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’ INTRODUCTION

Iron�phenolate coordination is of long-standing interest
due to the number of metalloproteins that possess Fe�tyrosine
interactions in the active site. Two different forms are common:
those enzymes with tyrosine directly bound to the Fe center
such as lactoferrins,1,2 purple acid phosphatases,3,4 and catechol
dioxygenases,5,6 and those with tyrosine associated with the Fe
center in the active site but not directly bound such as
ribonucleotide reductase.7 All of these systems employ Fe
and phenolate or phenoxyl groups together to carry out critical
biological reactions. Furthermore, metal�aryloxide complexes
have been studied as metal�oxide precursors8,9 and as ancillary
ligands in catalysis with virtually every metal in the periodic
table.10�12

In spite of this tremendous interest in and importance of
Fe�phenolate and Fe�tyrosine13�15 linkages, progress has been
slow in preparing simple [Fe(OAr)m]

n� species. Homoleptic,
mononuclear alkoxide and aryloxide species are quite rare due to
the propensity of the oxygen donor atoms to bridge two or more
metal centers.16 Bulky ortho substituents can prevent bridging as
demonstrated17 with the tetrahedral Fe(III) complexes
(Et4N)[Fe(OC6Me4H)4] and (Ph4P)[Fe(OC6Cl3H2)4], the
first examples of [Fe(OAr)m]

n� anions.

Recently it was demonstrated that extensive fluorination of
aryloxide rings or their substituents is a viable alternative
approach that led to facile synthesis and isolation in good yield
of homoleptic Co(II),18 Ni(II),19 and Cu(II)18,20 phenolate
anions of the form [M(OAr)4]

2�. The same approach led to
preparation of unusual three-coordinate [M(OC4F9)3]

� com-
pounds with M = Fe(II), Co(II), and Cu(II).21 Other examples
of complexes with fluorinated aryloxide ligands have been shown
with coordinatively saturated compounds of Al(III),22,23 Nb-
(V),22,23 and Ta(V)22,23 as weakly coordinating anions in olefin
polymerization catalysis. The fluorination provides an electron-
withdrawing environment on the aryloxide ring which pulls
electron density away from the O atom. This decreased electron
density at oxygen reduces the propensity of ligand bridging
without the addition of bulky ortho substituents to the ligand.
Analogous nonfluorinated ligands with ortho hydrogen atoms
were shown to give dimeric structures in the Co(II) and Cu(II)
cases.18 The extensive ligand fluorination enables the synthesis
of mononuclear, homoleptic complexes with a variety of
weakly coordinating cations such as {K(18-crown-6)} or
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ABSTRACT: Four Fe(III) compounds and one Fe(II) com-
pound containing mononuclear, homoleptic, fluorinated phe-
nolate anions of the form [Fe(OAr)m]

n� have been prepared in
which ArF = C6F5 and Ar0 = 3,5-C6(CF3)2H3: (Ph4P)2[Fe(O-
ArF)5], 1, (Me4N)2[Fe(OAr

F)5], 2, {K(18-crown-6)}2[Fe(O-
ArF)5], 3a, {K(18-crown-6)}2[Fe(OAr0)5], 3b, and {K(18-
crown-6)}2[Fe(OAr

F)4], 6. Two dinuclear Fe(III) compounds
have also been prepared: {K(18-crown-6)}2[(OAr

F)3Fe(μ2-
O)Fe(OArF)3], 4, and {K(18-crown-6)}2[(OAr

F)3Fe(μ2-OAr
F)2Fe(OAr

F)3], 5. These compounds have been characterized with
UV�vis spectroscopy, elemental analysis, Evans method susceptibility, and X-ray crystallography. All-electron, geometry-optimized
DFT calculations on four [Ti(IV)(OAr)4] and four [Fe(III)(OAr)4]

� species (Ar = 2,3,5,6-C6Me4H, C6H5, 2,4,6-C6Cl3H2, C6F5)
with GGA-BP and hybrid B3LYP basis sets demonstrated that, underD2d symmetry, π donation from the O 2p orbitals is primarily
into the dxy and dz2 orbitals. The degree of donation is qualitatively consistent with expectations based on ligand Brønsted basicity
and supports the contention that fluorinated phenolate ligands facilitate isolation of nonbridged homoleptic complexes due to their
reduced π basicity at oxygen.
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ammonium/phosphonium R4E derivatives, as well as coordinat-
ing Tl analogs.18,20

With Fe however there are no examples of homoleptic
{Fe(OC6H5)m}

n� complexes in the literature. A search of the
Cambridge Structural Database for complexes with Fe�OC6H5

coordination revealed only 17 complexes.24 The majority of
the compounds are multinuclear with bridging aryloxide
ligands25�30 or show terminal Fe�OC6H5 coordination because
the Fe center is bound in a tetraazamacrocycle.31�34 There are
three examples of terminal Fe�OC6H5 coordination with a
terminal NO group bound as well.35 Herein, we report the
extension of the fluorinated ligand approach to the synthesis of
homoleptic Fe(II) and Fe(III) phenolate complexes and their
structural, electronic, and magnetic characterization.

’EXPERIMENTAL SECTION

General Information. All experimental procedures were carried
out on a Schlenk line or in a drybox under an atmosphere of purified N2

at room temperature. The anhydrous solvents tetrahydrofuran (THF),
dichloromethane (CH2Cl2), diethyl ether (Et2O), toluene, and hexanes
were dried in an alumina-based solvent purification system (SPS) under
Ar and piped directly into an MBraun drybox and stored over molecular
sieves. Fluorobenzene (FPh) was refluxed over and distilled from CaH2

and stored over sieves in a N2-filled drybox. Deuterated solvents used for
NMR samples (CDCl3 and CD2Cl2) were dried by refluxing over and
distillation from CaH2 and stored over sieves in a N2-filled drybox.
Molecular sieves were used to dry d6-acetone, which was stored in a N2-
filled drybox. Celite was heated to 125 �C under vacuum overnight. 18-
crown-6 was obtained commercially and recrystallized from toluene and
hexanes. KOArF,18 KOAr0,18 and Tl2(OAr

F)2 3THF
18 were prepared

according to previously published procedures. All other reagents were
obtained commercially and used without any further purification.
UV�vis data were collected with Varian Cary 50 and Shimadzu UV-
3600 spectrometers. NMR spectra were measured on Varian 300 MHz
and Bruker Avance 300 MHz NMR spectrometers. NMR spectra were
recorded in parts per million (δ), and 1H chemical shifts were referenced
to the resonance of residual protiosolvent. Solution-phase magnetic
susceptibilities were determined via the Evans method in d6-acetone or
CD2Cl2 with 0.01% (Me3Si)2O with the same solution as an internal
reference and reported after appropriate diamagnetic corrections.36,37

Microanalyses were performed by H. Kolbe Microanalytisches Labor-
atorium, M€ulheim an der Ruhr, Germany, and Quantitative Technolo-
gies, Inc., Whitehouse, NJ.
Syntheses. (Ph4P)2[Fe(OAr

