“Using the atom labeling in Scheme 2. bem™; H = —2],j:9,~:9i
convention. “Fit(n) are fit values using input Jjof n cm™
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strong for a bis-monoatomically bridged {Fe(O),Fe} unit,
which almost always has a J in single figures, and the strong
ferromagnetic (FM) J3, is completely unrealistic for such Fe'™,
units.

Using the protocol described elsewhere, we therefore sought
good estimates of the ] values to use as input values to get
more reliable fits with J’s closer to “reality”. This was achieved
by two independent approaches, namely DFT calculations and
the magnetostructural correlation (MSC) developed specifi-
cally for use with high nuclearity Fe'" clusters,” since we found
previously that those available for dinuclear Fe', compounds
are unreliable for higher nuclearities.” The DFT calculations
used a broken-symmetry approach on one Fe, unit yielding 32
distinct Ising-type spin vector configurations and 1S Jj
exchange couplings (see the Experimental Section), of which
seven are nearest-neighbor couplings and the rest are non-
nearest-neighbor. The obtained values (Table 4) are in the

Table 4. DFT Calculated J; Values for One Fe, Unit of 1

I I W I

T -282 Tss 268

Tos —343 Tus -33.1

T3 =73 Jas —8.6

J34 -3.6 Jis —-1.6

Tss —04 Tae +0.1
“Using the atom labeling in Scheme 2. bem™; H = _2],‘;31':9,‘
convention.

expected range, with the mono-oxo-bridged Fe, pairs having
stronger antiferromagnetic (AF) interactions than the bis-oxo
{Fe(O),Fe} pairs, consistent with the larger Fe—O—Fe angles
in the former. No virtual symmetry was assumed, but we still
see three pairs of similar couplings that validate the assumption
of imposing C, virtual symmetry on the Fe4 core used in the
MSC model and fits (vide infra).

The MSC calculations were based on the expression in eq 5
developed by Mitchell et al.”

J; = (123 X 10°)(=0.12 + 1.57 cos ¢ + cos” @)e ™"

(s)
where r is the average Fe—O bond length, and ¢ is the Fe—O—
Fe bond angle, further averaged under the virtual symmetry
described above. This model, based on the one developed by
Weihe et al. for dinuclear Fe', compounds using the angular
overlap model,”’ has been previously applied to many
carboxylate-containing Fe™—oxo clusters and proven very
successful, but this was its first use for arsinate-ligated clusters.
The Fe—O and Fe—O—Fe values for 1, the resulting Jy;sc, and
the Jppr (all averaged to C, virtual symmetry) are collected in
Table S, where it can be seen that the Jygc and Jppr are in
reasonable agreement and as expected for mono- vs bis-oxo-
bridged Fe, pairs.

The Jysc and Jppr can now be used to rationalize the ground
state of the Feg unit of 1. The J; values separate into strong
(J12) J23) and weak (Jy3, J54), with the Fe; triangles at each end
containing two of the former and one of the latter. Spin
frustration (competing exchange interactions) will thus occur
in these triangles, and the two strong will clearly dominate
giving the spin vector alignments in Scheme 2. The weak
interactions are AF, but they are frustrated (shown in red); and
the spins are forced to align parallel by the stronger
interactions, a situation we have encountered on a number

Table S. Fits of yT vs T Data with Different Input Values
for 1 and 2

Fe—O Fe—O—Fe
]u (av, A) (3‘7; deg) ]MSCb ]DFTb ]PHII’
1 1.939 119.8 -21.6 =275  —=37.5(1)
Tos 1913 1323 -303  —-33.7  —25.9(9)
Tis 1.998 99.0 —6.6 -80 —11.6(4)
Tsa 2.101 102.4 -32 -3.6 -5.7 (4)
2 o 1.900 125.4 -30.2 —33.5(3)
T3 1.904 124.3 —28.6 —19.8(6)
Tis 2.016 100.5 -5.9 —10.9(4)
Jsa 2.059 103.2 —4.5 —1.9(5)
“Using the atom labeling in Scheme 2. bem™; H = —2],~]-:91~:§j

convention.

of occasions.”> Each triangle thus has S = 5/ » and they align
antiparallel due to AF J;, which is very weak but not
competing with another interaction; and thus, the overall spin
of the Fes unit is S = 0. The value of J; the long-distance
coupling of Fel/Fe6 by the anti lone pairs of the n:n*:u,
arsinate, also suggests the coupling between the two Feg units
to be comparable and supports the approximation to treat the
Fes halves as magnetically independent units. The overall
ground state of 1 is thus S = 0, as found experimentally. The
same arguments also apply to 2, rationalizing its overall S = 0
ground state.

The Jysc and Jppr for 1 were used as inputs to fit the
experimental data with PHI (Figure 5a).*” First, we simulated
the T vs T plot using the Jysc values (black dashed line) and
Jorr values (red dashed line); they reproduced the general
profile of the experimental data but with significant
discrepancy. A satisfactory fit was then obtained (solid red
line) with the parameters in Table S, and temperature-
independent paramagnetism (TIP) held constant at 600 X
107 cm® mol™.” We found the same fit starting with the Jyic
or Jppr as inputs, and the same fits were obtained each time the
procedure was run. For 2, the simulation using Jysc values
gave a good agreement with the experimental data (dashed line
in Figure Sb) and a subsequent excellent fit (green line) with
the parameter values in Table S. Finally, to complement the dc
studies and to preclude any complicating effect of the dc field
on the lowest T data, ac in-phase susceptibility data for 1 and 2
were collected (Figure S6) and show a faster increase with
increasing T for 2 vs 1, consistent with a weaker J;, for the
former vs the latter, as found in the fit, and thus lower-lying
excited states in 2 vs 1. The latter is also seen in the calculated
spin energy plots (Figure S7).

