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ABSTRACT: Iron-catalyzed C-C coupling reactions of pyrrole provide a unique alternative to the traditional
Pd-catalyzed counterpart. However, many details regarding the actual mechanism remain unknown. A series of
macrocyclic iron(III) complexes were used to evaluate specifics related to the role of O2, radicals, and µ-oxodiiron
complex participation in the catalytic cycle. It was determined that the mononuclear tetra-azamacrocyclic complex is a
true catalyst and not a stoichiometric reagent, while more than one equivalent of a sacrificial oxidant is needed.
Furthermore, the reaction does not proceed through an organic radical pathway. µ-oxodiiron complexes are not
involved in the main catalytic pathway, and the dimers are, in fact, off-cycle species that decrease catalytic efficiency.

INTRODUCTION

The discovery of Pd-catalyzed C-C cross coupling
reactions, more commonly known today as Suzuki
Miyaura coupling, in 1979 represented an important leap
forward in terms of chemical synthesis.1-2 Using this
chemistry, a newly formed C-C bond typically originates
from an aryl halide and an organoborane. In recent
years, however, there has been a push towards
investigating Fe-catalyzed C-C coupling reactions as a
means of achieving less toxic and cheaper catalytic
processes compared to Pd.3-7 These virtues are
vigorously debated because toxicity depends on the
identity of the metal salts, as well as the type of toxicity
measured.8 Additionally, the cost of the supporting
ligands can offset the overall cost of the metal catalyst.9
Nonetheless, there is a strong cohort to further assert
that Fe-based catalysis is important, and should be
investigated further, because the electronics of base
metals differ from their precious metal counterparts.10

Scheme 1. General reaction for the coupling of
phenylboronic acid and pyrrole.

Within the scope of Fe-based catalysis, direct C-C
coupling reactions facilitated by iron have been
pioneered by Wen and co-workers.11 Using
tetra-azamacrocycles and iron salts, pyridine and pyrrole
were independently coupled with phenylboronic acid to
produce 2-phenylpyridine (41%) and 2-phenylpyrrole
(66%), respectively (Scheme 1). The coupling of pyridine
and phenylboronic acid was performed in the presence
of an iron(III) salt. Conversely, pyrrole coupling to
phenylboronic acid was performed using an iron(II) salt.
Wen and co-workers proposed a mechanism for the
iron(II)-catalyzed coupling of pyrrole and phenylboronic
acid. In this mechanism, the iron(II) complex enters that
catalytic cycle and is activated by oxygen to form an
Fe-O species. The Fe-O species is proposed to activate
the C2-H bond of pyrrole. Following the report by Wen
and co-workers, Dong et al. showed through mass
spectrometry that an iron(III)-oxo species is present in
the iron(III)-catalyzed C-C coupling of pyridine and
phenylboronic acid.12 An Fe(III)/Fe(I) process was
proposed based on a computational study that began
with the iron(III)-oxo species. Our team has shown that
aza-macrocycles are broadly capable of catalyzing this
reaction as well.4,5 Previous work also showed that the
tetra-azamacrocycle alone, as well as Fe(ClO4)3 alone,
produce either no, or trace amounts of,
2-phenylpyrrole.13-14 However, there still exists major
deficiencies in the understanding of the mechanism,
which can be addressed by the following questions: (1)
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Do the iron(III) complexes act as stoichiometric reagents
to afford C-C coupling type reactions? 2) Does oxygen
oxidize pyrrole or the metal center? (3) What type of
interaction does oxygen have with iron(III) catalysts? (4)
Are any off-cycle species formed that may decrease
catalytic efficiency?
In the current study, we sought to determine a more
detailed understanding of the iron-catalyzed C-C
coupling process from four viewpoints: (1) The need for
oxygen atoms was investigated by altering the reaction
conditions to eliminate all sources of oxygen, including
dioxygen, water, and oxy-containing counter-ions, (2) the
role of oxygen was investigated by determining if
3-pyrroline-2-one could serve as a starting material in
the production of 2-phenylpyrrole, (3) the potential for a
radical participation was tested by varying the radical
scavenging ability of the catalyst used, (4) the role of
µ-oxodiiron complexes under reaction conditions was
further studied using absorbance spectroscopy.

Figure 1. Chemical structure of ligands L1-L5 and
complexes [FeL1-L5(Cl)2]+.

Table 1. Catalytic yields used to determine the need for
oxygen in the coupling reaction described in Scheme 1.

