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Oxo-Bridged Iron Clusters. Synthesis of 1,3-Bis(1,4,7-triaza-1-cyclononyl)-2-hydroxypropane and

Its Stabilization of the Fe,O¢ Core
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Thesynthesesof the new ligand 1,3-bis(1,4,7-triaza-1-cyclononyl)-2-hydroxypropane, 2, and the tetranuclear iron(111)
complex which it stabilizes are presented. The ligand contains two distinct, macrocyclic binding sites covalently
linked via a 2-hydroxypropyl group. The reaction of 2Fe, with triethylamine in either the presence or absence of
a carboxylate source results in the formation of a green tetranuclear iron(III) complex, 4. In addition, the reaction
of ligand 2, Fe(BF,),, and sodium benzoate, followed by exposure to oxygen, produces a green solid which is
spectroscopically identical to 4. Complex 4, C3sHgsN20,0PsF24Fe,, forms green crystals in the orthorhombic space
group P2,2,2; (No. 19), with the following unit cell parameters: a = 15.360(3) A, b = 16.150(3) A, ¢ = 25.225(3)
A, V' =6257(2) A3, and Z = 4. The structure of 4 contains a quadruply-charged, tetranuclear iron(III) cation
capped by two molecules of 2 which act as ditopic, hepatadentate ligands. The Fe,O¢core is composed of a tetrahedron
of iron atoms bridged by six oxygen atoms (two oxo, two hydroxo, and two alkoxo groups from ligand 2). This results
in an adamantane-like geometry with the iron atoms occupying the bridgehead positions. The iron atoms are
antiferromagnetically coupled (u.;r = 1.81 up/Fe at 300 K; 0.26 up at 40 K). Unable to determine precisely the
three unique coupling pathways in 4, we have modeled the magnetic behavior by emphasizing only the dominant
oxo-mediated pathway. In this case, there is excellent agreement between theory and experiment with a value for
the magnetic exchange coupling constant, J, of —-93(2) cm™!.

Introduction

The various roles of iron in biology have been the focus of
intense study for many years. In addition to the well-studied
iron-heme! and iron—sulfur proteins,? there is a class of iron-
containing proteins which is distinguished from the others by the
presence of non-heme, oxo-bridged polynuclear iron cores.’ The
iron—oxo cores in these proteins have proven to be quite versatile
biological units. For example, their functions include dioxygen
transport (hemerythrin),* reduction of ribo- to deoxyribonucle-
otides (ribonucleotide reductase),’ acid phosphatase activity
(purple acid phosphatase),® oxidation of methane to methanol
(methane monooxygenase),” and iron storage (ferritin and
hemosiderin).® Of these proteins, the only one that is not a
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dinuclear iron system is ferritin, which contains a core of up to
4500 iron atoms. In biology, no other examples of oxo-bridged
iron oligomers with nuclearities greater than two are currently
known.

Within the past decade, attempts to understand both the
structure and function of non-heme, iron—oxo proteins through
the study of model compounds have led to the discovery of many
iron—oxo aggregates with varying nuclearities (Fe,,® Fe,!® Fey,!!
Feq,'2Fes, ! Feyo,14 Fey1,!1% Feyp,! P and other!>). Thesecomplexes
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exhibit a vast array of geometries within their iron cores. Recent
efforts by our group!!b4m and others!ik have shown that ditopic
ligands in which the two binding sites are covalently-linked via
a tether devoid of any potential ligating functionality apparently
discourage the formation of hemerythrin (Hr)-like, (u-0xo0)bis(u-
carboxylato)diiron(III) complexes. Instead, a tetranuclear
iron(III) complex having a “dimer of Hr-like dimers” structure
is formed.

In an effort to stabilize the dinuclear structure, we have
synthesized the new heptadentate ligand 1,3-bis(1,4,7-triaza-1-
cyclononyl)-2-hydroxypropane (dtnp-OH). The ligand is com-

CH,
H
o
HN j OH N
H HOOC HOOC CoOH COOH
TACN 5-Me-HXTA

N
LT

posed of two macrocyclic tridentate capping moieties covalently
linked by a three-carbon bridge which contains a hydroxyl
functionality as a potential seventh donor group. Interestingly,
in either the presence or absence of a carboxylate source, the
ligand stabilizes a tetranuclear iron(III) complex in which the
Fe4Og core has an adamantane-like geometry and contains no
carboxylate ligands.

Toour knowledge, there are only tworelated tetranuclear iron—
oxoclusters in the literature. Queet al. havereported the synthesis
in basic media of (L;Fes(0)2(OH),)* (L = N,N’-2-hydroxy-5-
R-1,3-xylylenebis(/N-carboxymethyl)glycine (5-Me-HXTA)). !k
The tetranuclear complex was found to be in a pH-dependent
equilibrium with a dinuclear iron(III) complex, LFe;(OH)(H:0)..
More recently, Wieghardt et al. have synthesized (L’sFes-
(0)2(0H),)*+ (L’ = 1,4,7-triazacyclononane (TACN)) under
neutral to basic conditions.!!®

We report here the syntheses and physical properties of both
ligand dtnp-OH (2) and the tetranuclear iron(III) complex
4,C3sHgsN1,0,0PsF24Fe4, which it stabilizes.

Experimental Section

Materials and Apparatus. The reagent 1,3-dibromo-2-propanol was
obtained from Tokyo Kasei. N,N’-bis(p-tolylsulfonyl)-1,4,7-triazacy-
clononane was prepared according to literature procedures.114:16 Allother
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reagents and solvents were of reagent grade quality, obtained from
commercial suppliers, and used without further purification. Protonand
carbon NMR spectra were recorded on a General Electric QE-300 (300
MHz) spectrometer. Electronic spectra were recorded on a Beckman
DU-7 spectrophotometer. Fourier transform infrared spectra were
obtained on a Bio-Rad FTS-40 spectrophotometer. Elemental analysis
was performed by Atlantic Microlab.

