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Abstract: Non-heme iron and manganese species with terminal oxo ligands are proposed to be key
intermediates in a variety of biological and synthetic systems; however, the stabilization of these types of
complexes has proven difficult because of the tendency to form oxo-bridged complexes. Described herein
are the design, isolation, and properties for a series of mononuclear FeIII and MnIII complexes with terminal
oxo or hydroxo ligands. Isolation of the complexes was facilitated by the tripodal ligand tris[(N′-tert-
butylureaylato)-N-ethyl]aminato ([H31]3-), which creates a protective hydrogen bond cavity around the MIII-
O(H) units (MIII ) Fe and Mn). The MIII-O(H) complexes are prepared by the activation of dioxygen and
deprotonation of water. In addition, the MIII-O(H) complexes can be synthesized using oxygen atom transfer
reagents such as N-oxides and hydroxylamines. The [FeIIIH31(O)]2- complex also can be made using
sulfoxides. These findings support the proposal of a high valent MIV-oxo species as an intermediate during
dioxygen cleavage. Isotopic labeling studies show that oxo ligands in the [MIIIH31(O)]2- complexes come
directly from the cleavage of dioxygen: for [FeIIIH31(O)]2- the ν(Fe-16O) ) 671 cm-1, which shifts 26 cm-1

in [FeIIIH31(18O)]2- (ν(Fe-18O) ) 645 cm-1); a ν(Mn-16O) ) 700 cm-1 was observed for [MnIIIH31(16O)]2-,
which shifts to 672 cm-1 in the Mn-18O isotopomer. X-ray diffraction studies show that the Fe-O distance
is 1.813(3) Å in [FeIIIH31(O)]2-, while a longer bond is found in [FeIIIH31(OH)]- (Fe-O at 1.926(2) Å); a
similar trend was found for the MnIII-O(H) complexes, where a Mn-O distance of 1.771(5) Å is observed
for [MnIIIH31(O)]2- and 1.873(2) Å for [MnIIIH31(OH)]-. Strong intramolecular hydrogen bonds between the
urea NH groups of [H31]3- and the oxo and oxygen of the hydroxo ligand are observed in all the complexes.
These findings, along with density functional theory calculations, indicate that a single σ-bond exists between
the MIII centers and the oxo ligands, and additional interactions to the oxo ligands arise from intramolecular
H-bonds, which illustrates that noncovalent interactions may replace π-bonds in stabilizing oxometal
complexes.

Numerous oxidation reactions utilize metal complexes with
terminal oxo ligands.1 Among the late 3d transition-metal ions,
iron and manganese oxo species in particular are purported to
catalyze the oxidation of organic and biochemical substrates.2

In biochemical systems, Mn-O species are proposed as
intermediates in the oxygen evolving complex of photosystem
II,3 peroxidases,4 and catalases.5 Additionally, the catalytic
cycles of many heme and non-heme iron enzymes involve
species containing Fe-O units.2,6 The metal centers in these
species are postulated to have oxidation levels of greater than

or equal to 4+; these assignments are made from low-tem-
perature spectroscopic measurements7 or mechanistic investiga-
tions.8 Room-temperature isolation of monomeric MnVdO
complexes has been achieved using tetraanionic chelating
ligands.9 Moreover, the structure of a non-heme FeIVdO
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complex has been reported recently that is stable at tempera-
tures less than-20 °C.10 The source of the oxo ligands in these
manganese and iron-oxo complexes is derived from reagents
other than dioxygen, such as peroxides or iodosylbenzene.11

Lower valent iron and manganese complexes (e3+) with oxo
ligands are dominated by species having MIII -(µ-O)n-MIII

motifs (MIII ) Fe, Mn;n ) 1-3).5a,12Complexes of these metal
ions containing terminal oxo ligands are rare: prior to our work,
the polymeric MeMnIIIO‚‚‚Li species was the only structurally
characterized system.13 The paucity of stable FeIII -oxo and
MnIII-oxo complexes reflects the widely held view that multiple
bonds between the metal center and the terminal oxo ligand
are required for isolation.1 Multiple metal-oxo bonds often
require vacant or half-filledπ-accepting orbitals on the metal
ion, which most often occurs for metal centers with oxidation
states greater than 4+ and no more than four d electrons.14

A growing body of evidence suggests that other interactions
can influence the stability of terminal oxo metal units. In
particular, structure-function studies on metalloproteins indicate
that intramolecular hydrogen bonds (H-bonds) can regulate the
properties of the oxometal complexes. For instance, X-ray
diffraction studies (2.2 Å resolution) on compound I of
cytochromec peroxidase show that H-bonds exist between an

active-site arginine (Arg48) and the FeIVdO center.15 Spectro-
scopic measurements on compound II of horseradish peroxi-
dase16 and theoretical studies of models for bleomycin17 and
methane monooxygenase18 further suggest that activity is
partially regulated by H-bonds to oxoiron units. These intramo-
lecular interactions occur between the oxo ligand and an H-bond
donor(s) positioned within the active site. The protein-induced
microenvironment that surrounds the oxometal complex facili-
tates this type of multiple bond formation.

We are developing synthetic systems that utilize principles
of metalloprotein architecture to study the role of H-bonds in
dioxygen activation and stabilization of terminal M-oxo
units.19-21 Key components of our systems include multidentate
ligands that bind metal ions and rigid organic frameworks that
promoteintramolecularH-bonds to M-O(H) units. The anionic
forms of tris[(N′-tert-butylureayl)-N-ethyl]amine ([H61]) ac-
complish this by creating H-bond cavities around vacant
coordination sites when coordinated to a metal ion. Deproto-
nation of theRNH groups yields the trianionic ligand, [H31]3-,
where metal ion binding is achieved through the threeRN- and
one amine nitrogen sites. The remaining components of the urea
groups serve as scaffolding for a cavity that disposes three
H-bond donors proximal to a fifth ligand coordinated trans to
the apical amine nitrogen. The rigidity of the urea groups
combined with the formation of thermodynamically favored six-
membered rings upon H-bond formation suggested to us that
intramolecular interactions would be favored.
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Other synthetic complexes have been reported that contain
H-bond donors positioned near metal ions.22 These include iron
porphyrin complexes for reversible O2 binding,23 the “hangman”
iron porphyrins designed to model structural aspects of the active
site in cytochrome P450,24 and metal complexes of pyridine25

and imidazole-based26 tripodal ligands. Additional designs have
complexes where these interactions aid in molecular recognition
processes.27

Metal complexes of [H31]3- differ from these previously
reported systems by having a highly anionic primary coordina-
tion sphere contained within a relatively small H-bond cavity.
These properties permit FeII and MnII complexes of [H31]3- to
activate dioxygen and produce monomeric MIII -O(H) species.
Furthermore, the constrained microenvironment around the
M-O(H) unit prevents formation of MIII-(µ-O)n-MIII species,
the common oxidation products from FeII and MnII mediated
dioxygen activation (vide supra). Reported herein are the
formation and properties of this new class of oxometal
complexes. Our results demonstrate the utility of this design
for isolating complexes with terminal oxo and hydroxo ligands,
and that noncovalent interactions can be used in stabilizing
MIII -oxo units.

Experimental Section

Preparative Methods and Syntheses.All reagents were purchased
from commercial sources and used as received, unless otherwise noted.

Anhydrous solvents were purchased from Aldrich. Dioxygen was dried
on a Drierite gas purifier that was purchased from Fisher Scientific.
The syntheses of all metal complexes were conducted in a Vacuum
Atmosphere drybox under an argon atmosphere. Elemental analyses
of all compounds were performed at Desert Analytics, Tucson, AZ.
All samples were dried in vacuo before analysis. The presence of
solvates was corroborated by FTIR and1H NMR spectroscopy. H61
was synthesized using literature methods.19b,c The preparations of K2-
[MnIIIH31(O)], K[MnIIIH31(OH)], and K[FeIIIH31(OH)] from water have
been reported previously.19d,eAll experimental procedures were repeated
at least in duplicate, and yields are reported as average values.

