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The structural, spectroscopic, and magnetochemical characteristics of a new hexanuclear iron-oxo complex are
reported. [Fec0;(0,CMe)y(OEL),(bpy),]C10,- 4EtOH-4H,0 (3-"4EtOH-%4H,0) crystallizes in the triclinic space
group P1 with a=11.524(1) A, b=15.865(2) A, ¢ =17.029(2) A, a.= 65.92(1)°, f = 81.49(1)°, y = 76.40(1)°, V' = 2758
A3, and Z = 2. The [Fe,0,]'*" core of the cation contains an arrangement of six iron atoms not previously seen in
iron-oxo compounds. In this arrangement, two [Fe,O]"" triangular units are bridged by a distorted tetrahedral oxide
ion. 'H- and *H-NMR spectra are reported for two [Fes0,]2* complexes, 3 and the 4,4’-Me,bpy analog 4, as well
as CD;CO,” and/or CD;CD,O" derivatives of 3. Assignment of the resonances was made based on the "H-NMR
chemical shift data and changes seen in the 'H- and 2H-NMR spectra of the related deuterated complexes. The
magnetic susceptibility of complex 3 was measured in the range of 5-300 K. The effective magnetic moment per
molecule decreases gradually from 6.44 uy at 300 K to 3.31 up at 70 K then more dramatically to 0.84 ug at 5 K,
indicating a diamagnetic S = 0 ground state consistent with the expected presence of antiferromagnetic exchange

interactions between the Fe'™ ions.

Introduction

Polynuclear oxo-, hydroxo- and alkoxo-bridged iron clusters
have received a great deal of attention in recent years, as a result
of the role of these species in a number of biological systems.'”
The active sites of a variety of proteins such as hemerythrin,
methane monooxygenase and ribonucleotide reducatase have
been shown to contain diiron cores bridged by oxo or hydroxo
ligands. The protein ferritin has also received attention, owing
to the biological importance of the role of this protein in the
storage and recycling of iron.>**7 A variety of compounds of
high metal nuclearity that model the storage of iron in the
protein have been synthesized.*?

Another interesting aspect of large polynuclear iron clusters
is the potential for these clusters to possess large spin (S) values
in their ground states, leading to the possibility of obtaining
new examples of a cluster that will behave as a single-molecule-
magnet (SMM) (i.e., show a slow (ms) relaxation rate of
the magnetization). Most complexes that function as SMMs
identified to date contain manganese ions, although a few
vanadium and iron complexes have also been shown to behave
as SMMs.?*! Iron is a particularly interesting metal to investi-
gate in this area, owing to the large number (five) of unpaired
electrons on each Fe** ion (S=5/2), a property which, for
certain topologies, offers the potential to form clusters with
large numbers of unpaired electrons, such as Fe,; and Fe,y, one
of which has a ground state spin value of S = 33/2.257%7

One approach to the synthesis of large iron-oxo complexes is
the controlled hydrolysis of a ferric salt in the presence of carb-
oxylate ligands.*'! A variety of polynuclear Fe complexes have
been synthesized in this manner. A similar approach utilizes
controlled alcoholysis reactions of simple salts or more compli-
cated starting materials to achieve clusters of Feq, Fe,, Fe,, and
Fe,,. 1220

T Electronic supplementary information (ESI) available: selected inter-
atomic distances and angles for complex 3. See http://www.rsc.org/
suppdata/dt/b0/b006150f/
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In this paper, the products of the controlled alcoholysis of
Fe, or Fe; complexes are presented. The structural, magneto-
chemical, and NMR properties of a new type of Fe, product
are described and compared with the properties of the Fe,
starting material.

Experimental
Syntheses

All manipulations were carried out under aerobic conditions
using materials as received. [Fe;0(0,CMe)s(H,0),;](NO;) 1,
[Fe;0(0,CCD;)g(H,0)5](NO;) 1a, [Fe;0(O,CPh)4(H,0);](NO;)
1b, and [Fe,0,(0,CMe),(bpy),](CIO,) 2 were prepared as
described elsewhere.’>* Products were stored in a desiccator.

[Fe,05(0,CMe)y(OEL),(bpy),I(Cl1O,) 3. Method 1. A brown
solution of complex 1 (0.40 g, 0.61 mmol), bpy (0.10 g, 0.64
mmol), NaOEt (0.083 g, 1.2 mmol) and NaClO, (0.11 g, 0.90
mmol) in EtOH (100 mL, 100%) was stirred for 10 min, then
allowed to stand uncovered at room temperature for one week.
The dark brown crystalline solid (0.24 g, 56% yield) was separ-
ated by filtration from a dark brown solution, washed with
100% EtOH and dried under vacuum. Anal. Calc. (Found)
for C,,HssCIFegN,O,5 3-H,0: C, 35.17 (35.24); H, 3.86 (4.09);
N, 3.91 (3.81)%. IR examination confirmed this product to be
identical with crystallographically-characterized complex 3
from Method 2.

Method 2. A concentrated solution of complex 2 in EtOH
was allowed to stand at room temperature. The solution was
periodically filtered to remove [Fe(bpy);](ClO,),. After 5
months, brown crystals of 3-%4EtOH-4H,O of crystallographic
quality were collected in very low yield. Selected IR data
(cm™): 1576 (s), 1545 (s), 1496 (m), 1471 (m), 1444 (s), 1420 (s),
1106 (m), 1057 (m), 1026 (m), 898 (w), 768 (m), 735.9 (w), 706
(m, br), 658 (m), 621 (m), 554 (m, br), 489 (w,br).

