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Metalloenzymes serve as inspiration for novel molecular catalysts and model systems. While chemists have

designed complexes that mimic these biological catalysts, synthetic complexes often do not recapitulate

the reactivity of the native enzymes. We hypothesise that the secondary coordination sphere

surrounding the metal centre, which is indispensable for enzymatic activity, is the crucial component

missing in biomimetic catalysts. To address this issue, we have designed and synthesised hangman

dipyrrin complexes that emulate both the primary and secondary coordination sphere of the fungal

enzyme polysaccharide monooxygenase by including a pendant phenol above the metal centre. Here,

we report the synthesis of Zn(II), Pd(II), Co(III), Ga(III), Fe(III), and Mn(III) complexes, which are characterised

by NMR spectroscopy, UV-vis absorption, X-ray crystallography, and cyclic voltammetry. Complementary

density functional theory calculations were performed to support spin state assignments. The square

planar and octahedral complexes exhibit atropisomerism, which arises from the 2-substituent on the

meso aryl ring. This attribute ensures a precise, rigid position of the pendant phenol, akin to a protein

active site, which can be controlled by leveraging differences in atropisomer solubility in the case of the

Pd(II) phenol complex. We envision that this hangman ligand architecture will overcome the limitations of

previous biomimetic catalysts.
Introduction

The development of biomimetic metal complexes that serve as
structural and functional mimics of metalloenzyme active sites
is a long-standing subeld of bioinorganic chemistry.1–4 The
primary focus of this research has been to synthesise molecules
that emulate the primary coordination sphere of the meta-
llocofactor. One aspect of these model systems that is oen
overlooked is the secondary coordination sphere surrounding
the protein active site, which plays a crucial role in reactivity.5

Metallocofactors oen have peripheral amino acid residues that
provide hydrogen bonding contacts to stabilise metal-bound
ligands. One example is myoglobin, where a conserved histi-
dine above the haem cofactor enables O2 binding at the Fe(II)
centre.6 Similar O2 stabilisation is observed in haem nitric
oxide/oxygen binding proteins (H-NOX) that selectively bind O2

rather than NO.7 In these oxygen-sensing proteins, a distal
hydrogen bonding network is present above the haem cofactor,
where a tyrosine residue is necessary and sufficient to form the
Fe(II)–O2 adduct.8 The role of the secondary coordination sphere
in proteins extends beyond hydrogen bonding stabilisation of
metal-bound ligands. These functions range from dictating
substrate specicity and regioselectivity to regulating electron
transfer and allostery.9–11
y, Montana State University, Bozeman,
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One example that highlights the role of the secondary coor-
dination sphere in protein function is the blue copper site in
azurin and plastocyanin.12,13 A methionine residue above the
copper distorts the geometry of the metal so the copper centre
can adopt a geometry that is intermediate to square planar
Cu(II) and tetrahedral Cu(I), reducing the reorganisation energy
associated with electron transfer.14 Synthetic inorganic chem-
ists have designed biomimetic complexes to model the copper
site of these proteins.15,16 Recently, Olshansky and co-workers
have synthesised copper complexes that undergo dynamic
conformational changes,17 which give rise to very rapid electron
transfer rates as a consequence of the low reorganisation
energy.18

The inclusion of secondary sphere residues in small mole-
cule complexes leverages the hangman effect,19–22 which tunes
the pKa of the metal-bound oxygen intermediate and increases
the effective proton concentration. “Hangman” complexes
evolved from extensive studies of cofacial or “pacman”
porphyrins by Collman, Chang, and Nocera.21,22 Mechanistic
studies of electrocatalytic O2 reduction revealed that two redox-
active metal centres were not necessary to reduce O2 to H2O.
Instead, the second metal tuned the pKa of the metal-bound O2

intermediate. Consequently, the second porphyrin could be
replaced with an acid/base group above the metal to stabilise
theM–O2 species and tune its pKa, while also serving as a proton
relay to facilitate proton-coupled electron transfer (PCET). The
hangman architecture was pioneered by Chang23 and later
popularised by Nocera and co-workers,24 who have reported
Chem. Sci.
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Chart 1 The hangman dipyrrin ligands (1–3) and corresponding
homoleptic and heteroleptic metal complexes reported in this study (R
= –OMe, –OH, and –H).
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numerous studies on hangman porphyrins and corroles for
electrochemical O2 reduction, H2O oxidation, H+ reduction, and
CO2 reduction.19,25,26

Recently, there has been a surge in the development of
transition metal complexes that include peripheral, secondary-
sphere residues to enable or enhance reactivity.27–30 Motivated
by these examples, we have developed a hangman dipyrrin
ligand platform that incorporates a pendant phenol moiety
(Fig. 1). This bioinspired architecture emulates the active site of
polysaccharide monooxygenase (PMO): a mononuclear copper
enzyme that oxidises the glycosidic bond in recalcitrant poly-
saccharides (e.g., cellulose, chitin).31 Fungal PMOs have
a conserved tyrosine residue in the secondary coordination
sphere, which is proposed to stabilise an O2 adduct at the
copper centre, tune the electronic structure of the metal, and
facilitate O2 reduction.32 We have selected dipyrrin as the ligand
platform tomodel the PMO active site (Fig. 1). Dipyrrins, or half-
porphyrins, can bind main group elements, d-block metals, and
f-block metals.33–36 The synthesis of dipyrrins is more facile than
analogous porphyrins, requiring fewer synthetic steps and less
chromatography with higher product yields. Dipyrrins offer
more versatility than porphyrins, enabling substrates to bind at
either an equatorial or axial position, whereas porphyrins are
restricted to axial substrate binding. The dipyrrin ligand can be
substituted at the a, b, andmeso positions to tune the steric and
electronic properties of the ligand. Since dipyrrins are not
macrocyclic, the primary coordination sphere is readily diver-
sied, enabling the isolation of both homoleptic and hetero-
leptic complexes. Together, these properties make dipyrrin
a versatile ligand for catalyst development.34,35

Here, we report the rst examples of hangman dipyrrin
complexes. While cofacial or “pacman” dipyrrins have been
reported,37,38 the hangman approach has not yet been integrated
with the dipyrrin ligand platform. We emulate the active site of
fungal PMOs by incorporating a pendant phenol above the
metal centre as a model for the axial tyrosine residue (Chart 1).
Ligands with a variety of hanging groups and their corre-
sponding diamagnetic Zn(II), Pd(II), Co(III), and Ga(III) complexes
have been synthesised and characterised by NMR spectroscopy,
UV-vis absorption, X-ray crystallography, and cyclic
Fig. 1 The active site of fungal PMOs has a conserved axial tyrosine
residue that is predicted to stabilise an O2 adduct (PDB ID: 5UFV). The
primary coordination sphere is highlighted in cyan, and the secondary
coordination sphere is highlighted in yellow. The hangman dipyrrin
platform emulates the PMO active site by incorporating phenol
moieties above and below the metal centre, mimicking the tyrosine
and threonine residues in the secondary coordination sphere.

