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The use of tetra-aza pyridinophanes is of increasing interest in the fields of bioinorganic modeling, catalysis,
and imaging. However, a full study of how modifications to the pyridyl moiety affect the characteristics of
the daughter metal complexes, has not been explored. In this study, six tetra-aza macrocyclic ligands were
metalated with Fe(il) and were characterized for the first time. The pyridyl functional groups studied include:
4-hydroxyl (L1), 4-H (L2), 4-chloro (L3), 4-trifluoromethyl (L4), 4-nitrile (L5), and 4-nitro (L6) modified

pyridyl on a pyclen base structure. The resulting iron complexes were characterized by X-ray diffraction
Received 1st July 2020 lysis, cyclic voltammetry, and metal-binding affinities (log 6) determined. Analysis of th
Accepted 4th August 2020 analysis, cyclic voltammetry, and metal-binding affinities (log 8) were determined. Analysis of these
results indicate that such functionalizations introduce a handle by which electrochemical properties and

DOI: 10.1039/d0ra05756h thermodynamic stability of daughter complexes with transition metal ions can be tuned, which in turn,
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Introduction

Porphyrins, corrins, and chlorins are examples of macrocyclic
compounds found in nature with vital roles in many animals
(hemoglobin) and vegetation (chlorophyll)." The reactions
carried out by these systems are highly selective and take place
under mild experimental conditions." The prospect of using
model compounds to emulate such species in catalysis and
medicine has been a driving force for efforts focused on the
synthesis and modification of macrocyclic ligands dating back
to 1926, with the first total synthesis of etioporphyrin-III and
octamethylporphyrin.> A large library of nitrogen-containing
macrocycles has been developed in response to the increasing
interest in the study and use of macrocyclic ligands, a class of
which are pyridinophanes, also known as pyridine containing
macrocycles.>® The unique attributes of introducing a pyridine
moiety into macrocycles was recognized early on. For example,
pyclen (1,4,7,10-tetra-aza-2,6-pyridinophane, Fig. 1) has
conformational rigidity and decreased basicity compared to
cyclen.® Therefore, the inclusion of pyridine provides an avenue
through which thermodynamic properties and complexation
kinetics can be modulated.**”

Congeners of pyclen have been widely studied to tune their
properties and reactivity.® For example, it was observed that 12-
and 13-membered cavities cannot accommodate planar coor-
dination compared to 14-membered py-2,3-cyclam, which
significantly affects the electrochemical properties of the
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could potentially impact the reactivity of these complexes in future studies.

complex and leads to the stabilization of rather uncommon
metal oxidation states.>'® Introduction of pendant arms, amine
functionalization on the macrocycle, and differing numbers of
coordinating atoms are all examples of other modifications that
have been studied to tune reactivity of pyridinophanes to ach-
ieve changes to geometric rigidity, electrochemical properties,
and coordination environments, respectively."® As a result of
these modifications, pyridinophanes have been successfully
used as mimics of biological systems,'” scaffolds for magnetic
resonance imaging,'® and ligands for catalysis.'»**~**

The impact of the functionalization of the pyridine moiety,
which has not been evaluated in pyridinophanes to date, adds
a new method of tuning the reactivity of the ligand and the
redox activity of a metal chelated to the pyridinophane. Such
modifications are anticipated to control the characteristics and
reactivity of daughter metal complexes.”> However, pyr-
idinophanes (PyN;) with functionalized pyridine rings have
been scarcely reported to date, due to synthetic barriers. Our
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Fig. 1 Pyridinophane macrocycles investigated in this study with
different functional groups on the 4-position of the pyridine ring.
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Table 1 Selected bond angles (°) and lengths (A) from single crystal X-ray diffraction analysis of FelL1, FeL2, FelL3, FelL4, Fel5 and Fel6