[Fe,05(0,CCD,),(OEt),(bpy),I(Cl0,) 3a. The corresponding
d;-OAc complex was prepared on a smaller scale in a manner
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analogous to complex 3 (Method 1), but using complex 1a in
place of 1. The yield was 0.12 g (28%). IR examination con-
firmed this product to be complex 3a, and 'H-NMR examin-
ation confirmed it to be pure.

[Fe,0;(0,CCD;),(OCD,CD5),(bpy),]l(C10,) 3b. A brown
solution of complex 1a (30 mg, 0.045 mmol) and bpy (7.0 mg,
0.045 mmol) in EtOD (3 mL, 100%) was treated with a solution
of Na (2.0 mg, 0.087 mmol) in EtOD (2 mL, 100%) followed
by addition of NaClO, (9.0 mg, 0.074 mmol). After being
stirred for 10 min, the resulting solution was allowed to stand
uncovered at room temperature for three days. A mixture of
brown crystals and powder was recovered in low yield; crystals
were handpicked for IR and 'H-NMR examination, which
established that they were complex 3b.

[Fe,04(0,CMe)y(OEt),(4,4'-Me,bpy),](CIO,) 4. A brown
solution of complex 1 (0.40 g, 0.61 mmol), 4,4'-Me,bpy (0.11 g,
0.60 mmol), NaOEt (0.083 g, 1.2 mmol) and NaClO, (0.11 g,
0.90 mmol) in EtOH (100 mL, 100%) was stirred for 10 min,
then allowed to stand uncovered at room temperature for two
days. The brown microcrystalline solid (0.11 g, 24% yield) was
washed with 100% EtOH and dried under vacuum. Anal. Calc.
(Found) for C,Hg,ClFesN,O,, 4:5H,0: C, 35.45 (35.31); H,
4.33 (4.15); N, 3.59 (3.74)%. Selected IR data (cm™'): 1579 (s,
br), 1491 (m), 1446 (s, br), 1093 (m), 1050 (m), 1024 (m), 922
(m), 899 (w), 855 (w), 829 (m), 743 (w), 707 (m, br), 657 (m, br),
619 (m), 556 (m, br), 522 (w, br), 490 (w, br).

[Fe,05(0,CPh),(OEL),(bpy),l(C10,) 5. A brown solution of
complex 1c (0.31 g, 0.30 mmol), bpy (0.043 g, 0.28 mmol),
NaOEt (0.042 g, 0.62 mmol) and NaClO, (0.076 g, 0.62 mmol)
in EtOH (50 mL, 100%) was stirred for 10 min, then allowed to
stand uncovered at room temperature for ten days. A mixture
of powder and brown crystalline needles was separated by
filtration from a dark brown solution. The solid was washed
with 100% EtOH, the crystalline portion separated by decan-
tation, and the crystals (0.055 g, 19% yield) collected by filtra-
tion and dried under vacuum. Anal. Calc. (Found) for Cg;H,,-
ClIFegN,0,, 5 (5:-0.5H,0): C, 52.67 (52.71); H, 3.66 (3.58); N,
2.89 (2.89)%. Selected IR data (cm™"): 1598.0 (s), 1556.5 (s),
1530 (s), 1493.0 (m), 1474.8 (m), 1414 (s, br), 1176 (m), 1157.7
(w), 1094.9 (m), 1068.8 (m), 1054.44 (m), 1025.6 (m), 898.7 (W,
br), 840.3 (w), 817.7 (w), 767.9 (m), 718.8 (m, br), 686.9 (m),
674.2 (m), 655.2 (w), 634.5 (w), 622.9 (w), 597.2 (m, br), 472.8
(m, br).

X-Ray crystallography and solution of structures

Data were collected on a Bruker SMART 6000 sealed-tube
system comprising a three-circle platform goniostat, an HOG
crystal monochromator, a four kilopixel by four kilopixel
single-chip CCD-based detector, a K761 high voltage generator,
and a PC interface running Bruker’s SMART software.** The
detector to sample distance was 6.4 cm, with a take-off angle of
6.0°.

A suitable crystal was selected from the reaction solution; a
0.30 X 0.30 X 0.30 mm fragment was affixed to a glass fiber
using silicone grease and then transferred to a goniostat where
it was cooled to —165 °C for characterization and data collec-
tion. The Bruker SMART autoindexing program was used to
determine that the crystal possessed no symmetry or systematic
absences, indicating a triclinic space group. Subsequent solution
and refinement confirmed the choice of P1.

Data were collected using the standard hemisphere setting
for the SMART 6000. Data were integrated and merged using
SAINT,* and the structure was solved using direct methods
(SHELXTL)* and Fourier techniques. A slight disorder is
present in one of the ethoxy groups (C(35)-C(36)) with two
equal conformations (each with 50% occupancy) located and

Table 1 Crystallographic data for [FesO5(0,CMe)y(OEt),(bpy),]-
(Cl0y) 3

Formula C,,Hs;ClFegN,0,, ¢
alA 11.524(1)
blA 15.865(2)
c/A 17.029(2)
al° 65.92(1)
BI° 81.49(1)
P 76.40(1)
VIA3 2758

4 2

Space group Pl

TIC —165
MA 0.71069°
Peaclg cm ™3 1.766
u(Mo-Ka)/ecm™ 16.786
F, /g mol™! 1466.49
R(F,)° 0.0375
R, (F,)¢ 0.0353

“ Excluding %EtOH and “%H,O solvate molecules. * Graphite mono-
chromator.  “R=X|F| — |F||/EIF,|. R, =[Ew(F,| — [F)YEw|F T
where w = 1/6*(|F,)).

refined. In addition to the Fe, cation, a ClO,~ anion was readily
located as were a single atom assigned as the O of a H,0O with
25% occupancy, and a disordered EtOH molecule lying on an
inversion center with approximately 25% total occupancy. A
final difference Fourier map was essentially featureless, the
largest peak being 0.57 ¢ A~3. Table 1 lists the crystallographic
data for 3.