Chem. Sci.
voltammetry. We have extended these methods to prepare
paramagnetic Mn(III) and Fe(III) derivatives, where only two
published examples of Mn(III) dipyrrins exist.39,40 Both the
square planar and octahedral complexes exhibit atropisomer-
ism, which arises from the 2-substituent on the meso aryl ring.
While this phenomenon is well-known for porphyrins and
corroles,41–43 atropisomerism in dipyrrins has rarely been
studied, with only one reported example.44 The restricted rota-
tion of the phenol enables precise positioning of the hanging
group, akin to the rigidity and preorganisation of a protein
active site. The Pd-22 complex serves as a faithful structural
mimic of the PMO active site (Fig. 1). Moreover, the presence of
a hanging group, while non-coordinating and remote from the
metal centre, has an impact on the chemistry and properties of
the complex. We envision that this hangman dipyrrin archi-
tecture will overcome the limitations of previous biomimetic
catalysts, conferring reactivity that is comparable to native
enzymes.
Results and discussion
Ligand synthesis

The synthesis of the hangman dipyrrin ligands is outlined in
Scheme 1. First, the TFA-catalysed condensation of 2-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route to the hangman dipyrrin ligands 1–3 and the 2-nitrophenyl derivative (5).
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nitrobenzaldehyde and pyrrole furnished dipyrromethane 4, as
previously reported.45 DDQ oxidation46 provided dipyrrin 5,
which serves as a control ligand that bears a 2-substituent, but
lacks an aryl hanging moiety. The nitro group in 4 was reduced
using H2 with Pd/C as the catalyst,47 producing the amino
derivative 6. Amide bond formation between 6 andm-anisic acid
was rst attempted using 4-(dimethylamino)pyridine (DMAP)
and dicyclohexylcarbodiimide (DCC),48 but the hangman di-
pyrromethane (7) was obtained in only 22% yield. The yield of 7
was signicantly increased to 92% when HATU was used as the
peptide coupling agent with triethylamine (TEA) as the base.49

Using this method, the phenyl derivative 8 was obtained from
benzoic acid in 88% yield. DDQ oxidation46 of 7 and 8 resulted
in dipyrrin ligands 1 and 3, respectively, in moderate yield
(∼62%). In contrast to most meso-unsubstituted dipyrrins,33 the
isolation of these hangman dipyrrins is quite facile due to the
presence of the meso-aryl substituent. Deprotection of the
methyl ether in 1 was rst attempted using aluminium tri-
chloride (AlCl3) as the Lewis acid,50 but only starting material
was recovered. Since peripheral functionalisation reactions are
generally more successful on metal complexes than the ligand
itself,51 the AlCl3 deprotection reaction was repeated with
a metal complex, but the methoxy group was still unreactive.
Demethylation was achieved using boron tribromide (BBr3) as
the Lewis acid52 to afford 2 in 78% yield.

Ligands 1, 2, 3, and 5 are bright yellow in solution due to
a characteristic absorption peak at ∼430 nm (Fig. S1). This
feature reects a p / p* transition centred on the conjugated
dipyrrin core.53 Ligands 1, 2, and 3 also have a band at 268 nm,
which is ∼2/3 the intensity of the main transition. This
secondary peak is due to ap/ p* transition centred on the aryl
20 substituent (i.e., the aryl amide). This assignment is
substantiated by the absence of a similar feature for 5. We note
that 5 has weak bands at 310 and 258 nm that are ∼25% the
intensity of the main transition. Interestingly, both 1 and 2 have
© 2025 The Author(s). Published by the Royal Society of Chemistry
a distinct shoulder at∼300 nm that is likely due to the presence
of the hanging group, which lowers the symmetry of the aryl
amide. Indeed, the symmetric phenyl derivative 3 lacks this
shoulder.
Tetrahedral Zn(II) complexes

The zinc complexes Zn-12, Zn-22, and Zn-32 were synthesised by
adapting literature methods that used zinc acetate as the metal
source with either (1) chloroform and methanol as the solvent
and TEA as the base,54 or (2) pyridine as the solvent and base.55

Purication on silica, Florisil, or basic alumina resulted in
degradation of the complex, leading only to the isolation of the
free-base ligand. Initially, a small, pipette-scale Florisil column
of Zn-32 appeared promising, resulting in the isolation of pure
product. However, a preparative scale purication of Zn-32
resulted in multiple fractions that contained the free-base
ligand, indicative of degradation on the stationary phase
(Fig. S2). Similar behaviour has been observed with zinc cor-
roles, where an acidic stationary phase resulted in demetalla-
tion.56 Since these Zn(II) dipyrrin complexes could not be
chromatographed, they were puried by recrystallisation or
selective precipitation. First, crude Zn-12 was rinsed with
methanol to remove zinc salts, and the remaining solid was
then washed with hexanes. Recrystallisation by slow evapora-
tion from CH2Cl2/hexanes gave Zn-12 as red/green dichroic
block crystals in 44% isolated yield. Methanol and hexanes were
used to precipitate Zn-32, furnishing the product in 87% yield.
Crude Zn-22 was rst recrystallised via vapour diffusion, using
ethanol as the solvent and cyclohexane as the anti-solvent, to
give Zn-22 as orange prisms that were coated in yellow/orange
deposits, which were washed away with hexanes and chloro-
form to give the product in 11% isolated yield. Analysis of these
complexes by GC-MS and MALDI mass spectrometry only
showed peaks corresponding to the ligand. Consequently,
Chem. Sci.
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Fig. 3 Cyclic voltammograms of Zn-12 ( ), Zn-22 ( ), and Zn-32 ( ) in
THF with 0.1 M [TBA][PF6] recorded at 100 mV s−1 under an argon
atmosphere. Additional features (*) are observed due to incomplete
reversibility of some electrochemical processes.
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liquid injection eld desorption ionisation (LIFDI) mass spec-
trometry was utilised to characterise these compounds. This
so ionisation technique enabled detection of the intact metal
complexes.

The recrystallisation methods outlined above yielded
diffraction-quality crystals for Zn-12 and Zn-22 (Table S1). Both
complexes exhibit a distorted tetrahedral geometry (Fig. 2),
which is quantied using s4 (derived from the N–Zn–N bond
angles). This parameter describes the geometric range of four-
coordinate complexes from square planar (s4 = 0) to tetrahe-
dral (s4 = 1). Zn-12 and Zn-22 exhibit s4 values of 0.85 and 0.86,
respectively, which is consistent with other zinc dipyrrins.57 The
angle between the two mean 11-atom dipyrrin planes is 89.89°
and 89.38° for Zn-12 and Zn-22, respectively. For Zn-12, the Zn–N
bonds range from 1.987 Å to 1.995 Å, with an average length of
1.991 Å and standard deviation of 0.005 Å. Similarly, these bond
lengths vary from 1.967 Å to 1.980 Å with an average length of
1.974 Å and standard deviation of 0.008 Å for Zn-22. While these
results are consistent with previous reports,57 it is interesting to
note that the Zn–N bonds are shorter in Zn-22, which bears the
hanging phenol group.

The main transition in the UV-vis absorption spectra of Zn-
12, Zn-22, and Zn-32 is observed at 488 nm (3 = 105 M−1 cm−1)
with a prominent shoulder at 469 nm (Fig. S3a). Additional,
weaker features are observed at 355 nm and ∼270 nm. Given
their closed-shell nature, these complexes are emissive, exhib-
iting weak green uorescence (Fig. S3b). All three compounds
exhibit an emissionmaximum around 508 nm (807 cm−1 Stokes
shi). The uorescence quantum yields (ff) in toluene are 1.9%,
1.0%, and 1.7% for Zn-12, Zn-22, and Zn-32, respectively, which
are similar to other zinc dipyrrin complexes.54

Since Zn(II) is not redox active, analysis of Zn-12, Zn-22, and
Zn-32 by cyclic voltammetry (CV) provides a benchmark for the
electrochemical properties of the dipyrrin ligands (Fig. 3). This
data will help assign the redox properties (i.e., ligand-based vs.
metal-based) of hangman dipyrrin complexes with other metals
(vide infra). Both Zn-12 and Zn-32 exhibit sequential one-
electron reductions of the dipyrrin ligands that are separated
by ∼225 mV and are fully reversible. This observation is
consistent with other reports of homoleptic zinc dipyrrins,
where the separation between reduction peaks ranges from
Fig. 2 Solid-state structures of (a) Zn-12 and (b) Zn-22. Thermal
ellipsoids are drawn at the 50% probability level. Hydrogen atoms have
been removed for clarity.