Loading Catalyst Oxidant % Yield
10% [FeL2(Cl)2]Cl air 58 ± 7a

100% [FeL2(Cl)2]ClO
4

* 16 ± 4

100% [FeL2(Cl)2]Cl * Trace
*excluded, aref.13

RESULTS

To determine if the iron-complexes act as a
stoichiometric reagent in the C-C coupling between
pyrrole and phenylboronic acid type coupling, the iron
complex [FeL2(Cl)2]Cl was tested for the ability to
produce 2-phenylpyrrole in the absence of oxygen.
When [FeL2(Cl)2]Cl was loaded at 100 mol% and the
reaction was heated for 10 h under anaerobic conditions
(Table 1) no 2-phenylpyrrole was detectable. Therefore,
the coupling only occurs in the presence of an oxygen
source, and a stoichiometric pathway does not need to
be included in the catalytic mechanism. Interestingly, the
use of [FeL2(Cl)2]ClO4 at 100% loading under anaerobic
conditions resulted in 16 ± 4% product formation,
indicating that the perchlorate counter-ion is capable of
acting as sacrificial oxidant in iron catalysis. Although the
perchlorate counter-ion was able to act as a sacrificial
oxidant, a 1:1 mole ratio of perchlorate to iron was not
sufficient to produce comparable yields to those obtained
when 10 mol% [FeL2(Cl)2]Cl was used open to air (58 ±
7%).13 This can be explained in two ways: 1) the
perchlorate is not as effective an oxidant as air and 2)
more than one equivalent oxidant is required to facilitate
one turnover. The latter is consistent with experimental
and computational studies that show Fe-C and Fe-Aryl
do not spontaneously eliminate.15-16 Rather, the oxidation
of the metal center triggers the elimination step and
regeneration of the active catalyst. This would be a slight
modification to the computationally derived mechanism
proposed by Dong and co-workers where the product is
released, followed by oxidation via O2.17 It does not
appear that this oxidation dependent reductive
elimination was explored in their calculations but our
results support the concomitant oxidation and product
release.

The role of oxygen in the catalytic cycle
After establishing the need for an oxidant, an alternative
mechanism to metal oxidation was considered.
Specifically, pyrrole has been shown to oxidize to
3-pyrroline-2-one; therefore, oxidation of the reagent
prior to entering the catalytic cycle was explored.14 To
evaluate this, 3-pyrroline-2-one was independently
synthesized via a previously reported procedure in which
hydrogen peroxide is used to oxidize pyrrole in the
presence of Ca(CO3)2 (Scheme 2).18 No 2-phenylpyrrole
was isolated when 3-pyrroline-2-one was combined with
phenylboronic acid in the presence of [FeL1(Cl)2]Cl
indicating this is not an intermediate in the catalytic
mechanism. Therefore, based on these results, oxygen
is required for oxidation chemistry with the iron and not
the pyrrole substrate.
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Scheme 2. Synthesis of 3-pyrroline-2-one as a potential
starting material for pyrrole and phenylboronic acid
coupling. 2-phenylpyrrole is not produced when
[FeL2(Cl)2]Cl was used for catalysis.

Radical participation
Many catalytic processes progress through a mechanism
involving radicals ions.19-20 For example, Dantignana and
co-workers recently reported hydrogen atom abstraction
chemistries with the iron complex of L4 that involves a
carbon-centered radical.21-22 Based on this knowledge,
the catalytic coupling of pyrrole with phenylboronic acid
was evaluated to determine if a radical species is
involved. Previously, the ligands L1, L2, and L3 (Figure
1) were tested for radical scavenging ability using the
DPPH (2,2-diphenyl-1-picrylhydrazyl) assay, which
allows for analysis of a molecule’s radical scavenging
ability in solution.23 An intense purple solution is obtained
with a corresponding absorbance band at 515 nm when
DPPH is dissolved in EtOH.24-26 The intensity of the
absorbance band is concentration dependent and
decreases as radical scavenging systems react with
DPPH through a hydrogen atom transfer (HAT) type
reaction. Quantification of radical scavenging ability for a
compound of interest is obtained by comparison to a
positive control such as BHT
(2,6-di-tert-butyl-4-methylphenol). Ligands L2 and L3
were previously shown to be potent radical scavengers,
but L1 did not show any reactivity.27-28 The radical
scavenging activity of L2 and L3 was attributed to the
pyridol moiety, which scavenges radicals in a similar
manner to tannins.29 However, the radical scavenging
activity of metal congeners has not been explored to
date. Therefore, a DPPH assay was performed with
[FeL1(Cl)2]+, [FeL2(Cl)2]+, and [FeL3(Cl)2]+ (Figure 2);
complex [FeL1(Cl)2]+ did not scavenge radicals at or
below 0.75 mM. In contrast, [FeL2(Cl)2]+ and
[FeL3(Cl)2]+ provided concentration-dependent radical
scavenging activity at concentrations greater than 250
µM.

Figure 2. DPPH assay showing radical scavenging
ability relative to radical remaining for [FeL1(Cl)2]ClO4,
[FeL2(Cl)2]ClO4, and [FeL3(Cl)2]ClO4.

The catalytic yields obtained in the presence of 198 mM
[FeL1(Cl)2]+, [FeL2(Cl)2]+, and [FeL3(Cl)2]+ were
compared to the radical scavenging ability of each
complex. Complex [FeL1(Cl)2]+, [FeL2(Cl)2]+,and
[FeL3(Cl)2] afforded 57 ± 3% , 58 ± 7%, and 52 ± 7%
2-phenylpyrrole13 and a 0%, 50% , and 50% reduction of
the DPPH radical, respectively. In addition, 10% and
100% loading of BHT, with respect to phenylboronic acid,
showed no difference in product yield. If an organic
radical were present, the iron complexes of L2 and L3
would have resulted in lower catalytic yields due to
quenching of an organic radical intermediate. Therefore,
the DPPH results indicate that an organic radical ion is
not likely present in the reaction mechanism.