CCDC reference number 186/2225.

See http://www.rsc.org/suppdata/dt/b0/b006150f/ for crystal-
lographic files in .cif format.

Physical measurements

IR spectra were recorded on KBr pellets with a Nicolet Model
510P spectrophotometer. 'H- and >H-NMR spectroscopy was
performed on a 300 MHz Varian Gemini 2000 and 400 MHz
Varian Inova spectrometers, respectively; chemical shifts are
quoted on the ¢ scale (shifts downfield of TMS are positive).
Variable-temperature magnetic susceptibility measurements
were performed on a Quantum Design MPMS-XL SQUID
magnetometer equipped with a 7 Tesla (70 kOe) magnet. A
diamagnetic correction to the observed susceptibility was
applied using Pascal’s constants.

Results and discussion
Syntheses

Much work has been done in the past which has been directed
towards the synthesis of tetranuclear iron complexes with
[Fe,O,]*" cores, and several of these “butterfly” complexes have
been well characterized.’” It has been previously noted that
certain of these complexes undergo color changes in the pres-
ence of alcohols, but no study had been done of the product(s)
of these reactions. In the light of recently published controlled
alcoholysis reactions of tetranuclear manganese complexes,® it
was of interest to investigate the nature of the alcoholysis reac-
tions of [Fe,O,]** butterfly complexes as a potential route to
interesting new species.

When a concentrated ethanolic solution of [Fe,0,(0,CMe),-
(bpy),J(ClO,) at room temperature was monitored with time,
a slow color change from green to red was observed. Red
crystalline [Fe(bpy),](ClO,), slowly formed and it was periodic-
ally removed by decantation until no further red crystals were
observed to form. Subsequent to this, brown crystals began to
appear very slowly, and after a total reaction time of five
months, these well-formed brown crystals were isolated. They
were suitable for X-ray crystallographic analysis, and were
structurally characterized as [FesO3(0,CMe)y(OEt),(bpy),l-
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Fig. 1 ORTEDP plot and stereoview of the [Fec04(0,CCH;)s(OCH,CHj,),(bpy),]" cation of complex 3. Atoms are drawn at the 50% probability level

and hydrogen atoms have been omitted for clarity.

(ClO,)-"4EtOH-%4H,0 (3-4EtOH-%4H,0). A balanced alco-
holysis equation cannot be obtained by assuming the formation
of only the above two identified products, however, and there
are probably a number of species in equilibrium in solution. It
is likely that the formation of 3 is driven by the crystallization
of sparingly soluble [Fe(bpy),;](ClO,),, which decreases the
bpy:Fe ratio in solution and fosters formation of higher
nuclearity species. The final filtrate is not colorless, indicating
additional Fe-containing species in solution, as suggested by
balanced eqn. (1).

3 [Fe,0,(0,CMe),(bpy),](CIO,) + 2EtOH ——
[Fe(bpy);](ClO,), + [FesO;3(0,CMe)y(OEL),(bpy),](Cl0,) +
5Fe* + 0 + 12MeCO, + bpy + 20H™ (1)

Once the existence of this new type of hexanuclear iron com-
plex had been established, it was possible to design a rational
synthesis that gave this complex in good yield (56%) in a much
shorter reaction time (24 hours). In this improved procedure, an
ethanolic solution of [Fe;O(0,CMe)(H,0);](NO,) was treated
with bpy, two equivalents of NaOEt and NaClO,. Exact stoi-
chiometric ratios were initially used (as in eqn. (2)), but no

2[Fe;0(0,CMe)s(H,0);]* + 2bpy + 2Et0” —
[Fes04(0,CMe)o(OEL),(bpy),] " + 3MeCO,™ +
5H,0 +2H" (2)
complex 3 was isolated under those conditions. It was found
necessary to increase the amount of NaOEt used, and to keep

the solution relatively dilute. Concentrated solutions gave the
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known [Fe,0,(0,CMe),(bpy),](ClO,), in addition to the desired
product. This new procedure also proved to be a very useful
method for the synthesis of derivatives of complex 3, and was
employed for the 4,4'-Me,bpy 4 and benzoate 5 versions, as well
as the deuterated analogues 3a (O,CCD;) and 3b (O,CCD,/
OCD,CD;).

Description of structure

A labeled ORTEP® plot and stereopair of complex 3 are
depicted in Fig. 1. The dimensions of the core are summarized
conveniently in Fig. 2. Complex 3-%EtOH-%H,0 crystallizes
in the triclinic spacegroup P1. The cation contains an unusual
[Feqs(1ts-O)(15-0),]*** core comprising two linked Fe,O units; a
distorted tetrahedral oxide, three acetate and two ethoxide
ligands bridge the two Fe; halves of the complex, and a dis-
torted trigonal planar oxide and three acetate ligands bridge
within the Fe; units at each end. Each iron atom is six-
coordinate in a distorted octahedral environment; iron atoms
Fe(1) and Fe(6) are bound to the chelating bpy ligands.

