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vity in a weak-field environment†‡

Elizabeth J. Johnson, ‡ Claudia Kleinlein,‡ Rebecca A. Musgrave
and Theodore A. Betley *

Concomitant deprotonation and metalation of a dinucleating cofacial Pacman dipyrrin ligand platform
tBudmxH2 with Fe2(Mes)4 results in formation of a diiron complex (tBudmx)Fe2(Mes)2. Treatment of

(tBudmx)Fe2(Mes)2 with one equivalent of water yields the diiron m-oxo complex (tBudmx)Fe2(m-O) and

free mesitylene. A two-electron oxidation of (tBudmx)Fe2(m-O) gives rise to the diferric complex (tBudmx)

Fe2(m-O)Cl2, and one-electron reduction from this FeIIIFeIII state allows for isolation of a mixed-valent

species [Cp2Co][(
tBudmx)Fe2(m-O)Cl2]. Both (tBudmx)Fe2(m-O) and [Cp2Co][(

tBudmx)Fe2(m-O)Cl2] exhibit

basic character at the bridging oxygen atom and can be protonated using weak acids to form bridging

diferrous hydroxide species. The basicity of the diferrous oxo (tBudmx)Fe2(m-O) is quantified through

studies of the pKa of its conjugate acid, [(tBudmx)Fe2(m-OH)]+, which is determined to be 15.3(6);

interestingly, upon coordination of neutral solvent ligands to yield (tBudmx)Fe2(m-O)(thf)2, the basicity is

increased as observed through an increase in the pKa of the conjugate acid [(tBudmx)Fe2(m-OH)(thf)2]
+ to

26.8(6). In contrast, attempts to synthesize a diferric bridging hydroxide by two-electron oxidation of

[(tBudmx)Fe2(m-OH)(thf)2]
+ resulted in isolation of (tBudmx)Fe2(m-O)Cl2 with concomitant loss of a proton,

consistent with the pKa of the conjugate acid [(tBudmx)Fe2(m-OH)Cl2]
+ determined computationally to be

�1.8(6). The foregoing results highlight the intricate interplay between oxidation state and reactivity in

diiron m-oxo units.
Introduction

Diiron units featuring bridging oxygen ligands are important
structural motifs in metalloenzymes.1–4 For example, methane
monooxygenase, ribonucleotide reductase, and hemerythrin
feature diiron units which are responsible for oxygen activation
or transport of dioxygen to a variety of substrates.5,6 During
these processes, a diiron unit which is bridged by one or two
oxygen-based ligands passes through oxidation states ranging
from FeIIFeII to FeIVFeIV. Synthetic model complexes featuring
a m-oxo or m-hydroxo bridge have been prepared in order to
create functional mimics of these enzymes.7–9 In particular, the
interconversion between hydroxo- and oxo-bridged states has
been of interest as it is proposed to play an important role
during the catalytic cycle of metalloenzymes.10,11 While there are
many synthetic examples of diferric Fe–O–Fe units,12–18 few
mixed-valent FeII–O–FeIII complexes and FeII–O–FeII complexes
have been reported.19–22 In contrast, a variety of model
complexes for both diferric and diferrous hydroxides have been
synthesized.9,23,24
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To better understand how the molecular oxidation state of
a diiron core inuences the acid–base properties of a bridging
(hydr)oxo ligand, we explored the coordination and redox
chemistry of a diiron unit in a cofacial dipyrrin Pacman unit.
Herein, we report the synthesis and versatile reactivity of
a family of diiron oxo and hydroxo complexes in three different
molecular oxidation states. Reactions include acid–base chem-
istry as well as one and two electron redox chemistry, which
demonstrate the intricate interplay between oxidation state,
coordination environment, and reactivity.
Results and discussion
I. Synthesis of a diiron starting material

