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ABSTRACT
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by

Trevor Hagemann

The University of Wisconsin-Milwaukee, 2022
Under the Supervision of Professor Alan Schwabacher

Part 1: Metal Selective Sensors

The work herein describes the creation of a library of sensors for the detection of metal
ions in aqueous systems. The solid support these dyes are attached to facilitates a continuous
measurement of metal ion concentrations in agueous systems. The sensors are based on an azo
dye core structure wherein detection of metal ions is observed by the change in absorbance of
the dye upon binding. These sensors are capable of detecting metal ions in the ppb range,
specific dyes interacting with specific metal ions cause distinct spectral changes, providing
substantial information. the aggregate response from multiple azo dyes affords a matrix of
information that can be deconvoluted to determine individual metal ion identities and
concentrations. Should this system be successively commercialized, metal ion detection in

industry as well as households may be achievable.



Part 2: Antibiotics

The work herein describes the synthesis of precursors to potent antibiotics, including
enduracididine. The enzymatic pathway for the biosynthesis of enduracididine is being probed
by the synthesis of intermediate 4(s)-hydroxyarginine and mechanistic probe 3,4-
dehydroarginine. 3,4-dehydroarginine has been synthesized and studied in the enzymatic
pathway to elucidate the mechanism of biosynthesis for 4(s)-hydroxyketoarginine. Racemic 4-
hydroxyarginine has been synthesized on gram scale quantities and enzymatically oxidized to

4(s)-hydroxyketoarginine.

In addition, a beta sheet initiator for the inhibition of Bam machinery in gram negative
bacteria has been developed. This initiator is based on a bis-fused quinolone that mimics the
alternating peptide hydrogen bonding network found in beta sheets. Dubbed the Janus
guinolone, this beta sheet initiator should be modifiable to strongly interact with the Bam
machinery and prevent proper folding. Should this create a pore in the outermembrane from
unfolded Bam machinery, then once again the bacteria will be susceptible to antibiotics that it

would otherwise be resistant to.
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For my family, both new and old

Time is an illusion that helps things make sense
So we are always living in the present tense
It seems unforgiving when a good thing ends

But you and I will always be back then

-BMO
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Chapter I. Introduction

Guest Host Chemistry

The process of interacting with an unknown system to elicit change in order to generate a measurement
is the basis of guest host chemistry?. These systems rely on inter-molecular interactions to facilitate
association or dissociation. In its simplest form, guest-host chemistry can be described as follows 2,

figure 1.
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Figure 1: Guest Host Chemistry and 18-crown-6 with potassium

18-crown-6, figure 1, was found by Pedersen to be a host for potassium ions. Remarkably 18-crown-6
can solubilize potassium and other ions in very non-polar solvents like hexanes®. For his work on cyclic
polyethers, Pedersen was awarded the Nobel prize in chemistry®. The strength of an association can be
most readily understood by taking its inverse, or dissociation. Dissociation affords units of molarity that
directly relates to the strength of the interaction. This kq is a fundamental concept in chemistry that

dictates how two species can interact and is seen in most facets of chemistry as a whole®.



This process is not limited to crown ethers, metal ion chelators have long been known to
chemistry® and medicine’. EDTA is arguably one of the most recognized chemicals in the field of

chemistry as a whole and is a known metal ion chelator®®.
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Figure 2: EDTA and Metal lon Association

EDTA has been extensively studied and its affinity to almost every metal known has been
observed. The structure of EDTA lends itself to the favorable interactions with metal ions in that it has
enough flexibility and lone pairs of electrons to conform to most metal ion orbitals for first and second
row transition metals®, This represents a much more complicated form of guest host chemistry, in that
there are multiple interactions of EDTA toward metal ions that can be explained coulombically, sterically
or in terms of solvation energies. One factor worth consideration is the preorganization of EDTA in that,
upon one ligand binding to a metal ion, the other ligands will quickly associate due to proximity to the
metal ion, aided by coulombic interactions and the net change in entropy from the loss of solvation. The
remaining ligands associate quickly enough that the first association to metal ion can often be
considered rate determining. All of these factors contribute to the heightened affinity of EDTA toward
metal ions, specifically transition metals with 6 empty orbitals like those of the first and second row

transition metal ions!%?,

Guest host systems are a fundamental aspect of almost all biochemical processes®>. These

processes are significantly more complicated than association and dissociation, but in many cases can be



simplified as such®. Understanding these processes and how to perturb them has led to the
development of modern medicine as we know it and so the development of methods for observing
these processes is of vital importance to not just chemistry but to life itself'2. Take for example the
movement of zinc in the brain and the work done by Stephen Lippard?3.
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Figure 3: ZP1-TPP a Zinc lon Chemosensor Developed by Lipard et. Al.

ZP1-TPP is a chemosensor that is selective for zinc metal ions and is incredibly fluorescent once the
acetyl groups are removed, upon association with zinc, figure 3. This sensor is considered ratiometric,
wherein the association with zinc has a fluorescence emission different from the unbound form, this
allows for the direct quantification of zinc based on the ratio of bound to unbound sensor'“.
Furthermore, the high quantum yield for this chromophore allows for the detection of zinc ions in real
time and in-vivo'*'®, Being able to observe these processes in real time as well as being able to
guantitate metal ion concentrations has illuminated processes that had limited understanding due to

the previous inability to directly measure zinc ion concentrations®.

Developing systems in which these processes can be observed or better understood has been
the subject of intense research for as long as these systems were known®. Modern day advances have
allowed for the development of sophisticated assays and specialized molecules that directly measure

these events through secondary processes like FRET or BRET.



Chapter Il. Metal lon Chemosensors

Introduction

The quantification of metal ions in potable water has been of increasing concern over the last
century as the harmful effects of metal ions in the body have come to light'®. Metal ions are cofactors
required for life however when metal ions that are incongruent to the biochemistry of living organisms
are present, significant problems arise. Take for example lead, once known for its durability as water
carrying pipes?’, its sweetening effects!® as well as a chemical enhancer for generating higher octane
rating in fuel®®. Lead is a toxic metal?®® that accumulates in the body over time and causes significant
problems with the kidneys, cardiovascular systems, reproductive systems and the nervous system?629.22,
It is known to cause developmental delays in children and permanent brain damage®?223, These factors

have led the EPA to determine that no amount of lead in drinking water is permissible®.

The EPA has outlined acceptable levels of metal ions in aqueous systems!®?4, Currently multiple
cities and townships are in far excess of those acceptable levels in the US*. This is the result of decaying
infrastructure in addition to the difficulty in treating wastewater from industry to the levels dictated by
the EPA. The cost of remedying this infrastructure has been deemed too substantial in many cases and
as a result there has been limited interest in fixing these contaminated systems. Furthermore, testing
these water systems is a long process that often produces answers long after the damage has already
been done?’. Metal ion remediation is used throughout the nation via processes that use polymers and

25,26

sedimentation to remove metal ions*>*°, in many industries, this is done in house while sample testing

and prepping is done via auxiliary labs?’.

Current methods for quantification of metal ions in aqueous solutions is heavily reliant on large
and expensive analytical instruments like ICPMS and flame AAS. Currently, for metal ion qualification

and quantitation, one would be required to obtain a sample and send it off for analysis in a lab equipped



to take those measurements?’. This means that there exists a turn around time on these measurements
that is often longer than the time it takes to treat waste water and pump it back into nature. Too often
the result is non-compliance with the EPA such that manufacturers are constantly fined for excess levels

of metal ions in waste water?*.

To circumvent the issues arround the treatment of wastewater, a system which utilizes a faster
method of quantification needed to be developed. Measurements around UV-Vis absorbance are
limited in rate by the speed of light and so a system that utilizes UV-Vis spectroscopy was envisioned.
Because these measurements involve absorbance and fluorescence, a chemosensor based on these
properties needed to be developed. When considering absorbance vs. fluorescence, the longevity of the
sensor needed to be taken into account. UV light is typically used to excite fluorescent molecules, this
light is short wave and very destructive over time when it comes to chromophores and can lead to
photo bleaching®. Visible light is sufficiently low energy that it was believed a chemosensor that

operated on the basis of absorbance in the visible range would generate a long lived sensor.

The most obvious choice of chromophore/chemosensor was based on azo dyes which have
been long utilized in many industries?, e.g. textiles, fabrics, food, plastics etc... Some azo dyes have
been long known to chelate metal ions and in doing so cause a change in absorbance of the dye3%3!, And
so, if multiple azo dyes with different metal ion selectivities could be developed, there may be a chance
at developing a sensor that continuously measures dissolved metal ions in waste water systems. The
work described herein relates to the development of functionalized azo dyes that are capable of

covalent attachment to a solid support that was developed cocurrently.

In this system, metal ions are detected via the change in absorbance of chemosensors as they
chelate metal ions in a flowing solution. To achieve a continuous measurement that did not result in loss

of sensing capabilities, the chemosensors had to be immobilized on a solid support. The solid support



chosen for this project is a hydrogel polymer similar to the structure of soft-contact lenses in that they
swell with water and are optically transparant. The solid support itself is functionalized such that

modified azo-dyes can be covalently attached to the solid support without washing out.

Analyte Flow Stream

Sensor Dyes on
Solid Support

—

Light Source t Sensor Dyel
& sba oaciur

)

Concenfration

D)

Output:
| 2
Light Source Sensor Dye | Abs Spectrum —_— PLS —_— Metal

Light Source I Sensor Dyed, | Abs Spectrum

Scheme 1: Generalized schematic diagram of the sensor

The hydrogel polymer sits in a custom designed flow cell between a lightsource and a detector.
Treated waste water then flows past the surface of the hydrogel polymer and changes the absorbance
of the transparant polymer if metal ions are present. From a series of spectral deconvolutions and
variables associated with accumulation over time, the identity and quantity of the metal ions can then

be determined.

Azo Dyes

Azo dyes are used in many industries as the color function of products®. These dyes have different
structures and functional groups that lend to the overall color of the dye. There has been a significant

amount of research into azo dyes as they offer a rapid method of generating large libraries with



spectroscopically unique attributes. Minor changes to the structure of azo dyes can lend itself to

dramatic changes in color®.
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Figure 4: Allura Red AC or FDC #40 a Red Food Coloring Azo Dye

One commonly available azo dye is Allura Red AC, figure 4. This dye is special because it is used as food

color additive also known as FDC #4032, This dye has been the subject of some controversy as it was

found, in 2011, that many azo dyes are able to degrade into anilines, nitrosyl and nitro compounds over

time and a set of researchers found a link between behavioral changes in children and these degrading

azo dyes3*33, These pieces were not well understood at the time which resulted in most azo dyes being

removed from food and textile industry products voluntarily. Since then, many of the azo dyes were

found to be harmless even after degradation at the concentrations they are found in food and textiles,

most notably FDC #4034,

General Structure and properties

Azo dyes are generally made from aromatic amines and a phenol or aniline. Azo dyes are highly

absorbing with extinction coefficients in the 10° to 10° range. Certain azo dyes are known to be metal

ion chelators, the most notable of these being PAR (pyridyl azo resorcinol, 1a).



Figure 5: PAR Zinc Association and Color Change

2a, PAR, tends to have a response to divalent metal ions through changes in absorbance. The response
can be measured via UV-Vis spectroscopy down to ppb levels of dissolved metal ions. The change in
response has been found to be associated with the formation of a 2:1 complex of 2 2a to 1 divalent
metal ion. 2a is not selective for all divalent metal ions and only confers a change in absorbance from a

select few metal ions, Ni, Cu, Zn etc.

An array of metal ion chemosensors was developed with the hope that their selectivity for metal
ions would be different among themselves. Then from an aggregate response of multiple azo dye
chemosensors it was postulated that metal ion quantity and quality could be ascertained from a mixture

of metal ions.

General Synthesis of Azo Dyes

There are multiple methods for generating azo dyes*3’. The most generally accommodating
procedure uses acid and nitrite to form a diazonium salt which then electrophilically attacks ortho to an

aromatic amine or phenol, scheme 2.



Acidic Method - Diazonium
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Scheme 2: Acidic method for generating Azo Dyes

This method works well for most electron-rich aromatic amines where the C -*N; bond is best stabilized.
This sequence is problematic from the stance that electron poor aromatic amines like 2-aminopyridine

are unable to form azo dyes under these conditions.

Diazonium salts are known to undergo a variety of reactions like the Sandmeyer reaction3=° or
in some circumstances they can be used in cross coupling reactions like Suzuki couplings*®. Diazonium
salts tend to be spontaneously explosive when isolated*!, and the reaction conditions to form diazonium
salts also generates NO when the reaction is heated above ~5 °C. Safety precautions must be taken into

consideration when generating and handling diazonium salts.

Electron poor aromatic amines will readily undergo ipso-substitution when a diazonium salt is

formed. This is most clearly seen when looking at aromatic amines like 2-aminopyridine.

| A HCl, =
NZ N H,0 |
S N (@]
SHIERLEN oN

Figure 6: Electron Poor Diazonium Hydrolysis



Because this reaction is performed in acid, there is some fraction of the pyridine 2-diazonium that is
protonated on hetero-nitrogen. This dramatically enhances the ipso-substitution of H,0 at the 2 position
which then results in the formation of 2-pyridone. A common procedure to convert 2-aminipyridine into

2-alkoxypyridine take advantage of this phenomenon®.

X
| ONOtBu, TMS-CI ~
NZNH,  THF: R-OH o R

Figure 7: Synthesis of 2-pyridyl ethers

To surmount this, a method that uses base to form a diazonium like product is needed.

Electron poor aromatic amines are capable of making azo dyes, but they require much harsher

and longer reaction times to form in any appreciable yield*>*}, scheme 3.

Basic Method - Diazotate
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Scheme 3: Basic Method for generating Azo Dyes

This reaction works by deprotonation of 2-aminopyridine followed by substitution of the tert butyl
nitrite to form a diazotate. The diazotate is then suspended in EtOH containing the phenol/aromatic
amine and CO; is bubbled through the reaction mixture over multiple days as a coolant and buffer. This

allows for the slow conversion of diazotate to diazonium under slightly basic conditions and facilitates

10



the coupling. This process is unfortunately incredibly slow and often poor yielding, on the order of 20 —

50 % and occasionally above 70% after multiple days.

While there are other methods of generating azo dyes, these two methods were applicable to

all the azo dyes generated via this research.
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Synthetic Targets — High and Low affinity Chemosensors

Both high and low affinity sensors have been synthesized. The largest difference between these

groups are the number of ligands and their arrangement when bound to metal ions.

1 \
N9 o, | N HO o | N on | A
AL = C /"Zn\ Sz = E Zn
N A N N o OH N \ ~Sn)
% LN NN o=
=
N —
X
10d-Zn 3a

Figure 8: High Vs. Low Affinity Azo Dyes

The high affinity dyes have 4 — 5 ligands that can satisfy the orbitals of the metal ion and generally have
a ligand on the metal as well e.g., H,0. The low affinity dyes tend to form complexes without additional
ligands from H,0 or elsewhere. The formation of the metal complex is associated with a change in
absorbance either due to cis-trans tautomerization of the azo bond upon association of metal ion or

from the direct interaction of the azo bond to the metal ion.
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The Synthesis of High Affinity Dyes

It was assumed that in order to develop a continuous flow system that can monitor metal ion
concentration it would take a very selective and very high affinity chemosensor. The first target was the
creation of a presumed chemosensor that would be selective for zinc in binding and give a large spectral

change in absorbance, 10d.
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Figure 9: TPEN vs. High Affinity Azo Dye

10d utilizes dipicolylamine, 7a, which is a known zinc ion chelator!*1>#44¢_Dipicolylamine is used in
extremely high affinity ligands®® for zinc ions like TPEN¥’. Thus, its inclusion into the structure of the
desired product was presumed to give the dye selectivity towards zinc. Retrosynthetic analysis indicates
the reaction sequence could start from dipicolylamine which could then be converted into an o-
nitroaniline. Reduction of this nitro-aniline and azo coupling conditions would then make the desired

azo dye.

13



OH
’
N: g
N © NO, N _
"Zn-OH N
Chp= = &7 = Qg
s
N\| 7a

A 8d

Figure 10: Retro Synthetic Analysis of High Affinity Sensors

A set of conditions was found to make this product starting with the synthesis of 2,2’-dipicolylamine, 7a.

X

X =

| H,. Pd/C QH 4
99.7% 7a

Scheme 4: The synthesis of 2,2’-dipicolylamine, 7a

2-cyanopyridine can be quantitatively converted into 7a. This requires maintaining 1 atm of H, as the
reaction progresses which can be accomplished by leaving a balloon of H, on the reaction mixture and
replacing as needed. Ammonia is evolved as a side product of the reaction. It is believed that the imine
that forms from the first equivalent of hydrogen is still tightly associated with the palladium such that

another fully reduced 2-picolylamine can add into the imine and lose ammonia, figure 11.
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Figure 11: Proposed Mechanism of Dipicolylamine Formation

It is believed that the inclusion of a weak acid like acetic acid should aid in the transformation of
picolylamine to the desired 7a by encouraging the loss of ammonia as the reaction progresses. This does
add the potential for overreaction and the formation of tripicolylamine, but one could conceivably find
the right ratio of acetic acid to substrate to encourage only the formation of 7a. As is, the reaction takes

about a week at a constant pressure of 1 atm H, but affords the product in quantitative yields.

NO,
X H = @EF N02
| N L N | DIPEA, DMSO /\O
7
a 63% d

Scheme 5: The synthesis of o-nitroaniline 8d

The second step is incredibly slow, the substitution of 7a in DMSO takes on the order of a week to get to
63% yield. This is due in part to dipicolylamine being a hindered 2° amine and the inability to heat these
reactions without significant side product formation. Once a set of conditions had been made to

substitute an amine with o-fluoronitrobenzene, a library of compounds was generated, table 1.
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8d 63% 8e 27% 8x d.n.r.
@[NOZ ©:N02 NO,
o I
N ~N N
e} (0]
8f 38% 89 50% 8h 57%

Table 1: Library Synthesis of o-Nitroanilines
Hindered 2° amines appear to react more poorly than unhindered 2° amines. The only amine that would
not react under these conditions was iminodiacetate which is very hindered and effectively non-
nucleophilic as a double amide. After substitution, hydrogenation over Pd/C afforded the substituted
aniline. The procedure for reduction of 8 to 9 is run immediately prior to diazotization due to the
oxidizable nature of o-diaminobenzenes. However, some reduced products, 9a/9b, have been isolated

to ensure efficacy of this method, scheme 6.

NO, OH o PaC NH, OH

EtOH

8h 100% 9a

Scheme 6: Reduction of o-Nitroaniline 8h to 9a
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These anilines, 9, should be able to react via the acidic method to produce the azo coupled product, but

some appeared to suffer from a significant complication, figure 12.
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Figure 12: Claisen Condensation of o-glycineaniline

All of the 9 variants that had a glycine-like structure appeared to have undergone a Claisen
condensation faster than diazonium could form. The same situation arose when the derivative was an
acid, thus only derivatives that did not have a glycine-like residue were able to be coupled via acidic azo
coupling. The acidic method of azo dye formation was used because these substituted anilines are very

electron rich and were expected to readily form a diazonium salt and couple, scheme 7.
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33%
9b

Scheme 7: Synthesis of High Affinity Sensor 10d-Zn

10d is not very crystalline in its unbound form. It was discovered that the addition of zinc acetate would

precipitate 10d-Zn selectively from the reaction mixture. Despite the low yield, which is likely a steric
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problem, the method of precipitation with zinc affords a very clean product. Complexes have been
observed via NMR with correct stoichiometry containing a single molecule of H,0 per azo dye when

made via this method.

10d, 11 and 10d-Zn were compared spectroscopically via *H NMR, figure 13.
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Figure 13: 'H NMR of 10d (bottom), 10d-Zn (middle) and 11 (top)

The peaks associated with the pyridine portion of the molecule appear to shift from unbound to bound
zinc complex. Notably, the pyridine 2-hydrogen was seen to shift downfield upon association with zinc.
Further, the methylene peaks for the picolylamine portion of the molecule also shift down filed after
association with zinc, curiously upon alkylation the methylene hydrogens split into broad doublets which

is indicative of a restricted conformation, this is not seen in the non-alkylated spectrum.
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Figure 14: Library of High Affinity Azo Dyes

Figure 15: Metal lon Response of High Affinity Azo Dyes
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From the initial library of azo dyes that was attempted 10a-e were compared for their metal ion

selectivity.

More delicate analysis of UV-Vis spectra highlighted significant differences in selectivity for

metal ions, table 2.

Free Al Cd Ca Cr Co Cu Fe Pb
10a 454 491 499 492 491
10b 462 464 457 479 471 477 493 446
10c 457 460 504 491 466
10d 457 461 491 489 466
10e 454 482 463

Free Mg Mn Hg Ni K Na Sn Zn
10a 454 503 502 465 491
10b 462 474 468 481 447 467
10c 457 463 458 491 473 487
10d 457 460 479 478 484
10e 454 462 477

Table 2: Max Wavelength for each High Affinity Dye with respect to each metal ion (Joe Laboets)
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There appears to be little difference between 10a and 10c, which makes sense given the two differ only
by number of ligands. When compared, 10d, which was thought to afford significantly different
selectivity’s, shares the same response as 10a overall. Surprisingly, 10b does not appear to yield a
response to zinc and its metal ion response overall is weak compared to the others excluding 10e which
does not appear to have any metal ion selectivity. This array can distinguish between Cd, Ca, Co, Cu, Pb,

Mn, Hg, Ni, Sn, Zn from one another when considering the aggregate response from this array.

10d-Zn had to be functionalized before it could be attached to the solid support, scheme 8.