F)5], 1. A portion of FeBr3 (79.7 mg,
0.270 mmol) was combined with KOArF (300.3 mg, 1.352 mmol) and
dissolved in 10 mL of THF to form a dark red-brown solution that was
left to stir overnight. The mixture was filtered through Celite to remove
KBr, and the filtrate was concentrated to a red oil under vacuum. The oil
was triturated three times with CH2Cl2 leaving a red-orange powder. A 2
equiv portion of Ph4PBr (226.7 mg, 0.541 mmol) was added in CH2Cl2
and the red-brown solution was left to stir overnight. The reaction
mixture was then filtered through Celite to remove KBr and concen-
trated under vacuum, and the product was recrystallized from CH2Cl2
and hexanes at low temperature. Red-brown crystals were isolated in
75% yield (334.9 mg) with one molecule of toluene in the lattice.
UV�vis (CH2Cl2) (λmax, nm (ε, cm�1 M�1)): 269 (26 200), 276
(23 100), 312 (11 100), 410 (8460). Anal. Calcd for C78H40FeP2F25O5 3
C7H8: C, 58.60; H, 2.78. Found: C, 58.46; H, 2.77. μeff (Evans method,
d6-acetone) = 5.88 μB.
(Me4N)2[Fe(OAr

F)5], 2. A portion of Tl2OAr
F
2 3THF (250.0 mg,

0.645 mmol) was dissolved in toluene to form a clear and colorless
solution. FeBr3 (38.1 mg, 0.129 mmol) was added, and the reaction

mixture gradually changed to dark red-brown with pale brown pre-
cipitate and was left to stir overnight. The reaction mixture was filtered
through Celite to remove presumed TlBr, and the red-brown filtrate was
concentrated to an oily solid under vacuum. The product was triturated
four times with CH2Cl2 causing a lighter brown, sticky solid to form. A 2
equiv portion of Me4NI (51.9 mg, 0.258 mmol) was added in CH2Cl2,
and the light orange solution was left to stir overnight. Yellow pre-
cipitate, presumed TlI, was removed by filtration through Celite, and the
orange filtrate was dried under vacuum to an orange solid. The product
was recrystallized from THF layered with hexanes. Red-orange crystals
formed in 86% yield (125.0 mg). UV�vis (THF) (λmax, nm (ε, cm�1

M�1)): 272 (15 900), 315 s (9100), 387 (5700). Anal. Calcd for
C38H24Fe F25O5N2: C, 40.77; H, 2.16; N, 2.50. Found: C, 40.83; H,
2.12; N, 2.43. μeff (Evans method, d6-acetone) = 6.74 μB.

{K(18-crown-6)}2[Fe(OAr
F)5], 3a. A portion of FeBr3 (187.3 mg,

0.634 mmol) was combined with KOArF (703.9 mg, 3.17 mmol) in
15 mL of THF, forming a dark red solution, and stirred overnight. The
cloudy reaction mixture was filtered through Celite to remove KBr, and
the filtrate was concentrated to dryness under vacuum. The resultant
dark red powder was triturated three times with CH2Cl2, yielding a red-
orange powder. A 2 equiv portion of 18-crown-6 (335.0 mg, 1.27 mmol)
was added in CH2Cl2 to give a red-brown mixture that was stirred
overnight. The solution was filtered through Celite to remove residual
KBr, and the filtrate was concentrated to dryness. The product was
recrystallized from CH2Cl2 layered with hexanes, yielding dark red
crystals in 45% yield (454.5 mg). UV�vis (CH2Cl2) (λmax, nm (ε, cm�1

M�1)): 265 (19 100), 312 (11 300), 411 (8190). Anal. Calcd for
C54H48FeK2F25O17: C, 41.10; H, 3.07; F, 30.10. Found: C, 41.24; H,
3.02; F, 29.88. μeff (Evans method, CDCl3) = 6.05 μB.

{K(18-crown-6)}2[Fe(OAr
0)5], 3b.A portion of FeBr3 (72.3mg, 0.245

mmol) and 5 equiv of KOAr0 (327.4 mg, 1.221mmol) were combined in
15 mL of THF and stirred overnight. The dark red solution was filtered
through Celite to remove KBr, and the filtrate was concentrated to
dryness under vacuum. The resultant dark red solid was triturated twice
with hexanes, yielding a dark red powder, and three times with CH2Cl2,
yielding a light red powder. A 2 equiv portion of 18-crown-6 (129.9 mg,
0.491 mmol) was added with 10 mL of CH2Cl2, forming a dark red
solution that was stirred overnight. The solution was filtered through
Celite and then concentrated to dryness under vacuum. The product was
recrystallized from CH2Cl2 and layered with hexanes to give dark red
crystals in 24% yield (105.6 mg). UV�vis (CH2Cl2) (λmax, nm
(εM, cm

�1 M�1)): 244 (22 400), 261 (25 000), 388 (8560). Anal. Calcd
for C64H63FeK2F30O17: C, 42.51; H, 3.51. Found: C, 42.46; H, 3.54. μeff
(Evans method, CDCl3) = 6.18 μB.

{K(18-crown-6)}2[(OAr
F)3Fe(μ2-O)Fe(OAr

F)3], 4. Compound 4 was
characterized from a crystal formed by the following reaction: FeBr3
(140.5 mg, 0.475 mmol) was reacted with 5 equiv of KOArF (527.9 mg,
2.377 mmol) in 10 mL of THF, forming a dark red brown solution with
yellow precipitate. The reaction mixture was filtered through Celite,
concentrated to a dark red-brown solid, and triturated three times with
CH2Cl2. A 2 equiv portion of 18-crown-6 was added, and the solution
became less cloudy and was left to stir overnight. The product was
recrystallized from CH2Cl2 and toluene to form pale red crystals which
became orange upon drying. UV�vis (CH2Cl2) (λmax, nm (ε, cm�1

M�1)): 260 (20 200), 313 (11 600), 398 (8190). μeff (Evans method,
CD2Cl2) = 4.77 μB, per Fe.