Preparation of 1,3-Bis[N,N'-bis(p-tolylsulfonyl)-1,4,7-triaza-1-cy-
clononyl}-2-hydroxypropane (1). A solution containing N,N'-bis(p-
tolylsulfonyl)-1,4,7-triazacyclononane (2.42 g; 5.54 mmol), 1,3-dibromo-
2-propanol (283 uL; 2.77 mmol), and triethylamine (1 mL) in acetonitrile
(100 mL) was stirred and heated at reflux under a nitrogen atmosphere
for 24 h. The solvent was then removed on a rotary evaporator. The
residue was taken up in CHCl;, and the solution was washed with 1 N
NaOH. The organic layer was dried over MgSO4. Pure 1 was obtained
as a white solid (1.74 g) following column chromatography on silica (2%
CH3;0H/CHCl,): yield 68%; mp 102-107 °C; 'H NMR 4 1.68 (1 H,
br, OH), 2.40 (12 H, s, CH3Ar), 2.55 (2 H, dd, NC(H,)H,C(H)OH)),
2.76 (2 H, dd, NC(H,)H,C(H)OH)), 3.01 (8 H, t, TsSNCH;-
CH3:N(CH3),), 3.23 (8 H, br, TsNCH,CH;N(CH2),), 3.45 (8 H, br,
TsNCH,CH;NTs), 3.80 (1 H, quintet, NCH,C(H)OHCH:N), 7.28 (8
H, d, aromatic), 7.64 (8 H, d, aromatic); *C NMR § 21.30, 52.03, 52.74,
56.33, 62.61, 67.44, 126.99, 129.58, 135.01, 143.26; CI MS m/e 932
(MH*), 776 (M - Ts).

Preparation of 1,3-Bis(1,4,7-triaza-1-cyciononyl)-2-hydroxypropane
(2). Compound 1 (1.40 g, 1.50 mmol), anhydrous disodium phosphate
(2g),and 2% Na amalgam (42 g) were placed in 25 mL of dry methanol.
The mixture was heated at reflux under N for 20 h while stirring rapidly.
After being cooled to room temperature, the resulting slurry was decanted
into water and extracted three times with chloroform. The organiclayers
were combined and dried over MgSO4. The MgSO, was filtered out and
the solvent removed in vacuo to yield 2 (384 mg) as a white solid: yield
81%; IR (CHCl;, cm™!, selected peaks) 3324 (m), 3247 (m), 2874 (w),
2930 (w), 2853 (m), 1480 (w), 1104 (s), 932 (vs), 741 (vs), 683 (vs); 'H
NMR (CDCls) § 2.29-2.58 (m), 2.58-2.70 (m), 2.73-3.21 (m), 3.50
(br),3.63 (br), 3.78 (t), 3.88 (br), 6.40 (1 H, br, OH); 1*C NMR (CDCls)
5 41.04, 41.08, 41.57, 41.84, 45.73, 45.84, 47.03, 47.27, 49.35, 49.64,
55.71, 56.07, 65.04, 65.29, 67.49; 13C NMR (D,0/CF;COOD (1:1)) §
45.44, 47.15, 51.40, 62.53, 69.21; CI MS m/e 315 (MH*); HR EI MS
mje 315.2884 (MH*) (caled for CisHisNgO;, m/e 315.2872), m/e
314.2784 (M+) (calcd for C15H34N601, m/e 314.2794).

Preparation of [2(Fe;(0) (OH)) 1 X4 (4X4; X = PF¢, BFy). Method a.
To a solution of 2 (66.0 mg) in isopropyl alcohol (25 mL) was added
FeCly6H20 (113.6 mg). The resulting hygroscopic yellow precipitate,
3, was collected by filtration, and washed first with isopropyl alcohol and
then ethyl ether. To a suspension of complex 3 in ethanol (50 mL) was
added excess sodium acetate (or sodium benzoate), triethylamine, and
potassium hexafluorophosphate. The resulting gold-colored solution was
stirred at room temperature for 24—36 h (until the formation of a green
precipitate was observed). The precipitate was isolated by filtration. It
was then taken up in acetone and filtered to remove white solids,
presumably NaCl and KCl. The acetone was removed on a rotary
evaporator to leave a green solid. Dark green, needle-shaped crystals of
4 were grown by diffusion of methanol into an acetonitrile solution
containing this green solid. X-ray-quality crystals were obtained by the
slow evaporation of an acetone/IPA solution containing 4.

Methodb. Usingthe same procedureasin method a, with the exclusion
of any carboxylate source, 4 was produced as a green precipitate in 24
days. Purification was as described above.