N
v Ak N
~_/ Br S/
@[ /ZAn_OHZ (6] - @[ ,ZP_OHZ
NI K,CO3, CH5CN N A

87% / |

10d-Zn 11

Scheme 8: Alkylation of High Affinity Dye

In this reaction, the zinc helps to prevent the other amines and phenol from reacting with tert butyl
bromoacetate. The product of this reaction can then be saponified and undergo standard peptide
coupling methods to become covalently attached to an amine terminated solid support. It was thought
that alkylation of this distal phenol caused a change in the absorbance profile of the dye such that the
difference in metal bound and unbound dye were more similar. As a result of these issues the sequence

was modified to make the point of attachment further away from the conjugation of the azo dye itself.
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Literature search afforded a procedure to take o-fluoronitrobenzene and place a sulfonamide

meta to the nitro group*, scheme 9.

0 i 0
NO Osy/ /\/\)J\ M N0
O: 2 HsSO.CI S’ NO, HoN o™ -0 N/ NO,

_OV3Y /
- 100°c  Cl \C[ THF, NEt,, -40 °C o \C[
F

58% 57%

12 13

Scheme 9: The Synthesis of fluoronitrosulfonamide 13

The first step makes a sulfonyl chloride on the benzene ring, this is the most reactive portion of the
molecule and thus addition of ethyl 6-aminohexanoate forms the desired sulfonamide 13. The formation
of the sulfonamide does two important things. Firstly, it adds a handle for attachment to amine
terminated polymers far away from the chromophore core. Secondly the sulfonamide is sufficiently
electron withdrawing that it increases the reactivity of fluorine substitution toward the level of 2,4-
dinitrofluorobenzene. This synthesis, scheme 10, requires a column to separate sulfonamide-nitro-

fluorobenzene from sulfonamide-nitro-aniline.

o | H | o g’ NH
H @) = N X 7 2
)‘J\/\/\/N / o}
o N NO 1. >N N \©:
g 2 THF, NEt, Reflux NS
- 2. H,, Pd/C, EtOH N N
13 74% 15 %%

Scheme 10: Synthesis and reduction of o-nitroanilinesulfonamide

Substitution of 13 with dipicolylamine goes in higher yield and over a much shorter time span, hours

compared to days. This illustrates the heightened reactivity of 13 compared to o-fluoronitrobenzene.
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Reduction over palladium on carbon goes quantitatively over 6 — 10 hours. A small library of compound

14 variants was created from 13 to screen its reactivity, table 3.

II/O “//O
THF NEts, 5 N'RZ
Reflux )
R4
(0] o
1.0
Q (IS)'/,O NO /\O)LM\N,S/ NO,
/\OMN/ L 5 1 \C[
5 H ~ N X
N N |
| N N~
14a 90% | =
14b 88%
o 2, ’
.82 NO
AOMH \@[ 2 “o
5 fo) Z
~N
Y Cﬂ
\
14c 81%
/O
”/O 14d 72%
14e 71%

Table 3: Library Synthesis of o-nitroanilinesulfonamides

From this data the clearest indication of a more reactive species can be seen with the successful
substitution of iminodiacetate which was found to not occur with the simple o-fluoronitrobenzene.

Thus, this route constitutes a method to substitute less reactive ligands.
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Scheme 11: Synthesis of Functionalized High Affinity Dye

The azo coupling, scheme 11, also works well with a 65% yield of isolated metal free dye compared to
the 33% of metallated dye from the original route. Across all steps starting with o-fluoronitrobenzene
the yield is 16 - 19%. The azo coupling was performed for three naphthols to determine how the

naphthol portion of the molecule affects selectivity as well as the native absorbance of the molecule,

figure 16.
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Figure 16: Metal ion response of the high affinity sulfonamide sensor array
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These molecules differ in the position of their phenols and number of phenols. Note the most dramatic
color change upon ligation of a metal ion is for the dye in which there is only a phenol para to the azo
bond. This is a very highly conjugated molecule that likely tautomerizes upon ligation of metal ions to
the N-H ketone tautomer therein dramatically changing the length of conjugation of the molecule and
resulting in a dramatic (~100+ nm shift in absorbance). Aside from the difference in native absorbance,
the metal ion selectivity appears to be identical, which makes sense given the nature of the ligand,
however it may be possible to use the unique metal ion responses as a means of discriminating metal
ions as opposed to a binary system of yes and no for data collection. Furthermore, one may notice the
degradation of azo dye in the tin and mercury samples shown above, this is likely the result of reduction
of the azo bond.
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Scheme 12: Functionalized High Affinity Dye Sulfonamide Synthesis

This pathway, scheme 12, allows for variation at each step. First the sulfonamide formation
should go with any aliphatic amine and introduces a handle far away from the chromophore of the
molecule. Second is the ligand substitution which can work with almost any amine or other nucleophilic
ligand. Lastly the phenolic portion of the molecule can be modified with any phenol/aromatic amine.
The biggest draw-back of this sequence is the need for multiple columns to purify intermediates,
specifically for the sulfonamide-nitro-fluorobenzene product which runs in similar Rf to its bis
substituted side product. This sequence affords an azo dye that can be readily attached to a solid

support with no change in spectra compared to the free dye.
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The biggest issue with these sensors is that their affinity to metal ions is significantly higher than was
assumed during the initial design of the molecule. The K4 for zinc binding to one of these dipicolylamine

sensors was deemed to be too high for even a 15 cm pathlength cell to accurately determine and so its

affinity was approximated using EDTA in competition.
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Figure 17: Zinc response of 16a

Shown, figure 17, are spectra corresponding to high affinity dye 16a in various states. Note that the

calculated spectra (the average of the free dye and zinc complex spectra) is almost identical to the 1:1

EDTA and azo dye zinc complex.
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Figure 18: Competition titration of 16a with EDTA
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The Kq for EDTA toward zinc is ~ 10 M, from the titration data it was found that this sensor is

approximately within an order of magnitude weaker in affinity for zinc than EDTA. Thus K4 ~10™> M for

zinc or in the femtomolar range.

With an affinity this strong and for the purpose of this project, these high affinity sensors were deemed
un-useable for reasons that were determined after the dye was placed onto the amine terminated solid

support.
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The Synthesis of Low Affinity Dyes

Because of the results for the high affinity dyes regarding approximate Kq4, attention was shifted

toward the synthesis of lower affinity (K4 ~107) dyes that would not require large amounts of EDTA to

remove metal ions or large amounts of concentrated acid. And so, tri-dente azo dyes were generated

that are similar in structure to PAR but differ in a variety of ways.

Because the acidic method of making azo dyes is quick, libraries of azo dyes can be made rapidly

and tested against metal ions even as crude mixtures. The first library of low affinity azo dyes attempted

used 8-aminoquinoline as the electron rich aniline and a variety of naphthols to couple to, scheme 13.
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Scheme 13: Library Synthesis, the QAN Family
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The yields vary from 50 - 84% when coupling 8-aminoquinolone to various naphthols. Each of these dyes

are unique in their response to metal ions, but most of those changes are incredibly minor with respect
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to absorbance. This could be a tautomeric effect where because the azo-bond itself is not switching

between E and Z the only response being measured is the direct association of metal ion to azo dye.

la

1b

1c

1d

le

Figure 19: Metal lon Response of QAN family to metal ions

These azo dyes have limited changes in absorbance upon binding of metals, figure 19, and this holds

true for all the naphthol variants.

30



1a

1b

1c

1d

1a

1b

1c

1d

Free

413

460

482

532

Free

413

460

482

532

Al cd Ca Cr Co Cu Fe Pb
468 453 525 492 453
456 568 526 450
473 485
545 547 534
Mg Mn Hg Ni K Na Sn Zn
463 386/492 413 388/490
471 480 550 460 529
544

Table 4: Max Wavelength Response for the QAN Family to their Respective Metal lons (Joe Laboets)

The metal ion responses, table 4, indicate minor changes in absorbance but appear to be sufficiently

different in their absorbance profiles to work as an array, albeit less so than other dyes.

Despite their limited use as metal ion chemosensors, 1d is incredibly solvatochromic. This was noticed

when cleaning glassware that had the dye in it with different solvents and seeing a variety of colors.

When compared to the polarity of the solvent, the shift in absorbance can be seen more clearly.
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Dipole moment (D) Awmax

-

Toluene 0.3 492 nm _ DMSO
CHCl3 1.2 476 nm - NMP
E6O 1.2 487 nm _ DMF

Acetone
tBuOH 1.7 504 nm _
EtOH
iPrOH 1.7 520 nm
_ iPrOH
EtOH 1.7 507 nm .
MeOH 1.7 510 nm
EtOAc 1.8 491 nm
Pyridine 2.4 591 nm
_ Toluene
NEts 2.8 495 nm

Acetone 29 508 nm
DMF 3.8 580 nm — R

thane

CHCN 39 563 nm ﬁ .

DMSO 40 513 nm Ny

Table 5: Dipole of solvent compared to 1d max wavelength (Joe Laboets)

From this data, table 5, it appears that there is a correlation between the polarity of the solution and the
shift in absorbance, however factors like hydrogen-bonding or basicity of the solvent could lead to other

effects that change the absorbance of the sensor.

A family of 2-aminopyridine based sensors was then created based on standard methods for PAR

synthesis, scheme 14.
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Scheme 14: Library Synthesis of PAN Family

The PAR family was found to have more utility as metal ion chemosensors than the QAR family. Metal

ion selectivity among this family showed promise as each dye has its own unique set of metal ions in

2a
2b
2c
2d

2e

4c
which they respond to.

Figure 20: Metal lon Response of PAN Family and their respective Metal lons

The metal ion responses among these dyes, figure 20, are somewhat similar. Generally, every dye
responds to copper, cobalt, nickel and zinc. The most noticeable differences appear for 2c and 2d

wherein it appears these dyes respond to most of these metals in a unique manner. The last row 4d is
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also interesting as these colors only appear after multiple minutes, whereas the other responses are

instantaneous.

Free
2a 450
2b 424
2c 460
2d 480

Free
2a 450
2b 424
2c 460
2d 480

Al Cd Ca Cr Co Cu Fe Pb
497 509 509 491/530 521
481 476 419
519/565 454 530 536 464 515
365 568 636 602 600 585
Mg Mn Hg Ni K Na Sn Zn
414 495 393 491
393 492 404 492
447  525/564 443  513/550
567 573 602 482 586

Table 6: Max Wavelength of PAN Family and their respective metal ions (Joe Laboets)

Table 6 shows the overall metal ion response for the PAR family of azo dyes 2a-d, there are many

differences among them. Metal ion responses with weak changes in absorbance are underlined while

the strong responses are shown in bold. While there is a response to tin and mercury for some azo dyes,

generally the response is followed by the degradation of the azo dye via reductive processes. This array
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of 4 dyes could be able to distinguish Al, Cd, Cr, Co, Cu, Fe, Pb, Hg, Ni, Sn and Zn from one another

thanks to their unique change in absorbance.

Of these dyes, 2c was extensively studied as it gave unique responses to many of the metal ions of
interest and it was believed that the distal hydroxyl did not interfere with metal ion selectivity and
modification of that hydroxyl for attachment to a solid support should not affect the absorbance change

either.
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Figure 21: PAN-70H, 2g, its relative pK,'s and pH dependent UV-Vis Spectra (Joe Laboets)

The pKa’s of the molecule were determined experimentally, figure 21, in addition to the protonation
states of 2c in regard to its spectra. This process was repeated for many of the azo dyes described

herein.
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2c Kq (M) lonic Radius (A)

Cu 6.324E-07 0.73
Co 8.600E-07 0.75
Zn 9.528E-07 0.74
Ni 9.705E-07 0.69
cd 8.119E-06 0.97
Pb 1.799E-05 1.2

Table 7: 2c K4 for multiple metal ions and their relative ionic radius (Joe Laboets)

Shown, table 7, are the relative affinities of 2c toward various first row transition metals. It appears that
this azo dye is most selective and has the highest affinity for copper which also happens to be one of the
smallest of the divalent metal ions in the transition metal block. While 2c has a response to lead and
cadmium the affinity appears be less which is understood to be the result of the increasing ionic radius
of the metal ions. Other considerations are the general shape of the orbitals for these divalent metal

ions and the ability for the azo dye to satisfy those empty orbitals.
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Figure 22: Spectral response for 2c compared to multiple metal ions, UV-Vis data (Joe Laboets)

The direct measurements of metal ion response of 2c in MOPS buffer at pH 7 are shown, figure 22.

These spectra are a better indication of the metal ion response, more detailed observations can be

made from these, most notably that 2c is able to distinguish among the metal ions it responds to based

on the unique shape of its metal bound spectra. This type of analysis was performed on most of the dyes

described herein.

2d was also found to be solvatochromic just like the QAR variant, both of these dyes are coupled to 1,5-

dihydroxynaphthalene which is believed to afford the solvatochromic response, figure 23.
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Figure 23: Solvatochromic behavior of PAN-1,50H, 2d, in various solvents

The biggest difference between the QAR and PAR variant is the distribution of colors on the spectrum.
The PAR version appears to have a smaller color range than the QAR variant. This is likely explained by

tautomeric effects as well as hydrogen-bond stabilization in those tautomeric states, figure 24.
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Figure 24: Proposed Tautomerization of 1d and 2d

The QAR variant is stabilized by the hydrogen bonding array in either state, but it’s likely that as the
polarity decreases the ketone is present in greater amounts, this state is stabilized by the 5-member
hydrogen-bonding ring of the azo NH and the quinoline hetero nitrogen. This hydrogen bond in the PAR
variant would be a 4-member ring and less stabilized, meaning the enol tautomer is likely present in

greater amounts in less polar solvents than the QAR variant.

These two families, PAR and QAR, represent a library where the naphthol portion of the molecule is
varied while the ligand is kept constant. A variety of isomers of aminoquinoline and various 2-

aminopyridine derivatives were then coupled to resorcinol to see what the effect on metal ion
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selectivity may be. These iso-quinolines and pyridines require the basic method to be synthesized. From

a crude reaction screening the following results were noted.

Metal lon Response

HO OH
\@ PAR Analogs
N

N N R
R4 | ZSR2
R3 | |Cr |Mn|Fe|Co|Nl |Cu|Cd|Zn|Sn|Hg|Pb|
R! R2 R3 R4 9
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-CH, H H H PAR-Me B
-Br H H H PAR-Br C 3
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Figure 25: Library of PAR analogs with varying pyridine-like substituents

These results, figure 25, indicate a means to achieve a difference in selectivity in azo dye through the
variation of the ligand. In this case the highlighted dyes would constitute an array that could distinguish
iron, cobalt, nickel, copper, tin and lead from a mixture of these metal ions in solution. But for the most
part these azo dyes do not offer any truly significant selectivity’s or metal ion responses when compared
to the simple PAR family of azo dyes and the precursors to these chemosensors are significantly more

costly.
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Solid Support for Azo Dyes

The solid support utilized in the subsequent experiments is an amine terminated hydrogel polymer

covalently attached to a glass surface, scheme 15.

[0 NH [0 NH
\
*O;Si—/— =0 *O>Si—/— =0
o R o R
0 o
—0 O (0] —O,
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—O OH NMP, 50 °C —O >, OH
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o) NH 2 —O NH
\ 3 3
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o R o R )

Scheme 15: Synthesis of final sensor

Because the polymer retains terminal amines, the most convenient method of dye attachment to the

solid support that would result in a very stable bond is

via peptide coupling methods. Methods were

developed to install a functional handle on the low affinity dyes.

Zn(OAc),
l{ll N H,O/MeOH
N
| _— 99%

2a

=
|
N
HO o N
\©i /Zf]:\
’ﬂ/ : "0 OH
N N
| N
3a —

Scheme 16: Metallation of PAR, 2a

The first step of the sequence, scheme 16, involved the formation of a zinc complex with 2a. This step

serves multiple purposes. First it protects the binding side of the molecule from alkylation in the

40



subsequent steps, i.e. zinc acts as a protecting group. Second, it creates a pocket that specifically
accommodates zinc ions. Thus when the dye is incorporated into the polymer, the binding pocket for
metal ions is templated for zinc specifically. Now that the molecule is sufficiently protected, the distal

phenol of 3a may be alkylated.

| z
SNTON .
Lo o J< 0 NTN
HO. : iox‘zﬁ:’/ Kj\ 1 BFQJ\O HO)K/O O\Z,',,/N
RN . n\\
N/ : 0 OH CS2COs, CH3CN, r.t.; \@[ // : \\\O o OH
N 2. TFA, CH,Cly; MeOH N N
1l |
NN N 0
| 77% |
3a Z 5a ¥

Scheme 17: Alkylation of 3a, PAR,Zn complex

This reaction, scheme 17, works well and goes at room temperature overnight. Potassium carbonate
also works well for this reaction, but higher yields were found when using cesium carbonate instead. 4a,
from the first step, is very organic soluble and easily extracted and isolated as the complex. Methods

were also developed to remove zinc from the complex and allow for the isolation of 6, scheme 18.
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o NTON Q
/%)J\/o o N )(OJ\/O OH
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_ 19% -

Scheme 18: Removal of Zinc from alkylated complex

6 was readily isolated from an ethanolic solution containing EDTA and ammonium bicarbonate. The
extraction requires large volumes to overcome the emulsion formed from the ethanol/EDTA mixture. H

NMR was used to verify the method and no trace of complex remained. Subsequent experiments
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showed that the acylation conditions for polymer loading are not entirely compatible with this product

due to the un-alkylated phenol being a reactive species.

After deprotection of 4a tert. Butyl groups to acids with TFA, the crude mixture is suspended in
methanol multiple times to ensure the complex 5a is reformed. Most acids are capable of degrading the
complex and so it is important that after treatment with acid the complex is reformed. Once this
complex is in hand, the dye complex may react with the polymer via peptide coupling conditions. Initial

conditions for peptide coupling were as follow, scheme 19.
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X | N |
9 o 0 NN
)J\/o o N Polymer< J\/O o._i N
HO \C[ zn o HBTU.NEt, NMP; N \C[ < K
S0 o O Polymer-NH, A0 o (o) “Polymer
N | N i
N . N 0
® P
= Q

5a

Scheme 19: Peptide coupling of deprotected alkylated azo dye to polymer

The reaction was initially run at room temperature out of fear of polymer degradation. However, it was
noticed that the polymers loaded with dyes via this method did not adsorb much of the complex and
less formed covalent bonds. To find the best coupling conditions, a series of reactions were set up at
different concentrations for 24 hours and after rinsing the polymer with base, acid and compatible

organic solvents their spectra were taken in MOPS buffer, pH ~7, figure 26.
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Figure 26: Absorbance Vs. Conc of Acylating solution over 24 hours

From this data, figure 26, it became apparent that these methods were too slow and did not sufficiently
load the polymer dot with dye. It was hypothesized that the reason this acylation was taking longer than
expected was due to the cross-linking effect of dye-complex to the surface of the polymer. This would,

in effect, create a barrier that would limit the diffusion of dye into the polymer matrix. As a result of this
it is believed that these polymer dots are acylated as a gradient with the outer-most part of the polymer

being much higher in loading than the inner-most part of the polymer, figure 27.

Cross-linked Surface

[ 1 \ Decreasing Dye
Concentration

Polymer

Figure 27: Crosslinking of polymer due to acylation of azo dye to polymer
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Eventually a new set of conditions were found wherein the solution is shaken while being heated with
an IR lamp over a few hours at ~50°C and the loading of dye significantly increased. The shaking of the
polymer dots in solution greatly increased the rate of acylation compared to passive diffusion, as was

expected, scheme 20.
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Scheme 20: Current method for attachment of azo dye to solid support

This method allowed for dye loading to an effective absorbance of ~ 1.5 — 2.0 depending on the
concentration of acylating solution, for 1 —2 Abs a 2 mmol dye solution was used and could be reused.
The polymer dots require extensive rinses and washes to remove any residual acylating reagent, excess
dye and any residual zinc from the complex. It was found that by shaking the polymer dots in these
washing solutions all the residual contaminants were easily removed. The acylating solutions are also
able to be reused if they are stored at -20 °C, under N; and kept anhydrous when not in use. The

polymer dots are thoroughly washed and are then stored in 18 MQ H,0 or in NMP until they are used.

Functional Polymer Results
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Figure 28: Concentration dependence of differential rate of change of absorbance compared to concentration of zinc ion.

The method behind metal ion quantification is based on the rate of change in the absorbance of the

polymer dot in an analyte flow. It is entirely concentration dependent, figure 28, furthermore the
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relationship appears to be linear which makes the correlation easier to compute. These rate of change
spectra when graphed as initial rate vs concentration appear linear as well, meaning there is a significant

correlation between measurements of different concentrations of metal ions in solution.

Thus, from initial rate measurements it is possible to determine metal ion concentration as a

function of rate of change in absorbance.
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Figure 29: A, the structure of the sensor polymer, B differential absorbance as a function of time, C, Different slopes based on
polymer charge, D, correlation of zinc concentration to the change in absorbance over time.

The spectra obtained from these experiments, figure 29, show a linearity that is associated with a
concentration of zinc in solution and its accumulation over time. It is thought that the gradient of the

dye-complex in the polymer is associated with this very stable and linear measurement over hours.
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When analyte flow is kept sufficiently dilute, accurate measurements of metal ion concentrations can be

obtained as low as individual ppb levels.

These measurements are very stable over time and very repeatable, the longer the
measurement the more accurate the data obtained and thus a more reliable metal ion concentration
and identity. In order to regenerate the free azo dye bound polymer and remove any residual metal,
dilute HCl washes are used such that the flow of acid carries out the metal ions while protonating the

azo-dyes and preventing them from binding, figure 30.

