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ABSTRACT: 8-Hydroxyquinolines (8HQs) are a family of lip-
ophilic metal ion chelators that have been used in a range of
analytical and pharmaceutical applications over the last 100 years.
More recently, CQ_(clioquinol; S-chloro-7-iodo-8-hydroxyquino-
line) and PBT2 (5,7-dichloro-2-[(dimethylamino)methyl]-8-hy-
droxyquinoline) have undergone clinical trials for the treatment of
Alzheimer’s disease and Huntington’s disease. Because CQ and
PBT2 appear to redistribute metals into cells, these compounds have
been redefined as copper and zinc ionophores. Despite the attention
surrounding the clinical trials and the clear link between 8HQs and
metals, the fundamental solution chemistry of how these compounds ~ M—ASSSSIRARS.AM
bind divalent metals such as copper and zinc, as well as their R+a(A)

mechanism(s) of action in mammalian systems, remains poorly

understood. In this study, we used a combination of X-ray absorption spectroscopy (XAS), high-energy resolution fluorescence
detected (HERFD) XAS, electron paramagnetic resonance (EPR), and UV—visible absorption spectroscopies to investigate the
aqueous solution chemistry of a range of 8HQ_derivatives. To circumvent the known solubility issues with 8HQ compounds and
their complexes with Cu(Il), and to avoid the use of abiological organic solvents, we have devised a surfactant buffer system to
investigate these Cu(II) complexes in aqueous solution. Our study comprises the first comprehensive investigation of the Cu(II)
complexes formed with many 8HQs of interest in aqueous solution, and it provides the first structural information on some of these
complexes. We find that halogen substitutions in 8HQ derivatives appear to have little effect on the Cu(II) coordination
environment; S,7-dihalogenated 8HQ conformers all have a pseudo square planar Cu(II) bound by two quinolin-8-olate anions, in
agreement with previous studies. Conversely, substituents in the 2-position of the 8HQ moiety appear to cause significant distortions
from the typical square-planar-like coordination of most Cu(II)-bis-8HQ complexes, such that the 8HQ moieties in the Cu(II)-bis-
8HQ complex are rotated approximately 30—40° apart in a “propeller-like” arrangement.
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1. INTRODUCTION as an over-the-counter antidiarrheal medication until all
halogenated 8HQs were withdrawn as medications in Japan
in 1970,"" and all oral preparations were discontinued
worldwide by 1985."> However, a small number of topical
ointments remain available in some countries (e.g,, Dermasorb
in the United States and Vioform in Canada). CQ use
significantly declined when it was linked to an outbreak of
subacute myelo-optic neuropathy (SMON) in Japan from
1955 to 1970. Over 10,000 SMON cases were reported, with
neurological symptoms including blindness, lower limb
spasticity, and sensory dysfunction."”'* Many people were

First prepared by Skraup, Bedall, and Fischer in the early
1870s," 8-hydroxyquinoline (8HQ) and its derivatives
comprise a family of lipophilic metal ion chelators that have
been used in a range of applications from laboratory-based
techniques to medications over the last century. For example,
8HQs have been used extensively since the 1920s as
gravimetric and colorimetric analytical reagents for transition
metals.'~* 8-Hydroxyquinoline (oxine; 8HQ), as well as many
of its derivatives (Figure 1), including dihalogenated 5,7-
dibromo-8-hydroxiquinoline (bromoxine; B2Q),” 5,7-dichloro-
8-hydroxiquinoline (chloroxine; CIZQ),6 and §,7-diiodo-8-
hydroxiquinoline (iodoxine; 12Q),” have been used for this Received: May 8, 2020
purpose.

8HQs have also been used as antiseptics, disinfectants,
pesticides, and antifungal and antiprotozoal drugs since the
1930s."°7'% For example, clioquinol (5-chloro-7-iodo-8-
hydroxyquinoline; iodochlorhydroxyquin; CQ) was marketed
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Figure 1. Schematic structures of 8-hydroxyquinoline (showing ring numbering) and 8-hydroxyquinoline derivative compounds studied herein. See

text for full chemical names.

permanently disabled."” The exact cause of SMON is still
debated; however, excessive consumption of CQ'* (up to 4 g/
day in one case'®) is thought to induce dyshomeostasis or
deficiency of essential metals like copper, zinc, or iron—
especially if CQ is taken with iron supplements—and to result
in SMON-like symptoms.g’l(’_19 Prior to the SMON outbreak,
CQ was not thought to be absorbed from the gastrointestinal
(GI) tract, but the neurodegenerative symptoms of SMON, as
well as isolation of CQ compounds in urine,” suggest that CQ_
is indeed absorbed through the GI tract and crosses the blood-
brain barrier.

The potential role of CQ in SMON has raised some
concerns more recently as CQ and PBT2 (S,7-dichloro-2-
[(dimethylamino)methyl]-8-hydroxyquinoline) have gained
attention as candidate drugs for the treatment of some
neurological diseases (e.g., Alzheimer’s disease and Hunting-
ton’s disease) and cancers. Preclinical studies of CQ in
Alzheimer’s model animals showed promising results including
decreased amyloid plaque burden and improved memory.”"”
Similarly, improvements in memory and cognition were
reported from a phase I clinical trial® and a case study’* on
Alzheimer’s disease (AD) patients. Despite these promising
results from animal studies”’ and clinical trials,”® contami-
nation in large-scale synthesis of CQ halted further testing as
an AD treatment.”” Following this issue with CQ_synthesis,
PBT2 was designed as a second generation anti-AD 8HQ
analogue with improved solubility. PBT2 showed greater
therapeutic potential than CQ_in an AD mouse model** and in
a phase II clinical trial”**° Results from the most recent
extended clinical trial investigating the anti-AD properties of
PBT2 in patients are yet to be published; however, PBT2 was
reported to have no significant effect on amyloid burden
compared to placebo patients,”” contrary to results from earlier
phase II trials.”® Importantly, no adverse effects of CQ or
PBT2 treatment, such as those observed in SMON, were
reported in animals or patients in these studies.”’~>>***°

PBT2 and CQ were also evaluated for the treatment of
Huntington’s disease (HD). Similar to AD, HD is a progressive
neurodegenerative disease characterized by cell loss and
atrophy, as well as aggregation of mutant huntingtin protein.”*
Studies of CQ in animal models of HD noted improved
behavioral and pathologic phenotypes, including decreased
huntingtin aggregate accumulation.” CQ was abandoned as a

potential treatment in HD, as it was in AD, because of the
difficulties associated with large-scale synthesis. However,
PBT2 was subsequently tested in animal models of HD and
was found to have similar positive outcomes to its
predecessor.’ In addition, PBT2 was shown to improve
cognition, particularly executive function, and reduce brain
atrophy in HD clinical trials.”"** PBT2 was presumed to act
similarly to CQ, through inhibition of copper interactions with
the HD-causing huntingtin protein in the brain.””

In addition to their anti-AD and anti-HD properties, 8HQs
have also been shown to have potential anticancer properties.
Specifically, 8HQs have been found to inhibit cancer cell
growth and damage DNA when bound to iron;>* some zinc-
and copper-bound 8HQs were found to interact with DNA,
likely through intercalation and electrostatic interactions.”*
Similarly, 8HQs recently have been shown to inhibit the
activity of a transcription factor important for cancer cell
survival; 8HQs are thought to bind to the active site through
coordination of the Fe(II) ion and thereby inhibit the binding
of a key cosubstrate.”> DNA intercalation and damage, as well
as protein inhibition, by metal-bound 8HQs may point to
metal-triggered anticancer mechanism(s) of action for these
metal 8HQ complexes.

Because CQ and PBT2 appear to redistribute metals into
cells, these compounds have more recently been characterized
as copper and zinc ionophores.36_39 In AD, copper and zinc
redistribution into deficient neurons is thought to trigger a
signaling pathway that results in reduced amyloid f levels in
the brain and improved cognition.”*" In cancers, redistrib-
ution of copper, zinc, and iron into cancer cells is thought to
trigger toxic metal ion accumulation, which then results in
cancer cell death.**"~** In addition, this ionophoric character
of 8HQs may explain the effectiveness of 8HQ_ treatment in
other metal-linked diseases such as acrodermatitis enter-
opathica, a lethal inherited human zinc-deficiency disor-
der.#5—47

Although the many beneficial properties of this family of
drug compounds have been exploited for about 100 years, the
fundamental solution chemistry of how these compounds bind
divalent metals such as copper and zinc, as well as their
mechanism(s) of action in mammalian systems, remains poorly
understood. 8-Hydroxyquinoline compounds and their Cu(II)
complexes are highly hydrophobic, with a number of solubility
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issues and precipitate formation reported in many previous
studies,”>*"**7%% which makes aqueous solution studies
particularly difficult. As a result of this low solubility, nearly
all experimental work reported to date on such complexes has
used powders, crystals, or abiological solvents such as dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), or toluene.
Structurally, 8HQs are generally thought to bind Zn(1I) and
Cu(Il) in an 8HQ/M?>' ratio of 2:1 through bidentate
chelation to the oxygen and nitrogen ligands. The structure
of Cu(II)-CQ has been investigated previously by X-ray
crystallogra/phy,53 and by X-ray absorption spectroscopy (XAS)
by others,” as well as by our group.”® From the crystal
structure it was evident that 2 CQ_ molecules coordinate
Cu(II) through phenolate and nitrogen donors in a square-
planar type geometry.>® Surprisingly, previous XAS by Chen et
al.>* reported an octahedral copper coordination environment
for CQ with six oxygen or nitrogen ligands. However, the
oxidation state of the copper had been reduced from the initial
Cu(Il) state to a Cu(I) species, likely contributing to their
contradictory conclusions.”® XAS analysis of Cu(Il) CQ
solutions from our group has contested the analysis of Chen
et al. and provided evidence for an approximately square planar
Cu(II) species.55

