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ABSTRACT

Spiropyrans (SP) are a class of switchable molecules that exhibit two different isomers; (1)
SP “closed” isomer and (2) merocyanine (MC) “open” isomer. Their distinct differences in
polarity, structure, and color due to their interchanging ability make them a great candidate as a
small molecule sensor. Chapter 1 introduces the origins of spiropyrans and a detailed description
of the isomerization to merocyanine. The respective UV-Vis electronic transitions are explained
as well as the chemical properties of the two isomers. The layout of this dissertation work is thus

described.

Chapter 2 reviews 102 colorimetric copper(ll) sensors from the years 2010-2022 and
evaluates common metal ions that offered dual detection or anions that interfered with detection.
Copper(ll) is an essential metal in the body aiding in various physiological functions and is
commonly found in the environment. However, excess copper(ll) can result in toxicity both
biologically and environmentally. Therefore, a sensor for rapid colorimetric copper(ll) detection
was synthesized. A dimethylamine-functionalized spiropyran (SP-14) was found to selectively and
sensitively detect copper(Il) over biologically and environmentally relevant metal ions. UV-Vis

spectroscopy and DFT calculations were used to investigate the SP-14-Cu?* interaction.

Chapter 3 provides a complete *H and 3C NMR assignments for three GSH-stabilized MC
species as well as their respective individual SP configurations. GSH is a redox active molecule
present in the human body that acts as a powerful antioxidant. Alterations in GSH levels are
indicative of oxidative stress resulting in several pathological conditions. This chapter further
explores the stereochemistry between GSH and merocyanine using NOESY NMR to present a
most favorable trans conformation. These findings may provide insight in elucidating how SPs

interact with other chemical stimuli.



Based on the sensitivity and selectively for GSH, two SPs mentioned in the previous
chapter, were utilized in Chapter 4 to construct a manganese-based contrast agent for MRI. Upon
examining the literature, variance in GSH concentrations between benign and malignant tumors
was noticed. This chapter is directed towards developing an MR agent that can observe fluctuations
in GSH concentrations in hopes to discern between these two types of tumors. Details into the
individual components chosen for the formation of the agent, the synthetic procedure, testing of

the r1 relaxation rate and future work will be discussed.
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INTRODUCTION

Spiropyrans are molecules exemplified by their switchable nature from “closed”
spiropyran (SP) to “open” merocyanine (MC) due to various stimuli such as light, metal ions, thiols
etc. The dramatic difference in the chemical properties of the two isomers is what distinguishes
them as chemical sensors over other molecular switches. The beginning of this dissertation work,
Chapter 1, introduces the origins of SPs, followed by a detailed description of the SP to MC
conversion and the resulting distinct chemical properties of the two isomers. In Chapter 2, an SP
derivative is utilized for its metal sensing capability. Small molecules, like SPs can display certain
electronic and structural features that enable their use for metal-sensing applications in different
fields. Of the reported metal sensors, there has been increasing interest in copper sensing in the
past decade, given the biological importance of copper as well as its presence as a potential
contaminant in water and fuels. Molecules used for copper(ll) sensing generally consist of a
fluorophore/chromophore and a ligand for selective metal ion recognition. A comprehensive
literature review was conducted from the years 2010-2022 concerning small molecule copper(I1)
sensors that provide a naked-eye color response in solution. In addition, challenges and future
prospects of fluorophore/chromophore-ligand chemistry in applications of small molecules for
fluorometric and colorimetric assays of copper(ll) is discussed. Furthermore, we present a
dimethylamine-functionalized spiropyran (SP-14) and demonstrate its metal-sensing properties
using UV-Vis spectrophotometry. The formation of a metal complex between SP-14 and Cu?* was
associated with a color change that can be observed by the naked eye as low as = 6 uM and the
limit of detection was found to be 0.11 uM. Colorimetric data showed linearity of response in a
physiologically relevant range (0-20 uM Cu?*) with high selectivity for Cu?* ions over biologically

and environmentally relevant metals such as Na*, K*, Mn?*, Ca?*, Zn?*, Co%*, Mg?*, Ni?*, Fe%*,



Cd?*, and Pb?*. Since the color change accompanying SP-14—Cu?" complex formation could be
detected at low micromolar concentrations, SP-14 could be viable for field testing of trace Cu?*
ions.

Expanding on the switchable nature from SP to MC by certain stimuli, Chapter 3 focuses
on the utilization of glutathione (GSH) to induce a series of GSH-stabilized merocyanine species:
MC-3, bearing a methoxy on the indoline unit, MC-7 bearing a methoxy on the phenolic oxygen
and MC-9 bearing a methoxy on both sides. GSH is of importance because it plays a vital role in
cell homeostasis by scavenging for reactive oxygen species (ROS) where excess generation of
ROS results in oxidative stress leading to the development of various diseases. Thus, insight into
the structural interaction between merocyanine and glutathione could potentially aid in elucidating
how spiropyrans interact with other chemical stimuli. Therefore, *H and 3C NMR assignments
were determined for these three GSH-stabilized MC species using NMR techniques such as
HSQC, HMBC, COSY and NOESY. In addition to elucidating the structural assignments,
examination of the NOESY spectrum allowed for stereochemical analysis to provide the most
favorable trans TTT conformation. Information about how these GSH-stabilized merocyanine
species interact with GSH may aid in an improved understanding of the sensing mechanism of
spiropyran for GSH.

To further elaborate on the importance of GSH, there have been many studies showing
heterogeneity in GSH levels in malignant tumors while benign tumors displayed a more
homogeneous GSH concentration. Hence, the ability to differentiate between tumor types would
greatly aid in diagnosis. Molecular imaging of GSH is proposed to examine fluctuations of GSH
levels in real time without disturbing tissue physiology while MRI is employed as the imagining

modality because it is noninvasive and has high spatial resolution. Although GSH has a profound



importance, the reported GSH sensors are limited by sensitivity and selectivity. Thus, in Chapter
4 we proposed the use of a spiropyran-based probe sensitive towards fluctuations in GSH
concentrations in the sub micro-molar range. Using a library of spiropyran photoswitches
previously synthesized by others in our group, SP-7 and SP-9 were chosen for their selectivity of
GSH over biologically relevant metal ions and sensitivity with an LOD of 2.4 uM & 2.2 uM,
respectively. SP-7 or SP-9 was conjugated to a 1,4-DO2A chelator and metalated with manganese
in lieu of the clinically used gadolinium, due to recent reports on toxicity. Positive electrospray
ionization-mass spectrometry, *H and **C NMR were used to characterize all products throughout
the multistep reaction. Longitudinal (r1) relaxivity measurements for both MR agents exhibited no
change when exposed to GSH but instead were responsive to 374 nm UV light. Further efforts will
be directed toward maximizing the conversion to the MC isomer to get the optimal change in

relaxivity to be applied as a light activatable agent.



CHAPTER 1. AN INTRODUCTION TO SPIROPYRANS



1.1 THE CHEMICAL PROPERTIES OF SPIROPYRANS

Spiropyrans belong to a class of switchable molecules that were first discovered by Decker
and Felser in 1908." Interestingly, the coined term “spiropyran” was based on the non-photoactive
derivative that had a chiral center adjoining two pyrans and it wasn’t until 1952 when their
photochromism was detected by Emil Fischer and Hirshberg.? In general, the synthetic pathway
involved the condensation of a Fisher base with salicylaldehyde that lead to the discovery of the
photoactive spiropyran containing an indoline (green) and chromene (purple) moiety joined by the

sp3-hybridized spirocarbon (Scheme 1.1).

indoline
f_)%
OH
R e EtOH O —
N

: -0
%_J
chromene

Fischer Base Salicylaldehyde Spiropyran

Scheme 1.1. Synthesis of spiropyran by Fischer and Hirshberg using a Fischer base (methylene
indoline) and salicylaldehyde to produce the photoactive derivative composed of an indoline

(green) and chromene (purple) unit.

It was noticed that upon irradiation of the colorless spiropyran in an ethanol or methanol solution,
the color became intensely violet red. This was reversible at a rate dependent on temperature and
the change in color was only noticed in solution; No such change occurred in solid form. These

molecules became attractive to study due to the shift in color seen via naked-eye and many studies



were directed towards understanding this mechanism.>® Figure 1.1 describes the chemical
properties as well as the conversion of spiropyran to merocyanine. Initially in the “closed” form,
spiropyran is uncharged, hydrophobic, and colorless in solution, absorbing light in the UV region
depicted by the purple line in the UV-Vis spectra shown. Two absorption bands, one between 200-
300 and the other between 310-400 nm, are attributed to the orthogonal indoline and chromene
components providing their own localized m-n* electronic transitions.” The band between 200-300
nm is assigned to the indoline moiety while the band between 310-400 is assigned to the chromene
unit.”% When spiropyran is irradiated with UV light, it produces enough energy to break the
spirocarbon C-O bond (red) and undergoes heterolytic cleavage to afford the merocyanine
isomer.>'2 In the process two electrons are transferred to the indole to generate the positively
charged indolium and a negatively charged phenolic oxygen. The “open” merocyanine is
zwitterionic, hydrophilic and colored in solution, absorbing light in the visible region depicted by
the dashed orange line in the UV-Vis spectra shown in Figure 1.1. A new peak arises in the 450-
650 nm range due to the extended m-conjugated system of the merocyanine isomer.213 Converting
merocyanine back to spiropyran can be achieved with irradiation of visible light or thermal

relaxation (A).2** This switching capability and distinct differences in polarity, structure, color

and respective absorbance spectrum makes spiropyrans a great candidate as a small molecule

Sensor.
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Figure 1.1. “Closed” spiropyran conversion to “open” merocyanine using UV light irradiation
to break the spirocarbon C-O bond (red) and undergo heterolytic cleavage to afford the

merocyanine isomer. Reversibility is achieved with visible light or thermal relaxation (A). The

respective chemical properties are detailed below each isomer. Adapted with permission from

[16]. Copyright 2017 American Chemical Society (ACS)



1.2 THISWORK

Understanding the photochromism of spiropyrans lead to their development as molecular
switches for light activated motors,}"*® polymers,1%? logic gates,??? etc. Since these
advancements, it had been found that spiroyrans respond to several stimuli such as metal ions,
anions, pH, and redox chemistry.?-2% In this dissertation work, we first examine spiropyran as a
metal ion sensor, specifically for copper(ll) and examine the sensitivity and selectivity for this
metal ion. Next, we transition to using spiropyran to sense glutathione to investigate the
stereochemistry between these two molecules. Lastly, two spiropyrans are selected based on their
sensitivity and selectivity for glutathione to construct an activatable contrast agent for MRI. In
each chapter, a background and summary of the relevant sensors are reviewed, followed by results,

materials, and methods, and ending with a conclusion.



CHAPTER 2: EMPLOYMENT OF SPIROPYRAN AS A

COPPER(Il) SENSOR

The work described in this chapter has been reported in:

Trevino, K. M.; Tautges, B. K.; Kapre, R.; Franco Jr, F. C.; Or, V. W.; Balmond, E. I.; Shaw, J.
T.; Garcia, J.; Louie, A. Y. Highly Sensitive and Selective Spiropyran-Based Sensor for
Copper(1l) Quantification. ACS Omega 2021, 6 (16), 10776-10789.

https://doi.org/10.1021/acsomega.1c00392.

Adapted with permission from American Chemical Society (ACS)

Trevino, K. M.; Wagner, C. R.; Tamura, E. K.; Garcia, J.; Louie, A. Y. Small Molecule Sensors
for the Colorimetric Detection of Copper(I1): A Review of the Literature from 2010 to 2022. Dyes

Pigm. 2022, 214, 110881. https://doi.org/10.1016/j.dyepig.2022.110881.

Adapted with permission from Elsevier


https://doi.org/10.1021/acsomega.1c00392
https://doi.org/10.1016/j.dyepig.2022.110881

2.1 SMALL MOLECULE COPPER(Il) SENSORS AND THEIR USE FOR COLORIMETRIC

DETECTION

2.1.1 IMPORTANCE OF COPPER(II) AND COPPER(II) SENSING

Transition metals are essential for many biological functions, including catalysis,
metabolism, and signaling.?”?8 The transition metals that are recognized as being critical to biology
include iron, zinc, manganese, cobalt, nickel, molybdenum, and copper; physiological imbalances
in these metals can lead to several distinct health problems.?®3° Copper is a first-row transition
metal and an essential trace mineral that plays key roles in physiological functions, such as serving
as a cofactor for many enzymes involved in energy production and metabolism.3! As a cofactor
for 30 enzymes, copper plays an important role in biological processes such catecholamine
biosynthesis, ATP production, and protecting the cell from oxygen free radicals.> Bioavailable
copper exists as Cu(l) and Cu(ll) in physiological conditions, while Cu(ll) is the most stable and
is highly redox active, which gives it utility as an antioxidant.>* However, perturbations in
copper(I) homeostasis can be highly toxic to cells and has been linked to the development of
neurodegenerative diseases such as Alzheimer’s,>*%" Parkinson’s,®3°  Menkes,***! and

amyotrophic lateral sclerosis (ALS).*243

In addition to its role in disease, copper(ll) can be an undesirable contaminant in the
environment and contamination of soil and waterways can occur from agricultural sources, where
copper is found in pesticides and fertilizers, and from industrial sources, such as mining and
manufacturing operations.** The World Health Organization (WHO) has determined the maximum
acceptable level of copper in drinking water to be 2 mg/L (31.5 pM) *° and the Environmental

Protection Agency (EPA) sets the threshold at 1.3 mg/L (20.5 uM).*® Due to the potential health

10



risks of environmental copper contamination, there is great interest in methods for the analytical

detection of Cu?* ions, particularly for use in field applications.

2.1.2 CURRENT METHODS FOR DETECTING cOPPER(II)

Current methods for copper quantification include inductively coupled plasma mass
spectrometry (ICP-MS),*"~#° atomic absorption spectroscopy (AAS),%>*! organic colorimetric
sensors,>?->* and fluorescent sensors.>>% Analytical methods such as ICP-MS and AAS offer parts
per billion sensitivity, but these methods often require protracted sample extraction, preparation,
and the use of sophisticated instruments, precluding use for rapid or in-the-field analysis.*’>!
Fluorescent sensors can provide detection of copper ions without protracted sample preparations,
but still require advanced instrumentation to analyze the changes in fluorescence.>>%® Optical,
colorimetric sensors for copper offer the potential for naked eye detection of copper ions without
extensive sample manipulation or the use of large instrumentation®?>* and represent a low-cost,
rapid alternative to laboratory testing methods. Furthermore, the development of inexpensive
portable UV-vis spectrometry instruments means that highly quantitative sub-micromolar readings
could one day be taken directly in the field.>” This would be particularly useful for the rapid

detection and quantification of potentially harmful levels of copper through field testing.

2.1.3 CURRENT CcOPPER(II) SENSORS

Several colorimetric and fluorescent sensors with structures ranging from small
molecules,® ! large macrocycles,?2-% and nanoparticle/quantum dots,® "2 have been recorded.

The strong interest in copper sensors is highlighted by a recent PubMed search for “colorimetric

11



copper sensor”’, which revealed a steady increase in the numbers of copper sensors reported from
2007-2019 (decreasing number of reports from 2020-21 were likely due to work disruption during
the 2020 COVID pandemic) (Figure 2.1). To date, most reviews on copper(ll) sensors report
fluorescent sensors for copper(ll).”*"® Other reviews discuss colorimetric and fluorescent
copper(Il) sensors in a range of sizes such as small molecules, enzymes, polymers and
nanoparticles®®8! or organize by the type of optical emission produced (colorimetric, fluorescent,
luminescent, chemiluminescent, photoluminescent, surface plasmon resonance) from these
copper(l1) sensors.2? However, there have been fewer reviews addressing small molecules for the
colorimetric detection of copper(11).8385 Further reviews on colorimetric sensing of metals have
broadly focused on a number of metals.26-8°

50 T
40 +
30

20 +

Journal Count

10 +

'07 '08 '09 '10 '11 12 13 14 '15 '16 17 '18 '19 '20 '21 '22
Year

Figure. 2.1. PubMed search of “colorimetric copper sensor” resulting in the depiction of

published copper sensors over the years 2007-2022.