The structure of this complex is related to that of [Fe,O,-
(0,CMe),(bpy),](ClO,) 23* from which 3 can be synthesized in
Method 2. Both complexes have identical connectivity around
the p;-oxide ligands, as shown below; the difference lies in the
central core. The latter of the butterfly complex 2 consists of an
acetate group bridging the two “body” iron atoms (Fe,). The
central [FesO;] core of complex 3 can be structurally achieved
by inserting an [FeOFe] group into the core of complex 2, and
adding an additional two bridging acetate and two bridging
ethoxide ligands. Overall, both 2 and 3 can be described as
being composed of two [Fe;0] oxide-centred triangular units: 2



Fig. 2 The [Fe,O4]** core showing interatomic separations (A) and
angles (°).
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contains two edge-fused [Fe;O] units whereas 3 contains two
oxide-bridged [Fe;O] units.

As in complex 2, the central iron atoms (Fe,) in 3 are bridged
by two oxide ions, whereas the wingtip ions at the ends (Fe,)
have only a single oxide bridge, resulting in a similar shorter
separation between the central iron atoms in the same half of
the complex (Fe, - - - Fe, =2.954 A in 3 and 2.855 A in 2) com-
pared with the body-to-wingtip separation (average Fe, - - - Fe,, =
3.351 A in 3 and 3.372 A in 2). The p,-O atoms bridge some-
what asymmetrically; the bonds to the wingtip iron atoms (Fe6—
09, 1.833(2) A and Fel-07, 1.841(2) A) are shorter than the
bonds to body iron atoms (Fe5-09, 1.949(2) A; Fe4-09,
1.940(2) A; Fe3-07, 1.937(2) A; Fe2-07, 1.948(2) A). The
asymmetry in the Fe - - - Fe distances and Fe-O distances within
the Fe;O unit is paralleled in the Fe-O-Fe angles within this
unit: the average internal Fe—-O—Fe angle (e.g., Fe5-09-Fe4) is
99.0°, while the average external Fe-O-Fe angle (e.g Fel-O7-
Fe2) is noticeably larger at 125°. These trends are all similar to
those seen in complex 2, and these structural similarities
between 2 and 3 are likely the cause of the similar magnetic
properties (vide infra).

Not found in the core of complex 2 is the severely distorted
tetrahedral oxygen atom that bridges the two halves of the
cation of 3. The Fe—u,-O bond distances are all similar, ranging
from 2.013 to 2.028 A (average 2.020 A), which are significantly
greater that the Fe—1;-O bond distances, as expected. The dis-
tortion from tetrahedral geometry is caused by the bridging
EtO™ groups and the unique MeCO, ™ group bridging Fe(3) and
Fe(4), and this is reflected in both the Fe - - - Fe distances and
the Fe—-O-Fe angles about the p,-oxygen atom. The two long
Fe - - - Fe distances correlate with large bond angles (Fe(2)- - -
Fe(5), 3.957 A and Fe(2)-O(8)-Fe(5), 156.87°; Fe(3) - - - Fe(4),
3.511 A and Fe(3)-O(8)-Fe(4), 120.68°), while the two shorter
Fe - - - Fe distances correlate with smaller bond angles (Fe(2) - - -
Fe(4), 3.010 A and Fe(2)-O(8)-Fe(4), 96.76%; Fe(3)- - - Fe(5),
3.058 A and Fe(3)-O(8)-Fe(5), 97.99°). The complete cation
has virtual C, symmetry.

There are to date no hexanuclear transition metal com-
plexes that contain the same type of [MO,] core that appears
in 3, and in fact, iron complexes with a p,-oxide ligand are
relatively rare. The oxygen atoms in four such complexes, [Fes-
(14-0),(1-OMe)y(OMe),(tren),]** 1*  (tren = tris(2-aminoethyl)-
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Fig. 3 'H-NMR spectra of complex 4 (bottom), 3 (second from
bottom), 3a (third from bottom), and 3b (top). See text for experimental
details and assignment of resonances. X = CHDCI,, S = EtOH solvent
of crystallization.

amine), [Fe;(Cl;04OMe);,(MeOH)g," [Fey(114-0)4(O,CPh),,-
(OCH,Bu),(Bu‘CH,0H),]* and [Fe;(1s-0)4(OMe),(dbm)g]
(dbm™ is the anion of dibenzoylmethane),'® are in distorted
tetrahedral environments and similarly possess a range of
Fe-O-Fe angles about the p,-oxide ion. The Fe—u,-O bond
distances, however, are in a much larger range of 1.9 to 2.2 A
in these complexes, compared with the fairly small deviations in
3, except for [FeyO,(O,CPh),(OR),(ROH),] for which the
range is an intermediate 1.978(2)-2.029(2) A. In [Fe,sM(jL,-O),-
(13-0)4(OH),o(O,CPh),],"* the p,-oxide atoms are bound to
the central divalent heterometal, and in [Feg(i-O)(15-O),-
(0,CMe)y(tren),]**, the p,-oxide is square planar.’

'H- and H-NMR spectroscopy

An NMR study of complexes 3 and 4 has been carried out in
dichloromethane, and these spectra are compared with those
previously reported for complex 2.** In Figs. 3 and 4 are shown
the spectra recorded for complexes 3, 3a, 3b and 4; the meas-
ured chemical shifts are collected in Table 2. The spectra all
display broadened and shifted resonances, features typical of
paramagnetic NMR. Nevertheless, all the peaks were located in
either the "H- or ZH-NMR spectra, or both, and all of the peaks
were assigned, once all the spectra were compared. The number
of resonances expected for complex 3, based on its virtual C,
solid-state symmetry, is as follows: eight from the bpy groups,
five from the acetate groups, and three from the ethoxide
groups. The five acetate peaks are expected to appear in a
1:2:2:2:2 ratio; the peaks marked A and A’ in Fig. 3 corre-
spond to the acetate protons, since these peaks do not appear in
the 'H spectra of the deuterated analogues 3a and 3b (Fig. 3,
top two spectra), but do appear in the *H spectra of the latter
(Fig. 4). The peak of lowest intensity at 23.7 ppm (A’) is
assigned to the unique acetate group bridging the two central
iron atoms, Fe3 and Fe4. The other peaks are all about twice as
intense as the single unique acetate resonance, and correspond
to the other eight acetate ligands.