Formation of the diiron dipyrrin Pacman complex (tBudmx)
Fe2(Mes)2 (1) proceeds cleanly from the reaction of the cofacial
dipyrrin Pacman ligand tBudmxH2 with Fe2(Mes)4 (Mes ¼ 2,4,6-
Me3C6H2) in benzene at 65 �C for four hours (Scheme 1). The
composition and purity of 1 were established by 1H NMR
spectroscopy, 57Fe Mössbauer spectroscopy, and combustion
analysis. X-ray diffraction studies on a single crystal of 1 ob-
tained from a toluene solution layered with hexanes at �35 �C
revealed two non-interacting iron sites residing in a trigonal-
planar geometry (Fig. S-27†). 57Fe Mössbauer analysis of 1
conrmed the presence of a single iron environment (d ¼
0.46 mm s�1, |DEQ| ¼ 0.95 mm s�1) in line with other high-spin
FeII complexes containing alkyl or aryl ligands (Fig. S-1†).25–27
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9sc00605b&domain=pdf&date_stamp=2019-06-22
http://orcid.org/0000-0001-5704-0562
http://orcid.org/0000-0001-9404-0422
http://orcid.org/0000-0001-5946-9629
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc00605b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC010025


Scheme 1 Synthesis of (tBudmx)Fe2(m-O) (3).
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Magnetometry data was consistent with the presence of two
uncoupled S ¼ 2 centers (Fig. S-23†).
II. Isolation and characterization of a diferrous m-oxo

Diiron complex 1 is a versatile starting material for the prepa-
ration of m-hydroxo and m-oxo diiron complexes. Addition of one
equivalent of water to 1 results in complete consumption of the
starting material and formation of a new, asymmetric species,
as evidenced by the presence of 18 paramagnetically-shied 1H
NMR resonances along with the formation of free mesitylene.28

Cooling a concentrated diethyl ether solution of this product to
�35 �C affords an orange crystalline material which was char-
acterized by X-ray diffraction to unveil an asymmetric Pacman
complex (tBudmx)Fe2(m-OH)(Mes)(thf) (2) featuring a bridging
hydroxide ligand (Scheme 1). One iron site remains bound to
a mesitylene ligand with an Fe–O bond length of 2.045(3) Å
while the second iron center is coordinated by a THF solvent
molecule and exhibits a shorter Fe–O bond of 1.942(4) Å (Fig. S-
28†). The asymmetric nature of this complex is furthermore
reected by the 57Fe Mössbauer spectrum, which contains two
quadrupole doublets (d ¼ 0.80 mm s�1, |DEQ| ¼ 3.23 mm s�1

and d ¼ 0.99 mm s�1, |DEQ| ¼ 2.92 mm s�1) (Fig. S-2†). Solid-
state Fourier-transform infrared (FTIR) spectra of 2 were
collected to further conrm the identity of the bridging ligand
as a m-hydroxide (Fig. S-12†). Spectra of 2 show an O–H
stretching band at 3638 cm�1 that shis to 2685 cm�1 when
D2O is used to prepare the analogous deuterated bridging
hydroxide complex (tBudmx)Fe2(m-OD)(Mes)(thf).
Fig. 1 Solid-state molecular structures for (a) (tBudmx)Fe2(m-O) (3), (b)
thermal ellipsoids at 50% probability level. Color scheme: Fe, orange; N, b
7 are omitted for clarity.

This journal is © The Royal Society of Chemistry 2019
While 2 is stable in ethereal solvents at room temperature,
slow deprotonation of the bridging hydroxide ligand concomi-
tant with release of the second mesitylene molecule is observed
in non-coordinating solvents. Heating of 2 in benzene to 45 �C
for 30 minutes leads to complete consumption of starting
material and furnishes a new product (3) which is easily
discernible by 1H NMR spectroscopy as a C2-symmetric species
distinct from the starting material (Scheme 1).

Zero-eld 57Fe Mössbauer analysis of 3 at 90 K (Fig. 2b, top)
reveals the presence of a single iron environment with param-
eters (d ¼ 0.68 mm s�1, |DEQ| ¼ 0.88 mm s�1) similar to other
three-coordinate FeII dipyrrin complexes previously synthe-
sized.29 The 57Fe Mössbauer spectrum contains 5% of an addi-
tional species with parameters corresponding to a four-
coordinate high-spin FeII compound which we assign as
a small amount of an unknown bridging hydroxide species. An
X-ray diffraction study on single crystals grown from a concen-
trated diethyl ether solution revealed the major product 3 as
a diiron complex bearing a bridging oxido ligand, (tBudmx)
Fe2(m-O) (Fig. 1a). A crystallographically imposed C2 axis renders
the two halves of the complex equivalent. The Fe–O (1.7939(14)
Å) bond length is substantially shorter than the Fe–O distances
in 2 (2.045(3) Å, 1.942(4) Å) and in other FeII hydroxides, and is
in line with previously reported diferrous m-oxo species [LFe]2O
(Fe–O 1.7503(4) Å, L¼ ArNC(tBu)CHC(tBu)NAr�, where Ar¼ 2,6-
diisopropylphenyl;22 1.784(9) Å, L ¼ PhBP3