Chem. Sci.
∼170mV to∼380mV.58,59 In the case of the phenol analogue Zn-
22, this separation is reduced to 166 mV and the reductions
become irreversible. This illustrates that the hanging group,
while remote from the metal centre (Fig. 3), has a signicant
effect on the redox properties of the complex. All three
complexes exhibit a single, irreversible oxidation at +0.74 V (vs.
Fc+/Fc). We note that the current for the oxidation process is
approximately twice that of the individual reduction waves.
Based on this data, we conclude that the two dipyrrin ligands
are reduced sequentially, whereas both dipyrrin units are oxi-
dised simultaneously. Overall, these CVs are consistent with
other zinc dipyrrin complexes.58,59
Square planar Pd(II) complexes

The initial synthesis of Pd-12 and Pd-32 utilised a procedure
analogous to that of the Zn(II) complexes (Method 1, see SI).
However, this resulted in low yields: 42% for Pd-12 and 5% for
Pd-32. In an effort to increase the yield, microwave irradiation
was utilised, which has been successful for the preparation of
Pd porphyrin and chlorin complexes in nearly quantitative
yield.60 When 3 was treated with Pd(acac)2 in pyridine under
microwave irradiation at 180 °C, only a trace of the complex was
observed. A signicant increase in product formation was ach-
ieved when treating the ligand with 1 equivalent of Pd(OAc)2
and 25 equivalents of TEA at room temperature (Method 2, see
SI): 85% yield for Pd-12, 69% yield for Pd-22, and 54% yield for
Pd-32. Unlike the Zn analogues, the Pd complexes could be
puried by silica chromatography.

The 1H NMR spectra of Pd-12, Pd-22, and Pd-32 are more
complicated than expected, displaying two sets of signals for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Illustration of the double peak pattern observed in the 1H NMR spectrum of Pd-12 ( ) compared to 1 ( ), depicting the (a) amide and (b)
methoxy regions of the spectra. (c) The double peaks are due to the presence of both the aa and ab atropisomers in the sample, where a and
b indicate that the aryl amide is above or below the tetrapyrrole plane, respectively. The intensity of the ab peaks are uniformly higher, reflecting
the slight enrichment of this species as a result of incomplete isolation of the aa atropisomer due to its higher polarity and streakiness on the
column. The peak integrations and assignments are consistent with HPLC analysis (Fig. S4).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
7:

54
:4

5 
PM

. 
 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
each chemically distinct proton. A comparison of the amide and
methoxy regions of the 1H NMR spectra for 1 and Pd-12 is shown
in Fig. 4. We attribute this complex pattern to the presence of
atropisomers in the sample, where the hanging group could
reside above (a) or below (b) the equatorial plane. The presence
of the aryl amide at the 2-position of the meso substituent
imposes a barrier to ring rotation, resulting in the formation of
distinct atropisomers. This phenomenon has been observed for
porphyrins41,42 and corroles43 with ortho-substituted meso-aryl
substituents. To the best of our knowledge, this is the rst
example of atropisomerism for square planar dipyrrin
complexes. This feature is intrinsic when an ortho substituent is
present on a meso aryl ring. The presence of the two atro-
pisomers (aa and ab) is conrmed by analytical HPLC (Fig. S4).
While the two atropisomers are expected to be formed in a 1 : 1
statistical mixture, we note the peak intensity in the NMR
spectrum and HPLC chromatogram does not reect an equal
amount of the aa and ab atropisomers. We attribute this devi-
ation to the greater polarity of aa-Pd-12 and the observed
streakiness on the silica column, which leads to incomplete
isolation of this species.

In the case of Pd-22, the atropisomers were enriched by
exploiting differences in solubility. As isolated, the atropisomer
ratio was 66 : 34 (aa : ab), as determined by 1H NMR peak
integrations (Fig. 5a) and conrmed by analytical HPLC (66 : 34
ratio, Fig. 5b). The addition of diethyl ether resulted in signi-
cant separation of the two atropisomers. The soluble material is
primarily ab and the insoluble solid is mostly aa. Aer
repeating this washing process multiple times, the isomers are
substantially enriched, where the aa : ab ratio is 27 : 73 for the
ether-soluble material (Fig. 5c) and 82 : 18 for the ether-
insoluble material (Fig. 5d). Interestingly, isomerisation was
observed for both of the enriched samples (in d6-DMSO
© 2025 The Author(s). Published by the Royal Society of Chemistry
solution), converging to a 68 : 32 mixture for the sample in
Fig. 5c and 67 : 33 for the sample in Fig. 5d aer 2 months
(Fig. S5). This ratio is nearly identical to the as-isolated ratio of
66 : 34. A freshly prepared sample of the ab enriched complex
reached a similar ratio (66 : 34) aer only 5 hours (Fig. S6).

The atropisomers of Pd-12 could not be separated in an
analogous manner as Pd-22. This disparity is a consequence of
the pendant hanging group, where the polar phenol enables
greater differentiation in the solubility of the two atropisomers.
The hydrogen bonding ability of Pd-22 is readily visualised by
diffusion ordered spectroscopy (DOSY) NMR, which reects the
difference in the hydrodynamic diameter (as measured by the
diffusion coefficients) of the two atropisomers. In the case of Pd-
12, the diffusion coefficients of the two atropisomers are nearly
identical: 2.65 × 10−10 and 2.94 × 10−10 m2 s−1 for aa and ab,
respectively (Fig. S7). Conversely, Pd-22 exhibits a more signi-
cant difference in the diffusion coefficients: 1.38 × 10−10 vs.
3.24 × 10−10 m2 s−1 for aa and ab, respectively (Fig. S8). When
the dipole moments of the polar phenol hanging group are
oriented on the same face of the complex, the effect is additive,
resulting in greater polarity of the aa atropisomer relative to the
ab derivative. We hypothesise that this attribute, in conjunction
with differences in hydrogen bonding ability, enables substan-
tial enrichment of the Pd-22 atropisomers on the basis of
solubility alone. While the atropisomers of Pd-12 could not be
separated by differential solubility, slow elution and careful
fractionation during chromatography resulted in atropisomer
enrichment. Early eluting fractions were enriched in the ab

isomer (aa to ab ratio of 31 : 69), whereas later eluting fractions
were enriched in the aa isomer (66 : 34) (Fig. S9). Interestingly,
a sample with an aa : ab ratio of 76 : 24 in d6-DMSO isomerised
aer 5 hours, forming an equilibrium mixture of 67 : 33, which
is identical to that of Pd-22 (Fig. S10).
Chem. Sci.
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Fig. 5 Illustration of the aromatic region of the 1H NMR spectrum of
Pd-22 in d6-DMSO. As isolated, the aa to ab ratio is 66 : 34, as
measured by both (a) 1H NMR peak integrations and (b) analytical
HPLC. The ether-soluble fraction (c) is significantly enriched in the ab

atropisomer, while the insoluble material (d) is primarily the aa

atropisomer.

Fig. 6 Solid-state structure of Pd-22. Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms bound to the carbon and
nitrogen atoms have been removed for clarity.
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The formation of a convergent 65 : 35 equilibriummixture of
atropisomers for both Pd-12 and Pd-22 (in a solution of d6-
DMSO) is unexpected. For porphyrins and corroles, ambient
temperatures do not provide the requisite thermal energy to
Chem. Sci.
overcome the rotational barrier imposed by the 2-substituent on
the meso aryl ring, resulting in the formation of
atropisomers.41–43 Our results with the Pd(II) dipyrrin complexes
are consistent with these observations. Indeed, if the two
species were rapidly interconverting on the NMR timescale, we
would expect to see one set of signals. Consequently, another
mechanism must be operative to cause a redistribution of the
atropisomer ratio. Since DMSO is a coordinating solvent, we
hypothesised that nucleophilic attack of a solvent molecule at
the Pd(II) centre would result in the dissociation of one pyrrole
unit of the dipyrrin ligand. The monodentate dipyrrin can then
rotate, thereby scrambling the orientation of the hanging group
relative to the other dipyrrin ligand. Upon rebinding of the di-
pyrrin as a bidentate ligand, which is driven by the chelate
effect, the atropisomer distribution is modied. To test this, we
performed a control experiment in a non-coordinating solvent.
Surprisingly, samples of Pd-12 enriched in either the ab (31 : 69)
or aa atropisomer (66 : 34) undergo isomerisation in CDCl3 over
24 hours (Fig. S11 and S12), resulting in equilibriummixtures of
50 : 50 and 52 : 48, respectively. Consequently, we conclude that
this isomerisation reects the inherent lability of the dipyrrin
ligand in these Pd(II) complexes. While the ligand substitution/
dissociation process is kinetically slow (i.e., hours), it is accel-
erated in d6-DMSO, suggestive of a solvent-mediated mecha-
nism. The different equilibrium ratios in CDCl3 (1 : 1) versus d6-
DMSO (2 : 1 aa to ab) is not unexpected, as changes in the
experimental conditions will modulate the thermodynamics of
the system.