Table 2. DFT-computed reaction energies ΔE (eV) for
two representative one-electron oxidations of high-spin
FeIIIL complexes: (a) [FeIIIL(Cl)OH]+ + 1/2 H2O2 →
[FeIV(=O)Cl]+ + H2O (b) [FeIIIL(Cl)2]+ + H3O+ + 1/2 H2O2 →
[FeIVL(Cl)2]2+ + 2 H2O.

L1 L2 L3
(a) FeIV(=O) -0.01 -0.02 -0.07
(b) FeIV -0.05 -0.19 -0.43
Calculations use Kohn-Sham density functional theory
with the B3LYP exchange-correlation functional, the
def2-TZVPP basis set, and the SMD continuum model
for water solvent.. Other approximations give
qualitatively similar results as noted in Supporting
Information.

Given the results of the DPPH experiments and reports
of the FeL4 complex accessing both FeIV(=O) and
FeV(=O) states21, computational studies were carried out
to evaluate the potential for an Fe(IV)-oxo species to
form within the series and how the changes in ligand
substitution impacted the stability of this complex. These
high valent species have not been discussed in
previously proposed mechanisms and were, therefore,
considered here.13-14 Table 2 shows that the DFT
computed reaction energies for forming [FeIV(=O)LCl]+
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complexes (reaction (a), supporting information) are
essentially the same (within 0.1 eV with
B3LYP/def2-tzvpp) for L1, L2, and L3. This is consistent
with catalytic results, where the complexes provide
similar product yields; i.e. the stability of the high-valent
iron oxidation state is independent of the substitutions
explored in this series. These results are also consistent
with previous spectroscopic studies of the FeL4
complex, which can access both FeIV(=O) and FeV(=O)
states, the latter of which is a more efficient HAT
catalyst.21 DFT-predicted oxidation energies without an
oxo-ligand (reaction (b)) are markedly varied within the
series. Without an oxygen ligand, oxidation is predicted
to occur at Cl or L ligands, not at the metal. Other levels
of theory give similar predictions (Supporting
Information). Overall radical scavenging studies and DFT
simulations suggest that a high-valent Fe(=O) pathway
should be considered.

Implication and participation of µ-oxodiiron complexes in
C-C coupling reactions
µ-Oxodiiron complexes are known to play a role in
oxygen atom transfer reactions, but their role in C-C
coupling reactions has not been established.30-65 The
complexes [FeL1(Cl2)]+, [FeL4(Cl2)]+, and [FeL5(Cl)2]+
were explored due to the well-documented facile
formation of µ-oxodiiron complexes in solutions with a
pH above 1.66-68 [FeL4(Cl2)]+ and [FeL5(Cl)2]+ (Figure 1)
were added to the series to explore the impact of steric
bulk on the N-atoms because it was hypothesized that
the steric bulk in ligands L4 and L5 would impact the
formation or stability of the µ-oxodiiron complexes. In the
presence of Et3N and H2O, [FeL1(Cl2)]+ and [FeL4(Cl2)]+
readily formed µ-oxodiiron complexes 1 and 2 (Scheme
3). However, [FeL5(Cl)2]+ formed an unexpected
tetrametallic species 3 (Scheme 3) that was isolated in
small quantities and studied by X-ray diffraction.

Scheme 3. Synthesis of structures of 1a, 1b, and 2
dimers, as well as 3 tetrametallic species.

The inability of [FeL5(Cl)2]+ to form the well-known,
stable diiron species under basic conditions expands on
previous reports that dimer formation is not observed
upon oxidation of the iron(II) complex to the iron(III) in
the presence of O2.66-67, 69 This observation is attributed to
the additional steric bulk on the N-atoms. The
triply-µ-oxo bridged species (3) proved to be extremely
unstable in our hands. The participation of a µ-oxo dimer
in the catalytic mechanism is unlikely because increased
catalytic yields (74% ± 3) were observed with
[FeL5(Cl)2]+ compared to [FeL1(Cl2)]+ and [FeL4(Cl2)]+.70

The µ-oxo complexes 1 and 2 (Figure 3) were
characterized by single crystal X-ray diffraction, NMR,
and absorbance spectroscopy, which are discussed in
depth below. Moreover, the absorbance spectra of
[FeL1(Cl2)]+ and [FeL4(Cl2)]+ in the presence of pyrrole
showed the formation of 1 and 2. Therefore, 1 and 2 are
assigned as off-cycle species that decrease catalytic
yields of [FeL1(Cl2)]+ and [FeL4(Cl2)]+.