Bond angle (°)/length (A) FeL1 (OH) FeL2 (H) FeL3 (cI) FeL4 (CF;) FeL5 (CN) FeL6 (NO;)
Cl(1)-Fe-Cl(2) 92.06(3) 98.37(14) 100.084(19) 100.34(2) 92.83(3) 99.95(13)
N(4)-Fe-N(2) 87.23(8) 85.21(4) 84.45(6) 84.52(7) 85.94(14) 84.4(4)
N(3)-Fe-N(1) 148.45(8) 147.08(5) 147.19(6) 147.11(8) 147.32(15) 147.1(4)
Fe-N(1) 2.178(2) 2.178(11) 2.1719(11) 2.1630(14) 2.170(3) 2.169(17)
Fe-N(2) 2.156(2) 2.197(12) 2.2010(15) 2.199(2) 2.157(4) 2.199(2)
Fe-N(3) 2.175(2) 2.158(11) 2.1719(11) 2.1630(14) 2.170(3) 2.169(7)
Fe-N(4) 2.065(2) 2.114(11) 2.1163(15) 2.127(2) 2.105(4) 2.131(2)

group has reported L1 (Fig. 1), with an ~OH in the 4-position of
the pyridine ring, as a potential therapeutic for neurodegener-
ative diseases.>** The former is a daughter molecule to the
unsubstituted 12-membered pyridinophane pyclen, henceforth
referred to as L2.>** Metal complexes derived from L2 and
modifications to the C-C linkers have been extensively explored,
as noted above.****” The 4-OMe substituted pyridinophane was
studied as a precursor to a scaffold used for iron-catalyzed
oxidation chemistry.>® The 4-Br substituted pyridinophane was
developed as an intermediate for synthesis of molecules
explored for biomedical imaging.”® Finally, our group has
recently synthesized a series of ligands with electron-
withdrawing groups (EWG) (L3-L6) to diversify pyridinophane
chemistry and allow the development of this library.>

Here we report the impact of modified pyridine moieties on
the iron(m) metal complexes using ligands L1-L6 (Fig. 1). The

functional groups range from electron-donating (ED) (L1 (OH))
to electron-withdrawing (EW) (L3 (Cl) < L4 (CF;) <L5 (CN) <L6
(NO,)) and will be compared to the unsubstituted L2 (H). Such
modifications are hypothesized to introduce a handle by which
electrochemical properties of daughter complexes with transi-
tion metal ions can be tuned. The iron(m) complexes were
characterized by X-ray diffraction analysis, cyclic voltammetry,
and metal-binding affinities.

Results and discussion
Synthesis and X-ray crystallography of iron(m) complexes

Complexation was achieved by mixing equimolar ratios of
iron(m) triflate with each ligand (L1-L6) in methanol and
a minimal amount of water. X-ray quality crystals of FeL1
(orange), FeL2, FeL3, FeL4 and FeL5 (yellow), and FeL6 (brown)
were obtained through slow evaporation of methanol solutions

Fig. 2 Solid-state structures of (a) FeLl (OH), (b) FeL2 (H), (c) FeL3 (Cl), (d) FeL4 (CFs), (e) FeL5 (CN), and (f) FeL6 (NO,). Thermal ellipsoids are

presented at 50%. Counterions are omitted for clarity.
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and used for the analyses described herein. The perchlorate
salts of FeL1 and FeL2 were previously reported, but triflate salts
were produced for consistency in this study.*® The results from
X-ray diffraction analysis show that each complex adopts a six-
coordinate, distorted octahedral geometry (N(2)-Fe-N(4) =
84-87° N(1)-Fe-N(3) = 147-148°) (Table 1 and Fig. 2). The
coordination sphere consists of four nitrogen donor atoms from
the ligand set: two axial and two equatorial (cis). Likewise, two
cis-coordinated chlorine atoms occupy the remaining equatorial
positions around the iron(u) center. A line of symmetry was also
observed for FeL5 and FeL6 through atoms N(2), Fe(1), and N(4),
along with the functional group on the pyridine ring.

The Fe-Npyrigine (Fe-N(4)) bond is most likely to be affected
by the functionalization of the pyridine ring and was consis-
tently observed to be the smallest of the Fe-N bonds in each
complex. Within the series, the shortest Fe-N(4) bond distance
(2.065(2)) was observed with FeL1 (largest EDG character), while
the longest (2.131(2)) with FeL6 (largest EWG character).
Compared to FeL1 and FeL2, the more electron withdrawing
groups weaken the Fe-Np,rigine bond as a result of the decreased
localized electron density on the pyridine nitrogen. These
results reveal that modifications to the pyridine moiety of the
ligand provide subtle changes to the geometry of the complex.