iPr;21 1.753(2) Å, L ¼
PhBP3

Ph (ref. 21)). The Fe–O–Fe angle in 3 (116.00(14)�) deviates
signicantly from linearity, which is more acute than previously
[Cp2Co][(
tBudmx)Fe2(m-O)Cl2] (7), and (c) (tBudmx)Fe2(m-O)Cl2 (6) with

lue; O, red; Cl, green. Hydrogens, solvent molecules, and counterion in

Chem. Sci., 2019, 10, 6304–6310 | 6305
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Scheme 3 General acid–base reaction studied.
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reported diferrous oxo complexes (:Fe–O–Fe 167.55(14)�, L ¼
ArNC(tBu)CHC(tBu)NAr�;22 174.7(4)�, L ¼ PhBP3

iPr;21 147.7(3)�, L
¼ PhBP3

Ph (ref. 21)). The more acute Fe–O–Fe angle can be
attributed to the restraints on the coordination chemistry
imposed by the dinucleating ligand platform in 3.
III. Reactivity and basicity of the diferrous m-oxo

With 3 in hand, we began examining its reactivity prole. Treat-
ment of 3 with one equivalent of a weak acid such as lutidinium
tetraphenylborate in THF results in quantitative formation of
a diiron m-hydroxide cation [(tBudmx)Fe2(m-OH)(thf)2][BPh4] (4)
(Scheme 2). Given the observed reactivity of 3 with acids, we
sought to quantify the basicity of 3 by establishing the pKa value
of its conjugate acid. Following the precedent set by Smith et al.,
we attempted to use a combined approach of experiment and
calculation to justify the reactivity of 3 with various weak acids.30

Due to the limited solubility of 3 andmany of the suitable acids in
non-coordinating solvents, we selected THF as the solvent for this
study. Experimentally probing the protonation of 3 proved to be
challenging, as the anticipated conjugate acid product, [(tBudmx)
Fe2(m-OH)]+ (4a), is not stable to reaction conditions, as in many
cases it reacts with the generated conjugate base, leading to
multiple species observed by 1H NMR spectroscopy. Conse-
quently, efforts focused on replicating the theoretical procedure
used by Smith et al. to computationally determine the pKa value of
4a. Using density functional theory (see ESI for details†), the acid–
base reaction shown in Scheme 3 was considered, in which HA is
a weak acid with reported pKa value in THF.31

Since these reactions were performed in THF, we examined
the stability of 3 under these reaction conditions and discovered
that solvents can bind the open coordination site at each metal
Scheme 2 Interconversion between diiron hydroxide and oxide species

6306 | Chem. Sci., 2019, 10, 6304–6310
center to begin to form (tBudmx)Fe2(m-O)(thf)2 (3a) within
minutes, as evidenced by 57Fe Mössbauer spectroscopy (Fig. S-
4†). Thus, wemodelled the acid–base reaction for both 3 and for
3a (Scheme 3), the latter being the suspected active metal
species during these reactions. The pKa value calculated for 4a
(which is three-coordinate at iron) was 15.3(6), and upon coor-
dination of two solvent molecules to form [(tBudmx)Fe2(m-
OH)(thf)2]

+ (4) increased to 26.8(6). We hypothesize that the
coordination of a fourth ligand to each iron center results in the
bridging oxo moiety adopting greater O2� character, thus
rendering the oxo ligand more basic. Computationally, we
observe that the Fe–O covalency in 3a decreases upon addition
of the solvent ligands to 3, reected in a diminishedMayer bond
order32,33 (3, 0.811; 3a, 0.798), thus resulting in enhanced oxide
character and basicity in 3a (Table S-6†). Several examples of
metal oxo and nitrido complexes featuring enhanced reactivity
upon coordination of additional neutral ligands34–36 or
increased basicity due to coordination of anionic ligands37–40

have been studied. However, to our knowledge, no synthetic
examples have been reported in which the change in basicity of
a metal oxo species has been quantied upon coordination of
neutral donors. In this case, we remarkably observe an increase
in the basicity of a diiron bridging oxo complex by ten orders of
magnitude upon coordination of the neutral donor THF.
.