The remaining resonances correspond to either the bpy or
ethoxide protons. Comparison of the 'H spectra of 3a (contain-
ing resonances from both bpy and ethoxide) and 3b (with
resonances from bpy only) (Fig. 3, top two spectra) shows no
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Table 2 'H- and *H-NMR data“ for [Fec0;(0,CR)y(OEt),(4,4-X,bpy),](CIO,)
Compound O,CR OCH,CH; bpy
3 23.7,22.0,21.1, — (3,5): 16.19, 14.05,
R =CH; 17.8,16.7 13.45,12.03,
X=H (4):7.70
4 23.6,21.9,20.8, — (3,5): 16.06, 13.6,
R =CH; 17.7,16.5 13.29, 11.89;
X = CH, (4,4'-Me): 3.42, 3.0
3a °H: 23.42, 21.67, — TH: (6): 21.18; (3,5):
R =CD; 20.46, 17.48, 16.18, 14.0, 13.45,
X=H 16.25 12.03: (4): 7.67
3b 2H: 23.34, 21.63, 2H: (CD,): 13.98; 'H: (6): 21.02;
R = CD, 20.41, 17.44, (CD,): 244, (3,5): 16.18, 13.8,
X=H 16.27 240 13.46, 12.05;
0CD,CD, (4):7.79

“1In dichloromethane at ~23 °C. All values in ppm.

L L L L B L

30 25 20 15 10 5 0

E (CDy)

L e e |
250 200 150 100 50 0
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Fig. 4 2H-NMR spectra of complex 3a (top), and 3b (middle and
bottom). See text for experimental details and assignment of reson-
ances. X=CHDCI,, S=CD;CD,0D solvent of crystallization,
E = bound CD;CD,0", A =CD,CO,".

obvious differences. Thus, the six peaks in 3a must be due to the
bpy protons. The peak at 7.70 ppm that is removed in the spec-
trum of complex 4 (Fig. 3, bottom) is assigned as from the 4,4’
protons, and the new peaks at 3.42 and 3.09 ppm must be from
the 4,4’-Me protons. The 7.70 ppm peak corresponds to both
4,4’ protons: it is double the intensity of the smaller signals, and
in fact, a shoulder is seen on close inspection, suggesting two
separate but poorly-resolved resonances at this position. The
four sharper peaks are assigned to the 3, 3’, 5, 5" protons. These
peaks have similar widths, consistent with their similar
distances from the metal centers (5.041 to 5.195 A), making
specific assignment of these resonances difficult. The broadest
resonance at 21.18 (obscured by the acetate protons in 3) must
be due to one of the 6,6’ protons, since they are the closest to
the metal center (3.138 to 3.189 A). The second resonance from
the 6,6’ protons is likely obscured by a bpy resonance.

The resonances from the ethoxide protons are seen only in
the 2H-NMR spectrum of 3b (Fig. 4), where all linewidths are
decreased compared with the corresponding 'H-NMR line-
widths. The resonance at 13.98 ppm is assigned to the methyl
group, since it is of equal intensity to the acetate (A) reson-
ances. This CHj signal is obscured by bpy resonances in the
'"H-NMR spectra. The CD, resonance is observed as two broad
signals at 244 and 240 ppm. The presence of two signals corre-
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Fig. 5 Plot of the effective magnetic moment of a crystalline sample
of 3-H,0 as a function of temperature.

lates with the absence of a mirror plane through O(34), O(8)
and O(37), causing these protons to be diastereotopic; the pres-
ence of a C, rotation axis, however, causes the deuterium atoms
on one ethoxide to become equivalent with the deuterium
atoms on the symmetry-related ethoxide group. The broadness
of these signals is such that the corresponding CH, resonances
are broadened beyond detection in the '"H-NMR spectra. The
source of the extreme broadness and chemical shift is the prox-
imity of these nuclei to all six iron atoms; each proton has two
short contacts of 3.5 A and four long contacts of 5.8 A.

Magnetochemistry

The magnetic susceptibility of complex 3 was measured in the
range of 5.00-300.0 K. A plot of the effective magnetic moment
per molecule is given in Fig. 5. The effective magnetic moment
(tter) and y,, T values per Feq decrease gradually from 6.44 ujg
and 5.18 cm® K mol ™ at 300 K to 3.31 sz and 1.37 cm® K mol ™!
at 70 K, then more dramatically to an essentially diamagnetic
value of 0.84 s and 0.09 cm® K mol ™! at 5 K. The 300 K values
are considerably less than the 14.5 up and 26.3 cm® K mol™
expected for a hexanuclear species containing non-interacting
Fe™ (S = 5/2) ions, suggesting the presence of relatively strong
antiferromagnetic exchange interactions in 3. The rapidly
decreasing shape of the curve at the lowest temperatures is
strongly suggestive of an S =0 ground state. The S'=0 ground
state of the Feq cation in 3 is not unexpected, given that this is
the most common ground state for Fe™, clusters where x is an
even number. In fact, the previously characterized cation in 2
was shown to have an S=0 ground state. Some important
exceptions, however, include [Fey,O,(OH),,(tacn)** (S =10),*
[Fe,(OMe)s(dpm)s] (S=5; dpm™ is the anion of dipivaloyl-
methane)*' and [Fe,0,(OH),(0,CMe),,(hmp),] (S =35; hmp is
the anion of 2-(hydroxymethyl)pyridine),** where the non-zero



ground state is caused by spin frustration effects induced by the
architecture of these complexes.