Formation constants

Potentiometric titrations were used to identify correlations
between functionalization of the pyridine ring in 5L1-L6 and
stability constants (log 8) with iron(u) (Tables 2 and S1t). The
formation of Fe(OH);(s) and Fe,Os3(s) at lower pH values
precludes potentiometric titrations in the presence of Fe(i).
Therefore, the stability of the Fe(m) species of L1-L5 was
calculated using eqn (1).*' The binding affinity towards both
iron(un) and iron(m) was observed to generally decrease with
increased EW character. L1 (ED) was expected to have a larger
stability constant in comparison to L2, however the observed
data reveals otherwise. As previously observed, this ligand is
observed in both enol and keto forms in solution (the ratio
between the two is unknown).®

The presence of the keto form lowers the formation constant
of the iron complex because the non-bonding electron pair from
the pyridine N-atom, which would be donated to the metal
center, is incorporated as part of the delocalized seven-center
eight-electron system. To further support this, the thermody-
namic stability with iron(u) decreased as the EW character of the
pyridine substitution increased, with the exception of L4 (Table
2). The observed preference of the electron donating ligand with
ferric iron and the electron withdrawing ligands with ferrous
iron is perhaps the most obvious evidence that functionalizing
the pyridine ring can affect the complexes as a whole. Specifi-
cally, the iron(m) complexes derived from L1 and L2 were more
thermodynamically favorable, compared to the iron(u) conge-
ners. In contrast, larger stability constants were observed
between ligands containing EWGs (L3-L5) with iron(u) as result
of the ligands being electron deficient and, therefore, favoring
the lower valent iron cation. Poor solubility of L6 (NO,)
precluded potentiometric studies. Preliminary results of

This journal is © The Royal Society of Chemistry 2020
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Table 2 Formation constants (log 8) of the ML species formed, Fe(i)/
(i)

log Brea log Box

Complex Fe(un)” Fe(m)?
[Fe(L1)] 14.18(5) 14.57
[Fe(L2)] 14.46(7) 14.70
[Fe(L3)] 12.41(2) 12.02
[Fe(La)] 14.12(4) 13.92
LF (Ls ] 12.30(2) 11.44

= 0.15 M NaCl and T = 25.0 °C. ” Derived from eqn ( ) (ref. 31) and

) Eo/FeIII/FeII

(Fe

—0.439 vs. [Fe(CN)o]*/[Fe(CN)e]*~

equilibrium studies of L4 with other metals reveal the same
complexation trends between the divalent and trivalent iron
and are the focus of an ongoing study.

= 0.59 log&

red

(1)

AEI/Z = E1/2, complex — E1/2. Feaq

Electrochemistry

Cyclic voltammetry was used to further evaluate the impact of
pyridine substitution on the electrochemical behavior of
FeL1-FeL6. The cyclic voltammograms show that the iron(iu/u)
redox couple ranges between —470 mV and —360 mV for the
series (Fig. 3). The results indicate that the observed iron(ui/u)
redox processes are quasi-reversible at 100 mV s~ ' and diffu-
sion controlled (Table 3), which is consistent with similar
complexes in literature.>®**** The FeLl (E;, = —462 mV)
complex has the most negative half-cell potential followed by
FeL2 (E,, = —453 mV). The potentials of the remaining
complexes are more positive (favoring reduction) than FeL1
and FeL2, consistent with the pyridine functionalizations, and
the most positive value observed with FeL6 (E;,, = —372 mV).
The trend observed is an indication that functionalization of

150

—Fell
50 A ——Fel2

—Fel3

Current (uA)

50 4 Fel4

Fel5

Fel6
-150 A

-250 T T T T T T 1
0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2

Potential (V) vs. Fc*/Fc

Fig. 3 Cyclic voltammogram overlay of the iron(i/i) redox couple of
FeL1-FelL6 in DMF (3—4 mM) containing [BusNI[BF,4] (100 mM) as the
supporting electrolyte at a scan rate of 100 mV s~1. The potential
values presented here have been normalized to the half-wave
potential of the Fc*/Fc redox couple (Ey» = 0.00 V).
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Table 3 The oxidation (Ep,) and reduction (Ep.) potentials (mV), AE
(mV), and Ey/, (mV) for FeL1-Fel6