{K(18-crown-6)}2[(OAr
F)3Fe(μ2-OAr

F)2Fe(OAr
F)3], 5. A portion of

FeBr3 (99.7 mg, 0.337 mmol) was combined with 4 equiv of KOArF

(299.6 mg, 1.349 mmol) in 15 mL of THF to form a cloudy dark red-
brown solution. The reaction mixture was left to stir overnight. The
solution was filtered through Celite to remove KBr, and the filtrate was
concentrated to dryness under vacuum. CH2Cl2 was added, and the pro-
duct was triturated three times. A 2 equiv portion of 18-crown-6 (178.4
mg, 0.675 mmol) was added in CH2Cl2, and the solution was left to stir
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Scheme 1. Syntheses of Homoleptic Iron(III) Aryloxide Compounds 1�3b and 5 and Proposed Formation of μ2-O-Bridged
Fe(III) Dimer 4
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overnight. The solution was filtered through Celite, and the filtrate was
concentrated under vacuum. Dark red-brown crystalline material
formed by recrystallization in CH2Cl2 layered with hexanes at low
temperature in 68% yield (252.0 mg). UV�vis (CH2Cl2) (λmax, nm
(ε, cm�1 M�1)): 260 (29 200), 314 (18 300), 407 (14 700). Anal. Calcd
for C72H48Fe2K2F40O20: C, 39.61; H, 2.22; F, 34.81. Found: C, 39.53;
H, 2.03; F, 34.76. μeff (Evans method, CD2Cl2) = 4.15 μB, per Fe.
{K(18-crown-6)}2[Fe(OAr

F)4], 6. A portion of FeI2 (92.8 mg, 0.299
mmol) was combined with KOArF (267.3 mg, 1.203 mmol) and
dissolved in 15 mL of THF, forming a dark yellow-brown solution with
a white precipitate that was left to stir overnight. The cloudy reaction
mixture was filtered through Celite to remove KI, and the filtrate was
concentrated to dryness under vacuum. The dark yellow-brown solid
was triturated three times with FPh, forming an off-white/tan-colored
powder. A 2 equiv portion of 18-crown-6 (158.9 mg, 0.601 mmol) was
added in Et2O to form a dark yellow-brown mixture that was left to stir
overnight. The solution was then filtered through Celite to remove
residual KI, and the filtrate was concentrated to dryness. The product
was dissolved in Et2O and layered with hexanes, yielding yellow crystals
in 45% yield (186.7 mg). UV�vis (Et2O) (λmax, nm (ε, cm�1 M�1)):
242 (16 600), 265 (7200), 280 (5900), 320 (2300), 378 (1100). Anal.
Calcd for C48H48FeK2F20O16: C, 41.33; H, 3.47; F, 27.24. Found: C,
41.26; H, 3.33; F, 27.04. μeff (Evans method, d6-acetone) = 5.40 μB.
X-ray Crystallography. All data were collected on APEX-CCD-

detector equipped Bruker diffractometers with Mo KR radiation (λ =
0.71073 Å) and corrected for absorption using semiempirical, multiscan
methods. All structures were solved by heavy-atom methods, and the
remaining non-hydrogen atoms were located from subsequent differ-
ence maps. All structures were refined with anisotropic thermal para-
meters for all non-hydrogen atoms; hydrogen atoms were treated as
idealized contributions. The refinement of F2 was calculated against ALL
reflections. The weighted R factor wR and goodness of fit S are based on
F2; conventional R factors R are based on F, with F set to zero for
negative F2. The threshold expression of F2 > 2θ (F2) is used only for
calculating R factors and is not relevant to the choice of reflections for
refinement. R factors based on F2 are statistically about twice as large as
those based on F, and R factors based on all data will be even larger. All
esds (except the esd in the dihedral angle between two l.s. planes) are
estimated using the full covariance matrix. The cell esds are taken into
account individually in the estimation of esds in distances, angles, and
torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate
(isotropic) treatment of cell esds is used for estimating esds involving
l.s. planes. The SQUEEZE programwas used to account for two hexanes
molecules in 3b based on a void of 492 Å3, with 108 electrons, which was
assigned to two hexane molecules (100 electrons), and the chemical
formula unit card was adjusted to account for the change in mass,
density, and F000 value and to render two unresolved half molecules of
toluene in 4. Due to high disorder, the H atoms in the crown ether of 5
were not included in the final refinement. Data collected at lower
temperatures show less pronounced libration in the OArF ligands, i.e., 1
(213 K) versus 2 (100 K). All software is contained in various libraries
(SHELXTL, SMART, and SAINT) maintained by Bruker AXS, Madi-
son, WI.38

’RESULTS AND DISCUSSION

The fluorinated ligands, OArF and OAr0, chosen for these
complexes have been previously characterized in numerous
examples18�20 to form monomeric, homoleptic complexes with
late first-row transition metals. In the work reported here, as in
our previous studies,18�20 no significant structural or spectro-
scopic differences are observed between these two ligands,

although both were investigated because variations in crystal-
linity have been observed.
Syntheses. The Fe(III) compounds reported herein, (Ph4P)2-

[Fe(OArF)5], 1, (Me4N)2[Fe(OAr
F)5], 2, {K(18-crown-6)}2-

[Fe(OArF)5], 3a, {K(18-crown-6)}2[Fe(OAr0)5], 3b, and
{K(18-crown-6)}2[(OAr

F)3Fe(μ2-OAr
F)2Fe(OAr

F)3], 5, were
prepared by simple metathesis reactions as shown in Scheme 1.
The potassium or thallium aryloxide salts were reacted with 1/5
equiv of FeBr3 (compounds 1�3b) and 1/4 equiv of FeBr3 for
compound 5 followed by removal of KBr. The addition of
18-crown-6 led to compounds 3a, 3b, and 5. Cation-exchange
reactions with Ph4PBr and Me4NI and further removal of KX or
TlX were carried out to form compounds 1 and 2, respectively.
Cation-exchange reactions with Tl salts result in cleaner metath-
esis reactions due to the very low solubility of TlI; however, the
formation of compound 1 through cation exchange with a K salt
was successful. Compound 4, {K(18-crown-6)}2[(OAr

F)3Fe-
(μ2-O)Fe(OAr

F)3], was prepared by reacting FeBr3 with 5 equiv
of potassium aryloxide, apparently with trace water, shown in
Scheme 1. We attribute the formation of this bridging oxo unit
to trace water due to the conditions under which the synthesis
was carried out. The formation of a μ2-O-bridged Fe dimer
suggests that the adventitious water hydrolyzed two ligands
per Fe center to form the [X3Fe�O�FeX3]

2� unit which is
well known for X = Cl39 and Br.40 Attempts to prepare
(Et4N)2[Fe2(μ2-O)(OAr

F)6] via metathesis between (Et4N)2-
[Fe2OCl6]

39 and KOArF led to an oily, red-orange material that
could not be made crystalline after extensive recrystallization at-
tempts.
The Fe(II) derivative, {K(18-crown-6)}2[Fe(OAr

F)4], 6, was
synthesized by an analogous metathesis reaction as shown in
Scheme 2. Reaction of FeI2 with 4 equiv of potassium aryloxide
and 2 equiv of 18-crown-6 with subsequent removal of KI
resulted in the formation of compound 6. The solvent CH2Cl2
was avoided in this synthesis due to the possibility of oxidation of
Fe(II) to Fe(III). Compound 5 was synthesized via metathesis,
vide supra, and oxidation. Reaction of 3a with PhIO as shown in
Scheme 3 also produced compound 5. The addition of PhIO
caused the orange-red solution to turn light orange-brown and
form red-brown crystals. Crystallographic characterization of the
product revealed two μ2-OAr

F-bridged ligands connecting two
Fe centers. This product suggests the loss of two aryloxyl radicals
changing the metal to ligand ratio from 1:5 to 1:4. Due to the
oxidation of the ligand, future oxidation studies will focus on the
fluorinated iron alkoxide complexes.21

Scheme 2. Synthesis of Homoleptic Iron(II) Aryloxide
Compound 6
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Structural Characterization. A search of the Cambridge
Structural Database (V5.32)24 reveals over 1700 examples of
Fe with at least five oxygen donor atoms. Within this group, there
are 91 examples of Fe complexes bound to only five O-donating
ligands, excluding water, in which the ligands are primarily
carboxylates, carbamates, or alkoxides/phenoxides. Most of the
examples reported with this coordination environment are
heteroleptic, bridged, or polymeric structures. A rare example
of a monomeric Fe complex with five O donor atoms is
[calix[4](OMe)2(O)2Fe(THF)].

