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ABSTRACT: PBT2 (5,7-dichloro-2-[(dimethylamino)methyl]-8-hydroxy-
quinoline) is a small Cu(II)-binding drug that has been investigated in the
treatment of neurodegenerative diseases, namely, Alzheimer’s disease (AD).
PBT2 is thought to be highly effective at crossing the blood−brain barrier
and has been proposed to exert anti-Alzheimer’s effects through the
modulation of metal ion concentrations in the brain, specifically the
sequestration of Cu(II) from amyloid plaques. However, despite promising
initial results in animal models and in clinical trials where PBT2 was shown
to improve cognitive function, larger-scale clinical trials did not find PBT2
to have a significant effect on the amyloid plaque burden compared with
controls. We propose that the results of these clinical trials likely point to a
more complex mechanism of action for PBT2 other than simple Cu(II)
sequestration. To this end, herein we have investigated the solution chemistry of Cu(II) coordination by PBT2 primarily using X-ray
absorption spectroscopy (XAS), high-energy-resolution fluorescence-detected XAS, and electron paramagnetic resonance. We
propose that a novel bis-PBT2 Cu(II) complex with asymmetric coordination may coexist in solution with a symmetric four-
coordinate Cu(II)-bis-PBT2 complex distorted from coplanarity. Additionally, PBT2 is a more flexible ligand than other 8HQs
because it can act as both a bidentate and a tridentate ligand as well as coordinate Cu(II) in both 1:1 and 2:1 PBT2/Cu(II)
complexes.

1. INTRODUCTION

PBT2 (5,7-dichloro-2-[(dimethylamino)methyl]-8-hydroxy-
quinoline) was designed as a second-generation metal-
protein-attenuating compound for the treatment of Alz-
heimer’s disease (AD), following difficulties in synthesizing
PBT1 (5-chloro-7-iodo-8-hydroxyquinoline; clioquinol; CQ).
In designing potential drugs for neurological diseases, small
hydrophobic compounds with metal-binding ligands are
thought to be effective at crossing the blood−brain barrier
and restoring metal ion homeostasis within the brain. Two
such effective drug compounds, CQ and PBT2 (Figure 1),
have been the focus of clinical trials for the treatment of AD
and have been shown to significantly improve cognition in
both animal models1,2 and AD patients.3−6

Because CQ had previously been linked to the outbreak of
subacute myelo-optic neuropathy (SMON), clinical trials to
test the compound as an AD therapeutic proceeded cautiously
with controlled dosing. Between 1955 and 1970, more than
10 000 SMON cases were reported in Japan, with symptoms
including blindness, lower limb spasticity, and sensory
dysfunction;7,8 many people were permanently disabled.7

The exact cause of SMON is still debated; however, excessive
consumption of CQ8 (up to 4 g/day in one case9) is thought

to induce a severe deficiency in essential metals such as copper,
zinc, and iron.10−14 Despite concerns surrounding the safety of
CQ, no adverse effects of CQ or PBT2 treatment were
reported in animals given 30 mg/kg/day orally or in patients in
preclinical or clinical studies given up to 750 mg/day orally for
the treatment of AD.1−3,5,6

Preclinical studies of CQ in Alzheimer’s model mice showed
promising results, including decreased amyloid plaque burden
and improved memory.1,2 Similarly, improvements in memory
and cognition were reported from a phase II clinical trial3 and a
case study4 on CQ in AD patients. Despite promising results
from clinical trials investigating CQ, the contamination of
large-scale synthesis halted further testing of this drug as an
effective AD treatment.2 The results of the clinical trial of
PBT2 in 2014 are yet to be published in a peer-reviewed
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scientific journal; however, PBT2 was reported to have no
significant effect on the amyloid burden15,16 despite previously
observed improvements in cognitive function.2,5 More recent
analyses propose that PBT2 may reduce the levels of
phosphorylated-τ aggregates and thereby improve neuronal
survival,17−19 suggesting that PBT2 has the potential to target
both proteins at the root of Alzheimer’s: amyloid beta (Aβ)
and τ.
In addition to AD, phosphorylated-τ also plays a role in

other neurodegenerative disorders, such as Parkinson’s disease
and possibly Huntington’s disease. PBT2 and CQ were also
evaluated for the treatment of Huntington’s disease (HD).
Studies of CQ in animal models of HD noted improved
behavioral and pathologic phenotypes, including decreased
huntingtin aggregate accumulation.20 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.21 In addition, PBT2 was shown to improve
cognition, particularly executive function, and to reduce brain
atrophy in HD clinical trials.18,19,22 PBT2 is presumed to act by
inhibiting the interaction between the HD-causing huntingtin
protein and copper in the brain, similar to CQ.20

Although these chelators have been postulated to restore
metal ion homeostasis, with copper and zinc redistribution into
deficient neurons thought to trigger a signaling cascade that
results in reduced amyloid β levels in the brain and improved
cognition,23,24 questions surrounding their mechanism of
action remain. The results of the above-mentioned studies
investigating the efficacy of CQ and PBT2 in the treatment of
neurodegenerative diseases of protein misfolding would appear
to point to a more complex mechanism of action for these
drugs and would seem to suggest that more information should
be acquired before they are completely discounted as a
treatment. It is likely that the behavior of PBT2 is related to its
metal-binding capacity and the structure(s) of the resultant
metal-bound PBT2 complex(es).
We have previously investigated the solution structures of

Cu(II) complexes with other 8-hydroxyquinolines (8HQs)
using X-ray absorption spectroscopy (XAS) and high-energy-
resolution fluorescence-detected X-ray absorption spectrosco-
py (HERFD) XAS.25,26 Structures of other Cu(II) complexes
with 8HQ-based ligands have also been investigated previously
by other groups.27−30 The chemical identity of PBT2 was
released in 2014 (patented by Prana Biotechnology Ltd.);

structural studies have therefore been limited until relatively
recently. However, Kenche et al.27 investigated the solution
structure of a similar 8HQ compound without chlorine
substituents, 2-[(dimethylamino)methyl]-8-hydroxyquinoline,
using electron paramagnetic resonance (EPR) and UV−visible
absorption spectroscopy along with geometry optimization
calculations to propose two possible structures for this ligand,
dependent on solution conditions. One structure depicted a
tridentate 8HQ ligand coordinating Cu(II), along with an
exchangeable Cl− ligand, in an approximately square-planar
environment. The other structure was that of a pentacoordi-
nate Cu(II)-bis-8HQ complex with participation from the
tertiary amine in only one of the two 8HQ moieties. Although
chlorine substituents on the 8HQ moiety have been shown to
affect the hydrophobicity of the compound,31 it is unclear what
effect these substituents may have on Cu(II) coordination. In a
more recent study by Nguyen et al.,29 three Zn(II)-PBT2
crystal structures, one Cu(II)-bis-PBT2 crystal structure, and
three additional calculated structures for Cu(II)-mono-PBT2
were described.
To better understand the aqueous solution chemistry of

PBT2, we investigated the structure of Cu(II) complexes with
PBT2 using a combination of conventional spectroscopies,
including EPR and UV−visible absorption, as well as
synchrotron XAS and HERFD XAS. To circumvent the
known solubility issues with 8-hydroxyquinoline compounds
and their complexes with Cu(II) and to avoid the use of
organic solvents, we have again used a buffer system that
includes a surfactant to allow us to probe the Cu(II) PBT2
complex(es) in aqueous solution at physiological pH.26 We
show that PBT2 binds Cu(II) in a different coordination
environment from that of other 8HQs in solution.26

Specifically, our HERFD-XAS results show a split 1s → 3d
near-edge transition, which is likely to indicate a mixture of
Cu(II) species, as it is difficult to reconcile multiple peaks with
a single chemical entity. On the basis of our EPR and XAS
data, in solutions containing excess PBT2, a Cu(II)-bis-PBT2
complex is likely the preferred structure, whereas in solutions
of equimolar PBT2 and Cu(II) there is a mixture of species.
On the basis of the results from EPR, it is clear that a minimum
of three species exist in equimolar solutions.