AE
Complexes Ep, (mV) Ep. (mV) (mv) Eij (mV)
FeL1 (OH) —398 —526 128 —462
FeL2 (H) —404 —502 98 —453
FeL3 (cl) —365 —466 95 —416
FeL4 (CFs) —377 —476 99 —427
FeL5 (cN) —347 —432 85 —388
FeL6 (NO) —330 —414 84 —372

the pyridine ring on the ligand can tune the electrochemical
properties of the metal and potentially control reactivity. It is
also important to point out that the trend observed with the
electrochemical behavior of the iron complexes paralleled the
thermodynamic stability determined for the metal complexes.
The FeL4 complex was the exception to the trend observed
with both the potentiometric and the electrochemical studies,
suggesting there are more factors in play than simply the
Hammett parameters derived from substituted benzoic
acids.®® Interestingly, DFT analysis with a range of basis sets
and functionals, including B3LYP,**** B3PW91,%**3¢ aug-cc-
pvdz,**° aug-cc-pvtz, lanL2DZ,* 6-31++g(d,p),"** 6-
31++g(d’,p’),* and 6-311++g(d,p),**** was not able to model the
solid-state structures or other properties observed. This
suggests that more is at play than simple changes to elec-
tronics. Such analysis is ongoing.

Additional oxidation (~—1.5 mV) and reduction (—1.8 to
—0.8 mV) events were also observed within the full experimental
window of solutions containing FeL1-FeL6, which were
hypothesized to be ligand-based. Therefore, cyclic voltammetry
was conducted for ligands L1-L6 as well. The redox potentials
observed are known to be a result of the pyridine ring.* In these
studies, reduction events were observed, in addition to the
positive ligand-based oxidation reported previously with L1 and
L2 (Fig. 4).>** Similar trends to the iron(m) complexes were
observed for the reduction events in the ligands, where the
more EWG character to the pyridine ring correlated to more
positive reduction waves. It should be noted that the reduction

37-39

0.6 q
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S
~
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Potential (V) vs. Fe(CN)g*/Fe(CN)*

Fig. 4 Cyclic voltammograms obtained for ligands L1-L6 in 3 mL of
0.1 M NaClig solution at a scan rate of 100 mV s~* normalized to
[Fe(CN)6l* /[Fe(CN)6l* " (Ey/2 = 0.00 V).
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wave of L6 (E,. = —783 mV) is significantly more positive
compared to the other ligands (Table S14+t), almost overlapping
with the redox window of iron complexes themselves. Such
activity is unique and potentially worthwhile to explore in
possible further applications.

Experimental
General methods

Elemental analysis was performed by Canadian Microanalytical
Service Ltd. L1-L6 were synthesized using previously published
procedures and isolated as water soluble trihydrochloride
salts.*?*?°

Potentiometric methods

The concentration of each ligand, as well as stability constants
of the iron(u) complexes, were determined via pH-
potentiometric titrations. A Metrohm 888 Titrando equipped
with a Metrohm 6.0234.100 combined electrode was used to
measure the pH in the titration experiments. For the calibration
of the electrode, KH-phthalate (pH 4.008) and borax (pH 9.177)
buffers were used.*®* The calculation of [H'] from the
measured pH values was performed with the use of the method
proposed by Irving et al. by titrating a 0.02 M HCI solution with
a standardized NaOH solution (0.2 M).*® The differences
between the measured and calculated pH values were used to
obtain the [H'] concentrations from the pH-data collected in the
titrations. The ion product of water was determined from the
same experiment in the pH range 11.40-12.00. The ionic
strength in the titrated and thermostat controlled (at 25 °C)
samples of 6.00 mL was kept constant and set to 0.15 M NaCl.
The samples were stirred by a magnetic stirbar and kept under
inert gas atmosphere (N,) to avoid the effect of CO,. The
protonation constants of the ligands were obtained from
previously reported data.* The stability constants of the metal
complexes were determined using the direct pH-potentiometric
method by titrating samples with 1:1 metal-to-ligand ratios
(the number of data pairs were between 100-250), allowing
1 min for sample equilibration to occur. The protonation and
stability constants ((log 8) = [ML]/([M][L])) were calculated from
the titration data with the PSEQUAD program.>*

Synthesis of iron complexes

[Fe™L1(CI),]ClL. Fe(CF;S0;); (300 mg, 0.905 mmol) was dis-
solved in 6 mL of methanol and added dropwise to L1 (448 mg,
1.35 mmol) dissolved in a minimal volume of water. The reac-
tion was allowed to stir overnight. A fine precipitate was
removed by filtration through a 0.2 um nylon filter and the
yellow solution was transferred to a test tube for slow evapora-
tion at room temperature. The resulting orange, X-ray quality
crystals were isolated via filtration and washed with a small
amount of cold methanol. Yield: 36% (242 mg, 0.486 mmol).
(CCDCH#: 1984171).F

[Fe™L2-6(Cl),]CF;S0;. [Fe"™L2-6(CI),]CF3SO; were produced
in an identical manner using 100-250 mg of ligand in each
reaction.