The structure of the Cu(II) B2Q complex has also been
studied previously by X-ray crystallography and found to be
similar to that of Cu(Il) CQ, including a square planar-like
Cu(II) center in a coordination environment of two oxygen
and two nitrogen atoms from two trans-quinolin-8-olate
anions.”* Early electron paramagnetic resonance (EPR) studies
of powders and frozen solutions of B2Q, CI2Q, and 12Q also
suggest that the Cu(Il) coordination environment of two
oxygens and two nitrogens in a trans position is highly similar
in these complexes and is therefore thought to be independent
of halogen substitution.”® More recent EPR analyses of frozen
solutions appear similar to early studies.”® Despite the
structural characterizations described above, definitive aqueous
solution structures are lacking for Cu(II) complexes of many of
the 8HQs shown in Figure 1.

In this study, we used a combination of XAS, high-energy
resolution fluorescence detected (HERFD) XAS, EPR, and
UV—visible absorption spectroscopies to investigate the
solution chemistry of a range of 8HQ_derivatives (Figure 1).
To circumvent the known solubility issues with 8HQ
compounds and their complexes with Cu(II), and to avoid
the use of various abiological solvents, we have devised a buffer
system that includes a surfactant to allow us to probe these
Cu(II) complexes in aqueous solution. As a result, our study
provides a comprehensive examination of the aqueous solution
chemistry of 8HQ complexes with Cu(II). To the best of our
knowledge, for many 8HQs this is the first structural
investigation of the Cu(II) complexes formed in aqueous
solution, and for some, this study contains the only structural
data available to date (e.g, MCQ, MI2Q, AI2Q, MC2Q,
AC2Q; Figure 1). We find that halogen substitutions in the S-
and 7-positions of 8HQ_derivatives appear to have little effect
on the Cu(Il) coordination environment; 5,7-dihalogenated
8HQ conformers all have a pseudo square planar type Cu(II)
bound by two quinolin-8-olate anions, in agreement with
previous studies.””**>> Conversely, substituents in the 2-
position of the 8HQ moiety appear to cause significant
distortions from the typical pseudo square planar coordination
of most Cu(II)-bis-8HQ _complexes, such that the planes of the
individual 8HQ ligands are no longer coplanar with each other

and instead form a “propeller’-type arrangement. Because
8HQs are used to treat several diseases of metal ion
dyshomeostasis, which often require compounds to cross the
blood—brain barrier, the properties of 8HQs and their Cu(II)
complexes (e.g., hydrophobicity, planarity, and Cu(II)
coordination) may have a significant impact on their ability
to reach the brain and restore metal ion homeostasis.

2. RESULTS AND DISCUSSION

Because 8-hydroxyquinoline compounds, and particularly their
Cu(II) complexes, are highly hydrophobic, few studies have
successfully investigated these complexes in aqueous solution.
A number of solubility issues, including precipitate formation,
has been reported in many previous studies,”>*"**75% in which
investigations were often only performed on either the solvent
solution fraction or the precipitate. To circumvent these issues
with low solubility, most of the previous experimental work on
8HQ_complexes has been conducted on powders, crystals, or
in abiological solvents such as dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), or toluene. We devised a buffered
surfactant solution (i.e., 400 mM dodecyl trimethylammonium
bromide (DTAB) in 100 mM 3-(N-morpholino)-
propanesulfonic acid (MOPS) at pH 7.4) that allowed us to
examine the Cu(II) complexes of the 8HQs shown in Figure 1
in aqueous solution using several techniques. The results of
hydrophobicity calculations and UV—visible absorption spectra
can be found in the Supporting Information. We report results
from geometry optimization calculations for the lowest energy
structures of Cu(II) 8HQ complexes below before discussing
the solution structure results from XAS, HERFD-XAS, and
EPR.

2.1. Density Functional Theory Structure Calcula-
tions. The results of DFT calculations of Cu(1I)-bis-I2Q _and
Cu(1I)-bis-AI2Q complexes are shown in Figures 2 and S3.
The DFT calculations show that Cu(II) coordination environ-
ments in which the two oxygen and two nitrogen ligands are in
a trans arrangement are consistently lower in energy, compared
with the cis configuration, by approximately 15—44 kJ/mol
depending on the 8HQ (Table S2), which appears to agree
with an early work by Palenik (1964)°” and others.***** The
trans complexes formed with Cu(II) and 8HQs with 2-H
substituents have C,, point group symmetry such that all the
atoms are in the same plane (the mirror plane), there is a
center of inversion, and there is a 2-fold rotation axis at the
Cu(II) center. The bond angles approach that expected for
square planar geometry (i.e., 90.0°), with z* and z* parameter
values of 0 (Figure 3; Table 1).5061 Interestingly, the cis
configuration is approximately isoenergetic for Cu(II)
complexes with AC2Q_and AI2Q, unless the trans config-
uration is distorted such that the plane of one of the quinolin-
8-olate anions is rotated approximately 40° from the plane
defined by the other 8HQ ligand (Figure 2; Figure 3; Table 1).
These distorted trans complexes have C, symmetry; there is no
longer a mirror plane or a center of inversion, but there is still a
2-fold rotational axis at the Cu(II). The bond angle between
the Cu(II)—O and the Cu(II)—N bond of the same SHQ
molecule (angle x in Figure 3) is constrained by the formation
of a 5-membered chelate ring and therefore always remains
within the narrow range of 83.4—84.5°, even after accounting
for changes in the Cu—O and Cu—N bond distances. The
bond angles between the Cu(II)—O and the Cu(II)—N bonds
of different 8HQ molecules (angle y in Figure 3) are not
similarly constrained and deviate appreciably from the 95.5—
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Figure 2. DFT geometry optimized structures of Cu(II) complexes of
12Q and AI2Q. (A) The energy difference between the cis distorted
and trans orientations of the 12Q ligands around the Cu(II) and (B)
the geometry optimized structures of the cis distorted and trans
Cu(II)-bis-12Q_complexes. Similarly, (C) shows the energy difference
between cis, trans, and distorted trans configurations for the AI2Q
ligands around the Cu(II) center. (D) shows the geometry optimized
structures for the three configurations of the Cu(II)-bis-AI2Q
complex. A conventional color scheme was chosen for each element,
such that hydrogen is white, carbon is gray, nitrogen is blue, oxygen is
red, copper is pink, and iodine is shown in brown.

95.9° angles of the planar C,; complexes and the 90.0° angles
expected for square planar geometry (Table 1). These
distorted complexes may be described as approaching a more
tetrahedral-like geometry (i.e, expected bond angles of
109.5°), with angle y at 102.1-103.2° for most 2-CH;
substituted 8HQs and an angle y of 109.1° for the Cu(II)
complex with AI2Q (Table 1). The z* and 7% parameter
values®”®" of these complexes range from 0.36 to 0.54, where 0
is representative of square planar and 1 is representative of

Figure 3. Diagram of angles for Cu(II) 8HQ complexes listed in
Table 1, where X = CI, Br, or I, depending on the 8HQ, as defined in
Figure 1. Panel A indicates bond angles x and y in a Cu(II)-bis-8HQ
complex. Angles a (panel A) and b (panel B) highlight multiple
scattering paths that approach linearity.

tetrahedral geometry, suggesting that these 4-coordinate
complexes are significantly distorted.

For the most energetically favorable distorted trans-Cu(1I)-
bis-AI2Q_ complex, electron density from the aromatic ring
system is pushed toward the aldehyde substituent in the 2-
position (Figure S3D). This redistribution of electron density
to the aldehyde groups in the Cu(II)-bis-AI2Q and -AC2Q
complexes likely partially explains the decrease in overall
energy of the distorted trans-Cu(II)-bis complexes. The
distortion of the trans-Cu(II)-bis-AI2Q and -AC2Q _complexes
is likely also partially due to steric effects. All the 2-methylated
8HQs studied herein appear to favor a distorted trans
structure, even though little to no electron density is relocated
to the methyl substituents. It therefore seems likely that the 2-
CHj; has a predominantly steric effect, but the 2-CHO appears
to have both steric and electronic effects. It was generally
observed that in complexes without substituents in the 2-
position (e.g, Cu(II)-bis-CQ), distorted trans structures
always optimized to be planar. Conversely, energy minimized
cis configuration structures were always distorted.