Method c. Under an argon atmosphere, 2 (76.4 mg) and FeBF44H,0
(146.0 mg) were added to 30 mL of dry, degassed methanol. After the
mixture was stirred for 1 h, sodium benzoate (35 mg) was added and the
solution color changed from colorless to yellow. Stirring was continued
at room temperature for an additional 6 h. At this time, the solvent was
removed by evaporation and the residue taken up in acetonitrile. The
acetonitrile solution was filtered, and golden-brown crystals were then
obtained by diffusion of ethyl ether into the acetonitrile filtrate. Bubbling
air through an acetonitrile solution containing this Fe(II) complex caused
a gradual solution color change (from yellow to green) over the course
of several hours. Green crystals which have the same spectroscopic
properties as 4 (prepared from method a or b) were then grown by
evaporation of the green acetonitrile solution: IR (KBr, cm™!, selected
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Table I. Crystallographic Data for 4(PF)4+2H20-2C;HO

chem formula C16HssN12010P4F24Fes
a 15.360(3)

b A 16.150(3)

c, 25.225(3)

v, A3 6257(2)

V4 4

fw 1650.39

space group P2,2,2, (No. 19)
T,°C -100

A(Mo Ka), A 0.7107

pealc, 8/€m> (<100 °C) 1.75

u, cm-! 11.37

R(F)° 0.0618

Ru(F) 0.0668

¢ R(F) = L(IFy| - IFd)/ Fo; Ru(F) = Ew(|Fd| - [t/ w(|Fd)?, where w
= 1/(a(Fo)? + (0.02F)2).

peaks) 3607 (m), 3339 (s), 2926 (m), 1463 (m), 1104 (s), 1009 (s), 837
(vs), 798 (s), 768 (s), 736 (m), 652 (m), 559 (vs), 516 (m); UV-vis (e,
M-! em-!/Fe) 455 (sh), 481 (261), 613 (100). Anal. Calcd for
Ca0HgsN1206FesPsFas: C, 24.08; H, 4.58; N, 11.23. Found: C, 24.56;
H, 4.44; N, 11.51. Complex 4 was further characterized by X-ray
crystallography.

X-ray Crystallography. The data crystal was a green prism of
approximate dimensions 0.2 X 0.3 X 0.6 mm. The data were collected
at-100°Cona Nicolet R3 diffractometer, with a graphite monochromator
using Mo Ka radiation (A = 0.7107 A) and equipped with a Nicolet LT-2
low-temperature delivery system. The hexafluorophosphate complex of
4 crystallized with two molecules of H,0O and two molecules of acetone
in the unit cell. Details of crystal data and refinement are listed in Table
1. The lattice parameters were obtained from least-squares refinement
of 40 reflections with 20.0 < 26 < 25.0°. The data were collected using
the Q scan technique from 4 to 50° in 26, with a scan width of 1.2° and
a scan rate of 3—-6°/min. A total of 6815 reflections were collected, of
which 6113 were unique (h ranged from 0 to 19; k from 0 to 20; / from
0 to 30). The R for averaging equivalent reflections was 0.026. Four
reflections (4,-6,8; 3,7,8; 3,-7.8; 4,—6,~8) were remeasured every 96
reflections to monitor instrument and crystal stability. A smoothed curve
of the intensities of these check reflections was used to scale the data. The
scaling factor ranged from 0.963 to 1.05. The data were also corrected
for Lpeffects but not for absorption. Crystal faces could not be completely
indexed, and, therefore an absorption correction was not applied.
Reflections having F, < 4(o(F.)) were considered unobserved (1327
reflections). The structure was solved by direct methods and refined by
full-matrix least-squares procedures with anisotropic thermal parameters
for the non-hydrogen atoms. The structure was refined in blocks of 406
and 397 parameters, respectively, with an overall scale factor and the
atoms of the disordered PFs~ grouprefined in each block. Most hydrogens
were calculated in idealized positions (C-H = 0.96 A, N-H = 0.90 A)
with an isotropic thermal parameter fixed at 1.2Uq of the relevant atom.
Three H atoms bound to oxygen atoms, two for hydroxy oxygens, O12
and O34, and one from a water oxygen, O1C, were obtained from a AF
map but fixed during refinement with Ui, fixed. One of the PF¢- groups
was found to be disordered about two principle orientations by rotation
aboutthe Patom, P4. Thesite occupation factor for the major component
refined to 57.7(7)%. The atoms of the minor component have labels
appended with A (F19A-F24A). The disordered F's were refined with
isotropic thermal parameters. A total of 781 independent parameters
were refined. The data were checked for secondary extinction errors
which were found to be insignificant. The function, Lw(|F,| - |F)?, was
minimized, where w = 1/(a(Fo))? and o(Fo) = 0.5kF1/2[(o(D))? +
(0.02)?]/2, The intensity, 7, is given by (/peak — Juigd) X (scan rate),
0.02 is a factor to downweight intense reflections and to account for
instrument instability, and k is the correction due to Lp effects and decay.
o(I) was estimated from counting statistics; o(/) = [(Jpeak + Joiga)'/? X
(scan rate)]. Final R = 0.0618 for 4786 reflections, R, = 0.0668 (R for
all reflections = 0.0817, R, for all reflections = 0.0696), and goodness
of fit = 1.940. The maximum [shift/esd| < 0.1 in the final refinement
cycle, and the minimum and maximum peaks in the final difference
electron density map were —0.66 and 1.09 ¢ /A3 (near the disordered PFg-
group), respectively. The absolute configuration of the structure was
assigned by the n refinement method. The multiplicity factor for Af”
refined to 0.98(7) indicating the correct absolute configuration as given.
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Thestructure solution and refinement were done using SHELXTL-Plus,!”
The scattering factors for the non-H atoms were taken from Cromer and
Mann,!® with anomalous-dispersion corrections from Cromer and Liber-
man,!® while scattering factors for the H atoms were obtained from
Stewart, Davidson, and Simpson.2® The linear absorption coefficient
was calculated from values in ref 21. Other computer programs were
from ref 11 of Gadol and Davis.??

Magnetic Susceptibility Measurements. Solid-state magnetic suscep-
tibilities of a powdered sample of 4 were measured between 2 and 300
K at a field of 10 kG using a Quantum Design Model MPMS SQUID
magnetometer. A total of 73 data points were measured. The suscep-
tibilities were corrected for the magnetism of the quartz sample holder.
Gram susceptibilities were converted to molar susceptibilities and then
corrected for diamagnetism (x4 = =719 X 106 cgs/mol) using Pascal’s
constants.??