2. RESULTS AND DISCUSSION
8-Hydroxyquinoline compounds, and particularly their Cu(II)
complexes, are hydrophobic, resulting in a number of solubility
issues, namely, precipitate formation, in many previous studies

Figure 1. Schematic structures of 8-hydroxyquinoline (showing ring numbering) and 8-hydroxyquinoline derivative compounds tested as anti-
Alzheimer’s disease compounds (blue), and/or compared herein. See the text for complete chemical names and details.
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on PBT229,32 and other 8HQs.31,33−37 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), dimethyl-
formamide (DMF), or toluene. We previously devised a buffer
system that includes a surfactant (dodecyl trimethylammonium
bromide (DTAB) in 3-(N-morpholino)propanesulfonic acid
(MOPS)) to allow us to probe Cu(II) 8HQ complexes in
aqueous solution at physiological pH.26 Our buffered
surfactant solution is closer to a true aqueous solution,
which is the goal in studying systems with biological
applications. The use of surfactant also allowed us to avoid
the use of cryoprotectants such as glycerol in our XAS studies;
this is advantageous in avoiding beam-induced photodamage.38

2.1. EPR of Cu(II) PBT2 Complexes. The EPR spectra of
Cu(II) complexes with PBT2 (Figure 2) are different than

those published previously for other 8HQs.25,26,32 Specifically,
EPR spectra of Cu(II) PBT2 lack the striking nitrogen
hyperfine structure in spectra of both coplanar Cu(II)-bis-8HQ
and distorted 2-position-substituted 2-methyl-8HQ.26 EPR
spectra of Cu(II)-PBT2 made with 63CuCl2 in 400 mM DTAB
buffered with 100 mM MOPS at pH 7.4 have some similarities
to the Cu(II) titration spectra published by Nguyen et al.29 for
PBT2 in DMSO and the 1:1 Cu(II)/PBT2 spectrum recently
published by Sgarlata et al.32 in aqueous solution at
approximately pH 6.5. The spectrum of excess PBT2 to
Cu(II) is magnetically dilute and consistent with a single
species in solution (labeled component i; Figure 2b), which
appears to disagree with reports by Kenche et al. on a similar

8HQ.27 Conversely, the 1:1 Cu(II)/PBT2 spectrum appears to
be a mixture of at least three species (labeled components i, ii,
and iii in Figure 2d and e), in apparent agreement with
previous results using PBT2 and other similar 8HQs.27,29,32

The 1:1 Cu(II)/PBT2 spectrum initially appears to consist of
at least two species that are likely present in approximately
equal abundance; however, the difference spectrum that results
from the subtraction of the excess PBT2 to Cu(II) spectrum
from the 1:1 Cu(II)/PBT2 spectrum suggests that there is still
a mixture of two species remaining (components ii and iii).
Taking the double integral, which is proportional to the
number of Cu(II) spins in the sample, of the initial 1:1
Cu(II)/PBT2 spectrum and comparing it with the double
integral of the difference spectrum suggests that ∼44% of the
Cu(II) in this mixture can be attributed to the structure
formed in the excess PBT2 with Cu(II) sample (i.e.,
component i in Figure 2). In the 1:2 Cu(II)/PBT2 spectrum
(Figure 2c), there is still some component ii present but the
solution mainly consists of component i.
Several species, in addition to the Cu(II)-bis-PBT2 complex,

might be proposed to exist in the 1:1 Cu(II)/PBT2 solution,
some of which have been proposed by Nguyen et al.29 PBT2
has been proposed to show tridentate chelation of Cu(II) and
therefore might require only one additional water or Cl− ligand
to form a Cu(II)PBT2 complex (Figure 3). Additionally,
bidentate chelation of Cu(II) by PBT2 has not been ruled out
and may be more favorable under some conditions (e.g., higher
ratios of PBT2/Cu(II)) because of the strain imposed by the
two adjacent five-membered chelate rings formed upon Cu(II)
coordination in the tridentate complex. Therefore, complexes
with PBT2 and two water ligands, two Cl− ligands, or a
mixture of water and Cl− ligands may also be possible (Figure
3). Additionally, there is likely some Cu(II) in solution not
bound by PBT2. A mixture of these species in solution might
provide an explanation for the two components (i.e.,
components ii and iii) remaining in the difference spectrum
in Figure 2e.
The second derivative of the excess PBT2 with Cu(II) EPR

spectrum is shown in Figure 2a. The second derivative
spectrum was simulated using significant g and A strains
(Figure 2a), suggesting that this Cu(II) site has low symmetry.
The five-line pattern in the A region of the second derivative is
consistent with two approximately equivalent nitrogens bound
to the Cu(II) with a coupling of 20.2 MHz and was not fit well
without including nitrogen hyperfine structure in the fit
parameters. Previously, spectra of the coplanar Cu(II)-bis-8HQ
and the distorted 2-CH3-substituted Cu(II)-bis-M8Q complex
showed prominent nitrogen hyperfine structure from approx-
imately equivalent nitrogen ligands with hyperfine coupling
values of 15.3 and 14.0 MHz, respectively.26 In spectra of
Cu(II)-bis-PBT2, nitrogen hyperfine splitting is visible only in
the second derivative and has a larger coupling. This result
suggests that the Cu(II) coordination environment in the
Cu(II)-PBT2 complex has lower symmetry than that found
previously for 2-CH3-substituted 8HQs. Specifically, the broad
nitrogen hyperfine splitting is consistent with Cu−N bond
distances that are nonequivalent or with nitrogens in the N−
Cu(II)−N that are not colinear.
EPR spectra were simulated to generate the g and A values

listed in Table 1, and the simulated spectra are shown in Figure
2a and b. The spectra of Cu(II)-bis-PBT2 were best simulated
by rhombic g values (where gx ≠ gy ≠ gz), similar to EPR
spectra of Cu(II)-bis-8HQ and -M8Q described previously26

Figure 2. EPR spectra of 63Cu(II) PBT2 in frozen aqueous solutions.
First derivative spectra are shown for solutions with 63Cu(II)/PBT2
ratios of (b) 1:20, (c) 1:2, and (d) 1:1. The second derivative
spectrum of (b) is shown in (a). The best simulated spectra of (a) and
(b) are overlaid as dashed lines (parameters listed in Table 1). The
spectrum shown in (e) is the difference spectrum generated by the
subtraction of (b) from (d). The three potential species are indicated
by vertical lines and labeled i (solid line), ii (dashed), and iii (dotted).
The 63Cu(II) concentration was kept constant at 250 μM; the PBT2
concentration was 5 mM, 500 μM, and 250 μM in b−d, respectively.
The buffer used was 400 mM DTAB in 100 mM MOPS at pH 7.4
with 25% glycerol. Spectra were normalized to 1 on the basis of the
highest intensity and were offset vertically for clarity.
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but in contrast to previous EPR investigations of Cu(II) 8HQ
complexes which assumed axial symmetry. An anisotropic
rhombic g tensor with gx ≠ gy is expected because these
complexes do not possess true axial symmetry even in the
coplanar Cu(II)-bis-8HQ complexes. Although similar g and A
values were obtained by Sgarlata et al. and were proposed to
indicate a square-based pyramidal geometry, we find little
evidence to support this claim. EPR parameters determined
herein appear to be more consistent with a four-coordinate
environment with oxygen and nitrogen ligands, possibly 2 N 2
O or 3 N 1 O coordination, following the works of Peisach and
Blumberg.39 DFT calculations of EPR parameters for a 2 N 2
O coordination environment for Cu(II)-bis-PBT2 predict
rhombic g values, specifically, gx = 2.047, gy = 2.090, and gz
= 2.208. Calculations for a 3 N 1 O coordination environment
in the Cu(II)-bis-PBT2 complex (structure detailed below)
also suggest rhombic g values, specifically, gx = 2.005, gy =
2.169, and gz = 2.206. These calculated EPR parameters may
indicate that the experimental EPR spectra are more consistent
with a 2 N 2 O coordination environment for the Cu(II)-bis-
PBT2 complex. The DFT-calculated N hyperfine couplings for
both the 2 N 2 O and 3 N 1 O structures also give rhombic A
(14N) values. The pyridine nitrogens of the 2 N 2 O complex
are predicted to have Az (