Diffraction quality crystals of Pd-22 were obtained by slow
evaporation of DMSO over ∼4 months (Fig. 6). The ab atro-
pisomer preferentially crystallised, exhibiting square planar
geometry (s4 = 0.00). The two dipyrrin ligands are not coplanar,
sitting above and below the N4 plane to avoid steric repulsion
between the a-dipyrrin hydrogen atoms. The angle between the
two pyrrole units (dened by the mean 5-atom planes) of the
dipyrrin ligand is 30.7°. This value is comparable to other
homoleptic Pd(II) dipyrrins, which exhibit an angle of 34.1°
between the pyrrole units.61 For Pd-22, the Pd–N bonds range
from 2.007 Å to 2.015 Å, with an average length of 2.011 Å and
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06893b


Fig. 7 (a) Solid-state structure of Pd-1-acac (polymorph 2, Table S1).
Thermal ellipsoids are drawn at the 50% probability level. Hydrogen
atoms have been removed for clarity. (b) Cyclic voltammograms of Pd-
12 ( ), and Pd-1-acac ( ) in THF with 0.1 M [TBA][PF6] recorded at
100 mV s−1 under an argon atmosphere. Additional features (*) are
observed due to incomplete reversibility of some electrochemical
processes.
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standard deviation of 0.005 Å. Interestingly, a DMSO solvent
molecule forms a hydrogen bond with the phenol oxygen,
resulting in an O/O distance of 2.654 Å. This observation
illustrates that the hanging group can participate in hydrogen
bonding, similar to secondary sphere residues in a meta-
lloprotein active site.

To explore additional hydrogen bonding interactions and
the acid/base properties of the hanging group, Pd-12 and Pd-22
were treated with tetrabutylammonium acetate ([TBA][OAc]).
Upon the addition of excess [TBA][OAc] (12.9 equivalents) to Pd-
22, the phenol protons at 9.64 ppm disappeared with concom-
itant formation of acetic acid (Fig. S13), indicative of deproto-
nation. Indeed, the acetic acid peak at 1.73 ppm has been
observed for the deprotonation of aryl tetrazolones with [TBA]
[OAc].62 Additionally, the signals of the amide protons (9.88 and
9.37 ppm) broadened, where the average full width at half
maximum (FWHM) of the two amide peaks increased from
4.0 Hz to 7.8 Hz. Interestingly, treatment of Pd-12 with excess
[TBA][OAc] (9.5 equivalents) resulted in a substantial broad-
ening of the amide proton signals, increasing the FWHM from
4.0 Hz to 32 Hz (Fig. S14). Such peak broadening has been
previously observed upon the addition of anions to aryl
amides.63 These experiments demonstrate that the phenol
moiety, but not the amide, is deprotonated by acetate. The
broadening of the amide proton signals suggests hydrogen
bonding interactions with the acetate anion. We hypothesise
that the smaller effect observed for Pd-22 may be due to the
bulky [TBA]+ cation or the negative charge of the phenolate. The
signicant broadening of the amide proton signals in Pd-12
illustrates that the amide group can also participate in non-
covalent, supramolecular interactions. Together, these experi-
ments suggest that the entire meso-aryl amide moiety, not just
the hanging group, contributes to the secondary sphere of the
metal centre.

Our synthetic method can be adapted to the synthesis of
heteroleptic complexes. Pd-1-acac was prepared by treating
a solution of 1 in MeOH/CHCl3 and TEA with excess Pd(acac)2
under reuxing conditions. It was found that the purication of
Pd-1-acac by column chromatography resulted in the co-elution
of residual Pd(acac)2, despite varying the mobile phase
composition. The complex was fully puried by recrystallisation
via slow evaporation from CH2Cl2/hexanes and isolated in 41%
yield. These diffraction-quality crystals yielded X-ray structures
of Pd-1-acac, and two polymorphs were observed (Fig. 7a and
S15). The primary difference is the position of the methoxy
group above the Pd(II) centre. As expected, both polymorphs
exhibit square planar geometry (s4 = 0.03). The Pd–N bonds
range from 1.988 Å to 1.996 Å, with an average length of 1.992 Å
(standard deviation of 0.003 Å), which are remarkably similar to
the Zn–N bonds of Zn-12. The Pd–O bonds are slightly longer,
ranging from 1.997 Å to 2.003 Å, with an average length of 2.000
Å (standard deviation of 0.002 Å). The dipyrrin and acac ligands
are not quite coplanar, exhibiting angles of 13.18° and 17.24°
between the mean 11-atom dipyrrin plane and the mean 7-atom
acac plane for the two polymorphs.

The main transition in the UV-vis absorption spectra of Pd-
12, Pd-22, and Pd-32 is observed at 484 nm (3 = 104 M−1 cm−1),
© 2025 The Author(s). Published by the Royal Society of Chemistry
which is blue shied relative to the Zn analogues (488 nm).
Additional, weaker features are observed at ∼385 nm and
∼265 nm (Fig. S16). These spectra are similar to those of
previously reported palladium dipyrrins.61,64 The heteroleptic
complex Pd-1-acac exhibits an absorption maximum at 505 nm,
which is red-shied by 846 cm−1 relative to Pd-12 (Fig. S16).
While some Pd dipyrrins exhibit phosphorescence,61 none of
the hangman complexes were emissive under aerobic or
anaerobic conditions at room temperature.

Similar to the Zn derivatives, the CVs of Pd-12, Pd-22 and Pd-
32 (Fig. 7b and S17) exhibit two sequential one-electron reduc-
tions of the dipyrrin ligands at −1.65 V and −1.86 V (vs. Fc+/Fc),
and this separation is identical to that of the Zn complexes.
Unlike the Zn complexes, the second reduction for the Pd
analogues is quasi-reversible. Pd-12, Pd-22, and Pd-32 undergo
an irreversible oxidation at +0.65 V, which exhibits a current
that is approximately twice that of the reduction waves,
suggestive of a two-electron process. This ligand oxidation
represents a ∼90 mV cathodic shi relative to the Zn
Chem. Sci.
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derivatives. Pd-1-acac exhibits a single dipyrrin reduction at
−1.76 V, which is comparable to the midpoint potential of the
two sequential reductions in the homoleptic complexes
(Fig. S17). An additional reduction is observed at−2.43 V. Given
the similarity of this feature to that of Pd(acac)2 at −2.26 V
(Fig. S18), we attribute this process to reduction of the acac
ligand. An irreversible oxidation is observed at +0.87 V for Pd-1-
acac. Similar to the homoleptic complexes, the current of this
oxidation is nearly twice the reduction current. This result
suggests that both the dipyrrin and acac ligands are oxidised
simultaneously. This assignment is consistent with the CV of
Pd(acac)2, which exhibits ligand oxidation at +1.11 V with an
onset potential of +0.86 V. While there are two publications on
the electrochemical characterisation of homoleptic palladium
dipyrrin complexes, neither study reports features in the nega-
tive potential window.65,66 For a Pd(II) dipyrrin complex with
a meso triphenylamine substituent, the authors only report an
irreversible oxidation at +1.70 V vs. SCE (1.30 V vs. Fc+/Fc) in
DCM.65 The other study on Pd(II) dipyrrins with meso ferrocenyl
substituents simply characterised the Fe(III)/Fe(II) couple of the
ligand.66 As a result, our study represents the rst comprehen-
sive electrochemical characterisation of Pd(II) dipyrrin
complexes.
Octahedral Co(III) complexes

Initial attempts to synthesise Co-13 utilised 5 equivalents of
Co(OAc)2 relative to 1 in pyridine. Aer purication by silica
chromatography, a complicated 1H spectrum was obtained,
suggestive of multiple products. Indeed, it has previously been
reported than an excess of the metal source can result in the
formation of mixed-ligand heteroleptic complexes.67 The reac-
tion conditions were rened, using 3.3 equivalents of 1 relative
to Co(OAc)2 to afford Co-13 in 74% yield.