Results and Discussion

Ligand Synthesis. As shown in Scheme I, the reaction of 2
equiv of N,N’-bis(p-tolylsulfonyl)-1,4,7-triazacyclononane with
1,3-dibromo-2-propanol in the presence of triethylamine produces
the protected bis(TACN)?¢ ligand 1 in good yield. The acidic
conditions needed to remove the tosyl protecting groups (e.g.
concentrated H,SO4, 100 °C, 2 days or HBr/AcOH, 90°C, 36
h) were considered to be too harsh to use in the presence of the
secondary alcohol. Consequently, a reductive detosylation pro-
cedure (2% Na/Hg) was used to produce 2 in greater than 75%
yield.?

Characterization of 2 was complicated by the presence of inter-
and/or intramolecular hydrogen-bonding interactions. These
H-bonding interactions are not seen in other bis(TACN) ligands
which lack the alcohol functionality on the hydrocarbon tether,114.16
The '"H NMR and 13C NMR spectra of 2 in CDCl; do not, thus,
reflect the C, symmetry expected for the molecule.

More specifically, the proton NMR spectrum of 2 in CDCl;
exhibits a broad band of resonances between 2.3 and 3.9 ppm.
No resonances in the aromatic region were observed, indicating
that complete detosylation had occurred. When the spectrum is
taken in more polar solvents, such as CD;0D or D,0, a broad
band of unresolved resonances is still observed between 2.5 and
3.5 ppm. Variable-temperature proton 'H NMR spectra were
recorded in DMSO at room temperature, 60 °C, and 90 °C.
While subtle changes were observed, little improvement in
resolution occurred. Hence, 2 could not be characterized
completely using this method.

Because decoupled *C NMR spectra seldom have overlapping
resonances, the H-bonding interactions in 2 are more easily
monitored by 13C NMR. As shown in Figure 1, the 13C NMR
spectrum of 2 in CDCl; shows a resonance for nearly every carbon
inthe molecule, reflecting the asymmetry of the molecule. When
the 13C NMR spectrum is taken in a more polar environment,
D,0/CF;COOD (1:1), however, only five carbon resonances are
observed. Under these conditions, the H-bonding interaction is
broken and the molecule displays its full C, symmetry. Theligand
was further characterized by high-resolution mass spectrometry.

Metal Complex Formation. As shown in Scheme II, three
different metalation pathways involving ligand 2 were used to
form the same iron(III) complex.
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Table II.  Fractional Coordinates and Equivalent Isotropic Thermal Parameters (A?) for the Non-Hydrogen Atoms of 4(PFs)s2H,0-2C;HsO