2.2. Near Edge X-ray Absorption Spectroscopy and
High-Energy Resolution Fluorescence-Detected XAS.
XAS near-edge analysis is sensitive to the oxidation state of the
metal ion of interest; however, Cu(Il) is easily photoreduced
in the X-ray beam if the appropriate precautions are not taken
to circumvent this common pitfall.* In this study, the sample
was physically translated after each scan, such that a fresh
sample area was illuminated for each energy scan. Additionally,
near-edges of consecutive scans from the same sample were
examined for changes indicative of Cu(II) — Cu(I) photo-
reduction, primarily including the loss of the Cu(Il) 1s — 3d
pre-edge transition and the appearance of the Cu(I) 1s — 4p
transition. Despite these precautions some photoreduction
inevitably occurs over the course of the 40 min scan, such that
the end of the EXAFS region may be partially photoreduced as
we have previously shown in metalloproteins.”

HERFD-XAS®* measures X-ray fluorescence with better
resolution than the natural line width. In conventional K-edge
XAS, the short lifetime of the 1s core hole causes broadening
of the spectra with consequent loss of detail and chemical
sensitivity. Our Cu K-edge HERFD-XAS utilizes the Cu Ka,
fluorescence line and effectively observes a small subset of the
2p3,, — ls transitions that give rise to the Cu Ka,
fluorescence, thus eliminating most of the lifetime broadening
from the short 1s core hole lifetime and thereby improving
spectral resolution.
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Table 1. Calculated Angles from Geometry Optimized Cu(II) 8HQ Complexes”

0—Cu-0 N—-Cu—N 0—Cu—N O—Cu—N’ Cu—0--X Cu---C--X A i 2-
SHQ angle angle angleb angle® angled angle® parameterf parameter®  substitution
8HQs
SHQ 180.00 180.00 84.19 95.81 N/A" N/A" 0.00 0.00 -H
M8Q 150.82 154.12 84.29 102.26 N/A" N/A" 0.39 0.38 —CH,
S-chloro-7-iodo-8HQs
cQ 180.00 180.00 84.46 95.54 179.73 177.01 0.00 0.00 -H
MCQ 151.06 155.23 83.97 102.26 176.13 175.25 0.38 0.37 —CH,
§,7-diiodo-8HQs

2Q 180.00 180.00 84.23 95.77 179.90 177.92 0.00 0.00 -H

MI2Q 149.55 155.05 83.38 103.23 174.95 175.60 0.39 0.38 —CH,

A2Q 145.13 138.15 83.49 109.11 177.08 175.56 0.54 0.52 —CHO
5,7-dichloro-8HQs

cRQ 180.00 180.00 84.13 95.87 174.36 176.92 0.00 0.00 -H

MC2Q 150.34 156.53 83.94 102.09 175.99 175.10 0.38 0.36 -CH,

AC2Q 148.70 153.81 83.44 103.68 175.99 174.96 0.41 0.39 —CHO
S,7-dibromo-8HQ_

B2Q 180.00 180.00 84.10 95.90 177.23 177.41 0.00 0.00 -H

“All angles 1n degrees. Angle x depicted in Figure 3 A. “Angle y depicted in Flgure 3A Deplcted angle a in Figure 3 A. “Depicted angle b in
Figure 3 B.”As described by Yang et al.”” $As described by Okuniewski et al.’! "8HQ and M8Q_do not have 5- or 7-position halogens.
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Figure 4. Cu K-edge XAS of Cu(II) complexes with 8HQ and its derivatives. (A) Experimental Cu(1I) near-edge spectra from XAS (dashed) and
HERFD-XAS (solid line) of 8HQ and studied derivatives. The dashed vertical lines indicate near-edge transitions. A spline was fit to the near-edge
spectra, and the spline was normalized to 1; spectra are offset vertically by 0.8 for clarity. Corresponding extended X-ray absorption fine structure
(EXAFS) spectra and Fourier transforms from conventional XAS are shown in (B) and (C), respectively. Experimental EXAFS and Fourier
transform data are shown in solid black lines; calculated EXAFS and Fourier transform fits are shown as dashed lines. Spectra are also offset
vertically for clarity. Horizontal gray lines mark 0 for each individual spectrum. EXAFS spectra are offset by 12 and Fourier transform spectra are
offset by 1.6 vertically. Fourier transforms are phase-corrected for Cu—O backscattering.
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Comparisons of XAS and HERFD-XAS experimental near-
edge spectra of Cu(Il)-bound 8HQs in aqueous surfactant
solutions are shown in Figure 4 A. All spectra show a small 1s
— 3d transition at approximately 8979 eV, indicative of Cu(II)
species. There is also a small peak at approximately 8983 eV,
which is well-resolved only in the HERFD spectra (Figure 4
A). Because of the higher photon flux density in a HERFD
experiment, samples are more prone to photoreduction than
with our conventional XAS; however, this effect is partly offset
by the relatively rapid scan rates used for HERFD (~1-2
min.). Therefore, while the ~8983 eV feature may arise from
photoreduced species, we consider this unlikely because no
changes in this near-edge region were observed after prolonged
beam exposure without sample translation on a conventional
XAS beamline (Figure S4). Assuming that this feature is a true
Cu(Il) feature, its relatively low energy argues for an
assignment as a 1s — 4p, + ligand-to-metal charge transfer
(LMCT) shake-down transition, similar to the 8987 eV peak,
which will be discussed below. This peak remained unobserved
in other experiments because it is not well resolved in
conventional XAS experiments. LMCT shake-down transitions
are one-photon two-electron events that arise when metal
orbitals shift to lower energies following the effective increase
in nuclear charge due to 1s photoexcitation in K edge
experiments. Therefore, after 1s photoexcitation the metal
orbitals lie at lower energies than the ligand orbitals, resulting
in consequent LMCT, concomitant with the 1s — 4p
excitation. These transitions thus lie below the main 1s —
4p transition and inform of the overlap of ligand and metal 3d
orbitals. Because the 4p, orbitals lie at lower energies than the
4p,,, orbitals in a square planar type geometry as a result of the
equatorial ligand field, we therefore tentatively assign this
feature as a 1s — 4p, + LMCT shake-down transition (Figure
4 A). The more prominent peak at about 8987 eV also lies at
lower energy than the main 1s — 4p peak, and this is
tentatively assigned as a 1s — 4p,, + LMCT shake-down
transition (Figure 4 A). This assignment is supported by
preliminary TD-DFT calculations, i.e., where transitions
involving the 4p, orbital are predicted to be 4—5 eV lower
in energy than those involving the 4p,, orbitals. Also in line
with this assignment, the 1s — 4p,, transition might be
expected to have increased intensity relative to the 1s — 4p,
transition because both 4p, and 4p, orbitals are involved. Such
LMCT shake-down transitions are often thought to be
indicative of tetragonal or square planar type Cu(II)
coordination geometry, because the ligand field splitting of
the 4p manifold is larger in these cases and gives rise to lower
energy peak positions.ss’és’66

In the series of 8HQ Cu(1I) complexes shown in Figure 4 A
the 1s — 4p + LMCT shake-down transitions are most
prominent in aqueous Cu(II) solution complexes of CQ, 12Q,
and B2Q, as well as MI2Q and MCQ. Complexes showing
intense 1s = 4p + LMCT shake-down transitions are those
that are hypothesized to be planar, likely with pseudo square
planar Cu(Il) coordination, similar to that previously
described for Cu(II)-bis-CQ.>” Interestingly, the near-edge of
Cu(II)-bound 8HQ and M8Q, which lack halogen sub-
stituents, also lack distinctive 1s — 4p + LMCT shake-down
transitions (Figure 4 A). From previous studies and from our
DFT calculations Cu(II)-bis-8HQ_is expected to be a highly
symmetric, coplanar complex with C,, symmetry and would
therefore be expected to have pronounced 1s — 4p + LMCT
shake-down transitions, if the transition is maximal for

complexes closely approaching square planar geometry (i.e.,
bond angles approaching 90°). While it is possible that the
Cu(1I)-bis-8HQ complex is not planar, and some crystal
structures of this complex suggest slight deviations from the
expected coplanar complex in which both 8HQ ligands and the
Cu(II) are not all coplanar,””**%~7% it seems plausible that
the 1s = 4p + LMCT shake-down transitions could be affected
by halogen substitution. The 1s — 4p,, + LMCT shake-down
transition appears to follow a trend in §,7-halogenated 8HQ_
Cu(II) complexes such that peak intensity decreases as follows:
Cl & I>1> Cl > Br. In addition, the peak intensity appears to
decrease in 8HQ derivatives with the same $,7-halogen
substituents as coplanarity of the complexes decreases, such
that 2-H > 2-CH; > 2-CHO (Table S3). Therefore, the 1s —
4p + LMCT shake-down transition peak intensity appears to
depend both on the coplanarity of the complex (modified by 2-
substitution), and on halogen substitution in the S- and 7-
positions. Halogen substituents in the S- and 7-positions may
donate electron density to the 8HQ moiety and help stabilize a
more closely square planar geometry, thereby resulting in
increased intensity of the 1s — 4p + LMCT shake-down
transition peak in the near-edge.