Aer purication by silica chromatography, the 1H NMR
spectrum still exhibited a complex pattern of four signals for
each chemically distinct proton: three equal intensity peaks and
a fourth peak with about half the intensity of the other three
(Fig. 8). DOSY NMR was utilised to determine that all of the
observed signals were due to a molecule with the same diffusion
constant, and by extension, molecular weight (Fig. S19). This
Fig. 8 Illustration of the peak pattern observed in the 1H NMR spectru
spectrum. For each chemically distinct proton, there are three equal inte
three. (c) Analytical HPLC analysis illustrating the presence of two atropis
the HPLC analysis, indicating a roughly 75 : 25 mixture of the two specie

Chem. Sci.
indicates that the complex pattern results from isomerism
rather than the presence of an impurity. Initially, we hypoth-
esised that this isomerism arose from the positioning of the
methoxy group, which could reside at either the 3 or 5 position
of the aryl amide if ring rotation were hindered. Indeed,
porphyrins with substituents at the 3-position of the meso-aryl
groups exhibit restricted ring rotation, albeit with a lower
barrier to rotation compared to substitution at the 2-position.68

To test this hypothesis, Co-33 without the hanging group was
synthesised following the same procedure for Co-13 and the
product was isolated in 84% yield. Surprisingly, Co-33 also
exhibited the same four-signal pattern in the 1H NMR spectrum
(Fig. S20). DOSY NMR conrmed that the signals arose from
a species with a singular molecular weight (Fig. S21). Next, we
hypothesised that this isomerism was due to different orienta-
tions of the aryl amide, which could, in principle, be oriented
toward or away from the Co centre. To test this, Co-53 was
synthesised analogous to Co-13 and was obtained in 79% yield.
This control molecule reduces the aryl amide to a nitro group.
However, the same four-line pattern in the 1H NMR spectrum
was observed for Co-53 (Fig. S22), indicating that this isomerism
is an inherent consequence of the 2-substituent on themeso-aryl
ring (Chart 2a). Restricted ring rotation has been invoked for
ortho-substituted meso-aryl boron dipyrrin (BODIPY) complexes
to rationalise the complexity of the 19F NMR spectra.69,70 The
rst observation of atropisomerism in tris homoleptic dipyrrin
complexes was recently reported for aluminium derivatives.44

However, this isomerism was not fully characterised and the
species were not assigned by 1H NMR. To the best of our
knowledge, these cobalt complexes represent the second
example of atropisomerism in tris homoleptic dipyrrin
complexes.

To describe this isomerism, the aryl amide could be oriented
up (a) or down (b) relative to the pseudo C3 axis of the complex,
resulting in 23 or 8 possible congurations. Six of these options
are equivalent representations (i.e., rotations) that correspond
to the aab atropisomer, while the remaining two options reect
the aaa atropisomer. Consequently, the predicted statistical
product distribution is 75% aab and 25% aaa. For the aab

atropisomer, each dipyrrin ligand is chemically distinct (Chart
2), resulting in a set of three, equal intensity peaks for each
m of Co-13, depicting the (a) methoxy and (b) amide regions of the
nsity peaks, with a fourth signal that has half the intensity of the other
omers in the sample. The 1H NMR peak integrations are consistent with
s.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06893b


Chart 2 Representation of the aaa and aab atropisomers for (a)Co-53
and (b) Co-13.

Chart 3 Stereoisomers of tris homoleptic ortho-substituted meso-
aryl dipyrrins.

Fig. 9 Solid-state structure of Co-13, illustrating the (a) aaa and (b)
aab atropisomers obtained from the disorder model. Thermal ellip-
soids are drawn at the 30% probability level. Hydrogen atoms have
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dipyrrin proton. For the aaa atropisomer, all three dipyrrin
units are equivalent, resulting in a single signal for each unique
dipyrrin proton. Based on the integration of the 1H NMR
signals, the aab and aaa atropisomers are observed in an 85 to
15 ratio (aab to aaa), consistent with the statistical expectation.
As in the case of the Pd complexes, the slight deviation from the
idealised ratio is due to the greater polarity of aaa-Co-13, which
streaks on the silica column and leads to incomplete isolation
of this species. The product distribution is conrmed by
analytical HPLC (Fig. 8c), which indicates a 76 to 24 ratio of the
atropisomers (aab to aaa) based on peak integrations.

Complex Co-13 was crystallised by vapour diffusion from
THF and hexanes to produce iridescent, dichroic green/red
crystals. Alternatively, crystals can be obtained via vapour
diffusion from isopropanol/benzene and cyclohexane as the
antisolvent. The crystallisation process modulates the atro-
pisomer distribution. Analysis of the Co-33 crystals and mother
liquor by 1H NMR indicates that the peak intensity of the set of
three signals (aab) uniformly changes relative to the fourth
signal (aaa), providing further conrmation that these signals
arise from the same species (Fig. S23). This result indicates that
the ratio of aaa-Co-33 and aab-Co-33 atropisomers can be
modulated under different experimental conditions, akin to Pd-
22.

In another attempt to modify the atropisomer distribution,
a sample of Co-13 was heated. Greater thermal energy would
increase the rotation of the meso aryl rings, overcoming the
barrier imposed by the 2-aryl amide. This interconversion
process was measured by variable temperature (VT) 1H NMR
spectroscopy. Upon heating, it is expected that rotation of the
meso-aryl substituents will increase, resulting in a single signal
for each chemically distinct proton (in contrast to the four
signals observed at room temperature). Over the 23–100 °C
© 2025 The Author(s). Published by the Royal Society of Chemistry
range, coalescence of the methoxy signals was observed for Co-
13 (Fig. S24). Moderate shis were also observed in the aromatic
region, indicating convergence of some signals due tomeso-ring
rotation (Fig. S25). Complete coalescence of the signals was not
observed at 100 °C, likely due to the bulkiness of the aryl amide.
We hypothesised that clearer shis and signal coalescence
would be observed for Co-53 due to the smaller nitro group.
However, only nominal convergence of the b-proton signals was
observed up to 70 °C (Fig. S26).

It should be noted that these homoleptic Co(III) complexes
are chiral, akin to tris bipyridine (bpy) and ethylenediamine (en)
complexes. This is in addition to the inherent atropisomerism
of these complexes. Thus, each atropisomer represents
a mixture of D and L stereoisomers (Chart 3). To measure the
distribution of enantiomers, Co-13 was examined by polarim-
etry, and the sample exhibited a 0.00° rotation of the incident
light, indicating that the sample is a racemic mixture.

Diffraction-quality crystals of Co-13 yielded a solid-state
structure (Fig. 9). The cubic lattice of the crystal results in
substantial voids spaces (∼17% of the unit cell volume), which
contain disordered solvent molecules that could not be
adequately modelled. Solvent masking resulted in the removal
of 744 electrons per unit cell. Initial renement of the structure
as a single atropisomer yielded poor quality statistics (e.g., wR2
= 0.2182 for all data). The inclusion of a disorder model to
account for the up (a) and down (b) orientation of the aryl amide
signicantly improved the model, decreasing wR2 = 0.1376 for
been removed for clarity.