0.45

0.40 ~

0.35

0.30 +

0.25 4

0.20

0.15

0.10

0.05 +

0.00 H

-0.05 — T T T T T T T T T 1
0 20 40 60 80 100 120

Time (min)

Absorbance

T T

I 1
140 160

Figure 30: Regeneration of polymer dots via acid rinse and a period of buffering. (Joe Laboets)

This constitutes a method to continuously measure metal ions in solution and regenerate the polymer
dye. Collaborator use has shown that there is no obvious degradation after a year of almost continuous

use and thousands of repeated measurements. Furthermore, the dye bound to the polymer does not
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appear to oxidize or degrade when compared to solution based azo dyes, even after treatment with raw

wastewater.
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Figure 31: Degradation of solution based dyes over time (Joe Laboets)

When considering the solution-based sensors, figure 31, there is obvious degradation as quickly
as a week after dissolving. These solutions were exposed to atmosphere and refilled with solvent as it
escaped. The result is a general decrease in absorbance and increased complexity of the spectra
meaning that the azo dye is degrading in solution. This phenomenon is not observed in the polymer

bound azo dyes even after a year of continuous use.

Multiple azo dyes have been acylated to polymer dots to date that are capable of detecting
metal ions in solution. The method for derivatizing the low-affinity dyes for acylation to the polymer

dots has been applied to the library of compounds generated, each with unique properties. Some of the
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most remarkable findings has been associated with the high affinity dyes that have limited utility in this

project but may have utility in other areas of research.
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Figure 32: Comparison of High affinity dye in solution and on the polymer dot

For the High-affinity dyes it became apparent very quickly that the solution-based spectra and
solid-support based spectra of these dyes are identical to one another, figure 32. That by having the

functional handle far away from the chromophore portion of the molecule the solution-based spectra
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would be representative of the solid support spectra which would make the determination of what

sensors to use easier as these determinations could be based solely on their solution-based spectra.

The biggest issue with the high affinity dyes was the inability to wash out metal ions via flow of
HCl which had become the standard method for the low affinity sensors. Even flow of 6M HCl was
unable to remove the zinc from the polymer matrix fitted with 11 and 16c, that upon flow of pH 7 buffer
the spectra quickly shifted toward their metal bound state. It was believed that the incredibly high
affinity of the azo dyes for zinc coupled with the gradient of dye through the matrix prevented the acid

from abstracting the metal from the polymer matrix.

These experiments constitute a method for the creation of a hydrogel polymer with metal ion
detection capabilities. When combined with a customized flow-cell specifically fitted for these hydrogel
polymers and custom spectrometer one can detect the accumulation of metal ions in real time in a flow
system. This has significant utility in monitoring treated wastewater to ensure EPA compliance or

perhaps as a home use detector to ensure potable water is free of deadly metals like lead and mercury.

Subsequent studies into metal ion chemosensors will involve the development of a high affinity
selective lead sensor that utilizes the high affinity dye scaffold. Beyond lead, dyes will be developed to
detect a large array of metal ions with greater specificity and affinity based on the experimental results

from these studies.
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Experimental

General Synthesis of Azo Dyes 1 and 2:
Acidic Method — Diazonium 1x

QAR Family — General Procedure:

R
NH, N R@

111
N HCI, NaNO,, @N ASY
N 0,
0°C N, NaOH,0°C N
= ~ A
= =

1 eq (1 mmol) of 8-aminoquinolone is dissolved into 5 ml of H,O with 2 eq (2 mmol) of HCI and chilled to
0 °C. Once chilled, 1 eq (1 mmol) of NaNO; in 1 ml of H,0 is dropwise added to the reaction mixture,
while maintaining 0 °C through the addition. Once delivered, the reaction mixture was tested for any
excess oxidant via Kl-starch paper. While still at 0°C, this solution was delivered dropwise and very
slowly to a solution containing 4 eq (4 mmol) of NaOH and 1 eq (1 mmol) of phenol/naphthol chilled to
0°C. once fully delivered, the reaction mixture was allowed to warm to room temperature overnight.
The solution is then acidified with acetic acid and the precipitate collected via vacuum filtration. The
solid is washed with H,0 then ice cold MeOH. The solid is dried and then boiled in diethyl ether, filtered

and dried under reduced pressure.
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1a QAR - 4-(quinolin-8-yldiazenyl)benzene-1,3-diol

Yield: 83%, m.p. +320 °C,

1H NMR 500 MHz (CDsOD): & 8.86 (1H, dd, J = 1.8, 4.2 Hz), 8.25 (1H, dd, J = 1.8, 8.4 Hz), 7.98 (1H, dd, J =
2.1, 6.6 Hz), 7.61 (1H, m), 7.56 (1H, m), 7.50 (1H, dd, J = 4.2, 8.4 Hz), 6.98 (1H, d, J = 9.6 Hz), 6.21 (1H, d, J
=9.6 Hz), 5.68 (1H, d, J = 2.1 Hz)

13C NMR 500 MHz (CDsOD): 6 148.72, 135.56, 134.83, 128.8, 126.91, 123.90, 121.62, 121.32, 116.72,
110.60, 106.

1b QAN-40H - 4-(quinolin-8-yldiazenyl)naphthalene-1,3-diol

Yield: 80%, m.p. 275 - 277 °C,

H NMR 300 MHz (CDsOD): & 8.86 (1H, dd, J = 1.5, 4.2 Hz), 8.45 (1H, d, J = 8.1 Hz), 8.24 (1H, dd, J = 1.5, 8.1
Hz), 8.07 (2H, m), 7.60 (1H, t, ) = 7.8 Hz), 7.51 (3H, m), 7.36 (1H, t, ) = 7.2 Hz), 5.83 (1H, s)

1c QAN-70H - 1-(quinolin-8-yldiazenyl)naphthalene-2,7-diol

Yield: 84%, m.p. 224 - 225 °C,
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1H NMR 300 MHz (CDsOD): & 8.95 (1H, d, J = 3.9 Hz), 8.37 (1H, dd, J = 2.7, 8.1 Hz), 8.34 (1H, t, J = 8.1 Hz),
7.71(2H, m), 7.60 (1H, s), 7.57 (1H, t, ) = 4.5 Hz), 7.28 (1H, d, ] = 8.4 Hz), 6.74 (1H, dd, ] = 2.4, 8.7 Hz),
6.27 (1H, d, J =9.3 Hz)

1d QAN-1,50H - 4-(quinolin-8-yldiazenyl)naphthalene-1,5-diol

OH

Yield: 40%, m.p. 193 — 195 °C,

1H NMR 500 MHz (CDCls): 6 12.10 (1H, Sbroad), 10.99 (1H, Sbroad), 8.84 (1H, d, J = 1.5 Hz), 8.21 (1H, d, ] =
8.5Hz),7.97 (1H, d, J =10.5 Hz), 7.81 (1H, d, J = 7.5 Hz), 7.59 (1H, t, ) = 8 Hz), 7.53 (3H, m), 7.44 (1H, t, ) =
8 Hz), 7.29 (1H, d, J = 7.5 Hz), 6.83 (1H, d, ) = 10 Hz)

1e QAN-3A - 3-hydroxy-4-(quinolin-8-yldiazenyl)-2-naphthoic acid

CO,H
OH N/|
O _N
"
Yield: 45%, m.p. 124 - 125 °C,

1H NMR 300 MHz (CDs0OD): 6 8.71 (1H, dt,J =1.2, 4.2 Hz), 8.17 (1H, td, ) = 1.5, 8.4 Hz), 7.80 (1H, dd, J =
2.7,6.3 Hz), 7.39 (5H, m), 7.28 (1H, td, J = 2.7, 6.9 Hz), 7.17 (1H, dd, J = 1.5, 9.6 Hz), 6.38 (1H, dd, J = 3.6,
9.6 Hz)
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Basic Method — Diazotate 2x

PAR Family — General Procedure

oc :

NH, N//N R@ \
THF, KOtBu, _ N

> —_—
N TONOtBu, Reflux SN CO,, EtOH,
% _ 4 days | =N

1 eq (1 mmol) of 2-aminopyridine and 1 eq (1 mmol) of potassium t.butoxide was dissolved in 1.5 ml of
THF and stirred for 30 minutes before addition of 1 eq (1 mmol) of t.butyl nitrite. The reaction mixture
was then heated to reflux for three hours and after TLC indicated the consumption of starting 2-
aminopyridine the reaction was stopped. The mixture was cooled to room temperature and the
precipitate collected via vacuum filtration. The solid was then washed with diethyl ether and while still
wet with ether, dissolved in 10 ml of EtOH chilled to -20 °C. This solution was then added in portions to a
solution of 1 eq (1 mmol) phenol/naphthol in 10 ml of EtOH while CO, was bubbled through the

solution. CO; bubbling was continued for multiple days until the solution had gone dry.

The crude residue was then suspended in 10 ml of MeOH and acidified with AcOH while heating. This
solution was diluted into 50 ml of H,0 and the precipitate collected via vacuum filtration. The crude
solid was then boiled in 50 ml of diethyl ether, filtered and dried under reduced pressure for multiple

days.

2a PAR - 4-(pyridin-2-yldiazenyl)benzene-1,3-diol
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Yield: 40%, m.p. 192 - 202 °C,

1H NMR 500 MHz (DMSO — d6): & 13.87 (1H, Sbroad), 8.58 (1H, d, J = 3.9 Hz), 7.97 (1H, td, J = 1.7, 8.2 Hz),
7.80 (1H, d, J = 8.1 Hz), 7.59 (1H, d, ) = 8.1 Hz), 7.41 (1H, t, J = 6.3 Hz), 6.53 (1H, dd, J = 2.2, 9.0 Hz), 6.24
(1H, s)

2b PAN-40H - 4-(pyridin-2-yldiazenyl)naphthalene-1,3-diol

Yield: 79%, m.p. +340 °C,

1H NMR 500 MHz (CD30D): 6 8.31 (1H, d, J = 8 Hz), 8.15 (1H, d, J = 3.5 Hz), 8.00 (1H, d, J = 8 Hz), 7.79
(1H,t,J =7 Hz),7.71 (1H, d, ) = 8.5 Hz), 7.47 (1H, t, ) = 7 Hz), 7.38 (1H, t, ) = 7.5 Hz), 6.95 (1H, m), 5.74
(1H, s)

2¢ PAN-70H - 1-(pyridin-2-yldiazenyl)naphthalene-2,7-diol

Yield: 84%, m.p. 228 - 230 °C,
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1H NMR 300 MHz (CDsOD): & 8.35 (1H, d, J = 7.8 Hz), 7.94 (1H, td, J = 1.8, 6.3 Hz), 7.92 (1H, s), 7.77 (1H,
d,J=2.1Hz),7.69 (1H, d, ) = 9.6 Hz), 7.42 (1H, d, ) = 8.4 Hz), 7.22 (1H, td, J = 2.1, 6.3 Hz), 6.88 (1H, dd, ) =
2.4,8.4 Hz), 6.41 (1H, d, ) = 9.6 Hz)

2d PAN-1,50H - 4-(pyridin-2-yldiazenyl)naphthalene-1,5-diol

HO l
N
I

NN
OH Y =

=
Yield: 90%, m.p. 241 — 245 °C,

1H NMR 300 MHz (CDsOD): 6 8.86 (1H, dd, J = 1.5, 4.2 Hz), 8.45 (1H, d, J = 8.1 Hz), 8.24 (1H, dd, J = 1.5,
8.1 Hz), 8.07 (2H, m), 7.60 (1H, t, ) = 7.8 Hz), 7.51 (3H, m), 7.36 (1H, t, J = 7.2 Hz), 5.83 (1H, s)

2e PAN-1a - 2-hydroxy-3-(pyridin-2-yldiazenyl)-1-naphthoic acid

Yield: 62%, m.p. 228 - 230 °C,

1H NMR 300 MHz (CDs0D): 6 9.23 (1H, d, J = 8.7 Hz), 7.85 (1H, d, J = 8.7 Hz), 7.80 (1H, s), 7.74 (1H, t, ) =
7.2 Hz), 7.47 (1H,t,J = 7.2 Hz), 7.29 (1H, t, ) = 7.5 Hz), 7.09 (1H, d, J = 9 Hz), 6.87 (1H, d, ) = 8.7 Hz), 6.79
(1H, 1, = 6.3 Hz)

General Synthesis of Zinc Complexes 3
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AN Zn(OAc), N O.._I .-
N TH,O/MeOH ~ Rr 2N R
N_ _N =~y ' o

2 eq (2 mmol) of azo dye is suspended in 100 ml of a 50:50 mixture of MeOH and H,0 and heated to
reflux, then 1.1 eq (1.1 mmol) of Zn(OAc), is added to the solution and the solution is stirred overnight
at room temperature. The resulting precipitate is collected via vacuum filtration and washed with H,0

until the filtrate run clear. The solid is then dried under reduced pressure for multiple days to afford the

desired zinc complex.

3a PAR2Zn - 4-(pyridin-2-yldiazenyl)benzene-1,3-diol Zn Salt

4

HO OH \N h]

PN

\C[N Zn(OAc), HO\@:O\\Z‘N/ :@\
I LN
N n_  HeoMeOr T on

1 |
P N |N\
=

Yield: 99%, m.p. +340 °C,

1H NMR 500 MHz (DMSO-d6): & 10.71 (1H, Shroad), 7.99 (1H, t, ) = 7.6 Hz), 7.71 (2H, d, J = 8.8 Hz), 7.58
(1H, d, J = 4.4 Hz), 7.19 (1H, t, ) = 6.2 Hz), 6.20 (1H, d, J = 9.3 Hz), 5.85 (1H, s)

13C NMR 500 MHz (DMSO-d6): 6 176.3, 169.6, 159.3, 146.0, 141.8, 132.1, 123.8, 122.3, 119.9, 111.6,
104.9

3b PAN-70HZn - 1-(pyridin-2-yldiazenyl)naphthalene-2,7-diol Zn Salt
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N Zn(OAc), O i O
by H,O/MeOH U

Yield: 95%, m.p. +340 °C,

1H NMR 500 MHz (CDs0D): 6 8.37 (1H, d, ) = 4.6 Hz), 7.94 (2H, m), 7.80 (1H, d, ) =2.4 Hz), 7.71 (1H, d, ] =
9.6 Hz), 7.59 (1H, d, J = 8.8 Hz), 7.45 (1H, d, ) = 8.4 Hz), 7.23 (1H, m), 6.44 (1H, d, J = 9.6 Hz)

13C NMR 500 MHz (DMSO-d6): 6 178.7, 161.0, 160.2, 145.6, 143.5, 142.1, 132.0, 129.5, 129.0, 123.3,
122.4,121.8,120.9, 114.5, 111.8

General Synthesis of Alkylated Zinc Complexes 4

NS
NS
o L fo o
;N j< /l( o O | s
"o O zi :@\ Br\)ko ° \©: A Kj\ o
o OH  C52C03, CHiCN, rt; ’T‘./ i o o/\[( \{/

o

N

AN

z2=-=2
— N
\ /S TTTA
SN\
AR
,
=z
C

1 eq (1 mmol) of Azo-dye/zinc complex 3 is suspended in 15 ml of CH3CN with 2.2 eq (2.2 mmol) of
Cs2C0s. Then 2.2 eq (2.2 mmol) of t. butyl bromoacetate is added to the reaction mixture and the
solution is stirred overnight at room temperature. After 18 hours the solution is filtered to remove
excess salt. The organic is then concentrated under reduced pressure and the resulting oil boiled in 50

ml of hexanes and the resulting solid collected via filtration. The solid was then dried under reduced

pressure.

4a PAR,Zn-Alk - tert-butyl 2-(3-hydroxy-4-(pyridin-2-yldiazenyl)phenoxy)acetate Zn Salt
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Yield: 94%, m.p. 133 - 137 °C,

1H NMR 500 MHz (DMSO-d6): & 8.04 (2H, td, J = 1.5, 7.8 Hz), 7.80 (2H, d, J = 6.9 Hz), 7.75 (2H, d, J = 9.5
Hz), 7.64 (2H, dd, J = 1.0, 5.0 Hz), 7.25 (2H, t, J = 5.0 Hz), 6.29 (2H, dd, J = 2.6, 9.5 Hz), 5.92 (2H, d, J = 2.6
Hz), 4.67 (4H, s), 1.41 (18H, s)

13C NMR 500 MHz (DMSO-d6): 6 176.2, 168.4, 167.4, 159.0, 146.2, 142.2, 132.4, 124.5, 122.9, 119.4,
110.9, 103.7, 82.1, 65.4, 28.1

4b PAN-70H,Zn- Alk — Bis-tert-butyl 2-((7-hydroxy-8-(pyridin-2-yldiazenyl)naphthalen-2-yl)oxy)acetate

Zn Salt
Xojo(\o(')

Yield: 42%, m.p. 220 —-221°C

1H NMR 500 MHz (CDCI3): 6 9.57 (1H, d, J = 2.6 Hz), 7.78 (2H, d, ) = 3.4 Hz), 7.66 (1H, d, J = 9.3 Hz), 7.60
(1H, d, J =5 Hz), 7.52 (1H, d, J = 8.6 Hz), 7.00 (1H, dd, J = 2.6, 8.6 Hz), 6.91 (1H, q, ) = 4.7 Hz), 6.74 (1H, d,
J=9.2 Hz),4.74 (2H, s), 1.46 (9H, s)

1H NMR 500 MHz (DMSO-d6): § 9.44 (1H, d, J = 2.3 Hz), 8.08 (1H, t, J = 8.5 Hz), 7.86 (2H, d, J = 8.9 Hz),
7.70 (1H, d, ) = 8.6 Hz), 7.58 (1H, d, J = 4.3 Hz), 7.19 (1H, t, J = 6.3 Hz), 7.05 (1H, dd, J = 2.5, 8.5 Hz), 6.59
(1H, d, J = 9.2 Hz), 4.88 (2H, s), 1.40 (9H, s)

13C NMR 500 MHz (DMSO-d6): 6 178.6, 168.3, 160.6, 159.8, 145.5, 143.1, 142.1, 131.7, 129.0, 123.6,
123.2,122.8,122.1, 114.1,109.1, 82.1, 65.5, 28.4

4c PAN-AIk — Bis-tert-butyl 2-((1-(pyridin-2-yldiazenyl)naphthalen-2-yl)oxy)acetate
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Yield: 25%, m.p. 76 - 79 °C,

1H NMR 500 MHz (DMSO-d6): & 8.76 (1H, d, J = 4.9 Hz), 8.49 (1H, d, ) = 8.7 Hz), 8.09 (2H, m), 7.99 (1H, d,
J=8.1Hz),7.77 (1H, d, ) = 8.0 Hz), 7.6 (2H, m), 7.52 (2H, d, J = 9.1 Hz), 4.94 (2H, s), 1.40 (9H, s)

13C NMR 500 MHz (CDCI3): 6 168.1, 164.0, 149.7, 149.6, 139.3, 135.3, 133.1, 129.3, 129.2, 128.6, 127.0,
126.0,125.3, 123.2, 116.3, 113.2, 82.0, 67.1, 28.2

5a PAR2Zn A.A. — Bis-2-(3-hydroxy-4-(pyridin-2-yldiazenyl)phenoxy)acetic acid Zn Salt

0O @)
O O. @] O.
)(O)J\/ S~ot - TFA HO)K/ AN
/Zln\ _— ,,Zn(OZCCF:g)z
N_ _N N_ _N
| |

| )
2.9245g (4.05 mmol) of 4a was dissolved into 25 ml of CH,Cl; and stirred while 4 ml of TFA was added to
the reaction mixture. This solution was stirred for 1 hour before concentrating under reduced pressure

and drying azeotropically with toluene. The solid was then resuspended in MeOH and concentrated
under reduced pressure three times before drying under vacuum for multiple days. Yield. 3.201 g (100%)
m.p. 133 -135°C

1H NMR 500 MHz (CDCI3): & 8.55 (1H, s), 8.07 (1H, t,J = 7.6 Hz), 7.87 (1H, d, J = 8.1 Hz), 7.69 (1H, d, J =
9.2 Hz), 7.49 (1H, t, J = 4.6 Hz), 6.57 (1H, d, J = 8.9 Hz), 6.38 (1H, s), 4.81 (2H, s)

13C NMR 500 MHz (CDCI3): § 169.8, 160.0, 159.2, 158.9, 158.6, 158.4, 148.8, 140.4, 133.3, 129.3, 128.6,
125.7,124.8,117.4, 115.0, 110.8, 103.1, 65.