This journal is © The Royal Society of Chemistry 2019
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To further demonstrate the basicity of these diiron(II) m-oxo
complexes, we examined the reactivity of 3 upon coordination
of anionic ligands. Stirring 3 in the presence of excess chloride
sources such as tetraphenylphosphonium chloride in THF
affords [Ph4P][(

tBudmx)Fe2(m-OH)Cl2] (5a) in high yield with no
observable intermediates as ascertained by 1H NMR (Scheme
2). The origin of the hydroxide proton in this product is
unknown and protonation could not be prevented even in
silylated glassware and freshly dried solvent. We propose that
upon coordination of chloride ligands and formation of an
anticipated dianionic iron complex, the basicity of the
bridging oxo increases further, resulting in instantaneous
protonation. Attempts to determine the pKa value of the
[(tBudmx)Fe2(m-OH)Cl2]

� (the conjugate acid of the anticipated
dianionic complex [(tBudmx)Fe2(m-O)Cl2]

2�) were not success-
ful; however, based on the observed reactivity we hypothesize
that this species would be more basic than 3a and thus feature
a pKa > 26.8. The assignments of 4 and 5 as diiron m-hydrox-
ides were conrmed by X-ray diffraction studies (Fig. 2a and S-
32†), 57Fe Mössbauer spectroscopy (Fig. 2b, bottom; S-6†), and
FTIR spectroscopy (Fig. S-14 and S-15†). One notable obser-
vation was that the O–H (n ¼ 3548 cm�1) and O–D
(n ¼ 2587 cm�1) frequencies for 4 and its deuterated analogue
[(tBudmx)Fe2(m-OD)(thf)2][BPh4] in the FTIR spectrum are
lower than are oen observed for such stretches,29 which we
hypothesize is due to a hydrogen-bonding interaction between
the bridging hydroxide and a THF solvent molecule (OH–OTHF

1.899(3) Å), as observed in the solid-state. Magnetometry
studies indicate that 4 features antiferromagnetic coupling of
two S ¼ 2 iron centers with an exchange coupling J ¼
�13.3 cm�1, which is in line with the expected values for
diiron bridging hydroxide complexes (Fig. S-25†).10
IV. Oxidation of diferrous m-oxo

Having established the basic nature of 3, we were interested in
studying its redox chemistry. Particularly, we sought to address
Fig. 2 (a) Solid-state molecular structure for [(tBudmx)Fe2(m-OH)(thf)2][B
Fe, orange; N, blue; O, red. All hydrogen atoms (except the m-hydroxo p
counterion are omitted for clarity. (b) Zero-field 57Fe Mössbauer spectra
0.88mm s�1 for 3 and d¼ 1.01mm s�1, |DEQ|¼ 3.02mm s�1 for 4. (c) EPR
at 4 K (red) and simulated spectrum (black).

This journal is © The Royal Society of Chemistry 2019
how the acid/base properties of the oxo complexes were inu-
enced by the oxidation states of the metal centers. Addition of
one equivalent of iodobenzene dichloride to 3 in benzene
resulted in an immediate color change to dark red and a new
paramagnetically shied 1H NMR spectrum. 57Fe Mössbauer
analysis of the reaction mixture revealed a single iron-
containing species with isomer shi and quadrupole splitting
values supporting the assignment of high-spin FeIII (d ¼
0.30 mm s�1, |DEQ| ¼ 1.38 mm s�1) indicating formation of
(tBudmx)Fe2(m-O)Cl2 (6) (Fig. S-7†). Single crystals of 6 were
grown by slow diffusion of diethyl ether into a saturated THF
solution of 6 at �35 �C (Fig. 1c). The solid state molecular
structure of 6 features a crystallographically imposed C2 axis
that renders both iron sites equivalent. The iron–oxygen
distance of 1.7734(10) Å is in agreement with the plethora of
crystallographically characterized diferric m-oxo compounds,
and the Fe–O–Fe angle of 167.1(3)� only slightly deviates from
linearity.41