Chem. Sci.
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all data. In this way, we were able to model both aaa-Co-13 and
aab-Co-13. The disorder model was rened as a free variable,
resulting in an approximate ratio aaa to aab ratio of 85 to 15.
This deviation from the experimental product distribution is
attributed to the removal of a considerable amount electron
density from the lattice, which likely includes the disordered
aryl amide. The Co–N bonds range from 1.938 Å to 1.941 Å, with
an average length of 1.940 Å (standard deviation of 0.002 Å).
This is consistent with other meso-aryl cobalt dipyrrins, which
exhibit an average Co–N bond length of 1.945 Å.67 The angle
between each of the mean 11-atom dipyrrin planes is 82.78°,
which is somewhat smaller than the 89.89° separation between
the dipyrrin planes of Zn-12.

The UV-vis absorption spectra of Co-13, Co-33, and Co-53
(Fig. S27) exhibit well-resolved peaks at 511 and 472 nm
(1617 cm−1 separation), which is distinct from the Zn and Pd
analogues. A broad feature is also observed at 402 nm that has
about a third the intensity of the main transitions. This feature
is signicantly red-shied relative to the corresponding bands
for the Pd (388 nm) and Zn (355 nm) complexes. Both Co-13 and
Co-33 exhibit a prominent band at 269 nm, which we attribute to
the aryl amide. This assignment is corroborated by the absence
of this feature in Co-53. The meta-methoxy group in Co-13
reduces the symmetry of the aryl amide, resulting in a weak
shoulder at 305 nm, similar to the other metal complexes of
ligands 1 and 2. We note that the band at 269 nm has a higher
extinction coefficient for the Co complexes than the Pd and Zn
analogues, reecting an increase in the number of dipyrrin
ligands.
Octahedral M(III) complexes (M = Mn, Fe, Ga)

Aer rening the synthesis of Co-13, we extended this method to
the preparation of additional octahedral complexes for period 4
M(III) ions. These complexes were synthesised under reuxing
conditions in either pyridine or MeOH/CHCl3 and the products
were isolated in moderate yield: Ga-13 (65%), Fe-13 (57%), and
Mn-13 (75%). These complexes were puried by silica chroma-
tography and subsequently recrystallised via vapour diffusion
from THF and cyclohexane. Unsurprisingly, Ga-13 exhibited
a similar 1H NMR splitting pattern to Co-13, which reects aab
and aaa atropisomers. Similar to Pd-12, silica chromatography
was utilised to enrich the Ga-13 atropisomers. Early eluting
fractions were enriched in the aab atropisomer (aab to aaa

ratio of 79 : 21), while the later eluting fractions were enriched
in the aaa atropisomer (30 : 70, Fig. S28).

Surprisingly, Fe-13 exhibited rather sharp peaks in the 1H
NMR spectrum in the 14 to−14 ppm range with a clear four-line
pattern indicative of atropisomerism (Fig. S29). Additional
broad peaks were observed in the −20 to −43 ppm region,
which are presumably due to protons adjacent to the para-
magnetic metal centre. These signals (which integrate to 6
protons) may arise from the a dipyrrin protons. To the best of
our knowledge, this is the only 1H NMR characterisation of tris
homoleptic Fe(III) dipyrrin complexes. The rst study on these
molecules (published in 1974) indicated that these complexes
could be either be high- or low-spin, depending on the
Chem. Sci.
substituents of the ligand.71 Analysis of Fe-13 by the Evans
method revealed a magnetic moment of 1.92 mB (Bohr
Magneton). This value is similar to the expected spin-only
magnetic moment for an S = 1/2 species (1.73 mB), indicating
that Fe-13 is a low-spin d5 complex. Density functional theory
(DFT) calculations were performed to gauge the relative ener-
gies of the high- and low-spin states of Fe-13, using meso-phenyl
dipyrrin as a simplied model system for ligand 1. We denote
this model complex as Fe(Ph)3 (see SI for computational
details). The low-spin state (S = 1/2, Table S2) for Fe(Ph)3 is
0.26 eV (6.03 kcal mol−1) lower in energy than the high-spin
state (S = 5/2, Table S3), consistent with experimental obser-
vations for Fe-13.

The Evans method revealed that Mn-13 has a magnetic
moment of 4.72 mB, which is consistent with a high-spin d4

complex (expected spin-only moment of 4.90 mB for an S = 2
species). Given the strong-eld nature of the dipyrrin ligand
(both s donor and p acceptor), this observation was rather
unexpected, especially since the Fe(III) analogue is low-spin.
However, this result is consistent with the rst reported
example of a tris homoleptic Mn(III) dipyrrin complex, which
exhibited amagnetic moment of 4.82 mB.39 Consequently, the

1H
NMR spectrum of Mn-13 displays poorly-resolved signals
(Fig. S30). DFT calculations revealed the high-spin state (S = 2)
of Mn(Ph)3 is only 3.39 × 10−3 eV (7.9 × 10−2 kcal mol−1) lower
in energy than the low-spin state (S= 1, Tables S4 and S5). Since
Mn(III) porphyrins are also high-spin complexes,72 this result
may not be that unexpected. We note that the recent report of
Mn(III) tris dipyrrins did not characterise the spin state of the
complexes.40

The UV-vis absorption spectra of Mn-13, Fe-13, and Ga-13
(Fig. S31) exhibit a doublet feature in the 447 to 504 nm region,
analogous the Co(III) complexes. While Ga-13 has a well-resolved
doublet, the transitions are broader for Fe-13 and Mn-13.
Additionally,Mn-13 and Ga-13 display a broad feature at 364 nm
and 355 nm, respectively. The p/ p* transition centred on the
aryl amide moiety is observed at 268 nm for these three
complexes. Similar to other Ga(III) tris dipyrrin complexes, Ga-13
is uorescent. However, the emission intensity is signicantly
weaker than Zn-12, which has a quantum yield of only 1.9%. The
low signal prevented a reliable, direct measurement of the
quantum yield of Ga-13. However, we were able to estimate this
value by comparing the integrated emission intensity for
absorption-matched samples of Ga-13 and Zn-12 (Fig. S32). This
analysis provided an estimated value of ff = 0.16% for Ga-13,
which is signicantly lower than typical Ga(III) dipyrrin
complexes (ff = 2.4%).73 Unlike other examples of homoleptic
Ga(III) dipyrrins that exhibit a single emission band (e.g.,
530 nm for meso-mesityl dipyrrin),73 Ga-13 displays two features
at 550 nm and 610 nm (Fig. S33). Excitation spectra conrm that
both of these bands arise from Ga-13 rather than a uorescent
impurity (Fig. S33). The small Stokes shi of the 550 nm band
(1699 cm−1) is consistent with a uorescent transition. Indeed,
the emission intensity of both bands is unaffected by oxygen.
This result suggests that the 610 nm band is not a phospho-
rescent transition, as might be expected given the large Stokes
shi (3487 cm−1). While the exact origin of this second band is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of ligand-based redox processes for complexes of
ligand 1

Complex
2nd Ligand
reduction

1st Ligand
reduction

1st Ligand
oxidation

2nd Ligand
oxidation
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unknown, one possibility could be excimer formation. Two
molecules ofGa-13 could associate in the excited state thoughp-
stacking interactions between the aryl amide, giving rise to
a broad, low-energy transition.
Mn-13 −2.92 −2.45 — +1.27
Fe-13 −2.74 −2.48 +0.71 +1.08
Co-13 −2.52 −2.22 +0.64 +0.82
Ga-13 −2.09 −1.71 +0.89 +1.34
Pd-12 −1.89 −1.67 +0.67 —
Zn-12 −1.95 −1.73 +0.73 —
Redox chemistry of octahedral period 4 M(III) complexes