Small molecule copper ion sensors that produce optical signals are of great interest and we
have identified 102 small molecule copper(ll) sensors that offer a colorimetric response in

solution, with naked eye detection, published in the years 2010-2022. In our review article,®

12



copper(Il) sensors were arranged from lowest to highest limit of detection determined by
fluorescence or absorbance spectroscopy. Sensors that possessed naked-eye detection but did not
report a LOD were included at the end of the review. The extracted data was organized into twelve
tables that provided information such as chemical structure of the sensor, the proposed mechanism
of Cu?* coordination, additional cations and anions detected by the sensor, Ka = association
constant, binding stoichiometry (sensor: Cu?*), concentration of sensor and Cu?* for naked eye
detection, the Cu?* selectivity assay conditions including concentration of sensor, Cu?* and
competing metal ions tested and solvent conditions. Some sensor designs that were explored
included chemosensors incorporating rhodamines,®1% Schiff-base units,'*%0 sulfide groups,***-

120 and spiropyrans.t?t-128

Upon evaluation of the copper(l1) sensors, metals such as Fe3*, Fe?*, Pb?*, Hg?*, and Co?"
were commonly found to offer dual detection. According to the hard-soft acid-base (HSAB)
theory, metals are classified as either hard acids (small ionic radii with a high positive charge) or
soft acids (large ionic radii with a low positive charge). Utilizing Pearson’s absolute hardness
values ranging from 3.4-45.8, where the lower the value reflects the softer metal, hardness values
for these metal ions were 7.3 (Fe?*), 7.7 (Hg?"), 8.3 (Cu?*), 8.5 (Pb?*), and 13.1 (Fe®*").1%° Co?* was
not listed but is considered borderline, displaying intermediate characteristics.** Since Cu?* is
considered a borderline soft acid, it is reasonable to suggest interference from Fe?*, Pb?*, Hg?*,
and Co?" are due to HSAB theory. Although Fe* is regarded as a hard acid, it is plausible that
HSAB does not apply in this case. Recognition of Fe** was primarily in the form of fluorescence
“turn-on” detection. Interestingly, all sensors utilized a Schiff-base unit in the sensing mechanism.
It is well known that various metal ions preferentially bind a Schiff-base imine due to the non-

bonded electrons on nitrogen in the C=N unit.1*-133 Depending on several factors such as pH,

13



coordinating ability of the counter anions, the amine or aldehyde fragment regenerated, etc. >3+ %7,
two possible mechanisms could explain this phenomenon. (1) Coordination of Fe3* in the binding
pocket containing a Schiff-base unit induces hydrolytic cleavage of the C=N and formation of an
amine and carbonyl. This results in partial decomposition of the sensor and generation of a
fluorophore enabling fluorescent enhancement. (2) The second possible sensing mechanism
involves the coordination of Fe3* in the binding pocket containing a Schiff-base unit but instead of
undergoing hydrolysis, the Fe3*-sensor complex is stabilized by the donation of the electrons from
nitrogen on C=N imine. Upon emission of this complex, PET is inhibited due to the Fe**-sensor
stabilization, allowing for full relaxation of the electrons back to the ground state, resulting in
fluorescence. As for Cu?*, it has been often used as a fluorescent “turn-off” sensor due to its
paramagnetism,°:97:105108.138-143 non emission of a Cu?*-fluorophore complex, PET is possible

when an excited electron relaxes to the dx2-y? orbital, resulting in fluorescence quenching.’®:7685

Common anions that interfered with copper sensing, and offered dual detection, were S,
CN", and F. Further expanding on HSAB theory, hard acids preferentially react with hard bases
and analogously, soft acids preferentially react with soft bases. Therefore, the HSAB theory could
account for interference by sulfur and cyanide acting as soft bases. The high affinity of copper(Il)
for these ligands can displace the metal from the sensor to form CuS or Cu(CN)2. Since fluoride
is considered a hard base, the possible mechanism for detection of F could be due to its
electronegativity and high propensity to intermolecular hydrogen bond. Of the sensors that
detected F, this is particularly seen with hydrogens covalently bound to either an amine or phenol.
The lone pair electrons on nitrogen and oxygen induce a dipole creating a partial positive charge

on hydrogen, making it susceptible to intermolecular hydrogen bonding with fluoride.
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Overall, the ideal copper(l1) sensor used for in-field analysis would be able to detect copper
only, even in the presence of competing metal ions, and be able to do so in a 100% aqueous
medium, whether it be free in solution or fixed to a test strip. Another important feature in
developing an in-field sensor for detecting Cu?* contamination in soil and water is the ability of
the sensor to be applied to aqueous solutions. A common workaround to adapt a sensor that was
soluble in an organic or mixed-organic solvent, was to fix them to paper and make test strips. This
is a practical option as long as competition studies are performed to confirm that Cu?* selectivity
remains. However, this was not fulfilled in the papers discussing paper-based copper sensors that
were reviewed. Interference studies, especially with excess competing metal ions and solubility in
water, should be a priority that is addressed for future advancement of sensors being developed for

copper(Il) detection.

2.2 HIGHLY SENSITIVE AND SELECTIVE SPIROPYRAN-BASED SENSOR FOR

COPPER(Il) QUANTIFICATION

2.2.1 SP-14 as A coPPER(I]) SENSOR

Spiropyrans are of interest due to their switchable nature from closed spiropyran
(hydrophobic & nonionic) to open merocyanine (hydrophilic & zwitterionic) and because of this
their derivatives have been utilized for the detection of copper(ll) ions.*?**?¢ However, most of
these sensors suffer from low sensitivity for naked eye detection with the concentration of Cu?*
detection ranging primarily from 20 pM — 2 mM,*?*12" which can be above critical thresholds of
interest, such as in environmental contamination. Of the spiropyran-based copper sensors

previously referenced, only one demonstrated naked-eye detection below 10 puM for the
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spiropyran-copper(I1) complex.*?® However, the color change is inconsistent, going from pinkish-
violet in the absence of copper, to violet at 1 uM, to blue at 10 uM. The distinct color change from
purple to blue is proposed to be due to copper(ll) metal ligation to the naphthanolate and the
hydroxyl group, but mechanistic studies were not performed. In addition, competitive binding
experiments were performed with the sensor (10 pM) to Cu?* (10 uM), mixed with other metal
ions (50 uM) via UV-Vis spectrometer, however, naked-eye detection under these conditions was
not reported. It is evident that while there have been many copper sensor designs, sensitivity and
selectivity for naked-eye detection remain elusive. For example, of the 102 sensors mentioned
above, only 15 sensors displayed naked-eye detection below 10 pM,95:100,109.114,120,128,139,144-151
Furthermore, only 6 out of the 15 sensors challenged copper sensing in the presence of a competing
metal ion'0%128145-147.149 ang 2 challenged copper sensing in the presence of ten-fold excess

competing metal to copper,*4”149 which is achieved in this work.

In our published article!® we synthesized a dimethylamine-functionalized spiropyran, SP-
14, sensor for copper(ll) detection. SP-14 was able to achieve naked-eye detection down to = 6
UM and a limit of detection of 0.11 uM, showing promise for in-the-field applications. We found
that placing an electron-donating group on the indoline portion of a spiropyran yielded an
enhanced metal ion response for optical detection. With this information, we developed a methoxy-
functionalized spiropyran with a pendant dimethyl amine on the chromene portion in an effort to
enhance sensitivity while maintaining high copper(Il) selectivity (Figure 2.2). Herein, we examine

the metal sensitivity and selectivity of this derivative for copper(ll) ions.
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SP-14

Figure 2.2. Generalized isomerization of SP-14 in the presence of Cu?*.

2.2.2 SYNTHESIS OF SP-14

The synthesis of this spiropyran derivative has previously been reported.'® Briefly, the
synthesis of SP-14 proceeded conveniently through the convergent synthesis of the appropriate
indolium iodide and dimethylaminobenzaldehyde (Scheme 2.1). The indolium iodide was
prepared from the methoxyhydrazine through an interrupted Fisher indole synthesis, followed by
methylation with iodomethane. The one-pot reduction and methylation of 2-hydroxy-5-
nitrobenzaldehyde with palladium on carbon, formaldehyde, and hydrogen afforded the requisite
5-dimethylamino-2-hydroxybenzaldehyde. Subsequent condensation of the indolium iodide with

5-dimethylamino-2-hydroxybenzaldehyde, in the presence of EtsN, afforded SP-14.

1) 3-methylbutan-2-one H3C CHy

CH
NH,-Cl 4 3
N~ 2" 2) CHgl, CH4CN, 49% Ne o

CH,!

-+

H;C CH;
EtzN H;CO

EtOH, 47% N(CH3)2
o W CH,
CH50 (g Ha, P/C k&
HO 2 (aq): M2 HO SP-14
E1OH, 74%
NO. N(CH3),

2

Scheme 2.1. Synthesis of SP-14.
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2.2.3 RESPONSE TO LIGHT AND REFERENCE COMPOUNDS (PHENOL AND N,N-DIMETHYLANILINE)

In an effort to evaluate the relative photochromism of SP-14, the absorption profile was
compared before and after irradiation with UV light. Figure 2.3A shows the absorption spectral
changes of SP-14 after UV irradiation. Prior to UV exposure, the absorption plot of SP-14 is
characterized by large absorbance bands at 250 and 312 nm corresponding to the ring-closed spiro
(SP) form (Figure 2.3A, solid line). No significant absorption was found in the visible region,
which suggests that most of SP-14 was present in its spiro form. It was postulated that the electron-
donating character of the amine substituent on chromene suppresses spiro-to-mero conversion.'?°
Upon irradiation with UV light, a modest increase in absorbance (0.04 A.U.) at 483 nm,
corresponding to the ring-open mero (MC) form, was observed (Figure 2.3A, dotted line). While
the UV-vis spectrum suggested that the absorption properties of SP-14 were minimally influenced
by UV light, addition of one equivalent of Cu?* to a solution of SP-14 in ethanol with a 15 min
incubation period produced a green solution with strong mero absorption bands centered at 418
and 677 nm. A hypsochromic shift of the mero lambda max from 483 to 418 nm (Figure 2.3B)
was observed, which could be attributed to the change in the local environment such as an increase
in the ionic strength due to the added copper(ll) salt in the solution. The strong absorption band at
677 nm was assigned to possible SP-14-Cu?* complex in solution; this bathochromic shift of the
mero band from 483 to 677 nm was consistent to reported absorbance changes accompanying the
formation of MC—Cu?* complex exhibited by quinaldine-indole-based spiropyran.t?® Copper(ll) is
an intermediate hard Lewis acid and therefore is hypothesized to preferentially interact with hard
Lewis bases such as dimethylamino and phenolic oxygen groups on chromene, forming MC—Cu?*

adducts.
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Figure 2.3. (A) Absorbance profile of SP-14 (100 #M in ethanol) after preparation in the dark
(black, solid) and after 15 min UV irradiation at 302 nm with an 8-Watt UV source (black, dotted).
Inset shows the modest increase (0.04 A.U.) in response to UV irradiation indicating minor
photoswitching for SP-14. (B) Absorbance profile of SP-14 in the absence (black) and presence
(green) of Cu?*. Response of reference compounds (100 xM): (C) phenol and (D) N,N-

dimethylaniline to varying amounts (0-1.4 eq) of Cu?* in ethanol.

To test the hypothesis of copper(l1) binding to phenolic and/or dimethyl amine groups on
chromene, we investigated the changes in the UV-vis profile of the reference compounds: phenol
and N,N-dimethylaniline upon addition of copper(ll) in ethanol (Figure 2.3C and 2.3D). In the
presence of copper(l1), significant increases in absorbance were observed in the 250—375 nm range
for both molecules. The absorbance in this wavelength range continually increased as more

copper(l1) ions were introduced. These copper(l1)-induced changes in UV-vis profile indicate that

19



the methylated amine and phenolic oxygen in SP-14 are capable of interacting with copper(ll).
Theoretical calculations of copper interactions with SP-14 yielded TTT being the most stable ring-
open merocyanine isomer (Figure 2.3A). Several minima including binding of copper to the
phenolic oxygen or the dimethyl amine concluded that binding to phenolic oxygen was the lowest
energy, and most stable option (Figure 2.3B). This binding is illustrated in Figure 2.4. Also, this
UV-vis data underscores the importance of the amine substituent for copper(ll) sensing as the
electron-donating character of the former is expected to stabilize the spiro form of SP-14 forming
a photostationary spiropyran state.®®* Upon coordinately binding to copper(Il) ion, the electron
donating character of the methylated amine decreases, consequently favoring spiro-to-
merocyanine conversion as illustrated by the appearance of strong merocyanine bands in the

visible region in Figure 2.3B.

(A) MC-TTT (B) MC-O-Cu*

Figure 2.4. DFT calculations performed to determine (A) the TTT isomer to be the most stable
ring-open merocyanine form and (B) the phenolic oxygen (red) to be the strongest interaction
between SP1 and Cu?*(orange). Nitrogen atom represented as blue. DFT calculations were
performed by Francisco Franco from the Chemistry Department of De La Salle University, Manila

Philippines.
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2.2.4  SENSITIVITY TO cOPPER(II)

The sensitivity of SP-14 for copper(ll) ion was evaluated by colorimetric and titration
studies with concentrations of copper(ll) varying from 0 to 200 uM. The distinct visual color
change of SP-14 allows qualitative differentiation among different concentrations of copper(1l)
ions present (Figure 2.5A). Without copper(Il) present, the solution of SP-14 is light pink in color;
however, after incubating with 25 uM of copper(Il) for 15 min, the color of the SP-14 solution
changed to green. This green color became progressively darker as the copper(ll) concentration
was increased from 25 to 175 uM of copper(Il), which could allow a field user to employ SP-14
much like a pH strip to roughly quantify the copper(ll) concentration. To validate this
concentration-dependent darkening of green color, absorption profile of SP-14 was monitored as
aliquots of copper(ll) chloride were added to the solution of SP-14. Significant increase in the
absorbance of SP-14 at 418 and 677 nm was evident with increasing concentration of copper(ll)
ion (Figure 2.5A inset). To resolve that copper(l1) chloride alone was not inducing the green color,
concentrations ranging from 0 — 175 uM copper(l1) chloride in ethanol were evaluated (Figure
2.5B). No visual color was observed for copper(Il) chloride at these concentrations (Figure 2.5B
inset). In addition, the absorbance profile of copper(Il) chloride displayed no absorbance peaks at

418 nm or 677 nm, further indicating the SP-14-Cu?* interaction prompts the color change.
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Figure 2.5. (A) Absorbance profile of SP-14 incubated with various concentrations of Cu?*: 1 M
(orange); 2 uM (grey); 4 uM (gold); 6 uM (blue); 8 uM (green); 10 1M (light blue); 25 1M (light
orange); 50 M (light grey); 100 M (yellow); and 200 M (blue). 5A inset: Color change
observed for SP-14 with increasing concentrations of copper(Il). An observable change in color
between concentrations suggests SP-14 is capable of being used in the field for naked eye
qualitative assessment of copper(ll) concentration. (B) Absorbance profile of copper(Il) chloride
(0 — 175 puM) in ethanol. Cu?*: 0 uM (black); 25 uM (orange); 50 UM (grey); 75 UM (yellow);
100 uM (light blue); 125 pM (green); 150 uM (purple); 175 uM (dark blue). An increase in
absorbance at Amax =274 nm was observed. 5B inset: No observable change in color for copper(Il)
chloride with increasing concentrations from 0 — 175 uM suggest Cu?* alone does not produce

the green color.

The linearity of SP-14 and copper(ll) interaction was also assessed and it was found that
the absorbance increase was linear from 0 to 20 uM of copper(Il) (inset, Figure 2.6A) with no
increase in absorbance seen at 677 nm after one equivalent of copper(ll) had been surpassed,

suggesting possible 1:1 copper(ll)-ligand stoichiometry (Figure 2.6A). The 1:1 stoichiometry
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paired with the observations above for binding of copper(l1) to reference compounds bearing either
amine or phenolic oxygen moieties rules out the possibility of two different copper(1l) ions binding

simultaneously to dimethylamine N and phenolic O.

The stoichiometry of SP1 and copper(Il) was validated by Job’s method, is a widely used
analytical technique to determine the stoichiometry of a binding event. This method keeps the total
molar concentration of two binding components constant, while varying the molar fraction of one
binding component. In this study, the molar fraction of copper(ll) was varied from 0 to 0.9 while
keeping the sum of the initial concentration of SP1 and copper(ll) ion at 100 uM. The absorbance
for each molar fraction of copper(ll) was recorded at 677 nm and was plotted against the molar
fraction of copper(ll) ion as shown in Figure 3D. The maximum absorbance was achieved at a
molar fraction of 0.5, indicating a 1:1 stoichiometry of the SP1 and copper(ll) ion. This
stoichiometry is consistent with previous spiropyran-based colorimetric metal sensors, which often

exhibited a 2:1 or 1:1 ligand—copper(I1) stoichiometry.1>#1%°
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Figure 2.6. (A) SP-14 titrated with various concentrations of copper(ll) with the absorbance
measured at 677 nm. This titration study demonstrates a nearly linear response through 20 xM
Cu?*, indicating the utility of SP-14 as a quantitative sensor for copper through 50 uM

concentrations of copper(ll). Inset shows the linearity of response from 0 to 20 u#M. (B) Job's
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analysis of SP-14-Cu?* complex in ethanol. Absorbance recorded at 677 nm with maximal
absorbance achieved at 0.5 molar fraction of copper(Il) indicating a stoichiometry of 1:1 for the

SP-14—Cu?* complex.

To determine the limit of detection (LOD) for copper(ll) detection using SP-14, the change
in absorption was plotted against the [Cu?*] concentration. The detection limit of 0.11 uM by
means of UV-Vis spectrometry, was determined by calculating the [Cu?*] at 3SD (SD estimated
using the root MSE of 0.0022) above the estimated intercept (0.0070) of the linear regression
(Figure 2.7A). Compared to other spiropyran-based colorimetric copper(ll) sensors, SP-14
exhibited the second lowest limit of detection relative to other spiropyran-based colorimetric
copper(ll) sensors previously mentioned.*?*?® |t is interesting to note the minor structural
variations that contribute to the varying limits of detection. Amine placement and other electron
donating groups on the indole may provide greater enhancement of this observed sensitivity and

will be the focus of future studies.

The sensitivity of SP-14 was further investigated at micromolar levels (0 — 10 pM of Cu?*
in D.1.U.F water) by subsequently varying copper(ll) concentration to a solution of SP-14 and
monitoring the color change over a 15 min period. Figure 2.7B illustrates that, through naked eye
detection, SP-14 permits discrimination of = 6 uM concentration of copper(II) over the control
and can accurately quantify micromolar concentrations of copper(11). These results support the use

of SP-14 at concentrations well below physiological copper(ll) ion concentrations (16 uM in

serum, 300 uM in cells).®
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Figure 2.7. (A) LOD curve for SP-14 incubated with copper (1) concentrations ranging from 0 —
0.8 uM. The LOD was found to be 0.11 uM (B) Naked eye detection of SP-14 incubated with
increasing concentrations of copper(ll) chloride, depicts visual identification of copper(ll) = 6

UM,

2.2.5 SELECTIVITY TO coPPER(II)

Because of the promising sensitivity of SP-14 towards copper(ll), we also studied
selectivity by monitoring the changes in the UV-visible absorption profile of SP-14 in response to
chloride salts of other biologically and environmentally relevant metals such as Na*, K*, Mn?*,
Ca*, Zn?*, Co?", Mg?*, Ni?*, Fe®", Cd?*, and Pb?* in equimolar concentration. Selectivity of some
sensors towards copper(ll) over other metal ions has been attributed to the strong affinity of
copper(Il) ion toward N,O-chelate ligands and the fast metal-to-ligand binding Kinetics of

copper(ll) to its ligand.'®> Thus, we hypothesize that the presence of the amine substituent in our
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SP-14 ligand could provide copper(ll) selectivity over possible confounding alkali, alkaline earth,
and transition metal ions. To test this hypothesis, the absorption spectra of SP-14 were taken after
incubation with 1 equivalent of each metal salt (metal stock in D.l.U.F water). The presence of the
distinct absorbance band at 677 nm allowed for copper(Il) quantification over the other metal ions
tested, which exhibited absorbance increases only at 418 nm when incubated with SP-14 in ethanol
(Figure 2.8A, copper = purple line). Metal ion selectivity was also quantified based on the relative
absorbance increase of SP-14 at 677 nm when incubated with one equivalent of various metals
(Figure 2.8B). Absorbance data showed SP-14 exhibiting a nearly 21-fold increase over the
baseline when incubated with copper(l1), which is almost six-fold greater change in absorbance at
677 nm compared to the next best metal ion, Fe** (p<0.0010, Welch’s 2 sample t-test).
Interestingly, copper is the only metal tested to exhibit a green solution with SP-14; other metals

produced pink to reddish brown color (Figure 2.8B, inset).