atom x y z e atom x y z e
Fel 0.64050(10) 0.09443(9) 0.87017(5)  0.0236(4) C4l 0.5462(7) -0.0902(8) 1.0083(4) 0.048(4)
Fe2 0.74986(10)  —0.07254(9) 0.81108(5) 0.0209(4) N42 0.5995(6) —0.1425(6) 0.9737(4) 0.040(3)
Fe3 0.86551(10) 0.05933(9) 0.88552(5) 0.0221(4) C43 0.6260(8) -0.2207(7) 0.9980(5) 0.045(4)
Fed 0.70665(10)  -0.06314(10) 0.94786(5)  0.0272(5) C44 0.7212(9) -0.2378(7) 0.9870(5) 0.049(5)
013 0.7629(4) 0.1330(4) 0.8765(2) 0.026(2) o1C 0.7663(6) 0.2966(6) 0.9218(3) 0.059(3)
014 0.6440(5) 0.0204(4) 0.9232(3) 0.030(2) O1D 0.5721(9) -0.2395(8) 0.8684(5) 0.121(6)
023 0.8440(5) —0.0128(4) 0.8312(3) 0.027(2) P1 0.2402(2) -0.7229(2) 0.93946(12) 0.0384(10)
024 0.7171(5) -0.1257(4) 0.8785(3) 0.030(2) F1 0.1723(5) -0.6641(5) 0.9103(3) 0.068(3)
N1 0.6042(6) 0.1850(5) 0.8065(3) 0.033(3) F2 0.1638(5) —-0.7708(6) 0.9692(3) 0.076(3)
C2 0.6174(8) 0.2682(7) 0.8300(4) 0.040(4) F3 0.3090(5) —0.7806(4) 0.9696(3) 0.051(3)
C3 0.5710(8) 0.2741(6) 0.8822(4) 0.039(4) F4 0.3168(6) —0.6769(8) 0.9142(4) 0.129(5)
N4 0.5898(6) 0.1983(6) 0.9152(3) 0.036(3) F5 0.2437(6) -0.6615(5) 0.9898(3) 0.074(3)
CSs 0.5110(8) 0.1665(8) 0.9416(5) 0.043(4) Fé 0.2355(8) —0.7821(7) 0.8917(3) 0.115(5)
Cé 0.4501(8) 0.1259(8) 0.9009(5) 0.046(4) P2 0.5416(3) —0.4636(3) 0.87689(14) 0.0553(13)
N7 0.4998(5) 0.0753(6) 0.8624(3) 0.031(3) F7 0.6194(6) —0.4068(7) 0.8576(4) 0.108(5)
C8 0.4762(7) 0.0901(7) 0.8071(5) 0.039(4) F8 0.5366(7) —0.4082(6) 0.9284(3) 0.097(4)
C9 0.5138(7) 0.1711(7) 0.7886(5) 0.038(4) F9 0.4663(6) —0.5207(6) 0.8970(4) 0.097(4)
C10 0.6704(8) 0.1654(7) 0.7663(4) 0.038(4) F10 0.5445(7) —0.5187(7) 0.8262(4) 0.115(5)
Cl1 0.6703(7) 0.0711(6) 0.7563(4) 0.027(3) F11 0.6103(7) —0.5224(6) 0.9028(5) 0.124(5)
O12 0.6679(4) 0.0288(4) 0.8055(2) 0.021(2) F12 0.4764(7) —0.4073(6) 0.8501(4) 0.107(5)
C13 0.7535(7) 0.0492(7) 0.7256(4) 0.034(4) P3 0.0457(3) —0.2884(2) 0.81916(13) 0.0505(12)
Nl14 0.7615(6) —0.0420(5) 0.7258(3) 0.028(3) F13 0.1189(6) —0.2690(7) 0.8607(3) 0.098(4)
Cl15 0.8494(7) —0.0687(7) 0.7106(4) 0.034(4) F14 0.0627(6) —0.3849(5) 0.8275(3) 0.081(4)
Cl6 0.8645(8) -0.1571(7) 0.7258(4) 0.039(4) F15 —-0.0258(6) -0.3100(5) 0.7757(3) 0.078(3)
N17 0.8291(6) -0.1751(5) 0.7818(3) 0.028(3) Fl16 0.0282(5) -0.1913(5) 0.8093(3) 0.064(3)
Cl18 0.7775(7) -0.2520(7) 0.7883(5) 0.040(4) F17 —0.0292(6) —-0.2875(6) 0.8624(3) 0.098(4)
C19 0.6902(7) —0.2430(7) 0.7622(5) 0.040(4) F18 0.1167(5) —0.2886(6) 0.7733(3) 0.085(4)
N20 0.6519(6) —0.1593(5) 0.7735(3) 0.034(3) OlA 0.3933(8) 0.0587(7) 1.0412(5) 0.100(5)
C21 0.6179(7) -0.1158(7) 0.7257(4) 0.035(4) C2A 0.3342(12) 0.0049(11) 1.0410(7) 0.081(7)
C22 0.6944(7) -0.0825(7) 0.6939(4) 0.037(4) C3A 0.2620(13) 0.0106(14) 1.0023(7) 0.112(9)
N23 0.9935(6) 0.0085(6) 0.9084(3) 0.031(3) C4A 0.3404(14)  -0.0663(11) 1.0814(9) 0.129(10)
C24 1.0342(7) 0.0554(7) 0.9539(4) 0.036(4) O1B 0.7816(13)  -0.5958(11) 0.8381(5) 0.205(11)
C25 0.9693(7) 0.1106(7) 0.9818(4) 0.034(4) C2B 0.813(2) —0.566(2) 0.7987(9) 0.124(11)
N26 0.9157(5) 0.1549(5) 0.9433(3) 0.030(3) C3B 0.9060(14) —0.5544(14) 0.7954(8) 0.133(10)
C27 0.9643(7) 0.2232(7) 0.9156(4) 0.036(4) C4B 0.768(2) —-0.505(2) 0.7692(11) 0.20(2)
C28 0.9510(8) 0.2196(7) 0.8561(4) 0.040(4) P4 0.3648(4) -0.1328(3) 0.8672(2) 0.154(4)
N29 0.9558(6) 0.1331(5) 0.8375(3) 0.031(3) F19A 0.4564(4) -0.1074(3) 0.8907(2) 0.142(11)
C30 1.0454(7) 0.0988(8) 0.8375(4) 0.041(4) F20A 0.3310(4) -0.1524(3) 0.9251(2) 0.50(6)
C31 1.0465(7) 0.0112(7) 0.8584(4) 0.035(4) F21A 0.2731(4) -0.1582(3) 0.8439(2) 0.25(2)
C32 0.9715(7) -0.0777(7) 0.9227(4) 0.040(4) F22A 0.3985(4) -0.1131(3) 0.8095(2) 0.084(7)
C33 0.8961(7) —0.0770(7) 0.9620(4) 0.033(4) F23A 0.3324(4) —-0.0403(3) 0.8731(2) 0.117(11)
034 0.8321(4) -0.0223(4) 0.9444(2) 0.026(2) F24A°  0.39714) -0.2252(3) 0.8614(2) 0.070(6)
C35 0.8599(8) —0.1654(7) 0.9685(5) 0.040(4) F19 0.3294(4) —0.0458(3) 0.8483(2) 0.196(13)
N36 0.7743(7) -0.1612(6) 0.9943(4) 0.041(4) F20 0.4524(4) -0.1170(3) 0.8361(2) 0.28(2)
C37 0.7818(9) —-0.1386(8) 1.0512(4) 0.047(5) F21 0.4002(4) -0.2197(3) 0.8862(2) 0.63(6)
C38 0.7611(9) —0.0484(8) 1.0604(5) 0.056(5) F22 0.2771(4) -0.1485(3) 0.8984(2) 0.142(8)
N39 0.6850(6) —0.0209(6) 1.0293(3) 0.036(3) F23 0.4053(4) —-0.0908(3) 0.9182(2) 0.158(9)
C40 0.6015(9) —-0.0522(9) 1.0509(5) 0.056(5) F24 0.3242(4) -0.1747(3) 0.8163(2) 0.33(2)

% For anisotropic atoms, the U value is U, calculated as Ueq = !/3L,L;Ujaia;4y, where A is the dot product of the ith and jth direct space unit

cell vectors.