41 The Fe(II) center is bound
by a tetradentate calixarene ligand and one molecule of THF.
Prior to this work the only known examples of discrete mono-
nuclear homoleptic phenolate complexes were the [Fe(OAr)4]

�

anions reported17 with heavily substituted phenoxide groups,
(Et4N)[Fe(OC6Me4H)4] with CH3 groups in the 2,3,5,6 positions
and (Ph4P)[Fe(OC6Cl3H2)4] with Cl atoms in the 2,4,6 positions.
Compounds 1�6 were crystallographically characterized, and

the data collection parameters are summarized inTable 1. Table 2

contains selected interatomic distances and angles for com-
pounds 1�6. The five pentacoordinate complexes have slightly
varying geometries at the metal center due to cation/anion inter-
action and crystal packing forces. The difference in geometry can be
quantitatively compared using the five-coordinate geometry index
τ5.

42 The τ5 parameter is defined by the equation τ5 = (β� R)/60
in which β is the largest X�M�X angle and R is the second largest
such angle in the coordination sphere. A perfect trigonal bipyramid
has τ5 = 1, and a perfect square pyramid has τ5 = 0. Similar to the τ5
parameter, a geometry index for four-coordinate complexes has also
been developed,43 τ4, definedby the equation τ4 = (360� (R+β))/
141 in whichR is the largest angle in the coordination sphere and
β is the second largest. A perfect tetrahedron has a τ4 value of 1,
whereas a square planar complex has a τ4 value of 0.
Compound 1 is five coordinate at the Fe center as shown in

Figure 1 and has a τ5 value of 0.07, indicating an almost perfect
square pyramid. The aryloxide ligand bound through O2 is in the
axial position with an Fe�Oax distance of 1.9085(3) Å. The basal

Scheme 3. Reaction Forming Dimeric Fe Phenolate Complex

Table 1. Summary of X-ray Crystallographic Data for Fe Aryloxide Complexes

compound 1 2 3a 3b 4 5 6

formula C85H48F25FeO5P2 C38H24F25FeN2O5 C54H48F25FeK2O17 C70H77F30FeK2O17 C67H56F30Fe2K2O19 C36H24F20FeKO10 C52H58F20FeK2O17

fw 1742.02 1119.44 1577.97 1894.37 1924.99 1091.50 1469.03

cryst syst triclinic monoclinic triclinic triclinic triclinic triclinic monoclinic

space group P-1 I2/a P-1 P-1 P-1 P-1 P21/n

a, Å 15.2752(8) 22.466(3) 12.679(8) 14.0618(15) 13.2990(14) 11.4435(8) 14.792(2)

b, Å 15.8820(9) 11.1062(15) 13.338(8) 14.3821(15) 13.3710(14) 14.0079(10) 25.567(4)

c, Å 16.8919(9) 33.506(5) 20.973(13) 21.326(2) 14.0097(14) 14.5871(10) 16.529(2)

R, deg 73.587(1) 90 91.59(1) 88.796(2) 113.9230(10) 97.7070(10) 90

β, deg 68.823(1) 98.504(2) 97.149(11) 74.063(2) 103.6040(10) 110.9000(10) 97.334(2)

γ, deg 88.268(1) 90 114.934(9) 89.938(2) 103.9180(10) 106.8200(10) 90

V, Å3 3653.5(3) 8268.1(2) 3179(3) 4146.1(8) 2049.0(4) 2016.0(2) 6200.3(15)

Z 2 8 2 2 1 2 4

F(calcd), g cm�3 1.584 1.799 1.649 1.517 1.560 1.798 1.574

μ(Mo KR), mm�1 0.370 0.526 0.508 0.412 0.588 0.627 0.504

temp, K 213 100(2) 208(2) 100(2) 130(2) 100(2) 100(2)

R(F), %a 5.12 7.49 5.47 8.01 3.49 6.59 8.91

R(ωF2), %b 13.88 16.23 15.87 25.61 9.30 20.67 25.95
a R = ∑||Fo| � |Fc||/∑|Fo|.

b R(ωF2) = {∑ [ω(Fo
2 � Fc

2)2]}/{∑ [ω(Fo
2)2]}1/2; ω = 1/[σ2(Fo

2) + (aP)2 + bP] with a and b given in CIF, P = [2Fc
2 +

max(Fo,0)]/3.
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Fe�O1 and Fe�O3 distances (1.9472(3) and 1.9324(3) Å,
respectively) are slightly shorter than the Fe�O4 and Fe�O5
distances (1.9613(3) and 1.9542(3) Å). The average Fe�Obasal

bond length with a value of 1.9488(3) Å is considerably longer
than the Fe�Oax distance due to mutual trans influences. The
basal angles of aryloxides trans to one another are similar at
162.59(9)� and 158.17(9)�. The average Oax�Fe�Obasal angle is
99.8(1)� with the Fe atom 0.331 Å above the best O4 plane.
There are π�π-stacking interactions between the phenyl rings
on the Ph4P cation and the aryloxide ligands on the anion.
The eight π�π-stacking interactions between the C atoms on
the cation and C atoms on the aryloxide rings have an average
distance of 3.25(7) Å. The compound crystallized with one
molecule of toluene in the lattice. Expanding the unit cell shows
no π�π stacking between the solvent molecule and the anion.
The closest C�C contact is at 3.35(1) Å between the toluene
methyl C107 atom and C7 on the anion, due to crystal packing
effects.
Compound 2 also exhibits a five-coordinate Fe center, but its

τ5 value is 0.80 and is clearly trigonal bipyramidal as shown in
Figure 2. The average Fe�Oax bond distance is 1.986(3) Å,

Table 2. Selected Interatomic Distances (Å) and Angles
(deg) for Fe Aryloxide Complexes

distance (Å) angle (deg)

1 Fe1�O1 1.9472(3) O1�Fe�O2 96.85 (11)

Fe1�O2 1.9085(3) O1�Fe�O3 162.61 (11)

Fe1�O3 1.9324(3) O1�Fe�O4 88.97 (11)

Fe1�O4 1.9613(3) O1�Fe�O5 90.10 (11)

Fe1�O5 1.9542(3) O2�Fe�O3 100.54 (11)

O2�Fe�O4 101.43 (12)

O2�Fe�O5 100.28 (12)

O3�Fe�O4 87.60 (10)