The binding specificity of SP-14 for copper(ll) was further characterized by competition
studies where the absorbance of SP-14 with 1 equivalent of a competitive metal ion was
determined in the presence and absence of 1 equivalent of Cu?* at 418 and 677 nm. At 418 nm,
other metal ions such as Mn?*, Ca?*, Zn?*, Co?*, Mg?*, Ni?*, Pb®*, and Fe3* induced significant
absorbance changes (Figure 2.8A and 2.8C), and therefore could confound analysis of copper(Il)

levels if measurements were done at this wavelength; thus, the sensor should not be used at 418nm.

In contrast, Figure 2.8A and 2.8D show that when absorbance was monitored at 677 nm, there was
no absorbance at 677 nm for other metals except iron and lead, which showed much lower

absorbance than copper. Therefore, 677 nm is recommended for copper sensing. However, there

is a diminished response to copper(Il) when iron(l11) is present, suggesting that iron may interfere

with Cu detection.

26



(B)

04
Eos |
~
S .
0.2 [ SP1 Na' K M2 Ca Zn®CoxNg2Niz*Fet*CaPb Cus*
2
301 |
350 450 550 650 750 0
Wavelength (nm) Na' K' Mn* Ca®" Zn** Co* Mg Ni** Fe® Cd*' Pb* Cu?'
= Metal
(©) (D)
UCCINE Poor selectivity at 418 nm 04 r Good selectivity at 677 nm

e 0.52

(A-Ao) at 418 n
o o
N w
(2] ©

o
N
w

o

Na® K* Mn#*Ca?* Zn?** Co**Mg?* Ni** Fe** Cd*" Pb*" Cu®" Na* K* Mn2*Ca?" Zn?* Co?* Mg?" Ni** Fe** Cd** Pb?" Cu®
= Metal mMetal + Cu mMetal mMetal + Cu

Figure 2.8. (A) Absorbance profile of SP-14 after 15 min incubation with one equivalent of various
metal chlorides: Cu®* (purple), Fe3* (red), Ni?* (dark blue), Mg?* (orange), Co?* (grey), Zn**
(green), Ca?* (brown), Mn?* (light grey), K* (light blue), Na* (yellow), Cd?* (black) and Pb?*
(light green). (B) Relative absorbance increases at 677 nm of SP-14 incubated for 15 min with one
equivalent of various metals. Blue bars represent the change in absorbance versus initial
absorbance to give the relative absorbance increases at 677 nm. (C) Competitive binding
experiment of with one equivalent of copper(ll) in the presence of one equivalent of competing
metal ions monitored at (C) 418 and (D) 677 nm. Blue bars represent the change in absorbance
when SP-1 is incubated with one equivalent of only one metal ion. Orange bars represent change
in absorbance for SP-14 when incubated with one equivalent copper(ll) and one equivalent of a

competing metal ion. The orange bars demonstrate that the response of SP-14 to copper(ll) is
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unaffected by the presence of competing metals. These results verify that SP-14 can be used to
detect copper(ll) reliably regardless of the other metal ions present in solution. Error bars

represent standard deviation of three trials.

The absorbance profile for each metal chloride at 1 x 10* M in ethanol was also evaluated
(Figure 2.9). Metal ions Fe*" and Pb?* contained some absorbance at 418 nm, which could explain
the relatively higher absorbance compared to the other metal ions with and without Cu?*. None of
the other metal ions displayed an absorbance at 677 nm. These results indicate that quantitative,
relatively specific determination of Cu* levels using SP-14 would be possible if measurements
are done at 677 nm. This wavelength-dependent copper (I1) selectivity by SP-14 could be
particularly useful, for example, when samples contain high concentration of other ions such as

MnZ* and K*, two of the common ions found in soil.
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Figure 2.9. Absorbance profile and corresponding picture (inset) of 1 x 10™* M solution of metal
chlorides in ethanol. Cu®* (purple), Fe** (red), Ni%* (dark blue), Mg?* (orange), Co?* (grey), Zn**
(green), Ca?* (brown), Mn?* (light grey), K* (light blue), Na* (yellow), Cd?* (black) and Pb?* (light

green).
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To further test the detection capability of SP-14 for copper (11), the competition study was
repeated at higher concentrations of competing metal, and the absorbance of SP-14 was evaluated
at 418 and 677 nm with 10 equivalents of a competitive metal ion in the presence and absence of
1 equivalent of Cu?* (Figure 2.10). SP-14 incubated with and without one equivalent of copper(11)
was used as the control. Analysis done at 418 nm with SP-14 in the presence of 10 equivalents of
the metal displayed that all ions except Na* and K*, induced an increase in absorbance at that
wavelength (Figure 2.10A). When 1 equivalent of Cu®* was added, it is noted there was an
additional increase in absorbance for each metal ion at 418 nm except Pb?*. Due to the significant
absorbances of metal ions, such as Mn?*, Ca?*, Zn?*, Mg?*, Ni?*and Cd?*, Co?*, Fe** and Pb?*, as
previously noted, analysis at this wavelength would confound copper(Il) detection. Therefore, 677

nm was again inspected (Figure 2.10B). At 677 nm, metal ions Co?*, Fe®*, and Pb?* exhibited some

absorbance.
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Figure 2.10. Competitive binding experiment of SP-14 with one equivalent of copper(l1) chloride
in the presence of ten equivalents of competing metal ions monitored at (A) 418 nm and (B) 677
nm. Blue bars represent the change in absorbance when SP-14 is incubated with ten equivalents

of only one metal ion. Orange bars represent change in absorbance for SP-14 when incubated
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with ten equivalents of a competing metal ion and one equivalent of copper(ll) chloride. SP-14

incubated without (blue) and with (orange) one equivalent of copper(ll) was used as the control.

However, when incubated with SP-14 alone, both Co?* and Pb?* did not display the bathochromic
shift associated with SP-14-Cu?* complex (Figure 2.11A). Only in the presence of one added
equivalent of copper(ll), is the strong absorbance band at 677 nm witnessed (Figure 2.11B).
Copper can again be detected by eye through a notable change to a greenish solution with the
addition of one equivalent of copper, even in the presence of 10x excess competing metals, with

the exception of Fe** and Pb?* (Figure 2.11B inset). As for the 1:1 studies, monitoring the sensor

at 677 nm provided optimal selectivity for copper, As expected with Fe3*, there was a diminished

response to copper(ll), which was previously seen in the equimolar competition studies. At 10x
excess, lead also contributes absorption that confounds copper interpretation, but it should be noted
that the levels of lead represented by 10X are very high, on the order of lead concentrations in
water found during the height of the Flint Michigan crisis.'®” There are several feasible approaches
to navigate around these interferences. For example, the establishment of pre-treatment methods,
such as a Fe®* chelator that could effectively remove this metal ion from the sample. Singha et
al.1>8 developed a rhodamine functionalized mesoporous silica to remove Fe3* from solutions. Due
to the mesoporous solid support, this material can be effectively removed via filtration. Lead is a
contaminant of great health concern and a number of separate sensors for lead have been
developed,*®® which could be used to identify lead vs copper contribution. Furthermore, because
copper still confers a distinct green color even in the presence of 10x competing metals (Figure
2.11B inset), for all metals except iron and lead, both of which are also undesirable contaminants;

a field test with SP-14 could be used as an initial screening mechanism to determine if samples
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contain any of these three undesirable metals and need to be brought back for further lab analysis

by other more sensitive methods.
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Figure 2.11. (A) Absorbance profile of SP-14 (1.0 x 10 M in ethanol) after 15 min incubation
with ten equivalents of various metal chlorides. (B) followed by 15 min incubation with one
equivalent of copper(I1) chloride. Cu?* (purple), Fe®* (red), Ni?* (dark blue), Mg?* (orange), Co?*
(grey), Zn?* (green), Ca®* (brown), Mn?* (light grey), K* (light blue), Na* (yellow), Cd?* (black)
and Pb?* (light green). Inset: Visual representation of SP-14 incubated for 15 min with ten
equivalents of metal chlorides (1.4 x 102 M solution in water) followed by 15 min incubation with

one equivalent of copper(I1) chloride (1.4 x 1072 M solution in water).

The naked eye, colorimetric, selective detection of copper by SP-14 is summarized and
presented in Figure 2.12A for 1X competing metals and Figure 2.12B for 10X competing metals.
These photographs mirror the solutions from the absorbance spectrophotometry studies previously
discussed. As shown in Figure 2.12A, the 1X metals alone do not impart color to the solution. SP-
14 with metals at 1X plus are colorless to pink, except for copper(l1), which is green. When copper
is introduced to SP-14 in the presence of 1:1 equivalent competing ion, metal: Cu?*, this solution

is still green, except for Fe**, which is brownish green. Figure 2.12B reveals metals alone at 10X,
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do not possess any significant color, except for iron which is light yellow. When the SP-14 sensor
is present in the 10X metal solution, all are colorless to light pink except for Fe** and Pb?*. SP-14
plus copper in the presence of 10:1 molar equivalent competing metal: Cu?* maintains the green
color, except for Fe3*, which is yellow, and Pb?*, which is brown. These results demonstrate the
ability of SP-14 to detect copper even in the presence of excess amounts of other potential

contaminating metals.

(A)
Na* K* Mn" Ca’* Zn>* Co** Mg2+ Ni2* Fe‘* Cd* sz+ Cu?*
Metal F = gn!.s,.r:m—sx--mq E 2"&.3.: Q‘.—‘-‘n
only T —1 r I- c,
ax ;
- Vo s A A e = _L. L
SP1 only,

no metal added

SP+ = e e e N T Y R == =] e
Metal F 1 ' T

() oy Mt e e ek — v
SP+ SP]‘+Cu- only
Metal + .
Cu
(1:1:1) =
(B)
Na® K Mn? Ca?* Zn¥ Co** Mg Ni** Fe’* Cd** Pb* Cu?
Metal E :'. ,; = " i B o o e l. u
only [ |
(10X)
ez Ny ——yp -t e e p— -
SP1 only,
no metal added
SP+ l
Metal == 1
(1:10)
=]
SPI + Cu" only
SP+ i
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Figure 2.12. Summary of the naked eye, colorimetric, selective detection of copper(ll) by SP-14.

Samples are shown in the presence and absence of (A) 1X and (B) 10X competing metals.
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2.3 MATERIALS AND METHODS

2.3.1 MATERIALS

All reagents were purchased from Sigma Aldrich and used without further purification
unless stated otherwise. Accurate mass measurements were recorded on positive electrospray
ionization (ESI) mode in CH3OH or CH3CN on a Thermo Electron LTQ-Orbitrap Hybrid MS
(Thermo Fisher Scientific Waltham, MA). *H and *3C NMR spectra were measured in the solvent
stated at 400 or 600 MHz and 101 or 151 MHz, respectively (Bruker AVIIIHD Nanobay 400 MHz
and Bruker VNMRS 600 MHz, Bruker LLC, Billerica, MA). UV-vis absorption spectra were
recorded in 1.0 cm path length and 700 pL quartz cuvettes on a Cary Bio-100 UV-vis
spectrophotometer (Aligent, Santa Clara, CA). All metal salts were prepared in de-ionized ultra-

filtered (D.1.U.F) water purchased from Fisher Scientific.

2.3.2  SYNTHESIS AND STRUCTURAL CHARACTERIZATIONS

5-Methoxy-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (1).1%°

Following a modified literature procedure,'®® a solution containing 3-methylbutan-2-one
(5.90 mL, 55.2 mmol) in glacial acetic acid (88 mL) was added 4-methoxyphenylhydrazine
hydrochloride (4.815 g, 27.57 mmol). The solution was stirred at reflux for 5.5 h. The solution was
allowed to cool to room temperature and neutralized with KOH pellets. The crude material was
extracted with Et2O (3 x 100 mL), dried over MgSQyg, filtered, and concentrated in vacuo. The
crude product was purified by flash column chromatography (70:30, hexanes/EtOAc) to afford
2,3,3-trimethyl-5-methoxy-3H-indole as a red amorphous solid (5.149 g, 99%). 'H NMR (600

MHz, CDCls) 5 7.43 (d, J = 8.3 Hz, 1H), 6.84-6.80 (m, 2H), 3.82 (s, 3H), 2.24 (s, 3H), 1.28 (s,
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6H). 'H NMR is consistent with published data.'®? Following a modified literature procedure,®

iodomethane (0.048 mL, 0.76 mmol) was added to a solution of 2,3,3-trimethyl-5-methoxy-3H-
indole (0.133 g, 0.716 mmol) in anhydrous acetonitrile (14.3 mL). The solution was stirred at
reflux for 21 h. The solution was allowed to cool to room temperature, concentrated in vacuo, and
suspended in CHClI3 (2.5 mL) and hexanes (20 mL). The suspension was sonicated for 30 min and
filtered to afford indolium 1 as a pink amorphous solid (0.117 g, 49%). *H NMR (600 MHz,
CDCl3) 6 7.56 (d, J = 8.7 Hz, 1H), 7.07-7.01 (m, 2H), 4.23 (s, 3H), 3.90 (s, 3H), 3.04 (s, 3H), 1.65

(s, 6H). *H NMR is consistent with published data.*®® MS, ESI*: m/z = 204.14 (M+H)*.

5-Dimethylamino-2-hydroxy-benzaldehyde (2).1%2

Following the reported literature,** EtOH (30 mL) and aqueous formaldehyde solution
(37%, 3.8 mL) were added to a flask containing 2-hydroxy-5-nitrobenzaldehyde (0.160 g, 0.957
mmol) and Pd/C (20 wt%, 0.098 g). CAUTION: Pd/C is pyrophoric and must be handled under
appropriate safety protocols. The solution was purged with argon and then Hz. The mixture was
then stirred under a balloon of H for 18 h at room temperature. Additional aqueous formaldehyde
solution (37%, 2.0 mL) was added, and the mixture was again purged with argon and H», and then
stirred for an additional 24 h under a balloon of Hz. The mixture was filtered through Celite and
the filtrate was acidified with 1 M HCI (15 mL) and concentrated in vacuo. The residue was
neutralized with saturated aqueous NaHCOs and extracted with CH2Cl, (3 x 35 mL). The
combined organic extracts were dried over Na;SO4 concentrated in vacuo. Purification by flash
chromatography (8:2, hexanes/EtOAc) afforded aldehyde 2 as a red oil (0.117 g, 74%). *H NMR

(600 MHz, CDCl3)  10.45 (s, 1H), 9.86 (s, 1H), 7.08 (dd, J = 9.0, 3.1 Hz, 1H), 6.91 (d, J = 9.0
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Hz, 1H), 6.85 (d, J = 3.0 Hz, 1H), 2.91 (s, 6H). *H NMR was consistent with that reported in the

literature.'%® MS, ESI": m/z = 164.07 (M-H)".

5'-Methoxy-N,N,1',3',3'-pentamethylspiro[chromene-2,2'-indolin]-6-amine (SP-14).

Following the reported literature,'>* to a solution containing indolium 1 (0.223 g, 0.707
mmol) in EtOH (5.0 mL) was added salicylaldehyde 2 (0.117 g, 0.708 mmol) and EtsN (0.20 mL,
1.4 mmol). The solution was refluxed for 4 h before being concentrated in vacuo. Purification by
column chromatography (85:15 to 80:20, hexanes/EtOAc) afforded SP-14 as a red amorphous
solid (0.118 g, 47%). IR (cm™); 2968 (CHs asymmetric stretching), 2874 (CHs symmetric
stretching), 1650 (C=C stretching), 1600 (aromatic ring), 1488 (CH3 asymmetric bending), 1390
(CH3 symmetric bending), 1273 and 1251 (C-N stretching), 1217 (C-O stretching), 1183 (COCHjs
stretching), 1127 and 1097 (CH out of plane asymmetric stretching), 1031 and 1010 (CH out of
plane symmetric stretching), 956 (O—C—N stretching); *H NMR (600 MHz, CDCls); § 6.81 (d, J =
10.1 Hz, 1H), 6.73 (d, J = 2.5 Hz, 1H), 6.71 (dd, J = 8.2, 2.5 Hz, 1H), 6.66 (d, J = 8.8 Hz, 1H),
6.61 (dd, J = 8.8, 2.9 Hz, 1H), 6.51 (d, J = 2.9 Hz, 1H), 6.43 (d, J = 8.2 Hz, 1H), 5.68 (d, J = 10.1
Hz, 1H), 3.80 (s, 3H), 2.86 (s, 6H), 2.60 (s, 3H), 1.11 (s, 3H), 1.17 (s, 3H); *H NMR was consistent

with previous literature report.>® HRMS, ESI*: m/z = 351.21 (M+H)*.