14N) values of 36.1 MHz, whereas
the pyridine nitrogens of the 3 N 1 O complex have calculated
Az (

14N) values of 32.6 and 30.5 MHz. The additional amino
nitrogen ligand in the 3 N 1 O complex also has a predicted Az

(14N) value of 35.7 MHz, highlighting the asymmetry of this
complex.

2.2. XAS and HERFD-XAS Near-Edge Spectra of PBT2.
HERFD-XAS measures the X-ray emission with much better
resolution than the natural line width, making HERFD-XAS of
particular use for very dilute biological systems. This method
has been used to examine the Cu(II) binding site in the
amyloid β peptide,40 to probe metal-containing active sites in
nitrogenase41 and monooxygenase,42,43 and to examine
mercury in brain tissue from the Minamata tragedy.44

HERFD-XAS overcomes the spectral broadening in conven-
tional XAS, which arises from the short lifetime of the core
hole generated by the initial photoexcitation event.45,46 When
the fluorescence is detected with adequately high energy
resolution, the observed spectroscopic broadening is no longer
dictated by the lifetime of the core hole generated by the
primary photoexcitation but is instead controlled by the
lifetime of the core hole generated by the decay of the electron
to yield the fluorescent photon and fill the core hole. The
resulting spectra are significantly sharper than conventional
XAS spectra and provide increased sensitivity for the
determination of elemental forms in dilute samples (e.g., <1
ppm Se47). It is frequently assumed that HERFD-XAS is
identical to XAS with much improved spectroscopic
resolution; however, this is not an accurate view of the
method. HERFD-XAS is typically recorded as the diagonal of
the RIXS plane,46 and any off-diagonal RIXS intensities may
therefore be missing from the recorded HERFD-XAS, although

Figure 3. Possible 1:1 Cu(II)/PBT2 structures that might exist in solution.

Table 1. EPR Parameters for PBT2 Complexes with Copper(II)a

g⊥ A⊥ (mHz)

Cu(II) complex solution conditions g∥ gx gy A∥ (mHz) Ax Ay ref

1:1 Lb/ Cu(II) 1% DMSO 2.255 2.055 459 Kenche et al.27

2:1 Lb/Cu(II) 1% DMSO 2.267 2.061 447 Kenche et al.27

1:1 PBT2/ Cu(II) DMSO 2.269 453 Nguyen et al.29

2:1 PBT2/ Cu(II) DMSO 2.275 417 Nguyen et al.29

[Cu(PBT2)]+ aqueous solution, pH 6.5 2.261 450 Sgarlata et al.32

Cu(PBT2)2 aqueous solution, pH 6.5 2.208 423 Sgarlata et al.32

Cu(II)-bis-PBT2c DTAB and MOPS, pH 7.4 2.271 2.060 2.052 438 20 30 this work
aValues determined in this study are shown in bold. bL = 2-[(dimethylamino)methyl]-8-hydroxyquinoline. cMeasured from the 1:20 Cu(II)/PBT2
spectrum shown in Figure 2b and its derivative shown in Figure 2a.
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these would be included (but often unresolved) in ordinary
XAS.
Comparisons of the X-ray absorption near-edge spectra from

conventional XAS and HERFD-XAS of Cu(II)-bound PBT2 in
a ratio of excess PBT2/Cu(II) in aqueous surfactant solutions
are shown in Figure S.3. The conventional XAS near-edge
spectrum of Cu(II) PBT2 shows a small, broad 1s → 3d
transition centered at approximately 8979 eV, which is
indicative of Cu(II) species and suggests that the photo-
reduction to Cu(I) is minimal. From HERFD-XAS spectra of
Cu(II) PBT2, the 1s → 3d transition is clearly split into two
peaks at 8979.0 eV (intensity of 0.023) and 8980.4 eV
(intensity of 0.016) (Figure 4A and B; Table 2), which is
unlike other Cu(II)-bis-8HQs studied previously (Figure 4B;
Table 2). Although the EPR spectrum of 1:20 Cu(II)/PBT2

above (Figure 2a and b) is consistent with a single species in
solution, the ratios used in XAS analyses (1:2.5 Cu(II)/PBT2)
are likely more consistent with the 1:2 Cu(II)/PBT2 EPR
spectrum (Figure 2c). In line with this, the split 1s → 3d
transition may be an indication of two different coordination
environments in solution. Additionally, and in line with our
EPR spectra, near-edge fitting of XAS spectra from a titration
of Cu(II) into a solution of PBT2 suggests that mixtures of
Cu(II) PBT2 complexes form in solution depending on the
Cu(II)/PBT2 ratio. For example, fitting of the spectrum of the
2:1 PBT2/Cu solution suggests that it is a best fit to 80% of
the 2.5:1 PBT2/Cu spectrum and 20% of the 1:1 PBT2/Cu
spectrum, where the ratios indicate the proportion of PBT2
and Cu(II) added to the solution (Figure S.4). While we could
not completely rule out the possibility that the split 1s → 3d

Figure 4. Comparison of Cu K-edge HERFD-XAS near-edges and conventional XAS EXAFS and Fourier transforms of select 8HQ solution
complexes with Cu(II). (A) Cu(II) HERFD-XAS near-edge spectra of Cu(II) complexes of Cl2Q (red), MC2Q (orange), AC2Q (green), and
PBT2 (blue). (B) Explanation of near-edge region corresponding to the box in (A) showing select transitions. Note that the 1s → 3d transition is
split in spectra of the PBT2 Cu(II) complex. (C) Extended X-ray absorption fine structure (EXAFS) spectra and (D) corresponding Fourier
transforms of the conventional XAS data. Solution samples contained 2 mM Cu(II) and 5 mM 8HQ in a mixture of 400 mM DTAB and 100 mM
MOPS at pH 7.4. These concentrations were driven by the solubility of the complexes and the detection limits of Cu XAS to allow for sample
translation after each energy sweep. Fourier transforms are phase-corrected for Cu−N backscattering.