O3�Fe�O5 86.82 (11)

O4�Fe�O5 158.22 (11)

2 Fe1�O1 1.981(3) O1�Fe�O2 85.13(14)

Fe1�O2 1.918(3) O1�Fe�O3 92.65(15)

Fe1�O3 1.907(4) O1�Fe�O4 90.03(14)

Fe1�O4 1.917(3) O1�Fe�O5 176.20(14)

Fe1�O5 1.991(3) O2�Fe�O3 123.38(16)

O2�Fe�O4 127.95(16)

O2�Fe�O5 94.03(14)

O3�Fe�O4 108.58(16)

O3�Fe�O5 90.90(15)

O4�Fe�O5 87.57(14)

3a Fe1�O1 1.980(3) O1�Fe�O2 87.64(9)

Fe1�O2 1.907(2) O1�Fe�O3 176.5(1)

Fe1�O3 1.967(3) O1�Fe�O4 90.7(1)

Fe1�O4 1.920(2) O1�Fe�O5 87.5(1)

Fe1�O5 1.889(2) O2�Fe�O3 91.5(1)

O2�Fe�O4 112.6(1)

O2�Fe�O5 121.6(1)

O3�Fe�O4 86.5(1)

O3�Fe�O5 95.8(1)

O4�Fe�O5 126.0(1)

3b Fe1�O1 1.984(3) O1�Fe�O2 83.1(1)

Fe1�O2 1.915(3) O1�Fe�O3 91.4(1)

Fe1�O3 1.911(2) O1�Fe�O4 173.5(1)

Fe1�O4 1.987(3) O1�Fe�O5 93.8(1)

Fe1�O5 1.917(3) O2�Fe�O3 131.4(1)

O2�Fe�O4 92.3(1)

O2�Fe�O5 124.4(1)

O3�Fe�O4 88.2(1)

O3�Fe�O5 104.0(1)

O4�Fe�O5 92.6(1)

4 Fe1�O1 1.867(1) O1�Fe�O2 109.58(6)

Fe1�O2 1.879(2) O1�Fe�O3 104.82(6)

Fe1�O3 1.905(1) O1�Fe�O4 112.26(4)

Fe1�O4 1.7634(2) O2�Fe�O3 105.28(6)

O2�Fe�O4 112.71(5)

O3�Fe�O4 111.67(4)

5 Fe1�O1 2.048(3) O1�Fe�O2 93.1(1)

Fe1�O2 1.917(3) O1�Fe�O3 150.6(1)

Fe1�O3 1.897(2) O1�Fe�O4 95.1(1)

Fe1�O4 1.867(2) O2�Fe�O3 94.6(1)

O2�Fe�O4 98.5(1)

O3�Fe�O4 111.7(1)

Table 2. Continued

distance (Å) angle (deg)

6 Fe1�O1 1.998(3) O1�Fe�O2 94.1(1)

Fe1�O2 1.984(4) O1�Fe�O3 109.0(1)

Fe1�O3 2.027(3) O1�Fe�O4 114.4(2)

Fe1�O4 1.930(5) O2�Fe�O3 101.6(1)

K1 3 3 3O1 2.811(3) O2�Fe�O4 139.2(2)

K1 3 3 3O2 2.858(4) O3�Fe�O4 96.1(2)

K2 3 3 3O3 2.802(3)

K2 3 3 3O4 3.131(5)

Figure 1. ORTEP diagram of [Fe(OArF)5]
2�, 1. The Ph4P cations and

toluene molecule have been removed for clarity. Ellipsoids are shown at
the 50% probability level.
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which is longer than the average Fe�Oeq distance of 1.914(4) Å.
The O5�Fe�O1 bond angle is almost linear at 176.2(1)�, and
the average Oeq�Fe�Oeq angle is 120.0(2)�. The average
Oeq�Fe�Oax angle is 90.1(1) Å. The smaller Me4N cations in
2 do not participate in any interactions with the anion.
Compound 3a has a τ5 value of 0.84 and also has trigonal

bipyramidal geometry like that of 2 as seen in Figure 3. The
average Fe�Oax bond distance is 1.974(3) Å, which, as expected,
is longer than the average Fe�Oeq bond distance of 1.905(2) Å.
TheOeq�Fe�Oax average bond angle is 89.9(1)�, while the axial
O�Fe�O angle is nearly linear at 176.5(1)�. Each K atom is
encapsulated in a molecule of 18-crown-6 and has longer K 3 3 3O
contacts from aryloxide O atoms at an average distance of

2.893(3) Å. The anion in 3b has a trigonal bipyramidal geometry
with a τ5 value of 0.70, as seen in Figure S1, Supporting
Information. The structure is very similar to compound 3a in
which the Fe�Oax distances of 1.984(3) and 1.987(2) Å are
again longer than the Fe�Oeq distances averaging 1.914(3) Å.
The bond angles are also similar with a slightly less open axial
O�Fe�O angle of 173.5(1)�. The average Oeq�Fe�Oeq angle
is 120.0(1)�. This structure also has interactions between the K
cations and the aryloxide O atoms with an average distance of
2.916(3) Å.
Comparison of the square pyramidal geometry in 1 and the

approximate trigonal bipyramidal geometry in 2, 3a, and 3b
suggests that the trigonal bipyramid is the lowest energy con-
figuration and the π�π interactions slightly perturb the geo-
metry in 1. The differences in geometry between 3a and 3b
are due primarily to the differences in the steric bulk of the
ligands. The OAr0 ligand on 3b has two CF3 groups in the meta
positions unlike the planar OArF ligand. This bulk causes the
slightly greater distortion from trigonal bipyramidal geometry.
The differences in Fe�O bond lengths between these com-
pounds are negligible however. A similar lack of difference was
observed in the analogous Co and Cu examples.18 Therefore, the
slightly different pKa values of the two ligands44 (OArF = 8.42
and OAr0 = 8.26 in trichloroethane) do not have an appreciable
effect on the M�O bond lengths.
Compound 4 is a dinuclear structure containing a μ2-O bridge

as seen in Figure 4. The structure has a crystallographic center of
inversion at the bridging O atom, imposing a linear Fe�O�Fe
angle. The τ4 value for each Fe is 0.96, indicating a nearly perfect
tetrahedral geometry. The distance between each Fe center and
the bridging O atom is 1.763(2) Å. There is only one nonhalogen
example45 in the literature with an X3Fe�O�FeX3 environment
similar to compound 4 in which X is a donor from a nonchelating
ligand bound to the Fe center. The compound (Et4N)2-
[(PhS)3Fe(μ2-O)Fe(SPh)3]

45 has three terminal ligands on
each Fe center, a τ4 value of 0.91, indicating a tetrahedral
geometry at each Fe center, and a linear Fe�O�Fe angle. The
average bond length between each {(PhS)3Fe} unit and the
bridging O atom is 1.767(2) Å, which is in good agreement with
the data for 4. The average bond length between the Fe centers
and the terminal aryloxide O atoms on 4 is 1.884(2) Å, which is
naturally shorter compared to the Fe�S distance of 2.290(4) Å.
As seen in the structures for compounds 3a and 3b, the K cations
in 4 are interacting with two O and two F atoms on the anion.