2.3.3 COPPER TITRATION PROCEDURES

The absorption spectra were recorded on a Cary Bio-100 UV-vis spectrometer using a
quartz cell with 1.0 cm path length and volume of 700 mL. For precision and accuracy, all solutions
were freshly prepared and experimental conditions maintained for all assays. Stock solutions of

the cations (1.4 x 102 M) were prepared in de-ionized ultra-filtered (D.I.U.F) water and SP-14 (1
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x 10~* M) was prepared in ethanol in the dark. The titration was accomplished by placing 700 mL
of an SP-14 stock solution (1.16 x 10 M = 100 pM SP in ethanol) directly into the cuvette and
adding copper(ll) ([Cu?*] from a stock (1.4 x 1073 M in D.1.U.F water, 200 uM will be 116.6 mL),
diluted to a fixed total volume (816.6 pL) was added for all concentrations, and incubated in the
dark for 15 min. The change in absorbance at 418 nm and 677 nm was plotted against copper(ll)

ion concentration.

Response of Phenol and N,N-dimethylaniline to Cu?* in ethanol
Absorbance profiles of phenol (100 mM) and N,N-dimethylaniline (100 mM) were
obtained in a 700 pL solution of the above reference compounds after adding varying amounts (0-

1.4 eq) of Cu?* in ethanol and incubating in the dark for 15 min.

Job’s Plot Analysis

Data for Job’s plot was generated by maintaining a fixed total molarity of SP-14 and
copper(ll) chloride at 1 x 10~* M while varying the molar equivalents of each. The absorbance was
recorded at 677 nm with maximal absorbance achieved at 0.5 molar equivalents of SP-14 and
copper(I) chloride. The ratio of copper(ll) to SP-14 was systematically varied (0 to 0.9) keeping

a fixed total molarity (100 mM) and keeping constant sample volume (700 pL).

Limit of Detection (LOD)
700 mL of an SP-14 stock solution (1.02 x 10 M = 100 pM SP in ethanol) was added

directly into the cuvette. To the cuvette was added a known amount of copper(l1) ([Cu?] from a
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stock (3.8 x 10° M in D.I.U.F water , 0.80 uM = 15 mL), diluted to a fixed total volume (715 pL)
, mixed with Pasteur pipet, and incubated in the dark for 15 min, followed by absorbance
measurement. This was repeated in triplicate for copper (11) concentrations ranging from 0 — 0.80
MM and the triplicates at each concentration were averaged to obtain the value. The order of the
copper (I1) concentrations were determined using a random number generator. The LOD for the
sensor was calculated by first using linear ordinary least squares (OLS) regression (R version
3.6.0) of baseline corrected absorbance vs [Cu] in uM to determine the mean square error (MSE).
The MSE of OLS was used as an estimate of the error variance o while the intercept of the OLS
fit was taken to be representative of the blank (0 uM) absorbance. The LOD was defined as the

minimum [Cu] which resulted in an absorbance no greater than 3¢ from the blank.

2.3.4 ABSORBANCE PROFILE OF SP-14 WITH EQUIMOLAR (1X) METAL CHLORIDES

700 pL of a 1 x 104 M solution of SP-14 in ethanol was added into a quartz cuvette. This
solution, prepared under dark conditions, was scanned for an initial absorbance profile. To the
cuvette, was then added one equivalent of metal chloride (5 pL of a 1.4 x 102 M solution of
metal chloride in D.1.U.F water) and incubated in the dark for 15 min, followed by absorbance

measurement.

2.3.5 COMPETITION STUDIES

Equimolar (1X) Metal Chlorides to Copper(1l) Chloride (1X)
700 pL of a 1 x 10* M solution of SP-14 in ethanol was added into a quartz cuvette. This

solution, prepared under dark conditions, was scanned for an initial absorbance profile. To the
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cuvette, was then added one equivalent of metal chloride (5 puL of a 1.4 x 1072 M solution of metal
chloride in D.I.U.F water) and one equivalent of copper(Il) chloride (5 uL of a 1.4 x 102 M
solution of copper(ll) chloride in D.1.U.F water), mixed with a Pasteur pipet, incubated under dark
for 15 min, followed by absorbance measurement. For the photographs in Figure 7, these
procedures were scaled to 21.4 uL. metal chloride, 21.4 uL copper (1) chloride and 3mL of ethanol,

(metals only), or 3 mL of SP-14 (colorimetric detection).

Ten Equivalents (10X) Metal Chlorides to Copper(1l) Chloride (1X)

700 pL of a 1 x 10 M solution of SP-14 in ethanol was added into a quartz cuvette. This
solution, prepared under dark conditions, was scanned for an initial absorbance profile. To the
cuvette, was then added ten equivalents of metal chloride (50 pL of a 1.4 x 102 M solution of
metal chloride in D.l.U.F water), mixed with a Pasteur pipet, incubated under dark for 15 min,
followed by absorbance measurement. Subsequently, one equivalent of copper(Il) chloride (5 pL
of a 1.4 x 102 M solution of copper(I1) chloride in D.l.U.F water) was added to the cuvette, mixed
with a Pasteur pipet, incubated under dark for 15 min, followed by absorbance measurement. For
the photographs in Figure 7, these procedures were scaled to 214 pL metal chloride, 21.4 uL.

copper(1l) chloride and 3mL of ethanol (metals only), or 3 mL of SP-14 (colorimetric detection).
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2.4 CONCLUSION AND FUTURE DIRECTIONS

In this work, the metal selectivity and sensing properties of a spiropyran molecular sensor
was demonstrated. SP-14 showed selectivity toward copper(ll) ions, which offered qualitative
naked eye detection (colorless to green) and quantitative detection of copper(ll). The sensor
demonstrated two absorbance maxima in response to metal ions with selectivity for copper(Il) at
a wavelength of 677 nm. The stoichiometry of metal binding was determined to be 1:1 and was
consistent with other copper(Il) colorimetric sensors.'>31* Detection was possible even in the
presence of 10x molar equivalents of other metals, with exception of iron and lead. SP-14 exhibited
sensitivity down to the micromolar range with a calculated limit of detection of 0.11 x 10° M. In
addition, the ability to visually detect copper(Il) concentrations down to = 6 uM offers the potential

for sensitive and rapid sensing in field samples.

We acknowledge that sensing in a solvent such as ethanol has some limitations, however,
contaminants in organics can also be an issue and this system could be useful for other applications
such as copper sensing in jet fuels, which is hampered by the volatility during typical analysis
techniques.'® The use of organics to enhance sensor solubility is not unusual. Of the 15 sensors
with sub 10 micromolar naked eye sensitivity, similar to ours, 13 of these were in pure organic
solvents or mixtures of solvents such as acetonitrile, methanol, DMSO, DMF, or ethanol. Three
papers report results in water, but neither of these papers demonstrate naked eye detection even in
the presence of competing metals.'?8147149 \While SP-14 has limited solubility in water, efforts are
currently underway to apply this sensor as a paper-based diagnostic and preliminary evidence
shows that the sensor dried to paper can sense solutions of copper in water. We are also working
to adapt this system for 100% aqueous applications by increasing solubility. Although it is a

concern that spiropyrans undergo spontaneous ring opening in water, there have been studies in
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which spiropyrans revealed to be an effective probe in PBS*?® and water.%> As presented here,
copper can be detected by visual inspection at low concentrations under a number of conditions,
which could provide first-pass analysis of copper content in the field. Further experiments to
explore the potential applications of these compounds are underway, as well as efforts to develop

more sensitive copper(ll) agents.
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CHAPTER 3. EXAMINATION OF THE MEROCYANINE-

GLUTATHIONE INTERACTION

The work described in this chapter has been reported in:

Trevino, K. M., Addison, B., Louie, A. Y., Garcia, J., Investigating the interaction between
merocyanine and glutathione through a comprehensive NMR analysis of three GSH-stabilized

merocyanine species, Magn Reson Chem 2023, 61(8), 487. https://doi.org/10.1002/mrc.5369

Adapted with permission from Wiley
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3.1 GLUTATHIONE AND ITS BIOCHEMICAL FUNCTION

Glutathione (GSH) is a tripeptide composed of glutamate, cysteine, and glycine. It is
present in the human body with concentrations around 0.5-10 mM intracellularly®®-1%8 and 2-20
UM extracellularly. 1 GSH acts as a primary intracellular and extracellular antioxidant,
stemming from the thiol on the cysteine that allows GSH to be oxidized to glutathione disulfide
(GSSG).1"1-173 Reduction of GSSG and regeneration of GSH is possible by means of glutathione
reductase.’’* The reversibility from GSH to GSSG allows GSH to act as powerful antioxidant to
scavenge free radicals produced by reactive oxygen species (ROS) and prevent oxidative stress,
which is linked to several diseases such as Parkinson’s, Alzheimer’s, amyotrophic lateral sclerosis
(ALS) etc.”>178 While GSH has a profound importance, there have been shortcomings in the
development of a biosensor for GSH due to issues such as specificity, selectivity, detection limit,
detection method, etc. We have previously reported several GSH responsive spiropyrans'’® and
acknowledge the complexity of the spiropyran glutathione interaction. Thus, in this chapter we
present our current publication®® in which we propose a favorable conformation between three
GSH-stabilized merocyanine species in hopes of helping to elucidate the mechanism of

spiropyrans for GSH.

3.2 GLUTATHIONE’S EFFECT ON SPIROPYRAN

Spiropyrans belong to a class of photochromic materials that are known to undergo
reversible structural changes from ring-closed spiropyran to ring-open merocyanine isomer in
response to different external stimuli, such as redox changes. Sensing redox active molecules such

as the potent antioxidant glutathione (GSH) is of interest due to the observation that changes in
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GSH levels are indicative of oxidative stress and correlated with a number of pathological
conditions'®-183 Several GSH-responsive spiropyrans have been reported®*17°184-18: however,
these spiropyrans exhibited modest sensitivity and selectivity towards the antioxidant. In addition,
the specificity of recognition of these photoswitches to GSH remains imperfect. Understanding the
structural details of the spiropyran isomers using NMR spectroscopy may provide insights to how
these photoswitches sense GSH. While *H NMR spectra of different spiropyrans are readily
available in the literature'®-2% the availability of 'H NMR data of merocyanine species is rising
but still limited."%29-211 Thiele et. al.?*? provided nearly complete *3C chemical shift assignment
of the merocyanine species from a light-irradiated spiropyran featuring a nitro substituent in the
chromene group, and a carboxylic acid attached to the indolic nitrogen (Figure 3.1A). However,
some *H and 13C assignments, specifically the olefinic protons and carbons (shown in red asterisks
in Figure 3.1A) at the bridging part of the molecule, were inconclusive. NMR characterization of
these protons and carbons are important for determining spatial isomers (e.g., cis or trans), an
important piece of structural information for understanding the mechanism governing GSH
sensing using spiropyrans. Therefore, a complete NMR (*H and *C NMR) characterization of
three GSH-stabilized merocyanines: (E)-2-(2-(5-methoxy-1,3,3-trimethyl-3H-indol-1-ium-2-
yl)vinyl)phenolate (MC-3), (E)-4-methoxy-2-(2-(1,3,3-trimethyl-3H-indol-1-ium-2-
yl)vinyl)phenolate (MC-7), and (E)-4-methoxy-2-(2-(5-methoxy-1,3,3-trimethyl-3H-indol-1-
ium-2-yl)vinyl)phenolate (MC-9) from a series of three spiropyrans: 5'-methoxy-1',3',3'"-
trimethylspiro[chromene-2,2'-indoline] (SP-3), 6-methoxy-1',3',3-trimethylspiro[chromene-2,2'-
indoline] (SP-7), and 5'6-dimethoxy-1',3",3'-trimethylspiro[chromene-2,2'-indoline] (SP-9)
(Figure 3.1B) was accomplished. These three structures differ in the number of methoxy groups

they contain: MC-3 bearing a methoxy on the para position of the indoline unit, MC-7 bearing a
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methoxy on the para position of the phenolic oxygen and MC-9 bearing a methoxy on both sides.
Comprehensive NMR characterization of GSH-stabilized merocyanines could aid in the
identification of stereochemistry of the GSH-stabilized merocyanine species and may help in

providing improved understanding of the sensing mechanism of these photoswitches for GSH.

a) Previous work by Thiele et al.

HG cH
CL Y oy 2
o o,
A or Vis
COCH COOH
Spiro (SP) form Mero (MC) form
b) Our work
. HaC e
! O — GSH
o)
CH,
Spiro (SP) form Mero (MC) form
R, R,
SP-3 or MC-3 OCH;, H
SP-7 or MC-7 H OCH;,4
SP-9 or MC-9 OCH;, OCH;,

Figure 3.1. Structures of the spiro and mero forms of (A) the photoswitch reported by Thiele et.
al.?!2 and (B) the glutathione-responsive spiropyrans SP-3, SP-7, and SP-9 presented in this

chapter.
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3.3 INVESTIGATING THE INTERACTION BETWEEN MEROCYANINE AND
GLUTATHIONE (GSH) THROUGH A COMPREHENSIVE NMR ANALYSIS OF THREE

GSH-STABILIZED MEROCYANINE SPECIES

3.3.1 SYNTHESIS OF SP-3, SP-7, & SP-9

The synthesis of SP-3, SP-7, & SP-9 have previously been reported.'® Briefly, for SP-3 and SP-
9, the indolium iodide was prepared from the methoxyhydrazine through an interrupted Fisher
indole synthesis, followed by methylation with iodomethane to produce 5-methoxy-1,2,3,3-
tetramethyl-3H-indol-1-ium  (Scheme 3.1A). Commercially available 1,3,3-trimethyl-2-
methyleneindoline was used for the synthesis of SP-7 (Scheme 3.1B). The synthesis of these three
derivatives ultimately proceeded through the nucleophilic attack of the Fischer base on the

respective salicylaldehyde to produce the desired spiropyran (Scheme 3.1).

(A)
1) 3-methylbutan-2-one |, HsC e,
H;co AcOH, 99% : \@Si
N,NH-CI 2) CHal, CH3CN, 49% %/
H Ie \CH3
O OH
Ry —
H R
or operane ] O .
I EtOH or \ z
i-PrOH
(B) H,C B ‘ R R
€ cH, X =H or OCH; 1 2
SP-3 | OCH, H
" sP7| H OCH,
EH, SP-9 | OCH, OCH,

Scheme 3.1. Synthetic routes for (A) SP-3, SP-9 and (B) SP-7.
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3.3.2 'H AnND C NMR ASSIGNMENTS OF MC-3, MC-7, & MC-9

The 'H and *C NMR characterization of GSH-stabilized merocyanine species, MC-3,
MC-7, MC-9, was determined by using *H, *C, COSY, NOESY, HSQC and HMBC to better
understand the interaction between spiropyran and GSH. The number of methoxy groups in each
compound ranged from one to two, and there were three methyl groups for all the reported
spiropyrans. The proposed *H and 3C NMR chemical shifts, assignments, and general structure of
merocyanines MC-3, MC-7, and MC-9 are presented in Table 3.1. Additionally, the proposed ‘H
and *C NMR chemical shifts, assignments, and general structure of spiropyrans SP-1, SP-2, and
SP-3 are available in the additional information section 3.6, Table 3.2. All protons are numbered
by their attached carbons. The respective proton peaks corresponding to the closed spiro form of
SP-3, SP-7, and SP-9 alone (Additional Information, Figures 3.8, 3.9, & 3.10) and with the addition
of GSH (Figure 3.2, Additional Information, Figures 3.11 & 3.12.) are provided in the additional
figures section 3.6. The carbon peaks for the GSH stabilized merocyanines MC-3, MC-7, and

MC-9 can also be found in the additional information section 3.6, Figures 3.13, 3.14, & 3.15.
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Table 3.1. *H and 3C NMR chemical shifts of the merocyanine forms MC-3, MC-7, and MC-9 in 1:1 CDsCN/phosphate buffered
saline (pH 7.4), and multiplicity and coupling constants (expressed in Hz) are given in parentheses.

18 o m/z
(M+H)*

MC-3: Ry =285“°|’-|3, Ry =H 308.16

MC-7: Ry = H, R, = OGH, 308.16

MC-0: R, = OCHs, Ry = OCHs 338.17
Position MC-3 MC-9

lH 13C lH 13C 1H 13C

1 _ 161.95 7.55-7.59 (m) 129.05 _ 160.78
2 7.10 (dd; 2.5,8.8)  115.85 7.55-7.59 (m) 129.31 7.0 (dd; 2.5,89)  114.68
3 7.57 (d, 8.8) 116.74 7.66 (d, 7.0) 114.36 7.57 (d, 8.8) 115.55
4 = 136.08 — 141.38 — 134.90
5 = 146.32 — 142.86 = 145.16
6 7.23(d, 2.5) 109.29 7.65 (d, 7.2) 122.38 7.23(d, 2.5) 108.09
8 = 181.35 — 182.24 = 180.00
9 = 52.50 — 51.92 — 51.85
10 7.47 (d, 16.4) 112.66 7.50 (d, 16.4) 111.46 7.43 (d, 16.4) 111.47
11 8.40 (d, 16.4) 148.89 8.47 (d, 16.4) 148.92 8.38 (d, 16.4) 147.11
12 = 122.34 — 121.12 = 121.26
13 = 159.72 — 152.63 = 152.56
14 6.98 (d, 8.5) 117.83 6.95 (d, 9.0) 117.71 6.93 (d, 9.0) 117.77
15 7.40 (td; 8.5,7.2,1.6) 121.28 7.07 (dd; 9.0, 3.1) 123.11 7.04 (dd; 3.1, 9.0) 122.57
16 6.96 (t; 7.9, 7.2) 136.20 — 153.21 = 153.16
17 7.80 (dd:7.9, 1.6) 130.71 7.33(d, 3.1) 111.75 7.30 (s) 111.62
19 1.69 (s) 26.63 171 (s) 2538 1.69 (s) 2543
20 1.69 (s) 26.58 1.71 (s) 25.36 1.69 (s) 25.38
21 3.91 (s) 34.83 3.96 () 33.62 3.92 (s) 33.69
23 3.84 (s) 56.60 - - 3.84 (s) 55.74
25 - _ 3.78 () 55.36 3.77 (5) 55.56

Multiplicities, s, d, t, and m represent singlet, doublet, triplet, and multiplet, respectively.