2.3. Extended X-ray Absorption Fine Structure
(EXAFS). The EXAFS results of Cu(Il)-bound 8HQs in
aqueous surfactant solutions are shown in Figure 4 B. The
EXAFS oscillations of all Cu(Il)-bound 8HQ samples have a
similar frequency up to k & 8, at which point high frequency
oscillations attributable to the distant, high atomic number
halogen substituents become apparent for Cu(II)-8HQ
complexes of CQ, MC2Q, I2Q, MI2Q, AI2Q, MCQ, and
B2Q_ (Figure 4 B). The EXAFS amplitude in this higher k
region is greatest for Cu(Il) complexes with higher atomic
number halogen substituents in the 5- and 7-position, but with
no 2-position substitution, such as B2Q, CQ, and 12Q. EXAFS
spectra of other Cu(II) complexes have a significant but lower
amplitude structure at k > 9 (e.g, MCQ, MI2Q, and AI2Q).
These Cu(II) complexes have large halogen substituents in the
S- and 7-position and also have 2-position substituents. Cu(II)
complexes with §5,7-dichlorinated 8HQs, namely, CI2Q,
MC2Q, and AC2Q, appear to lack the high-amplitude, high-
k structure observed with other 8HQs. This lack of structure is
likely in part because chlorine substituents are weaker
backscatterers than bromine or iodine. We note that 8HQ_
and M8Q_lack this high-k structure because they do not have
any halogen substituents.

Similar trends are illustrated by the corresponding Fourier
transforms (Figure 4 C). The primary backscattering peak in
the Fourier transforms of Cu(IlI)-bound 8HQs without
substituents in the 2-position (ie, 8HQ, CQ, 12Q, CI2Q,
and B2Q) is at 1.926—1.934 A and arises from first shell
interactions with O and N ligands. For most of the 8HQs with
substituents in the 2-position (i.e, MCQ, MI2Q, AI2Q, and
AC2Q) the primary backscattering peak is slightly shorter, at
1.877—1.903 A. In some cases (e.g, MCQ, MI2Q, AI2Q, and
MC2Q), the primary backscattering peak at ~1.89 A has a
shoulder or another peak at 2.015—2.064 A, which suggests
distinguishably different ligand bond lengths (Figure 4).

In many Cu(1I) 8HQ complexes, there is an intense peak in
the Fourier transform at 4.870—5.163 A, which corresponds to
the halogen in the 7-position (e.g.,, I for CQ), and a peak at
6.636—7.075 A, corresponding to the halogen in the 5-position
(e.g,, Cl for CQ). It is unusual to detect backscattering atoms
this distant from the absorbing atom (i.e., Cu) in solution
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Table 2. Comparison of Select EXAFS Fit Distances R between Cu(II) SHQ Complexes”

Cu-0 Cu—N Cu---C
8HQ 1.929(2) 1.953
M8Q 1.900(3) 2.021(4)
cQ 1.928(1) 1.947
MCQ 1.877(3) 2.057(4)
R2Q 1.934(2) 1.951
MI2Q 1.893(3) 2.052(4)
ARQ 1.884(3) 2.064(53)
cRQ 1.931(2) 1.957
MC2Q 1.893(3) 2.038(4)
AC2Q 1.903(3) 2.015(6)
B2Q 1.926(2) 1.953

3.404(7)
3.595(9)

3.471(8)
3.390(10)

3.409(8)
3.426(11)

Cu-O Cu—0--X Cu-C-X
5.141(2) 6.636(5)
5.092(2) 6.665(12)
5.163(2) 6.982(5)
5.067(2) 7.065(4)
4.513(12) 5.088(4) 7.075(7)
4.935(6) 6.662(12)
4.870(5) 6.680(10)
4.649(9) 4.888(10) 6.986(21)
5.033(2) 6.817(6)

“Full fit parameters are detailed in Table S4. Corresponding best-fit plots are shown in Figure 4. The values in parentheses are the estimated
standard deviations (esd.) and correspond to the error on the last digit. Although the calculated esd is typically approximately +0.00S, including
errors such as imperfect background subtraction, phase-shift calculations, and noise in the data, the actual error is generally accepted to be closer to
+0.01 A. Values without esd were refined as a set of parameters linked by constant proportion to those of the Cu—O/N paths, and the esd will

correspond to that of Cu—O/N.

complexes. These distant substituents are detected in this
system because (i) these halogen substituents are heavy, high Z
atoms with large backscattering amplitude, (ii) the halogens
are connected to the Cu(II) absorber via a relatively rigid ring
system, which minimizes the possible disorder in the Cu--X
distances, and (iii) multiple scattering involving intervening
atoms in the planar 8HQ molecule enhances the amplitude
when paths approach colinearity. The arrangement of the
atoms in the 8HQ molecule when bound to Cu(Il) is unusual
in that atoms coincidentally approach a collinear arrangement
which gives rise to maximal multiple scattering. Hence, for the
7-position iodine in the Cu(1l)-bis-12Q complex, the Cu(Il)—
O--1 angle at the intervening oxygen is 179.90° (Table I;
Figure 3). Likewise, for the S-position iodine in the same
complex, the angle subtended by fusion carbon atom 8a, angle
Cu(II)-+Cg,+-1, is only marginally smaller at 177.92° (Table 1;
Figure 3).

The EXAFS amplitude at k 2 9 is largest for Cu(Il)
complexes with 5,7-dihalogenated 8HQ_ derivatives and
without 2-position substitution (i.e., B2Q, CQ, 12Q), which
suggests that the Cu(II)—O--X multiple scattering path
(where X= Br, or I) approaches a linear angle of 180°. Planar
complexes with C,, symmetry, such as those predicted by DFT
(Figure 2), would result in constructive interference from large
backscatterers at the same distance (e.g., I). However, Cu(II)
complexes with §,7-dichlorinated 8HQs (i.e, CI2Q and
derivatives) appear to lack this high amplitude, high k structure
observed with other $,7-dihalogenated-8HQs. This lack of
structure is likely partially because chlorine substituents are
weaker backscatterers than Br or I and partly because the C—
Cl bond is shorter than that of C—I or C—Br, resulting in a
deviation from colinearity and therefore from the maximal
multiple scattering amplitude observed for the essentially linear
Cu(1I)—O--I path (Figure 3; Table 1). However, this lack of
structure could also be because the Cu(II) and both 8HQ
ligands are no longer all coplanar; for example, the Cu(II) may
be out of the plane defined by the 8HQ moieties as is
discussed below. Interestingly, an increase in EXAFS frequency
and a decrease in EXAFS amplitude is observed with 2-
position substitution of CI2Q_(i.e., to form MC2Q or AC2Q).
From geometry optimization calculations, it appears likely that
the Cu(II)—O---Cl is coincidentally brought closer to a linear

path in MC2Q and AC2Q _than in CI2Q in solution (Table 1;
Figure 3).

In 2-position substituted complexes that have significant
structure at k 2 9 but have a lower EXAFS amplitude (i.e.,
MCQ, MI2Q, and AI2Q), the angle of the Cu(Il)-O--I
multiple scattering path again likely deviates from 180°.
Distortion from a pseudo square planar geometry that alters
the angle of the Cu(II)—O--I path, such that it is farther from
the expected maximal backscattering angle of 180°, will
dampen the resultant EXAFS amplitude and will reduce the
high-frequency EXAFS oscillations due to cancellation of
waves that are out of phase (Figure SS; Figure S6).

Intense peaks in the Fourier transform, corresponding to
longer range halogens, provide evidence for highly symmetrical
structures in which the outer halogens occupy equivalent
positions and in which there is substantial multiple scattering
due to the intervening oxygen or carbon atom forming close to
linear 180° paths (Figure 3; Table 1). In the Fourier transform
of some Cu(Ill) 8HQ complexes (ie., MCQ, MI2Q, AI2Q,
MC2Q, and AC2Q), these longer range peaks appear at two
different distances (Figure 4; Table S.4). Double peaks for
halogen backscattering at this distance provide further support
for distorted bis complexes in which the Cu(II)—O-X path
(where X= ClI or I) deviates significantly from 180°. Deviation
from 180° results in different distances for the three possible
multiple scattering paths through Cu(II)—O--X and results in
a splitting of the 7-position halogen peak (~5 A peak) in the
Fourier transform (Figure S.S; Figure S.7).

One possibility that may account for the observed
differences in the EXAFS and Fourier transforms of 2-CHj
or 2-CHO substituted 8HQs compared with 2-H substituted
8HQs is an in-plane rotation of the 8HQ ligands, such that the
Cu(lI)-N bond is lengthened and the Cu(II)-O bond
remains the same, resulting in the Cu(Il)—O--X angle
deviating more so from linearity (Figure S.5). As a result of
this increasing rotation around the O atom, the primary
backscattering peak splits into two resolved peaks correspond-
ing to the Cu(II)—O and Cu(II)—N bond distances. The S A
peak corresponding to the Cu—O---X distance is also split into
2 poorly resolved peaks as the Cu(II)—O--X angle deviates
increasingly from linearity, and the ~7 A peak corresponding
to the Cu(Il)---X distance to the S-position halogen increases
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A 12Q

C Al2Q

Figure S. DFT geometry optimized Cu(II)-bis-8HQ structures, highlighting the degree of out-of-plane rotation for 2-substituted 8HQ derivatives.
The planar Cu(II)-bis-12Q structure is shown in (A), the distorted Cu(II)-bis-MI2Q structure is shown in (B), and the highly distorted Cu(1II)-bis-
AI2Q structure is shown in (C). A typical color scheme was chosen for each element, such that hydrogen is white, carbon is gray, nitrogen is blue,
oxygen is red, copper is pink, and iodine is shown in brown. Hydrogen bonding interactions are shown as dashed lines from the methyl proton of
one MI2Q to the phenol oxygen of the other MI2Q (B) and from the aldehyde proton of one AI2Q to the phenol oxygen of the other A12Q (C).