The cation of 3 presents an interesting geometry, where
two Fe,O triangular units are intimately connected through a
H,-oxo bridge, and it is possible to rationalize the magnetic
interactions by considering this geometry. Previous studies
of [Fe;0]"" complexes have established that competing anti-
ferromagnetic interactions exist that result in spin frustration
and distortions away from equilateral symmetry assignable to
the magnetic Jahn-Teller effect.** The interaction between
two such [Fe;O] triangular units through the p,-oxo bridge in
3 results in a system with six non-equivalent J values for the
[Fey(1s-0)(1-MeCO,)],  [Fey(n3-O)(p-MeCO,),],  [Fey(ps-O)-
(1O)], [Fey(py-O)(u-OEt)(u-MeCO,)], [Fey(py-0)(1-MeCO,)]
and [Fe,(u,-O)] pairwise interactions. Unfortunately, a detailed
theoretical analysis of the susceptibility data via the Kambe
method* was not feasible due to the complex architecture of
the Feq core, whose virtual C, core symmetry still involves six,
non-equivalent J values, and a multiplicity of 46,656 for
six atoms each of S'=5/2. Even assuming D, core symmetry
simplifies the problem only slightly to four J values. A matrix
diagonalization approach would involve a 46,656 X 46,656
matrix, and was not attempted. Qualitatively, however, the
S =0 ground state of 3 can readily be rationalized. In fact, given
the structural similarity between 2 and 3, it is instructive to note
that 2 also has an S'=0 ground state. In the latter, it has been
shown that the four antiferromagnetic J,, interactions frustrate
the Jy, interaction (J;, and Jy, are the wingtip—body (Fe,—Fe,)
and body-body (Fe,—Fe,) interactions, respectively) leading to
the S'=0 ground state via the spin alignments shown, i.e., the

+ /Fe\b\ +
FeW—O\ /O—Fe w
Feb

4

Fe, spins are parallel in the ground state even though the J,
parameter is most likely negative (antiferromagnetic).® In
fact, the precise value of J,;, could not be determined in 2
because the energies of spin states populated in the 5-300 K
range employed were determined only by J,,. It is likely that a
similar frustration of the analogous Ji, interactions of the
[Fe,(15-O)(114-O)] pairs in 3 is occurring, as a result of the many
antiferromagnetic J,,, interactions and J, interactions of the
[Fey(-O)(p-OEY)], [Fey(1y-0)] and  [Fey(py-O)(n-MeCO,)]
pairs. Thus, the S'=0 ground state of 3 can be rationalized as
shown, where a parallel alignment of central Fe,—Fe, spins
is enforced, as in 2, by the many competing antiferromagnetic
interactions.

! Y
b e Fee
Fe,—Q / ), /O_Few
\Fe/b 0\54

Conclusions

Slow hydrolysis of the butterfly complex [Fe,O,(0,CMe),-
(bpy),]” leads to a low yield of a new Fe™ cluster [FesO5(O,-
CMe)y(OEt),(bpy),](Cl0,) 3. As often is the case, once the iden-
tity of a product has been obtained, a more rational preparative
method can be devised, and this has indeed been accomplished
for 3. The procedure gives the product in good yield and is
readily amenable to preparation of derivatives of 3.

The 'H- and H-NMR studies confirm that 3 is not merely a
solid-state curio, but instead retains its structural integrity on
dissolution, in dichloromethane at least, opening up the poten-
tial for further reactivity studies. The cluster exhibits a variable-

temperature magnetic susceptibility consistent with a singlet
spin ground state and thermally-populated S # 0 excited states
in the 5-300 K temperature range. The S=0 ground state is
consistent with the expected antiferromagnetic exchange inter-
actions between the Fe™ ions and an extended Fe, topology
that does not introduce large amounts of spin frustration.

The identification of 3 reinforces a belief that, as seen else-
where, the introduction of alkoxide ligands can lead to new Fe,
topologies not seen or accessible with oxide and carboxylate
ligands alone. This has led to further new and novel complexes
currently being characterized and which will be reported soon.

Acknowledgements

This work was supported by the USA National Science
Foundation.

References

1 B. J. Wallar and J. D. Lipscomb, Chem. Rev., 1996, 96, 2625.

2 Bioinorganic Chemistry, 1. Bertini, H. B. Gray, S. J. Lippard and
J. S. Valentine, eds., University Science Books, Mill Valley, CA,
1994.