3.3.3  STRATEGY IN DETERMINING THE SPECTRAL ASSIGNMENTS FOR MC-3, MC-7, & MC-9

The NMR spectral assignment strategy for all three merocyanine compounds was as
follows: (1) identify all H resonances associated with each of the three chemical species (i.e.,
closed-form spiropyran, open-form merocyanine, and glutathione) in the sample; (2) assign all *H
resonances by analyzing chemical shifts, peak areas, homonuclear couplings and multiplicities,
and NOE cross peaks; (3) assign all $3C resonances with attached protons using heteronuclear
single quantum coherence (HSQC) data; and (4) assign the remaining quaternary carbons using
heteronuclear multiple-bond correlation (HMBC) data and chemical shift analysis. NMR data of
merocyanine species MC-7 and MC-9 were determined using a similar procedure as MC-3
described here: The sample used for NMR analysis contained three different chemical species,
thus the first step was to assign all *H resonances to one of three compounds: glutathione (grey),

SP-3 (closed-form, blue), or MC-3 (open-form, black) and CD3CN reference (red). (Figure 3.2).
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Figure 3.2. 'H NMR Spectrum of GSH-stablilzed MC-3. MC-3 (black), SP-3 (blue), GSH (grey),
CD3CN reference (red). The MC-3 species was induced using 5 mM SP-3 and GSH in equimolar

concentration in deuterated acetonitrile/phosphate buffered saline (PBS, 1X, pH 7.4) (1:1 v/v)

48



This was easily accomplished by comparing integration areas; 9 conjugated and 4 methyl-
group resonances were identified for MC-3 and SP-3 with a ratio of 1:1.15 MC: SP. The H signals
at 1.69 ppm (H-19, H-20) were identified based on chemical shift and peak area (6H). The protons
H-19 and H-20 are indistinguishable and appeared as singlet in the *H NMR spectrum suggesting
two magnetically equivalent methyl groups in the indole moiety. The similar magnetic
environment experienced by these methyl protons is a result of being in a planar merocyanine
structure. However, it is interesting to note that these two methyl groups give rise to two unique
13C resonances in the HSQC spectrum at 26.63 ppm and 26.58 (C-19 and C-20), shown in Figure
S5, suggesting the existence of two slightly different methyl environments. This indicates either a
slight bend in the planar merocyanine structure, or possibly a change in environment caused by
the presence of GSH on either side of the molecule. This was observed for the MC-7 and MC-9
species as well, with a singlet for the H-19 and H-20 protons in MC-7 (1.71 ppm) and MC-9 (1.69
ppm) for the *H spectrum x-axis of the HSQC. Two unique *C peaks for MC-7 (25.38 ppm and
25.36 ppm) and MC-9 (25.38 ppm and 25.43 ppm) were also noticed for the *3C spectrum y-axis
of the HSQC spectrum (Additional Information, Figures 3.16, 3.17, & 3.18). Further insight into
the interaction between GSH and spiropyrans can be gained through additional chemical shift
interpretation and computational studies.

The remaining proton and carbon resonances were assigned as follows: NOESY NMR
spectrum of MC-3 allowed us to examine the spatial proximity of protons H-19/H-20 (1.69 ppm)
to protons H-6 and H-11 at 7.23 and 8.40 ppm, respectively. Clear NOE cross peaks with H-19/H-

20 with H-6 and H-11 were observed in the NOESY spectrum (Figure 3.3).

49



H-21 H-23

|
H-11 H3 H10 H-6 H-2 “ ‘
- 17
Bl i JH L Lo \‘rn. | L {rremo
. -_J i I, L W N
H-19/20 / H-11 H-19/20 / H-6 /
/(169, 8.40) (1 .6/9. 7.23) 16
H-23 H-2 Mot
H-21/ H-10 Gl o Mo=t1.7
“H21/H3 (3-91!, 7.47) s S
391,757\, |, '
i F3.9
s
1l L7.0
% i (1,69, 723) [
E 'H-23 1 H-6 .2 \ﬂ 7.2
| (3.84, 7,297 i L E
H-17 / H-10 i
H-15 < ‘ b ) H-21/ H-10 (74 £
HoAG | ) (7.80, 7.47)\% Ty ‘/ (3.91, 747) ] ;:'
= i @ H-21 [H-> | .7 -
] 11/ HAT ' (3.91,7.57) | bt
w17 =) o0, 750 ¥ 4 s
| 1 r
‘ L H-17 / H-10 8.0
I (7.80, 7.47) ot
f H-19/20 /H41 (g3
Y HMIHAT N (169,840) |
(8.40, 7.80) \ i \@ 8.4
[} P : r
82 8.0 78 76 7.4 72 70 3818 16
1H (ppm)

Figure 3.3. NOESY spectrum of GSH-stabilized MC-3. NOESY correlations (dashed lines) of MC-
3. NOESY spectrum has been cut for clarity and full spectrum can be found in supplementary

Additional Information, Figure 3.19.

Once the H-6 and H-11 proton chemical shifts were identified by NOESY, the direct correlation
of these protons to the bound carbon was found to be C-6 (109.29 ppm) and C-11 (148.89 ppm)
through HSQC NMR spectrum (Additional Information, Figure 3.22). Based on the identification
of H-11, the H-10 proton could be assigned using COSY with a *H assignment of 7.47 ppm (Figure

3.4)
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Figure 3.4. COSY spectrum of GSH-stabilized MC-3. Inset: COSY correlations (dotted lines) of
MC-3. The MC-3 species was induced using 5 mM SP-3 and GSH in equimolar concentration in

deuterated acetonitrile/phosphate buffered saline (PBS, 1X, pH 7.4) (1:1 v/v)

Additionally, H-10 and H-11 could be identified based on chemical shift, multiplicity (doublets),
and the characteristic J-coupling constant of 16 Hz for olefinic protons in a trans conformation. It
is noted that H-11 is the most deshielded among the merocyanine *H peaks due to ring-current
effects and additionally due to the delocalization of & electrons towards the positively charged
indolic nitrogen, causing the carbon to which this proton is attached to carry a partial positive
charge. The two protons H-11 and H-10 are correlated to *C peaks at 148.89 (C-11) and 112.66

ppm (C-10), respectively in the HSQC spectrum (Additional Information, Figure 3.22).
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The protons in the methoxy group (H-23, 3.84 ppm) and the methy| attached to the indolic
nitrogen (H-21, 3.91 ppm) were close in chemical shift but could be differentiated through
observed NOE cross peaks shown in Figure 3; H-21 with resonances H-3 and H-10, and H-23 with
resonances H-2 and H-6. Further elucidation of their associated *3C chemical shifts was observed
in the HSQC spectrum (Additional Information, Figure 3.22). The signals of the remaining ‘H
resonances on the indoline fragment (H-2 and H-3) were assigned by analyzing homonuclear
COSY and NOESY correlations. As aforementioned, an NOE cross peak was observed between
H-21 and H-3, a doublet at 7.57 ppm (Figure 3.3). In the COSY spectrum of Figure 4, H-3 showed
J-coupling to the doublet of doublets at 7.10 ppm (H-2). *C resonances C-2, C-3, and C-6 were
identified from the HSQC spectrum (Additional Information, Figure 3.22).

The remaining four aromatic *H resonances from the ring-open chromene moiety (H-14,
H-15, H-16, H-17) were assigned based on COSY, HSQC, and NOESY spectra. A NOE cross
peak was observed between a doublet of doublets at 7.80 ppm and both H-11 and H-10; thus this
was assigned to H-17 (Figure 3.3). Interestingly, the NOE cross peak intensity was much stronger
between H-17 and H-10 than between H-17 and H-11, strongly suggesting a trans conformation
TTT. (This is discussed further with respect to Figure 3.7). After assigning H-17, the triplet at 6.96
ppm could then be assigned to H-16 from the COSY spectrum in Figure 3.4. Furthermore, the
triplet H-15 (7.40 ppm) and the doublet at 6.98 ppm could then be assigned to H-14, through
observed COSY cross peaks (Figure 3.4). These assignments are consistent with chemical
shielding concepts; H-14 and H-16 were more shielded compared to H-15 and H-17 due to the
partial negative charge to the carbon atoms to which H-14 and H-16 are attached due to electron
delocalization. Again, associated *C resonances were assigned using HSQC data by observed

cross-peaks with attached protons (Additional Information, Figure 3.22).
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Figure 3.5. HMBC spectrum of GSH-stabilized MC-3. Inset: HMBC correlations (solid lines) of

MC-3. The MC-3 species was induced using 5 mM SP-3 and GSH in equimolar concentration in

deuterated acetonitrile/phosphate buffered saline (PBS, 1X, pH 7.4) (1:1 v/v)

Five quaternary carbons were identified in the HMBC spectrum and assigned to C-1, C-8,

C-9, C-12, and C-13 through careful analysis (Figure 3.5). Basic chemical shift prediction was

used to aid in quaternary carbon assignments. For example, the three most downfield quaternary

carbons at 181.35 ppm (HMBC to H-11 & H-10), 161.95 ppm (HMBC to H-3, H-6) and 159.72

ppm (HMBC to H-11, H-17, H-15) were assigned to C-8, C-1, and C-13, respectively. This was

based on HMBC correlations and by the expectation that their chemical shifts would be the most

downfield of all seven quaternary carbons. Similarly, the quaternary carbon C-9 at 52.50 ppm
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(HMBC to H-10 & H-6) was easily identified as it is the most shielded among the seven. C-12 at
122.34 ppm was assigned from a strong HMBC correlation to H-10 and a weak coupling to H-16.
The last two quaternary carbons, C-4 and C-5 were assigned at 136.08 ppm and 146.32 ppm,
respectively. Both of these resonances could be assigned to either C-4 or C-5 based on ambiguous
HMBC cross-peaks, so chemical-shift prediction was used to assign C-4 as the more upfield and
C-5 as the more downfield. All identified HMBC correlations (solid grey lines), as well as NOESY

correlations (dotted blue lines), are indicated in Figure 3.6.

Figure 3.6. The important correlations obtained from the HMBC (solid grey lines) and NOESY

(dotted blue lines) spectra of GSH-stabilized MC-3.

3.3.4 EXAMINATION OF NOESY TO DETERMINE THE MOST FAVORABLE CONFORMATION FOR GSH-

STABILIZED MC-3, MC-7, & MC-9

The high amount of GSH-induced merocyanine species enabled access to complex
structural information that can be obtained from 2D NMR experiments such as COSY, HSQC,
HMBC, and NOESY. While the closed spiro form locks the olefinic fragment in a cis

configuration, computational studies show that the ring-open merocyanine isomer can assume four
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different conformations for each of the trans (TTC, TTT, CTC, CTT), shown in Figure 3.7A, and
cis isomers (CCC, CCT, TCC, TCT).1%213214 2D NMR revealed that the trans TTC and TTT were
the predominant species for MC-3, MC-7 and MC-9. NOESY showed that the olefinic protons
H-10 and H-11 are in trans configuration for all MC species due to the presence of NOE cross
peaks between H-11 and H-19/20 and cross peaks between H-10 and H-21 (Figure 3.3, Additional
Information, Figures 3.20, & 3.21.). These correlations are illustrated using grey dotted lines in
Figure 3.7A. Moreover, the absence of NOE cross peaks between H-10 and H-19/20 and cross
peaks H-11 and H-21 further supported the trans TTC and TTT being the two prevalent
conformations for all three GSH-stabilized MC species. In order to differentiate between
conformation TTC and TTT, NOE peaks H-10 and H-17 were analyzed against NOE peaks H-11
and H-17 for MC-3, MC-7, and MC-9. These correlations are illustrated using blue dotted lines
in Figure 3.7A. Visual inspection of the NOE cross peaks suggest H-10 and H-17 is stronger than
the NOE cross peaks H-11 and H-17 for MC-3 and MC-7 (Figure 3.7B and 3.7C). This is not
completely apparent for MC-9 (Figure 3.7D). Therefore, NOE intensity values for these cross
peaks were examined for all MC species. After analyzing these intensity values for the three MC
species it was found that conformation TTT was likely to be the thermodynamically favored
conformation over TTC. This contrasts with the majority of merocyanine structures in the literature
that show the cis conformation, with the negatively charged oxygen species on the same side as
the positively charged indole. It is only possible to observe NOE between H-10 and H-17 when

these protons are in trans to each other, supporting the TTT conformation.

55



TIT H17 =" || L AN 78 E
|2:30 2.91 428 303 °Z
Xy 0P H-11/H-17 H-10/H-17 80 F
/CHS H11 — ‘ 8.1
Ry /®N = & i ‘ 8.2
N7 N\ 7 4 L H-11/H-17 : os
i ite ’
; : JOir R H-11 :} ﬁﬁ 169 i o
HaC1o30° HiC 19307 . e [
R ¢ S 8 840 830 820 810 800 7.90 7.80 7.70' 7/60 7.50 7.40
cTC CcTT 'H (ppm)
- H-10 H-17 H-11 H-10 H-17
C) -11 | ‘ D) \ . o
| ' s g Il\ _’L o _ - wl_ S (|
a | 7.14 TH-AA0/H17
113.23 4.11/H17 1 134.41 44,57} 3 H11/H17 198301317 #l,.
11 19.66 | i/ i\ 479 I 2 8 b
A )|l ﬂ 783 o w7
y ‘; A -
i t7.5 I ’_}H 4 75
] /! f it 1592 |7s
L * ] 41.82 "€ T H0/H7 77 g
” H-10/H17 s , 78 &
| = B 702
>8 P v'{I 8.0 -;
H-11/H-17 [ ‘ 7 H-11/H-17 |81
19.35 83 | L . 500 [82
# \; r ‘ ) 83
i I [85 y{r‘ i | -
o ¢ bt '

84 83 82 81 80 79 78 77 76 75 74 73 72

H (ppm)

'835 825 815 805 7.95 7.85 775 7.65 7.55 7.45 7.35 7.25
1
H (ppm)

Figure 3.7. A) The four possible trans conformations (TTC, TTT, CTC, CTT) of the of the GSH-
stabilized MC species based on reported computational studies.*>?'3214 Experimentally observed
NOE correlations (dotted lines) between the protons H-10, H-11, H-17, H-19/20, and H-21. NOE
intensity values (blue dotted lines) for proton correlations between H-10 & H-17 and H-11 & H-
17, for B) MC-3 C) MC-7 and D) MC-9. NOESY data suggest that form TTT (enclosed in red box)

is the most favorable conformation of the trans isomer in the presence of GSH.
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3.4 EXPERIMENTAL METHODS

3.4.1 SYNTHESIS AND MASS SPECTROMETRY CHARACTERIZATION

We have previously reported compounds SP-3, SP-7, and SP-9 and their syntheses are
described in the literature.®> All masses were analyzed using a Thermo Q-Exactive High Field
Orbitrap. Accurate mass measurements were recorded on positive electrospray ionization mode in

CH30H.

3.4.2 NMR SAMPLE PREPARATION

Spiropyrans samples with GSH in equimolar concentration (5 mM for SP-1 and SP-3, and
15 mM for SP-2) in deuterated acetonitrile/phosphate buffered saline (PBS, 1X, pH 7.4) (1:1 v/v)
were prepared by taking aliquot of appropriate amounts from a stock of spiropyrans (50 mM) in
deuterated acetonitrile and a stock solution of GSH (50 mM) in PBS. The combined aliquots were
diluted with known volumes of deuterated acetonitrile and PBS to obtain the desired
concentrations (5, 10, or 15 mM) and solvent composition (1:1 v/v, pH = 7.4 deuterated

acetonitrile/PBS).

3.4.3 NMR EXPERIMENTS

All NMR spectra were collected using a 600 MHz Bruker Avance 111 spectrometer system
(4.1 T; Bruker, Karlsruhe, Germany) at 25 °C, and the chemical shifts were referenced to
deuterated acetonitrile. The relaxation delay, pulse width, spectral width, number of data points,
and digital resolution in the *H NMR experiments were 2.47 s, 8.03 ps, 7211.5 Hz, 18028 K, and

0.11 Hz/point, respectively. The same parameters in the 3C NMR experiments were 2 s, 10.75 ps,
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36057.7 Hz, 32768 K, and 0.55 Hz/point, respectively. Correlation spectroscopy (COSY) was
collected using Bruker cosygpprqf pulse program with a 2 s relaxation delay and acquired with
256 t; points with 16 averages per ti increment. Heteronuclear single quantum coherence (HSQC)
was collected using Bruker hsgcedetgpsp pulse program with a 2 s relaxation delay and acquired
with 256 t; points with 8 scans per t: increment. Heteronuclear bond correlation (HMBC) was
collected using Bruker hmbcgpl2ndwg pulse program with a 2 s relaxation delay and acquired
with 256 t1 points with 24 scans per t1 increment. Nuclear Overhauser spectroscopy (NOESY) was
collected using the Bruker noesygpphpr pulse program with a 2 s relaxation delay and acquired
with 256 t1 points. This sequence employs three 90-degree pulses (8.03 ps) with a mixing time of
0.3 s placed between the last 2 pulses. All NMR data were processed with zero-filling and the sine-
squared bell window function before Fourier transformation using Topspin 3.2 software on

Windows 7 PC Workstation and were analyzed using MestReNova version 14.3.

3.5 CONCLUSION

Complete NMR (*H & 3C) assignments for three GSH-stabilized MC species was
achieved by applying 2D NMR techniques such as, HSQC, HMBC, COSY and NOESY. To obtain
these stabilized species, GSH was introduced to a sample of the respective spiropyran SP-3, SP-7,
or SP-9. This resulted in the isomerization of spiropyran to merocyanine, which ultimately gave
rise to the fixed GSH-stabilized MC-3, MC-7, or MC-9. Identification of the methyl environments
in the merocyanine forms was the first action taken during spectral analysis. From there, 2D NMR
was utilized to locate neighboring environments. Once all NMR assignments were appointed,

investigation of the stereochemistry for the three GSH-stabilized MC species was examined.