Syntheses with Dioxygen. Potassium{Tris[( N′-tert-butylureay-
lato)-N-ethyl]aminato(oxo)ferrate(III) } (K2[FeIII H31(O)]). H61 (0.200
g, 0.451 mmol) was dissolved in∼10 mL dimethylacetamide (DMA)
and treated with solid KH (0.072 g, 1.8 mmol) under an argon
atmosphere. The mixture was stirred until hydrogen gas evolution
ceased. This mixture was then treated with solid Fe(OAc)2 (0.079 g,
0.45 mmol) and stirred for 10 min. Dry O2 (5.5 mL, 0.23 mmol) was
added to the reaction mixture through a gastight syringe, and im-
mediately a deep orange solution resulted. The reaction mixture was
stirred for 1 h and placed under reduced pressure for 5 min. The mixture
was then filtered to remove 2 equiv of KOAc (0.080 g, 90%). The
resulting orange filtrate was concentrated to dryness, and the crude
compound was isolated after washing with diethyl ether. Diffusing
diethyl ether vapors into a DMA solution of the crude salt afforded
the recrystallized salt. Yield: 0.19 g (70%). Anal. Calcd (found) for
K2[FeIIIH31(O)]‚DMA, C25H52N8O5K2Fe: C, 44.24 (43.96); H, 7.72
(7.95); N, 16.50 (16.02). FTIR (Nujol, cm-1): ν(NH) 3230, 3140 (urea,
s); ν(CO) 1640, 590 (DMA, s), 1600, 1530 (urea, s);ν(Fe-16O) 671,
ν(Fe-18O) 645. λmax/nm (DMA, ε, M-1 cm-1): 291 (2900) and 392
(2100); λmax/nm (DMSO, ε, M-1 cm-1): 395 (1940). EPR (DMA, 77
K): g ) 5.5 and 1.98.µeff (solid, 298 K)) 5.93 µB.

Potassium{Tris[( N′-tert-butylureaylato)-N-ethyl]aminato(oxo)-
manganate(III)} (K2[Mn III H31(O)]). K2[MnIIIH31(O)] was prepared
using the same procedure as for K2[FeIIIH31(O)] with H61 (0.200 g,
0.451 mmol), KH (0.072 g, 1.8 mmol), and Mn(OAc)2 (0.078 g, 0.45
mmol). Crude compound was not isolated; the filtrate was layered with
diethyl ether to obtain crystalline product as purplish-brown solid in
68% yield (0.18 g). Anal. Calcd (found) for K2[MnIIIH31(O)]‚2DMA,
C29H60N9O6K2Mn: C, 45.60 (45.43); H, 7.86 (8.06); N, 16.51 (16.26).
FTIR (Nujol, cm-1): ν(NH) 3242, 3153 (urea, s);ν(CO) 1639, 590
(DMA, s), 1598, 1520 (urea, s);ν(Mn-16O) 700, ν(Mn-18O) 672.
λmax/nm(DMA, ε, M-1 cm-1): 498 (410) and 715 (255);λmax/nm(DMSO,
ε, M-1 cm-1): 498 (490) and 725 (240).µeff (solid, 298 K)) 4.95µB.

Potassium{Tris[(N′-tert-butylureaylato)-N-ethyl]aminato(hydroxo)-
ferrate(III) } (K[FeIII H31(OH)]). H61 (0.200 g, 0.451 mmol) was
dissolved in∼10 mL of DMA and treated with solid KH (0.054 g, 1.4
mmol) under an argon atmosphere. The mixture was stirred until H2

evolution ceased. Solid Fe(OAc)2 (0.079 g, 0.45 mmol) was added to
the above mixture and stirred for additional 10 min. Dry O2 (5.5 mL,
0.23 mmol) was injected into the reaction mixture through a gastight
syringe, and immediately a deep red solution resulted. The reaction
mixture was stirred for 1 h and then evacuated for 5 min. The mixture
was filtered to remove 2 equiv (0.085 g, 96%) of KOAc. The resulting
dark red filtrate was concentrated to dryness, and the crude compound
was isolated after being washed with diethyl ether. This salt was
recrystallized from MeCN after vapor diffusion of diethyl ether. A fine
dark red microcrystalline solid was isolated, washed with diethyl ether,
and dried underVacuumto yield 0.15 g (60%). Anal. Calcd (found)
for K[FeIIIH31(OH)]‚2DMA, C29H61N9O6KFe: C, 47.92 (47.89); H, 8.45
(8.02); N, 17.34 (17.78). FTIR (Nujol, cm-1): ν(16OH) 3630;ν(18OH)
3621;ν(NH) 3270, 3180 (urea, s);ν(CO) 1590, 1540 (urea, s).λmax/nm

(DMA, ε, M-1 cm-1): 382 nm (4000);λmax/nm(DMSO, ε, M-1 cm-1):
396 (3950). EPR (DMA, 77 K):g ) 8.9, 5.3, 3.4, 1.3.µeff (solid, 297
K) ) 5.99 µB.
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J.; Arif, A. M.; Berreau, L. M.Inorg. Chem.2002, 41, 3533-3541. (i)
Berreau, L. M.; Makowska-Grzyska, M. M.; Arif, A. M.Inorg. Chem.2000,
39, 4390-4391. (j) Garner, D. K.; Fitch, S. B.; McAlexander, L. H.; Bezold,
L. M.; Arif, A. M.; Berreau, L. M. J. Am. Chem. Soc.2002, 124, 9970-
9971.

(26) Cheruzel, L. E.; Wang, J.; Mashuta, M. S.; Buchanan, R. M.Chem.
Commun. 2002, 2166-2167.

(27) Selected examples: (a) Kickham, J. E.; Loeb, S. L.; Murphy, S. L.J. Am.
Chem. Soc.1993, 115, 7031-7032. (b) Rudkevich, D. M.; Verboom, W.;
Brzozka, Z.; Palys, M. J.; Stauthamer, W. P. R. V.; Van Hummel, G. J.;
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Potassium{Tris[(N′-tert-butylureaylato)-N-ethyl]aminato(hydroxo)-
manganate(III)} (K[Mn III H31(OH)]). K[MnIIIH31(OH)] was prepared
following the procedure used for K[FeIIIH31(OH)] with H61 (0.200 g,
0.451 mmol), KH (0.054 g, 1.4 mmol), and Mn(OAc)2 (0.078 g, 0.45
mmol). K[MnIIIH31(OH)] was isolated as green solid in 52% recrystal-
lized yield (0.13 g). Anal. Calcd (found) for K[MnIIIH31(OH)],
C21H43N7O4KMn: C, 45.73 (45.49); H, 7.86 (7.82); N, 17.77 (17.88).
FTIR (Nujol, cm-1): ν(16OH) 3614,ν(18OH) 3603;ν(NH) 3265, 3178
(urea, s);ν(CO) 1603, 1527 (urea, s).λmax/nm (DMA, ε, M-1 cm-1):
435 (280) and 724 (520);λmax/nm (DMSO, ε, M-1 cm-1): 427 (390)
and 710 (500).µeff (solid, 297 K)) 4.94 µB.

Synthesis with Water. K2[FeIII H31(O)]. H61 (0.200 g, 0.450 mmol)
was dissolved in∼10 mL of DMA and treated with solid KH (0.091
g, 2.3 mmol) under an argon atmosphere. The mixture was stirred until
H2 evolution ceased, after which solid Fe(OAc)2 (0.079 g, 0.45 mmol)
was added in one portion. After being stirred for 10 min, the mixture
was filtered to remove KOAc (0.083 g, 93%), and water (8.1µL, 0.45
mmol) was added via a gastight syringe. The reaction was stirred for
an additional 10 min, and then [FeCp2]BF4 (0.124 g, 0.455 mmol) was
added as a 1 mL DMA solution. The resulting deep orange solution
was stirred for 1 h and filtered through a medium porous glass frit.
The filtrate was concentrated under reduced pressure and washed three
times with 5 mL of diethyl ether to remove ferrocene. Diffusing diethyl
ether vapors into a DMA solution of the crude salt afforded 0.17 g
(64%) of title salt. This sample had identical spectroscopic properties
as the compound synthesized from dioxygen.

Syntheses with Amine-N-Oxides. Preparation of K2[FeIII H31(O)].
With Trimethylamine- N-oxide (Me3NO): H61 (0.180 g, 0.410 mmol)
was treated with solid KH (0.065 g, 1.6 mmol) in∼10 mL of DMA
under an argon atmosphere. The mixture was stirred until H2 gas
evolution ceased, followed by the addition of solid Fe(OAc)2 (0.071 g,
0.41 mmol) in one portion. KOAc (0.077 g, 96%) was removed via
filtration through a medium porous glass frit. The resulting pale yellow
filtrate was treated with Me3NO (0.034 g, 0.45 mmol) and stirred for
1 h. Volatiles from the deep orange solution were removed under
reduced pressure, and the resultant solid was washed with diethyl ether.
The crude product was recrystallized from DMA by layering with
diethyl ether. Deep yellow-orange microcrystals were isolated after
filtration, washed with diethyl ether, and dried in vacuo to give the
titled salt in 66% yield (0.16 g).