Reactivity of [FeL1(Cl)2]+, [FeL4(Cl)2]+,and [FeL5(Cl)2]+
with Et3N and H2O
As noted above, [FeL1(Cl)2]+, [FeL4(Cl)2]+,and
[FeL5(Cl)2]+ were treated with Et3N in the presence of
H2O in either MeOH ([FeL1(Cl)2]+) or CH3CN
([FeL4(Cl)2]+ and [FeL5(Cl)2]+) as shown in Scheme 3.
Dimers 1 ([µ-O(FeL1Cl)2]2+) and 2 ([µ-O(FeL4Cl)2]2+), as
well as, 3 ([Fe(Cl){(µ-O)FeL5(Cl)}3]2+) were isolated from
the reaction mixtures as single crystals suitable for
diffraction studies.
Complex 1 crystalized in two separate forms, 1a and 1b,
depending on the solvent used for crystal growth. Due to
the small amount (3 mg) of 3 isolable, the only
characterization successfully completed was X-ray
crystallography.

Solid-state structure determination of 1, 2, and 3
The solid-state structures of 1a, 1b, 2, and 3 are shown
in Figures 3-4. Crystals of 1a were obtained by slow
evaporation of MeOH; isolation of the crystals suitable
for X-ray diffraction resulted in a 50% yield. The crystals
of 1a were dark brown with a brick morphology. Several
unsuccessful attempts were made to slow the
crystallization process, to eliminate the presence of
disorder, twinning, and pseudo-symmetry observed
when crystals were grown by slow evaporation at room
temperature. The twinning and pseudo-symmetry were
identified using the program PLATON. The crystal
structure of 1a was refined in the space group C2/m.
Like [FeL1(Cl)2]+, the ferric iron adopted a cis-distorted
octahedral geometry in which the equatorial plane was
occupied by two nitrogen atoms of the macrocycle, a
bridging oxide, and a chloride; the axial positions were
filled by the two remaining nitrogen atoms in the
macrocycle completing the coordination sphere. The
asymmetric unit of 1a consists of half of the molecule
(O-FeL1(Cl)) and two perchlorate counter-ions. The
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complete complex is symmetry generated by a two-fold
rotation about the oxygen atom, resulting in a 180o twist
angle between the two pyridine moieties of the L1
backbone. The Fe-O bond length, Fe(1)-O-Fe(1A) bond
angle, and Fe…Fe distance (1.765(3) Å, 171(2) , 3.592°
Å, respectively) are consistent with previously reported
µ-oxodiiron species containing chloride ligands.66, 71

The prevalence of twinning in crystals of 1a using slow
evaporation of MeOH prompted us to investigate other
crystal growth conditions. The slow diffusion of Et2O into
a solution of 1a in CH3CN afforded dark brown brick
shaped crystals suitable for diffraction studies. The
structure adopts the space group I41/a. The asymmetric
unit consisted of the diiron(III) complex
(FeL1(Cl)-O-FeL1(Cl)), a perchlorate counter-ion, a
chloride counter-ion, and one molecule of CH3CN. This
was the first indication that the oxo-bridge dimer in 1
may exist with different geometries in the solid state.
The orientation of the ligands with respect to one another
was quantified by the twist angle between the pyridine
moieties. The twist angle of 1b was 35.53(4)o, a
difference of 35o compared to 1a. Otherwise, the Fe(1)-O
bond length (1.775(4) Å), the Fe(2)-O bond length
(1.782(4) Å), Fe(1)-O-Fe(2) bond angle (166.7(3)°), and
the Fe…Fe distance (3.533 Å) are comparable to 1a.
The ability to isolate multiple solid-state species of 1
indicated that multiple configurations may be
thermodynamically similar in energy and packing
dependent on solvent. This is evidenced by hydrogen
bonding with free chloride in 1b.

Figure 3. ORTEP (50% TELP) representation of
solid-state structures of 1a, 1b, and 2, described in
Scheme 2. Counter ions and solvent molecules have
been removed for clarity.

Figure 4. (A) ORTEP plot of the asymmetric unit of 3.
Atoms are shown as 30% probability ellipsoids. The PF6

‒

anion is not included for clarity. (B) Tetranuclear cluster
present in [Fe(Cl){(µ-O)FeL5Cl}3](PF6)2. Anions and
hydrogen atoms (on A) are not shown. Symmetry
operations used to generate equivalent atoms: i = 2‒y,
1+x‒y, z; ii = 1‒x+y, 2‒x, z.

Crystals of 2 suitable for X-ray diffraction were obtained
by slow diffusion of Et2O into CH3CN at room
temperature. A 55% yield was achieved by isolation of
the brown brick-shaped crystals. As shown in Figure 3,
the complex crystalized in the space group C2/c with a
cis-folded octahedral geometry. The cis-coordination
sites of both ferric ions were filled by a µ-oxide and a
chloride ligand. The asymmetric unit of 2 resembled that
of 1a rather than 1b, and consisted of one half of the
dimer, two PF6 counter-ions, and one molecule of
CH3CN. The oxygen atom was positioned on a 21-screw
axis resulting in a 90o twist angle between the pyridine
moieties. The Fe(1)-O bond length (1.775(4) Å), Fe(2)-O
bond length (1.782(4) Å), Fe(1)-O-Fe(2) bond angle
(166.7(3)°), and Fe...Fe distance (3.592 Å) were
consistent with those observed in 1a and 1b.
Slow evaporation of the reaction solution containing
CH3CN, Et3N, H2O, and [FeL5(Cl)2]+ resulted in red
plate-shaped crystals of 3. The solid-state structure,
shown in Figure 4, indicated that 3 is tetranuclear cluster
with threefold symmetry, [Fe(Cl){(µ-O)FeL5Cl}3](PF6)2. A
central tetrahedral Fe3+ ion that lies on a 3-fold axis is
coordinated by a single chloride and by three oxide
anions that bridge to further Fe3+ ions coordinated by
chloride and L5. The charge of this cluster is balanced
by PF6