Table 2. HERFD-XAS Near-Edge Transition Energies and Intensities in the Cu K Edge of Select Cu(II)-bis-8HQ Complexes
with 5,7-Dichlorinated 8HQsa

1s → 3d
energy

1s → 3d
intensity

1s → 3d′
energy

1s → 3d′
intensity

1s → 4pz
energy

1s → 4pz
intensity

1s → 4pxy
energy

1s → 4pxy
intensity

two-position
substitution

Cl2Q 8979.5 0.029 8983.7 0.144 8987.3 0.84 none
MC2Q 8978.7 0.030 8983.1 0.088 8987.3 0.78 −CH3

AC2Q 8979.0 0.026 8983.2 0.085 8987.6 0.75 −CHO
PBT2 8979.0 0.024 8980.4 0.016 8983.9 0.183 8988.2 0.71 −CH2N(CH3)2

aIntensity was measured as the maximum point on each peak of the experimental HERFD-XAS near-edge spectra. Energies are in electron volts
(eV).
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transition is related to the photoreduction of our initial Cu(II)
species, this appears to be unlikely. Comparisons of our Cu(II)
PBT2 spectra with chemically reduced Cu(I) standards suggest
that there are no peaks in the Cu(I) spectra in the 1s → 3d
region (below ∼8981 eV).
Previously, many Cu(II)-bis-8HQs were shown to have

prominent peaks at about 8983 eV, which are attributable to 1s
→ 4pz + ligand-to-metal charge transfer (LMCT) shake-down
transitions, and at ∼8987 eV, which were attributed to 1s →
4pxy + LMCT shake-down transitions in aqueous solution.26

This type of transition is often indicative of square-planar
Cu(II) coordination geometry;48−50 however, we have recently
shown that halogens in the five- and seven-positions of 8HQ
derivatives can impact the intensity of this near-edge
transition.26 The Cu(II)-bis-Cl2Q complex was shown to
have intensities of 0.14 and 0.84 for the 1s → 4pz and 1s →
4pxy + LMCT shake-down transitions, respectively (Table 2;
Figure 4A and B).26 We have previously suggested that
substituents in the 2-position can significantly distort the
planarity of these complexes such that the planes defined by
each 8HQ moiety in Cu(II)-bis-MC2Q or Cu(II)-bis-AC2Q
complexes are separated by ∼30°, resulting in a propeller-like
structure.26 These distortions from the expected square-planar
structure were also found to systematically decrease the
intensity of the 1s → 4pz and 1s → 4pxy + LMCT shake-down
transitions, such that their intensities are 0.088 and 0.78 for the
MC2Q complex, respectively, and 0.085 and 0.75 for the
Cu(II) complex with AC2Q, respectively (Table 2; Figure 4A
and B).26 Aqueous solution spectra of Cu(II) PBT2 complexes
show broad shoulders at the energies these transitions typically
occur (intensities of ∼0.18 and ∼0.58 for the 1s → 4pz +
LMCT and 1s → 4pxy + LMCT transitions, respectively; Table
2; Figure 4A and B), suggesting that the Cu(II) coordination
environment is different from that of both the pseudo-square-
planar coordination in Cu(II) complexes of Cl2Q and the
distorted four-coordinate Cu(II) environments in 2-substituted
MC2Q and AC2Q complexes with Cu(II). Additionally, the
broadness of the 1s → 4p + LMCT shake-down transitions
supports the hypothesis that there is a mixture of different
Cu(II)-bis-PBT2 complexes in solution. Although we did not
observe changes in the near-edge region of our Cu(II) PBT2
spectra, we could not completely rule out the possibility that
the shoulder at ∼8983.6 eV corresponds to a 1s → 4p
transition from a small number of Cu(I) species.
2.3. EXAFS and EXAFS Fourier Transform. The EXAFS

of Cu(II)-bound PBT2 in a ratio of 2.5:1 PBT2/Cu(II) in
aqueous surfactant solution is shown in Figure 4C. The EXAFS

oscillations of the Cu(II)-PBT2 complex have little high-k
structure and lower EXAFS amplitude, χ(k) × k3, compared to
other pseudo-square-planar Cu(II)-bis-8HQ complexes (e.g.,
CQ).26 However, the EXAFS oscillations show some similarity
to those of distorted four-coordinate Cu(II) complexes
observed with other 2-substituted, 5,7-dichlorinated-8HQs,
such as MC2Q and AC2Q (Figure 4C). The striking difference
is that the EXAFS spectrum of Cu(II) PBT2 has lower
intensity than other similar compounds, particularly of the first
and second oscillations (Figure 4C). Similar results may be
observed from the corresponding EXAFS Fourier transforms
(Figure 4D). The primary backscattering peak in the Fourier
transform of coplanar Cu(II)-bis-Cl2Q is much more intense
than that of the PBT2 Cu(II) complex (Figure 4D) and was
previously best fit to first shell interactions with 2O (at 1.93 Å)
and 2N (at 1.95 Å) ligands.26 In spectra of many 2-position-
substituted 8HQ Cu(II) complexes, the primary backscattering
peak has a shoulder or is split into two separate peaks (e.g.,
MC2Q; Figure 4 D), which is consistent with distinguishably
different first shell scattering distances.26 In best fits of 2-
position-substituted 8HQs, the Cu−O was found to be shorter
at ∼1.90 Å and the Cu−N was longer at ∼2.05 Å compared
with coplanar 5,7-dihalogenated 8HQs.26 The primary back-
scattering peak in the Cu(II) PBT2 Fourier transform similarly
shows a peak at ∼ 1.9 Å with a shoulder at approximately 2.3 Å
(Figure 4 D), which indicates several different distances to the
primary backscattering atoms that cannot be fully resolved.
Taking the XAS data together, the low-intensity, poorly
resolved 1s→ 4p + LMCT shake-down transitions in the near-
edge, the minimal structure at high k from multiple scattering,
and the broad primary backscattering peak in the Fourier
transform suggest that (i) the Cu(II) and PBT2 ligands in the
Cu(II)-bis-PBT2 complex are not all coplanar, (ii) the tertiary
amine in the 2-position precludes the formation of a Cu(II)-
bis-PBT2 complex, and/or (iii) there is significant disorder in
the system possibly due to the presence of multiple different
Cu(II) PBT2 species and in agreement with EPR spectra.

2.4. Cu(II) Coordination in 2-Substituted 8-Hydrox-
yquinolines. Early solution work by Stevenson and Freiser
found that 2-position substitution with 2-CH2NH2 resulted in
a higher Cu(II) complex formation constant (log K1) for the
formation of a Cu(II)-mono-8HQ complex compared with
8HQ and 2-methyl-8HQ and suggested that this was due to
tridentate Cu(II) coordination (Table 3).51 However, the 2-
CH2NH2 substituted 8HQ had a lower log K2 value for the
formation of a Cu(II)-bis-8HQ complex compared with that of
8HQ and 2-methyl-8HQ (Table 3), and the authors proposed

Table 3. Stability Constants of 2-Position-Substituted 8HQs from the Literature

8HQ log K1 log K2 2-position substituent tridentate coordinationa ref

8HQ 13.49 12.73 −H N Johnston and Freiser52

8HQ 13.29 12.61 −H N Stevenson and Freiser51

CQ 12.50 10.90 −H N Budimir et al.35

Cl2Q 11.78 12.01 −H N Gupta et al.53

2-methyl-8HQ 13.00 11.64 −CH3 N Johnston and Freiser52

2-methyl-8HQ 11.92 10.90 −CH3 N Stevenson and Freiser51

8-quinolinol-2-carboxaldehyde oxime >9 −CHNOH N Stevenson and Freiser51

2-hydroxymethyl-8-quinolinol >9 −CH2OH N Stevenson and Freiser51

2-aminomethyl-8-quinolinol 15.90 8.00 −CH2NH2 Y Stevenson and Freiser51

2-[(dimethylamino)-methyl-8-hydroxyquinoline 10.44 4.54 −CH2N(CH3)2 Y Mital et al.54

PBT2 13.61 5.95 −CH2N(CH3)2 Y Sgarlata et al.32

aTridentate coordination proposed for the Cu(II)-mono-8HQ complex based on the stability constants.
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that one of the ligands, most likely the 2-CH2NH2 ligand, must
be displaced in order to form the Cu(II)-bis-8HQ complex.51

These authors also mention the possibility that the phenolate
oxygen might be released from the coordination sphere such
that the Cu(II) remains bound to the pyridine nitrogen and
the 2-position amine nitrogen in the Cu(II)-bis-8HQ
complex.51 Lower log K values were reported for the formation
of Cu(II) complexes with 2-CHNOH and 2-CH2OH
substitution of 8HQ, compared with 2-H and 2-CH3 (Table
3),51 suggesting that these substituents did not coordinate and
instead sterically hindered Cu(II)-bis-8HQ complex formation
to a greater extent than 2-CH3.