With 4-Methylmorpholine- N-oxide (mmNO): This reaction was
done as described above with Me3NO and the following quantities of
reagents: H61 (0.175 g, 0.395 mmol), KH (0.064 g, 1.6 mmol), Fe-
(OAc)2 (0.069 g, 0.40 mmol), and mmNO (0.048 g, 0.41 mmol). After
the addition of MNO, the reaction was stirred for 1 h. The recrystallized
metal salt was isolated in 50% yield (0.117 g). GC analysis confirmed
the production ofN-methylmorpholine as the organic product in 70%
yield.

With Pyridine- N-oxide (pyNO): This reaction followed the above
procedure using H61 (0.190 g, 0.428 mmol), KH (0.069 g, 1.7 mmol),
Fe(OAc)2 (0.075 g, 0.43 mmol), and pyNO (0.042 g, 0.44 mmol). After
the addition of pyNO, the reaction was stirred for 2 h. The deep orange-
yellow salt of K2[FeIIIH31(O)] was isolated in 55% yield (0.14 g) after
recrystallization. GC analysis was used to establish a 70% yield of
pyridine.

Preparation of K2[Mn III H31(O)]. With Me 3NO: This salt was
synthesized using H61 (0.200 g, 0.451 mmol), KH (0.072 g, 1.8 mmol),
Mn(OAc)2 (0.078 g, 0.45 mmol), and Me3NO (0.036 g, 0.48 mmol)
following the procedure outlined for K2[FeIIIH31(O)] with Me3NO. The
reaction was stirred for 6 h after the addition of theN-oxide. The
recrystallized metal salt was isolated in 67% yield (0.18 g).

With mmNO: The above procedure was used with H61 (0.200 g,
0.451 mmol), KH (0.072 g, 1.8 mmol), Mn(OAc)2 (0.078 g, 0.45 mmol),
and mmNO (0.060 g, 0.51 mmol), and the reaction was stirred for 15
h at room temperature. K2[MnIIIH31(O)] was isolated after recrystal-
lization in 70% yield (0.19 g).

Preparation of K[FeIII H31(OH)]. With Me 3NO: H61 (0.220 g,
0.500 mmol) was treated with solid KH (0.060 g, 1.5 mmol) in∼12
mL of DMA under an argon atmosphere. The mixture was stirred until
hydrogen gas evolution ceased, followed by the addition of solid Fe-
(OAc)2 (0.087 g, 0.50 mmol). KOAc was filtered off from the reaction
mixture. To the resulting pale yellow filtrate, Me3NO (0.042 g, 0.56
mmol) was added, and the reaction mixture was stirred for 1 h. The
crude compound was isolated after solvent removal under reduced
pressure followed by being washed with diethyl ether. This salt was
recrystallized from MeCN after layering with diethyl ether. Fine dark
red microcrystalline product was isolated after filtration, washed with
diethyl ether, and finally dried underVacuumto give K[FeIIIH31(OH)]
in 60% yield (0.17 g).

With mmNO: This reaction was done in a similar manner as utilized
for the Me3NO reactions, employing H61 (0.200 g, 0.451 mmol), KH
(0.054 g, 1.4 mmol), Fe(OAc)2 (0.079 g, 0.45 mmol), and mmNO (0.055
g, 0.47 mmol). The reaction was stirred for 3 h at room temperature
after the addition of Me3NO. K[FeIIIH31(OH)] was isolated in 65% yield
(0.16 g), andN-methylmorpholine was produced in 78% yield as
determined by GC analysis on an aliquot of the reaction mixture. This
sample was analyzed after passing through a short silica gel plug.

With pyNO. This reaction used PyNO as the oxidant with the
following amounts of reagents: H61 (0.200 g, 0.451 mmol), KH (0.054
g, 1.4 mmol), Fe(OAc)2 (0.079 g, 0.45 mmol), and pyNO (0.045 g,
0.47 mmol). After being stirred for 3 h atroom temperature and workup,
the final salt was isolated in a 62% (0.15 g) recrystallized yield and
pyridine in a 66% yield, as determined by GC.

Preparation of K[Mn III H31(OH)]. With Me 3NO: Following the
method used for K[FeIIIH31(OH)] with N-oxides, K[MnIIIH31(OH)] was
prepared starting with H61 (0.175 g, 0.395 mmol), KH (0.048 g, 1.2
mmol), Mn(OAc)2 (0.068 g, 0.40 mmol), and Me3NO (0.030 g, 0.40
mmol). After the addition of Me3NO, the reaction was stirred for 6 h
at room temperature. The salt was isolated in 65% recrystallized yield
(0.14 g).

With mmNO: Following the same procedure as above and using
H61 (0.175 g, 0.40 mmol), KH (0.048 g, 1.184 mmol), Mn(OAc)2 (0.068
g, 0.40 mmol), and mmNO (0.050 g, 0.43 mmol), the reaction was
stirred for 15 h at room temperature. K[MnIIIH31(OH)] was obtained
in 58% yield (0.13 g).

Syntheses with Hydroxylamines. K2[FeIII H31(O)]: The reaction
used H61 (0.200 g, 0.451 mmol), KH (0.072 g, 1.8 mmol), Fe(OAc)2

(0.079 g, 0.45 mmol), andN,N-diethylhydroxylamine (DEHA) (0.041
g, 0.46 mmol) and was stirred for 2 h at room temperature after the
addition of the DEHA. Workup and recrystallization of the salt
following the previously described procedure yielded 0.13 g (48% yield)
of product.

K[FeIII H31(OH)]: This reaction was performed in the same way as
above with the following changes: H61 (0.150 g, 0.338 mmol), KH
(0.041 g, 1.0 mmol), Fe(OAc)2 (0.059 g, 0.34 mmol), and DEHA (0.030
g, 0.34 mmol) were used, and the reaction was stirred for 3 h after
addition of DEHA. Recrystallized salt was isolated in 48% yield (0.090
g).

Syntheses with Sulfoxides. Preparation of K2[FeIII H31(O)]. With
DMSO: The reaction was done following the procedure outlined for
theN-oxide reactions using H61 (0.200 g, 0.451 mmol), KH (0.072 g,
1.8 mmol), Fe(OAc)2 (0.079 g, 0.45 mmol), and DMSO (0.705 g, 9.02
mmol). The reaction was stirred for 3 h atroom temperature. The crude
salt was recrystallized from DMA after layering with diethyl ether to
afford K2[FeIIIH31(O)] in 60% yield (0.16 g).

With Diphenylsulfoxide (DPSO): This synthesis used the above
procedure with H61 (0.200 g, 0.451 mmol), KH (0.072 g, 1.8 mmol),
Fe(OAc)2 (0.079 g, 0.45 mmol), and DPSO (0.548 g, 2.71 mmol). The
reaction was stirred for 15 h at room temperature. K2[FeIIIH31(O)] was
isolated in 64% (0.17 g) recrystallized yield. Diphenylsulfide as the
organic product was confirmed by GC analysis in 65% yield.
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Preparation of K[FeIII H31(OH)]. With DMSO: This reaction was
done using a similar procedure as described above for the generation
of the FeIII-O complexes with the following modifications: H61 (0.200
g, 0.451 mmol), KH (0.054 g, 1.4 mmol), Fe(OAc)2 (0.079 g, 0.45
mmol), and DMSO (0.705 g, 9.02 mmol). The reaction was stirred for
3 h at room temperature. Recrystallized salt was isolated in 64% (0.16
g) yield.

With DPSO: This reaction was done as above with H61 (0.200 g,
0.451 mmol), KH (0.054 g, 1.4 mmol), Fe(OAc)2 (0.079 g, 0.45 mmol),
and DPSO (0.548 g, 2.71 mmol). The reaction was stirred for 15 h at
room temperature. K[FeIIIH31(OH)] was isolated in 52% (0.13 g)
recrystallized yield. Diphenylsulfide as the organic product was
confirmed by GC analysis in 70% yield.