(Figure SS). The ~7 A peak is also dampened slightly as the
angle deviates further from 180°.

Another possibility is that the Cu(II) atom may no longer be
coplanar with the 8HQ molecules, which would also result in a
smaller Cu(II)—O--X angle (Figure S6). As a result of this
hypothetical rotation of the Cu(II) out of the ligand plane, the
5 A peak corresponding to the Cu(II)—O--X distance
decreases in both intensity and distance as the Cu(I1)—0O---X
angle deviates further from linearity. Likewise, the Cu(II)---X
distance to the S-position halogen (7 A peak) becomes shorter
and also decreases in intensity as the Cu(Il)--Cg,-X angle
deviates further from linearity. However, the Cu(I)—O and
Cu(II)—N distances remain unchanged and appear in the
Fourier transform as a single primary backscattering peak
(Figure S6). Additionally, the two 8HQ molecules may remain
equivalent to each other but may not be coplanar (Figures 2
and S3). It is likely that a combination of these above-
mentioned rotations may result in the structure(s) that best fit
the EXAFS data.

2.4. Geometry Optimization and Curve-Fitting of the
EXAFS. Scattering paths for geometry optimized structures of
Cu(II)-bound 8HQ_ complexes were calculated using FEFF
(ver. 8.25) and were used in the curve-fitting program, OPT, in
the EXAFSPAK suite of XAS analysis programs > to determine
the best fit model for the EXAFS spectra. Possible structures

for Cu(II)-8HQs were fit to the Cu K-edge EXAFS; curve-
fitting results for Cu(1I)-bis-8HQs are shown in Figure 4,
summarized in Table 2, and described in full in Table S4. The
best fit structure for XAS spectra of the Cu(Il)-bis-CQ
complex in DMSO has been published previously,”> and a
highly similar structure is found to be the best fit for Cu(II)-
bis-CQ_in aqueous solution here. Best-fit structures of Cu(II)-
bis-8HQ, -B2Q, -12Q, and -CI2Q_similarly contain Cu(II)
coordinated through the phenolate oxygen and nitrogen
ligands in a pseudo square planar geometry (Figure 4 A).
Best-fit structures for SHQs with 2-CH; substituents, Cu(II)-
bis-MC2Q, -MI2Q, -MCQ, and -M8Q, also show Cu(II)
coordination through oxygen and nitrogen ligands; however,
the quinolin-8-olate anions are rotated such that one 8HQ
ligand is approximately 30° out of the plane defined by the
other 8HQ ligand, and such that the expected pseudo square
planar geometry is distorted to the extent that some of the
bond angles approach a more tetrahedral-like geometry
(Figure S B; Table 1). Bestit structures for 2-aldehyde-
substituted Cu(Il)-bis-AC2Q_and -AI2Q also have a 4-
coordinate Cu(II) center with oxygen and nitrogen ligands;
however, the 2-CHO results in the rotation of the 8HQ_
molecules such that one 8HQ is at approximately 40° from the
plane defined by the other 8HQ ligand (Figure S C). This
greater deviation from planarity could be due to the more
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Table 3. Summary of EPR Parameters for Cu(II)-8HQ and Cu(II)-M8Q Complexes under Various Solution Conditions at 77

K
41 A, (mHz)
complex solvent conditions 8 88& A (mHz) AA, ref

Cu(II) 8HQ” 60% chloroform 2.172 2.042 486 75 Gersmann and Swalen (1962)*”
40% toluene

Cu(1D)-bis-8HQ" 50% chloroform 22202 2.052 537 Yordanov et al. (1975)°
50% toluene

Cu(II)-bis-8HQ” 50% chloroform 2.205 2.052 564 Yordanov and Alexiev (1983)°*
50% toluene

Cu(1I)-bis-8HQ" neat dimethylformamide 2244 2.075 501 75 Anjaneyulu et al. (1986)°°

Cu(II)-bis-8HQ® 60% chloroform 2219 2.046 529 68 Cozar et al. (2010)*°
40% toluene

Cu(II)-bis-8HQ® 70% carbon tetrachloride 2.221 2.042 527 70 Cozar et al. (2010)%
30% ethanol

Cu(II)-bis-8HQ® 75% chloroform 2224 2.049 517 62 Cozar et al. (2010)%
25% ethanol

Cu(11)-bis-8HQ® 60% pyridine 2231 2.051 505 64 Cozar et al. (2010)*°
40% chloroform

BCu(I1)-bis-SHQ" 80% methanol 2.247 555 Sgarlata et al. (2018)*
20% water

$3Cu(I1)-bis-8HQ DTAB/MOPS, pH 7.4 2.202 2.051/2.036 620 114/74 this work

S Cu(11)-bis-M8Q DTAB/MOPS, pH 7.4 2.230 2.066/2.030 477 22/40 this work

“Concentration or ratio of Cu(1I) and 8HQ not reported. bConcentration of Cu(II) and 8HQ not reported. “8HQ concentration reported to be 7

mg/mL.

electron-withdrawing nature of the aldehyde group or because
of steric effects from the bulkier substituent. Not surprisingly,
individual 8HQ ligands, including all atoms except the methyl
protons, were always calculated to be very close to planar
regardless of the extent to which the copper complex deviates
from the pseudo square planar geometry.

Opverall, our data suggest that, in solution, 5,7-dihalogenated
8HQs without substituents in the 2-position are planar bis-
Cu(II)-complexes that coordinate Cu(II) in a 2 ligand/1 metal
ratio, resulting in a pseudo square planar geometry (i.e., planar,
with N—Cu—O bond angles approaching 90°; Table 1). This
proposed structure is highly similar to that previously
published for CQ’* and is in agreement with crystal structures
of various Cu(II)-bis-complexes of 8HQs lacking 2-position
substituents (e.g., CSDS entries CIFFED,”* CUH(lCB,75
VERBUQ,”® XAGKIZ,”” DOBMAK,** NABME],”> QES-
MIL,”® and QIYQUL.”®). 8HQs with substituents in the 2-
position show altered Cu(II) coordination environments, likely
because the 8HQ ligands and the Cu(II) are not all coplanar;
although less likely, it could also be because the substituents
preclude the formation of Cu(1I)-bis-complexes through steric
or other effects. Distortion of the planar bis complexes
observed with 2-position substitution appears to agree with
crystallographically determined structures of various 2-
substituted 8HQ_ derivatives that also show 4-coordinate
Cu(Il) coordination distorted from the pseudo square
planar-like geometry of 2-H 8HQs (e.g, CSDS entries
KAFTOA,*® KAFTUG,” QAFNOD,*' QAFWIG,*' QUJ-
TAR** and YIGROW83). However, not all crystal structures
of 2-position-substituted 8HQ_ complexes with Cu(II) show a
significantly distorted 4-coordinate geometry. For example,
some 2-position-substituted 8HQs result in coplanar com-
plexes with Cu(II) in which both 8HQ ligands and the Cu(II)
are coplanar but the bulky substituents (e.g, a 2,2-bis-
(ethoxycarbonyl)ethyl group, CSDS entry GECYAP;*" or a
2-(2,6-dichlorophenyl)vinyl group, CSD entry FINBAH®) are

not. There is a strong energetic preference for Cu(Il) to
approach square planar geometry, including similar Cu(II)—O
and Cu(II)—N bond lengths and bond angles close to 90°,
unless this cannot be achieved because of unfavorable steric
interactions from the substituent in the 2-position, such as
those we observe herein.

2.5. Electron Paramagnetic Resonance Spectroscopy.
EPR of Cu(Il) complexes can provide information about the
symmetry and bonding environment around the Cu(II) center.
EPR has been used extensively to study the Cu(II) 8HQ
complex.’***™*’ Early EPR studies of polycrystalline Cu(II)-
bis-8HQ reported g-values characteristic of axial symmetry and
2N20 coordination in trans around the Cu(II) center (g =
2287, g, = 2.066).% Bonding parameters a” (measure of the
o-bonding to the four ligands in the plane), #* (measure of the
in-plane 7z-bonding), and y* (measure of the out-of-plane 7-
bonding) were also calculated to be 0.820, 0.840, and 1,
respectively, suggesting that bonding of the Cu(Il) to the
ligands is covalent and in-plane.*® Interestingly, several EPR
studies of the Cu(II) 8HQ complex in solution have provided
different results dependent on solvent conditions, which also
differ slightly from those found with the crystalline complex
(Table 3)‘86,87,89,90