To date, there has not been a comprehensive study on the
electrochemistry and redox properties of tris homoleptic di-
pyrrin complexes. Indeed, there are no such reports on Ga(III)
dipyrrins. Only a few studies have been published on the elec-
trochemistry of Mn(III),40 Fe(III),74,75 and Co(III)76 derivatives. To
support the electrochemical assignments, we utilised DFT
calculations on simplied M(Ph)3 complexes to gauge if the
redox processes were ligand- or metal-centred. Moreover, the
relative energies of the high- and low-spin states were deter-
mined. Since Ga(III) is not redox active, Ga-13 was rst analysed
to obtain a benchmark for ligand-based processes in octahedral
complexes. Ga-13 exhibits a reversible reduction at −1.71 V vs.
Fc+/Fc (Fig. 10a), which is comparable to the rst reduction of
Zn-12 and Pd-12 at −1.73 V and −1.67 V, respectively (Table 1).
To characterise this process, Ga-13 was treated with deca-
methylcobaltocene (Cp*2Co), which has a reduction potential of
−1.91 V (vs. Fc+/Fc) in MeCN.77 The reduced complex [Ga-13]

−

has a magnetic moment of 2.03 mB, as measured by the Evans
method. This value is similar to the expected spin-only moment
(1.73 mB for an S = 1/2 species). The reduction reaction was
monitored by UV-vis absorption spectroscopy (Fig. S34). Iso-
sbestic points were maintained throughout the reaction, indi-
cating clean reduction ofGa-13 to [Ga-13]

−. The spin density plot
of doublet [Ga(Ph)3]

− (Table S6), obtained from the optimised
geometry of Ga(Ph)3 (Table S7), exhibits delocalised electron
density over a dipyrrin ligand with some density on the meso-
phenyl ring (Fig. 10b). Together, these results indicate that the
Fig. 10 (a) and (c) Cyclic voltammograms of Ga-13 ( ), Fe-13 ( ), andMn
s−1 under an argon atmosphere. Additional features (*) are observed du
potential of the first reduction shifts to more negative potentials with inc
plots for [Ga(Ph)3]

−, [Mn(Ph)3]
+, high-spin [Mn(Ph)3]

−, and high-spin [Co

© 2025 The Author(s). Published by the Royal Society of Chemistry
rst reduction of Ga-13 is ligand-based. The CV of Ga-13 exhibits
additional irreversible reductions at −2.09 V and −2.20 V
(Fig. 10c), which we tentatively attribute to the second and third
ligand reductions. The 110 mV separation between reduction
events is smaller than that for Zn-12 (230 mV) and Pd-12 (220
mV). Additional irreversible reductions occur in the −2.4 V to
−3.0 V range (Fig. 10c). Oxidation processes are observed at
+0.89 V and +1.34 V for Ga-13. Unlike the Zn and Pd analogues,
the oxidations occur in a stepwise manner. We note that the
separation of the oxidation events is more pronounced when
the CV is acquired in the oxidative direction (Fig. S35). This
separation suggests that one dipyrrin is rst oxidised, then the
other two ligands are oxidised simultaneously. Indeed, the total
oxidation current is nearly three times greater than that of the
rst one-electron reduction, as might be expected for a complex
with three dipyrrin ligands.

There are two electrochemical studies that examined the
electrochemistry of Fe(III) tris dipyrrins, and both publications
only reported a single reversible reduction around −1.15 V vs.
Fc+/Fc.74,75 Similarly, Fe-13 exhibits a reversible, one-electron
reduction at −0.92 V (vs. Fc+/Fc) (Fig. 10a). The complex was
-13 ( ), and Co-13 ( ) in THF with 0.1 M [TBA][PF6] recorded at 100 mV
e to incomplete reversibility of some electrochemical processes. The
reasing d-electron counts of the complex. (b) Calculated spin density
(Ph)3]

−.

Chem. Sci.
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reduced with cobaltocene (Cp2Co), which has a reduction
potential of −1.33 V (vs. Fc+/Fc) in CH2Cl2,77 to characterise [Fe-
13]

−. Upon reduction, the magnetic moment of the complex
decreased from 1.92 mB to 0.77 mB. This non-zero value is likely
due to incomplete reduction and/or excess Cp2Co present in the
sample. The 1H NMR spectrum of [Fe-13]

−, which is isoelec-
tronic with Co-13, exhibited a loss of the paramagnetic signals
in the 0 to−43 ppm region (Fig. S36). Indeed, sharp features are
observed in the aromatic region and distinct methoxy signals
(i.e., the characteristic four-line pattern) is indicative of the
atropisomerism (Fig. S37). The UV-vis absorption spectrum of
[Fe-13]

− displays a sharp peak at 454 nm (Fig. S38), which
resembles the spectrum of Co-13, although this feature is blue-
shied by 795 cm−1 relative to Co-13. Based on these observa-
tions, we assign the reduction at −0.92 V as the Fe(III)/Fe(II)
couple, forming a low-spin Fe(II) complex. We note that this
reduction is shied by 790 mV to more positive potentials
compared to the rst, ligand-based reduction in Ga-13 (−1.71
V), providing further evidence that this is a metal-based
reduction. Additionally, there are two irreversible reductions
at−2.48 V and−2.74 V, which are similar to those of Ga-13, that
we tentatively assign as ligand-based reductions. Like Ga-13,
irreversible ligand oxidation peaks are observed at +0.71 V and
+1.08 V, and these peaks are more pronounced when scanning
the CV in the oxidative direction (Fig. S35).

The recent study on Mn(III) dipyrrin complexes reported
a partial CV, yet no attempts were made to assign the origin of
these redox events.40 The CV of Mn-13 exhibits more electro-
chemical processes at moderate potentials relative to Ga-13 and
Fe-13 (Fig. 10a). A reversible, one-electron oxidation is observed
at +0.25 V, which exhibits a peak-to-peak separation of 193 mV.
Additionally, a reversible, one-electron reduction occurs at
−0.74 V. The large 269 mV peak-to-peak separation for this
feature may be suggestive of slow electron transfer. To charac-
terise the products of these redox processes, Mn-13 was chem-
ically oxidised with silver triate (+0.65 V vs. Fc+/Fc in CH2Cl2).77

The magnetic moment of [Mn-13]
+ is 4.05 mB, as measured by

the Evans method. This value is consistent with the expected
spin-only magnetic moment for an S= 3/2 species (3.87 mB). The
UV-vis absorption spectrum of [Mn-13]

+ displays a broader peak
than the parent compound and exhibits a slight blue-shi of
651 cm−1 (Fig. S39). DFT calculations reveal that the spin
density plot of quartet [Mn(Ph)3]

+ (Table S8) has electron
density almost exclusively located on the Mn centre (Fig. 10b).
Together, the experimental and computational results support
the assignment of the oxidation at +0.25 V as the Mn(III)/Mn(IV)
couple. Chemical reduction of Mn-13 with Cp2Co yields
a complex with a magnetic moment of 5.47 mB (as measured by
the Evans method), which is comparable to the expected value
of 5.92 mB for a high-spin d5 complex (S = 5/2). Indeed, the 1H
NMR spectrum of [Mn-13]

− does not resemble that of the
isoelectronic, low-spin complex Fe-13 (Fig. S40), further sup-
porting the high-spin nature of [Mn-13]

−. However, the UV-vis
absorption spectrum of [Mn-13]

− closely matches that of Fe-13
(Fig. S41). The calculated spin density plot for sextet [Mn(Ph)3]

−

(Table S9) illustrates that the electron density exclusively resides
on the Mn(II) metal centre (Fig. 10b). While low-spin, doublet
Chem. Sci.
[Mn(Ph)3]
− (Table S10) exhibits a similar spin density plot

(Fig. S42), this state is 0.93 eV (21.3 kcal mol−1) higher in energy
than the high-spin sextet state (S = 5/2). Together, the experi-
mental and computational data supports the assignment of the
reduction at −0.74 V for Mn-13 as the Mn(III)/Mn(II) couple. The
CV ofMn-13 also exhibits two irreversible reductions at −2.45 V
and −2.92 V. Given the similarity of these features to those of
Ga-13 and Fe-13, we tentatively assign these processes to ligand-
based reductions.