51 Stevenson and Freiser
proposed that electron-withdrawing 2-position substituents

would result in bidentate 8HQ ligands; however, small,
electron-donating 2-position substituents would result in
tridentate 8HQ ligands.51

Recent analyses by Sgarlata et al. suggest a stability constant
of log K1 = 13.61 for the formation of a Cu(II)-mono-PBT2
complex and a log K2 value of 5.95 for the formation of a
Cu(II)-bis-PBT2 complex (Table 3).32 It is possible, as
Sgarlata et al. suggested, that the low log K2 value for the
formation of Cu(II)-bis-PBT2 means that this complex is
destabilized because of steric hindrance and is unlikely to form
in solution.32 However, the low log K2 value may also be due
to the release of either the 2-position amine nitrogen or the
phenolate oxygen from the tridentate Cu(II)-mono-PBT2

Figure 5. DFT-geometry-optimized structures of Cu(II) complexes with PBT2. Structures are arranged according to their energy difference,
relative to the lowest-energy 3 N 1 O structures, and are indicated by horizontal bars. Note the break in the y-axis scale. 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 chlorine is
green.
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chelate complex in order to form the bidentate Cu(II)-bis-
PBT2 chelate complex, as initially proposed by Stevenson and
Freiser for other 2-methyl-8HQ derivatives.51

Stevenson and Freiser also note that metal complexes with
tridentate 8HQ ligands might preferentially form in solid
samples compared with solutions.51 In line with this proposal is
a recent study by Nguyen et al.29 that suggested the solution
structures of Cu(II)-PBT2 differ considerably from those
indicated by the crystal structure. This study used the results of
X-ray crystallography, EPR, NMR, and UV−visible absorption
spectroscopy to propose four structures for Cu(II)-PBT2,
including a five-coordinate Cu(II)-bis-PBT2 crystal structure
with coordination from the tertiary amine in the 2-position
(i.e., CSDS entry WAXPIX), and three calculated Cu(II)-
mono-PBT2 structures with H2O and Cl− ligands.29

Other than the crystal structure of Cu(II)-bis-PBT2 (i.e.,
CSDS entry WAXPIX), there is only one crystallographic
example of tridentate coordination of Cu(II) by 8HQs with a
2-position amine group of formula 2-CHxNRx in the
Cambridge Structural Database (i.e., CSDS entry FEXYAL55),
and no bidentate examples could be found. This crystal
structure, FEXYAL, shows Cu(II)-bis-8HQ coordination in an
octahedral-type coordination environment,55 with both 8HQs
acting as tridentate ligands. Few crystal structures suggest the
formation of Cu(II)-mono-8HQ complexes and those that do
often portray tetradentate coordination with two ligands from
the 2-position substituent (e.g., CSDS IMUFAY,56 FEXXOY,55

and FEXXUE55), which is not possible for PBT2. Similarly,
one crystal structure shows tetradentate coordination of one
8HQ, including the coordination of two ligands from the 2-
position substituent and bidentate coordination of the second
8HQ in a bis complex (i.e., CSDS FEXXIS55). Additionally,
one crystal structure shows a dimeric species in which two
Cu(II) moieties are each coordinated by a tridentate 8HQ
with a fourth ligand from the phenolate oxygen of another
tridentate 8HQ Cu(II) complex (i.e., CSDS ACUZUT57).
However, similar complex structures for the Cu(II)-bis-PBT2
complex can likely be ruled out because a Cu(II)···Cu(II)
interaction would be expected at ∼3 Å, and this is not
observed in our EXAFS spectra or EXAFS Fourier transforms.
Collectively, these structures provide support for Cu(II)
coordination by 8HQs with 2-position amines of formula 2-
CHxNRx and suggest that the strain imposed by two adjacent
five-membered chelate rings is not sufficient to prevent the
crystallographic formation of tridentate 8HQ Cu(II) com-
plexes. However, as has been proposed previously, the solution
structure may differ from that found in crystals.
2.5. Density Functional Theory Calculations. Density

functional theory (DFT) geometry-optimized potential
structures of Cu(II)-bis-PBT2 complexes are shown in Figure
5. The Cu(II)-bis-PBT2 structures proposed in the literature
are compared with other possible Cu(II) coordination
geometries and are listed in order of decreasing energy.
Stevenson and Freiser had previously proposed that in binding
a second 8HQ moiety it was possible that either the 2-position
amine or the 8-position phenolate oxygen might be released
from the coordination sphere.51 We then extrapolated that
there was potential for the formation of both a 4N and a 3 N 1
O coordination environment. The resulting potential 4N
Cu(II)-bis-PBT2 complex, formed by Cu(II) coordination
through the two pyridine nitrogens and the two 2-position
amine nitrogens, was approximately 300 kJ/mol higher than
the lowest-energy structure, which was found to be a 3 N 1 O

coordination environment (Figure 5). Our 3 N 1 O
coordination environmenta Cu(II) coordination environ-
ment that has not been described previously for 2-position-
substituted 8HQs with 2-CH2NRx substituentswas formed
through coordination of the pyridine nitrogen and the 2-
position amine nitrogen of one PBT2 and the pyridine
nitrogen and the phenolate oxygen of another PBT2. This
coordination environment may occur in a pseudo-trans or
pseudo-cis conformation according to the orientation of the
phenolate oxygens and pyridine nitrogens of the 8HQ moiety;
however, there is almost no energetic difference between the
two conformations (<0.2 kJ/mol). A distorted trans 2 N 2 O
coordination environment formed by the two pyridine
nitrogens and the two phenolate oxygens was found to be
approximately 20 kJ/mol higher than that for the 3 N 1 O
complexes (Figure 5). Similar to other 2-position-substituted
8HQs, the typical 2 N 2 O coordinate complex of Cu(II)-bis-
PBT2 is distorted from the pseudo-square-planar coordination
environments found in coplanar Cu(II)-bis-8HQ complexes
with 8HQs that lack 2-position substituents such that one of
the 8HQ moieties is rotated approximately 30° from the plane
defined by the other 8HQ moiety (Table 2; Table S.2). The τ4
and τ4′ parameter values,58,59 where 0 is representative of
square-planar geometry and 1 is representative of tetrahedral
geometry, calculated for the 2 N 2 O complex are 0.39 and
0.37, respectively (Table S.2). These values suggest that this
symmetric four-coordinate complex is significantly distorted
from coplanarity, similar to 2-position-substituted 8HQs
investigated previously.26 The 3 N 1 O complex is further
distorted such that the Cu(II) coordination environment
approaches tetrahedral geometry with τ4 and τ4′ parameter
values of 0.97 and 0.68, respectively (Table S.2).
Although 3 N 1 O coordination environments for the