Further EPR studies of Cu(II) complexes of 8HQ, CI2Q,
B2Q, and 12Q in powdered form have been published.’® In
these studies, Anjaneyulu et al.’**® used the effective field per
unpaired electron parameter y, which primarily depends on the
local Cu(II) environment,””* as well as molecular orbital
coefficients @ and /% to describe the Cu(II) complexes of
8HQ, CI2Q, B2Q, and 12Q. The average y value for a Cu(II)
environment with two oxygen and two nitrogen ligands was
reported to be —3.918,” and the average was calculated to be
—3.920 for Cu(Il) complexes of S,7-dihalogenated 8HQs.*
The molecular orbital coeflicients suggested that in-plane 7-
bonding is as strong as that of o-bonding in Cu(Il) 8HQ
complexes, and halide substitution does not affect 7-bonding
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Figure 6. EPR of frozen solutions of Cu(II) 8HQ and M8Q in 400 mM DTAB, 100 mM MOPS at pH 7.4. Spectra are listed as (a) frozen solution
spectra of 0.5 mM 8HQ + 0.25 mM ®*CuCl, (b) a simulation of (a), (c) frozen solution spectra of 1.25 mM M8Q + 0.25 mM *CuCl,, and (d)
simulation of (c). Dashed lines indicate 4-line patterns characteristic of Cu(II) species. Boxes indicate regions expanded in the rightmost panels, in
which spectra are shown as solid lines and simulations are shown as dashed lines. Red lines indicate 5-line patterns predicted by '“N hyperfine
splittings of 10.9 and 10.0 G in Cu(II)-bis-8HQ and -M8Q, respectively, from 2 equiv of nitrogens. EPR simulation parameters are detailed in

Table 3.

character.’****” There were reportedly no significant differ-
ences in either the spin Hamiltonian parameters or in the
molecular orbital coefficients of Cu(II)-bound 8HQ, CI2Q,
B2Q, or 12Q.*® The Cu(1I) 8HQ complexes of 8HQ, CI2Q,
and B2Q_showed g-values consistent with axial symmetry,
while the Cu(II) 12Q complex showed an isotropic g-value.”

EPR of the Cu(Il) CQ complex has also been previously
published.**>> Sgarlata et al. determined the g-values of the
Cu(II)-bis-CQ_complex to be g = 2.243 and g, = 2.047 in
DMEF and g = 2.242 and g, = 2.049 in DMSO. EPR magnetic
parameters determined for both Cu(II)-bis-CQ_and Cu(II)-
bis-8HQ_are thought to be indicative of a tetragonally
elongated pseudo-octahedral arrangement around the Cu(II),
with an equatorial Cu(IT)N,O, chromophore.*® These spectra
in DMF appear surprisingly different from spectra in DMSO,
which was previously published by our group.” These
differences are likely to be attributed to either differences in
the concentration of Cu(II) and CQ used or the relative ratios
of ligand to metal.

In this study, EPR spectra of ®*Cu(II)-bis-8HQ and **Cu-
(I1)-bis-M8Q_in frozen aqueous solutions were examined to
further probe the different Cu(II) coordination environments
in 2-H and 2-CHj; substituted 8HQs. To the best of our
knowledge, the EPR spectra of Cu(Il)-bis-M8Q_shown in
Figure 6 are the first to be reported on a 2-position methyl-
substituted 8HQ Cu(II) complex. EPR spectra of Cu(II)-bis-
8HQ were found to resemble spectra previously published for
the Cu(II)-bis-CQ complex in DMSO>® when excess ligand
was present and relatively high concentrations of both 8HQ

(>2.5 mM) and Cu(Il) (>0.5 mM) were used (Figure S8).
These higher concentration spectra do not appear magnetically
dilute and more closely resemble powder EPR spectra of
Cu(I1)-bis-8HQ complexes in the literature.”® These magneti-
cally nondilute spectra may be a result of distant z-stacking
though the ring system of Cu(II)-bis-8HQ_complexes, which
would result in Cu(II) atoms separated by approximately 7—10
A, as has been shown in the unit cell of several crystal
structures of Cu(1I)-bis-8HQs.>**”**”> We have found little
evidence of compact z-stacking based on our EXAFS data
(Figure 4). Specifically, we do not see evidence of Cu--Cu
scattering, which would be expected to be significant if Cu(II)-
bis-8HQ complexes were stacking such that the Cu(II) centers
were <7 A apart. Additionally, we do not see peaks >S5 A in the
Fourier transforms of Cu(Il)-bis-8HQ complexes in which
there are no 5,7-halides (e.g., see 8HQ or M8Q spectra, Figure
4). Taken together, these results likely suggest that any z-
stacking is distant, such that the Cu(Il) centers are 27 and
<10 A apart.

When the complexes were prepared at lower concentrations
(ie, [Cu] = 0.25 mM and [8HQ] < 1.25 mM), EPR spectra
were more similar to frozen solvent spectra previously
published for Cu(II)-bis-8HQ,"**° Cu(1I)-bis-B2Q,*® and
the Cu(1I)-bis-CQ_ complex.” Spectra of *3*Cu(II)-bis-8HQ
and -M8Q show a 4-line pattern typical for Cu(II) complexes
(Figure 6). Nitrogen hyperfine structure in both the g, and g
regions is significant in spectra of ®*Cu(II) complexes of both
8HQ and M8Q. EPR spectra were simulated to generate the g
and A values listed in Table 3, and the simulated spectra are
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shown in Figure 6. The spectra of Cu(Il) complexes of 8HQ
and M8Q were both best simulated by rhombic g values
(where g, # g, # g) and by including splitting-dependent
broadening, simulated as A strain.”> The observation of an
anisotropic rhombic g tensor with g, # g, is expected from the
fact that these complexes do not possess true axial symmetry;
moreover, the hyperfine coupling is also expected to show
rhombic symmetry. Calculated EPR parameters follow similar
trends to the experimental spectra, with rhombic g values for
both complexes. The calculated EPR parameters for Cu(II)-
bis-8HQ predicted g values of 2.049, 2.083, and 2.203 for g,, 8y
and g,, respectively, and that for Cu(1I)-bis-M8Q_predicted g
values of 2.04S, 2.083, and 2.199 for g,, & and g, respectively.

Regions with well-defined N hyperfine were found to be best
simulated by 2 equiv of N-donor ligands, generating a S-line
pattern with intensities in a 1:2:3:2:1 ratio, and with "N
hyperfine splitting of 10.9 G (15.3 MHz) for the **Cu(II)-bis-
8HQ complex and 10.0 G (14.0 MHz) for the **Cu(II)-bis-
M8Q_complex. DFT-calculated nitrogen hyperfine couplings
follow a similar trend to the experimental spectra, predicting A,
("N) values of 33.6 MHz for Cu(II)-bis-8HQ and A, (**N)
values of 31.2 MHz for Cu(11)-bis-M8Q. The '*N hyperfine
value determined for the ®Cu(II)-bis-8HQ complex is
consistent with previously published values.”””*”* These
findings provide further evidence for Cu(II)-bis-8HQ and
-M8Q_complexes in which both N-donor atoms are in
equivalent positions relative to the Cu(II) center. The slightly
larger "*N coupling for Cu(II)-bis-8HQ relative to Cu(II)-bis-
M8Q is consistent with the distortion away from planar
geometry for the latter complex, and with DMol* DFT
calculations of the nitrogen spin densities, which give values of
0.09 and 0.07 for the pyridine nitrogens, respectively.

3. CONCLUSIONS

Herein, we have provided a detailed structural investigation of
the Cu(Il) complexes formed with select 8HQs of interest
using synchrotron XAS and HERFD-XAS, as well as EPR and
DFT calculations. For many 8HQs, this is the first study to
investigate these Cu(II) complexes in aqueous solution, and
for some, this is the first structural investigation reported to
date. The previous lack of complete information on the
solution chemistry of 8HQs, and other similar biologically
relevant molecules, has made it difficult to predict their in vivo
action. Herein, we attempt to connect the in vitro structural
information with in vivo properties desired for effective
treatment of diseases of metal ion dyshomeostasis.

3.1. Cu(ll) Coordination in CQ and Similar 8HQ
Conformers. The solution structure of Cu(Il)-bis-CQ in
DMSO has been published previously and was found to be
planar, with a pseudo square planar type Cu(Il) center.’’
Similarly, the 5,7-dihalogenated 8HQ_conformers studied here
also appear to bind Cu(Il) in a square planar-like geometry
with two bidentate 8HQ ligands. Specifically, Cu(II)-bis-
complexes with 8HQ, B2Q, CQ, I2Q, and CI2Q_are highly
planar and even a slight deviation in planarity results in a less
stable (higher-energy) structure in DFT-based energy
calculations. The HOMO to LUMO transition of these 8HQ
derivatives is from a predominantly ligand-based orbital to an
orbital with significant contributions from Cu 3d orbitals. The
Cu(II) near-edge spectra show a prominent peak at ~8987 eV
which is attributable to a 1s — 4p + LMCT shake-down
transition and is often described as being indicative of square
planar type Cu(Il) coordination geometry. Many of these

Cu(11)-8HQ_ complexes show significant structure in the
EXAFS region at high k-range, attributable to long distance
halogen interactions that are further enhanced by multiple
scattering. This structure in the EXAFS spectrum suggests
these complexes show coplanarity, with both 8HQ_ molecules
and the Cu(II) all coplanar and with high symmetry. Coplanar,
symmetrical Cu(II)-bis-5,7-dihalogenated-8HQ complexes and
a fortuitously linear path from the Cu(II) absorber to halogen
substituents in the 7-position allow for greater backscattering
from these large substituents at the same distance from the
primary absorbing atom. Likewise, peaks in the Fourier
transform corresponding to longer range halogens provide
additional evidence for highly symmetrical, coplanar Cu(II)-
bis-5,7-dihalogenated-8HQ_ structures; multiple scattering at
this distance is much more probable if the path is linear and
contributions from halogens at the same distance are additive.