Complex 6 can similarly be accessed by a two-electron
oxidation of the diferrous hydroxide 4 using iodobenzene
dichloride (Scheme 2). Oxidation of the hydroxide 4 does not
furnish the anticipated cationic diferric bridging hydroxide
species, rather the reaction product was spectroscopically
identical to 6. Loss of the hydroxide proton in 4 was conrmed
using IR spectroscopy. Unfortunately, we were not able to
identify the fate of the proton in this reaction; however, the
putative diferric bridging hydroxide intermediate [(tBudmx)
Fe2(m-OH)Cl2]

+ (6a) was found to be quite acidic with a compu-
tationally determined pKa of �1.8(6), which we propose is the
driving force for facile loss of the proton concomitant with
oxidation to the diferric state.

Herein, we observe a dramatic decrease in the basicity upon
oxidation to the diferric state from a diferrous m-oxo. This trend
can be explained by consideration of the Fe–O covalency, in
which greater covalency results in decreased basicity of the
bridging oxo. Increased covalency upon oxidation is supported
Ph4] (4) with thermal ellipsoids at 50% probability level. Color scheme:
roton), solvent molecules (except the hydrogen-bonded THF), and the
of 3 (top) and 4 (bottom) collected at 90 K: d ¼ 0.68 mm s�1, |DEQ| ¼
spectrumof 7 (X-band, 9.3298GHz) in a 2-methyltetrahydrofuran glass

Chem. Sci., 2019, 10, 6304–6310 | 6307

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc00605b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 2
:3

4:
54

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
by a combination of computational and magnetometry studies;
specically, increased Mayer bond orders (from 0.811 in difer-
rous 3 to 0.947 in diferric 6, Table S-6†), enhanced orbital
overlap in the unrestricted corresponding orbitals in 6
compared to 3 (Tables S-8 and S-9†), and an increased exchange
coupling constant upon oxidation to the diferric state (Table 1,
Fig. S-24 and S-26†) are observed. Taking into account the
previous comparison between 3 and 3a, the covalency of the
Fe–O interactions are not governed solely by the geometry of the
linkage, but rather are largely dictated by the electrophilicity of
the iron sites within the Fe2(m-O) unit. As such, the oxo moiety is
more basic in 3a than 3 due to THF ligation diminishing the
iron electrophilicity, and is more basic in 3 than 6 due to lower
iron electrophilicity in the more reduced molecular oxidation
state.

The foregoing results should be compared with the analysis
of the relationship between the Fe–O–Fe angle, Fe–O covalency,
and basicity for diiron(III) oxo complexes put forth by Solomon
and coworkers.3,42 In Solomon's studies, enhanced basicity is
observed with a more acute Fe–O–Fe angle due to a reduction in
the Fe–O orbital overlap, thereby resulting in pronounced
electron density on the bridging oxide ligand when examining
an isovalent series.3,42 Further comparison with other diiron m-
oxo complexes corroborates this relationship, as a diiron(III) m-
oxo synthesized by Houser and coworkers10 (:Fe–O–Fe
143.71(10)�, pKa 21.3(1)) is several orders of magnitude more
basic than 6 (:Fe–O–Fe 167.1(3)�, pKa –1.8(6)) (Table 1);
whereas an example by Grapperhaus and coworkers43 with
similar core metrics to 6 (:Fe–O–Fe 168.47(13)�, pKa 6.1(3)) is
less basic than the Houser example. The Grapperhaus example
is more basic than 6, which can be attributed to differences in
coordination geometry; the tetrahedral iron sites in 6 are
inuenced more by the enhanced covalency to the oxo moiety
(due to the increased iron electrophilicity) than the octahedrally
coordinated iron sites in the Grapperhaus example.43
V. Synthesis and characterization of a mixed-valent diiron m-
oxo

Further exploration of the redox chemistry of the diiron m-oxo
complexes studied herein was pursued. A cyclic voltammogram
Table 1 Comparison of diiron m-O complexes studied herein with previ