For 3-4H,0, T is 12.9 cm?® K mol™ at 300 K and remains
almost constant with decreasing temperature to ~100 K and
then decreases more rapidly to 4.79 at 5.0 K (Figure 6a). The
300 K value is close to that for three noninteracting Fe'" ions
with ¢ = 2 (13.1 cm® K mol™"); this and the plot profile
indicate very weak AF interactions, and the 5.0 K value
suggests an S = 5/2 ground state. There are no Fe—O—Fe
bridges in 3 so the MSC is not applicable, but this is a 2-]
system that can readily be fit by PHI or the appropriate Van
Vleck equation to the model in Figure 6a (inset).

The appropriate spin Hamiltonian is given by eq 6, where ],
= J,, due to the inversion center

H=-2],(5:8, + §,-8,) — 2],,.(5;:5,) 6)
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Figure S. T vs T data per Feg for (a) 1 and (b) 2. The dashed lines
are simulations using the Jyc values, and the colored lines are fits to
the 4-] model in Scheme 2. See Table S for the fit parameters.

and is the same as that for an isosceles triangle.ﬂ’72 The overall
spin state energies, E(Sy), are given by eq 7, where S, = S, +
Sy, and Sy = S, + S,.”° Fits of the data to the Van Vleck
equation or by

E(Sp) = —J,[S1(S + 1) = $u(Sy + D1 = J [Sy(Sy + 1)]

(7)
PHI gave Jyy and Jpy; with identical values of J;, (Table 6) and
a very small ]}, with large uncertainties; we thus used both a
fixed J;;» = 0 and g = 2, and this gave Jpy; = J;, = —0.80(1)
cm™! with a constant TIP = 300 X 107 cm® mol™! (solid line
in Figure 6a). A DFT calculation led to the same conclusion of
a weakly coupled system, giving J;, = —0.8 cm ™', J;; =0, and g
= 2.0. The very weak ]}, is consistent with the structure of 3
and the absence of monatomic bridging, and its AF nature
suggests an S = °/, ground state from the spin vector ordering
of Figure 6a (inset). The weak ], also validates our
assumption in the analyses for 1 and 2 that the primary
exchange coupling pathway is through the Fe—O—Fe units
with only minor contributions from the arsinate ligands and
that both compounds could be analyzed as two essentially
noninteracting Feg units.

Again to preclude any complicating effect of the dc field on
the data of such a weakly coupled system as 3 and to confirm
its ground state, ac data were collected and plotted as y'\T vs
T (Figure 6b). The decreasing y'\T is consistent with low-

0 2 4 6 8 10 12 14 16
Temperature (K)

Figure 6. (a) T vs T for 3. The solid line is the fit to the 2-] model
in the inset with J;;; = 0 and g = 2.0. See Table 6 for the fit
parameters. (b) In phase ac, 'y T vs T for 3 confirming an S = %/,
ground state.

Table 6. Exchange Couplings in 3 from Fits of Experimental
Data and DFT

parameter J Jorn ™ T Joer™
Jio/ T —0.83(3) -0.83(2) —0.80(1) -0.8
T 0.038(74) 0.039(44) 0° ~0
g 2.000(2) 2.0° 2.0° 2.0

“em™l, bUsing the 2-J Van Vleck equation. “2-J fit using PHL dl—] fit
using PHI. “Fixed value.

lying excited states, as expected for a weakly coupled AF
system, and it reaches a plateau of ~4.4 cm® K mol™ at ~3 K,
confirming an S = °/, ground state; spin-only /T for S = */,,
%/,, and 7/, is 1.88, 4.38, and 7.88 cm® K mol~}, respectively.

B CONCLUSIONS

The use of dimethylarsinate ligands, one of the family of
pseudocarboxylates, has led to the synthesis of three new
polynuclear Fe™ oxo complexes, the first Fe clusters with
arsinate ligands with nuclearity greater than two. They display
a variety of binding modes, some of which also employ anti
lone pairs and are extremely rare and/or unprecedented in Fe'
carboxylate chemistry. We rationalize these modes as primarily
due to their high basicity and long As—O bonds compared
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with carboxylate C—O bonds. As a result, y;- and p,-bridging
modes are proving more common than for carboxylates.

The MSC relationship developed for high nuclearity Fe/O
clusters has been found to also be applicable to Fe/oxo/
arsinate clusters and helped in conjunction with DFT
calculations to rationalize the observed magnetic properties
of 1 and 2; this is encouraging that the MSC can also be
applied to other noncarboxylate clusters in the future. In
addition, the combined use of DFT and MSC estimates of the
various J;; exchange interactions in 1 and 2 as inputs for fits of
experimental )T vs T data to give reliable J; values once again
emphasizes the power of such a multipronged approach to
minimize overparametrization in the study of polynuclear
clusters with multiple symmetry-inequivalent Jj interactions.
Finally, the highly unusual structure of 3, without a single
monoatomically bridging oxo group, is another noteworthy
difference between arsinate and carboxylate chemistry and
promises that continued exploration of metal arsinate
chemistry will lead to a variety of new structural chemistry.
Further work is in progress.
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