‒ anions. The structure determination was
complicated by extensive disorder as the molecule lies
on the mirror plane. Further details are given in the SI.
The oxo-bridges are close to linear (Fe(1)-O(1)-Fe(2)
angle is 168.6(5)°) and the bond lengths are in
agreement with the other structures here (Fe(1)-O(1) is
1.763(8) Å and O(1)-Fe(2) is 1.820(8) Å).72-74

The higher catalytic efficiency of [FeL5(Cl)2]+, reported
previously, compared to [FeL1(Cl)2]+ and [FeL4(Cl)2]+ in
combination with the instability of
[Fe(Cl){(µ-O)FeL5Cl}3]2+ suggested that the active
catalytic species does not involve an Fe-O-Fe type
molecule. 70

5



1H NMR analysis of 1a and 2
The stability and magnetic properties of 1a and 2 in
MeOH were studied using 1H-NMR (Figure S1). Both
complexes exhibit resonances between 0-40 ppm. The
presence of paramagnetically shifted resonances
indicated that the dimers are stable in MeOH because
the monomeric congeners of 1 and 2 are not visible by
NMR. Furthermore, the observation of resonances at 40
ppm are typical for antiferromagnetically coupled iron
centers.52

Absorbance analysis of 1a and 2 in MeOH and CH3CN
The absorption spectra of µ-oxodiiron(III) complexes
have been shown to exhibit three types of transitions in
the visible region: an allowed oxo-Fe charge transfer
(LMCT) (300-400 nm), d-d transition and weak oxo-Fe
LMCT (400-550 nm), and a forbidden oxo-Fe CT
(550-700 nm).75 The allowed oxo-Fe CT is believed to
borrow intensity from the adjacent allowed LMCT of
µ-oxodiiron(III) complexes such that the spin forbidden
d-d and oxo-Fe CT are observed. This principle is
explained fully in work by Norman et al.76 The identity of
the transitions were assigned based on the analysis of
absorption spectra of a series of [Fe2(TPA)2O(L)](ClO4)n
complexes; variations in the ligand field strength of L
resulted in Fe-O-Fe bond angles ranging from 125o to
180o. The series of [Fe2(TPA)2O(L)2](ClO4)n complexes
exhibited a band at 490 nm indicating that this transition
was not affected by the Fe-O-Fe angle or ligand field
strength. Therefore, the transition was assigned as a
spin-forbidden (4E and 4A1) 6A1, because the d5 ← 
Tanabe-Sugano diagram showed that the energy of two
states, 4E and 4A1, are independent of ligand field
strength in high-spin complexes. This transition (490 nm)
was assigned as a forbidden oxo-Fe CT because the
absorbance bands between 550-700 nm varied with
Fe-O-Fe angle and are accompanied by a low extinction
coefficient. For linear µ-oxodiiron(III) complexes,
absorbance bands at 550-580 nm are expected,
corresponding to a d-d and oxo-Fe CT transition.68, 71, 76-77

Solid-state analysis showed that the use of MeOH and
CH3CN for crystal growth resulted in two different
complexes, 1a (MeOH) and 1b (CH3CN). Therefore, the
absorption spectrum of 1a was obtained in MeOH and
CH3CN to validate the expected interconversion between
1a and 1b in solution. The absorbance maxima are
available in Table S1 and the absorption spectra are
shown in Figure 5 for MeOH and CH3CN. When
dissolved, the brown solution of 1a exhibited absorption
bands between 330 and 600 nm. The allowed oxo-Fe
charge transfer band of 1a was observed at 330 nm
(3500 M-1 cm-1) in MeOH and 335 nm (10000 M-1cm-1) in
CH3CN. In MeOH, the absorbance band at 500 nm (170
M-1, cm-1) was consistent with a (4E and 4A1) 6A1 ← 
transition. However in CH3CN, two absorption bands are
observed (481 nm, ɛ = 932 M-1, cm-1; 500 nm ɛ = 878 M-1,

cm-1). The forbidden oxo-Fe CT was not observed in
MeOH or CH3CN.

Figure 5. (a) Visible spectra of 1a in MeOH
(dashed-line), [FeL1(Cl)2]+ in 8% H2O/MeOH
(dotted-line), and [FeL1(Cl)2]+ in 8% H2O/MeOH/25 µL
acid (solid-line); (b) Visible absorption spectra of
[FeL1(Cl)2]+ in CH3CN (orange) and 8% H2O/MeOH
solution after addition of concentrated HCl (25 µL, black).
(c) [FeL1(Cl)2]+ (0.13 mM/0.94 mM, green) and 1a (0.13
mM/ 0.99 mM, purple); (d) [FeL4(Cl)2]+ (0.16 mM/ 1.0
mM, green) and 2 (0.12 mM/1.0 mM, purple) in CH3CN.
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Attempts to compare spectra of [FeL1(Cl)2]+ to 1a in
MeOH were limited by solubility. Therefore, an 8%
H2O/MeOH solution was used to dissolve [FeL1(Cl)2]+.
An absorption band at 498 nm was observed, indicating
that 1a forms in the presence of H2O as (Figure 4). The
addition of 25 µL of concentrated HCl resulted in the
disappearance of the band at 498 nm, confirming the
existence of an equilibrium between 1a and [FeL1(Cl)2]+.