The reaction of 2 with 2 equiv of FeCl;6H,O in isopropyl
alcohol produced a hygroscopic, mustard yellow solid, 3, presumed
to be the 2:1 metal-to-ligand complex. This solid was then
suspended in an ethanol solution containing triethylamine, 2 equiv
of either sodium acetate or sodium benzoate, and potassium
hexafluorophosphate. Under similar conditions, hemerythrin
(Hr) -model complexes, containing the familiar (u-oxo)bis(u-
carboxylato)diiron(III) core, are known to self-assemble readily
from a variety of ligands, including bis(TACN) systems in which
there is no ligating functionality on the tether.!!¢m 16 Afterstirring
of the mixture at room temperature for 1 h, the reaction consisted
of a golden brown-colored solution and a white precipitate (NaCl,
KCl and/or unreacted NaOAc, NaOBz). As judged by visible
spectroscopy, no Hr-like diiron(III) core was present in the
solution. The reaction was allowed to stir for approximately 24
hat which time a green precipitate had formed. This precipitate,
4(PFg)a, is soluble in both acetone and acetonitrile and produces
greensolutions. Diffusion of methanol intoan acetonitrile solution
containing 4(PF¢)4 produces dark green, needle-shaped crystals.
Thevisible spectrum, taken in acetonitrile, displays two distinctive
features, a weak absorption at 613 nm (¢ = 100 M~ cm™!/Fe)
and a shoulder at 481 nm (¢ = 261 M-! cm'/Fe) toa much larger

absorption that extends into the UV region. The spectrum is
nearly identical to that reported for Wieghardt’s tetranuclear
iron(III) complex which lacks any carboxylate ligands and
contains the adamantane-like Fe4(O),(OH), core.!l¢ Additionally,
the IR spectrum of 4(PF), lacks characteristic symmetric and
asymmetric carboxylate stretches.

Since the evidence indicates that there are no bridging
carboxylates present in 4, its synthesis was attempted using the
same method as just described without the addition of any
carboxylate source to 3. Inthiscase,a green precipitate, identified
spectroscopically as 4, also formed, though, under these conditions,
the required reaction time was several days.

A third pathway for the synthesis of 4 begins with the reaction
of 2 and 2 equiv of Fe(BF,);4H,0 in methanol under an argon
atmosphere. Following the addition of sodium benzoate, the
solution turned yellow. Thesolvent was removed and the resulting
golden-brown solid taken up in acetonitrile. Following filtration
toremove NaCl and unreacted NaOBz, brown crystals were grown
by vapor diffusion of ether into the acetonitrile filtrate containing
theiron(II) complex. Atroom temperature,dioxygen was bubbled
through an acetonitrile solution containing this putative iron(II)
complex. The solution color gradually changed from yellow to
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Table ITI. Selected Mean Bond Angles (deg) and Distances (A) for
Complex 4

Bond Lengths
Fel-0O12 1.989(6) Fel-0O13 1.987(7)
Fel-0O14 1.796(7) Fe2-012 2.070(6)
Fe2-023 1.811(7) Fe2-024 1.971(7)
Fe3-013 1.988(7) Fe3-023 1.828(7)
Fe3-034 2.051(7) Fe4-O14 1.770(7)
Fe4-024 2.026(7) Fe4-034 2.039(7)
Fel-N1 2.242(9) Fel-N4 2.170(9)
Fel-N7 2.192(8) Fe2-N14 2.215(8)
Fe2-N17 2.185(8) Fe2-N20 2.264(9)
Fe3-N23 2.207(9) Fe3-N26 2.258(9)
Fe3-N29 2.193(9) Fe4-N36 2.227(10)
Fe4-N39 2.191(8) Fe4-N42 2.185(10)
Fel«-Fe2 3.510(2) Fel-Fe3 3.524(2)
Fel.Fed 3.369(3) Fe2-Fe3 . 3.350(2)
Fe2.Fed 3.517(2) Fe3-+Fed 3.513(2)
Bond Angles

Fel-O12-Fe2 119.6(3) Fel-O13-Fe3 124.93)

Fel-O14-Fed 141.7(4) Fe2—023-Fe3 134.0(4)

Fe2-024-Fed 123.3(3) Fe3—-034-Fed 118.4(3)

Scheme 1

TIN,/’*\W
[ N er\/k,ar(os.q)
TTEA cHoN.&PC

Ce()
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green. The green-colored product was spectroscopically identical
to the original system, 4(PF¢)s. Thus, the material produced in
this manner was judged to contain the same iron complex, 4, as
that obtained directly from iron(III) sources.

Description of the Structure. Green, X-ray-quality, crystals
of 4(PF¢)s, produced from method a, were grown by slow
evaporation of an acetone/isopropyl alcohol solution. The
structure consists of a quadruply-charged, tetranuclear iron(I1I)
cation (Figure 2) and four hexafluorophosphate anions. The
Fe4O¢ core is composed of a tetrahedron of iron atoms which are
bridged by six oxygen atoms (two oxo groups (O14 and 023,
bridging Fel and Fe4 and Fe2 and Fe3, respectively), two hydroxo
groups (013 and O14, bridging Fel and Fe3 and Fel and Fe4,
respectively), and two alkoxo groups from two molecules of ligand
2 (012 and O34, bridging Fel and Fe2 and Fe3 and Fe4,
respectively)). Thisresultsinanadamantane-like geometry with
the iron atoms occupying the bridgehead positions (Figure 3).
The Fe,O¢ core is capped by two molecules of 2 which act as
ditopic, heptadentate ligands.