58



Presence (H-11 and H-19/20, H-10, and H-21) and absence (H-10 and H-19/20, H-11, and H-21)
of NOE peaks supported the trans forms TTC and TTT being the two predominant species. Visual
inspection and evaluation of the intensity values for NOE peaks between H-10 and H-17 vs H-11
and H-17 suggest trans TTT being the most favorable conformation for MC-3, MC-7, and MC-9.
By studying the stereochemistry of these GSH-stabilized MC species we were able to provide a
full characterization of the merocyanine forms in hopes of aiding in the structural understanding

of new merocyanine species that are stabilized by external chemical stimuli.
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3.6 ADDITIONAL FIGURES

Table 3.2. *H and *C NMR chemical shifts of spiropyran forms SP-3, SP-7, and SP-9 in 1:1 CD3CN/phosphate buffered saline (pH
7.4), and multiplicity and coupling constants (expressed in Hz) are given in parentheses.

22 23
SP-3: Ry = OCGHs, Ry = H
R, SP-7:R;=H, Ry =0CH;

SP-9: R = 3CHa, R, = OCHS;

MC-7 MC-9
13C 1H 13C lH 13C
1 ~ 161.95 7.55-7.59 (m) 129.05 ~ 160.78
2 7.10 (dd: 2.5, 8.8) 115.85 7.55-7.59 (m) 129.31 7.10 (dd; 2.5, 8.9) 114.68
3 7,57 (d, 8.8) 116.74 7.66 (d, 7.0) 114.36 7.57 (d, 8.8) 115.55
4 — 136.08 — 141.38 — 134.90
5 — 146.32 — 142.86 — 145.16
6 7.23 (d, 2.5) 109.29 7.65(d, 7.2) 122.38 7.23 (d, 2.5) 108.09
8 — 181.35 — 182.24 — 180.00
9 — 52.50 — 51.92 — 51.85
10 7.47 (d, 16.4) 112.66 7.50 (d, 16.4) 111.46 7.43 (d, 16.4) 111.47
11 8.40 (d, 16.4) 148.89 8.47 (d, 16.4) 148.92 8.38 (d, 16.4) 147.11
12 — 122.34 — 121.12 — 121.26
13 — 159.72 — 152.63 — 152.56
14 6.98 (d, 8.5) 117.83 6.95 (d, 9.0) 117.71 6.93 (d, 9.0) 117.77
15 7.40 (td; 8.5, 7.2, 121.28 7.07 (dd; 9.0, 3.1) 123.11 7.04 (dd; 3.1, 9.0) 122.57
1.6)
16 6.96 (t; 7.9, 7.2) 136.20 — 153.21 — 153.16
17 7.80 (dd;7.9, 1.6) 130.71 7.33(d, 3.1) 111.75 7.30 (s) 111.62
19 1.69 () 26.63 1.71 (s) 25.38 1.69 () 25.43
20 1.69 (s) 26.58 1.71 (s) 25.36 1.69 (s) 25.38
21 3.91(s) 34.83 3.96 (s) 33.62 3.92 (s) 33.69
23 3.84 (s) 56.60 - - 3.84 (s) 55.74
25 _ _ 3.78 (s) 55.36 3.77 (5) 55.56
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Figure 3.8. 'H NMR of 5 mM SP-3 in deuterated acetonitrile/phosphate buffered saline (PBS, 1X,

pH 7.4) (1:1 viv).
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Figure 3.11. *H NMR spectrum of GSH-stabilized MC-7. MC-7 (black), SP-7 (blue), GSH (grey),
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1X, pH 7.4) (1:1 vv).
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Figure 3.14. 1*C NMR of GSH-stabilized MC-7. The MC-7 species was induced using 15 mM SP-
7 and GSH in equimolar concentration in deuterated acetonitrile/phosphate buffered saline (PBS,

1X, pH 7.4) (1:1 viv).
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Figure 3.15. 3C NMR of GSH-stabilized MC-9. The MC-9 species was induced using 5 mM SP-

9 and GSH in equimolar concentration in deuterated acetonitrile/phosphate buffered saline (PBS,

1X, pH 7.4) (1:1 vIv).
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Figure 3.16. HSQC-NMR spectrum of GSH-stabilized MC-3. Single-bond correlation of proton
H-19 (1.69 ppm) to carbon C-19 (26.63 ppm) and proton H-20 (1.69 ppm) to carbon C-20 (26.58

ppm). X-axis represents *H and y-axis represents *3C.
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Figure 3.17. HSQC NMR spectrum of GSH-stabilized MC-7. Single-bond correlation of proton
H-19 (1.71 ppm) to carbon C-19 (25.38 ppm) and proton H-20 (1.71 ppm) to carbon C-20 (25.36
ppm). X-axis represents *H and y-axis represents 3C. The MC-7 species was induced using 15

mM SP-7 and GSH in equimolar concentration in deuterated acetonitrile/phosphate buffered

saline (PBS, 1X, pH 7.4) (1:1 viv).
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Figure 3.18. HSQC-NMR spectrum of GSH-stabilized MC-9. Single-bond correlation of proton
H-19 (1.69 ppm) to carbon C-19 (25.43 ppm) and proton H-20 (1.69 ppm) to carbon C-20 (25.38
ppm). X-axis represents *H and y-axis represents **C. The MC-9 species was induced using 5 mM

SP-9 and GSH in equimolar concentration in deuterated acetonitrile/phosphate buffered saline

(PBS, 1X, pH 7.4) (1:1 viv).
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Figure 3.19. Full NOESY spectrum of GSH-stabilized MC-3. The MC-3 species was induced using
5 mM SP-3 and GSH in equimolar concentration in deuterated acetonitrile/phosphate buffered

saline (PBS, 1X, pH 7.4) (1:1 viv).
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Figure 3.20. NOE correlations (dashed lines) and NOESY NMR spectrum of GSH-stabilized MC-
7. The MC-7 species was induced using 15 mM SP-7 and GSH in equimolar concentration in

deuterated acetonitrile/phosphate buffered saline (PBS, 1X, pH 7.4) (1:1 v/v).
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Figure 3.21. NOE correlations (dashed lines) and NOESY spectrum of GSH-stabilized MC-9. The
MC-9 species was induced using 5 mM SP-9 and GSH in equimolar concentration in deuterated

acetonitrile/phosphate buffered saline (PBS, 1X, pH 7.4) (1:1 v/v).
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Figure 3.22. HSQC spectrum of GSH-stabilized MC-3. The MC-3 species was induced using 5

mM SP-3 and GSH in equimolar concentration in deuterated acetonitrile/phosphate buffered

saline (PBS, 1X, pH 7.4) (1:1 viv).
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CHAPTER 4. SPIROPYRAN AS AN ACTIVATABLE MRI

CONTRAST AGENT FOR GLUTATHIONE
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4.1 BACKGROUND ON MR

4.1.1 BASIC PRINCIPLES

Magnetic Resonance Imaging (MRI) is a powerful tool that is non-invasive, non-ionizing
and provides the ability to view detailed images and localization of soft tissues in the body. MRI
employs similar principles to nuclear magnetic resonance (NMR) and the following simplified
description for basic principles, T1- and T»-weighted imaging and T1 contrast agents can be read
in further detail.2*>2%9 In general, the nuclei being studied should contain an odd mass number and
spin of Y2, 3/2, or °/, etc. to create a net magnetic moment when applied to an external magnetic
field. For example, the hydrogen nuclei has a net charge of 1 and a spin of %2 and will be represented
as the sphere in Figure 4.1. When an external magnetic field is applied (Bo), it creates a net
magnetic moment (vector W), to align the hydrogen nuclei to the external magnetic field. Since the
net magnetic moment is not completely aligned with the magnetic field due to torque and angular
momentum (mass, velocity, and radius),???% the nuclei will precess around Bo with a
precessional frequency i.e., Larmor frequency and is governed by the equation wo = Box y. Where
®o = Larmor frequency, B, = external magnetic field, and y = gyro-magetic ratio. Furthermore, a
frequency must be used, usually a radio frequency (RF), that matches the Larmor frequency for
the nuclei of interest to cause absorption of the RF energy resulting in a flip of the net magnetic
vector away from the external magnetic field resulting in excitation. The amplitude and duration
of the RF pulse dictates the degree of the flip angle of the net magnetic vector, but for simplicity,
the flip angle will be defined as a 90" to the external magnetic field. Once the RF pulse is
completed, the net magnetic vector will want to re-align back to the external magnetic field,
resulting in relaxation (dashed arrow). This creates a free induction decay (FID) of the relaxation

over time and a Fourier transform is performed on the FID to generate a spectrum. The main

77



difference between MRI and NMR is MRI employs magnetic field gradients in the X, Y, and Z
plane to selectively modulate the magnetization in a specified area to generate 2D image slices in

the transverse, sagittal or coronal plane.

Longitudinal Longitudinal

plane A plane A
B

0

Transverse plane Transverse plane

Figure 4.1. Basic principles on how an NMR spectrum is generated. The net magnetic vector (L)
of the hydrogen nuclei will align when exposed to an external magnetic field (Bo). Due to torque
and angular momentum, the hydrogen nuclei it will precess with a frequency termed Larmor
frequency (wo). When a radiofrequency (RF) is applied that matches the w, of the hydrogen nuclei
it will induce a spin flip of the p with an angle of 90 to the external magnetic field. When the RF
pulse is turned off, the p will relax back to the Bo, which generates a free induction decay (FID).

A Fourier transform is then performed on the FID to generate a spectrum.

4.1.2 T1-VS T2-WEIGHTED IMAGING

Since the abundance of hydrogen in the human body is ~ 88 M,??2 MRI takes advantage of
the high proton concentration to provide contrast between different tissues. This is done by
observing either the T1 (longitudinal) relaxation time or the T, (transverse) relaxation time in

tissues. T1 relaxation time is described by the time the excited protons recover their longitudinal
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magnetization and realigns with the external magnetic field. As shown in Figure 4.1, where the x-
axis is the transverse plane and the y-axis is the longitudinal plane, after the RF pulse is concluded
and the 90 spin flip is achieved, the net magnetic vector is aligned with the transverse plane. A T,
recovery curve can then be extrapolated from the time it takes for ~63% of the longitudinal
magnetization to return to the external magnetic field in the longitudinal plane (Figure 4.2A).
Moreover, T2 relaxation is described by the time the excited protons decay and lose their transverse
magnetization due to dephasing from the interactions of adjacent spins or external magnetic field
inhomogeneities. A T» decay curve can then be extrapolated from the time it takes for ~63% of
transverse magnetization to be lost (or to decay to ~37%) in the transverse plane as it realigns to

the external magnetic field in the longitudinal plane (Figure 4.2B).

(A) (B)
o T, recovery curve T, decay curve
Longitudinal —= L R— =
E Iransverse
P plane

63%

Signal
Intensity

Signal
Intensity

37%

Transverse Longitudinal

T, Time " plane T Time plane

Figure 4.2. (A) T1 recovery curve and (B) T. decay curve. Ty relaxation results when ~63% of the
longitudinal magnetization has recovered to the external magnetic field (Bo). T2 relaxation results
when ~37% of the transverse magnetization is lost due to dephasing as it decays and realigns to

external magnetic field (Bo).
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T1- and T2-weighted imaging considers various tissue in the body e.g., cerebral spinal fluid
(CSF), cortex (grey matter, GM) and white matter (WM) contain different T, and T relaxation
times that can be modified by altering the repetition time (TR) and echo times (TE). TR is the time
between each RF pulse, while TE is the time between the RF pulse and when the signal is gathered.
To enhance T1-weighted images the TR must be short to ensure full relaxation is not achieved and
thus generating “positive” or “bright” contrast in the T1 domain; The shorter the Ty the brighter
the signal in the image. Additionally, the TE must also be short to diminish the T signal. For T»-
weighted images, enhancement of the T> signal is done by utilizing a long TE to provide enough
time to ensure relaxation decay is achieved and thus generating “negative” or “dark™ contrast in
the T> domain: The shorter the T» the darker the signal in the image. Furthermore, the TR must
also be long to diminish the T: signal. Once these parameters are established, contrast between
tissues such as WM, GM, CSF can be observed in either T1-weighted or T2-weighted imagining
(Figure 4.3). As shown in Figure 4.3A & B where the chosen contrast is T1-weighted, WM has a
short Ty time and is light grey in the T1-weighted image, GM has a medium Ty time and is grey in
the T1-weighted image, and CSF has a long T time and is dark grey in the T1-weighted image. In
Figure 4.3C & D where the chosen contrast is T.-weighted, the T> times from shortest to longest
maintains the same order, (WM = short T, time, GM = medium T, time, and CSF = long T2 time),
however the contrast is reversed (WM = dark grey, GM = grey, and CSF = bright). The CSF
exhibits a dark signal in the T1-weighted image and bright signal in the T.-weighted image because
water has a long T1 and T> time due to the fast molecular tumbling rate, which hinders the energy
exchange (T1) and spin-spin interaction (T2) resulting in slower relaxation. As the tissue in the

brain gets “fattier”, GM to WM, this slows the molecular tumbling time and allows for energy
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exchange (T1) and spin-spin interaction (T2) resulting in faster relaxation and generation of brighter

T signal or darker T2 signal.

(A) (B)

4

1 Contrast 4

i GM, medium T,
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Figure 4.3. (A) T1-weighted recovery curve resulting in (B) T1-weighted image of the human brain
in the transverse plane. (C) T2-weighted decay curve resulting in (D) T2-weighted image of the
human brain in the transverse plane. Translation of T1and T times to the T1 and T signal in the
weighted images: White matter (WM) = short T1 and T2 time; light grey Ti signal, and dark grey
T, signal; grey matter (GM) = medium Ty and T time; grey T: signal and T signal; cerebral
spinal fluid (CSF) = long T1 and T2 time; dark grey T1 signal and bright T, signal. T1- and T»-

weighted images taken from MRI basics.??*
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4.1.3 T; CONTRAST AGENTS

Sometimes it is difficult to distinguish contrast between different tissues and therefore the
usage of a contrast agent is needed. In general, Ti- contrast agents provide “bright” contrast
wherever the agent is localized, and this is due to dipole-dipole interactions between the contrast
agent and the nearby water protons to enhance the signal. Clinically employed contrast agents use
gadolinium ion (Gd®*") to provide contrast. Gd** is most commonly used because it contains 7
unpaired electrons and this paramagnetism provides a strong magnetic moment, which induces
nearby water protons to relax faster. In addition, the low molecular weight of the Gd**-based T
contrast agents allows them to exist in the extracellular fluid and distribute to tumor lesions,??%2%
to the brain,??"228 or to the heart??®23! etc. Figure 4.4 shows an image of the human brain in the
transverse plane of a patient with glioblastoma.?®> When a Ti-weighted MR image on the left is
conducted with no contrast agent, it is difficult to discern if there are any abnormalities in the brain.
When the Gd®* contrast agent (gadoteridol) is administered, figure on the right, is it evident there

is a tumor present in the brain by the brightening of the area.

Figure 4.4. A T1-weighted MR image in the transverse plane of the human brain before (left) and

after (right) administration of a Gd®* contrast agent (gadoteridol), to a patient with glioblastoma.
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Brightening of the area in the right image suggest there is a tumor present. Reproduced with

permission from [232]. Copyright 2013 Radiological Society of North America (RSNA®).

In order to compare Ty contrast agents to each other and to assess their effectiveness in
enhancing signal contrast, the relaxivity (r1) is used to normalize the relaxation rate (1/T1) as a
function of concentration of the contrast agent at a specific temperature and field strength.
Relaxivity can be calculated by varying the concentration of the contrast agent and determining
the Ty times at each concentration. Inverting the T1 times at each concentration and fitting it to a
linear line generates a slope that reflects the relaxivity in units of [mM™s]. The higher the
relaxivity results in better signal enhancement. There are three parameters to affect relaxivity in
the inner sphere: (1) the water hydration state (q). Increasing the amount of water directly bound
to the metal will increase the relaxivity. (2) the molecular tumbling time (tr). Increasing the size
of the molecule will slow down the tumbling time and allows for better energy exchange, therefore
increasing relaxivity. (3) the water exchange rate of the coordinated water (1/tm). The faster the
exchange rate of water enables more water to be relaxed, resulting in higher relaxivity. Modifying

these parameters provide a means to skillfully expand on the field of activatable contrast agents.

4.1.4 ACTIVATABLE CONTRAST AGENTS

While the clinically utilized Gd** contrast agents work well in generating contrast to
discern ambiguous regions, they do not provide specificity for molecular imagining because signal
contrast is only achieved in the areas they are located. Therefore, the use of activatable contrast
agents are of interest. Activatable contrast agents produce contrast when exposed to a stimulus that
consequently alters the agent and converts them to their “active” form. To date, there have been

several reported activatable contrast agents responding to light, 2322 enzymes,237-2% pH,240-243
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glutathione,?*+-2%6 metal ions?*-2*° etc. An example of a light-activatable contrast agent developed

by our group?®

utilized a dinitrospiropyran for its photoswitching capability and conjugated it to
a Gd**-DO3A chelator. In the dark, the dinitrospiropyran is stable in the “open” merocyanine (MC)
form and is red in solution with a relaxivity of 2.51 mMs™. When MC-Gd®**-DO3A is irradiated
with visible light, MC isomerizes to the “closed” spiropyran (SP) form and is pale yellow in
solution. The relaxivity decreases to 2.05 mM™s? and this 18% decrease in relaxivity is
hypothesized to be due the change in the hydration state (q) of Gd** metal center. Initially, in the
MC form, the Gd** metal center has a q =1.16 determined by YO NMR. Upon irradiation with
visible light, isomerization from “open” to “closed” causes rearrangement and loss of the phenolic
oxygen producing an “indoline cap” that prevents access of water by Gd®", decreasing q = 0.44.

Although the limiting factor of light activatable contrast agents is the depth of light penetration,

the usage for cell tracking in vitro could be a potential application for these agents.