When dissolved in CH3CN, solutions of [FeL1(Cl)2]+ and
[FeL4(Cl)2]+ were pale yellow, while 1a and 2 were
brown. The absorbance data can be found in Figure 5
and Table S1. Two LMCT bands are observed:
[FeL1(Cl)2]+, at 319 nm (4 500 M-1cm-1) and 390 nm (sh;
1 600 M-1cm-1); and [FeL4(Cl)2]+, at 326 nm (5 000
M-1cm-1) and 408 nm (sh; 1 400 M-1cm-1). No other
absorption bands were observed for [FeL1(Cl)2]+ and
[FeL4(Cl)2]+. Complexes 1a and 2 exhibited four
absorption bands between 300 and 700 nm, which are
consistent with other µ-oxodiiron(III) complexes.71, 76-77

The formation of an Fe-O-Fe bridged complex greatly
increased the extinction coefficient of bands between
300 – 410 nm. This is attributed to a two-fold increase in
iron atom concentration in combination with the additive
effect of the LMCT and the oxo-Fe CT transitions. The
signature absorption bands at 490 nm and 550 nm,
corresponding to the forbidden (4E and 4A1) 6A1 and ←
oxo-Fe CT respectively, are observed at 481 nm (932
M-1cm-1) and 500 nm (878 M-1cm-1) for 1a, and 495 nm
(sh; 51 M-1cm-1) and 567 (sh; 161 M-1cm-1) for 2.

Dimerization of [FeL1(Cl)2]+ in reaction conditions
Finally, the ability of pyrrole to promote formation of 1a
was tested. Interestingly, the addition of up to 4
equivalents of pyrrole had no effect on the absorption
spectra of [FeL1(Cl)2]+, but the addition of excess
pyrrole, 200 µL (800 eq.), resulted in dimer formation
based on the appearance of an absorption band at 498
nm upon pyrrole addition.
The conversion of monomeric iron complexes into
µ-oxodiiron complexes may occur in the presence of
excess water. Therefore, the large excess of pyrrole
needed is most likely due to the low H2O content in the
pyrrole. These results indicate dimer formation can be
promoted under coupling reaction conditions, due to the
presence of H2O in the pyrrole used, despite distillation
for purification prior to use. In the catalytic cycle,
complexes 1a and 2 are assigned as off-cycle species.
Therefore, the formation of 1a and 2 may contribute to
the decreased activity of [FeL1-L4(Cl)2]+ compared to
[FeL5(Cl)2]+ in the coupling of pyrrole and phenylboronic
acid.54 In order to test this hypothesis, the coupling
reaction was performed with the dimer 1a. The observed
yield of 2-phenylpyrrole was 28(8)%, which is
significantly lower than the corresponding monomeric

species. This finding validates that the dimers are off
cycle species that result in decreased catalytic yields.

Scheme 4. More detailed catalytic mechanism proposed
for the iron-catalyzed C-C coupling of pyrrole and
phenylboronic acid. Active cycle (outlined in green)
based on ref.11, 17

CONCLUSIONS
In conclusion, this work set out to address specific
questions related to the mechanism of the iron catalyzed
C-C coupling reaction. The results indicate that an
oxidant is needed in the iron-catalyzed C-C coupling
reaction of phenylboronic acid and pyrrole. Air and
perchlorate are viable sacrificial oxidants; however, more
experiments are needed to understand the true reactivity
of perchlorate as a sacrificial oxidant. Oxidized pyrrole
was tested and found unable to react with phenylboronic
acid to produce 2-phenylpyrrole, thereby, implicating
oxygen reacts with the iron center. Furthermore, the
presence of radical scavengers in the form of complexes
[FeL2(Cl)2]+ and [FeL3(Cl)2]+ did not decrease catalytic
yields. This, combined with DFT studies and literature
precedent, suggest a high valent Fe(IV) or Fe(V)-oxo
species should be considered in addition to the other,
low valent mechanisms proposed to date.13-14, 21 The
monomeric iron complexes [FeL1(Cl)2]+ and [FeL4(Cl)2]+
readily form µ-oxodiiron species in the presence of a
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base and H2O. In the solid state, the more topologically
constrained [FeL5(Cl)2]+ does not form a dimeric
complex, but a tetranuclear cluster with a (Cl)FeO3 core,
[Fe(Cl){(µ-O)FeL5(Cl)}3]2+. Comparison of the
absorption spectra of 1a in CH3CN to that of the
monomer [FeL1(Cl)2]+, after addition of pyrrole,
indicates that 1a can form during the coupling of pyrrole
and phenylboronic acid. The µ-oxodiiron species (1 and
2) are assigned as off-cycle complexes that lower
catalytic yield, as evidenced by the bona fide dimers
resulting in significantly lower yields compared to
monomers congeners.