Physical Methods.Electronic spectra were recorded with a Cary
50 spectrophotometer. FTIR spectra were collected on a Mattson
Genesis series FTIR instrument and are reported in wavenumbers.
Room-temperature magnetic susceptibility measurements of solid
samples were obtained using a MSB-1 magnetic susceptibility balance
(Johnson Matthey). Diamagnetic corrections were taken from those
reported by O’Connor.28 Perpendicular-mode X-band EPR spectra were
collected using a Bruker EMX spectrometer equipped with an
ER041XG microwave bridge. Spectra for all EPR active samples were
collected using the following spectrometer settings: attenuation) 25
dB, microwave power) 0.638 mW, frequency) 9.48 GHz, sweep
width ) 5000 G, modulation amplitude) 10.02 G, gain) 8.93 ×
10-3, conversion time) 81.920 ms, time constant) 327.68 ms, and
resolution ) 1024 points. A quartz liquid nitrogen finger-dewar
(Wilmad Glass) was used to record spectra at 77 K. Parallel-mode
X-band EPR spectra were recorded on a Bruker ESP300 spectrometer
equipped with an Oxford ESR910 cryostat and a bimodal cavity (Bruker
ER4116DM). Mössbauer spectra were obtained on a constant accelera-
tion instrument and isomeric shifts are reported relative to an iron metal
standard. GC analysis was done on a Hewlett-Packard 6890 Series gas
chromatograph equipped with a HP 7683 Series injector. A calibration
plot was established for the quantitative determination of organic
products.

Density Functional Theory Calculations.Density functional theory
(DFT) calculations for the H-bond cavities in [FeIIIH31(O)]2- and
[MnIIIH31(O)]2- were carried out on model complexes that replaced
the ureidotert-butyl groups with methyl groups. Using the structural
coordinates obtained from X-ray diffraction studies, the geometries of
the H-bond cavities, the M-O units, and the trigonal coordination
planes (i.e., the ones containing the deprotonatedR-nitrogen atoms)
for each complex were optimized, while the ethylene groups and the
amine nitrogen of the [H31]3- ligand were held fixed.29 These
constrained optimizations used the B3LYP functionals and the 6-31+G-
(d,f) basis set.30,31 All calculations were carried out using the Q-Chem
2.0 program.32 To explore the energy of the complexes for different
proton positions, constrained optimizations were also completed in
which the oxo-proton distance was constrained. This allowed for the
relative energies of the -oxo and -hydroxo forms of the complex to be
estimated. We have found that the energy differences between different

complex conformations obtained with these two functionals are within
∼1-2 kcal/mol.

The electronic structure and bonding in [FeIII H31(O)]2- and
[MnIIIH31(O)]2- were examined via quantum chemically generated
orbital density plots and natural bond order (NBO)33 population analysis.
This was accomplished at the B3LYP/6-31G(d,f)30 level using the
Gaussian 98 suite of programs.34 Spin state purity was ensured by
constraining orbitals to a restricted open-shell form, and Boys localiza-
tion35 was performed to facilitate the interpretation of orbital density
plots. Orbitals of interest were selected by choosing those valence
eigenvectors with a Mulliken density on the metal atom that was at
least 0.20 electrons (i.e., those for whom the sum of squares of metal
basis function coefficients was at least 0.10).

Crystallography. General Methods.All crystals were attached to
a glass fiber under nitrogen and mounted on a Siemens SMART system
for data collection at 173(2) K. The data collection was carried out
using Mo KR radiation (graphite monochromator). The collection
technique used for these samples is generally known as a hemisphere
collection. The structures were solved by direct methods.36 Several full-
matrix least squares/difference Fourier cycles were performed, which
located all non-hydrogen atoms. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen atoms were placed
in ideal positions and refined as riding atoms with relative isotropic
displacement parameters. The methyl groups of the DMA solvates were
converted to riding atoms prior to the final refinement. The urea NH
protons were placed as ideal riding atoms. See Table 1 for additional
crystal and refinement information.

Structure Solution and Refinements. K2[FeIII H31(O)]‚4DMA and
K2[Mn III H31(O)]‚4DMA. For K2[FeIIIH31(O)]‚4DMA, the space group
P21/n was determined on the basis of systematic absences and intensity
statistics. The unit cell was found to be primitive monoclinic, witha
andc axes nearly the same length. This unit cell could be transformed
to a C-centered orthorhombic cell with twice the volume, but this
appeared to be coincidental.Rint for the corrected monoclinic cell was
0.054 while theC-centered orthorhombic cell was 0.167. These results
suggested that pseudromerohedral twinning was present. The extent
of this twinning was 11% by the 9 (row) [0 0 1/ 0-1 0/ 1 0 0] twin
law. In this case, it appeared that reflections were not split appreciably.
There were two independent molecules in the asymmetric unit denoted
by “a” and “b”. Anion b had one urea arm that was disordered, which
was refined in a 0.48:0.52 ratio occupancy. FLAT and SAME restraints
were applied along with appropriated displacement restraints. Each
complex interacted with one potassium ion, while two potassium cations
were bonded to two DMA solvates each and urea oxygens. This network
formed pleated sheets, which reinforced the proposed pseudromero-
hedral twinning. Four other DMA molecules were coordinated to the
two potassium cations. Two additional DMA solvates were present in
the asymmetric unit. A pair of DMA molecules was disordered
positionally over two sites. FLAT and SAME restraints were applied
along with the appropriate displacement restraints. All atoms were
refined with anisotropic displacements, and 924 restraints were used
in total. The solution and refinement were analogous for K2[MnIIIH31(O)]‚

(28) O’Connor, C. J.Prog. Inorg. Chem.1982, 29, 203-283.
(29) The geometric model used for these calculations was obtained from X-ray

diffraction studies, where the broken symmetry was observed because of
crystal packing interactions.

(30) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.J. Chem. Phys.1971, 54,
724-728. (b) Hehre, W. J.; Ditchfield, R.; Pople, J. A.J. Chem. Phys.
1972, 56, 2257-2261. (c) Francl, M. M.; Pietro, W. J.; Hehre, W. J.;
Binkley, J. S.; Gordon, M. S.; DeFrees, D. J.; Pople, J. A.J. Chem. Phys.
1982, 77, 3654-3665.

(31) Diffuse functions are not used for the metal atoms.
(32) Kong, J.; White, C. A.; Krylov, A. I.; Sherrill, C. D.; Adamson, R. D.;

Furlani, T. R.; Lee, M. S.; Lee, A. M.; Gwaltney, S. R.; Adams, T. R.;
Ochsenfeld, C.; Gilbert, A. T. B.; Dedziora, G. S.; Rassolov, V. A.; Maurice,
D. R.; Nair, N.; Shao, Y.; Besley, N. A.; Maslen, P. E.; Domboski, J. P.;
Daschel, H.; Zhang, W.; Korambath, P. P.; Baker, J.; Byrd, E. F. C.; Van
Voorhis, T.; Oumi, M.; Hirata, S.; Hsu, C.-P.; Ishikawa, N.; Florian, J.;
Warshel A.; Johnson, B. G.; Gill, P. M. W.; Head-Gordon, M.; Pople, J.
A. J. Comput. Chem. 2000, 21, 1532-1548.

(33) Reed, A. E.; Curtiss, L. A.; Weinhold, F.Chem. ReV. 1988, 88, 899-926
and references therein.

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A.Gaussian 98, revision x.x; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(35) Boys, S. F.ReV. Mod. Phys. 1960, 32, 296-299 and references therein.
(36) SHELXLT-Plus, version 6.1; Bruker Analytical X-ray Systems: Madison,
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4DMF to yield a nearly identical unit cell and lattice structure.
Pseudoromerohedral twinning was also observed in this structure, with
the masses of the components being in a ratio of 0.64:0.36. One urea
group was disordered (60:40 ratio) in anion B.

K[FeIII H31(OH)]‚0.5CH3CN and K[Mn III H31(OH)]‚0.5CH3CN.
These salts crystallized in the triclinic space group,P1h, with nearly
identical unit cells. Both lattices had large channels that were parallel
to the a axis that was filled with disordered solvent. PLATON/
SQUEEZE37 was used to evaluate the solvent channels and to correct
the diffraction data for the effects of the diffuse scattering. For
K[FeIIIH31(OH)], the solvent channel volume was 22% of the total
volume (781 of 3520 Å3), while in K[MnIIIH31(OH)] it was 23% (803
of 3526 Å3).