5b PAN-70H,Zn A.A. — Bis-2-((7-hydroxy-8-(pyridin-2-yldiazenyl)naphthalen-2-yl)oxy)acetic acid Zn Salt
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0.8463g (1.03 mmol) of 4b was dissolved in 5 ml of CH,Cl, before addition of 2.0 ml of TFA. The reaction
mixture was stirred for 18 hours then concentrated via rotary evaporation. The solid was then

resuspended in CH3CN and azeotropically dried with toluene three times before drying under reduced

pressure for multiple days. Yield 0.73g (100%), m.p. 235 — 236 °C

1H NMR 500 MHz (CDCI3): § 15.79 (1H,s), 13.12 (1H, sb), 8.42 (1H, d, J = 4.8 Hz), 7.97 (2H, m), 7.84 (1H,
d,)=9.6 Hz), 7.76 (1H, s), 7.63 (1H, d, J = 8.5 Hz), 7.26 (1H, t, J = 6.5 Hz), 7.07 (1H, d, J = 8.5 Hz), 6.52 (1H,
d, ) =9.6 Hz), 4.84 (2H, s)

13C NMR 500 MHz (DMSO-d6): 6 181.2, 170.5, 159.6, 155.1, 149.1, 143.7, 139.7, 135.0, 131.6, 130.2,
124.4,123.0, 121.4, 115.5, 110.1, 106.6, 65.2

6 tert-butyl 2-(3-hydroxy-4-(pyridin-2-yldiazenyl)phenoxy)acetate

K

0 NN L8
I o N Ao OH
- o EtOH, EDTA;
™ oﬂ( \~/ NH,CO3H,

1) Extraction N N

o
N
o>>:

Z2=Z
\

<\ /EZ
\

0.6802 g (1 mmol) of 4a was suspended in 20 ml of EtOH and with stirring, 75 ml of sat. NH,COsH in 0.1
M EDTA was added to the rapidly stirring solution. The solution was then extracted with 200 ml of

CH,Cl,, dried over MgS0, and concentrated under reduced pressure. Yield: 0.119g (19%), m.p. 48 — 50 °C
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1H NMR 500 MHz (DMSO-d6): & 8.63 (1H, d, J = 4.3 Hz), 8.01 (1H, t, J = 7.8 Hz), 7.85 (1H, d, J = 8.2 Hz),
7.71(1H, d, ) = 9.2 Hz), 7.47 (1H, t, ) = 6 Hz), 6.66 (1H, dd, J = 2.3, 8.9 Hz), 6.46 (1H, d, ] = 2.4 Hz), 4.80
(2H, s), 1.45 (9H, s).

13C NMR 500 MHz (DMSO-d6): 6 167.5, 164.4, 161.7, 160.8, 149.6, 139.3, 133.9, 130.0, 124.8, 112.5,
110.7,82.2,65.7, 28.1

Synthesis of Ligands 7x

7a 2,2’-Dipicolylamine

X
| HoPAIC, || N 4 |
N7 EtOH NN
N N

~N

10.1015g (96.05 mmol) of 2-cyanopyridine and 0.4966g of 5% (w/w) Pd/C was suspended in 17 ml of

anhydrous ethanol and rapidly stirred. 3L of H, was flushed through the system and an additional 1L left

to incorporate at 1 atm. Every 24 hours another 3L of H; is flushed through the system and 1 L left to

incorporate at 1 atm, after 72 hours TLC indicated the consumption of starting 2-cyanopyridine. The

reaction mixture was then filtered through a vacuum-packed plug of celite and washed with 50 ml of hot

EtOH. The filtrate was then concentrated under reduced pressure to a constant mass. Yield: 9.540g

(99.7%) — transparent yellow oil.

1H NMR 300 MHz (CDCls): 6 8.56 (2H, d, J = 4.7 Hz), 7.62 (2H, t, ) = 7.7 Hz), 7.36 (2H, d, J = 7.8 Hz), 7.14
(2H,t,) = 6.2 Hz), 3.97 (4H, s), 2.66 (1H, sb)

13C NMR 500 MHz (CDCI3): 6 166.6, 159.6, 149.4, 136.4, 122.2,121.9, 54.7

7b methyl 2-((pyridin-2-ylmethyl)amino)acetate
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1.6641g (10.41 mmol) of picolylchloride HCI, 2.5273g (20.13 mmol) of glycine methyl ester HCl and
5.0460g (39.03 mmol) of diisopropylethylamine was combined in 20 ml of CH3CN and heated to reflux.
After 7 hours the reaction was complete by TLC and reflux was stopped. The reaction was concentrated
under reduced pressure and the crude residue was resuspended in 50 ml of CH,Cl, and washed with 150
ml of dilute NaHCOs. The organics were then dried over MgS0O, and concentrated under reduced

pressure. Yield 1.5027g (83%), m.p. 158 — 160 °C.

1H NMR 500 MHz (DMSO-d6): & 8.75 (1H, d, J = 4.9 Hz), 8.14 (1H, t, ) = 7.7 Hz), 7.87 (1H, d, J = 8 Hz), 7.65
(1H,t,) = 6.4 Hz), 4.48 (2H, s), 4.10 (2H, s), 3.74 (3H, s).

General Synthesis of o-nitroanilines 8
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1 eq (1 mmol) of amine and 1 eq (1 mmol) of DIPEA and 1 eq (1 mmol) of o-fluoronitrobenzene are
mixed in 5 ml of anhydrous DMSO for multiple days. After TLC shows consumption of starting materials,
the solution is diluted into 50 ml of H,O and extracted with CH,Cl,. The organic extracts are then washed
with dilute NaOH then sat. NaCl, dried over MgS0O,4 and concentrated under reduced pressure. When

possible the nitro-anilines are crystallized from CH,Cl,/Hexanes.

8a N,N-dimethyl-2-nitroaniline

Yield: 25%, red oil

1H NMR 500 MHz (DMSO-d6): & 7.75 (1H, dd, J = 1.5, 8.0 Hz), 7.49 (1H, td, J = 1.5, 7.0 Hz), 7.16 (1H, dd, J
=2.5,7.5 Hz), 6.88 (1H, td, J = 1.0, 8.0 Hz), 2.79 (6H, s)

8b N-methyl-2-nitro-N-(pyridin-2-ylmethyl)aniline

Cr >
N I A
| N
Yield: 87%, red-orange oil

1H NMR 500 MHz (DMSO-d6): 6 8.51 (1H, dd, J = 0.5, 5.0 Hz), 7.77 (1H, td, J = 1.5, 7.5 Hz), 7.75 (1H, dd, J
=2.0,7.5Hz), 7.45 (1H, td, ) = 2.0, 7.5 Hz), 7.33 (1H, d, J = 7.5 Hz), 7.27 (1H, td, = 0.5, 5.0 Hz), 7.22 (1H,
dd,J=1.0, 8.5 Hz), 6.93 (1H, td, J = 1.0, 8.5 Hz), 4.50 (2H, s), 2.78 (3H, s)
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8c N-methyl-2-nitro-N-(2-(pyridin-2-yl)ethyl)aniline

NO, y
@[ /\/EE
N N
Yield: 94%, red-orange oil

1H NMR 500 MHz (DMSO-d6): 6 9.22 (1H, d, J = 4.5 Hz), 8.47 (1H, dd, J = 1.0, 8.0 Hz), 8.43 (1H, td, ) = 1.5,
8.0 Hz), 8.23 (1H, td, J = 1.0, 8.0 Hz), 8.01 (2H, m), 7.95 (1H, td, J = 1.5, 7.0 Hz), 7.67 (1H, t = 7.5 Hz), 4.28
(2H, t, ) =8.0 Hz), 3.75 (2H, t, J = 7.5 Hz), 3.55 (3H, s)

8d 2-nitro-N,N-bis(pyridin-2-ylmethyl)aniline

Yield: 63%, amber oil

1H NMR 300 MHz (CDsCl): 6 8.52 (2H, d, J = 4.2 Hz), 7.72 (1H, dd, J = 1.2, 8.1 Hz), 7.62 (2H, td, J = 1.8, 7.8
Hz), 7.45 (2H, d, J = 7.8 Hz), 7.36 (1H, td, J = 1.5, 6.9 Hz), 7.22 (1H, d, J = 8.1 Hz), 7.15 (2H, td, ] = 6.9, 8.1
Hz), 7.01 (1H, t, ) = 7.2 Hz), 4.48 (4H, s)

8e methyl 2-((2-nitrophenyl)(pyridin-2-ylmethyl)amino)acetate
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Yield: 27%, amber oil

1H NMR 300 MHz (CDsCl): 6 8.52 (1H, dd, J = 0.5, 4.0 Hz), 7.76 (1H, dd, J = 1.5, 8.0 Hz), 7.69 (1H, t, ) = 8.0
Hz), 7.61 (1H, d, J = 8.0 Hz), 7.43 (1H, td, ) = 1.5, 8.0 Hz), 7.38 (1H, d, J = 8.5 Hz), 7.19 (1H, t, J = 7.5 Hz),
7.05 (1H, td, J = 1.0, 8.0 Hz), 4.72 (2H, s), 3.95 (2H, s), 3.71 (3H, s)

8f methyl 2-((2-nitrophenyl)amino)acetate

Yield: 38%, m.p. 70 - 71 °C,

1H NMR 500 MHz [DMSO-d6]: & 8.37 (1H, s), 8.09 (1H, dd, J = 1.5, 8.5 Hz), 7.54 (1H, td, J = 1.0, 8.0 Hz),
6.92 (1H, d, J = 9.0 Hz), 6.75 (1H, td, J = 1.0, 7.0 Hz), 4.28 (2H, d, J = 6.0 Hz), 3.70 (3H, s)

8g 1-(2-nitrophenyl)piperazine

L_NH

Yield: 50%, m.p. 123 - 125 °C Red — orange powder, very hygroscopic

1H NMR 500 MHz (DMSO-d6): & 7.79 (1H, d, J = 8.5 Hz), 7.58 (1H, t, J = 7.0 Hz), 7.30 (1H, d, J = 8.5 Hz),
7.12 (1H, t, ) = 8.0 Hz), 2.94 (4H, d, ) = 5.0 Hz), 2.84 (4H, d, ] = 5.0 Hz)

8h 4-(2-nitrophenyl)morpholine

66



Yield: 57%, red-orange oil

1H NMR 500 MHz (DMSO-d6): & 7.80 (1H, d, J = 8.0 Hz), 7.60 (1H, t, J = 7.5 Hz), 7.32 (1H, d, J = 7.0 Hz),
7.15 (1H,t,J = 7.5 Hz), 3.68 (4H, t, J = 4.5 Hz), 2.97 (4H, t, J = 4.5 Hz)

8i (S)-methyl 1-(2-nitrophenyl)pyrrolidine-2-carboxylate

b
MGOZC

Yield: 99%, red-orange semi-solid

1H NMR 500 MHz (CDCl3): & 7.70 (1H, d, J = 7.5 Hz), 7.37 (1H, t, ) = 7.5 Hz), 6.83 (1H, d, J = 9.0 Hz), 6.80
(1H,t,) = 7.5 Hz), 4.27 (1H,t, ) = 7.5 Hz), 3.68 (3H, s), 3.54 (1H, q, J = 8.5 Hz), 3.18 (1H, t, ) = 8.5 Hz), 2.45
(1H, m), 2.11 (2H, m), 1.95 (1H, m)

Reduction of Nitroanilines 9

9a 2-(piperazin-1-yl)aniline

0.9646g (4.65 mmol) of 8g and 0.3447g of 5% (w/w) Pd/C was stirred rapidly in 25 ml of EtOH while 4 L
of H, was flushed through the system. 1L of H, was then allowed to slowly incorporate over 8 hours.
Once complete by TLC, the reaction mixture was filtered through 1 cm of vacuum packed celite. The
celite was then washed with 50 ml of boiling CH,Cl, and the combined filtrates were concentrated under

reduced pressure. Yield: 8.25g (100%), m.p. 159 — 161 °C
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1H NMR 500 MHz (DMSO-d6): & 6.86 (1H, d, J = 7.7 Hz), 6.79 (1H, t, J = 7.5 Hz), 6.67 (1H, d, J = 7.8 Hz),
6.53 (1H, t, J = 7.5 Hz), 4.76 (2H, ), 2.96 (4H, m), 2.79 (4H, m)

13C NMR 500 MHz (DMSO-d6): 6 142.8, 138.7, 124.5, 119.6, 117.0, 114.8, 50.7, 45.6

9b N1,N1-bis(pyridin-2-ylmethyl)benzene-1,2-diamine

N02 NH2
©: Ha, PAIC ©:
N X
U
| =

EtOH

0.3232g (1 mmol) of 8d and 0.1430g of 5% (w/w) Pd/C was suspended in 25 ml of anhydrous ethanol.
With rapid stirring, 3 L of H, was flushed through the system with an additional 1L of H; left to

incorporate at 1 atm. After 18 hours the starting material had been consumed by TLC and the reaction
mixture was filtered through a 1 cm thick pad of vacuum packed celite. The celite was washed with 50

ml of hot EtOH and the filtrate concentrated. Yield: 0.2850g (98%) — red oil.

General Synthesis of OAN family 10

Freshly reduced amine (1 eq, 2.0 mmol) is dissolved in 5 ml of 1M HCl and chilled to 0°C. Once chilled,

NaNO; from a stock solution (2.2 eq, 4.4 mmol) is added to the mixture dropwise and slowly to maintain
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sub 5 °C temperature throughout addition. This solution is stirred for 30 min at 0 °C before dropwise
addition to a rapidly stirring solution of 1,3-dihydroxynaphthalene (1.25 eq, 2.5 mmol) in 10 ml of 1.0 M
NaOH. The solution is then stirred for 24 hours during which the solution was allowed to reach room
temperature. Then the solution is acidified to ~ pH 7 with AcOH, chilled and the precipitate collected via
vacuum filtration. The resulting solid is then boiled in 50 ml of diethyl ether for 1 hour, filtered and
washed with 50 ml of diethyl ether. The solid is then dried under reduced pressure for multiple days to

afford the desired azo dye 9x.

10d 4-((2-(bis(pyridin-2-ylmethyl)amino)phenyl)diazenyl)naphthalene-1,3-diol

Yield: 30% m.p. 218 - 227 °C
1H NMR 500 MHz (DMSO-d6): 6 8.43 (2H, d, J = 1.4 Hz), 8.18 (1H, d, ) = 7.8 Hz), 7.91 (1H, d, ) = 7.4 Hz),
7.73 (1H, d, J = 8.1 Hz), 7.68 (3H, m), 7.38 (1H, t, J = 7.2 Hz), 7.26 (2H, m), 7.18 (3H, m), 7.03 (1H, t, ) = 8.2
Hz), 6.94 (1H, d, J = 7.9 Hz), 6.69 (1H, t, J = 8.2 Hz), 5.30 (1H, s), 4.31 (4H, s), 4.13 (1H, ss)

13C NMR 500 MHz (DMSO-d6): 6 179.1, 177.8, 158.5, 148.9, 140.1, 136.8, 136.3, 135.1, 132.6, 128.7,
126.0, 125.6, 124.8,123.7,123.2, 122.6, 121.7, 120.7, 113.2, 105.2, 59.3

10d-Zn 4-((2-(bis(pyridin-2-ylmethyl)amino)phenyl)diazenyl)naphthalene-1,3-diol Zinc Salt
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NH,
©: 1. HCI, NaNO,, H,0, 0°C; _
N AN NaOH, 1,3-dinaphthol,

|
N N 0°C
| =~ 2. Zn(OAc),

0.8581g (2.9 mmol) of 9b was dissolved into 1 ml of 12 M HCI, diluted to 10 ml and chilled to 0 °C. Then
3.0 mlof a 1.0 M NaNO; solution was added dropwise and slowly to the solution until KI-starch paper
indicated excess oxidant. This solution was then dropwise delivered to a solution of 0.4633g (2.9 mmol)
of 1,3-dihydroxynaphthalene in 25 ml of 1.0 M NaOH such that the temperature of solution was
maintained at 0 °C. Once added the solution was stirred overnight and allowed to slowly warm to room
temperature. After 24 hours the solution was diluted with 300 ml of H,0, until the solution became
homogenous. This solution was heated to reflux before addition of 30 ml of a 0.1 M Zn(OAc); solution
and the resulting solution was allowed to concentrate by ~ 100 ml. The solution was then chilled and the
zinc complex was recovered via vacuum filtration and dried under reduced pressure for multiple days to
afford a blue-pink-grey solid. Yield: 0.4788g (33%), m.p. 260 °C decomp

1H NMR 500 MHz (DMSO-d6): 6 8.63 (2H, d, J = 5.3 Hz), 8.30 (1H, d, ) = 8 Hz), 8.07 (2H, t, ) = 7.9 Hz), 7.93
(1H,d, ) = 7.9 Hz), 7.83 (1H, d, J = 7.9 Hz), 7.74 (1H, d, J = 9.5 Hz), 7.64 (2H, t, J = 6.4 Hz), 7.60 (2H, d, J =

7.8 Hz), 7.36 (1H, t, ) = 6.9 Hz), 7.24 (1H, t, ) = 7.3 Hz), 7.19 (1H, t, ) = 7.4 Hz), 6.97 (1H, t, | = 6.8 Hz), 5.84
(1H, s), 4.67 (4H, s)

13C NMR 500 MHz (DMSO-d6): 6 172.4, 155.8, 149.2, 148.1, 141.3, 138.7, 137.8, 130.4, 129.3, 128.8,
128.6,126.1, 125.5, 124.7, 124.5, 123.9, 122.3, 121.3, 114.3, 108.2, 61.5

10a 4-((2-(dimethylamino)phenyl)diazenyl)naphthalene-1,3-diol
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Yield: 84% m.p. 6575 °C

1H NMR 500 MHz (DMSO-d6): & 8.75 (1H, d, J = 8.0 Hz), 8.28 (1H, d, J = 8.0 Hz), 8.03 (1H, d, J = 8.0 Hz),
7.54 (1H,t,J = 7.0 Hz), 7.42 (2H, m), 7.29 (1H, t, ) = 7.0 Hz), 7.17 (1H, t, J = 7.5 Hz), 5.67 (1H, s), 3.07 (6H,

s)

10b 4-((2-(methyl(pyridin-2-ylmethyl)amino)phenyl)diazenyl)naphthalene-1,3-diol

Yield: 86%, m.p. 198 — 202 °C

1H NMR 500 MHz (DMSO-d6): & 8.47 (1H, d, J = 4.5 Hz), 8.19 (1H, d, J = 8.0 Hz), 7.90 (1H, d, J = 6.5 Hz),
7.83 (1H, d, ) = 8.0 Hz), 7.77 (1H, t, ] = 8.0 Hz), 7.75 (1H, d, ) = 8.5 Hz), 7.38 (1H, t, ) = 7.0 Hz), 7.28 (1H, d,
J=6.5Hz),7.24, (1H, t,) = 5.0 Hz), 7.15 (1H, d, J = 8.0 Hz), 7.09 (1H, t, J = 7.5 Hz), 6.84 (1H, t, ] = 6.0 Hz),
5.26 (1H, s), 4.27 (2H, s), 2.62 (3H, s)

10b-Zn (E)-4-((2-(methyl(pyridin-2-ylmethyl)amino)phenyl)diazenyl)naphthalene-1,3-diol Zinc Salt
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0.1557g (0.41 mmol) of 9b was suspended in 20 ml of H,0 and heated to 60 °C. With rapid stirring, 4.5
ml of a 0.1M Zn(OAc); solution was added to the reaction mixture dropwise and slowly. The reaction
mixture was stirred for an additional 30 minutes before cooling and centrifugating. The solid was then
resuspended in 20 ml of H,0, centrifuged and dried under reduced pressure for multiple days. Yield:
0.1371g (75%) m.p. +310 °C

1H NMR 500 MHz (DMSO-d6): 6 8.78 (1H, d, J = 6.0 Hz), 8.30 (1H, d, J = 8.0 Hz), 8.08 (1H, t, J = 7.0 Hz),
7.85 (1H, d, ) = 7.5 Hz), 7.68 (1H, t, ) = 7.0 Hz), 7.56 (1H, d, J = 7.5 Hz), 7.47 (1H, d, J = 8.0 Hz), 7.32 (1H, t,

1=7.5Hz),7.23 (1H,t,)=8.5Hz),7.12 (1H,t,)=7.5 Hz), 6.89 (1H, t, ) = 7.5 Hz), 5.16 (1H, s), 4.08 (2H,
m), 2.57 (3H, s)

10c 4-((2-(methyl(2-(pyridin-2-yl)ethyl)amino)phenyl)diazenyl)naphthalene-1,3-diol

Yield: 49 %, m.p. 268 — 270 °C

1H NMR 500 MHz (DMSO-d6): & 16.09 (1H, s), 8.41 (1H, d, J = 5.5 Hz), 8.17 (1H, d, J = 7.9 Hz), 7.89 (1H, d,
J=7.7Hz),7.74, (1H, d, ) = 8.0 Hz), 7.62 (1H, t, ) = 8.1 Hz), 7.37 (1H, t, J = 8.8 Hz), 7.30 (1H, d, J = 7.8 Hz),
7.25 (1H, t,J = 7.8 Hz), 7.14 (2H, m), 6.87 (1H, t, ) = 8.9 Hz), 5.21 (1H, s), 3.21 (2H, m), 3.00 (2H, m), 2.75
(3H,s)

10e 4-((2-(piperazin-1-yl)phenyl)diazenyl)naphthalene-1,3-diol
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Yield: 93%, m.p. 302 °C decomp

1H NMR 500 MHz (DMSO-d6): 6 8.16 (1H, d,J = 8.0 Hz), 7.89 (1H, d, ) = 7.5 Hz), 7.73 (1H, d, ) = 8.0 Hz),
7.36 (1H, m), 7.25 (1H, m), 7.08 (2H, m), 6.86 (1H, m), 5.23 (1H, s), 2.96 (4H, s), 2.76 (4H, s)

10f 4-((2-morpholinophenyl)diazenyl)naphthalene-1,3-diol

Yield: 99% m.p. +320 °C

1H NMR 300 MHz (CDsOD): & 8.37 (1H, d, J = 4.8 Hz), 8.04 (1H, d, J = 4.8Hz), 7.89 (1H, d, J = 5.1 Hz), 7.50
(1H,t,J = 4.5 Hz), 7.36 (1H, t, ) = 4.5 Hz), 7.21 (2H, m), 7.02 (1H, t, J = 4.2 Hz), 5.85 (1H, s), 4.02 (4H, m),
2.96 (4H, m)

11 tert-butyl 2-((4-((2-(bis(pyridin-2-ylmethyl)amino)phenyl)diazenyl)-3-hydroxynaphthalen-1-
yl)oxy)acetate zinc salt
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0.1057g (0.20 mmol) of 10d-Zn was dissolved in 2 ml of DMF with 0.1347g (0.40 mmol) of Cs,COs. With
stirring, 0.30 ml (2.0 mmol) of t. butyl bromoacetate in 0.5 ml of DMF was added to the reaction
mixture. After 24 hours the DMF was washed with 50 ml of hexanes and then concentrated via toluene
azeotrope, the crude residue was then boiled in 50 ml of diethyl ether for an hour before cooling and
filtering the reaction mixture. The solid was then dried under reduced pressure to afford a bright orange
solid. Yield: 0.1103g (86%), m.p. 194 - 200 °C

1H NMR 500 MHz (DMSO-d6): 6 8.39 (1H, d, J = 8.5 Hz), 8.26 (2H, d, J = 5.0 Hz), 8.13 (1H, d, J = 8.4 Hz),
8.04 (1H, d, ) = 8.3 Hz), 7.91 (2H, t, ) = 7.6 Hz), 7.73 (1H, d, ) = 8.3 Hz), 7.48 (6H, m), 7.35 (1H, t,J = 7.6

Hz), 7.28 (1H, t,J = 7.8 Hz), 6.56 (1H, s), 5.04 (2H, s), 4.98 (2H, d, J = 15.4 Hz), 4.83 (2H, d, J = 15.5 Hz),
1.52 (9H, s)

13C NMR 500 MHz (DMSO-d6): 6 169.3, 167.6, 160.7, 153.8, 146.9, 141.8, 140.3, 136.4, 129.4, 129.2,
127.5,127.2,125.2,124.4,123.7,122.4,121.7, 121.0, 116.0, 106.0, 82.3, 66.2, 62.5, 62.3, 28.2, 28.0

12 4-fluoro-3-nitrobenzene-1-sulfonyl chloride
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15.50 ml (0.233 mol) of chlorosulfonic acid was heated to 65 °C with rapid stirring. Then 14.1154g (0.100
mol) of o-fluoronitrobenzene was added to the reaction mixture and the solution was heated to 100 °C.
After 20 hours the reaction was complete by TLC and the solution was cooled to 30 °C, poured over 100g
of ice with 100 ml of CH,Cl,. The aqueous layer was then extracted with an additional 200 ml of CH,Cl,.
The combined organic extracts were then washed with Sat. NaHCOs; then Sat. NaCl, dried over MgS0O4
and concentrated under reduced pressure. Yield: 13.904g (58%)

1H NMR 500 MHz (CDCI3): 6 8.78 (1H, dd, J = 2.5, 6.5 Hz), 8.36 (1H, ddd, J = 1.5, 2.5, 9 Hz), 7.64 (1H, t,J =
9 Hz).