Cu(II)-bis-PBT2 complex are the lowest-energy structures, the
energy barrier (ΔE⧧) for converting between 3 N 1 O and 2 N
2 O coordination environments was calculated to be 439.1 kJ/
mol for the pseudo-trans conformation and 410.0 kJ/mol for
the pseudo-cis conformation. To account for the charge
difference between [3 N 1 O]+ complexes with a protonated 8-
position OH group and the neutral 2 N 2 O complex in
transition-state calculations, an additional proton was placed
on the 2-position amine in the initial 2 N 2 O reactant
structure such that the 2-position substituent was 2-CH2NH-
(CH3)2 and resulted in a [2 N 2 O]+ complex. On the basis of
these results, it is unlikely that the 3 N 1 O and 2 N 2 O
coordination environments would interconvert in solution, and
it is highly probable that mixtures of these species might
coexist in solution. However, calculated energy barriers to
interconversion are often underestimated and unreliable.60

2.6. Curve Fitting of the EXAFS. Scattering paths for
geometry-optimized structures of Cu(II)-bound PBT2 com-
plexes were calculated using FEFF825 and fit to the EXAFS
data in the curve-fitting program, OPT, in EXAFSPAK.61 As
we have described previously, the orientation of the Cu(II)
center, the phenolate oxygen, and the 7-position halogen in
halogenated 8HQ derivatives at close to 180° allows for the
unusual opportunity to use EXAFS to probe the geometry of
Cu(II)-bis-8HQ complexes. It is unusual to detect back-
scattering atoms ≳5 Å from the absorbing atom (i.e., Cu) in
solution complexes. In 5,7-halogenated-8HQs, the distant
halogen substituents are detected (i) because the halogen
substituents are high-Z atoms, giving rise to a large
backscattering amplitude (ii) because the halogens are
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connected to the Cu(II) via a relatively rigid ring system,
minimizing the possible disorder in the Cu···X distances, and
(iii) because multiple scattering involving the intervening
oxygen or carbon atom in the planar 8HQ moiety enhances the
EXAFS amplitude when paths approach colinearity (i.e.,
approach 180°; Figure S.5; Table S.2). With this in mind
and with spectral comparisons to other Cu(II) complexes with
5,7-dichlorinated-8HQ derivatives, it appears that the Cu(II)−
O···Cl path to the 7-position Cl substituent in the Cu(II)-bis-
PBT2 more closely approaches an optimal, linear back-
scattering angle than the parent Cu(II)-bis-Cl2Q complex
(Figure 4C; Table S.2). Similar to Cu(II)-bis-MC2Q and
Cu(II)-bis-AC2Q, Cu(II)-bis-PBT2 has some higher-frequency
EXAFS oscillations at higher k compared with Cu(II)-bis-Cl2Q
(Figure 4C). These high-frequency EXAFS oscillations are
likely enhanced through multiple scattering to the distant 5-
and 7-position chlorine substituents.
Possible structures for Cu(II)-PBT2 were fit to the Cu(II)

K-edge EXAFS; the best curve-fitting results for 1:2.5 Cu(II)/
PBT2 are shown in Figure 6A and detailed in Table S.4.
Alternative fits comparing the coplanar, pseudo-square-planar
structure typical of 2-H 8HQs, the square pyramidal structure
proposed by Kenche et al.,27 and the Cu(II)-bis-PBT2 crystal
structure29 are shown in Figure S.6 and described in Table S.3.
The EXAFS of Cu(II)-bound PBT2 formed with excess PBT2
is best fit to a distorted 2 N 2 O coordination environment
(Figure 6A), similar to distorted trans coordination environ-
ments previously described for 2-position-substituted 8HQs.26

Although distorted 3 N 1 O coordination environments where
the phenolate oxygen and pyridine nitrogen are arranged cis or
trans were found to be lower energy by DFT, these

coordination environments were found to comprise a small
proportion of the species in solution (Figure 6A). Because the
3 N 1 O coordination environment appears to be less
abundant in solution and because of the noise in the EXAFS at
higher k, the inclusion of scattering paths for a 3 N 1 O
coordination environment did not improve the fit. Addition-
ally, the possibility of both cis and trans arrangements for the 3
N 1 O complex increases the number of potential coordination
environments and makes the EXAFS fitting very challenging.
Steric effects likely preclude the formation of either a five- or

six-coordinate Cu(II)-bis-PBT2 complex in which one or both
PBT2 compounds, respectively, would act as tridentate ligands.
Attempts to find an energy minimum for 5- or 6-coordinate
Cu(II)-bis-PBT2 complexes always resulted in the tertiary
amine N being pushed approximately 3−4 Å from the Cu(II)
center. In the best-fit 2 N 2 O structure, the Cu(II)−O···Cl
path is slightly closer to linearity at 176.5° compared with
174.4° previously found for the best-fit coplanar structure of
Cu(II)-bis-Cl2Q and is similar to those found for other
distorted Cu(II)-bis-8HQ complexes (Table S.2).26

Although the spectra of 1:1 PBT2/Cu(II) are likely a
mixture of at least three species, including the Cu(II)-bis-PBT2
complex and aqueous Cu(II), we attempted to fit the average
Cu(II) coordination environment. The best fit was found to be
to a tridentate PBT2 ligand with an additional coordinating
Cl− ligand (Figure 6B), suggesting that this may be the major
species in the mixture. However, this fit describes the average
species in the mixture and may not accurately describe the
individual components. Further studies using techniques that
can distinguish the different proposed species are required to
better describe this mixture. Our fitting results, as well as the

Figure 6. Cu K-edge EXAFS and Fourier transforms of (A) excess 1:1 PBT2/Cu(II) and (B) 1:1 PBT2/Cu(II). Experimental spectra are shown in
black, and best fits are shown as dashed blue lines. (A) Best fit for the Cu(II)-bis-PBT2 complex with 2 N 2 O Cu(II) coordination as shown in
Figure 7D. (B) Best fit for a possible Cu(II)-mono-PBT2 structure in which PBT2 acts as a tridentate ligand with an additional Cl− ligand (inset).
The fits are detailed in Table S.4. In both cases, the experimental spectra are likely composed of a mixture of species, and these fits represent the
best fit to the average of these species.
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findings from previous studies,29,32,51 may suggest that PBT2
initially binds Cu(II) as a tridentate ligand. Under conditions
of excess PBT2, formation of the Cu(II)-bis-PBT2 complex
results in the release of one of the initial three ligands, likely

the tertiary amine, although the release of the phenol oxygen is
also possible.
The concentration of copper in the human brain has been

previously found to be 3.32 ± 1.50 μg/g,62 with copper

Figure 7. Geometry-optimized structures for Cu(II) complexes with 5,7-dichloro-8HQs. (A) Cu(II)-bis-Cl2Q, (B) Cu(II)-bis-MC2Q, (C) Cu(II)-
bis-AC2Q, and (D) geometry-optimized best-fit structures for Cu(II)-bis-PBT2. Different viewpoints of the proposed best fit structures for Cu(II)-
bis-PBT2 used in the EXAFS fits in Figure 6 and Table S.4 are shown. While included in geometry optimization calculations, hydrogens were
omitted in side-on images of PBT2 for clarity. A conventional color scheme was chosen for each element, such that carbon is gray, nitrogen is blue,
oxygen is red, copper is pink, and chlorine is green.
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concentrations in amyloid plaques reported to be as high as
25.0 ± 7.8 μg/g in AD patients.63 [The study by Lovell et al.63

used formalin fixed brain tissue, which is known to result in
metal contamination in some cases (e.g., copper) and
elemental depletion in other cases (e.g., potassium).64,65

Therefore, the reported copper concentrations may be
somewhat overestimated.65] PBT2 concentrations were
reported to be 318.1 ± 75.1 ng/g in the brain of Alzheimer’s
model mice 2 h after an oral dose of 30 mg/kg.2 This would
seem to suggest that there is likely to be at least 10 times more
copper in the AD brain than PBT2. However, much of this
copper is likely to be intracellular, bound strongly to various
copper proteins and chaperones, and in the monovalent form.
PBT2 is likely to chelate only weakly bound Cu(II), with the
goal being to chelate weakly bound, redox-active, toxic Cu(II)
from extracellular amyloid plaques. PBT2 is likely to initially
bind Cu(II) in a tridentate Cu(II)-mono-PBT2 complex, and
although it is difficult to predict given the information
currently available, Cu(II)-bis-PBT2 complexes may form in
vivo depending on the local environment (e.g., the relative
concentrations of available Cu(II), PBT2, and copper-binding
proteins and small molecules).