The identification of dimer formation under coupling
conditions, the need for oxygen, the inability of oxidized
pyrrole to act as a starting material to produce
2-phenylpyrrole, and the fact that radical scavenging
catalysts [FeL2(Cl)2]+ and [FeL3(Cl)2]+ give comparable
yields to [FeL1(Cl)2]+, have led to a more detailed
mechanism, relative to the literature,11-12 shown in
Scheme 4. Based on the radical studies reported above,
we can postulate an Fe(IV)/Fe(V)-oxo derived
mechanism. Attempts to characterize spectroscopically,
or isolate a high valent species, were unsuccessful.
Studies focused on isolating these intermediates from
the reaction are precluded here due to the reaction being
carried out in neat pyrrole, which polymerizes into dense
poly-pyrrole, a well-known and unavoidable
phenomenon. However, an acylperoxo-Fe(III) in
equilibrium with an oxo- FeIV and FeV when [FeL4(OTf)2]
is exposed to oxidant.22, 78-79 To further support this, iron
hydroxides form readily.80 The FeIII(OH) species of the
L1-L3 complexes is likely present in pyrrole, based on
speciation curves derived potentiometric studies81 that
indicate this species is present at pH values >~8.5. The
FeIII(OH) species could readily oxidize to higher valent
species, which is supported by our DFT and experiments
by others.78-79 Therefore, due to the ambiguity of the
oxidation states (FeIV vs FeV) within the active catalytic
cycle, both possibilities are represented (Scheme 4).
Notably though, the oxidation state of the Fe center after
reductive elimination is not zero, which is observed in the
case of Pd-catalyzed Suzuki-Miyaura coupling reactions.
Altogether, the studies presented here have resulted in
experimental evidence to develop a more detailed
catalytic mechanism for the coupling of pyrrole and
phenylboronic acid in the presence of an iron(III)
pre-catalyst. A helpful comment from a reviewer also
noted that this reaction could also be considered
complementary to C-H bond activation reported by
Nakamura and Akkerman and the parallels are certainly
striking.82-85 Such studies should be carefully considered
when exploring the potential scope of this catalyst library.

EXPERIMENTAL SECTION
Pyrrole was distilled before use, all other reagents

were obtained from commercial sources and used as

received, unless noted otherwise. NMR spectra were
obtained on a 400-MHz Bruker Avance spectrometer,
using deuterated solvents (MeOD or CDCl3). NMR
spectra were referenced using the corresponding solvent
resonance (in parts per million; CDCl3 δ = 7.26, MeOD δ
=3.31). Elemental analysis was performed by Canadian
Microanalytical Service Ltd. Electronic absorption
spectra were recorded on a Cary 60 UV-vis
spectrophotometer using a 3 mL quartz cuvette with a 1
cm path length. Catalytic cycles were drawn using a
recently reported web based interface.86

X-ray diffraction analysis. Single crystal X-ray
diffraction data were collected at 100 K on a Bruker D8
Quest Diffractometer. Data collection, frame integration,
data reduction, absorption (multi-scan), and structure
determination were carried out using APEX2 software.
Structural refinements were performed with XSHELL (v
6.3.1), by the full-matrix least-squares method. All
non-hydrogen atoms were refined using anisotropic
thermal parameters, while the hydrogen atoms were
treated as mixed. The ORTEP molecular plots (50 %)
were produced using APEX2 (Version 2014.9-0).
[µ-O(FeL1Cl)2](ClO4)2 (1a): Crystalline [FeL1(Cl)2]ClO4

(34.0 mg, 0.08 mmol) was dissolved in 1 mL water and
diluted with 5 mL MeOH. Et3N (10.9 µL, 0.0786 mmol) was
dissolved in 600 µL of MeOH and added dropwise to
[FeL1(Cl)2]ClO4. The solution was stirred for 1hr, followed
by slow evaporation of solvent to afford black X-ray quality
crystals over the course of several days. Yield: 50 % (32.0
mg, 0.04 mmol). Elemental analysis Calc (Found):
C22H36Cl4Fe2N8O9: C 32.62 (32.22); H 4.48 (4.50); N 13.83
(13.70). CCDC # 1578765. Note: 1a and 1b (CCDC #
2018374) are different orientations of the same molecule,
which we attribute to solvent used in crystal growth.
[µ-O(FeL4Cl)2](PF6)2·CH3CN (2): Complex