13C NMR 500 MHz (CDCI3): 6 160.0, 157.8, 140.5, 134.0, 126.1, 120.8

19F NMR 500 MHz (CDCI3): & -104.3 (1F, m)

13 ethyl 6-(4-fluoro-3-nitrophenylsulfonamido)hexanoate

o 0
ON //O M N )MH P
=S NO, HyN @) S0 N\S// NO,

/
cl \E;[ THF, NEtg, -40 °C o \©i
F

2.409g (10 mmol) of 11 was suspended in 15 ml of THF and cooled to -40 °C (CHsCN/dry ice bath). Then
3.036g (30 mmol) of NEt; was added to the rapidly stirring solution. Once homogenous, a solution of
2.175g (11 mmol) of ethyl 6-aminohexanoate HCl in 5 ml of H,O was added dropwise and slowly. The

reaction was monitored by TLC and stopped after 1 hour at — 40 °C. The reaction was then warmed to
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room temperature, diluted into 50 ml of H,O and extracted into 100 ml of EtOAc. The organic layer was
then washed with Sat. NaHCOs, Sat NaCl, then dried over MgS0O,4 and concentrated under reduced
pressure. The product was isolated via flash chromatography, eluent 6% CH3CN in CH,Cl,. Yield 2.0593g
(57%), m.p: 32 —-34°C

1H NMR 500 MHz (CDCI3): 6 8.57 (1H, dd, J = 2.3, 6.8 Hz), 8.15 (1H, m), 7.48 (1H, t, J = 9.4 Hz), 5.32 (1H,

t,)=6Hz),4.12 (2H, g, ) = 7.2 Hz), 3.02 (2H, q, ) = 6.8 Hz), 2.27 (2H, t, ) = 7.3 Hz), 1.55 (4H, m), 1.34 (2H,
m), 1.25 (3H, t, J = 7.2 Hz)

13C NMR 500 MHz (CDCI3): § 173.7, 158.5, 156.3, 137.5, 134.1,125.6, 119.8, 60.4, 43.0, 33.9, 29.1, 25.8,
24.0,14.1

19F NMR 500 MHz (CDCI3): & -110.3 (1F, m)

General Synthesis of 4-sulfonamide-2-nitro-anilines 14

0
0
s NO, RzNH-Rs o”s NOz
7 THF, NEt5, Reflux; R
H,, Pd/C, EtOH NI

1 eq (1 mmol) 12 was dissolved into 1 ml of THF and stirred. To this was added, 1 eq (1 mmol) of ligand 1
eq (1 mmol) of NEts in 3 ml of THF. Once combined the reaction was heated to reflux for 2 hours. The
reaction mixture was diluted into H,0 and extracted with 50 ml of EtOAc. The organics were washed

with sat NaHCO;, sat NaCl then dried over MgS0O,4 and concentrated under reduced pressure.

14a ethyl 6-(4-(methyl(2-(pyridin-2-yl)ethyl)amino)-3-nitrophenylsulfonamido)hexanoate
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Yield: 90% red-orange oil

1H NMR 500 MHz (CDCI3): & 8.52 (1H, d, J = 7.4 Hz), 8.19 (1H, d, J = 3.6 Hz), 7.75 (1H, dd, J = 3.6, 15.1
Hz), 7.62 (1H, td, J = 2.6, 12.8 Hz), 7.13 (3H, m), 4.76 (1H, t, J = 10 Hz), 4.12 (2H, g, J = 11.9 Hz), 3.78 (2H,
t,J=11.8 Hz), 3.12 (2H, t, J = 12.4 Hz), 2.96 (2H, q, ) = 11.1 Hz), 2.90 (3H, s), 2.26 (2H, t, J = 12.1 Hz), 1.35
(1H, m), 1.24 (3H, t,J = 11.9 Hz)

14b ethyl 6-(4-(bis(pyridin-2-ylmethyl)amino)-3-nitrophenylsulfonamido)hexanoate

The crude residue was then subjected to flash chromatography [7.5% iPrOH in CHCl]. Yield: Yield: 88%
— thick orange oil.

1H NMR 500 MHz (CDCI3): 6 8.53 (2H, d, J = 4.3 Hz), 8.23 (1H, s), 7.74 (1H, d, J = 9 Hz), 7.66 (2H,t, ) = 7.8

Hz), 7.39 (2H, d, J = 7.8 Hz), 7.24 (1H, d, J = 9 Hz), 7.19 (2H, t, 6.1 Hz), 4.66 (1H, t, ) = 6.2 Hz), 4.61 (4H, s),

4.14 (2H, q,) = 7.3 Hz), 3.74 (1H, d, ) = 7.2 Hz), 3.00 (2H, g, J = 6.9 Hz), 2.28 (2H, t, J = 7.4 Hz), 1.59 (2H, t,
J=7.7Hz), 1.52 (2H, t, J = 7.4 Hz), 1.34 (2H, m), 1.25 (4H, m).

13C NMR 500 MHz (CDCI3): § 173.5, 156.2, 149.5, 147.4, 139.9, 136.9, 131.1, 130.5, 126.1, 122.7, 122.2,
121.6,60.3,58.6,42.9, 33.9, 29.2, 25.9, 24.1, 18.4, 14.2

14c ethyl 6-(4-((2-methoxy-2-oxoethyl)amino)-3-nitrophenylsulfonamido)hexanoate

77



Yield: 81%

1H NMR 500 MHz (CDCI3): 6 8.74 (1H, s), 8.70 (1H, s), 7.89 (1H, d, J = 14.7 Hz), 6.81 (1H, d, J = 15 Hz),
4.61 (1H,t,)=9.3 Hz), 4.17 (2H, d, ) = 8.6 Hz), 4.12 (2H, q, J = 11.9 Hz), 3.86 (3H, s), 2.98 (2H, q, ) = 11.0
Hz), 2.26 (2H, t,J = 12.1 Hz), 1.32 (2H, q, ) = 11.6 Hz), 1.24 (3H, t, ) = 11.8 Hz)

14d dimethyl 2,2'-((4-(N-(6-ethoxy-6-oxohexyl)sulfamoyl)-2-nitrophenyl)azanediyl)diacetate

Yield: 72%, isolated via flash chromatography 10% EtOH in CH,Cl, red-orange oil

1H NMR 500 MHz (CDCI3): & 8.27 (1H, d, J = 3.3 Hz), 7.85 (1H, dd, ) = 3.4, 14.7 Hz), 7.03 (1H, d, J = 14.9
Hz), 4.59 (1H, t, J = 10.0 Hz), 4.15 (6H, m), 3.80 (6H, s), 2.98 (2H, g, J = 10.9 Hz), 2.27 (2H, t, J = 12.0 Hz),
1.61 (6H, m), 1.37 (2H, g, J = 13.3 Hz), 1.25 (6H, m)

14e ethyl 6-(4-morpholino-3-nitrophenylsulfonamido)hexanoate
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Yield: 71% red-orange oil

1H NMR 500 MHz (CDCI3): 6 8.27 (1H, d, J = 3.4 Hz), 7.91 (1H, dd, J = 3.6, 14.6 Hz), 7.16 (1H, d, J = 14.7
Hz), 4.63 (1H, t,J = 10.0 Hz), 4.13 (2H, q, J = 11.8 Hz), 3.85 (4H, m), 3.18 (4H, m), 2.99 (2H, q, J = 11.1 Hz),
2.26 (2H,t,J = 12.0 Hz), 1.35 (2H, g, J = 13.1 Hz), 1.25 (3H, t, J = 11.9 Hz)

15a ethyl 6-(3-amino-4-(bis(pyridin-2-ylmethyl)amino)phenylsulfonamido)hexanoate

0 " o) H
P )J\/\/\/N\ //O N )J\/\/\/N\ //O
o) 'S NO, o 'S NH
o] _ Hp PdIC, o
N N EtOH, CH,Cl, N N
| |

N N~ N N~

| »

Pz =

0.399g (0.74 mmol) o 14b and 0.192g of 5% (w/w) Pd/C was suspended in 10 ml of 50:50 EtOH to CHCl>.
With Rapid stirring, 2L of H, was flushed through the system with an additional 1L of H; left to
incorporate at 1 atm overnight. After 18 hours reduction appeared complete by TLC and the reaction
mixture was filtered through a 1 cm thick pad of vacuum packed celite. The celite was then washed with
boiling CH,Cl,/EtOH. The filtrate was then concentrated under reduced pressure to afford an amber oil.

Yield: 0.379g (100%) — thick oil.

Synthesis of OAN-40H-SA Family 16x

16a 6-(4-(bis(pyridin-2-ylmethyl)amino)-3-((2,4-dihydroxynaphthalen-1-
yl)diazenyl)phenylsulfonamido)hexanoic acid
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0.370g (0.70 mmol) of 15 was dissolved into 7 ml of 1M HCI and chilled to 0°C. Then 0.75 ml of 1.0 M
NaNO; was added dropwise and slowly to the rapidly stirring solution. This solution was then added
dropwise and slowly to a solution of 0.163g (1.0 mmol) of 1,3-dihydroxynaphthalene in 7 ml of 2M
NaOH chilled to 0 °C such that sub 5 °C temperature is maintained throughout the addition. Once added
the solution was allowed to stir at room temperature overnight. The precipitate was collected via
vacuum filtration and dried under reduced pressure. Once dry the solid was triturated in 5 ml of ethanol
and collected via vacuum filtration. Yield: 0.312g (65%), m.p. 138 — 140 °C

1H NMR 500 MHz (CDs0D ): 6 8.87 (2H, d, J = 5.5), 8.54 (3H, m), 8.23 (3H, m), 8.11 (1H, d, ) = 8.7 Hz),

7.97 (4H, m) 7.85 (1H, m), 7.59 (1H, m), 7.44 (1H, t,J = 7.4 Hz), 6.45 (1H, s), 4.89 (4H, s), 3.59 (2H, d, J =
12.5 Hz), 3.33 (1H, s), 3.29 (2H, s), 2.88 (2H, m), 2.17 (2H, m), 1.29 (4H, m)

13C NMR 500 MHz (DMSO-d6): 6 174.8, 173.6, 154.3, 153.1, 149.0, 144.6, 143.7, 139.6, 139.3, 139.1,
139.0, 137.2, 134.8, 133.7, 133.6, 130.8, 130.1, 127.6, 126.6, 125.8, 125.6, 124.2, 123.2, 119.1, 113.1,
112.9,105.4, 55.1, 52.6, 51.6, 42.8, 34.0, 33.5, 29.2, 26.0, 25.9, 24.4, 24.3

16b 5-(4-(bis(pyridin-2-ylmethyl)amino)-3-((2-hydroxynaphthalen-1-
yl)diazenyl)phenylsulfonamido)pentanoic acid
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Yield 81%, m.p. 80 - 90 °C

ESI MS:

16c¢ 5-(4-(bis(pyridin-2-ylmethyl)amino)-3-((4-hydroxynaphthalen-1-
yl)diazenyl)phenylsulfonamido)pentanoic acid

// \\

H
H

Yield 58%, m.p. 63 - 66°C

ESI MS:

General procedure for Solid Support attachment 17
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HO™ Dye

HBTU, NEt;; NH,-Polymer

NMP, 50 °C, 4 Hour

> Polymer\NJ\

0]

H

Dye

Stock solutions of dye complex with free carboxylic acids are prepared in addition to HBTU, and NET3

solutions such that when mixed the final concentration of dye complex is ~ 2.00 mM as the activated

dye complex. One polymer dot can be submerged in ~ 1.2 ml of acylating solution. With an IR lamp, the

solutions are heated to ~ 50 °C on a slowly shaking vortexer. After 4 hours the polymer dot is removed

from solution and washed with a 5% NEt; in NMP solution until all color had leached out of the polymer.

The polymer was then slowly exchanged into ethanol then H,0 and finally acidic H,O and thoroughly

rinsed with 3M ethanolic HCI. The polymer dot is then rinsed with pH 7 MOPS buffer and stored in a vial

with 10 ml of MOPS buffered H,0. Only 18MQ H,0 can be used as metal ions cannot be introduced to

this process.

When the process is static and at room temperature for 24 hours instead, one can control the overall

loading according to the following conditions.

Dot #

Acylating Soln
(M)

1.0 mM

750 pM

500 uM

Abs

0.7418

0.457

0.255

Dot #

Acylating
Soln (M)

250 uM

100 uM

50 pM

Abs

0.212

0.182

0.138

82



Chapter lll. Oxidized Arginine Derivatives

Introduction
Enduracididine 28b is an oxidized arginine found in several potent antibiotic structures like

Mannopeptimycin, Teixobactin and Enduracidin®-2, figure 33.
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Figure 33: Structure of some potent antibiotics that retain the non-cannonical amino acid Enduracididine.

Presumably the conformational restriction of this arginine derivative, 28b, is important to the selective
interactions of derived molecules®. Biosynthesis in various organisms appears to follow distinct

54-56.

pathways>*™°: via 4-hydroxyarginine 23e in s. fungiscidicus, and via the related ketoacid 28 in s.

hygroscopicus, scheme 21.
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Scheme 21: The biosynthesis of enduracididine

It has recently been demonstrated that MppP is a PLP-dependent enzyme that uses molecular oxygen to
convert arginine directly to ketoalcohol 28, acting as the first example of a PLP-dependent
hydroxylase®”8. This has been observed as the S enantiomer in the product complex crystal structure
but this work is interested in stereochemical preferences, and whether related enzymes differ in
intermediate stereochemical preferences. Closely related enzymes carry out distinct transformations so

stereochemical variability seems possible as well.

Multiple investigations into this pathway have led to the discovery of intermediates in the

biosynthesis of 28 from arginine.
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Figure 34: Proposed mechanism of MppP converting arginine to ketohydroxyarginine (Silvaggi)

From this pathway, figure 34, it is clear why both 28 and 35 would be attractive targets for synthesis. 28
is a product of this pathway, however MppP also leads to the formation of ketoarginine when fed
arginine®®®’. To make pure starting material for MppR, the subsequent enzymatic step, the synthesis of
28 was investigated. Furthermore, 35 appears as an intermediate in the conversion of L-arginine to 4(s)-
hydroxyketoarginine. And so, it was believed that by feeding the enzyme pure 35 that the state Q2, a
highly fluorescent state, could be observed for the sequence that leads to product. Thus both 28 and 35
constitute intermediates that could help solve the mechanism of transformation for the MppP(R,Q)

enzyme(s) family.

y-Hydroxyarginine
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Figure 35: Retrosynthetic analysis for the synthesis of 4-hydroxyarginine

MppR transforms 28 to a cyclic ketoacid 28a, which is thought to be transaminated by MppQ to form
enduracididine®®, 28b. An efficient preparation of 28’ would be of value in the kinetic and
crystallographic investigations of these pathways, as is preparation of 23e for study of the pathways
involving this intermediate. While synthesis of 23e is known and*® prepared 28 from 23e by treatment
with L-AAQ, it was considered whether a more direct synthesis of either or both compounds was
possible, figure 35, that might provide access to other stereoisomers. Consequently, an efficient route
to a stereochemical mixture was sought, assuming that diastereomers could be separated and

enantiomers distinguished enzymatically.

Hydrogenolysis of isoxazolines with concomitant hydrolysis of the initially formed imine is a
well-established method for the formation of B-hydroxyketones. Hydrogenolysis followed by imine
hydrogenation, leading to aminoalcohols, is also known. Both target compounds 23e and 28 are in
principle available from the same penultimate intermediate 20. While ketoacid 28 is the most desired
target compound, this work focused on the hydroxyarginine 23e as a potential route to separated

enantiomers of 28.
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Synthesis of y-Hydroxyarginine

The synthesis of hydroxy arginine starts with the formation of eythl nitroacetate from ethyl

acetoacetate, scheme 22.

o O Ac,0, HpS0,, - 20°C, Q
Mo/\ HNOs; EtOH, Na,COj4 OzN\)ko/\
r.t.

18
84%

Scheme 22: Synthesis of ethyl nitroacetate

18 is easily obtained via vacuum distillation, b.p. 64°C at 4 torr. This reaction, will not work if an excess
of carbonate is added, the carbonate is needed to neutralize the sulfuric acid only and will deprotonate

the ethyl nitroacetate when added in excess.

To prepare 19, the requisite nitrile oxide has been reported to form directly from 18 by dehydration in

aqueous solution, scheme 23.

0]
oL o M~
0.
18 18’

Scheme 23: dehydration of ethylnitroacetate to nitrile oxide

This unusual reaction has a long induction period that Blackmond demonstrated corresponds to the

appearance of nitrite®®®®; addition of nitrite reduces reaction times from days to hours. Presumably C-

7’
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nitrosation of 18 precedes elimination of nitrite to form nitrile oxide. We have found that aqueous
reaction of allylammonium chloride with ethyl nitroacetate leads to isoxazoline 19 quite slowly, and that
catalytic nitrite provides the expected dramatic acceleration. Installation of the guanidine function was

uneventful, using the di-boc pyrazolylcarboxamidine reagent, scheme 24.

NBoc
BocHN N7\ NBoc
o HoN H \}
oN L~ TN HoN o N= BocHN/lLN 5 0
0 ONOtBu, 1M HCI, - CH4CN, NEt5, rt. H/\f/>_4
60 °C, 48 Hr N O O-
18 19 A 94% 20" O\

51%

Scheme 24: Synthesis of quanidinylated isoxazoline

Hydrogenolysis of 20 was capricious, scheme 25. Despite the literature precedent for hydrogenolysis of
isoxazolines into the corresponding B-hydroxyketone or hydroxyamine®?-%8, the fully protected precursor
20 was unable to be consistently reduced under standard ambient pressure conditions using various
catalysts and media. Sometimes complete reduction would take place, and sometimes under apparently
the same conditions no product would result. When reaction did take place, products varied, indicating
subsequent transformation. Consistent results were found with hydrogenolysis in ethanol under 60 psi
of H2 with 20% Pd(OH)2/C in the presence of di-tert-butyldicarbonate (Boc20). Reduction was
consistent, and subsequent lactonization and other side reactions were avoided. With this catalyst and
in situ amine acylation by Boc anhydride, atmospheric pressure hydrogenation also worked well even

with Pd-C catalyst, but this has not been tested as many times as Parr shaker reaction.

Protected hydroxyarginine 21 was readily purified by flash chromatography. In contrast to closely

related derivatives differentially protected, diastereomeric separation was also chromatographically
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straightforward, allowing isolation of rac. Erythro and rac. Threo y-hydroxyarginine, 21e and 21t

respectively.