This journal is © The Royal Society of Chemistry 2020
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[Fe™L2(Cl),]CF;S0;. Orange crystals. Yield: 78% (164 mg,
0.340 mmol). Elemental analysis: cale. (found) for C;,H;5Cl,F;-
FeN,0;S: C, 29.59 (29.90); H, 3.69 (3.76); N, 11.31 (11.62).
(CCDCH: 1977733).+

[Fe™L3(Cl),]CF;80;. Orange crystals. Yield: 44% (140 mg,
0.271 mmol). Elemental analysis: calc. (found) for C;,H;,CL;F;5-
FeN,0;S: C, 27.90 (27.60); H, 3.32 (3.09); N, 10.81 (10.44).
(CCDCH: 1984172).

[Fe™L4(Cl),]JCF3S0;. Yellow crystals. Yield: 38% (55 mg,
0.101 mmol). Elemental analysis: calc. (found) for C,3H;,Cl,F-
FeN,0;S: C, 28.38 (28.40); H, 3.12 (3.02); N, 10.19 (10.09).
(CCDC#: 1984173).%

[Fe™L5(Cl),]CF;S0;. Yellow crystals. Yield: 59% (126 mg,
0.232 mmol). Elemental analysis: calc. (found) for C,,H,;Cl,F;-
FeN;0,S: C, 32.33(32.15); H, 4.65(4.90); N, 10.77(10.67).
(CCDC#: 1984174).%

[Fe™L6(Cl),]JCF;80;. Brown crystals. Yield: 39% (85 mg,
0.161 mmol). Elemental analysis: cale. (found) for C,4H,;Cl,F;-
FeN;0,S: C, 32.42(32.62); H, 4.57 (4.39); N, 14.70 (14.52).
(CCDCH: 1984175).+

X-ray crystallography

Crystal diffraction data were collected at 100 K on a Bruker D8
Quest Diffractometer. Data collection, frame integration, data
reduction (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).

Electrochemistry

Cyclic voltammetry experiments for the Fe(u) complexes (FeL1-
FeL6) used 3-4 mM complex and 100 mM [Bu,N][BF,] as the
supporting electrolyte in DMF. The electrochemical cell was
composed of a working glassy carbon electrode, a Pt auxiliary
electrode, and a silver wire as the reference electrode. The
potential values presented here have been normalized to the
half-wave potential of the F¢'/Fc = 0.00 mV. Cyclic voltammetry
experiments for ligands L1-L6 used 3-4 mM of ligand and
100 mM NaCl as the supporting electrolyte in water. The elec-
trochemical cell was composed of a working glassy carbon
electrode, a Pt auxiliary electrode, and Ag/AgCl as the reference
electrode. The potential values presented here have been
normalized to the half-wave potential of the [Fe(CN)¢]>"/
[Fe(CN)e]*™ = 0.00 mV.

Conclusions

Through this study, a library of 4-substituted pyridinophanes,
ranging from electron donating to electron withdrawing, was
metalated with iron(m), studied using single crystal X-ray
diffraction, electrochemistry, and potentiometric titrations to
study the impact of 4-substitution of the pyridine ring on the
iron complex. Single crystal X-ray diffraction revealed that the

This journal is © The Royal Society of Chemistry 2020
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substitution on the pyridine play only a small role in impacting
coordination geometry. Cyclic voltammograms revealed that
reduction is favored (more positive potentials) in case of ligands
with more EW character. The binding stability constants sup-
ported the electrochemistry results in revealing that the ligands
with EWGs favored Fe(u) over Fe(m). The effect of the substitu-
tion observed in the conducted studies points towards a new
method of tuning the properties and potentially the reactivity of
the iron complex.
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