Figure 3. ORTEP diagram of [Fe(OArF)5]
2�, 3a. The K(18-crown-6)

cations have been removed for clarity. Ellipsoids are shown at the 50%
probability level.

Figure 4. ORTEP of [(OArF)3Fe(μ2-O)Fe(OAr
F)3]

2�, 4. The K(18-
crown-6) cations and F atoms have been removed for clarity. Two
unresolved half molecules of toluene have also been removed for clarity.
Ellipsoids are shown at the 50% probability level.

Figure 2. ORTEP diagram of [Fe(OArF)5]
2�, 2. The Me4N cations

have been removed for clarity. Ellipsoids are shown at the 50%
probability level.
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The average K 3 3 3O distance is 2.7913(9) Å, and the average
K 3 3 3 F distance is 2.898(3) Å.
Compound 5 has a dimeric structure, consisting of two

{Fe(OArF)3} units bridged by two μ2-aryloxides as seen in
Figure 5. The τ5 value for each equivalent Fe center is 0.65,
which falls between distorted trigonal bipyramidal and square
planar geometry due to the presence of two bridging ligands
which constrain the geometry around the Fe center. The average
Fe�Obridge distance is 2.032(3) Å with an Obridge�Fe�Obridge

angle of 72.0(1)�. The Fe�Oterminal distances are an average of
1.893(3) Å, and the Fe 3 3 3 Fe distance is 3.2880(7) Å. This dimer
is similar to the previously discussed compounds 3a, 3b, and 4 in
that the K cations are interacting with F atoms on the anion at an
average distance of 3.016(4) Å.
There are fewer still examples of small molecules with an

exclusively {FeO4} environment. To date there are over 2500
examples of Fe with at least four oxygen donor atoms but only 51
structurally characterized examples of Fe bound to only four
O-donating ligands, excluding water, the majority of which do
not have aryloxide ligands. Those that do are the two [Fe-
(OAr)4]

� complexes mentioned previously,17 the Fe(II) co-
ordinated to a bis-alkylated calix[4]arene46 and a related bis-2,6-
isopropylphenyl derivative, [(THF)4Na2Fe(ODIPP)4],

47 which
exhibits Na 3 3 3O coordination to the aryloxide O atoms and has
a τ4 value of 0.34 indicating a geometry much closer to square
planar. This substantially greater distortion from tetrahedral
geometry is likely due to the shorter Na 3 3 3O interactions, which
have an average distance of 2.27(1) Å, than the related K 3 3 3O
interactions of 2.900(5) Å in 6, explaining the very different
geometries.
Compound 6 is a four-coordinate tetrahedral Fe(II) complex

similar to the previously reported compounds {K(18C6)}2-
[Co(OArF)4]

18 and K{K(18C6)}[Ni(OArF)4]
19 and can be

seen in Figure 6. Compound 6 has average Fe�Obond distances
of 1.984(6) Å. The τ4 value for compound 6 is 0.76, indicating a
very distorted tetrahedral geometry at the Fe center. The
analogous Co and Ni compounds are also distorted tetrahedral
structures with τ4 values of 0.79 and 0.74, respectively. The
distortion is due to the {K(18C6)} cation interaction with the
anion as discussed for compounds 3a�5. The average K 3 3 3O
distance to the anion in 6 is 2.90(5) Å, and these interactions can
be seen in Figure S2, Supporting Information. Notably, the
compound [(THF)4Na2Fe(ODIPP)4] is reported to be very
sensitive to air and also susceptible to decomposition in a N2

atmosphere. This behavior is distinct from that of 6, which is
robust in a N2 environment and shows no signs of decomposi-
tion. Thus, 6 is a highly unusual species and the only such Fe(II)
tetraaryloxide that we are aware of with neither a chelate ring nor
bulky ortho groups.
Magnetism. The Evans method was used to determine

solution magnetic susceptibility measurements.36,37 The four
Fe(III) monomeric five-coordinate compounds 1�3b have μeff
values consistent with a spin-only value of 5.9 μB. In Fe(II)-
containing 6, the μeff = 5.40 μB, higher than the S = 2 spin-only
value of 4.90 μB but not unusual for tetrahedral d6 species. As
with previous fluorinated phenolate compounds,18,19 only high-
spin complexes are observed.
Dinuclear 4 has a magnetic moment of 4.77 μB per Fe center,

which is lower than the expected value for a high-spin S = 5/2
system of 5.9 μB. The decrease in μeff can be attributed to
antiferromagnetic coupling between the Fe centers. A recent
publication48 investigated the change in the magnetic moment in
the [Fe2OCl6]

2� dianion as a function of variation in unim-
olecular dications. The magnetic moments were observed in the
range 3.17�4.79 μB, like that of compound 4. The magnetic
moment of compound 5 is 4.14 μB per Fe, which is also a lower
magnetic moment than expected for a high-spin S = 5/2 system
due to antiferromagnetic coupling through the OArF bridging
ligands. Other Fe dimers with bridging OAr ligands such as
[Fe(O(2,4,6-tBu3C6H2))2]2

49 and (Et4N)2[Fe2Cl4(OC6H4-p-
CH3)2]

50 have magnetic moments of 3.4 μB and 4.8 μB per Fe

Figure 6. ORTEP of [Fe(OArF)4]
2�, 6. The K(18-crown-6) cations

and Et2O molecule have been removed for clarity. Ellipsoids are shown
at the 50% probability level.

Figure 5. ORTEP of [(OArF)3Fe(μ2-OAr
F)2Fe(OAr

F)3]
2�, 5. The

K(18-crown-6) cations have been removed for clarity. Ellipsoids are
shown at the 50% probability level.
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center, respectively, again consistent with the magnetic moment
of 5.
Electronic Spectra. The electronic spectra of compounds 1,

3a, 4, and 5 are very similar to one another as seen in Figure 7.
Compounds 1�3b are all dark orange in the solid state. Despite
the distinct solid state geometries discussed earlier, the spectra
suggest that these compounds have essentially identical electro-
nic environments in solution. The spectra have intense π f π*
absorptions in the UV region with extinction coefficients above
20 000 M�1 cm�1 and a ligand-to-metal charge transfer absorp-
tion around 400 nm in the visible region with extinction
coefficients above 8000 M�1 cm�1. In the solid state, compound
4 is lighter in color than the monomeric Fe(III) compounds and
compound 5. Compound 6 is pale colored in the solid state and
much lighter than compounds 1�5. The electronic spectrum for
this compound has two intense peaks at 242 and 265 nm with a
less intense absorption at 280 nm. The shoulder at 320 nm and
less intense, broad peak centered at 378 nm have much smaller
extinction coefficients as shown in Figure 7.
As part of understanding the steric and electronic properties of

these new homoleptic species, we sought other homoleptic FeX5
2�

or FeX4
2� anions. Such species are exceedingly rare, but the solid

state literature records examples of salts containing homoleptic
{FeX5}

2� groups, such as A2FeCl5 3H2O
51 (A = NH4

+, K+) or
SrFeF6

47 that present octahedral Fe(III) atoms in [FeCl5(OH2)]
2�

or edge-sharing [FeF6]
3� octahedra. According to the Cambridge

Structural Database (V 5.32),24 there are only four ordered,
structurally characterized examples of the [FeCl5]

n� anion,52�55

three of which52�54 are FeIII-containing [FeCl5]
2� and one of

which contains FeII incorporated via μ2-Cl atoms into a larger
{FeII5Cl8}

2+ cluster.55 In the three discrete [FeCl5]
2� anions, the

geometry is almost perfectly trigonal bipyramidal, whereas the other
example has square-pyramidal geometry enforced by μ2-bridging
carboxylate ligands. To the best of our knowledge there are no other
structurally characterized examples of discrete pentacoordinate,
halogenated [FeX5]