Complex Fe–O distances (Å) Fe–O–Fe angle (�) Fe–Fe dista

3 1.7939(14) 116.00(14) 3.0425(10)
3aa 1.858, 1.859 126.281 3.315
6 1.7734(10) 167.1(3) 3.5244(17)
(FeII)2(m-O)

b 1.7503(4) 167.55(14) 3.4831(4)
(FeII)2(m-O)

c 1.784(9) 174.7(4) 3.573(9)
(FeII)2(m-O)

d 1.753(2) 147.7(3) 3.367(3)
(FeIII)2(m-O)

e 1.8194(16), 1.8156(16) 143.71(10) 3.4542(7)
(FeIII)2(m-O)

f 1.791(2), 1.803(2) 168.47(13) 3.5763(6)

a Based on geometry-optimized structure. b L ¼ (2,6-diisopropylphenyl)NC
¼ 2,20-(2-methyl-2-(pyridine-2-yl)propane-1,3-diyl)bis-(azanediyl)bis(methy
diazacyclononane.

6308 | Chem. Sci., 2019, 10, 6304–6310
of 6 measured in THF revealed a quasi-reversible reduction
event at �861 mV versus [Cp2Fe]

+/0 (Fig. S-20–S-22†). The peak-
to-peak separation for this event varies as a function of scan
rate, possibly indicating slow electron transfer rate constants. At
slower scan rates, i.e. 0.02 V s�1, the peak current for oxidation
decreases and the redox event becomes irreversible. Neverthe-
less, these data suggest that a mixed-valent m-oxo complex is
chemically accessible.

The redox chemistry of 6 was further explored by using
chemical reductants. Cp2Co (exhibiting a reduction potential of
�1.33 mV versus [Cp2Fe]

+/0 in dichloromethane44) was employed
to reduce 6. Treatment of 6 with one equivalent of cobaltocene
in THF for ten minutes affords [Cp2Co][(

tBudmx)Fe2(m-O)Cl2] (7).
A frozen solution EPR spectrum collected at 4 K displays
a pseudo-axial signal with features at g ¼ 1.97, and 1.77
consistent with an S¼ 1/2 spin state (Fig. 2c). Antiferromagnetic
coupling of high-spin ferric (S ¼ 5/2) and ferrous (S ¼ 2) centers
in 7 explains the doublet spin state and supports the formation
of a mixed-valent diiron bridging oxo complex. X-ray diffraction
studies on single crystals of 7 obtained from a concentrated
THF solution at 70 �C unveiled two crystallographically distinct
iron sites (Fig. 1b); two distinct sites were further observed by
57Fe Mössbauer spectroscopy, the parameters of which support
one center being more consistent with a high spin FeII and the
other as a high spin FeIII center (Fig. S-8 and S-9†). The Fe–O
bond distances in 7 (1.8034(15) Å, 1.8928(15) Å) are longer than
those in both diferrous 3 and diferric 6, and the difference of
0.09 Å indicates a potentially localized nature. The Fe–O–Fe
angle of 148.98(10)� resides in between the fairly linear Fe–O–Fe
vector in the diferric state (167.1(3)�) and the signicantly more
acute Fe–O–Fe angle of the diferrous complex (116.00(14)�).
VI. Reactivity of the mixed-valent diiron m-oxo

Upon synthesizing the mixed-valent oxo complex 7 via the
method previously described, 1H NMR and 57Fe Mössbauer
spectroscopies reveal the formation of 7 together will a small
amount of hydroxide 5. While 7 is stable at 70 �C for 12 hours
and does not react with weak C–H bonds (such as those in 1,4-
cyclohexadiene), this mixed valent species is protolytically
sensitive. Addition of one equivalent of water to 7 leads to
ously studied examples

nce (Å)
pKa of
conjugate acid Jcalc (cm

�1) Jexp (cm�1) Reference

15.3(6) �65.9 �53.2 This work
26.8(6) �69.3 — This work
�1.8(6) �96.4 �122 This work
— ��200 to �250 — 22
— — — 21
— — — 21
21.3(1) — �87.5 10
6.1(3) — — 43