Results and Discussion

Preparation of Complexes from Dioxygen.The synthesis
of the [MIIIH31(O)]2- (MIII ) Fe and Mn) from dioxygen is
outlined in Scheme 1. A dimethylacetamide (DMA) solution
of H61 was treated with 4 equiv of KH under an Ar atmosphere.
After H2 evolution ceased, M(OAc)2 was added as a solid in
one portion, which resulted in the precipitation of 2 equiv of
KOAc. The addition of half an equivalent of O2 at room
temperature produced an immediate color change of the reaction
mixture to dark orange ([FeIIIH31(O)]2-) or deep brown
([MnIIIH31(O)]2-). Note that the presence of acetate ion does
not appear to affect the oxidation of the MII complex, and
removal of the KOAc prior to oxidation does not affect the

formation of the MIII -oxo complexes. The dipotassium salts
of [FeIIIH31(O)]2- and [MnIIIH31(O)]2- are isolated in ca. 70%
yield after recrystallization from DMA/diethyl ether. The
preparations of these complexes are water sensitive, producing
significant amounts of corresponding [MIIIH31(OH)]- complexes
when wet reagents are employed. The [MIIIH31(O)]2- complexes
are stable for weeks in the solid state when stored in a dry,
anaerobic environment.

Scheme 2 illustrates the preparations of the [MIIIH31(OH)]-

complexes from O2, which afforded [FeIIIH31(OH)]- and
[MnIIIH31(OH)]- in 60 and 52% yields after recrystallization.
The synthetic procedures for the MIII -oxo and MIII -hydroxo
are similar, with the major difference being the amount of base
added to H61. The synthesis of the MIII -hydroxo complexes
utilizes 3 equiv of base, the amount necessary to deprotonate
the RNH groups to form [H31]3-. Binding of metal ions to
[H31]3- produces complexes with three potential H-bond donors
from the R′NH groups within the cavity (Scheme 2). The
formation of the MIII -oxo complexes required an additional
equivalent of base, which we propose serves to deprotonate one
ureaR′NH group to form [H21]4-. This produces complexes
([MIIH21]2-), whose cavities have two H-bond donors and one
basicR′N- site (Scheme 1).

Support for this proposal comes from EPR measurements on
solutions of [FeIIH21]2- and [FeIIH31]-, which indicate that
different amounts of added base produce distinct FeII precursors.
Low-temperature (4 K) EPR spectra of [FeIIH21]2- and [FeIIH31]-(37) Spek, A.Acta Crystallogr.1990, A46, C-34.

Table 1. Crystallographic Data for K2[FeIIIH31(O)]‚4DMA, K2[MnIIIH31(O)]‚4DMA, K[FeIIIH31(OH)]‚0.5CH3CN, and K[MnIIIH31(OH)]‚0.5CH3CN

salt K2[FeIIIH31(O)]‚4DMA K2[MnIIIH31(O)]‚4DMA K[FeIIIH31(OH)]‚0.5CH3CN K[MnIIIH31(OH)]‚0.5CH3CN

molecular formula C37H78FeK2N11O8 C37H78MnK2N11O8 C22H44.5FeKN7.5O4 C22H44.5MnKN7.5O4

fw 939.16 938.09 573.12 572.11
T (°C) -100(2) -100(2) -100(2) -100(2)
space group P21/n P21/n P1h P1h
a (Å) 30.586(2) 30.589(5) 10.7340(7) 10.715(2)
b (Å) 11.585(1) 11.6164(19) 18.3229(14) 18.284(3)
c (Å) 30.613(3) 30.605(5) 19.5249(13) 19.540(3)
R (deg) 90 90 74.261 92) 74.616(2)
â (deg) 107.954(2) 107.867(3) 89.088(1) 89.609(2)
γ (deg) 90 90 72.969(1) 73.021(2)
Z 8 (Z′ ) 2) 8 (Z′ ) 2) 4 (Z′ ) 2) 4 (Z′ ) 2)
V (Å3) 10319(2) 10351(3) 3525.6(4) 3519.8(10)
δcalcd(Mg/m3) 1.209 1.204 1.080 1.080
Ra 0.0724 0.0701 0.0436 0.0651
Rw

b 0.1484 0.1629 0.1091 0.1433
GOFc 1.089 1.063 1.036 1.043

a R ) [∑|∆F|/∑|Fo|]. b Rw ) [∑ω(∆F)2/∑ωFo
2]. c Goodness of fit onF2.

Scheme 1 a

a Conditions: (a) 4 equiv KH, DMA, Ar, RT. (b) 5 equiv KH, DMA, Ar, RT. (c) M(OAc)2, Ar, RT. (d) 0.5 equiv O2, RT. (e) H2O, RT. (f) [Cp2Fe]+

or I2.
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in DMA for microwave fields polarized parallel to the static
field are shown in Figure 1. [FeIIH31]- displays a signal atg )
9, while [FeIIH21]2- has a peak at ag-value of 9.6. The spectral
intensities in Figure 1 have been arbitrarily adjusted to show
the signal shift between the two complexes; however, for equal
sample concentrations, the signal from [FeIIH21]2- is 3-fold more
intense. The position and line shape of the signals are indicative
of a high-spin Fe(II) state (S ) 2), and variable temperature
measurements indicate that the signals originate from the ground
ms ) (2 doublet, thusD < 0. The largerg-value and intensity
for the spectrum of [FeIIH21]2- indicate an increase in the
rhombic parameterE/D and, thus, lower symmetry around the
iron center. This observation is consistent with the [H21]4-

ligand providing a more unsymmetrical environment around the
iron center than [H31]3-. Low-temperature (4 K) Mo¨ssbauer
spectra of [FeIIH21]2- and [FeIIH31]- in DMA in low magnetic
field (45 mT) display only a single quadrupole doublet. Within
the resolution of the doublets, both complexes display the same
parameters:δ ) 1.31 mm/s, andEQ ) 2.85 mm/s. These
parameters also are indicative of high-spin Fe(II) states for the
complexes.

One possible function of the basicR′N- site(s) is to scavenge
protons produced during reaction. Consistent with this proposal
is the preparation of the MIII -O(H) complexes directly from
water (Schemes 1 and 2).19d,e For the MIII -O complexes, the
reaction protocol involves treating H61 with 5 equiv of
base, MII(OAc)2, 1 equiv of water, and an oxidant such as I2 or

[Cp2Fe][BF4]. Recrystallized yields of∼65% were obtained
for [MIIIH31(O)]2-, which are comparable to those obtained
from dioxygen activation. A similar approach, but using
4 equiv of base, afforded [MIIIH31(OH)]- in satisfactory yields
(Scheme 2).

Preparation of Complexes from Oxygen Atom Transfer
Reagents.The FeIII -oxo complexes can also be prepared in
good yields from oxygen atom transfer agents (Scheme 3). For
instance, treating [FeIIH21]2- with 1 equiv of Me3NO produces
[FeIIIH31(O)]2- in 66% yield. Similarly, [FeIIIH31(O)]2- was
obtained in comparable yields with mmNO and pyNO, and GC
analysis showed that 4-methyl-morpholine and pyridine were
produced in 70% yields. Analogous results were obtained using
Me3NO and mmNO for the preparation of [MnIIIH31(O)]2-;
however, the MnIII-O complexes were not formed when pyNO
was the oxygen atom source. This lack of reactivity is explained
by pyNO having a larger N-O bond dissociation energy than
Me3NO and mmNO.1d Finally, N,N-diethylhydroxylamine also
produces the [FeIIIH31(O)]2- in a yield of ∼50%.

A similar trend was observed in the formation of the
[MIIIH31(OH)]- complexes. All theN-oxides discussed above
can be used to prepare [FeIIIH31(OH)]-; however, only Me3-
NO and mmNO produced [MnIIIH31(OH)]-. In addition,N,N-
diethylhydroxylamine was used to produce the [FeIIIH31(OH)]-

in yields approaching 50%.
The FeIII-O(H) complexes were also prepared using sulfox-

ides. Treating [FeIIH21]2- and [FeIIH31]- with DMSO and
DPSO affords [FeIIIH31(O)]2- and [FeIIIH31(OH)]- in isolated
yields ranging from 52 to 64%. GC analysis of the reactions
using DPSO showed that diphenylsulfide was also produced in
a yield of greater than 60%. The use of sulfoxides as oxygen
atom transfer reagents is well-known for second- and third-
row transition-metal complexes.1d To our knowledge, this type
of reactivity has not been reported for late 3d transition-metal
complexes. These results underscore the strong affinity that these

Scheme 2 a

a Conditions: (a) 3 equiv KH, DMA, Ar, RT. (b) 4 equiv KH, DMA, Ar, RT. (c) M(OAc)2, Ar, RT. (d) 0.5 equiv O2, RT. (e) 1 equiv H2O, RT. (f) [O].

Figure 1. Parallel-mode X-band EPR spectra for [FeIIH31]- (---) and
[FeIIH21]2- (- - -) recorded at 4 K.

Scheme 3 a

a XO ) N-oxides, hydroxylamines, sulfoxides.

A R T I C L E S MacBeth et al.