[FeL4(Cl)2]PF6 (39.7 mg, 0.076 mmol) was dissolved in 12.5
µL water and 1 mL CH3CN. Et3N (16.17 µL, 0.116 mmol)
was dissolved in 300 µL CH3CN and added dropwise to
[FeL4(Cl)2]PF6. The reaction was stirred for 1 h, then placed
inEt2O. Black X-ray quality crystals formed over the course
of 6 h. Yield: 55.2% (22.8 mg, 0.021 mmol). Elemental
analysis Calc (Found): C30H51N8Fe2Cl2OP2F12: C 35.11
(35.50); H 5.01 (5.09); N 12.28 (12.81). CCDC # 1813235.
[Fe(Cl){(µ-O)FeL5(Cl)}3](PF6)2 (3) was prepared in the

same manner as (2). Lack of substantial product precluded
successful characterization beyond X-ray diffraction. CCDC
# 2013199.
2-phenylpyrrole yield determination: Phenylboronic

acid (24 mg, 0.2 mmol) and crystalline material of the iron
complex (0.02 mmol) were added to a 20 mL vial equipped
with a stir bar. Degassed pyrrole (1 mL) was added to the
flask, and the mixture was heated to 130oC for 10 h. The
reaction was cooled to room temperature and the pyrrole
was removed under vacuum until no visible liquid was
present. Increasing the time that the reaction was kept
under reduced pressure decreased yields. The product
mixture was dissolved in a minimum amount of CDCl3, and
5 µL of dimethyldiphenylsilane was added to the solution as
a standard. The solution was filtered through a 0.2 µm nylon
filter and a known amount of sample was added to a
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pre-weighed NMR tube. Yield determinations were
performed using three resonances: 6.875, 6.532, and 6.307
ppm, corresponding to 2-phenylpyrrole and a resonance at
0.533 ppm corresponding to dimethyldiphenylsilane. The
reported values are averages of all resonances; each
measurement was carried out in triplicate.
General coupling reactions in anaerobic conditions:

Phenylboronic acid (24 mg, 0.20 mmol) and catalyst (0.02
mmol, 0.20 mmol), if used, were added to a 2 mL flask
equipped with a stir bar, the system was then placed under
an atmosphere of nitrogen. Pyrrole (1ml) was added to flask
and the mixture was heated to 130oC for 10 h. An identical
work-up to that described above was followed.
3-pyrroline-2-one coupling reactions: aerobic

conditions Phenylboronic acid (24 mg, 0.20 mmol) and
[FeL1(Cl)2]ClO4 (8 mg, 0.02 mmol) were added to a test
tube equipped with a stir bar. 3-pyrroline-2-one (1 mL) was
added to flask and the mixture was heated to 130 oC. After
refluxing for 10 h, the reaction was cooled to room
temperature, and the crude product was dried under
reduced pressure until no visible liquid was present. NMR of
the crude reaction showed no formation of 2-phenylpyrrole.
Anaerobic conditions: Phenylboronic acid (24 mg, 0.20
mmol) and [FeL1(Cl)2]ClO4 (8 mg, 0.02 mmol) were added
to a 2 mL reaction vessel equipped with a stir bar, and the
system was placed under an inert atmosphere using
Schlenk techniques. 1 mL 3-pyrroline-2-one was added and
the system was heated to 130oC for 10 h. Formation of
2-phenylpyrrole was not observed.
DPPH assay: A 2,2-diphenyl-1-picrylhydrazyl (DPPH)

stock solution was made by dissolving 25 mg of DPPH in
100 mL of absolute EtOH. The solution was standardized to
1.32 absorbance units (0.137 mM) by dilution with absolute
EtOH. 1 mg of each complex was dissolved in 2 mL of
water to yield the following concentrations: 1.2 mM
[FeL1(Cl)2]ClO4, 1.4 mM [FeL2(Cl)2]ClO4, 1.0 mM
[FeL3(Cl)2]ClO4. The pH was adjusted with HCl gas to
dissolve the compounds in water. 1 mg of BHT was
dissolved in 2 mL of absolute EtOH to make a 2.3 mM stock
solution of BHT. Each complex and BHT were diluted to
reach the following concentrations: 0.75 mM, 0.5 mM, 0.25
mM, and 0.1 mM. 150 μL of each solution were put into a
microplate well with 150 μL of 0.137 M DPPH. The solutions
were incubated in the dark for 24 h, and the absorbance
was measured at 515 nm. The experiment was done in

triplicate. A 50:50 mixture of EtOH and water served as the
negative control. A mixture of 150 μL of H2O and 150 μL of
DPPH, as well as, a mixture of 150 μL of absolute EtOH and
150 μL of DPPH served as positive controls for the
complexes and BHT respectively.

DFT Studies: Calculations use the Gaussian 16 package.87

Calculations simulate isolated high-spin [FeIIILCl2]+ and
[FeIIIL(Cl)OH]+ complexes (charge +1, spin multiplicity 6) and
the oxidation products [FeIVLCl2]2+ (charge +2, spin
multiplicity 5) or [FeIV(=O)LCl]+ (charge +1, spin multiplicity
5) oxidation states. Complex geometries are optimized using
density functional theory (DFT) with the B3LYP
exchange-correlation functional88-90, the LANL2DZ91basis set,
and the SMD continuum model92 for water solvent.
Calculations at these geometries are performed using the
def2-TZVPP basis set93-94, SMD continuum water, and the
B3LYP, Perdew-Burke-Ernzerhof (PBE) exchange-correlation
95, or M06-2X96 exchange-correlation functionals. Values
reported are total energies, Delta E. Partial atomic charges are
computed using natural population analysis.97
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