3. CONCLUSIONS

3.1. Structures of PBT2 Complexes of Cu(II). It has
been proposed that in the formation of Cu(II) 8HQ
complexes, where 8HQ has a 2-position substituent of formula
2-CH2NRx, the 2-position amine may be involved in Cu(II)
coordination.51 Furthermore, it has been proposed that a
tridentate Cu(II)-mono-8HQ complex may form first and that
one of the three 8HQ ligandseither the 2-position amine or
the phenolate oxygenmust be released in the formation of a
Cu(II)-bis-8HQ complex. On the basis of these hypotheses, we
propose several potential solution structures for the Cu(II)-bis-
PBT2 complex. Although the 2-position ligand is most likely to
be displaced such that Cu(II) is bound through the phenolate
oxygen and the pyridine nitrogen, the phenolate oxygen may
instead be displaced such that Cu(II) remains bound to the 2-
position amine and the pyridine nitrogen (Figure 8). The

second PBT2 moiety might then coordinate as a bidentate
chelate through either the 8-position phenolate oxygen or the
2-position amine as well as the pyridine nitrogen. The 4 N
complex in which Cu(II) is coordinated by two pyridine
nitrogens and two amine nitrogens was found to be
energetically unfavorable. However, 3 N 1 O complexes in
which the Cu(II) is coordinated by the pyridine nitrogen and
the 2-position amine in one bidentate PBT2 and by the
pyridine nitrogen and phenolate oxygen in the other bidentate
PBT2 in either a cis or trans conformation were found to be the
most energetically favorable Cu(II)-bis-PBT2 structures
(Figure 8). A distorted structure similar to that found
previously for 2-position-substituted 8HQs, in which the
Cu(II) is coordinated by two bidentate PBT2 chelates though
the phenolate oxygens and pyridine nitrogens in a trans
conformation, was found to be only slightly less energetically
favorable than the 3 N 1 O conformations. Because the energy
barrier is sufficient to prevent interconversion between these
complexes, it is likely that a mixture of these coordination
environments coexists in solution. The mixture is likely to be
influenced by solution conditions such as the pH and relative
concentrations of PBT2 and Cu(II), which might explain the
different results obtained in different studies.

3.2. Implications for Future Drug Design. We have
shown previously that the halogen substituents in 5,7-
halogenated-8-hydroxyquinolines can impact the hydropho-
bicity of both the compound and its resultant Cu(II)
complex.26 Additionally, we have shown previously that
substitution in the 2-position of 8HQs can alter the Cu(II)
coordination environment, with even 2-CH3 resulting in
significant distortions to the coplanar 4-coordinate bis complex
formed with 2-H 8HQs.26 We find herein with PBT2 that 2-
position substitution with a 2-CH2N(CH3)2 group results in
the potential formation of a completely different Cu(II)
coordination environment in the bis complex. The superior
anti-AD effects of PBT2 treatment, specifically its increased
ionophoric activity compared with CQ,2 may be linked to its
potential to act as a tridentate chelate for Cu(II), in addition to
its other properties such as greater blood−brain barrier

Figure 8. Schematic diagram for the formation of the energetically favorable Cu(II)-bis-PBT2 complexes. Although only the trans conformation is
shown for the 3 N 1 O complex for simplicity, the cis conformation was found to be equally favorable. Overall charges are indicated where the
complex that is formed is not neutral.
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permeation than other 8HQs.2 Additionally, the flexibility for
tridentate or bidentate chelate formation, with several possible
Cu(II) binding ligands (i.e., the phenyl oxygen, the pyridine
nitrogen, and the tertiary amine nitrogen), may make PBT2 an
effective drug for Cu(II) sequestration and prevent aberrant
redox reactions, such as Fenton-type chemistry, related to
loosely bound, toxic Cu(II) in the Alzheimer’s disease brain.

4. MATERIALS AND METHODS
4.1. Synthesis of PBT2. 5,7-Dichloro-2-[(dimethylamino)-

methyl]-8-hydroxyquinoline (PBT2) was prepared as a hydrochloric
salt as previously described.64 Briefly, triethylamine (0.55 mL) was
added dropwise to a stirred solution of 5,7-dichloro-8-hydroxy-
quinoline-2-carboxaldehyde (1.0 g, 4.13 mmol) and dimethylamine
hydrochloride (365 mg, 4.48 mmol) in 1,2-dichloroethane (50 mL)
over 5 min. Sodium triacetoxyborohydride (1.2 g, 5.66 mmol) was
then added portionwise over 5 min, and the mixture was stirred at
room temperature overnight. Dichloromethane (100 mL) was added,
the mixture was washed with saturated sodium bicarbonate (50 mL ×
3), dried using Na2SO4, and concentrated. The resultant residue was
extracted with diethyl ether (50 mL × 4), and the ethereal extracts
were combined and concentrated. HCl (5 mL) was added, and the
mixture was concentrated in vacuo twice. After washing with
dichloromethane, PBT2·HCl was obtained as a pale straw-colored
solid (yield ≈ 15−30%).
4.2. XAS Sample Preparation. A stock solution of dodecyl

trimethylammonium bromide (DTAB) was prepared to a final
concentration of 400 mM in 100 mM 3-(N-morpholino)propane-
sulfonic acid (MOPS) at pH 7.4. Solutions were heated to ∼60 °C
and sonicated for ∼10 min or until completely dissolved. Aqueous
Cu(II) PBT2 samples were prepared by diluting PBT2 from a 10 mM
stock to a final concentration of 5 mM (excess PBT2/Cu sample) or 2
mM (1:1 PBT2/Cu sample). Cu(II), from an aqueous stock solution
of 100 mM CuCl2, was then added to the surfactant solution to a final
concentration of 2 mM. Aqueous samples were loaded into 3 mm
acrylic sample cuvettes sealed with metal-free tape, flash frozen in a
slurry of isopentane cooled in 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 the Stanford
Synchrotron Radiation Lightsource (SSRL) with the SPEAR3 storage
ring containing 500 mA at 3.0 GeV. Using a setup similar to that
previously described for our Se HERFD-XAS,65 a Si(311) double-
crystal monochromator with an energy resolution at the Cu K-edge of
∼0.3 eV was used with a six-element Johann-type array of Si(444)
crystal analyzers to record the Cu Kα1 emission.66 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. HERFD-XAS spectra were recorded by monitoring a
fixed emission energy located at the centroid of the Cu Kα1 emission
peak obtained with a nonresonant incident X-ray energy of 9300 eV.
This emission energy was determined on a sample-by-sample basis by
recording an emission scan prior to HEFRD-XAS data acquisition and
determining its centroid. The variation in emission energies from
sample to sample was found to be small for the species examined here,
within about 0.1 eV. The HERFD-XAS spectrum was then recorded
by scanning the incident X-ray energy, essentially interrogating the
diagonal of the resonant inelastic X-ray scattering (RIXS) plane. 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° with respect to the incident
X-ray beam to facilitate the 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 copper foil, which was assumed to be 8980.3 eV.
HERFD-XAS data sets are an average of 20 individual sweeps; each
sweep was collected at different sample positions such that the beam
interrogated a fresh spot on the sample to minimize photodamage.
The time taken for the scan to traverse the structured region of the
data was approximately 30 s. Spectra of successive scans were
compared for loss of the 1s → 3d transition, which is often indicative
of photoreduction.67 Data reduction and analyses were carried out as
previously described68 using the EXAFSPAK suite of computer
programs.61