2562 J. AM. CHEM. SOC. 9 VOL. 126, NO. 8, 2004



iron and manganese systems have for oxygen atoms, particular
the FeII complexes.

Mechanistic Considerations.A partial mechanism in agree-
ment with these results is proposed for the formation of the
MIII-O complexes (Figure 2). The oxygen atom transfer studies
suggest the production of MIV-O intermediates, which we have
shown are competent to abstract hydrogen atoms from external
species, such as solvent.38 The resultant species, [MIIIH21(OH)]2-,
contains a basicR′N- within the cavity, positioned proximally
to the coordinated hydroxo ligand. Intramolecular proton transfer
between the endogenous basic site and the MIII -OH unit yields
the MIII -O complexes.

Vibrational and Isotopic Labeling Studies. The MIII -oxo
complexes have distinguishable vibrational features that
have allowed us to determine that O2 was the source of the
terminal oxo ligands. For [FeIII H31(O)]2-, Fourier transform
infrared experiments revealed a peak at 671 cm-1, which is
assigned to the Fe-O vibration (Figure 3). This peak shifts to
645 cm-1 in the FTIR spectrum of [FeIIIH31(18O)]2-. The
observed difference of 26 cm-1 in Fe-O vibrations for the two
Fe-O isotopomers is expected on the basis of a simple harmonic
Fe-O oscillator model. Similar findings were observed for
[MnIIIH31(O)]2-: a ν(Mn-16O) of 700 cm-1 was found for
[MnIIIH31(16O)]2-, which shifts the expected amount to 672
cm-1 in [MnIIIH31(18O)]2-. Both Fe and Mn-18O isotopomers

were prepared using the method shown in Scheme 1
and18O2.

The Fe-O vibration at 671 cm-1 for [FeIIIH31(16O)]2- occurs
outside the range reported for heme and non-heme FeIV-O
systems; for instance, aν(Fe-O) of 834 cm-1 was found for
the monomeric FeIV-O complex [FeIV(tmc)(O)(CH3CN)]2+.10,39

Furthermore, monomeric MnIV and MnV complexes with
terminal oxo ligands have stronger Mn-O vibrations than the
700 cm-1 feature found for [MnIIIH31(16O)]2-. A ν(Mn-16O)
of 754 cm-1 was reported for MnIV-O porphyrins,40 and Collins
et al. have shown that square pyramidal MnV-O complexes
have Mn-O vibrations at 979 cm-1.9b The energies of Mn-O
vibrations associated with these higher valent complexes have
been attributed to multiple bonds between the manganese and
oxo ions.

Isotopic labeling studies also confirmed that the oxygen
atoms in the hydroxo ligands of [FeIIIH31(OH)]- and
[MnIIIH31(OH)]- are derived directly from O2. The FTIR
spectrum of [FeIIIH31(16OH)]- reveals aν(Fe16O-H) at 3632
cm-1, which shifts to 3621 cm-1 in [FeIIIH31(18OH)]- (FTIR:
ν(16OH)/ν(18OH) ) 1.004; calcd 1.003). For [MnIIIH31(OH)]-,
theν(Mn16O-H) occurs at 3614 cm-1 and shifts the predicted
amount to 3603 cm-1 in the 18OH isotopomer. The vibrational
properties in [MnIII H31(OH)]- resemble those found in
[MnIII (tcca)(OH)]-,39 another five-coordinate MnIII complex
with a terminal hydroxo ligand.41 Note that as expected, the
O-H vibrational features associated with the hydroxo ligands
are absent in the FTIR spectra of the oxometal complexes,
[FeIIIH31(O)]2- and [MnIIIH31(O)]2-.

Structural Studies. Single-crystal X-ray diffraction methods
were used to probe the solid-state molecular structures of the
MIII -O(H) complexes. Crystal, data collection, and refinement
parameters are presented in Table 1. Single crystals of the
complexes were grown as potassium salts and contained two
crystallographically independent, yet virtually identical, anions
in the asymmetric unit (denoted “A” and “B”). Metrical data
for all the anions are found in Table 2; average metrical values
will be used in the following descriptions of the structures.

All the complexes have trigonal bipyramidal coordination
geometry as shown in Figure 4 for [FeIIIH31(O)]2- and
[FeIIIH31(OH)]-. The three deprotonatedR-nitrogen atoms, N2,
N4, and N6, of [H31]3- define the trigonal plane with the apical
amine nitrogen N1 and O1, the oxo or oxygen atom of the
hydroxo ligand, occupying the axial positions. The remaining

(38) Gupta, R.; Borovik, A. S.J. Am. Chem. Soc. 2003, 125, 13234-13242.

(39) Abbreviations: tmc, 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane;
tcca, tris(cyclo-pentylcarbamoymethyl)aminato; tnpa, tris(6-neopentylamin-
2-pyridylmethyl)amine; 5-NO2-sal-N-mdpt, bis(2-hydroxy-5-nitrobenzylimi-
nopropyl)methylamine.

(40) Czernuszewicz, R. S.; Su, Y. O.; Stern, M. K.; Macor, K. A.; Kim, D.;
Groves, J. T.; Spiro, T. G.J. Am. Chem. Soc.1988, 110, 4158-4165.

(41) Shirin, Z.; Young, V. G.; Borovik, A. S.Chem. Commun.1997, 4, 1967-
1968.

Figure 2. Proposed intermediates in the formation of [MIIIH31(O)]2- (MIII ) Fe and Mn).

Figure 3. FTIR spectra of [FeIIIH31(O)]2- (A), [MnIIIH31(O)]2- (B),
[FeIIIH31(OH)]- (C), and [MnIIIH31(OH)]- (D). Solid-line spectra are
complexes derived from16O2, and dashed-lined spectra are those from18O2.
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components of the ureas are positioned nearly perpendicular to
the trigonal plane, thus serving as scaffolding for a cavity
surrounding the M-O(H) units. In each structure, the three
R′NH groups are disposed within the cavity, toward the
coordinated oxygen atom, withR′N‚‚‚O1 distances of less than
2.9 Å (Table 2), which are indicative of intramolecular H-bonds.
Solid-state FTIR experiments on crystalline samples corroborate
the presence of H-bonds: the peaks for the N-H vibrations
are broad and at lower energies (3250-3100 cm-1) compared
to systems not possessing H-bonds. The structure analyzed also
shows that all the complexes are monomeric, a result of the
H-bond cavity sufficiently confining the M-O(H) unit to
prohibit intermolecular interactions with other metal complexes.

An Fe1-O bond length of 1.813(3) Å is observed in
[FeIIIH31(O)]2-. This distance is comparable to those found for
complexes with FeIII-O-FeIII motifs.12a However, it is signifi-
cantly longer than those reported for other systems with terminal
Fe-O units. In [FeIV(tmc)(O)(CH3CN)]2+, the Fe-O distance
is 1.646(3) Å,10,39 while a 1.666(2) length is found in

[FeVI(O)4]2-.42 In addition, extended X-ray absorption fine
structure (EXAFS)43 and low-resolution X-ray diffraction studies
on heme protein show that FeIV-O distances are less than 1.7
Å.15,44 The longer Fe1-O1 bond in [FeIIIH31(O)]2- likely
reflects the trivalent oxidation state of the iron center and the
H-bond network that surrounds the oxo ligand.

In the analogous FeIII -OH complex, [FeIIIH31(OH)]-, the
Fe1-O1 length is 1.9264(17) Å, an increase of 0.113 Å
compared to that in [FeIIIH31(O)]2-. Moreover, the Fe1-N1
distance of 2.180(2) Å in [FeIIIH31(OH)]- is nearly 0.1 Å shorter
than the corresponding bond length in [FeIIIH31(O)]2-. This is
in agreement with an oxo donor having a stronger trans influence
than a hydroxo ligand. The Fe1-O1 length in [FeIIIH31(OH)]-

(42) Hopper, M. L.; Schlemper, E. O.; Murmann, R. K.Acta Crystallogr.1982,
B32, 2237-2240.

(43) (a) Penner-Hahn, J. E.; Eble, K. S.; McMurry, T. J.; Renner, M.; Balch, A.
L.; Groves, J. T.; Dawson, J. H.; Hodgson, K. O.J. Am. Chem. Soc.1986,
108, 7819-7825. (b) Anderson, L. A.; Dawson, J. H.Struct. Bonding1991,
74, 1-40.

(44) Edwards, S. L.; Xuong, N. H.; Hamlin, R. C.; Kraut, J.Biochemistry1987,
26, 1503-1511.