NBoc
H NBoc H H (0] JNfoc H H [¢]
BocHN™ N o) Boc,0, 20% Pd(OH),/C x H H
H/\f/H H, (60 psi), EtOH BocHNJ\H N0t BocHN N o
ZOO‘N o\ ate OH NHBoc OH NHBoc
94% 21t
\HQ HCl
@ (0] @ o)
HoN ) HaN_ Y
o] o)
22e H 22t am
® ®
H3N H3N
LiOH, LiOH,
pH~7 pH~7
® ®
NH o]
2 4y oy NH, WK o)
H,N H Y OH H,N H z B OH
23e OH NH, OH NH,

Scheme 25: reduction and separation of diastereomeric pairs

Acidic deprotection, scheme 25, also led to lactonization: workup involving saponification gave pure
hydroxyarginine diastereomers 23e and 23t as pure crystalline racemates. This constitutes a succinct 4-

step route to rac 23e and 23t in 37% and 42% yields respectively from ethyl nitroacetate, suitable for

multigram preparation.

Lactonization allowed for direct comparison between an authentic standard of 22e and a sample that

was made via stereoselctive synthesis®, figure 36 (top).
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@ 0O
H3N H

Figure 36: *H NMR comparison of authentic hydroxyarginine (top) that was synthesized enantioselectively to this work
(bottom)

From this spectra, one can ascertain that the product made via this route (lower) is identical to the

sample made via stereoselective route®. That said, the reaction mixture still produces a racemic mixture

of erythro hydroxy arginine, 23e.

The lactone is readily converted into its open chain amino acid form by saponification with LiOH and

subsequent neutralization with dilute HCI.

NH, H o) \
L A e )
H,N HWOH
COH “NH,

Figure 37: The difference between lactone and open amino acid by *H NMR
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In addition to hydroxy arginine, a series of reactions were developed to make a diboc-guanidinylating
reagent, scheme 26. These reactions are standard methods for making the reagent. 24 is made via 1,3-
propane-di-al condensation with aminoguanidine bicarbonate’. Subsequent boc protection to 25 occurs
via standard boc protection methods’:. The diboc variant, 26, takes hydride and refluxing THF to form,
but works in high crystalline yield’2. The triboc variant, 27, was made”® with the hope that one of the boc

groups could be selectively cleaved, but these investigations did not pan out.

e
~ - v ClI
e @ o O @ Boc.
HCO NH, NH N
3 NH, \oMo/ L Boc,0, K,COs, Boc. L Boc0, NaH _ goe I
—_— —_— < T ~ —_— ~
HN” N2 THC R0 500 T HaN “\'} H,O/Acetone N ’\\‘§ THF, Reflux NN
H N= N= N=
71% 24 85% 25 89% 26
Boc,0, DMAP
CH,Cly/THF
93% Mgl,
Boc.
0C N
Boc. J\

L0
Boc N=

27

Scheme 26: Synthesis of diboc-quanidinylating reagent

The synthesis of 26 goes in good yield across all three steps, 54% overall. And the in house preparation

of the reagent is desirable as 26 has been shown to degrade over time if not handled and stored

properly.

With 26, the overall scheme to make 23e/t and the keto acid 28 from ethyl acetoacetate and

the house made guanidinylating reagent becomes, scheme 27.
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Scheme 27: Overall pathway to ketohydroxyarginine from ethyl acetoacetate

The final conversion of rac. erythro hydroxy arginine 23e to keto 28 has been carried out enzymatically
and isolation of pure 4-(s)-ketohydroxyarginine has been accomplished and as a consequence

enantiomeric enrichment of 23e was also achieved.

Further investigations into this pathway should be focused on the isolation of diastereomers via
crystallization at either the protected 21 stage or the deprotected form 23. Other possible experiments
would be the isolation of enantiomers at the isooxazoline, 20, stage where modification with another
chiral center would allow for separation of formed diastereomers. Deprotection would result in
enantiomerically enriched 20. Reduction with Pd/C would form another stereocenter, however these
products would be diastereomers and thus easily isolated via flash chromatography. This process would

facilitate the isolation of enantiomerically enriched 23.
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Synthesis of y,B — Dehydroarginine

The synthesis of dehydroargnine 35 is an already established procedure. The work herein

focused on improving the sequence and increasing overall yield, scheme 28.

(0] o o) H (0] H 0
& _Hle Ph,0 Hlle _ Fmocosy MOH HC(OMe), /\?HLO/
- 0 Reflux Z O NaHCOj;, MeOH MeOH, MeSO4H
@ NH; @ NH,4 NHFmoc NHFmoc
3% 29 94% 30 91% oo 31
(Rob Hoppe) 0C,! —
NSNH, MeOH — |BocHNT
HG (II) cat.
66% CH,Cly, Ny,
Reflux
NBoc 65%
NBoc H o BocHN '\\‘§ H H (0]
PR - N s " 12M HCl S
BocHN N Y OH NaHCO; CH4CN H3N Y OH Reflux BocHN o
NHFmoc NHFmoc NHFmoc
34 _ 84% % 98% 52
HCI; LiOH;
pH~7
43%
D
NH
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H,N” N 0
H @NH,

Scheme 28: The synthesis of 3,4-dehydroarginine

L-vinyl glycine is made via thermolysis of methionine sulfoxide in refluxing diphenyl ether such that the
product carries over with refluxing diphenyl ether. This method, while low yielding, makes 29 in high
purity from a relatively inexpensive starting material. Once 29 is in hand the subsequent reactions

involve Fmoc protection and esterification of 29.

0

H o Fmoc-OSU

ZNN0
DNH,4
94%

NaHCOs, MeOH

(@]
Z " “OH
NHFmoc
30

L O
HC(OMe);  _ ~C A\ -

MeOH, MeSO3H

= 0
NHFmoc

91% 31

Scheme 29: Fmoc protection and esterification of L-vinylglycine
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This is a well precedented set of reactions, scheme 29. The biggest concern when running these is the
propensity of L-vinyl glycine to tautomerize to the alpha-beta unsaturated product under basic
conditions. This would ultimately epimerize 29 until racemic when not controlled for. Thus, the
subsequent steps involve sacrifice of starting material when using base to ensure no epimerization or

tautomerization occurs.

BocHN/\/3 .
H o
S O/ HG (||) cat. > BocHN G O/
NHFmoc CHoCla, N, NHFmoc
Reflux
31 32
65%

Scheme 30: Cross-Metathesis reaction

This is a metathesis reaction, scheme 30, wherein alkenes will be stitched together via metallo-
cyclobutane mediated cross-metathesis. This reaction was initially low yielding (sub 30%) which was
thought to be the result of a terminal catalyst that could not turn over anymore. It was found that yield
could be increased up to 65% via slow addition of 36 over 24 hours. This is the most expensive and time-
consuming step of the sequence; the product must be purified via flash chromatography to ensure total

removal of catalyst. With 32 in hand, deprotecting and subsequent guanidinylation was optimized.

BocHN N
= 5 12M HCI O __~ H i l\\l§ I = H i
5 e - = -
BocHN O —(Jae = Y Y
Reflux ~ FaN OH ~NaHCO, chyen . BocHN™ N OH
NHFmoc NHFmoc ’ NHFmoc

Scheme 31.: installation of protected guanidinyl group
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The boc removal goes smoothly at room temperature, but hydrolysis of the methyl ester required reflux
temperatures, scheme 31. This product is then guanidinylated with 26 using a deficiency of bicarbonate
in acetonitrile. While this reaction works in other solvents, acetonitrile appeared to be the fastest and

most convenient.

NBoc 0] ﬁHz o)
P HCI; LiOH:; L PRI
BocHN N OH W HoN N : (0)
NHFmoc H ®NH,
34 43%

Scheme 32: Deprotection to 3,4-dehydroarginine

The deprotection of 34 was another tumultuous reaction, scheme 32. The removal of the boc groups
occurs rapidly in even dilute HCI the Fmoc deprotection is much slower and has a competing reaction
with epimerization, thus a deficiency of lithium hydroxide is used to ensure no epimerization occurs at

the cost of yield. Lithium chloride is easily removed as it is a very organic soluble salt.

35 was made in 6 steps from L-vinyl glycine in 20% overall yield. Enzymatic studies have shown that the
Q2 state, hypothesized by kinetic and UV-Vis data, exists and turns over to form 28. This was

determined by fluorescence studies of MppP under anaerobic conditions, figure 38.
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Figure 38: Observation of Q2 state forming under anaerobic conditions (Silvaggi)

These spectra were obtained anaerobically by feeding MppP 35 and appeared to increase at 535 nm
over time. Once exposed to O, this state quickly diminished, meaning the enzyme will form Q2
anaerobically and requires molecular oxygen to turn over, thereby demonstrating the oxidative nature
of this PLP dependent enzyme. More studies involving MppP are underway to nail down the mechanism

of transformation and truly understand the thermodynamics and kinetics of the enzymatic pathway.
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Experimental

Synthesis of ethyl nitroacetate 18

o 0 Ac,0, H,S0,, - 20 °C, Q
MO/\ HNOg; EtOH, Na,CO5 O2N\)\o/\
r.t. 18
84%

To a large two neck flask was added 250ml (2.65 mol) of acetic anhydride and 0.60 ml (0.011
mol) sulfuric acid. The flask was submerged in a COy)/Sat. NaCl(,q) bath and the solution chilled to — 20
°C before slow addition of 50.00 ml (0.392 mol) of ethyl acetoacetate while maintaining sub 0 °C
temperatures. Once added, 27.00 ml (0.432 mol) of 70% (w/w) nitric acid was added to the mixture with
vigorous stirring at a rate that maintained sub — 10 °C temperatures throughout the addition (~ 1 drop /
4 seconds). Once the nitric acid addition was completed the solution was allowed to warm to room
temperature over 90 minutes, with rapid stirring. Once at room temperature the solution was diluted
into 500 ml of chilled ethanol and stirred for 24 hours. After 24 hours 6.779g (0.064 mol) of sodium
carbonate that was thoroughly powderized was added to the stirring ethanol and the mixture was
stirred for 30 minutes before filtering and concentrating via roto-evaporation. The crude oil obtained
was then dissolved into 150 ml of EtOAc and washed three times with 200 ml of H,O then 100 ml of Sat.
NaCl, the aqueous washes were then back extracted with 100 ml of EtOAc. The organic extracts were

combined, dried over MgS0..Yield: 43.058g (84%), transparent yellow oil.

1H-NMR 500 MHz (CDCI3): 6 1.36 (1H, t, J=7.16 Hz), 4.35 (1H, g, J=7.15 Hz), 5.21 (1H, s).
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Synthesis of ethyl 5-(aminomethyl)-4,5-dihydroisoxazole-3-carboxylate 19

oN_ I~ = N o
0 ONOtBu, 1M HClI, o7
o ~N O
18 60 °C, 48 Hr 0 N\
51%

To a large two neck flask was added 165 ml of 1.0M HCI, 12.9 ml (0.175 mol) of allylamine,
27.974g (0.189 mol) of ethyl nitroacetate and 0.60 ml (2% by mol) of tert. Butyl nitrite. Once combined
the reaction was heated to 62 °C for 48 hours in an oil bath. The reaction mixture was then concentrated
via roto-evaporation until only a white solid and an amber oil remained. The product was precipitated

via trituration in 85 ml of CH3CN. Yield: 18.0588g (51%), m.p. 202 — 203 °C

1H-NMR 500 MHz (D20) 5.22 (1H, dddd, J=3.20, 6.45, 14.35, 16.90 Hz), 4.36 (2H, q, J=7.15 Hz), 3.54
(1H, dd, J=11.15, 18.20 Hz), 3.31 (1H, dd, J=3.15, 13.70 Hz), 3.23 (1H, dd, J=9.35, 13.70 Hz), 3.14 (1H, dd,
1=6.80, 18.20 Hz), 1.33 (3H, t, J=7.15 Hz).

13C-NMR 500 MHz (D,0): 6 171.9, 156.4, 78.0, 49.3, 43.7, 29.6.

ESI LCMS [M+H]* = 173.25 m/z.

Synthesis of ethyl 5-((2,3-bis(tert-butoxycarbonyl)guanidino)methyl)-4,5-dihydroisoxazole-3-carboxylate
20

98



NBoc

BocHNJ\N§ NBoc
H \ _ H
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/ CH3CN, NEt3, r.t. H
19 94% 20 \

1.509g (7.23 mmol) of isoxazoline HCl was added to a flask containing 2.245g (7.23 mmol) of
diboc-guanidinyl-pyrazole. To this was added 150 ml of CH5CN followed by 1.02 ml (7.3 mmol) of
triethylamine. This was stirred for 24 hours before TLC indicated the consumption of starting amine at
which point the reaction mixture was concentrated then resuspended into 30 ml of CH,Cl; and washed
with 90 ml of H;0. The organic layer was then concentrated after drying over MgSQO, then crystallized

directly from boiling hexanes. Yield: 2.718g (92%), m.p. 88 —89°C

1H-NMR 500MHz (CDCI3) 8.65 (1H, t, J=5.28 Hz), 5.01 (1H, dtd, J= 3.55, 7.30, 14.70 Hz), 4.35 (2H, q,
J=7.12 Hz), 3.82 (1H, dtd, J=2.35, 9.83, 14.28 Hz), 3.59 (1H, m, J=5.93, 6.95 Hz), 3.29 (1H, dd, J=11.10,
17.90 Hz), 2.97 (1H, dd, J=7.75, 17.90 Hz), 1.49 (9H, s), 1.49 (9H, s), 1.37 (3H, t, J=7.13 Hz).

13C-NMR 500 MHz (CDCI3): 6 163.3, 160.4, 156.7, 152.9, 151.7, 83.4, 81.7, 79.5, 62.1, 43.4, 36.5, 28.2,
28.0, 14.1.

ESI LCMS [M+H]* = 415.50 m/z, [M-H] = 413.20 m/z.

Synthesis of rac. ethyl 5-(2,3-bis(tert-butoxycarbonyl)guanidino)-2-((tert-butoxycarbonyl)amino)-4-
hydroxypentanoate 21e/21t

99



H NBoc H H O NBoc H H o
BocHN N O Boc,0, 20% Pd(OH),/C - 5 B
HW H, (60 psi), E1OH BocHNJ\N ot BocHNJ\N N0
“N o) OH NHBoc OH NHBoc
20 \ 21e 21t

94%

0.5114g (1.23 mmol) of diboc-guanidinylated isoxazoline, 0.283g (1.33 mmol) of Boc,0 and
0.050g of 20% Pd(OH),/C was suspended in 5 ml of anhydrous ethanol in a parr shaker bottle with 2
glass beads. The mixture was then pressurized to 55 psi of H; after extensive flushing and shaken on a
parr shaker for 48 hours at 55 psi H.. After 48 hours the reaction mixture was filtered through 1cm of
vacuum packed celite, which was subsequently washed with 50ml of boiling ethanol. The ethanol filtrate

was then concentrated to afford 0.596g (94%) of a diastereomeric mixture 21e/t.

Separation of Diastereomeric pairs was achieved by running a silica flash column with 10%
CHsCN/90% CH,Cl. The first product to elute is the racemic erythro pair the last to elute is the racemic
threo pair. The Erythro product was recrystallized from CH,Cl, and hexanes through vapor diffusion and
confirmed by LCMS, *H, *C NMR, HSQC and COSY to be the desired 21e m.p. 128 — 130 °C.
1H NMR 500 MHz (CDCI3): 6 11.46 (1H, s), 8.71 (1H, s), 5.58 (1H, d, J=8.00 Hz), 5.00 (1H, s), 4.49 (2H, q,

J=5.15 Hz), 4.21 (1H, m, J=3.17 Hz), 3.80 (1H, d, J=9.05 Hz), 3.66 (1H, m, J=3.52 Hz), 3.32 (1H, m, J=4.28
Hz), 1.92 (1H, s), 1.50 (9H, s), 1.49 (9H, s), 1.45 (9H, s), 1.28 (3H, t, J=7.13 Hz),.

13C-NMR 500 MHz (CDCI3): 6 172.5, 163.1, 156.9, 156.5, 152.9, 83.2, 80.2, 79.4, 67.3, 61.6, 50.9, 46.6,
38.3, 14.1.

ESI LCMS [M+H]* = 519.60 m/z, [M-H] = 517.30 m/z.

21t was crystallized in the same manner as 21e m.p. 120 - 122 °C.

1H-NMR 500 MHz (CDCI3): & 11.43 (1H, s), 8.68 (1H, t, J=5.25 Hz), 5.51 (1H, d, J=5.80 Hz), 5.27 (1H, s),
4.33 (1H, d, J=5.50 Hz), 4.21 (2H, q, J=3.70 Hz), 3.92 (1H, d, J=3.70 Hz), 3.58 (1H, q, J=6.18 Hz), 3.41 (1H,
m, J=3.82 Hz), 1.91 (1H, m, J=4.58 Hz), 1.50 (9H, s), 1.47 (9H, s), 1.28 (3H, t, J=7.13 Hz),.

13C-NMR 500 MHz (CDCI3): § 172.6, 162.7, 157.5, 152.9, 83.6, 79.6, 69.1, 61.5, 51.6, 47.5, 37.3, 14.1.
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ESI LCMS [M+H]* = 415.50 m/z, [M-H] = 413.20 m/z.

Synthesis of rac. amino(((2S,4S)-4-amino-4-carboxy-2-hydroxybutyl)amino)methaniminium chloride
22e/23e

@
NBoc 0 NH o
A v HCI HoN 7 LiOH )Lz H H
BocHN™ "N NG ’ o ToHATT HN NWOH
H
21e OH NHBoc quant 22e H OH NH,
® quant 23e

H3N

To a small round bottom flask was added 0.2733g (0.52 mmol) of 21e followed by 1.5 ml of 12M
HCI and stirred for 1 hour before concentrating and drying under vacuum to achieve constant mass.
Yield: 0.1509g (110%) m.p. 110-113 °C. 22e
1H NMR 500 MHz (D,0): 6 4.88 (1H, dddd, J=3.1, 6.3, 9.1, 12 Hz), 4.60, (1H, dd, J=8.8, 12.0 Hz), 3.76 (1H,

dd, J=3.0, 15.7 Hz), 3.54 (1H, dd, J= 6.6, 15.7 Hz), 2.91 (1H, ddd, J=5.4, 8.9, 12.6 Hz), 2.21 (1H, td, J=10.6,
12.5 Hz).

13C-NMR 500 MHz (D,0): & 171.9, 156.4, 78.0, 49.3, 43.7, 29.6.

ESI LCMS [M+H]* = 173.20 m/z.

0.0565g (0.25 mmol) of 22e was then subjected to 2 ml of 1.0M LiOH and stirred for 2 hours
before being acidified to pH 7 using dilute HCl then concentrating. Once constant mass was achieved the
solid was dissolved in a minimal amount of warm methanol then precipitated from THF and collected via
centrifugation, decanting and drying. Yield: 0.052g (92%), m.p. 144 — 147 °C. 23e
1H-NMR 500 MHz (D20): 6 3.94 (1H, d, J=4.12 Hz), 3.40 (1H, dd, J=4.73, 8.39 Hz), 3.34 (1H, dd, J=3.43,

14.57 Hz), 3.18 (1H, dd, J=7.55, 14.42 Hz), 1.81 (1H, ddd, J=4.81, 9.38, 14.19 Hz), 1.63 (1H, ddd, J=3.93,
8.66, 13.92 Hz).

13C-NMR 500MHz (D,0): 6 182.0, 156.5, 66.4, 52.1, 46.3, 37.7.

ESI LCMS [M+H]* = 191 m/z, [M-H] = 189 m/z.
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Synthesis of rac. amino(((2R,4S)-4-amino-4-carboxy-2-hydroxybutyl)amino)methaniminium chloride
22t/23t

®
JNJ\BOC P _ NS __LiOH, J\JTZ HoH
: PN Hs | 5 :
BocHN HWO TRH~7 HNTONTY Y oM
21t OH NHBoc quant 23t OH NH,

quant
H3N

To a small roundbottom flask was added 0.2740g (0.53 mmol) of threo triboc ethyl 4-
hydroxyarginine followed by 1.5 ml of 12M HCl and stirred for 1 hour before concentrating and drying
under vacuum to achieve constant mass. Yield: 0.1403g (107%) m.p. 95-98°C. 22t

1H-NMR 500 MHz (D20): & 4.99 (1H, m, J=3.66, 3.66 Hz), 4.49 (1H, t, J=10.02 Hz), 3.59 (1H, dd, J=3.70,
15.35 Hz), 3.50 (1H, dd, J=7.40, 15.35 Hz), 2.18 (1H, dd, J=2.52, 6.03 Hz), 1.92 (1H, m, J=3.20, 10.99 Hz).

13C-NMR 500 MHz (D,0): & 172.3, 156.3, 78.0, 47.6, 44.3, 33.3.

ESI LCMS [M+H]* = 173.25.

0.0415g (0.20 mmol) of 22t was then subjected to 2 ml of 1.0M LiOH and stirred for 2 hours
before being acidified to pH 7 using dilute HCl then concentrating. Once constant mass was achieved the
solid was dissolved in a minimal amount of warm methanol then precipitated from THF and collected via

centrifugation, decating and drying. Yield: 0.046g (100%) m.p. 121 — 125 °C. 23t

1H-NMR 500 MHz (D20): & 3.92 (1H, d, J=7.20 Hz), 3.34 (1H, d, J=0.90 Hz), 3.30 (1H, d, J=2.65 Hz), 3.16
(1H, dd, J=7.40, 14.25 Hz), 1.80 (1H, m, J=6.45, 19.46 Hz), 1.63 (1H, m, J=6.90 Hz),.

13C-NMR 500 MHz (D,0): & 181.9, 156.9, 68.8, 54.5, 47.4, 39.5.

ESI LCMS [M+H]* = 191 m/z, [M-H] = 189 m/z.