4.2 THE IMPORTANCE OF GLUTATHIONE IN HUMAN DISEASE

4.2.1 GSH VARIANCE IN BENIGN VS MALIGNANT TUMORS

Glutathione (GSH) is a primary intracellular and extracellular antioxidant that plays a vital
role in cell homeostasis by scavenging for reactive oxygen species (ROS). GSH is present in the
human body with concentrations around 0.5-10 mM intracellularly!®®1%® and 2-20 um
extracellularly.%®17° The antioxidant activity of GSH is largely due to the thiol residue on cysteine
that allows GSH to act as an electron donor to be oxidized to glutathione disulfide (GSSG).
Reduction of GSSG and regeneration of GSH is possible by means of glutathione reductase.*’
Excess generation of ROS has been shown to induce oxidative stress causing alterations in the

levels of GSH, and fluctuations in the concentration of GSH has been directly linked to diseases
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such as Alzheimer’s,?>% 2% diabetes,?>*2% and cancer.2>2% In Alzheimer's and diabetes depletion
of GSH is observed and is thought to be a result of oxidative stress by ROS and reactive nitrogen
species (RNS) causing DNA damage and mitochondrial dysfunction?*2%® However, GSH
concentrations vary for certain cancers such as breast, ovarian, lung. For example there are higher
levels of GSH in breast tumors and lower levels of GSH in brain and liver tumors compared to
disease free tissues.?>® Tumor hypoxia and acidosis are a few characteristics that reflect the tumor
environment and have shown to affect the redox status in breast tumors with an increased
concentration of GSH.?6426 Fyrthermore, in regards to GSH in breast cancer, there have been
studies showing heterogeneity in GSH levels for malignant tumors while benign tumors displayed
a more homogeneous GSH concentration.?”-2%° The malignant tumors contained lower GSH
concentrations in the core while towards the periphery this concentration increased.?’® This unique
GSH variance in benign vs malignant breast tumors could provide the ability to assess tumor

aggressiveness.

4.2.2 METHODS TO DETECT GSH

As vital as GSH is, there has been a lack of in vivo tools for monitoring GSH levels. Current
methods using HPLC have high specificity in detecting GSH in the blood. However, slow sample
prep is an issue due to chemical derivatization to prevent unintentional oxidation of GSH.?"%"2 |n
addition, as a result of the extraction of plasma, there is no localization of the diseased area.?’
Magnetic Resonance Spectroscopy (MRS) is a non-invasive method to measure metabolically
relevant biological compounds, such as GSH. However, due to the severe spectral overlap with
other metabolites, it is difficult to distinguish GSH.?"* An alternative and most employed method
to characterize a tumor is through a tissue biopsy, which is highly invasive. Therefore, Magnetic

Resonance Imaging (MRI) provides an attractive option because it is non-invasive, non-ionizing
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and can image deep tissue. However, MRI has no specificity towards GSH. The application of
molecular imaging of GSH would provide a powerful tool by delivering information about tissues
at a cellular and molecular level. For this reason, molecular imaging has become an emerging field,
and there has been increased effort to build a biosensor for GSH detection. Several sensors have
been synthesized?”>-2"° but very few sensors have been successfully applied in vivo in combination
with MRI. To date, two MRI agents responsive to GSH have been developed for dual imaging,
MnSiOs@Fes04 for T1/To-weighted MRI? and %™ Tc-labeled FesO4 for To-weighted MRI/single
photon emission computerized tomography (SPECT)?! as a theranostic. The use of T.-weighted
imaging could be a limitation due to the dark contrast and could interfere with the T1-weighted
signal. The utilization of MRI as a modality for molecular imaging of GSH is an appealing option
because it will allow us to examine the fluctuations in GSH levels. This will have a profound

impact on our ability to assess tumor state.

4.3 SPIROPYRAN AS A GLUTATHIONE SENSOR

Molecular switches such as spiropyrans (SP) have shown the ability to sense
GSH.54179.180.184188 [Jging a library of spiropyran photoswitches (SP-1 — SP-9) previously
synthesized by others in our group, where the functional groups were altered on the indoline and
chromene moieties to reflect diverse electronic effects, such as electron donating (OCH3), electron
withdrawing (NO.) or neutral (H) groups,'® it was found that four SP’s (SP-1, SP-3, SP-7, and
SP-9) were responsive to GSH.'® These SP’s (0.5 mM, EtOH/H,O, pH = 7.4) isomerized to
merocyanine (MC) in the presence of equimolar concentration of GSH and this process was
reversible when irradiated with visible light (Scheme 4.1). Interestingly, SP-3, SP-7, and SP-9 all
contained at least one methoxy while SP-1 bore the neutral proton on each chromene and indoline

end.
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Scheme 4.1. Proposed spiropyran isomerization to merocyanine upon exposure to GSH and

reversibility when irradiated with visible light.

As described in the article,!” a set of UV-vis absorbance measurements were performed on the
four SP’s to examine the responsiveness to GSH, switching capability, selectively and response to
biologically relevant metal ions. Before the absorbance measurements were conducted, all SP’s
were placed in the dark for 10 minutes prior to exposure to equimolar GSH. An initial absorbance
scan was performed, and a subsequent scan was done after GSH introduction. The appearance of
the merocyanine Amax Was monitored over a range of 300-600 nm. Figure 4.5 investigates the
selectivity of SP-1, SP-3, SP-7, and SP-9 to GSH compared to equimolar concentrations of various
amino acids and GSSG by examining the change in absorbance at the Amax for the generation of
MC. It was observed that SP-1 was more selective for GSSG than GSH and SP-3 exhibited a
modest response to all samples except for arginine. Therefore, SP-7 and SP-9 were chosen for
their selectivity and sensitivity (LOD =2.4 uM & 2.2 uM, respectively) to construct an activatable

MRI contrast agent that is responsive to GSH.
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Figure 4.5. Spiropyran -1, -3, 7-, -9 (0.5 mM, EtOH/H>0, pH = 7.4) selectivity to GSH (0.5 mM)
over equimolar GSSG and various amino acids. Reprinted with permission from [179]. Copyright

2019 American Chemical Society (ACS)

4.4 THE DEVELOPMENT OF A MANGANESE-BASED ACTIVATABLE MRI CONTRAST

AGENT RESPONSIVE TO GLUTATHIONE.

4.4.1 CONCEPT OF A GSH SENSITIVE MRI AGENT

Current, clinically used contrast agents employ gadolinium ion (Gd**) to provide contrast.
The design of a macrocyclic or linear chelator increases the stability, preventing release of free
Gd®* in the body. Nevertheless, this process still occurs and can result in side effects such as
nephrogenic systemic fibrosis?®?-2%4 and a long-lasting accumulation in the brain.?528 Therefore,
attention has shifted towards developing non-gadolinium-based contrast agents. This growing
need to investigate a less-toxic agent has raised interest in divalent manganese as an alternative to

gadolinium. In fact, the safety factor (LD50/effective dose) ,where the higher the number the safer
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the product, for Mn-DPDP is 540, is much higher compared to the Gd-DTPA safety factor of 60—
100.287:288 Therefore, to create and activatable contrast agent, Mn?* was chosen as the metal for its
safety factor and SP-7 and SP-9 were chosen for their GSH responsiveness. A macrocyclic
chelator i.e. 1,4-DO2A was chosen for its increased stability over linear chelators. The cis-1,4-
DO2A di-acetate chelator was chosen over the trans-1,7-DO2A because it was found to contain a
hydration state g = 0.87 and higher metal ligand stability (log KmL = 16.13) vs trans-1,7-DO2A, q

=0 and log Ky =14.54.%°

Scheme 4.2 depicts the proposed GSH responsive MRI activatable agent where the
“closed” SP is initially present in the dark and the 1,4-DO2A chelated Mn?* contains a hydration
state g = 0.87. In the presence of GSH, the SP isomerizes to the “open” zwitterionic MC form.
This new arrangement produces a phenolic oxygen that could provide an electrostatic interaction
or binding coordination between the manganese and the oxygen, thus decreasing the water
hydration state of the manganese. This change in hydration state could provide a change in Ti-
weighted MRI contrast from bright to dark. The utilization of MRI as a modality for molecular
imaging of GSH is an appealing option because of its noninvasive nature and high spatial
resolution. This will allow us to examine the fluctuations in GSH levels in real time without
disturbing tissue physiology. This study will have a profound impact on our ability to determine

tumor state.
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Scheme 4.2. Proposed concept in the construction of a manganese-based activatable T contrast
agent illustrating the isomerization of Mn(ll) SP-1,4-DO2A to Mn(ll) MC-1,4-DO2A in the

presence of glutathione.

4.4.2 SYNTHESIS OF THE ACTIVATABLE CONTRAST AGENT

Using a library of spiropyran photoswitches previously synthesized by others in the
group,®3 I chose to synthesize SP-7 and SP-9 due to their responsiveness to GSH and conjugated
them to a 1,4-DO2A chelator that was metalated with Mn?* (Scheme 4.3). In brief, compound 1
was made via bis-hydroxyl methylation using formaldehyde under basic conditions and followed
by selective mono-oxidation with manganese dioxide in acetone to afford compound 2.
Condensation with commercially available 1,3,3-trimethyl-2-methyleneindoline with 2 provided
SP7-OH (5a). For SP9-OH, the indolium iodide was prepared from the methoxyhydrazine through
an interrupted Fisher indole synthesis, followed by methylation with iodomethane to produce 5-
methoxy-1,2,3,3-tetramethyl-3H-indol-1-ium (3). 3 was deprotonated to the methyleneindoline (4)
and condensation with 2 afforded 5b. Halogenation of the hydroxyl group with thionyl chloride

produced SP7-Cl (6a) or SP9-CI (6b). Conjugation of 6 to 1,4-DO2A di-tert-butyl ester (7)
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afforded 8a or 8b. Deprotection with TFA and subsequent metalation with Mn-triflate offered the

final products Mn(11)-SP7-1,4-DO2A (9a) or Mn(I1)-SP9-1,4-DO2A (9b).

oH 1. NaOH, MeOH, 0 °C. 30 min OH OH OH O OH OH H;C CHy
2. CH20, reflux 12 hr MnO, acetone, H H
3. AcOH, H0 (pH 5) it, 24 hr 4
. N
. 0- 48.1% ¢
o 70.4% CH o CH
“CHs ’ 3 “CH, 3
1 2
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a.65.7%
b. 67.1%
HaC HsC CHj 5a or 5b
H;CO CH3 3
3 1) 3-methylbutan-2-one ~ H3CO H,CO
NH. CI AcOH, 99% o 0.2 M KOH, CH;CN
N 2) CHal, CHaCN, 49% oM rt2hr, 97% N
| CH; CHj3
SOCly, CH,Cly,
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Ry e T P R, MG CHs
- I o
NH N
e Lo (WL e
CH CH; NH N =
3 s

VAR /N o t-B —D’L l N o O OCH,3
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N, ,N;\f 1. CHyCl, TFA, 1t 24 hr [ ]0 7
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[ 0 o,
o b. 5.9% ? b b.92.1% 6a or 6b
o] t-Bu
9a or 9b 8a or 8b

a=SP-7,R,=H
b= SP-Q, R1 = 0CH3

Scheme 4.3. Synthesis of Mn(I1)-SP7-1,4-DO2A and Mn(11)-SP9-1,4-DO2A.

4.4.3 (R1) RELAXIVITY

To test the responsiveness of the two activatable contrast agents, Mn-SP7-DO2A (9a) and

Mn-SP9-DO2A (9b), to GSH, relaxivity studies were performed in the absence and presence of 5
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mM GSH. Initially, the assay was performed in DI water (Milli-Q system, 18.2 MQ-cm) with Mn-
SP9-DO2A and the resulting relaxivity percent change was 408.9%, which was suspiciously large.
However, after further inspection, it was found that glutathione is an acidic molecule due to the
deprotonation of the carboxylic group on the glutamyl moiety (pKa = 2.12) and the glycinyl
carboxylic group (pKa = 3.55) in water.?®® Therefore, it was hypothesized that the large percent
change was a result of the expulsion of Mn?* from the 1,4-DO2A chelator due to the acidic
environment. Free Mn?" would significantly decrease the T: time resulting in an increased
relaxivity because of its high spin and fast water exchange rate. Thus, the responsiveness to GSH
was repeated with the same experimental methods using PBS (pH = 7.4) as the solvent instead of
Milli-Q water to ensure pH was stabilized (Figure 4.6). There was no change in relaxivity for Mn-
SP7-1,4-DO2A (r1 = 1.11 mMs) in the absence and presence of GSH (Figure 4.6A) Moreover,
there was minimal change in relaxivity (1.87%) for Mn-SP9-1,4-DO2A in the absence (r1 = 1.07

mM-1s?) and presence (r1 = 1.09 mM?s?) of GSH (Figure 4.6B).

(A) (B)
1.4 8 e
1.2 4 05 | i@
~ 17 04t .
=08 - 4 'Ln,o X &
— Yo [ e -1 .4-
'S 0.6 1 0. @ VMn SP7-1,4-DO2A = ® Mn SP% 1,4-DO2A
: 2 e OO = s | y=1.07x + 0.26
44 4@ ‘
A 1 5 mM GSH SmiLGsH
0.2 I Y= 1.11x +0.27 01 | y=1.09x+0.27
O T T T T T 0 T T T T 1
0 02 04 06 08 1 0 0.05 0.1 0.15 0.2 0.25
[Mn2*] mM [Mn2*] mM

Figure 4.6. ry relaxivity plot for (A) Mn-SP7-1,4-DO2A (navy blue) and (B) Mn-SP9-1,4-DO2A

(teal) in the absence and presence (gold) of 5 mM GSH in PBS (pH = 7.4).
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Due to the unresponsiveness to GSH, and the fact that SPs are well-known for their
photoactivity in which they isomerize to MC in the presence of UV light, both agents were
irradiated with a 374 nm LED for 10 minutes (Figure 4.7). As shown in Figure 4.7A, Mn-SP7-1,4-
DO2A had a r1 relaxivity of 1.52 mM*s? in the dark and with UV irradiation had a r1 relaxivity of
1.35 mM1s?, producing 11.2% change. In Figure 4.7B, Mn-SP9-1,4-DO2A, displayed 16.0%
change in relaxivity with a ry relaxivity of 2.68 mM-s™ in the dark and a ri relaxivity of 2.25 mM-
st with UV light irradiation. For both agents, this change in relaxivity shows promise for the

utilization as light activatable contrast agents.

(A) (B)
16 o 89
1.4 31 d
1.2 25
o e =
o % 2]
Z08 — .
= o =15 -
T06y - @ Min SP7-14-D02A s ® Mn SP9-1,4-DO2A
0.2 o 374 nm light 0.5 374 nm light
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Figure 4.7. ry relaxivity plot for (A) Mn-SP7-1,4-DO2A (navy blue) and (B) Mn-SP9-1,4-DO2A
(teal) in the absence and presence (gold) of 374 nm LED irradiation for 10 min in water (pH =

6.1).
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4.5 MATERIALS AND METHODS

4.5.1 MATERIALS

Reagents were obtained from commercial suppliers and used directly, unless otherwise
noted. Accurate mass measurements were recorded on positive electrospray ionization (ESI) mode
in CH3OH or CH3CN on a Thermo Electron LTQ-Orbitrap Hybrid MS (Thermo Fisher Scientific
Waltham, MA). *H and *C NMR spectra were measured in the solvent stated at 600 or 800 MHz,
respectively (Bruker Avance I11 600 or 800 MHz, Bruker LLC, Billerica, MA). Manganese content
was determined by microwave plasma — atomic emission spectrometer (4210 MP-AES Agilent,
Santa Clara, CA). T relaxation time was measured on a 1.5 T Bruker Minispec relaxometer at
37°C. GSH samples were prepared in PBS (pH = 7.4) and UV-light samples were prepared in DI

water (Milli-Q system, 18.2 MQ-cm, pH = 6.1) from Barnstead Nanopure UV Systems (D502141,

Thermo Scientific, Vernon Hills, IL).

4.5.2 SYNTHESIS AND STRUCTURAL CHARACTERIZATIONS

(2-hydroxy-5-methoxy-1,3-phenylene)dimethanol (1).
A degassed solution of aqueous 0.25 M NaOH (8.75 g, 0.21 mol, 35 mL) was added

dropwise over a period of 15 min to a solution of 4-methoxyphenol (5 g, 0.04 mol, 12.5 mL) in
methanol. This solution was stirred over ice for 30 min. Formaldehyde (60 mL) was added to the
solution and refluxed at 60°C for 12 hr. The reaction was allowed to cool to room temperature and
neutralized with glacial acetic acid to pH = 5. The product was extracted with ethyl acetate (100
mL) and H2O (100 mL). The organic layer was collected, dried with Na;SOs, and concentrated.
The crude residue was purified by silica gel column chromatography using 1:1 hexane: ethyl

acetate (Rf = 0.25) to obtain 1 as a clear oil. (5.22 g, 70.4%) *H NMR (800 MH, CDsCN): & 7.74
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(s, 1H, OH), 6.70 (s, 2H, CH), 4.65 (d, J = 5.4 Hz, 4H, CH,), 3.71 (s, 3H, OCHs), 3.69 (s, 2H,

OH). MS, ESI": m/z = 183.07 [M - H]~.

2-hydroxy-3-(hydroxymethyl)-5-methoxybenzaldehyde (2).2%

Following a modified literature procedure, a solution containing 1 (5 g, 0.27 mol) was
dissolved in acetone (500 mL) and activated MnO2 (11.80 g, 0.14 mol) was added. The reaction
was stirred at room temperature for 24 h, followed by filtration of MnO_ and concentrated. The
crude residue was purified by silica gel column chromatography using 5:1 hexane: ethyl acetate
(Rf = 0.34) to obtain 2 as a yellow solid (2.4 g, 48.1%) *H NMR (800 MHz CDCls): § 10.98 (s,
1H, OH), 9.87 (s, 1H, COH), 7.23 (d, J = 3.1 Hz, 1H, CH), 6.96 (d, J = 3.1 Hz, 1H, CH), 4.75 (d,
J =6.2 Hz, 2H, CH>), 3.83 (s, 3H, OCH3), 2.31 (t, J = 6.4 Hz, 1H, OH). MS, ESI": m/z = 181.05

[M-H].