To the best of our knowledge, there is only one study that
reported the electrochemistry of Co(III) tris dipyrrin complexes.
The meso-ferrocenyl Co(III) dipyrrins exhibited an irreversible
reduction at −1.48 V vs. Fc+/Fc, which the authors presumed to
be the Co(III)/Co(II) couple.76 Similarly, the CV of Co-13 exhibits
a reversible, one-electron reduction at −1.48 V vs. Fc+/Fc
(Fig. 10a). This feature is shied by 230 mV to more positive
potentials relative to the rst, ligand-based reduction of Ga-13.
To characterise this reduction process, Co-13 was reduced with
Cp*2Co and the product was analysed by UV-vis absorption
spectroscopy and 1H NMR. As expected, [Co-13]

− is para-
magnetic, exhibiting chemical shis as far downeld as 72 ppm
(Fig. S43). The magnetic moment of [Co-13]

− is 3.62 mB (as
measured by the Evans method), which is similar to the ex-
pected spin-only moment of 3.87 mB for an S = 3/2 complex. The
optimised geometry of [Co(Ph)3] (Table S11) was utilised as the
starting point for [Co(Ph)3]

− (Table S12). The calculated spin
density plot for low-spin, doublet [Co(Ph)3]

− is nearly identical
to that of [Ga(Ph)3]

−, exhibiting ligand-centred electron density
(Fig. S44). Conversely, the spin density plot of high-spin, quartet
[Co(Ph)3]

− (S = 3/2, Table S13) illustrates that the electron
density resides predominantly on the Co centre (Fig. 10b),
similar to [Mn(Ph)3]

+. Moreover, the high-spin state (S = 3/2) of
[Co(Ph)3]

− is 0.58 eV (13.3 kcal mol−1) lower in energy than the
low-spin state (S = 1/2). Both the experimental and computa-
tional results support the assignment of the reduction at
−1.48 V as the Co(III)/Co(II) couple. The UV-vis absorption
spectrum of [Co-13]

− exhibits a blue-shi (1033 cm−1) relative to
Co-13 (Fig. S45). Upon treatment with ambient air, [Co-13]

− was
immediately oxidised to Co-13, as observed by absorption
spectroscopy. Since the complex is coordinatively saturated, we
hypothesised that this reaction is an outer-sphere, one-electron
transfer process where O2 is reduced to superoxide (O2c

−). The
presence of O2c

− in the reaction mixture was determined
spectrophotometrically. In this coupled assay,78 hydroquinone
reacts with O2c

− to produce H2O2, which in turn reacts with I−

and HCl to form I3
−, which is identied by the characteristic

absorption feature at 370 nm.27 However, the precise quanti-
cation was not possible due to the background reaction from
excess reductant in the reaction mixture.

Additionally, the CV of Co-13 exhibits two quasi-reversible
reductions at −2.22 V and −2.53 V. The total current of these
processes is approximately three times higher than that of the
reversible reduction, suggesting that these features correspond
to the reduction of the three dipyrrin ligands. These features are
signicantly shied to more negative potentials than the
second ligand reduction of Zn-12 (−1.89 V). As observed for Ga-
13, additional irreversible reductions are observed in the −2.7 V
© 2025 The Author(s). Published by the Royal Society of Chemistry
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to−2.9 V range (Fig. 10c). Two oxidation processes are observed
for Co-13 at +0.64 V and +0.82 V, which is consistent with Ga-13
and Fe-13. This separation suggests that one dipyrrin is rst
oxidised, followed by the other two ligands, which are oxidised
simultaneously. Indeed, the total current of these oxidation
waves is approximately three times higher than the one-electron
reduction processes.

Conclusions

We have reported the synthesis of a novel hangman dipyrrin
ligand platform with an ortho-aryl amide moiety at the meso
position. This 2-substituent imposes an energetic barrier to ring
rotation, resulting in the formation of atropisomers for both
square planar and octahedral complexes. This study represents
the rst fully characterised examples of atropisomerism in
square planar and octahedral dipyrrin complexes. Differences
in solubility and polarity can be leveraged to signicantly enrich
the atropisomers. The hanging group (–OMe, –OH, –H), which
is 11 atoms away from the metal centre, has a noticeable effect
on the properties of the metal centre. This includes changes in
bond lengths (shorter Zn–N bonds in Zn-22 than Zn-12) and
electrochemical properties (loss of reversibility in ligand
reduction of Zn-22, Fig. 3).

Unlike the homoleptic tris dipyrrin complexes that are
coordinatively saturated, the palladium complex Pd-22, repre-
sents a faithful structural mimic of the PMO active site (Fig. 1).
The atropisomerism confers rigidity to the secondary coordi-
nation sphere, thereby mimicking the “xed”, stable posi-
tioning of amino acid side chains in the protein active site.
Indeed, the ab atropisomer (Fig. 6) positions a –OH group above
and below the metal centre, analogous to the tyrosine and
threonine residues in fungal PMOs. Importantly, we have
demonstrated that these atropisomers can be signicantly
enriched, providing the control necessary to dictate the position
of the hanging group for future catalytic applications. Our
results demonstrate that complex Pd-22 exhibits several key
hallmarks that emulate the secondary coordination spheres of
metalloproteins. The phenol hanging group serves as a proton
relay, which is crucial for future reaction chemistry involving
PCET. Both the phenol and amide can engage in hydrogen-
bonding interactions with small, substrate-like molecules
(e.g., DMSO, acetate), as demonstrated by X-ray crystallography
and 1H NMR spectroscopy. Consequently, the entire meso-aryl
amide, not just the hanging group, contributes to the secondary
coordination sphere. These non-covalent, supramolecular
interactions could be exploited to precisely position a substrate
for regioselective functionalisation, akin to a protein active site.

This study provides the rst comprehensive, holistic
electrochemical characterisation of period 4 tris dipyrrin
complexes. The metal-based redox events for the Mn(III), Fe(III),
and Co(III) derivatives have been unambiguously identied
through the preparation and analysis of [Mn-13]

+, [Mn-13]
−, [Fe-

13]
−, and [Co-13]

− in conjunction with complementary DFT
calculations. It is noteworthy that the dipyrrin ligand platform
enables easy access to Mn(IV) at very mild potentials (+0.25 V vs.
Fc+/Fc). This electrochemical analysis will guide future
© 2025 The Author(s). Published by the Royal Society of Chemistry
synthetic and catalytic endeavours with these rst-row transi-
tion metal dipyrrin complexes.

This study demonstrates that the hangman dipyrrin
approach confers secondary sphere effects, including proton
transfer and small-molecule binding, that emulate the active
site of metalloproteins. Since the complexes presented in this
study are coordinatively saturated, their reaction chemistry is
limited. To address this, we are currently synthesising hetero-
leptic complexes of our hangman dipyrrin ligands with open
coordination sites or weakly bound ligands. These new
complexes will combine a versatile primary coordination sphere
that is amenable to substrate binding with a functional
secondary coordination sphere. We will also vary the transition
metal to access the necessary redox potentials and electronic
structure (e.g., oxidation and spin states) to activate O2 and
perform subsequent oxygen atom transfer (OAT) to organic
substrates. Since these dipyrrins are unsubstituted at the a and
b positions, the redox properties of the ligand could be readily
modulated by introducing peripheral substituents to access the
desired reactivity. Finally, the pKa of the hanging group could be
modied to activate the M–O2 adduct and achieve OAT reac-
tivity. This modular hangman dipyrrin ligand platform provides
a foundation to design faithful structural and functional
mimics of metalloenzyme active sites.
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