Synthesis of amino(1H-pyrazol-1-yl)methaniminium chloride 247°
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@ CI

cg N o9 NH
HCO3; NH, 2
Ny Sotror

H,N ” 2 Hcl, H,0, 50 °C 2 '\\l}

71% 24

Aminoguanidine Bicarbonate (53.37g, 0.400 mol) was dissolved in 100 ml of H,0O and 68 ml of 12M HCI
then heated to 50 °C. Then tetramethoxypropane (69 ml, 0.416 mol) was added dropwise over the
course of three hours. Once addition was complete the reaction mixture was stirred for a 30 minutes
before cooling to room temperature. The reaction mixture was then concentrated until about 100 ml of
H,0 had been removed and a precipitate was observed. While warm, the crude solid was diluted with
500 ml of acetone and chilled until a significant amount of crystals formed. The crystals 24 were then
collected via vacuum filtration, washed with 200 ml of cold acetone and dried under reduced pressure

overnight. Yield: 41.87g (71%), M.p. 165°C - 166°C

1H-NMR 500 MHz (D,0): 6 6.66 (1H, d, J=2.2 Hz), 7.91 (1H, d, J=4.6 Hz), 8.27 (1H, d, J=1.2 H2)

13C-NMR 500 MHz (D,0): 6 153.2,147.2, 131.3,112.6
Synthesis of tert-butyl (imino(1H-pyrazol-1-yl)methyl)carbamate 25"

©

@ CI
NH, NH
Boc,0, K;CO3,  Boc.. Jk

HN™ "N7Y "H,O/Acetone

i
" O

\ H
24 85% 25
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24 (7.7402g, 52.8 mmol) was dissolved in 10 ml of H,0 and added to a solution of Boc anhydride
(12.986g, 59.5 mmol, 1.1 e.q) in 50 ml of acetone. While stirring rapidly, a solution of potassium
carbonate (4.427g, 32 mmol) in 10 ml of H,O was added to the acetone/water solution slowly over 10
minutes. The reaction mixture was then allowed to stir for 2 hours before removing the acetone via
rotary evaporation and collecting the precipitate. The precipitate was then washed with 50 ml of H,0
followed by 100 ml of hexanes. The product was then crystallized from 75 ml CH,Cl; and 75 ml Hexanes

concentrated by 50 ml to afford white fluffy crystals 25. Yield: 9.435g (85%), M.p. 94°C - 95°C

1H-NMR 500 MHz (CDCls): & 1.55(9H, s), 6.40 (1H, d, J=4.3 Hz), 7.59 (1H, s), 7.68 (1H, d, J=1.2 Hz), 8.46
(1H, d, J=2.7 Hz), 9.06 (1H, s)

13C-NMR 500 MHz (CDCls): 6 163.4, 155.1, 146.7, 143.4, 108.9, 80.1, 27.4
Synthesis of tert-butyl (((tert-butoxycarbonyl)imino)(1H-pyrazol-1-yl)methyl)carbamate 2672

NH Boc..

N
BOC\NJ\N§ ?_E%Oé;;j - Boc\N/”\N}
H \ ’ \
N= H N=
25 89% 26

NaH (0.568g, 14.2 mmol) was stirred in 50 ml of THF at 0 °C. to this, 25 (2.7110g, 12.9 mmol), was added
dropwise and slowly to maintain sub 5°C. Once added, 3.252g (14.9 mmol) of Boc anhydride was added
to the solution and the reaction was heated to reflux. After 20 hours the reaction was cooled to room
temperature and 5 ml (85 mmol) of AcOH was added and stirred for 30 minutes. The reaction mixture was
concentrated under reduced pressure and the crude residue was dissolved in 100 ml of EtOAc. The

organics were washed with 100 ml x3 of Sat. NaHCOs then 100 ml of sat. NaCl. The organics were dried
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over MgS0, and concentrated under reduced pressure. The product was crystallized from the resulting

yellow oil with 30ml hexanes to afford white crystals 26. Yield: 3.108g (78%), M.p. 88°C - 89°C

1H-NMR 500 MHz (CDCls): & 1.50 (9H, s), 1.56 (9H, s), 6.42 (1H, dd, J=2.8, 1.6 Hz), 7.63 (1H, d, J=1.6 Hz),
8.31 (1H, d, J=2.8 Hz), 8.94 (1H, s)

13C NMR 500 MHz (CDCls): 6

Synthesis of tert-butyl tert-butoxycarbonyl(((tert-butoxycarbonyl)imino)(1H-pyrazol-1-
yl)methyl)carbamate 2773

NH BOC\

N
Boc\N)LN \ -Boc20.DMAP_ o M
H \} CH,CI,/THF N f\\l}
= Boc N=
25 93% 27

25 (7.405g, 30.15 mmol) and DMAP (0.3470g, 2.84 mmol, 10% by mol) was dissolved in 60 ml of CH,Cl>
and stirred rapidly while a solution of Boc,0 (13.336g, 61.10 mmol, 2.05 e.q) in 40 ml of THF was added
dropwise over multiple hours. The reaction mixture was then allowed to stir overnight before
concentrating via rotary evaporation. The crude product was then stirred in a solution of AcOH (0.50g,

8.3 mmol) in 60 ml of H,0 before filtering and drying under reduced pressure. This afforded 12.787g of
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crude product which was then recrystallized from 75 ml CH,Cl; and 75 ml of Hexanes, concentrated by

50 ml to afford 3. Yield: 11.502g (93%), M.p. 160°C - 161°C

1H-NMR 500 MHz (CDCls): & 1.39 (18H, s), 1.54 (9H, s), 6.45 (1H, dd, J=2.8, 1.6 Hz), 7.69 (1H, d, J=0.8 Hz),
8.20 (1H, d, J=2.4 Hz)

13C-NMR 500 MHz (CDCls): 6 156.3, 147.4, 143.6, 128.9, 109.9, 84.4, 83.0, 27.9, 27.6

Synthesis of (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)but-3-enoic acid 30

o) (0]
';I S) Fmoc-OSU = I:I OH
= O  NaHCOs, MeOH
® NH,4 NHFmoc
29 94% 30

1.1931g (11.8 mmol) of 29, 3.8264g (11.3 mmol) of Fmoc-OSU and 1.9631g (23.3 mmol) of NaHCO; was
stirred in 40 ml of anhydrous MeOH for 20 hours. The reaction mixture was concentrated via rotary
evaporation and then resuspended in 50 ml of 0.6M HCI. The product was extracted with 150 ml of
CH,Cl; and the organic extracts were washed with 100 ml of 1M HCI then 100 ml of sat. NaCl before
drying over MgS04 and concentrating. The product was then crystallized from 200 ml of 50:50 CH,Cl;

and Hexanes. Yield: 3.438g (94%) m.p. 154 — 156 °C

1H NMR 500 MHz (DMSO-d6) & 12.82 (1H, s), 7.93 (1H, d, J = 8.2 Hz), 7.90 (2H, d, J = 7.6 Hz), 7.74 (2H,
dd,J=7.3,4.3Hz),7.42 (2H, t,J=7.4H), 7.33 (2H, t, J = 7.3 Hz), 5.93 (1H, ddd, J = 10.6, 6.3, 17.1 Hz),
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5.34 (1H, d, J = 17.3 Hz), 5.22 (1H, d, J = 10.4 Hz), 4.62 (1H, t, ) = 7.2 Hz), 4.29 (2H, d, J = 7.2 Hz), 4.23 (1H,
t, ] =7.3 Ha).

13C NMR 500 MHz (DMSO-d6) 6 171.7, 155.8, 143.8, 143.7, 140.7, 132.9, 127.6, 127.0, 125.3, 120.1,
117.4, 65.8, 56.4, 46.6.

Synthesis of (S)-methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)but-3-enoate 31

o)
i HC(OMe) H
B €)3 - 5 e
-
Z OH  ~\MeOH, MeSO,H ©
NHFmoc NHFmoc
30 91% 31

0.8495g (2.63 mmol) of 30 and 0.32ml (2.92 mmol) of trimethylorthoformate was combined in 20 ml of
MeOH and stirred before addition of 50uL of MeSOsH. The solution was stirred for four hours before
concentrating to dryness. The crude residue was then suspended in 50 ml of diethyl ether and the
solution washed with 100 ml of sat. NaHCO; then 100 ml of Sat. NaCl. The organics were combined,
dried over MgS0,4 and concentrated. The solid was then crystallized from 10 ml CH,Cl; and 35 ml of
hexanes, conc. by 5 ml. Yield: 0.8103g (91%) m.p. 103 — 104 °C

H NMR 500 MHz (DMSO-d6) 6 8.08 (1H, d, J =7.8 Hz), 7.91 (2H, d,J=7.5 Hz), 7.74 (2H, dd, 1 =6.9, 5.6
Hz), 7.43 (2H, t,J = 7.4 Hz), 7.34 (2H, t, J = 7.4 Hz), 5.92 (1H, ddd, J = 10.6, 6.7, 17.2 Hz), 5.36 (1H, d, J =

17.2 Hz), 5.26 (1H, d, J = 10.4 Hz), 4.71 (1H, t, ) = 7.1 Hz), 4.32 (2H, td, = 6.8, 2.5 Hz), 4.24 (1H, t, ) = 6.9
Hz), 3.66 (3H, s).

13C NMR 500 MHz (DMSO-d6) 6 170.9, 155.8, 143.7, 140.7, 132.2, 127.6, 127.0, 125.2, 120.1, 118.2,
65.8,56.4,52.1, 46.5.

Synthesis of (S,E)-methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-((tert-
butoxycarbonyl)amino)pent-3-enoate 32
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BocHN" >

(0] 36 Y (@]
NG o~ HG (ll) cat. _ BocHN NG o~
CH,Cl,, Ny,
NHFmoc NHFmoc
Reflux
65%

0.3322g (0.99 mmol) of 31 and 0.3760g (2.39 mmol) of 36 was combined in 20 ml of CH,Cl, under a N,
stream. To this was added 0.0539g (0.094 mmol) of HG (ll) catalyst in 2 ml of CH,Cl,. The reaction
mixture was heated to reflux and after 6 hours an additional 0.1694g (1.05 mmol) of 36 was added and
the reaction was left to reflux for an additional 24 hours. Once complete the reaction mixture was
concentrated and then subjected to flash chromatography, eluent: 50:50 diethyl ether and hexanes.
Yield: 0.298g (65%) m.p. 94 — 95 °C

1H NMR 500 MHz (DMSO-d6) & 8.06 (1H, d, ) = 7.8 Hz), 7.89 (2H, d, ) = 7.6 Hz), 7.73 (2H, dd, ) = 7.1, 4.4
Hz), 7.42 (2H, t,)=7.4 Hz), 7.33 (2H, t, ) = 7.4 Hz), 5.72 (1H, td, ) = 5.0, 15.4 Hz), 5.61 (1H, dd, ) = 6.6,

15.6 Hz), 4.67 (1H, t,J = 7.1 Hz), 4.28 (2H, d, ) = 111 6.0 Hz), 4.22 (1H, t,J = 7.0 Hz), 3.63 (3H, s), 1.37 (9H,
s).

13C NMR 500 MHz (DMSO-d6) 6 171.6, 156.2, 155.9, 144.2, 144.2, 141.1, 137.1, 131.9, 128.1, 127.5,
125.7,120.5, 78.1, 66.3, 52.6, 47.0, 28.7, 25.9

Synthesis of (S,E)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-carboxybut-2-en-1-aminium chloride
33

0]

H H

G —~ 12M HCI @ G
BocHN/\/\)J\O “Reflux . HaN OH
NHFmoc NHFmoc

32 98% 33
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0.1400g (0.30 mmol) of 32 was heated to reflux in 3 ml of 12M HCl for 1 hour before cooling. The

mixture was then concentrated via rotary evaporation using large volumes of toluene to azeotropically

dry the solid. Yield: 0.1143g (98%), m.p. 190-192

1H NMR 500 MHz (DMSO-d6) & 8.06 (3H, sb), 8.02 (1H, d, J = 8.5 Hz), 7.91 (2H, d, J = 7.5 Hz), 7.75 (2H, dd,
J=7.2,47Hz),7.43 (2H,t,J = 7.4 Hz), 7.34 (2H, t, ) = 7.5 Hz), 5.97 (1H, dd, J = 6.2, 15.7 Hz), 5.81 (1H, td,
J=6.5,15.2 Hz), 4.69 (1H, t, J = 7.1 Hz), 4.30 (2H, m), 4.24 (1H, m), 3.47 (3H, su).

13C NMR 500 MHz (DMSO-d6) 6 171.4, 155.8, 143.8, 140.7, 130.4, 128.0, 127.6, 127.1, 125.3, 125.0,
120.1, 65.8, 55.2, 46.6

Synthesis of (S,3E)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-(2,3-bis(tert-
butoxycarbonyl)guanidino)pent-3-enoic acid 34

o
BocHN™ N NB
H O \§ oc H O
HNT NN o N BocHN” NN H
3 OH Nanco, ch,en . Bee ©
NHF ’ NHFmoc
4
33 84% 3

1H NMR 500 MHz (D,0) & 7.75 (2H, d, J = 7.2 Hz), 7.61 (2H, t, ) = 6.1 Hz), 7.39 (2H, t, J = 6.5 Hz), 7.31 (2H,
t,J = 7.4 Hz), 5.80 (1H, m), 5.66 (1H, d, J = 8.0 Hz), 4.97 (1H, t, ) = 5.3 Hz), 4.46 (2H, d, J = 7.2 Hz), 4.40
(1H,t,J = 7.4 Hz), 4.23 (2H, t, ) = 6.9 Hz), 4.07 (1H, s), 1.49 (18H, s).

Synthesis of (S,E)-5-((amino(iminio)methyl)amino)-2-ammoniopent-3-enoate chloride 35
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NBoc 0] NH, 0
P HCI; LiOH: J PN
BocHN H OH W’ HoN N ; (o)
NHFmoc H ®NH;
34 43% 35

1H NMR 500 MHz (CDs0D) 6 5.98 (1H, dtd, J = 0.9, 4.7, 15.7 Hz), 5.75 (1H, tdd, ) = 1.8, 8.1, 15.8 Hz), 4.41
(1H, d, ) = 7.9 Hz), 3.87 (2H, d, J = 4.9 Hz).

Synthesis of tert-butyl allylcarbamate 36

36

66%

10.287g (47.1 mmolO of Boc,0 was dissolved in 40 ml of chilled MeOH, then 4.0 ml (53.4 mmol) of
allylamine was added dropwise to the reaction mixture. The solution was stirred for 2 hours before
concentrating and subliming. Yield: 5.308g (66%), m.p. 30 —31 °C

1H NMR 500 MHz (DMSO-d6) § 6.97 (1H, s), 5.76 (1H, dtd, J = 10.5, 5.3, 17.0 Hz), 5.08 (1H, qd, J = 1.7,
17.2 Hz), 5.01 (1H, qd, J = 1.7, 10.5 Hz), 3.54 (2H, t, J = 5.2 Hz), 1.38 (9H, s).

13C NMR 500 MHz (DMSO-d6) 6 155.4, 135.9, 114.5, 77.5, 42.2, 28.2.
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Chapter IV. The Janus Quinolone — a B-Sheet Initiator

Introduction

The beta barrel assembly machine, BAMa, is a transmembrane protein responsible for the

folding of beta barrel proteins’"’

, including itself’®. BAMa is also capable of spontaneous self-assembly.
BAMa is in of itself a regulated pore’®®° that transports molecules in or out of the cell, antibiotics

included. The surface of the outer membrane of gram-negative bacteria is composed almost entirely of

LPS and BAMa® meaning that the only way into the bacteria is via the BAMa complex883,

BamA
B-barrel

Figure 39: The crystal structure of BAMa with antibiotic Darobactin bound to the B1 lateral gate®*

Recently, a new compound, darobactin®, was discovered to be a potent antibiotic toward gram negative
bacteria. This prompted an investigation into its mode of action, wherein it was discovered that the

antibiotic binds to the betal strand responsible for closing the barrel.
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Figure 40: Specific Associations of Darobactin to B1 strand of BAMa3*

BAMa utilizes its B1 and B16 strands as the catalytic site for beta barrel folding®!, the peptide is fed into
the beta barrel where it associates with B1 and B16 and folds over onto itself until the mostly folded
beta barrel can close and dissociate. During this folding process, it is hypothesized that the pore
becomes unregulated® until the B1 and B16 strands anneal. Thus, if one were to lock BAMa into its
open form and prevent the annealing of B1 and B16, then the bacteria might become susceptible to

standard antibiotics like vancomycin or other potent antibiotics.

This work focuses on the development of a beta sheet mimic that can associate with the edge of

the B1 strand of BAMa and inhibit its activity.
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Synthetic Strategies

The development of a beta sheet mimetic in this work was inspired by and pays homage to
James Nowick who pioneered the development of synthetic beta sheet mimetics®®” as well as Kemp®.
Nowick sought to mimic the nature of beta sheet like peptides via synthetic peptide synthesis®2. The
work herein describes the synthesis of a family of bis-fused quinolines that mimic the hydrogen bonding
pattern of a tripeptide in a beta sequence. Like Nowick’s beta-sheet initiator, the target of this research

is a flat molecule with alternating peptide like functional groups.

o NH w9 ow G j\ B G i H ?JO]\
H H N~ N~ R NJ\( N~ R
N N, R N N"R
oY YT UV
N T T Lo P

R,,HL N (0]
N o H R H o} };I o} H 0 H o
N N
R N N R -
A8 nd o e 7 "
N N N~ H o H o H N
H/\ﬂ/ = ‘ 0 H
O R | ¢}
Kemp Beta Sheet Mimic Nowick Beta Sheet Mimic This Work Beta Sheet Mimic

Figure 41: Kemp Beta Sheet initiator (left), Nowick’s Beta Sheet Inhibitor (middle) and this work (right)

Nowick’s beta sheet initiator used a hydrazine moiety that hydrogen bonds with a conveniently
located methoxy group that confers rigidity in the molecule. This rigidity is necessary for function as a
beta sheet initiator. The oxalyl group on the amide side of the benzene ring also aids in the flatness and

rigidity of Nowick’s initiator®-9%93,

H H H

00 oo N

(0] (0] 0]
Epindolindione Quinacridone pyrido[2,3-g]quinoline

Figure 42: The structures of currently known bis-fused quinolones
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Bis-fused quinolones have been made before®*?, but not much research has been done to

investigate their potential as drug candidates. These compounds are known to be very insoluble®:°>%

and require very harsh conditions just to dissolve like pure H,SO; or saturated hydroxide®. This work
sought to overcome these potential difficulties and create a Bis-fused quinolone that could be

incorporated into peptide coupling reactions for drug evaluation and hopefully inhibition of BAMa.

R R
0] R 0] N P 0] R (0]
ﬁ /N\

Figure 43: The functionalized Janus Quinolone

The most desirable intermediate on the way to this fully functional beta sheet initiator is 53.
Furthermore, the functionalities of 53 make it an ideal candidate for derivatization. Thus, this work

sought to develop methods to make 53 and at scale.

. 0 . 0 0 . 0
2 - e
0 o
| | — o | |
N - N
H 0 o M 0
53 55

Figure 44: Retrosynthetic analysis for the synthesis of 55

53 was thought to be attainable via decarboxylation and nitration of 55. Furthermore, 55 appeared to

be a simple enough structure that it could be readily attained. Unfortunately this was not the case.
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Symmetric Route

The first attempt at making the symmetric Janus quinolone, 55’, involved a two-step procedure

starting from p-diaminobenzene®.

O

pach
\/07/ N H
NHz 0 0._0 N o
eOH, -r.t.
H,oN -0 = H j OO

2

45%
56

Scheme 33: Synthesis of Biseneamine 56

This reaction leads to 56 in 45% yield, lower than yields achieved by others, but for the purpose of a
scout reaction this was considered good enough. From here 56 undergoes thermal cyclization at reflux

in dowtherm, a mixture of Ph,O and Phs.

N H
o OO N__~_O_~ _ Pho
) Reflux
~>0 /H )o o)

o 57 55'
r 50% >0.05%

Scheme 34: Synthesis of kinked janus quinolone 57

Unfortunately, the major product of this pathway is a “kinked” variant of the target symmetric Janus
qguinolone. While the desired 55’ is the thermodynamically favored product, the kinetically favored
product, 57, wins out. Less than 0.05% of the product appears to be the desired product, this is close to
the limit of detection of the NMR and so it is hard to say whether there really is any of the desired

product. Regardless, this method is non-viable for the purposes of making a beta-sheet initiator.
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From a retrosynthetic perspective, it appeared as though 55 could be made by starting with 60,
diaminoterephthalate. This method was desirable because the amine and ketone of the desired janus

quinolone are preformed and unable to form 57.

(0] H (0] (0]
N - ~ NH,
(0] : (0]
- H HoN
(0] (0] (0]
55 60

Figure 45: Retrosynthetic analysis for the synthesis of 55 from 60

The synthesis of dimethyl 2,5-bis((tert-butoxycarbonyl)amino)terephthalate 60 is an already

well-established procedurel®,

o NH, NHBoc
CO,Me CO,Me CO,Me
NH,OAc, EtOH 5%(w/w) Pd/C
MeO,C Reflux MeO,C Boc,0, Tol, MeO,C
o NH, Reflux NHBoc
DMSS 90% 7%
37 61

Scheme 35: the Synthesis of diboc-diaminoterephthalate

From DMSS, 61 was deprotected using standard deprotection methods to 60. The thought was that
methyl pyruvate should be able to either make an imine with the arylamines twice under slightly acidic
conditions or make the double Claisen product under basic conditions. From there it was thought that
base should cyclize the double imine product and heat or acid should be able to cyclize the double

Claisen product.
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Scheme 36: The synthesis of 55 via pyruvate and 60

Multiple experiments were run to determine whether either of these approaches were possible.
Most of these experiments failed for a variety of reasons. The double imine formation appeared to make
a variety of products, all of which failed to survive column conditions. Thus, the route was considered
too hydrolytically unstable to pursue and the Claisen route was investigated. The difficulty in the Claisen
condensation was getting the reaction to proceed. It was assumed that the formation of multi-anionic
intermediates in addition to the general unreactive nature of the starting 60 made this route
significantly more difficult. An alternate route was envisioned when it appeared the 60 route would not

work out.
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Synthesis of Bis-Terephthalates

|
(@] (e} OH
(0]
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55 44 40

Figure 46: Retrosynthetic analysis for the synthesis of 55 from bis-serineterephthalate 40

The Janus quinolone could be made by installing the imine as a precursor. The bis-serine methyl
ester 40 product of these arrows show that upon dehydration of the alpha-beta carbon of serine to 44
the creation of the desired quinolone, 55, might be achieved. To test this route a series of experiments

were performed.