2� anions. No UV�vis data for the discrete
[FeCl5]

2� anion are reported, although the crystals are described as
red52 and dark yellow53 in the cases of colorless cations. In contrast
to the difficulty in isolation of the [FeCl5]

2� anion, the
[Fe(OAr)5]

2� species are readily synthesized and purified in good
yields.

A search of the Cambridge Structural Database (V 5.32)24

revealed 94 structurally characterized [FeX4]
2� anions where X

is any halogen. The anions have τ4 values that range from almost
perfect tetrahedral geometry at 0.99 to more distorted tetrahe-
dral geometry at 0.74. The τ4 value for compound 6 is 0.76, which
is within the range of the FeX4

2� compounds reported. The
distortion in 6 is due to cation interactions with the anion. A
qualitative comparison of compound 6 shows strong LMCT in
the UV region compared to FeCl4

2� and FeBr4
2�.56

DFT Calculations. Previously we reported the changes in
electronic spectra and ligand field in the [NiX4]

2� systems as a
function of the ligand X, which placed the fluorinated alkoxide
and aryloxide ligands with medium-field ligands such as OH�

and F�.19 Herein, we report a computational study of homoleptic
metal phenolate species that elucidates the changes in d-orbital
energy as an indicator of LMCT variation with phenolate
substituents and more specifically how highly fluorinated char-
acter permits isolation of homoleptic phenolates which have not
been isolated with nonfluorinated derivatives lacking bulky ortho
substituents.
Two different electronic configurations in [M(OAr)m]

n�

series were studied to investigate LMCT: closed-shell d0 in
Ti(IV) without d�d transtions and d5 in Fe(III). Four [Ti-
(OAr)4] species and the analogous four [Fe(III)(OAr)4]

�

anions were studied in which OAr = OC6H5, OAr
F, OC6Me4H,

and OC6Cl3H2. The latter two phenoxides were chosen because
of the availability of structural data for the Fe(III) compounds
(Et4N)[Fe(2,3,5,6-OC6Me4H)4] and (Ph4P)[Fe(2,4,6-OC6Cl3-
H2)4].

17 D2d symmetry was used in all cases. All-electron,
geometry-optimized calculations were performed with GGA-
BP and hybrid B3LYP functionals. Table 3 gives a comparison
of interatomic distances and angles between crystallographic
(where available) and computational values for the Fe(III)
species. Given the artificial imposition of D2d symmetry on all
structures, the agreement is reasonable.
On the basis of substituent electron donation character and

estimated aqueous pKa values,
57 the following abbreviated ligand

field series was anticipated, with the perfluorinated phenolate
being the weakest π donor and the tetramethyl derivative the
strongest one.

OC6Me4HðpKa¼ 10:9Þ >OC6H5ð9:9Þ >OC6Cl3H2ð6:6Þ

>OC6F5ð5:5Þ

Depicted in Scheme 4 are the qualitative changes in ligand field
to be expected with reduction in symmetry from Td toD2d. In full
Td symmetry, the dxz, dyz, and dxy orbitals are degenerate but with
compression along the z axis the dx2�y2 and dxy orbitals are raised
in energy, relative to the dz2 and dxz,dyz pair, respectively. The
addition of π-basic contributions from oxygen donor ligands
should cause further changes, depending on the orientation of
the oxygen atom lone pairs. Also present in the scheme is a
generic D2d [M(OAr)4] species with two oxygen lone pairs
shown explicitly. The two lone pairs on each oxygen atom are
disposed perpendicular to one another such that one is in the
aryloxide plane and the second extends above and below that
plane. One example of each of the resultant four symmetrically
distinct d orbitals from the [Fe(III)(OArF)4]

� B3LYP calcula-
tion is shown in Figure 8. The out-of-plane pairs interact with
dx2�y2 (b1) and dxz/dyz (e1) orbitals, while the in-plane O lone
pairs interact with the dz2 (a1) and dxy (b2) orbitals.

Figure 7. UV�vis spectra (solvent used) of Fe(II) and Fe(III) aryloxide
compounds (Ph4P)2[Fe(OAr

F)5] (CH2Cl2), 1, {K(18-crown-6)}2-
[Fe(OArF)5] (CH2Cl2), 3a, {K(18-crown-6)}2[(OAr

F)3Fe(μ2-O)Fe-
(OArF)3] (CH2Cl2), 4, {K(18-crown-6)}2[(OAr

F)3Fe(μ2-OAr
F)2Fe-

(OArF)3] (CH2Cl2), 5, and {K(18-crown-6)}2[Fe(OAr
F)4] (Et2O), 6.
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The calculations for all four ligands with Ti(IV) and Fe(III)
are consistent with the anticipated ligand field such that the three
orbitals from the former t2 set in Td symmetry are above those of
the former e set. The percent O 2p character for the d-based
orbitals on Ti(IV) and the β-spin d-based orbitals for Fe(III) are
collected in Table 4 and show that the greatest π donation is to
the dz2 and dxy orbitals. These changes are reflected in the energy
level diagram in Figure 9 in which the energies of the empty d
orbitals from the [Ti(OAr)4] calculations, for four ligands and
two different functionals, are displayed from left to right. The
analogous energies of the β-spin d-based orbitals for the four
Fe(III) compounds are shown in Figure 10. The dx2�y2 orbital

energy level was set to zero energy in all cases, and the other
orbital energies are presented relative to that orbital.
The π donation from O 2p orbitals into the metal dxy orbital

is expected to be larger for the OC6Me4H and OC6H5 ligands
and is borne out by the data in Table 4. Interestingly, the
proportional contribution is largest from the perhydro ligand,
rather than the tetramethyl case. Similarly, more π donation,
greater O 2p character, is evident in the dz2 orbitals of these two
ligands. The OC6Cl3H2 and OArF ligands are less strongly π
donating, and this electronic character is also demonstrated in
Table 4, which shows smaller O 2p contributions to the dxy and
dz2 orbitals. Consistent with the estimated pKa values,