3 Iron Carriers and Iron Proteins, T. M. Lohr, ed., VCH, Weinheim,
1989.

4 L. Que, Jr. and R. Y. N. Ho, Chem. Rev., 1996, 96, 2607.

5 S.J. Lippard, Angew. Chem., Int. Ed. Engl., 1988, 27, 344.

6 G. S. Waldo and E. C. Theil, Comp. Supramol. Chem., 1996, 5, 65.

7 P. M. Harrison and P. Arosio, Biochem. Biophys. Acta, 1996, 1275,
161.

8 W. Micklitz and S. J. Lippard, J Am. Chem. Soc., 1989, 111, 6856.

9 V. S. Nair and K. S. Hagen, Inorg. Chem., 1994, 33, 185.

10 S. M. Gorun, G. C. Papaefthymiou, R. B. Frankel and S. J. Lippard,
J. Am. Chem. Soc., 1987, 109, 3337.

11 W. Micklitz and S. J. Lippard, J. Am. Chem. Soc., 1989, 111, 6856.

12 (a) A. Caneschi, A. Cornia and S. J. Lippard, Angew. Chem., Int. Ed.
Engl., 1995, 34, 467; (b) J.-M. Vincent, S. Ménage, J.-M. Latour,
A. Boussekson, J.-P. Touchagues, A. Decian and M. Fontcave,
Angew. Chem., Int. Ed. Engl., 1995, 34, 205; (¢) A. K. Powell,
S. L. Heath, D. Gatteschi, L. Pardi, R. Sessoli, G. Spina, F. Del
Giallo and F. Pieralla, J Am. Chem. Soc., 1995, 117, 2491.

13 V. S. Nair and K. S. Hagen, Inorg. Chem., 1992, 31, 4048.

14 K. Hegetschweiler, H. W. Schmalle, H. M. Streit, V. Gramlich,
H. U. Hund and I. Erni, Inorg. Chem., 1992, 31, 1299.

15 V. S. Nair, A. Kitaygorodskiy and K. S. Hagen, Abstr. Pap.-Am.
Chem. Soc., 206th 1993, 1993, 525.

16 A. Caneschi, A. Cornia, A. C. Fabretti and S. Gatteschi, Angew.
Chem., Int. Ed. Engl., 1995, 34, 2716.

17 S. Asirvatham, M. A. Kahn and K. M. Nicholas, Inorg. Chem.,
2000, 39, 2006.

18 (a) K. L. Taft and S. J. Lippard, J. Am. Chem. Soc., 1990, 112, 9629;
() K. L. Taft, C. D. Delfs, G. C. Papaefthymiou, S. Fonger,
D. Gatteschi and S. J. Lippard, J. Am. Chem. Soc., 1994, 109, 3337,
(¢) C. Benelli, S. Parsons, G. A. Solan and R. E. P. Winpenny,
J. Am. Chem. Soc., 1996, 35, 1825.

19 (a) K. L. Taft, G. C. Papaefthymiou and S. J. Lippard, Science, 1993,
259, 1302; (b) K. L. Taft, G. C. Papaefthymiou and S. J. Lippard,
Inorg. Chem., 1994, 33, 1510; (¢) A. Caneschi, A. Cornia, S. J.
Lippard, G. C. Papaefthymiou and R. Sessoli, Inorg. Chim. Acta,
1996, 243, 295.

20 G. L. Abbati, A. Caneschi, A. Cornia, A. C. Fabretti and
D. Gatteschi, Inorg. Chim. Acta, 2000, 297, 291.

21 C. J. Harding, R. K. Henderson and A. K. Powell, Angew. Chem.,
Int. Ed. Engl., 1993, 32, 570.

22 K. Hegetschweiler, H. W. Schmalle, H. M. Streit and W. Schenider,
Inorg. Chem., 1990, 29, 3625.

23 R. W. Saalfrank, I. Bernt, E. Uller and F. Hampel, Angew. Chem.,
Int. Ed. Engl., 1997, 36, 2482.

24 A. Bino, I. Schweky, S. Cohen, E. R. Bauminger and S. J. Lippard,
Inorg. Chem., 1998, 37, 5168.

25 (a) S. L. Heath and A. K. Powell, Angew. Chem., Int. Ed. Engl., 1992,
31, 191; (b) S. L. Heath, D. Gatteschi, L. Pardi, R. Sessoli, G. Spina,
F. Del Giallo and F. Pieralli, J. Am. Chem. Soc., 1995, 117, 2491.

26 D. Gatteschi, A. Caneschi, R. Sessoli and A. Cornia, Chem. Soc.
Rev., 1996, 25, 101.

27 D. Gatteschi, R. Sessoli and A. Cornia, Chem. Commun., 2000, 725.

28 G. Aromi, S. M. J. Aubin, M. A. Bolcar, G. Christou, H. J. Eppley,
K. Folting, D. N. Hendrickson, J. C. Huffman, R. C. Squire,
H.-L. Tsai, S. Wang and M. W. Wemple, Polyhedron, 1998, 17, 3005.

J. Chem. Soc., Dalton Trans., 2000, 44464452 4451



29 S. L. Castro, Z. M. Sun, C. M. Grant, J. C. Bollinger, D. N.
Hendrickson and G. Christou, J. Am. Chem. Soc., 1998, 120, 2365.

30 R. Sessoli, H.-L. Tsai, A. R. Schake, S. Wang, J. B. Vincent,
K. Folting, D. Gatteschi, G. Christou and D. N. Hendrickson,
J. Am. Chem. Soc., 1993, 115, 1804.

31 H. J. Eppley, H.-L. Tsai, N. de Vries, K. Folting, G. Christou and
D. N. Hendrickson, J Am. Chem. Soc., 1995, 117, 301.

32 (a) F. E. Sowrey, C. J. MacDonald and R. D. Cannon, J. Chem. Soc.,
Faraday Trans., 1998, 1571; (b) K. Nakata, A. Nagasawa, Y. Sasaki
and Y. Ito, Chem. Lett., 1989, 753; (¢) R. D. Cannon, U. A.
Jayasooriya, R. Wu, S. K. arapKoske, J. A. Stride, O. F. Nielsen,
R. P. White, G. J. Kearley and D. Summerfield, J. 4m. Chem. Soc.,
1994, 116, 11869; (d) J. Catterick, P. Thornton and B. W.
Fitzsimmons, J. Chem. Soc., Dalton Trans., 1977, 1420.