Each of the four iron atoms lies at the center of a distorted
octahedral coordination environment comprising one facially-
coordinating triazacyclononane ring, one w-oxo ligand, one
u-hydroxo ligand, and one u-alkoxo ligand. The four triazacy-
clononane rings exhibit two slightly different coordination
geometries. The donor atoms which are coordinated trans to the
oxo ligand, O14, at Fel and Fe4 are macrocyclic zertiary amines
(N1 and N36, respectively), whereas the donor atoms trans to
the oxo ligand, O23, at Fe2 and Fe3 are macrocyclic secondary
amines (N20 and N26, respectively). The net effect is that the
two TACN rings coordinated to Fe2 and Fe3 are rotated with
respect to the two TACN rings attached to Fel and Fed.

Interestingly, unlike the 5S-Me-HXTA complex of Queetal.,!!
there is a trans effect exhibited by the oxo-bridges on each of the
fouriron atoms of 4. This effect is alsoseen in the Fe,(0),(OH),
core synthesized by Wieghardt et al.!'* The result of this trans
effect, which is common in oxo-bridged iron(IIT) complexes,’ is
a lengthening of the Fe-N bond trans to the oxo bridge (average
= 2.248(5) A) relative to the Fe~N bonds cis to the oxo bridge
(average = 2.192(3) A).
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Figure 1. (a) Decoupled *C NMR spectrum of 2in CDCl;. Peaks marked
with an “X” derive from impurities. (b) Decoupled 13C NMR spectrum
of 2 in D;0O/CF;COOD (1:1).

Scheme II
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The presence of three different types of bridging oxygen atoms
(alkoxo, 012 and O34, hydroxo, O13 and 024, and oxo, 014 and
023) allows for a comparison of their respective bonding
characteristics. Theaverage length of the Fe-OH bonds (1.993(4)
A) is similar to that of the Fe~OC bonds (2.037(3) A) but much
longer than that of the Fe—~O bonds (1.801(7) A). These distances
are typical for each type of bond and reflect the increased »
character in the Fe—~O bond. The Fe-~Fe distances are nearly
identical for theiron atoms bridged by hydroxo and alkoxoligands
(average = 3.516(1) A), which, in turn, are longer than the
corresponding oxo-mediated Fe-Fe distances (average = 3.360(2)
A). Notably, the Fe-O-Fe bond angle (average = 137.9(3)°)
is significantly larger than either the Fe—~OH-Fe bond angle
(average = 124.1(2)°) or the Fe~OC-Fe bond angle (average =
119.0(2)°). The widening of the Fe—O-Fe bond angle appears
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Figure 2. View of the cation of 4, showing the atom-labeling scheme.
Thermal ellipsoids are scaled to the 30% probability level. H atoms have
been omitted for clarity. Relevant bond lengths and bond angles are
summarized in Table III.

Figure 3. View of the adamantane-like geometry exhibited by the Fe,Os
core in 4.

to be typical for this type of FesO¢ cluster as it has also been
observed by Que et al.!'? and, to a lesser degree, in Wieghardt'’s
tetranuclear iron complex.!!® Apparently, as previously noted
by Que,!!! the need to maintain a reasonable Fe.Fe distance
while accommodating the short Fe—O bonds results in the widening
of the Fe-O-Fe bond angle.

Magnetic Susceptibility. Because of the symmetry in the
adamantane-like core of complex 4, there are three unique
magnetic coupling pathways linking the four iron atoms (Figure
4). The pathways are distinguished from one another by the
nature of the iron-to-iron bridging group (i.e. oxo, hydroxo, or
alkoxo). As such, three different exchange coupling constants
(J12, J13, J14) are needed to describe these distinct pathways.
Unfortunately, in the case where Jy3 = Ji3 # Jy4, the individual
coupling constants cannot be accurately determined without a
full theoretical analysis.26 We have, thus, used a model to provide
a description for the magnetic behavior exhibited by 4.

The model (see Figure 4) is based on two diiron(III) core units
within the tetranuclear iron complex behaving as discrete magnetic
entities. For our purposes, then, we have attributed all of the
magnetic coupling observed in 4to the two oxo-mediated pathways
(J14in Figure 4) and assumed the hydroxo- and alkoxo-mediated
pathways to be zero. A literature survey of J values for u-oxo,
u-hydroxo, and u-alkoxo mono-bridged iron(III) dimers, in fact,

(26) Sinn, E. Coord. Chem. Rev. 1970, 5, 313-347.

Sessler et al.

Figure 4. Three distinct exchange interactions in 4, each governed by
a unique coupling constant (Jy3,J13, J14), modeled by figuratively removing
the hydroxo and alkoxo bridges. This approximation produces two
noninteracting, (u-oxo)diiron(III} cores for which there is only one
coupling pathway, Ji.

provides some insight into the severity of this assumption. Singly
oxo-bridged iron(III) dimers have J values typically in the range
of -80to-105cm~'.° Whilethere are fewer examples of hydroxo-
and alkoxo-bridged diiron(III) complexes in the literature, there
is, nonetheless, a particularly narrow range in which the J values
are found (approximately —10 to —15 cm~!).%!18 [t is clear that
while the hydroxo- and alkoxo-mediated pathways undoubtedly
contribute to the overall antiferromagnetic coupling observed in
4 (i.e. J12, J13 # 0), their contribution should be much smaller
than that of the oxo-mediated pathway. Therefore, to provide
a semiquantitative view of the antiferromagnetic behavior of 4,
we have emphasized in our model only the dominant magnetic
exchange pathway, Ji,.