57 the

Table 3. Comparison of Interatomic Distances (Å) and Angles (deg) in [Fe(OAr)m]
n� Speciesa

compound X-ray DFT GGA-BP B3LYP

(Et4N)[Fe(2,3,5,6-OC6Me4H)4] Fe(1)�O(1) 1.8264(6) 1.881 187.3

BOFBAZ Fe(1)�O(2) 1.8596(6)

Fe(1)�O(3) 1.8516(6)

Fe(1)�O(4) 1.8470(6)

O(1)�Fe�O(2) 112.50 111.9� 4 111.6� 4

O(1)�Fe�O(3) 110.77 104.6� 2 105.3� 2

O(1)�Fe�O(4) 108.50

O(2)�Fe�O(3) 105.86

O(2)�Fe�O(4) 109.57

O(3)�Fe�O(4) 109.61

Fe(1)�O(1)�C(11) 136.69 155.8 156.1

Fe(1)�O(2)�C(1) 131.27

Fe(1)�O(3)�C(31) 137.18

Fe(1)�O(4)�C(21) 142.01

[Fe(OPh)4]
� Fe�O 1.891 1.880

O�Fe�O 113.6� 4 113.6� 4

101.5� 2 101.6� 2

Fe�O�C 137.2 137.5

(Ph4P)[Fe(2,4,6-OC6Cl3H2)4] Fe(1)�O(1) 1.8633(3) Fe�O 1.890 1.878

BOFBED Fe(1)�O(2) 1.8668(3)

Fe(1)�O(3) 1.8749(3)

Fe(1)�O(4) 1.8590(3)

O(1)�Fe�O(2) 107.43 O�Fe�O 112.4 � 4 112.1� 4

O(1)�Fe�O(3) 105.58 103.8� 2 104.4� 2

O(1)�Fe�O(4) 122.94

O(2)�Fe�O(3) 116.29

O(2)�Fe�O(4) 99.33

O(3)�Fe�O(4) 105.92

Fe(1)�O(1)�C(1) 132.15 Fe�O�C 152.2 152.8

Fe(1)�O(2)�C(7) 133.61

Fe(1)�O(3)�C(13) 128.88

Fe(1)�O(4)�C(19) 140.79

[Fe(OArF)4]
� Fe�O 1.892 1.882

O�Fe�O 110.9� 4 111.4� 4

106.6� 2 105.7� 2

Fe�O�C 142.4 141.4
aNumbers in parentheses are estimated deviations of the last significant figure.
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perfluorinated phenoxide is the least donating among all four
ligands. These two trends are most clear in the [Ti(OAr)4]
family, in which the variation in d-orbital energies is not affected

by occupation with d electrons, but are also evident in the d5

[Fe(III)(OAr)4]
� analogs. The energy separations between the

dxy and the dxz/yz orbitals and between the dz2 and the dx2�y2

orbitals depicted in Figures 9 and 10 and listed in Table 5 are less

Scheme 4. Ligand Field Splittings for Td and D2d Symmetries with a Generic [M(OAr)4]
n� Species in D2d Symmetry Showing

Orientation of O 2p Orbitals

Figure 8. β-spin d-based orbitals from [Fe(III)(OArF)4]
� calculated with the B3LYP hybrid functional, viewed down the y-axis for the dx2�y2 and dyz,

and down the z-axis for the dz2 and dxy. The x axis is shown in red, the y axis in green, and the z axis in blue.

Table 4. Percent Oxygen 2p Character in d-Based Molecular
Orbitals

compound functional dx2�y2 (b1) dz2 (a1)

dyz/dxz
(e1, each) dxy (b2)

[Ti(OC6Me4H)4] GGA-BP 10.83 15.46 5.35 16.95

B3LYP 9.75 14.18 5.00 16.40

[Ti(OC6H5)4] GGA-BP 10.59 15.17 4.39 19.07

B3LYP 9.59 13.62 4.30 18.30

[Ti(OC6Cl3H2)4] GGA-BP 8.92 14.38 3.47 15.39

B3LYP 8.22 13.33 3.40 14.68

[Ti(OArF)4] GGA-BP 11.29 13.94 4.08 15.94

B3LYP 10.13 12.89 4.17 15.26

[Fe(OC6Me4H)4]
� GGA-BP 14.76 16.54 6.59 18.90

B3LYP 11.27 12.66 5.30 17.37

[Fe(OC6H5)4]
� GGA-BP 14.53 10.72 10.72 21.23

B3LYP 10.77 8.16 8.07 19.20

[Fe(OC6Cl3H2)4]
� GGA-BP 12.56 14.62 5.09 17.94

B3LYP 9.49 11.85 4.06 16.50

[Fe(OArF)4]
� GGA-BP 14.47 11.82 8.34 18.89

B3LYP 10.96 9.00 6.83 17.40

Figure 9. Relative d-orbital energies for the computed [Ti(OAr)4]
species. For each species the results with both GGA-BP and hybrid
B3LYP functional are shown.
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strongly indicative of these differences but are still qualitatively
consistent. In the absence of π donation, the dxy orbital is
expected to be raised less above the dxz/yz pair, as is clearly seen
when comparing the end members of the series. Similarly, the dz2
orbital is expected to be below the dx2�y2 orbital in the absence of
π donation but will be raised above as π donation increases. The
dz2 orbital is raised least in the perfluorophenolate case, although
the OC6Cl3H2 ligand is anomalously high in the B3LYP
calculation.
In general, the GGA-BP and B3LYP calculations agree with

one another, although with less consistency observed in the
former e set than the former t2 set of orbitals. The OC6Cl3H2

ligand generally shows less π donation than the OC6Me4H
ligand but not as much as was expected. We attribute this to
the artificialD2d constraint which forces the ortho substituents to

be close to the O 2p orbital perpendicular to the phenolate plane.
Rotation of the phenyl group would relieve this stereoelectronic
clash but reduce the symmetry.

’CONCLUSIONS

We prepared homoleptic Fe(II) and Fe(III) phenolate com-
pounds with the [Fe(OAr)m]

n�motif by using highly fluorinated
ligands that have reduced ligand π-donor character and prevent
bridging without using steric bulk. The four mononuclear Fe(III)
derivatives are pentacoordinate red-orange compounds and ex-
hibit high-spin behavior in solution. The pale-yellow divalent
[Fe(OArF)4]

2� compound is also high spin and has pseudote-
trahedral geometry, which is very similar to the known
[Co(OArF)4]

2� and [Ni(OArF)4]
2� species.18,19 Treatment of

compound 3a with PhIO resulted in ligand loss and dimer
formation by presumed ligand oxidation and phenoxyl radical
dissociation. DFT calculations demonstrated that under D2d

symmetry π donation from the O 2p orbitals is primarily into
the dxy and dz2 orbitals. The degree of donation is qualitatively
consistent with expectations based on ligand Brønsted basicity
and supports the contention that fluorinated phenolate ligands
facilitate isolation of nonbridged homoleptic complexes due to
their reduced π basicity at oxygen.
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