Table 2. Selected Bond Distances and Angles for [FeIIIH31(O)]2-, [MnIIIH31(O)]2-, [FeIIIH31((OH)]-, and [MnIIIH31((OH)]-a,b

distance (Å) or angle (deg) [FeIIIH31(O)]2- [MnIIIH31(O)]2- [FeIIIH31(OH)]- [MnIIIH31(OH)]-

M1A-N1A 2.280(4) 2.141(5) 2.171(2) 2.023(3)
M1B-N1B 2.271(4) 2.147(5) 2.188(2) 2.042(3)
M1A-N2A 2.036(4) 2.047(5) 2.025(2) 2.036(3)
M1B-N2B 2.030(4) 2.056(5) 2.024(2) 2.026(3)
M1A-N4A 2.070(5) 2.102(5) 1.979(2) 2.073(3)
M1B-N4B 2.060(4) 2.107(4) 2.035(2) 2.079(3)
M1A-N6A 2.062(5) 2.062(5) 2.044(2) 2.013(3)
M1B-N6B 2.082(4) 2.135(4) 1.989(2) 2.016(3)
M1A-O1A 1.813(3) 1.780(5) 1.9315(17) 1.877(2)
M1B-O1B 1.813(3) 1.762(4) 1.9212(17) 1.868(2)
O1A...N3A 2.732(5) 2.733(8) 2.890(3) 2.783(4)
O1B...N3B 2.771(16) 2.776(9) 2.839(3) 2.831(4)
O1A...N5A 2.702(6) 2.722(7) 2.823(3) 2.876(4)
O1B...N5B 2.671(6) 2.693(6) 2.832(3) 2.871(4)
O1A...N7A 2.686(7) 2.732(7) 2.802(3) 2.893(4)
O1B...N7B 2.705(6) 2.729(6) 2.814(3) 2.840(4)
N1A-M1A-O1A 177.9(2) 178.1(2) 174.20(8) 176.41(11)
N1B-M1B-O1B 177.6(2) 177.4(2) 175.59(8) 177.84(10)
N2A-M1A-N4A 117.7(2) 120.1(2) 109.40(9) 113.45(11)
N2B-M1B-N4B 120.1(2) 123.01(18) 127.70(9) 109.86(11)
N2A-M1A-N6A 121.6(2) 124.7(2) 128.17(8) 134.84(11)
N2B-M1B-N6B 119.5(2) 121.44(18) 111.85(9) 134.68(11)
N4A-M1A-N6A 109.2(2) 108.2(2) 114.00(9) 106.13(11)
N4B-M1B-N6B 109.1(2) 108.11(18) 112.02(9) 110.18(11)
N1A-M1A-N2A 78.8(2) 81.62(19) 78.89(8) 82.73(11)
N1B-M1B-N2B 78.91(14) 81.21(18) 79.09(8) 83.01(11)
N1A-M1A-N4A 78.8(2) 81.34(18) 83.02(8) 83.47(11)
N1B-M1B-N4B 78.6(2) 80.62(17) 79.89(8) 82.88(10)
N1A-M1A-N6A 78.2(2) 80.51(19) 79.63(8) 80.97(11)
N1B-M1B-N6B 78.5(2) 80.86(17) 82.41(8) 81.73(11)

a There are two independent anions in the asymmetric unit for the complexes. Metrical parameters for both are reported.b The standard errors in the
metrical parameters are slightly underestimated because of crystallographic twinning.

Figure 4. Thermal ellipsoid diagram of [FeIIIH31-b(O)]2- (A) and [FeIIIH31-a(OH)]- (B). The ellipsoids are drawn at the 50% probability level, and only
the urea hydrogen atoms are shown. For [FeIIIH31-b(O)]2-, only one of the disordered fragments for the arm containing N2b is shown.
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is longer than the∼1.88 Å distance found for the same bonds
in ferric soybean lipoxygenase45 and [Fe(tnpa)(OH)(η1-
OAc)]+.39,46 These latter systems have H-bond networks sur-
rounding the FeIII-OH units, but they differ from [FeIIIH31(OH)]-

by also having the hydroxo ligand H-bonded to a carboxyl group
(i.e., OH‚‚‚OdC). This additional H-bond interaction could lead
to the shorter Fe-O(H) bond in the other complexes.

The presence of the hydroxo ligand in [FeIIIH31(OH)]- causes
greater distortions in the H-bond cavity and ligand geometry
compared to [FeIIIH31(O)]2-. There is greater spread in the
trigonal angles in [FeIIIH31(OH)]- (Table 2), including a large
N2-Fe1-N6 angle of 127.94(8)°. The lengthening of this angle
results from the disposition of the O1-H1 bond between the
two urea groups containing N2 and N6, indicating that a
“stretching” of the cavity must occur to accommodate the
nonspherical hydroxo ligand. EPR experiments provide further
support for the differences in ligand geometry between
[FeIIIH31(O)]2- and [FeIIIH31(OH)]-. Frozen DMA solutions of
[FeIIIH31(O)]2- have an axial X-band EPR spectrum at 77 K
with g-values of 5.5 and 1.98, producing a rhombic splitting
parameter (E/D) of zero (Figure 5). In contrast, DMA solutions
of [FeIIIH31(OH)]- give a more complex X-band EPR spectrum
with g-values of 8.9, 5.3, 3.4, and 1.3. These values yield an
E/D of 0.17sa value consistent with [FeIIIH31(OH)]- having a
more distorted ligand field.

Similar structural trends are observed for MnIII -O(H) com-
plexes. [MnIIIH31(O)]2- has an average Mn1-O1 length of
1.771(5) Å, which is significantly longer than the∼1.60 Å

distances reported for the monomeric MnV(oxo) tetraamidate
complexes,9a-b,11 but falls within the range found for MnIII -
O-MnIII complexes.12b Consistent with FTIR measurements,
the Mn1-O1 distance is shorter, by 0.042 Å, than the analogous
Fe1-O1 length in [FeIIIH31(O)]2-. In [MnIIIH31(OH)]-, the
Mn1-O1 distance lengthens to 1.873(2) Å and has a shorter
Mn-N1 distance of 2.033(3) Å compared to that in
[MnIIIH31(O)]2- (2.144 (5) Å). The Mn1-O1 distance in
[MnIIIH31(OH)]- is also greater than those found in the other
monomeric MnIII-OH complexes, [MnIII (tcca)(OH)]- (1.816(4)
Å)39,41and Mn(5-NO2-sal-N-mdpt)(OH) (1.827(3) Å),39,47both
of which lack intramolecular H-bonds. The longer bond length
in [MnIIIH31(OH)]- is ascribed to its H-bond network around
the MnOH unit, which should lead to an increase in the
M-O(H) distance. A similar trend in M-O(H) bond lengths
has been observed for related [MIIH31(OH)]2- complexes (MII

) Mn, Fe, Co, and Zn).19d

DFT Calculation: Cavity Studies. DFT calculations have
been used to further probe the position of the ureido protons
within the H-bond cavity in [FeIIIH31(O)]2- and [MnIIIH31(O)]2-.
The tautomers in eq 1 represent two limiting forms,R′NH‚‚‚
O-MIII (A) andR′N‚‚‚HO-MIII (B), for placement of a proton
between the oxo ligand and one of theR′NH groups. Our
computational studies examined the energy difference between
A and B. To further evaluate these theoretical results, the
coordination geometries obtained from the DFT calculations
were compared to those determined from X-ray diffraction data.

The constrained optimization on modified structures (see
Experimental Section) of [FeIIIH31(O)]2- and [MnIIIH31(O)]2-

(45) (a) Scarrow, R. C.; Trimitsis, M. G.; Buck, C. P.; Grove, G. N.; Cowling,
R. A.; Nelson, M. J.Biochemistry1994, 33, 15023-15035. (b) Tomchick,
D. R.; Phan, P.; Cymborowski, M.; Minor, W.; Holman, T. R.Biochemistry
2001, 40, 7509-7517.

(46) Ogo, S.; Wada, S.; Watanabe, Y.; Iwase, M.; Wada, A.; Harata, M.;
Jitsukawa, K.; Masuda, H.; Einage, H.Angew. Chem., Int. Ed.1998, 37,
2102-2104.

(47) Eichhorn, D. M.; Armstrong, W. H.J. Chem. Soc., Chem. Commun.1992,
85-87.

Figure 5. Perpendicular-mode X-band EPR spectra for [FeIIIH31(O)]2- (A)
and [FeIIIH31(OH)]- (B) measured at 77 K. A small impurity giving rise to
a signal atg ) 4.3 is also observed.