33 J. K. McCusker, J. B. Vincent, E. A. Schmitt, M. L. Mino, K. Shin,
D. K. Coggin, P. M. Hagen, J. C. Huffman, G. Christou and
D. N. Hendrickson, J Am. Chem. Soc., 1991, 113, 3012.

34 SMART Version 5.057 data collection software, Bruker Analytical
X-ray Systems, Inc., Madison, Wisconsin, USA, 1998.

35 SAINT Version 6.0 data integration software, Bruker Analytical
X-ray Systems, Inc., Madison, Wisconsin, USA, 1998.

36 G. M. Sheldrick, SHELXTL Version 5.1, Bruker Analytical
Systems, Inc., Madison, Wisconsin, USA, 1997.

37 (a) V. 1. Ponomarev, L. O. Atovmyan, S. A. Bobkova and K. I. Turte,
Dokl. Akad. Nauk SSSR, 1984, 274, 368; (b)) W. H. Armstrong,
M. E. Roth and S. J. Lippard, J. Am. Chem. Soc., 1987, 109, 6318;
(¢) S. M. Gorun and S. J. Lippard, Inorg. Chem., 1988, 27, 149;
(d) S. R. Boone, G. H. Purser, H.-S. Chang, M. D. Lowery, D. N.
Hendrickson and C. G. Pierpont, J. Am. Chem. Soc., 1989, 111,
2292; (e) S. C. Shoner and P. P. Power, Inorg. Chem., 1992, 31, 1001;
(f) P. Chaudhuri, M. Winter, P. Fleischhauer, W. Haase, U. Florke
and H.-J. Haupt, Inorg Chim. Acta, 1993, 212, 241; (g) L. Wu,
M. Pressprich, P. Coppens and M. J. DeMarco, Acta Crystallogr.,
Sect. C: Cryst. Struct. Commum., 1993, 49, 1255; (h) X.-F. Yu
and W.-Y. Pan, Jiegou Huaxue, 1993, 12, 271; (i) K. L. Taft,
A. Caneschi, L. E. Pence, C. D. Delfs, G. C. Papaefthymiou and
S. J. Lippard, J. Am. Chem. Soc., 1993, 115, 11753; (j) X.-F. Yu and
Y.-Q. Jiang, Huaxue Xuebao (Engl. Ed.), 1993, 51, 579; (k) W.-Y. Pan

4452 J. Chem. Soc., Dalton Trans., 2000, 44464452

and X.-F. Yu, Chin. J. Chem., 1994, 12, 534; (/) H. Li, Z. J. Zhong,
W. Chen and X.-Z. You, J. Chem. Soc., Dalton Trans., 1997, 463;
(m) R. A. Reynolds, III, W. R. Dunham and D. C. Coucouvanis,
Inorg. Chem., 1998, 37, 1232; (n) M. W. Wemple, D. K. Coggin,
J. B. Vincent, J. K. McCusker, W. E. Streib, J. C. Huffman,
D. N. Hendrickson and G. Christou, J. Chem. Soc., Dalton Trans.,
1998, 719.

38 G. Aromi, M. W. Wemple, S. M. J. Aubin, K. Folting, D. N.
Hendrickson and G. Christou, J Am. Chem. Soc., 1998, 120,
5850.

39 P. Ammala, J. D. Cashion, C. M. Kepert, B. Moubaraki, K. S.
Murray, L. Spiccia and B. O. West, Angew. Chem., Int. Ed., 2000, 39,
1688.

40 (@) A. L. Barra, P. Debrunner, D. Gatteschi, Ch. E. Schultz and
R. Sessoli, Europhys. Lett., 1996, 35, 133; (b) C. Sangregorio,
T. Ohm, C. Paulsen, R. Sessoli and D. Gattechi, Phys. Rev. Lett.,
1997, 6, 195; (¢) Y. Pontillon, A. Caneschi, D. Gatteschi, R. Sessoli,
E. Ressouche, J. Schweizer and E. Lelievre-Berna, J Am. Chem.
Soc., 1999, 121, 5342.

41 A. L. Barra, A. Caneschi, A. Cornia, F. Fabrizi de Biani,
D. Gatteschi, C. Sangregorio, R. Sessoli and L. Sorace, J. Am.
Chem. Soc., 1999, 121, 5302.

42 C. A. Christmas, H.-L. Tsai, L. Pardi, J. M. Kesselman, P. K.
Gantzel, R. K. Chadha, D. Gatteschi, D. F. Harvey and D. N.
Hendrickson, J. Am. Chem. Soc., 1993, 115, 12483.

43 T. Murao, Phys. Lett., 1974, 49A, 33.

44 D. H. Jones, J. R. Sams and R. C. Thompson, J. Chem. Phys., 1984,
81, 440.

45 C. T. Dziobkowski, J. T. Wrobleski and D. B. Brown, Inorg. Chem.,
1981, 20, 671.

46 G. J. Long, W. T. Robinson, W. P. Tappmeyer and D. L. Bridges,
J. Chem. Soc., Dalton Trans., 1973, 573.

47 R. D. Cannon, U. A. Jayasooriya, R. Wu, S. K. arapKoske, J. A.
Stride, O. F. Nielsen, R. P. White, G. J. Kearley and D. Summerfield,
J. Am. Chem. Soc., 1994, 116, 11869.

48 K. Kambe, J. Phys. Soc. Jpn., 1950, 5, 48.

49 C. K. Johnson, ORTEP, Report ORNL-5138, Oak Ridge National
Laboratory, Oak Ridge, TN, 1976.