4.4. Synchrotron X-ray Absorption Spectroscopy. Cu K-edge
XAS measurements were conducted at SSRL using the data
acquisition program XAS-Collect.69 Cu K-edge data were collected
on 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
harmonic rejection by adjusting the mirror cutoff angle (i.e., 12 keV
for Cu). Samples were maintained at ∼10 K using a liquid helium flow
cryostat during data collection. Incident and transmitted X-rays were
measured using nitrogen-filled gas ionization chambers. Fluorescence
spectra were collected by monitoring the Kα fluorescence using a 30-
element germanium detector. The monochromator energy was
calibrated to the first peak of the first derivative of the Cu K-edge
(8980.3 eV) through reference to a standard Cu foil measured
simultaneously with the sample. Each data set is a collection of a
minimum of six 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 × 12 mm2 beam and 0.5 mm vertical
movements), and the near edges of successive scans were compared
for the loss of the 1s → 3d transition, which is often indicative of
photoreduction.

4.5. Density Functional Theory Calculations. DFT calcu-
lations utilized Dmol3 Materials Studio 7.0, specifically, Dmol3

geometry optimization employing the generalized gradient approx-
imation (GGA)70 and Perdew−Burke−Ernzerhof (PBE)71 functionals
as well as meta-GGA (m-GGA)72 and M11-L.73 Optimization
calculations used all-electron core treatment and were calculated in
vacuo (i.e., without a solvent reaction field). Calculations used
symmetry parameters where appropriate to define the point group of
Cu(II) 8HQ complexes. To compare the energy of different Cu(II)
coordination environments in Cu(II)-bis-PBT2 with the protonated
[3 N 1 O]+ and doubly protonated [4 N]2+ complex, the charge
difference was accounted for using the energy of small, neutral, and
charged compounds. Specifically, twice the energy calculated for
[NH(CH3)3]

+ was added to that of the neutral species, and twice the
energy calculated for N(CH3)3 was added to that of the 2+ charged
species. The energy calculated for [NH(CH3)3]

+ and N(CH3)3 was
added to 1+ species.

Transition-state calculations to determine energy barriers used m-
GGA and M11-L functionals. To account for the charge difference
between [3 N 1 O]+ complexes with a protonated 8-position OH
group and the neutral 2 N 2 O complex, an additional proton was
placed on the 2-position amine in the initial 2 N 2 O reactant
structure such that the 2-position substituent was 2-CH2NH(CH3)2
and resulted in a [2 N 2 O]+ complex.

4.6. EPR Sample Preparation. Samples for EPR spectroscopy
were prepared as described above for XAS sample preparation
(Section 4.2). 63CuCl2 was prepared by dissolving 63CuO (>99%
63Cu, Isoflex USA, San Francisco, CA) in concentrated HCl and
evaporating to dryness. An aqueous stock solution of 20 mM 63CuCl2
was then prepared by dissolving the 63CuCl2 powder in deionized
water. Aqueous 63Cu(II) PBT2 samples were prepared by dissolving
PBT2 to a final concentration of 0.25, 0.5, or 5 mM (for 63Cu(II)/
PBT2 ratios of 1:1, 1:2, and 1:20, respectively). Aqueous 63Cu(II) was
then added to the surfactant solution to a final concentration of 0.25
mM. Pure isotope 63Cu was used to avoid inhomogeneous broadening
of the EPR lines that would otherwise be present with a mixture of
naturally occurring 63Cu and 65Cu isotopes. Aqueous samples were
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loaded into 5-mm-external-diameter quartz tubes and frozen using
liquid nitrogen.
4.7. Electron Paramagnetic Resonance. X-band EPR (∼9.43

GHz) used a Bruker EMX spectrometer with a Bruker ER 4122SHQE
resonator. Typical spectrometer conditions were 0.1 mT modulation
amplitude, 5 mW applied microwave power, and 121 K temperature.
The spectrum was an average of eight 83.89 s sweeps, with 2048
points per scan. EPR powder line shape simulation used a modified
version of the QPOW program.74,75 The difference spectrum in
Figure 2e was generated by the subtraction of spectrum b (excess
PBT2/Cu) from spectrum d (1:1 PBT2/Cu). Spectra were
normalized by amplitude, aligned, and then subtracted in 0.1
increments until a point was reached in which additional subtraction
resulted in negative (inverted) spectral features in the region below
320 mT. The amplitude of the generated difference spectrum was
determined to be 0.56; therefore, the proportion of the excess PBT2
Cu(II) complex subtracted was 0.44 or ∼44%. We estimate that this is
accurate to approximately ±5%.
4.8. EXAFS Curve-Fitting. The ab initio theoretical phase and

amplitude of energy-minimized molecular models were calculated
using FEFF825.76,77 The calculated scattering paths were then fit to
the EXAFS using curve-fitting program OPT (a component of
EXAFSPAK). The number (N) of each type of backscattering atom
was not refined individually but was instead fit as an integer based on
the molecular model. Refinable parameters included the following:
distance (R) between Cu and the backscattering atom, mean square
deviation in R (Debye−Waller factor, σ2), and the energy offset (ΔE0)
to the nominal threshold energy (9000 eV). R parameters were fit as a
group of linked paths; R values listed in Tables S.3 and S.4 with a
standard error in parentheses were allowed to float within the
refinement. The σ2 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
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Noise contributions with frequencies higher than the longest bond
length in the EXAFS fit were estimated, as previously described,78 by
computing the product of the Cu−N phase-corrected discrete Fourier
transform. The discrete Fourier transform contains all frequencies
supported by the k-space data, extending to

R
k

2
max

π
δ

=
(2)

where δk 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 Tables S.3 and S.4.
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■ ABBREVIATIONS
AC2Q, 5,7-dichloro-8-hydroxyquinoline-2-carboxaldehyde;
8HQ, 8-hydroxyquinoline; Aβ, amyloid beta; AD, Alzheimer’s
disease; CQ, clioquinol, 5-chloro-7-iodo-8-hydroxyquinoline;
Cl2Q, 5,7-dichloro-8-hydroxyquinoline; DTAB, dodecyl tri-
methylammonium bromide; EPR, electron paramagnetic
resonance spectroscopy; EXAFS, extended X-ray absorption
fine structure; FT, Fourier transform; HD, Huntington’s
disease; HERFD-XAS, high-energy-resolution fluorescence-
detected X-ray absorption spectroscopy; MC2Q, 5,7-di-
chloro-8-hydroxy-2-methylquinoline; MOPS, 3-(N-
morpholino)propanesulfonic acid; NMR, nuclear magnetic
re sonance spec t roscopy ; PBT2 , 5 ,7 -d i ch lo ro -2 -
[(dimethylamino)methyl]-8-hydroxyquinoline; XAS, X-ray
absorption spectroscopy
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