3.2. Substituents in the 2-Position of 8HQs Modify
Cu(ll) Coordination Geometry. Through comparisons of
spectra from planar Cu(II)-bis-8HQ derivative complexes with
the Cu(Il) complexes of 8HQ derivatives with substituents
such as —CH, and —CHO in the 2-position (see Figure 1), it is
evident that substituents in this position can alter structural
aspects of the Cu(1I) 8HQ complex, including planarity and
coordination geometry. Specifically, substitution by a methyl
group in the 2-position of 8HQ and its derivatives CQ, 12Q,
and CI2Q to form M8Q, MCQ, MI2Q, and MC2Q,
respectively, results in a loss of planarity in DFT-based
structure calculations (i.e., the Cu(II) and the atoms from both
8HQ_ moieties are no longer all coplanar). Cu K-edge near-
edge spectra show less intense 1s = 4p + LMCT shake-down
transitions in the near-edge of 2-position methylated 8HQ
Cu(Il) complexes, which is consistent with a deviation from
coplanarity, compared with related Cu(II) complexes that lack
2-position substituents. The EXAFS amplitude at high k is
damped for these complexes, likely because multiple scattering
paths to distant halogen backscatterers appear at different
distances as a result of nonlinear Cu(1I)—O--X paths, and their
EXAFS oscillations therefore no longer constructively interfere.
It is most evident from the Fourier transforms that halogen
backscatterers in these complexes are not arranged linearly
with the Cu(II)-O bond because the resultant multiple
scattering paths often appear as two overlapping peaks. Methyl
substituents in the 2-position result in distortion of planar
Cu(11)-bis-8HQ_complexes, likely due to steric effects, such
that the planes of individual 8HQ molecules are no longer
coplanar with each other and the point group symmetry is
reduced. The distorted trans structures may be viewed as
forming a “propeller” arrangement about the metal center,
where the 2-position methyl groups are pointed up and the
planes are tilted with respect to each other. Hydrogen bonding
from the methyl proton of one 2-CH; 8HQ to the phenol
oxygen of the other 2-CH; 8HQ, at a DMol® DFT-computed
H--O distance of 2.35 A, likely helps to stabilize this
arrangement.

Interestingly, substitution with an aldehyde in the 2-position
of 8HQ derivatives 12Q and MC2Q to form AI2Q and AC2Q,
respectively, results in more significantly distorted Cu(II)
centers compared with their corresponding 2-CH; compounds.
The HOMO to LUMO transition of the 2-CHO 8HQ.
derivative Cu(II) complexes is likewise from a predominantly
ligand-based orbital to an orbital with significant contributions
from Cu 3d orbitals; however, electron density from the
aromatic ring system is pushed toward the aldehyde
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substituent in the 2-position. Similar to the 2-CH; 8HQ
derivatives discussed above, 2-CHO 8HQ_derivatives AI2Q
and AC2Q_also show less intense 1s — 4p + LMCT shake-
down transitions in the Cu near-edge, as well as dampened
EXAFS amplitude at high k (likely because multiple scattering
paths to distant halogen backscatterers are nonlinear), and the
resultant paths appear as two overlapping peaks in the EXAFS
Fourier transforms. The highly electron-withdrawing oxygen of
the aldehyde group likely causes some of the electron density
from the 7 system to be pushed toward the aldehyde oxygen,
reducing the strength of the Cu(II)—N bond. The repulsion of
these highly electron-dense groups results in a distortion of the
typical pseudo square planar coordination around the Cu(II)
similar to that observed for 2-CH, substituted 8HQ
derivatives, but with greater rotation of one 2-CHO substituted
8HQ moiety from the plane defined by the other 2-CHO
substituted 8HQ moiety (i.e., up to 40° in Cu(1l)-bis-AI2Q).
This distortion is most likely due to both steric and electronic
effects. Similar to the case with 2-CH; 8HQs, hydrogen bonds
from the aldehyde proton of one 2-CHO 8HQ to the phenol
oxygen of the other 2-CHO 8HQ, at a DMol®> DFT-computed
H--O distance of 2.34 A, likely helps to stabilize this
arrangement.

3.3. Implications for Drug Design. In the development
of novel 8HQ_drug compounds, substituents may be used to
tune the properties of the metal-bound complex and
potentially improve drug efficacy. Halogen substituents in the
S- and 7-positions may be used to tune the hydrophobicity of
an 8HQ complex with Cu(II) and therefore potentially impact
membrane permeability and trafficking of this drug complex.
Substituents in the 2-position may be used to tune the Cu(II)
coordination environment and therefore the planarity, as well
as other properties of the resultant drug complex. Because the
8HQ family of drug compounds is used to treat several metal
trafficking and storage diseases, which often require com-
pounds to cross the blood—brain barrier, the properties of
these compounds and their metal-bound complexes may have
a significant impact on their ability to reach the brain and
restore metal ion homeostasis.

4. MATERIALS AND METHODS

4.1. Synthesis of 8HQs. Unsubstituted 8-hydroxyquinoline
(8HQ; Sigma-Aldrich, USA), S-chloro-7-iodo-8-hydroxyquinoline
(CQ; Sigma-Aldrich, USA), S,7-dibromo-8-hydroxyquinoline (B2Q;
Alfa Aesar, Thermo Fisher Scientific, USA), S,7-dichloro-8-hydrox-
yquinoline (CI2Q; Sigma-Aldrich, USA), 5,7-diiodo-8-hydroxyquino-
line (12Q; Sigma-Aldrich, USA), 8-hydroxy-2-methylquinoline (M8Q;
Sigma-Aldrich, USA), and S$,7-dichloro-8-hydroxy-2-methylquinoline
(MC2Q; Sigma-Aldrich, USA) were purchased and used as received.

5-Chloro-7-iodo-8-hydroxy-2-methylquinoline (MCQ) was synthe-
sized following published protocols.”® Briefly, iodine trichloride (10 g,
42.80 mmol) in conc. HCI (80 mL) was added dropwise to a solution
of M8Q_(6.60 g, 41.5 mmol) in conc. HCI (10 mL) with stirring for
30 min. The resultant yellow solid was filtered, dried, and crystallized
from hot ethanol to yield pale green crystals.

5,7-Diiodo-8-hydroxy-2-methylquinoline (MI2Q) was also synthe-
sized following previously published methods.”® Briefly, iodine
monochloride (13.5 mL, 1.0 M) was added dropwise to a solution
of M8Q_(1.00 g, 6.28 mmol) in conc. HCI (10 mL) with stirring. The
reaction was then stirred for 1.5 h. The yellow precipitate was filtered
and stirred in water (50 mL) 3 times for 1 h. It was then filtered again
and recrystallized from hot ethanol to yield beige needle-like crystals.

5,7-Diiodo-8-hydroxyquinoline-2-carboxaldehyde (AI2Q) synthesis
followed previous protocols.”” N-Iodosuccinimide (115 mg, 0.65
mmol) was added to a stirred solution of 8-hydroxyquinoline-2-

carbonitrile (50 mg, 0.29 mmol) in 15 mL of toluene at room
temperature, and the mixture was stirred for 10 h. Crude material was
absorbed onto silica using dichloromethane and concentrated in
vacuo. Product was purified as a pale-yellow solid by flash column
chromatography using methylene chloride.

5,7-Dichloro-8-hydroxyquinoline-2-carboxaldehyde (AC2Q) was
synthesized as previously published.”® Briefly, selenium dioxide
(1.66 g 15 mmol) was added to a solution of MC2Q (1.59 g, 10
mmol) in 1,4-dioxane (20 mL). The reaction mixture was heated to
80 °C and stirred for 12 h. The crude product was filtered and
evaporated under reduced pressure to dryness. The residue was
purified by silica gel flash column chromatography (ethyl acetate/
petroleum ether, 1:20 v/v) as a yellow solid.

4.2. XAS Sample Preparation. Solutions of 400 mM dodecyl
trimethylammonium bromide (DTAB) were prepared in 100 mM
MOPS, and the pH was adjusted to ~7.4. Solutions were sonicated
for ~10 min, or until all the DTAB dissolved, in a 60 °C water bath.
Stock 8HQ _solutions were prepared by dissolving prepared powders
in the room temperature surfactant solution to a final concentration of
10 mM and sonicating them for ~5 min. Aqueous Cu(II) 8HQ
samples were prepared by diluting 8HQ_stock solutions to a final
concentration of 4 mM (2 8HQ: 1 Cu) in 400 mM DTAB buffered
with 100 mM MOPS at pH 7.4; Cu(Il) was then added from an
aqueous stock solution of 100 mM CuCl, to a final concentration of 2
mM. Solutions were sonicated for ~5 min or until completely
dissolved. Aqueous samples were loaded into 3 mm, metal-free, acrylic
sample cuvettes sealed with metal-free tape, flash frozen in isopentane
cooled with liquid nitrogen, and stored at 77 K prior to
experimentation.