Figure 6. The energies of [FeIIIH31(O)]2- (O, solid line) and [MnIIIH31(O)]2-

(0, dashed line) obtained from B3LYP/6-31+G* constrained optimization
plotted versus MO‚‚‚H (ROH) distance. The lines are the best fit through
the calculated points.
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found that tautomerA has the lowest energy (Figure 6). For
the iron system, the energy ofA is 6.9 kcal/mol lower in energy
thanB (ROH ) 1.05 Å) at the B3LYP/6-31+G* level. At the
same level of theory, the manganese system givesA 7.7 kcal/
mol lower in energy. The optimized geometry ofA gives an
FeIII -O length of 1.792 Å, in excellent agreement with the
distance of 1.813 Å obtained by X-ray diffraction (vide supra).
A significantly longer distance of 1.875 Å is found for tautomer
B of the iron system. For the manganese complexes, the
experimentally determined MnIII -O distance is also closer to
the bond length found for tautomerA (1.746 Å) than forB
(1.812 Å).

The calculations also revealed thatA and B have distinct
differences in the separations between the oxo (or hydroxo
oxygen atom) and theR′N atoms. The FeO‚‚‚N distances inA
are within 0.043 Å, at 2.750, 2.761, and 2.776 Å. The same
span in distances was experimentally found for [FeIIIH31(O)]2-

(Table 2). In contrast, calculations onB yielded a range of 0.217
Å with FeO‚‚‚N values of 2.635, 2.844, and 2.852 Å. A similar
trend was found for the N-C-N-C dihedral angles of the urea
groups.48 Taken together, tautomerB clearly exhibits a more
unsymmetrical H-bond cavity, which results from differences
between the protonated and deprotonated urea groups. This large
distortion was not observed in the molecular structure of
[FeIIIH31(O)]2- determined by X-ray diffraction and was not
present in the calculated structure of tautomerA. Note that
analogous findings were obtained for [MnIIIH31(O)]2-.

Bonding in [M III H31(O)]2-. We have also used DFT to
investigate the electronic structure in the MIII -O complexes.

Figure 7 contains the computationally derived molecular
orbital energy level diagrams for orbitals with significant
electron densities on the metal atom in [FeIIIH31(O)]2- and
[MnIIIH31(O)]2-.49 There are a number of different molecular
orbitals that appear to contribute to metal-oxo bond bonding:
for [MnIIIH31(O)]2- there are five bonding molecular orbitals
plus one half-occupied antibonding orbital, while [FeIIIH31(O)]2-

has six molecular orbitals of bonding character and three half-
occupied antibonding orbitals. However, this should not be
construed to imply the presence of metal-oxo multiple bonds.
As illustrated in Figure 7, and despite our use of the Boys
localization scheme, none of these molecular orbitals have pure
metal-oxo character; all the molecular orbitals have appreciable
electron density elsewhere throughout the complex. Thus, the
relative complexity of these molecular orbitals makes it difficult
to approximate the net bond order of the metal-oxo bond solely
from Figure 7.

Natural bond order (NBO) analyses were used to further
investigate the bonding in [FeIIIH31(O)]2- and [MnIIIH31(O)]2-;
this method proved effective for deconvoluting the metal-oxo
electron density and bonding properties. An NBO analysis of
[FeIIIH31(O)]2- gives an Fe-O σ-bond composed of 22.3% dz2-
(Fe) + 77.7% pz(O) containing 1.939 electrons, while for
[MnIIIH31(O)]2-, the Mn-O σ-bond is 2.9% s(Mn)+ 20.0%
dz2(Mn) + 17.5% s(O)+ 59.1% pz(O) with 1.987 electrons.
Theseσ-bonds are partially offset in each complex by a small
contribution from metal-oxo σ-antibonding molecular
orbitals, amounting to 0.084 in [FeIIIH31(O)]2- and 0.262 in
[MnIIIH31(O)]2-.50 The difference of bonding and antibonding
molecular orbitals gives a M-O bond order of approximately

(48) N-C-N-C dihedral angles of 170.7°, 166.7°, and 165.5° were found for
the urea arms by X-ray diffraction on [FeIIIH31(O)]2-; 162.4°, 162.4°, and
159.0° were calculated for tautomerA, and 179.9°, 163.0°, and 160.1°
were calculated for tautomerB.

(49) Figure 7 contains MO plots for most of the orbitals used to construct the
energy level diagrams.

Figure 7. Theoretically derived molecular orbital energy level diagrams and corresponding plot for orbitals pertaining to the MIII -O bonds in [FeIIIH31(O)]2-

and [MnIIIH31(O)]2. Orbitals listed include the lowest unoccupied MO plus all valence MOs with a Mulliken population of at least 0.10 arising from metal
basis functions. The isosurfaces of the MOs correspond to wave function values of 0.05, with blue lobes indicating regions of positive parity and red lobes
indicating regions of negative parity. The molecular structure is also depicted in stick form, with the Fe atom colored magenta and all other atoms rendered
according to the usual CPK color scheme.
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0.92 in [FeIIIH31(O)]2- and 0.86 in [MnIIIH31(O)]2-. The net
contribution to the M-O bond is dominated by electrons
associated with the oxo ligand, amounting to 87.3% in
[FeIIIH31(O)]2- and 77.1% for [MnIIIH31(O)]2-. The relative
charges on the metal ions and their corresponding oxo oxygens
are consistent with this finding.51

Summary and Conclusions

We have prepared and characterized a new series of mono-
nuclear FeIII and MnIII complexes with terminal oxo and hydroxo
ligands that are derived directly from dioxygen. The FeIII-O(H)
complexes, [FeIIIH31(O)]2- and [FeIIIH31(OH)]-, were also
synthesized using a variety of oxygen atom transfer agents, such
as amineN-oxides and hydroxylamines; similar findings were
observed for the related MnIII -oxo complex, [MnIIIH31(O)]2-.
The oxophilic character of these systems was further illus-
trated in the production of the FeIII -O(H) complexes via
oxygen atom transfer from sulfoxides, a reaction not observed
previously in iron chemistry. Furthermore, the formation of
the oxo and hydroxo complexes was dependent on the
number of R′N- groups generated within the cavity; these
groups serve as endogenous bases for intramolecular proton
transfer.

From these observations, a mechanism for the formation of
the [MIIIH31(O)]2- complexes was proposed (Figure 2) and
includes MIVdO intermediates. Our previous studies on
MIIIO-H bond dissociation energies (BDE) suggest that the
related [FeIVH31(O)]- and [MnIVH31(O)]- complexes have a
large thermodynamic driving force for abstraction of a hydrogen
atom, a requirement in our mechanism for the production of
the MIII -O complexes.38 In contrast, recent accounts show that
FeIVdO complexes are somewhat stable,10 even in the presence
of solvents with relatively weak C-H bonds (e.g., CH3CN:
BDECH ) 93 kcal/mol in DMSO).52 Taken together, these
findings indicate that the FeIVdO unit can have a variety of
chemical reactivities.

The isolation of [MIIIH31(O)]2- and [MIIIH31(OH)]- was
achieved using [H31]3-, a polydentate ligand designed to have

a rigid organic cavity containing H-bond donors. Our studies
confirmed the presence of intramolecular H-bonds, which are
formed between the oxo or hydroxo ligands and theR′NH
groups of [H31]3-. Moreover, spectroscopic, structural, and
theoretical findings for [FeIIIH31(O)]2- and [MnIIIH31(O)]2-

show that only a singleσ-bond exists between the MIII centers
and the oxo ligands;53 the remaining interactions with the oxo
ligands are provided by intramolecular H-bonds. This unusual
arrangement of bonds provides compelling evidence that under
certain circumstances H-bonds may replaceπ-bonds in stabiliz-
ing oxometal complexes.

These results reinforce the idea that reactivity of metal
complexes may be regulated by H-bonds, a suggestion invoked
for the activity of metalloproteins.15,16,45b,54,55The [FeIIIH31(O)]2-

and [MnIIIH31(O)]2- complexes react with a variety of external
species, with chemistry occurring at the oxo ligand. For instance,
[FeIIIH31(O)]2- reacts with protons and MeI to produce the
corresponding [FeIIIH31(OH)]- and [FeIIIH31(OCH3)]- com-
plexes.19cHowever, transfer of the oxo ligand to external species
has not been observed. We attribute this inability to transfer
atoms to the placement of the MIII -O(H) units within a
relatively constrained H-bond cavity. Modulation of the H-bond
network within the cavity may alter the reactivity of the
M-O(H) units and promote atom transfer.
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