(tBu)CHC(tBu)(2,6-diisopropylphenyl). c L ¼ PhBP3
iPr. d L ¼ PhBP3

Ph. e L
lene)diphenol. f L ¼ 4-((1-methyl-1H-imidazol-2-yl)methyl)-1-thia-4,7-

This journal is © The Royal Society of Chemistry 2019
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immediate consumption of 7 and quantitative formation of
[Cp2Co][(

tBudmx)Fe2(m-OH)Cl2] (5d).45 We were not able to
unequivocally determine the origin of the reducing equivalent
which reduces a potential mixed-valent hydroxide intermediate
species to diferrous 5, but the hydroxide generated upon proton
transfer to 7 could act as a potential reductant. Alternatively, 7
can be converted to [Cp2*Co][(

tBudmx}Fe2(m-O)Cl2] (5c) by
addition of one equivalent of decamethylcobaltocene. These
reactions demonstrate the intricate interplay between oxidation
and protonation state.

Lastly, we were able to evaluate the strength of the O–H bond
in [Et4N][(

tBudmx)Fe2(m-OH)Cl2] (5b) by addition of 2,4,6-tri-tert-
butylphenoxyl radical as a hydrogen atom acceptor. Slow
generation of 7 is observed upon addition of 2,4,6-tri-tert-
butylphenoxyl radical to 5 (Fig. S-19†), suggesting that the BDEs
of the O–H bond of 5 and 2,4,6-tri-tert-butylphenol are
comparable.46

Conclusions

The Pacman ligand platform tBudmxH2 was selected as
a template for the synthesis of dinuclear iron complexes.
Reaction of tBudmxH2 with Fe2(Mes)4 affords a diiron complex 1
that is an excellent starting material for the introduction of
bridging oxygen atoms. Our results indicate that the tBudmxH2

ligand serves as a preorganized scaffold to support a diiron core
but is sufficiently exible to allow for moderate structural
rearrangements.

Importantly, we demonstrate that this ligand platform
supports a diiron core in multiple oxidation states. As such,
this system provided us with the unique opportunity to
compare the reactivity of a series of diiron m-oxo complexes in
a similar coordination environment. We showcase that the
diiron species have a distinct inherent preference for oxo or
hydroxide bridge formation, similar to bimetallic iron
enzymes in nature.1–4 While a diferrous, a mixed-valent, and
a diferric m-oxo complex could be isolated, oxidized bridging
hydroxide complexes remained elusive. The acidity of the
bridging hydroxide increases substantially upon oxidation
(pKa of 6a ¼ �1.8(6)), which precludes isolation of a diferric
bridging hydroxide. Similarly, the basicity of the bridging
oxygen atom increases upon reduction (pKa of 3a ¼ 15.3(6))
and even further upon coordination of neutral (pKa of 4 ¼
26.8(6)) or anionic ligands (pKa of 5 is expected to be greater
than 26.8).

The primary inuence of changing the Fe–O–Fe bonding
and, thus, its attendant covalency is the relative electrophilicity
of the Fe sites within that unit. Whereas solvation of the [Fe2(m-
O)] core results in a substantial increase of the oxo basicity
relative to 3, anation leads to oxo protonation without
a discernible intermediate. Solvation and anation electrostati-
cally reinforce the iron centers, diminishing the Fe–O interac-
tion and increasing oxo basicity. Oxidation of diferrous 3 to
diferric 6, on the other hand, leads to an increased covalent
interaction as the iron sites are now more electrophilic
following oxidation. Consequently, the oxo moiety is far less
basic in the higher oxidation state complex.
This journal is © The Royal Society of Chemistry 2019
Finally, we were able to isolate a rare mixed-valent diiron m-
oxo complex and observed a decomposition pathway distinct
from previously reported mechanisms. Rapid disproportion-
ation of a mixed-valent diiron oxo complex to a diferrous
hydroxide together with a diferric m-oxo complex has been
described in the literature.10 In our system, decomposition of
the mixed-valent complex proceeds cleanly to diferrous
hydroxide 5 without the formation of a diferric species. We
believe that the reactivity showcased by the diiron complexes
presented herein complements current mechanistic under-
standing and work is underway to elucidate the reactivity of
these complexes with dioxygen.
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