In this case, the molar paramagnetic susceptibility data are fit
toan expression, derived elsewhere,?” which is based on the general
isotropic exchange Hamiltonian, H =-2JS,S,, with J = magnetic
exchange coupling constant and S, = S; = 3/,

corr

Xm =
(1 - p)C(2e* + 10e% + 28¢'* + 60e2°* + 110¢°™%)

1+ 3™ + 5eb% + 7e' + 9e20* 4 113
4.375p/T + TIP (1)

Here, C = Ng>up?/kT, x = J/kT, and p = mole percentage of
paramagnetic impurity. The temperature-independent para-
magnetic susceptibility term (TIP) was excluded because the
ground state of high-spin iron(III) is much lower in energy than
its first excited state.! The 4.375/T term accounts for the spin-
only magnetism associated with a paramagnetic iron(III) (S =
$/2) impurity of mole percentage “p”. The value of g was fixed
at 2.0 for all fits.

Asshown in Figure 5, the susceptibility data are fit?% extremely
well by eq 1 (R = 0.9994) with J = -93(2) cm~! and p = 4.27
X 10-3, The value of J is typical for u-oxo, mono-bridged
diiron(IIT) complexes and demonstrates strong antiferromagnetic
coupling. The magnetic properties of 4 are quite similar to those
described for both Que’s!!® (Fe(0),(OH)2(OR),)** and Wieg-
hardt’s!'c (Fe4(0)2(OH).)**complexes. To our knowledge, there
are noreported J values for Que’s tetranuclear complex; however,
these workers do note a room-temperature magnetic moment of
1.74 up/Fe which compares quite favorably with 4 (1.81 up/Fe
at 300 K; 0.26 up/Fe at 40 K).!'* Wieghardt et al. have reported
for the Fe,(0)2(OH), cluster both a magnetic moment of 1.94
up/Fe at 299 K and J values for the oxo-mediated (-106 cm-!)
and hydroxo-mediated (~15 cm™!) pathways.!!®

Attempts to include an interdimer coupling interaction (i.e.
between dimers) to approximate the hydroxo- and alkoxo-

(27) O’Connor, C. J. Prog. Inorg. Chem. 1982, 29, 203-283.
(28) Carlin, R. L. In Magnetochemistry; Springer-Verlag: Berlin, 1986; p
64

(29) Nc;nlinear parameter estimation and model development program:
MINSQ. MicroMath Scientific Software, Salt Lake City, UT 84121.
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Figure 8. Plot of xm°* (@) vs T for solid 4. The line represents the best
least-squares fit of eq 1 (sce text) to the experimental susceptibility data.

mediated coupling in 4 did not improve the fit. With the
assumption that the alkoxo- and hydroxo-mediated pathways are
equivalent (J,2 = J}3), the intramolecular coupling in 4 was treated
by the molecular field approximation.!te!130 In this case, two
exchange coupling constants are needed to describe the magnetic
behavior: J, the intradimer coupling constant (J14 in Figure 4)
and J/, the interdimer coupling constant (J,, and Ji3 in Figure

4). The molar paramagnetic susceptibility data are then fit to’

the following expression:

(1= P)INgu;X(A/B)
Xm T T R(T-2J1A4/B)]

Here, A = 2e> + 10ef* + 28e!2x + 60e20x + 1103, B =1 +
3e2* + 5e8% + Tel2r + 9¢20% + 11e%%%, x = J/kT, and p = mole
percentage of paramagnetic impurity. Asbefore, thecontribution
of the TIP term was assumed to be zero. With g fixed at 2.0,
the least-squares fit of the data toeq 2 gave J=-93 cm™, J' =
2 cm! and p = 4.27 X 10~ with no improvement over the fit
usingeq 1. Since J’is essentially zero the values for the exchange
coupling constants in this equation are the same as that obtained
from equation 1 (J = -93 cm™!, J’ = 0 (by definition)). Due to

+4.375p/T+TIP (2)

(30) O’Connor, C. J. Prog. Inorg. Chem. 1982, 29, 244245,
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the excellent fit of the data toeq 1, the result for eq 2 is not wholly
unexpected (i.e. eq 2 reduces to eq 1 when J” = 0). The small
value of J' given by eq 2 probably does not reflect the actual
contribution of J;2 and Ji3 to the overall intramolecular coupling
but, instead, is an indication that in the presence of both the
dominant oxo-mediated coupling and the small paramagnetic
impurity (assumed to be a monomeric Fe(III) complex), the
smaller interdimer exchange coupling constant, J’, cannot be
quantitatively determined by this method. We conclude then
that the magnetism exhibited by 4 is best approximated by
assuming two noninteracting oxo-bridged diiron(III) cores which
areeach strongly antiferromagnetically coupled (J =-93(2) cm™!).

Conclusion

We have synthesized the new ditopic receptor, 2, and explored
its ability to stabilize oxo-bridged, oligomeric Fe(IIT) complexes.
Interestingly, in either the presence or absence of a carboxylate
source, ligand 2 stabilizes the same tetranuclear iron(III) complex
in which no carboxylate ligands are found. Furthermore, the
same Fe(IIT) complex can be synthesized via an Fe(II) source
followed by air oxidation. The resulting tetranuclear iron(I1I)
complex, 4, has been structurally characterized and found to
contain an Fe4Og core in an adamantane-like geometry with the
iron atoms occupying the bridgehead positions. A model used
to describe the strong antiferromagnetic coupling observed in 4
is based on two noninteracting oxo-bridged diiron(III) cores. In
this model, the best fit of the data gives an exchange coupling
constant, J, equal to —93(2) cm-!. We are currently interested
in determining the nature of the Fe(II) precursor to complex 4
and in understanding the factors which govern the formation of
tetranuclear vs dinuclear iron(III) species.
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