4.3. Synchrotron High-Energy Resolution Fluorescence
Detected X-ray Absorption Spectroscopy. Near-edge HERFD-
XAS measurements were carried out on BL 6—2 at SSRL with the
SPEAR3 storage ring containing 500 mA at 3.0 GeV. Using a similar
setup to that previously described,”® a Si(311) double-crystal
monochromator with an energy resolution at the Cu K-edge of
~0.3 eV was used with a 6-element array of Si(444) crystal analyzers
to record the Cu Ka,; emission line.” Harmonic rejection was
achieved by setting the cutoff energy of the upstream Rh-coated
mirror to 18 keV. Incident and transmitted X-rays were monitored
using helium-filled and nitrogen-filled gas ionization chambers,
respectively. An in-hutch photon shutter was used to prevent
exposure of the sample when data were not actively being recorded.
Aluminum filters upstream of the incident ion chamber were used to
minimize X-ray exposure and the resulting photodamage. Samples
were maintained at 10 K using a liquid helium flow cryostat (Oxford
Instruments, Abingdon, U.K.) and were inclined at 45° to the incident
X-ray beam to facilitate measurement of X-ray fluorescence, giving an
effective incident X-ray path length of 2.8 mm. Energy calibration of
the monochromator was determined relative to the lowest-energy
inflection of a Cu foil, which was assumed to be 8980.3 eV. Each data
set is a collection of 20 scans. To decrease the risk of photoreduction
of Cu(II) compounds, samples were scanned at multiple positions on
the same sample (ie, using a 110 X 400 ym beam and 0.3 mm
vertical and 1.0 mm horizontal movements) and near-edges of
successive scans were compared for loss of the 1s — 3d transition,
which is indicative of photoreduction.> Data reduction and analyses
were carried out as previously described'® using the EXAFSPAK
suite of computer programs.

4.4. Synchrotron X-ray Absorption Spectroscopy. XAS
measurements were conducted at the Stanford Synchrotron Radiation
Lightsource (SSRL) in Menlo Park, California, USA using the data
acquisition program, XAS-Collect.'”’ Cu K-edge data were collected
on the biological XAS beamline (BL) 7-3 with the SPEAR storage
ring containing 500 mA at 3.0 GeV. Beamline 7-3 utilizes a Si(220)
double-crystal monochromator and a rhodium-coated vertically
collimating mirror upstream of the monochromator, which achieves
the appropriate harmonic rejection for the energy range by adjusting
the mirror cutoff angle (i.e, to 12 keV for Cu). Samples were
maintained at ~10 K using a liquid helium flow cryostat during data
collection and were also inclined at 45° to the incident X-ray beam as
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described above. Incident and transmitted X-rays were measured
using nitrogen-filled gas ionization chambers with a sweeping voltage
of 1.6 kV. Fluorescence spectra were collected by monitoring the Cu
Ka fluorescence using a 30-element germanium detector'®
(Canberra Ltd., Meriden, CT, USA) oriented at 90° to the incident
beam, with nickel filters and a Soller slit assembly to maintain detector
count-rates within the pseudolinear regime. The monochromator
energy was calibrated through reference to a standard Cu foil
measured simultaneously with the sample. Specifically, the first energy
inflection of the Cu foil was used to calibrate the spectrum energy to
8980.3 eV. Each data set is a collection of a minimum of 5 scans. To
decrease the risk of photoreduction of Cu(II) compounds, samples
were scanned at multiple positions on the same sample (i.e., using a
0.5 X 12 mm beam and 0.5 mm vertical movements) and near-edges
of successive scans were compared for loss of the 1s — 3d transition,
which is indicative of photoreduction.”

4.5. XAS Data Analysis. XAS data were analyzed using the
EXAFSPAK suite of computer programs.”> Specifically, XAS spectra
were calibrated through reference to the internal Cu foil standard, and
individual sweeps were averaged. Spectra were then baseline
subtracted to remove contributions from scatter and other unwanted
radiation, and a spline was fit to the data. The spline was then used to
normalize near-edge spectra to 1 and to extract the EXAFS. The
EXAFS region of the spectra was k*-weighted, and the EXAFS Fourier
transform was calculated employing Simpson’s rule of integration to
account for different k-space point spacing. Fourier transforms are
phase-corrected for Cu—O backscattering.

4.6. Density Functional Theory Calculations. Density func-
tional theory (DFT) calculations utilized Dmol® Materials Studio 7.0,
with geometry optimization employing the generalized gradient
approximation (GGA)'® with Becke exchange'®* and Perdew'®
functionals. Optimization calculations used all-electron core treatment
and were calculated in vacuo (i.e., without a solvent reaction field).
Calculations used symmetry parameters to define the point group of
Cu(II) 8HQ complexes. DFT calculations were spin unrestricted
using the formal spin as the initial starting point. UV—visible spectra
were calculated using time-dependent DFT (TD-DFT) employing
the adiabatic local density approximation (ALDA)'*® and computing
the 32 lowest excitation energies from the ground-state-optimized
geometries.

4.7. EXAFS Curve-Fitting. Quantitative analyses utilized FEFF
(ver. 825)'7'% to calculate the ab initio theoretical phase and
amplitude of energy-minimized molecular models from DFT
calculations for use by the curve-fitting program OPT (a component
of EXAFSPAK). The number (N) of each type of backscattering atom
was not refined but was fit as an integer based on the parent model.
Refinable parameters included the following: distance (R) between
Cu and the backscattering atom, mean square deviation in R (Debye—
Waller factor; ¢°), and the energy offset (AE;) to the nominal
threshold energy (9000 eV). As indicated, values for N were defined
from the energy-minimized structures used to generate the multiple
scattering model and were maintained as fixed integers throughout the
fitting procedure. R parameters were fit as a group of linked paths; R
values listed in Tables 2 and S3 with a standard error in parentheses
were allowed to float within the refinement. The 6> values for each
distance, R, were refined as a group for the entire energy minimized
structural model. The fit error function F is defined as

= 6 2 2 41/2
F= {Zk (){ca[c - Zexpt) /Z)(expt} (1)

Noise contributions with frequencies higher than the lon%est bond
length in the fit can be estimated as previously described.” Briefly,
this was done by computing the product of the complex Cu—N phase-
corrected discrete EXAFS Fourier transform with a half-Gaussian
window function placed above the highest bond-length considered in
the fit, which was 7.0 A. The discrete Fourier transform contains all
frequencies supported by the k-space data, extending to

_ 2z

R =
Sk ()

where Ok is the minimum k-space point separation. The back-
transform of this was then computed and used to estimate F/,
employing eq 1. Fitting parameters for each best fit model are
summarized in Table 2 and detailed in Table S4.

4.8. EPR Spectroscopy. %CuO (>99% ®Cu, Isoflex, USA, San
Francisco, CA) was dissolved by stirring it in conc. HCL. The conc.
HCI was then evaporated to remove excess Cl~, and the resultant
brown solid was dissolved in diH,O to a final concentration of 20 mM
$CuCl,. For X-band EPR, 0.5 mol equiv of *CuCl, were added to
buffered 8HQ_ solutions. Exact concentrations are reported in the
figure legend (Figure 6). Isotopically enriched ®Cu was used to avoid
broadening of resonance lines because of the different magnetic
moments of naturally abundant isotopes (69% Cu, g, = 1.4840; 31%
%Cuy, g, = 1.5900).

X-band EPR (~9.43 GHz) spectra were recorded on JEOL RE1X,
JEOL JES-FA200, or Bruker EMX instruments equipped with TE,
cylindrical cavities or a Bruker ER 4122SHQE resonator. Typical
spectrometer conditions were a 0.1 mT modulation amplitude, 5 mW
applied microwave power, and a cooled-nitrogen temperature of
approximately 121 K.

EPR powder line shape simulation used a modified version of the
program QPOW.""""" ORCA (ver. 4.0.1.2.)""*'"* calculations of
EPR parameters used a Becke exchange'** and Perdew'® functional
with ZORA-def2-TZVP''* and SARC/J'"® basis sets.
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8HQ, 8-hydroxyquinoline; MCQ, 5-chloro-7-iodo-8-hydroxy-
2-methylquinoline; AI2Q, S§,7-diiodo-8-hydroxyquinoline-2-
carboxaldehyde; MI2Q, $5,7-diiodo-8-hydroxy-2-methylquino-
line; AC2Q, S§,7-dichloro-8-hydroxyquinoline-2-carboxalde-
hyde; Af, amyloid beta; AD, Alzheimer’s disease; B2Q, $,7-
dibromo-8-hydroxyquinoline; CQ, clioquinol, S-chloro-7-iodo-
8hydroxyquinoline; EPR, electron paramagnetic resonance

spectroscopy; EXAFS, extended X-ray absorption fine
structure; FT, Fourier transform; HERFD-XAS, high-energy
resolution fluorescence detected X-ray absorption spectrosco-
py; HD, Huntington’s disease; 12Q, S,7-diiodo-8-hydroxyqui-
noline; LMCT, ligand-to-metal charge transfer; M8Q, 2-
methyl-8-hydroxyquinoline; MC2Q, 2-methyl-5,7-dichloro-8-
hydroxyquinoline; NMR, nuclear magnetic resonance spec-
troscopy; PBT2, S5,7-dichloro-2-[(dimethylamino)methyl]-8-
hydroxyquinoline; SMON, subacute myelo-optic neuropathy;
XAS, X-ray absorption spectroscopy
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