5-Methoxy-1,2,3,3-tetramethyl-3H-indol-1-ium iodide (3).1¢°

Following a modified literature procedure,'®* a solution containing 3-methylbutan-2-one
(5.90 mL, 55.2 mmol) in glacial acetic acid (88 mL) was added 4-methoxyphenylhydrazine
hydrochloride (4.815 g, 27.57 mmol). The solution was stirred at reflux for 5.5 h, allowed to cool
to room temperature and neutralized with KOH pellets. The crude material was extracted with
Et,O (3 x 100 mL), dried over MgSOs, filtered, and concentrated in vacuo. The crude product was
purified by flash column chromatography (70:30, hexanes/EtOAc) to afford 2,3,3-trimethyl-5-
methoxy-3H-indole as a red amorphous solid (5.149 g, 99%). *H NMR (600 MHz, CDCls3) § 7.43
(d, J = 8.3 Hz, 1H), 6.84-6.80 (m, 2H), 3.82 (s, 3H), 2.24 (s, 3H), 1.28 (s, 6H). *H NMR is
consistent with published data.'®? Following a modified literature procedure,*®! iodomethane

(0.048 mL, 0.76 mmol) was added to a solution of 2,3,3-trimethyl-5-methoxy-3H-indole (0.133 g,
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0.716 mmol) in anhydrous acetonitrile (14.3 mL). The solution was stirred at reflux for 21 h. The
solution was allowed to cool to room temperature, concentrated in vacuo, and suspended in CHCl3
(2.5 mL) and hexanes (20 mL). The suspension was sonicated for 30 min and filtered to afford
indolium 3 as a pink amorphous solid (0.117 g, 49%). *H NMR (600 MHz, CDClz) § 7.56 (d, J =
8.7 Hz, 1H), 7.07-7.01 (m, 2H), 4.23 (s, 3H), 3.90 (s, 3H), 3.04 (s, 3H), 1.65 (s, 6H). 'H NMR is

consistent with published data.’®® MS, ESI*: m/z = 204.14 [M+H]".

5-methoxy-1,3,3-trimethyl-2-methyleneindoline (4).2%?

Following a modified literature procedure, an aqueous solution of 0.3 M KOH (56 mL)
was added dropwise to a solution of 3 (1 g, 3 mmol) in CH3CN (20 mL) and stirred at room
temperature for 2 hr. The mixture was washed with CH2Cl> (3 x 30 mL), the organic phase was
dried with MgSQ4, and concentrated in in vacuo to afford a violet solid (0.60 g, 97%). *H NMR
(800 MHz, CDCl3) § 6.76 (d, J = 2.5 Hz, 1H, CH), 6.70 (dd, J = 8.4, 2.5 Hz, 1H, CH), 6.45 (d, J
= 8.4 Hz, 1H, CH), 3.81 (d, J = 1.8 Hz, 2H, CHy), 3.79 (s, 3H, OCH3) 3.03 (s, 3H), 1.36 (s, 6H).

MS, ESI*: m/z = 204.33 [M+H]".

(6-methoxy-1',3",3'-trimethylspiro[chromene-2,2'-indolin]-8-yl)methanol SP7-OH (5a).
Commercially available 1,3,3-trimethyl-2-methyleneindoline (1 g, 5.77 mmol) was
dissolved in ethanol (50 mL). To the reaction flask, 2 (0.72 g, 4 mmol) dissolved in ethanol (50
mL) was added and the solution was stirred at reflux for 24 h. The crude residue was purified by
silica gel column chromatography using 1:1 hexane: ethyl acetate (Rf = 0.57) to obtain 5a as a
purple solid (0.88 g, 65.7%). 'H NMR (600 MHz, CDCls) § 7.13 (td, J = 7.6, 1.2 Hz, 1H), 7.05

(dd, 1H), 6.84 — 6.79 (m, 2H), 6.68 (d, J = 2.9 Hz, 1H), 6.56 (d, J = 3.0 Hz, 1H), 6.48 (d, J = 7.7
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Hz, 1H), 5.74 (d, J = 10.2 Hz, 1H), 4.50 — 4.29 (m, 2H), 3.74 (s, 3H), 2.66 (s, 3H), 1.95 (t, J = 6.5

Hz, 1H), 1.29 (s, 3H), 1.17 (s, 3H). MS, ESI*: m/z = 338.17 [M+H]".

(5',6-dimethoxy-1',3',3'-trimethylspiro[chromene-2,2'-indolin]-8-yl)methanol SP9-OH (5b).

The methyleneindoline, 4 (0.72 g, 3.5 mmol) was dissolved in ethanol (35 mL). To the
reaction flask, 2 (0.54 g, 3 mmol) dissolved in ethanol (35 mL) was added and the solution was
stirred at reflux for 24 h. The crude residue was purified by silica gel column chromatography
using 3:1 hexane: ethyl acetate (R = 0.33) to obtain 5b as a purple solid (0.73 g, 67.1%). 'H NMR
(600 MHz, CDCl3) § 6.81 (d, J = 10.3 Hz, 1H), 6.69 (d, J = 2.5 Hz, 1H), 6.68 — 6.63 (m, 2H), 6.55
(d, J = 3.1 Hz, 1H), 6.38 (d, J = 8.4 Hz, 1H), 5.73 (d, J = 10.1 Hz, 1H), 4.54 — 4.25 (m, 2H), 3.77
(s, 3H), 3.74 (s, 3H), 2.61 (s, 3H), 2.01 (s, 1H), 1.27 (s, 3H), 1.18 (s, 3H). MS, ESI*: m/z = 368.18

[M+H]".

8-(chloromethyl)-6-methoxy-1',3",3'-trimethylspiro[chromene-2,2'-indoline] SP7-CI (6a).

A solution containing 5a (0.88 g, 2.6 mmol) was dissolved in dichloromethane (10 mL)
and thionyl chloride (0.38 mL, 5.23 mmol) was added. The reaction was stirred at room
temperature for 2 h, followed by washing with dichloromethane (3x 50 mL) and concentrated in
vacuo producing a red solid. *H NMR (600 MH;, CD3sCN): & 1.85 (s, 6H, CHz), 3.46 (s, 3H, N-
CHs), 3.87 (s, 3H, OCH3), 4.65 (s, 2H, CHy), 7.12 (d, 1H, CH), 7.42 (d, 1H, CH), 7.51 (s, 1H, CH),
7.54 (s, 1H, CH), 7.63-7.74 (m, 4H, CH). 13C NMR (600 MH, CDsCN): § 25.52, 52.51, 55.71,
57.96, 60.92, 70.95, 110.37, 111.99, 114.71, 121.80, 122.75, 123.45, 128.91, 129.21, 129.50,

141.96, 143.43, 148.98, 151.67, 153.40. MS, ESI*: m/z = 356.10 [M + H]".
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8-(chloromethyl)-5',6-dimethoxy-1',3',3'-trimethylspiro[chromene-2,2'-indoline] SP9-CI (6b).

A solution containing 5b (0.73 g, 2.0 mmol) was dissolved in dichloromethane (10 mL)
and thionyl chloride (0.3 mL, 4.0 mmol) was added. The reaction was stirred at room temperature
for 2 h, followed by washing with dichloromethane (3x 50 mL) and concentrated in vacuo
producing a red solid. *H NMR (600 MH;, CDsCN): § 1.81 (s, 6H, CHs), 3.49 (s, 3H, N-CHs),
3.87, (s, 3H, OCHs), 3.94 (s, 3H, OCH3), 4.68 (s, 2H, CHy), 7.06 (s, 1H, CH), 7.17 (d, 1H, CH),
7.24 (d, 1H, CH), 7.31 (s, 1H, CH), 7.38 (s, 1H CH), 7.42 (d, 1, CH), 7.63 (d, 1H, CH). 3C NMR
(600 MH,, CD3CN): & 25.72, 52.40, 55.75, 55.86, 56.10, 58.12, 71.90, 108.55, 111.01, 112.52,
114.96, 115.99, 121.19, 122.93, 125.14, 127.28, 145.67, 147.49, 151.43, 153.27, 161.47. MS,

ESI*: m/z =386.13 [M + H]".

di-tert-butyl 2,2'-(1,4,7,10-tetraazacyclododecane-1,4-diyl)diacetate (7).2%

Following a modified literature procedure®®®, a solution containing 1,4,7,10-
tetraazacyclododecane (cyclen) (0.10 g, 0.58 mmol) in anhydrous chloroform (5 mL) was added
triethylamine (0.80 mL, 5.8 mmol). Tert-butyl bromo acetate (0.23 g, 1.2 mmol) dissolved in
anhydrous chloroform (6.50 mL) was added to the reaction flask dropwise. The solution was
stirred at room temperature for 6 h and concentrated in vacuo. The crude was resuspended in H20
(2.5 mL) and the pH was adjusted to 11-12 by addition of NaOH (40% w/v) followed by extraction
with chloroform (4 x 5 mL). The organic layers were collected, dried with NaSO4, and dried in
vacuo. The crude product was purified by neutral alumina gel column chromatography using 20:1
dichloromethane: methanol to obtain 7, a white solid. (0.14 g, 60.7%). *H NMR (600 MHz, CDCls)
§3.31 (s, 4H), 2.95 (d, J = 7.3 Hz, 8H), 2.86 (d, J = 5.6 Hz, 8H), 1.40 (s, 18H). MS, ESI*: m/z =

401.32 [M + HJ"
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tert-butyl  2-(4-((5',6-dimethoxy-1',3",3'-trimethylspiro[chromene-2,2'-indolin]-8-yl)methyl)-10-
(3,3-dimethyl-2-oxobutyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetate (8a).

A solution of 5a (0.08 g, 0.22 mmol) in anhydrous acetonitrile (20 mL) was added dropwise
over a period of 15 min to a solution of 7 (0.075 g, 0.19 mmol) and Cs>COz (0.183 g, 0.56 mmol)
in anhydrous acetonitrile. This reaction mixture was refluxed for 2 days in inert atmosphere using
argon balloon and was purified by neutral alumina gel column chromatography using 35:1
dichloromethane: methanol to obtain 8a, a purple solid. (0.088 g, 49.1%). *H NMR (600 MHz,
CDCl3) § 7.07 — 6.89 (m, 4H), 6.89 — 6.79 (m, 2H), 6.68 (g, J = 7.5 Hz, 1H), 6.40 (d, J = 7.7 Hz,
1H), 6.33 (d, J = 7.3 Hz, 1H), 5.72 (dd, J = 10.2, 3.1 Hz, 1H), 3.77 (s, 4H), 3.77 — 3.70 (m, 3H),
3.18 — 3.00 (m, 4H), 2.86 (d, J = 17.2 Hz, 2H), 2.66 (s, 4H), 2.64 (s, 3H), 2.60 — 2.50 (m, 4H),

1.41 (s, 18H), 1.16 (d, J = 49.1 Hz, 6H). MS, ESI*: m/z = 720.47 [M + H]*, 360.74 [M + H]?"

tert-butyl  2-(4-(3,3-dimethyl-2-oxobutyl)-10-((6-methoxy-1',3",3'-trimethylspiro[chromene-2,2'-
indolin]-8-yl)methyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetate (8b).

A solution of 5b (0.08 g, 0.19 mmol) in anhydrous dichloromethane (20 mL) was added
dropwise over a period of 15 min to a solution of 7 (0.075 g, 0.19 mmol) and Cs>CO3 (0.183 g,
0.56 mmol) in anhydrous dichloromethane. This reaction mixture was refluxed for 2 days in inert
atmosphere using argon balloon and was purified by neutral alumina gel column chromatography
using 35:1 dichloromethane: methanol to obtain 8b, a purple solid. (0.13 g, 92.1 %). *H NMR (600
MHz, CDCl3) § 6.92 (d, J = 3.1 Hz, 1H), 6.79 (dd, J = 10.3, 1.3 Hz, 1H), 6.69 — 6.60 (m, 4H), 6.58
—6.53 (m, 1H), 6.36 (dd, J = 8.3, 1.3 Hz, 1H), 5.71 (dd, J = 10.2, 1.2 Hz, 1H), 3.76 (d, J = 1.3 Hz,
3H), 3.73 (d, J = 1.3 Hz, 3H), 3.58 (d, J = 13.3 Hz, 1H), 3.33 (d, J = 13.3 Hz, 3H), 3.18 (dd, J =

12.9, 1.3 Hz, 1H), 3.07 (s, 2H), 2.85 (d, J = 12.2 Hz, 4H), 2.58 (s, 3H), 2.22 (s, 1H), 1.44 (d, J =
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1.3 Hz, 9H), 1.43 — 1.40 (m, 1H), 1.37 — 1.35 (m, 9H), 1.35 (s, 2H), 1.23 (d, J = 4.6 Hz, 4H), 1.21

(s, 3H), 1.15 (s, 3H). MS, ESI*: m/z = 750.48 [M + H]*, 375.74 [M + H]*"

Mn(11)-SP7-1,4-DO2A (9a).

A solution containing 8a (0.09 g, 0.12 mmol) was dissolved in dichloromethane (1 mL)
and trifluoroacetic acid (0.56 mL, 7.4 mmol) was added. The reaction was stirred at room
temperature for 24 h, followed by filtering with dichloromethane (3x 10 mL) and concentrated in
vacuo producing a red-yellow solid. MS, ESI*: m/z = 608.35 [M + H]*, 304.68 [M + H]?**. From
this stock, the deprotected material (0.07 g, 0.12 mmol) was dissolved in methanol (3 mL) and the
pH was adjusted to 6.5 by addition of NH4OH (10% v/v in methanol). The solvent was removed
and the solid was resuspended in H20 (1.1 mL). Mn?*-triflate (0.09 g, 0.24 mmol) dissolved in
H20 (1.1 mL) was added dropwise over a period of 10 min and the reaction was stirred at room
temperature for 48 hr. Chelex 100 (4.2 g, 0.40 meq) was used to remove excess unmetallated Mn?*
and was concentrated in vacuo to afford 9a a purple solid. MS, ESI*: m/z = 661.27 [M + H]*,

331.14 [M + H]** MP-AES of a 5 mg stock solution of 9a (0.07 mg, 16.9%)

Mn(11)-SP9-1,4-DO2A (9b).

A solution containing 8b (0.13 g, 0.17 mmol) was dissolved in dichloromethane (1.2 mL)
and trifluoroacetic acid (0.397 mL, 5.2 mmol) was added. The reaction was stirred at room
temperature for 24 h, followed by filtering with dichloromethane (3x 10 mL) and concentrated in
vacuo producing a red-yellow solid. MS, ESI*: m/z = 638.36 [M + H]", 319.68 [M + H]**. From
this stock, the deprotected material (0.11 g, 0.17 mmol) was dissolved in methanol (1.75 mL) and
the pH was adjusted to 6.5 by addition of NH4sOH (10% v/v in methanol). The solvent was removed

and the solid was resuspended in H20 (1 mL). Mn?*-triflate (0.18 g, 0.52 mmol) dissolved in H,O
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(1 mL) was added dropwise over a period of 10 min and the reaction was stirred at room
temperature for 48 hr. Chelex 100 (10 g, 0.40 meq) was used to remove excess unmetallated Mn?*
and was concentrated in vacuo to afford 9b a purple solid. MS, ESI*: m/z = 691.28 [M + H]",

346.14 [M + H]** MP-AES of a 5 mg stock solution of 9b (0.08 mg, 5.9%)

4.5.3 RELAXIVITY MEASUREMENTS

Longitudinal (r1) relaxivity

A series of aqueous solutions (200 uL each) were prepared and the concentrations of

compound 9a or 9b ranged from 0 to 1.0 mM or 0 to 0.23 mM, respectively. The solutions were
stored in the dark. Ty relaxation times of these solutions were measured before and after addition
of 5 mM concentration of GSH in PBS (pH = 7.4). The longitudinal (r1) relaxivity was determined
as the slope of the line for plots of 1/T1, against increasing manganese concentration. The same
method was used for measuring the effect of UV light on the rl relaxivity of compound 9a or 9b

in DI water (Milli-Q system, 18.2 MQ-cm, pH = 6.1). A series of aqueous solutions (200 uL each)

were prepared and the concentrations of compound 9a or 9b ranged from 0 to 0.90 mM or 0 to
0.10 mM, respectively. The solution was incubated for 10 min at 37°C and simultaneously
irradiated with a 374 nm LED before the T relaxation time measurement was taken. T1 relaxation

time was measured on a 1.5 T Bruker Minispec relaxometer at 37°C.
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4.6 CONCLUSIONS AND FUTURE DIRECTIONS

Two spiropyran-based molecular sensors, SP-7 and SP-9, were previously found to be
responsive to GSH. In the presence of GSH, “closed” SP isomerized to its “open” MC form
allowing for differentiation between the two isomers. In this work, SP-7 or SP-9 was conjugated
to a 1,4-DO2A chelator and metallated with manganese(ll) to construct a Mn-based activatable
contrast agent for MRI. It was hypothesized that SP responsiveness to GSH would allow for
structural rearrangement and conversion to the MC isomer, producing the phenolic oxygen that
would bind to manganese and decrease the hydration state from 1 to 0 thus changing the relaxivity
which would change the contrast in the MR image. A multi-step synthesis was performed to
produce the final products Mn(I1)-SP7-1,4-DO2A and Mn(11)-SP9-1,4-DO2A, as the activatable
agents. Unfortunately, when relaxivity studies were conducted in the presence of 5 mM GSH these
two agents did not show any significant change in relaxivity (no change and 1.87%, respectively).
Since SPs are known to respond to UV light in the conversion to MC, a 374 nm LED was used to
investigate their potential application as a light activatable agents. Mn(ll)-SP7-1,4-DO2A
exhibited 11.2% change and Mn(11)-SP9-1,4-DO2A produced 16.0% change in the presence of
UV light. Further studies could be directed toward maximizing the conversion from SP to the MC
isomer to get the optimal change in relaxivity. This can be done by determining the appropriate
amount of time for irradiation before thermal degradation. Once this time is established, inspection
of the relaxation rate can be conducted to see if there is a difference between the 10 min irradiation

and the new optimized time.
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