It was found that under similar conditions to the synthesis of 60, 40 could be made in high

crystalline yield. There are some significant differences from the original synthesis however.

o
@cl © o
o) H3N o R R NH O
COZMG (@] e
OH O
NaOAc, (0]
MeO,C R-OH, Reflux: - ©
o] 5% (wiw) Pd/C o) HNJ)J\O/R
HO

R =Me, 90% 40
R=Et 50% 41

Scheme 37: The synthesis of Bis-Serineterephthalate methylester 40
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The reaction is run such that 37, formerly isolated, is made after three hours with serine in 10%

excess over DMSS in stoichiometry.

© o B OH ] OH
Q 3 \fko/ -0 NH O -0 NH O
CO,Me
OH © 0" | _5% (wiw) Pd/C, o o~
NaOAc, MeOH, Reflux
(0] ,
MeO,C MeOH, Reflux; - 0 0 0
o}
O HN
j)ko/ o) HNj)ko/
DMSS
HO HO
- 37 - 40

Figure 47: Stepwise transformation of DMSS to 37’ to 40

While still hot, palladium on carbon is added to the mixture and reflux continued for 30 hours after
which TLC indicated consumption of 37’. It was found that serine methyl ester in methanol afforded
more product in higher yield than the corresponding ethyl ester product. The yields as posted are
crystalline product recovered. The lower yield with ethyl over methyl might be due to many factors such
as crystallinity, serine degradation, solvent effects, etc... As a result, the methyl ester in methanol is the

current method of synthesis.

This method is also very scale-able with respect to overall yield. Small scale tends to afford a
higher yield than large scale, but the yields tend to stay above 80% crystalline yield. The largest scale
performed to date has been ~25g with an 87% yield overall. Furthermore, palladium used in these

reactions can be recycled for future reactions.

An alternative was briefly investigated, wherein alanine methyl ester HCl was used in place of

serine.
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Scheme 38: Failed terephthalate synthesis with alanine

This utilized the exact methods for serine but suffered in conversion rate, with serine the reaction to
fully aromatized 40 takes roughly a day and a half while alanine had barely progressed after multiple
days. This led to the belief that the reason serine aromatizes so quickly and well is due to the ligating
effect of serine to palladium. Specifically, the serine’s hydroxyl aids in the disassociation of palladium
from the aromatic ring, thereby increasing turnover. Thus, it makes sense that the conversion of 37’ to
40 would occur rapidly in a lower boiling solvent like methanol compared to the original method to

synthesize 60.

121



Synthesis of Bis-Dehydroalanine

Once a scale-able method had been created for 40, methods for its dehydration and cyclization
were investigated. Many methods of dehydration were performed, with scale in mind BSA was

investigated as a method for dehydrating the alpha-beta carbons of serine.

0.0
H (0] (0] H 0]
HO N o~ Conditions N o~
o 2x H,0 o |
- H OH -2x MeOH - H
0] (0] @)
o ~0
|
40 55
Base Reagent(s) Temp Solvent Result
- - 260 °C Ph,O
- CDI 111°C Tol
- CDI 260 °C Ph,O 60
(MeSOsH)
NEt; POCI;3 111°C Tol 60
-- BSA 111°C Tol
-- BSA 260 °C Ph,O
NEt; BSA 260 °C Ph,O
LiOtBu BSA 260 °C Ph,O
NaH BSA 111°C Tol 55
NaH BSA 65 °C THF 55
NaH BSA 111°C Tol/DMSO 55
NaH BSA 25°C THF/DMSO 55

Table 8: Initial conditions to dehydrate and cyclize 40 into 55

These experiments illustrated how it was possible to dehydrate the alpha-beta carbons of both serine’s
on 40 as shown by the isolation of 60 from the POCI3/NEt; conditions. Remarkably, the CDI in Ph,0 at

reflux with catalytic MeSOsH was able to eliminate but was unable to cyclize. This meant that the
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hydrogen bond of the aromatic amine on 40 is extraordinarily strong. This is further supported by the
NMR of this product showing the N-H hydrogen bond as well as the serine’s O-H proton split as a triplet.

This means that 40 is very flat and held somewhat rigidly by its intramolecular hydrogen bonding.

/O |-
Hy
\
o) i
A
/Hbfn
o’\
b L |
A °
. I

T T
2 o [ppm]

Figure 48: NMR of 40 with hydrogen bonds highlighted

Most of the initial reactions sought to use BSA as a reagent for scale up and ease of use,
however acetamide became a problem at diphenyl ether reflux temperatures. Small amounts of product
were found in the reactions that utilized sodium hydride as a base. It was determined that if a
carbamate could be made between the aromatic amine and the serine alcohol, one could easily
dehydrate and cyclize to the Janus quinolone with one equivalent of base. And so, a reaction was set up

with 40 and CDI, with the hope that a carbamate could be formed.
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Scheme 39: the stepwise dehydration of 40

First the 40 was converted into 42 by simply mixing an excess of CDI over 40 in THF at room
temperature. The reaction is extraordinarily fast, usually complete by the first TLC (~5 minutes). 42 was
stirred in THF with an excess of potassium tert. butoxide at room temperature and after a few minutes
showed a significant amount of precipitation. The precipitate was collected and an NMR was taken
showing complete conversion of the imidazolide into the bis-dehydroalanine product, 44. The reaction
was repeated and after workup a 97% yield was afforded. The isolation of 44 solidified the means by

which 60 was isolated from the early dehydration/cyclization attempts.

From this experiment, two methods of dehydration of 40 to 44 (45) were developed.
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Scheme 40: The dehydration of 40 via MsCl and CDI and their products

Each method has its value, and while both are high yielding the CDI method appears more favorable
simply due to the overall yield. Additionally, the MsCl method appears to first make 44 and overtime
converts into 45 after crystallization. This means that it is easy for small amounts of methane sulfonic

acid to slip past the workup and convert the solid into imine.

Despite its appearance, 44 IS incredibly stable and was able to be stored on a bench top for
multiple months before degradation of the product was observed. Its stability is likely due to the

intramolecular hydrogen bonding of the molecule that increases its crystallinity.
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Figure 49: H NMR of 44 illustrating the strong intramolecular hydrogen bonding interactions

After benchtop degradation was observed, the product was kept under active vacuum and only
removed from vacuum as needed but no further precautions were required when handling this product.
Crystallization of this product from neat CH.Cl, affords very clean 44 without further purification

necessary.
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Synthesis of Symmetric Janus Quinolone

Few experiments were performed to investigate the conversion of 44 into Janus quinolone, 55.
It was assumed, based on previous experiments, that one could make 55 with a strong base like sodium
hydride or sodium dimsyl. The subsequent cyclization reaction was carried out at 60 °C and 120 °C in

DMSO with sodium dimsyl, the latter being the current method for synthesis

0.0
/O\H)LNH o} HNTS /O%N o}
(6] - 0] pe
0" _NaH.DMSO , O _ NaH,DMSO_ 0
O o 120 °C ° 120°C e o
O HN e . _NH (0] N e
0 94% 97% o
oo
44 | 55 43

Scheme 41: the synthesis of 2,6-dicarboxybisquinolone 55 from imine and eneamine

Despite the propensity for the 44 to tautomerize over time when made from MsCl, the reaction
to form 55 goes in remarkably high yield from either tautomer. There is concern in this scheme, that
sodium dimsyl is not stable at high temperatures and 120 °C is very close to its auto-detonation
temperature!®®, Thus, this does not constitute a method to form 55 at scale. However, the reaction has
been performed up to 5g of starting 44 with no serious issues involving detonation. Further
investigations into the synthesis of this Janus quinolone and others has led to the possibility of an

alternate synthesis with methoxide in methanol at reflux and dimethyl carbonate.

When combined the overall yield of 55 from DMSS is between 72 - 85% depending on the
method used. The product is a yellow solid that is almost entirely insoluble in every solvent apart from

basic H,O (pH + 10) and strong acids (TFA, H,SQ,). Thus, the most succinct route to 55 is;
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Scheme 42: the total synthesis of 55 starting from DMSS

Once 55 was isolated, the focus of this work shifted toward finding a method of breaking
symmetry. The first set of experiments involved nitration of 55. Unfortunately, due to the inability to
solubilize the starting material it became apparent that breaking symmetry at the Janus quinolone stage
was not a simple problem to solve. Multiple nitration experiments were performed with the only

success resulting in nitration of the central aromatic ring on 55.

0 e 0O NO,, O
| o e g o
/O N /O N
o H 0 o H 0
55 55"

Scheme 43: Failed nitration of 55

These findings meant that breaking symmetry would have to happen before the creation of the bis-

fused quinolone, the Janus quinolone.
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Asymmetric Route — The Synthesis of Quinolone Methyl Anthranilate

Due to the difficulty in selectively nitrating the 55 it was decided that breaking symmetry earlier
on might be advantageous, if only for authentic product to compare. There were two places to break

symmetry either at the 40 step or at the DMSS step. Both of these routes were investigated.

Anthranilic acids are known to readily form nitro-enamines with reagents like methazoic acid
under acidic conditions®. This nitro-enamine is also known to readily cyclize under dehydrating
conditions with reagents like acetic anhydride, carbonyl diimidazole, diethoxy chlorophosphate etc!%?-
105 If these conditions were applied to an anthranilic-like precursor, 51, the desired asymmetric Janus

quinolone, 53, could be realized.

- o) . o) o) ! o)
2
OH HO OH
| | S |
N H,N
H 0 0
53 51

Figure 50: Retrosynthetic analysis for the synthesis of 53 via 51

This precursor to the target Janus quinolone would appear to be a half cyclized and half
hydrolyzed product of 44. It seemed plausible for there to be a method to take 40 and convert it into

qguinolone methyl anthranilate, 46.
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Figure 51: Retrosynthetic analysis for the synthesis of 46 from 40

To investigate the possibility of this route, an authentic product was first synthesized starting

with DMSS utilizing a mixed pot method.

OH
©a ©
o H3N o~
CO,Me \fj\
1. OH _CDI. KOtBu,
MeO,C NH4CI, NaOAc, THF Reflux
o MeOH, Reflux; NHBoGc

2. 5% (w/w) Pd/C,

Boc,0, Tol, Reflux 82%

39
16%

Scheme 44: Pathway 1 to bocQMA, 49, via Mixed pot method

2

NHBoc

49

The first pass at this reaction sequence afforded the boc protected quinolone methyl

anthranilate 49 in low yield overall after column. 49 can be readily isolated from the complex mixture

via flash chromatography with wet ether. The reaction was also performed with MsCl under the

conditions used to convert 40 into 44 and afforded 65% of the desired product overall. With the

authentic standard in hand a series of reactions were performed to see what it took to convert 40 into

the desired 46.
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Scheme 45: Pathway 2 to QMA, 46, via two pot method

0~ NaOMe, MeOH,

Cyclization conditions were investigated to see what base it took to form 46 and sodium

methoxide in methanol appeared to be the best candidate. 46 as a product is insoluble in most solvents,

as many quinolones also behave, and the hope was that by using a weaker base than sodium dimsyl and

a less polar solvent than DMSO one might be able to make 46 selectively.

It appears that methanol is sufficiently lower boiling than DMSO and methoxide is sufficiently

less basic than sodium dimsyl to produce primarily the mono cyclized product from 44. While 55 is

produced as a side product, conditions could in theory be made to optimize the mono cyclized product

46. Once cyclized on one side 62 is readily hydrolyzed to 46 and methyl pyruvate under mild aqueous

acidic conditions.

46

Figure 52: intermediate 62 hydrolysis to 46 and methyl pyruvate under aqueous acidic conditions
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The reaction conditions appear to afford the correct product when compared to the standard,
however isolation remained a mess with a significant amount of 55 contaminating 46 Additionally, for
the purpose of scaling up, MsCl was not a desirable reagent to work with. And so, an alternate synthesis
was envisioned wherein a one pot procedure to make 46 from 40 might be possible using relatively safe

reagents. After multiple attempts a set of conditions were found.

OH
o
H
O o~ \O)J\O/ ~o0 N o~
0 o NaOMe, MeOH, |
Reflux; Acidic workup HoN
O HN O/ e}
27%
HO 46
40
Scheme 46: Pathway 3 to QMA, 46, via one pot method
40 NaOMe DMC:MeOH Time Yield m.p.
0.025 M 05M 20ml:20 ml 5Hr 25% (pure) 278 —280°C
0.04 M 0.95M 15ml:10ml 1.5Hr 27% +300 °C
0.04 M 0.27M 15ml:10 ml 6 Hr 20% 270-271°C
0.10M 0.54 M 5ml:5ml 6 Hr 20% 276 —280°C

Table 9: Conditions for the one pot synthesis of 46

These conditions are still very much under development, however based on some scouting it appears

that it is likely possible to make 46 in higher yield under conditions similar to these. It should be possible
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to increase the yield of 46 over 55 in this scheme by using a less polar solvent like THF. Unfortunately,
the current method of isolation requires the use of acetic acid in the extraction on the order of solvent

guantities to obtain any amount of product.

While these investigations were underway, alternative routes were established.

- MeOH, Reflux, o Boc,0, Tol, Reflux

28 H -
o O 04% O NHz 5eq '

OH
€50 OH
NH, O HaNCI
o o 2 3 %o/ 0 NH O /O\IH:NH o
o~ o~ o)
NH4OAc, EtOH OH o~ 5% (w/w) Pd/C 0 o~
_O Reflux o

O NH; 90% O  NHBoc

DMSS
37 38 39

Scheme 47: Pathway 4a to bocASTP from DMSS via crystallization methods

This scheme was developed to see if it was possible to make the amine-serine-terephthalate, 39, such

that serine methyl ester would be conserved. 39 had been made previously through similar conditions,
this set of conditions takes advantage of the difference in solubility of 37 and 39 to make 39 on a large
scale. First, 37 is made from ammonium acetate in ethanol at reflux at a concentration in which the

product crystallizes. Similar conditions are then used to transaminate serine with one of the amines.

It was found that 4 - 5 equivalents of 37 to one serine made exclusively 38 and none of 37’. And
so, by running the reaction at the crystallization concentration for 37 it was possible to keep 98% (by
NMR) of the 39 generated in the methanol fraction of the crystallizing solution. That filtrate was then
subjected to aromatization conditions used for 60 where the Boc,O amount is determined by NMR of
the crude 37 solution. A slight excess of boc anhydride is used with the excess being thermally
decomposed by the refluxing toluene. From there the remaining 60 that was aromatized is separated via
crystallization as 39 does not crystallize from neat CH,Cl, while 60 does. This procedure was scaled up to

25g (product yield) which is about the limit for research lab settings and works in good yield, 80%.
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This scheme was developed because a new lot of 49 needed to be made for high resolution data

acquisition and the intermediates from 39 to 49 via CDI was needed. The following scheme was then

developed.
o~ o) o~ o~
Ho“(&o o) (/\NJ\O/\/&O o ﬁ/&o o) Q H Q
HN [ - I Y HN _ _NEty, CHiCly |y _ KOBu. THE, ~g N o
(¢} CH,Cl, (o) Reflux (¢} Reflux |
(0] (0] (o] NHBoc
e - ~
NHBoc 100% NHBoc 100% NHBoc 98% o
o} o} o}
39 47 48 49

Scheme 48: Pathway 4b to bocQMA, 49, from 39

When run with purified 39, columned and vapor diffused crystallized, it was possible to make 49 from 39
in 98% yield. Meaning that with the 90% yield based on serine to 39, this scheme would afford a succinct
multistep procedure to 49 from DMSS in 79% yield. While each step is remarkably high yielding, it is

assumed that this sequence can be shortened even further. In retrospect there are multiple pathways to

guinolone methyl anthranilate, 46.
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Scheme 49: All four pathways to 46

Now that a means to produce 46 from DMSS in good scale-able yield without the need for column had

been developed, the final sequence to the asymmetric Janus quinolone, 53, could be realized.
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Nitro Eneamines and the Synthesis of the Asymmetric Janus Quinolone

3-nitro-4-quinolones can be made from anthranilic acid via two step procedure involving the

formation of a nitro eneamine and a cyclization under dehydrating conditions®2,

0 o)
NO,
| > OH
N NH,
59

Figure 53: Retrosynthetic analysis for the synthesis of 3-nitro-4-quinolone, 59, from anthranilic acid

This process was investigated for its efficacy and modified for 51 and 53 in mind. The first step in this
process was the creation of nitro eneamine reagents like methazoic acid and

dimethylaminonitroethylene.

KOH,30-40-30°C; _ N
NO, > HO" S NO,

- CH3NO,, 30 - 50 °C;
0 °C HCI Methazoic Acid
B |
\T 0" Tsococ ~IN o,
31%

Scheme 50: The synthesis of dimethylaminonitroethylene and methazoic acid

The former, methazoic acid, is a standard reagent in nitro eneamine synthesis and forms under very

controlled conditions. The heating and cooling process must be carried out carefully as this reaction can
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very quickly exotherm and detonate. Additionally, the methazoic acid is a contact explosive when
isolated pure and also reacts violently with atmospheric oxygen%. As a result, a secondary reagent was
prepared that was shelf stable, non-explosive and an easy to handle solid. Dimethylaminonitroethylene
reacts under acidic conditions with anilines and effectively does the same chemistry as methazoic
acid®’. Methods to prepare 58 were developed with both methazoic acid and

dimethylaminonitroethylene in addition to 58’.

\
N

/ _\\—NOz
TFA,

CH,Cl,

58a R =H, 88%

o 58b R = Me, 58% o
OR HCl, 25°C; OR
N - N N02
NH,  HO™ " NO, ﬂ/\/
58

58aR =H, 85%

Scheme 51: Pathways to nitroeneamines 58a/b

The 58 forms readily under these conditions with yields in the range of 85 —97%. The key to ensuring a
pure product for this reaction is by first filtering the anthranilic acid/HCl solution to remove insoluble
starting material. Furthermore, attempts at further purification has led to the degradation of product
when using alcoholic solvents. The product of this reaction crystalizes out of solution anyway, so further
purification is hardly needed. The dimethylaminonitroethylene variants, while lower yielding, were
carried out under non aqueous conditions in case the aqueous acid route didn’t work for 51 or 53. The
methyl ester variant 58’ was created in the hopes of shortening the sequence further. Once in hand,

these nitro eneamines were cyclized.
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Scheme 52: Pathways to 59 from 58a/b

Acetic anhydride as a solvent with potassium acetate affords the 59 in 37% yield. This method is very
simple to perform and obtain very clean product, but the low yield is very unattractive when considering
the lengths it takes to make 51 and its related variants. Eventually, a procedure was found that uses CDI
in DMF to cyclize 58 into 59 in much higher, 80%, yield'%. The ester variant, 58b has not been cyclized

under basic conditions but undoubtably there exist conditions to cyclize 58b under basic conditions.
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Scheme 53: Model syntheses to make 3-nitro-4-quinolone, 59

Because most of the syntheses toward the desired product have esters and are very insoluble in most
solvents, the method to make 58 via HCl.q was not ideal as aqueous acid isn’t sufficiently solubilizing to

allow for any significant proportion of 51 to dissolve.

Each of these routes showed promise and as a result the sequences were applied to 46, 49, 50 and 51.

NaOMe,
MeOH

R; = Me, XX%

o o) o o) o o)
N N
RO7Y OrR, MO NG o | OR, _CDL, R0 NO2
R HCI, H,0, r.t. N -NO, DMF | N|
H H H
© 51R, = H, R, = H, 73% o R; = H, 50% o
53
|
N
NP No,
TFA,
CH,Cl,

51 Ry =H, Ry = H, XX%
46 Ry = Me, R, = H, XX%
50 Ry = H, Ry = Boc, XX%
49 R, = Me, R, = Boc, 70%

Scheme 54: The synthesis of Asymmetric Janus Quinolone, 53, and the applied model pathways
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The biggest hurdle regarding this sequence is the insolubility of 51 in most solvents, 1 mmol
scale reactions take on the order of +10 ml of conc. HCl to dissolve. Because of this the standard method
was abandoned as it was difficult to control the reaction due to the large dilution factor. The non-
aqueous methods were then employed on a variety of quinolone anthranilates, 46, 49, 50, and 51 to
make both the methyl ester and free acid variants of the nitro eneamine 52. The non-aqueous route is
very simple and affords the opportunity to crystallize the product from organic solvents that otherwise

wouldn’t be accessible.

The reaction with CDI in DMF allows for variation of the ester and allows for boc protection of

the quinolone nitrogen on the nitro bearing ring.

9 o o) o o)
fNJ\O |N | NO, Reg |N | NO,
=/ N R-OH "

= R
Figure 54: Consequence of cyclizing 52a via CDI/DMF

This however does not make the product noticeably more soluble in any solvents, multiple esters have
been made all of which suffer the same relative insolubility. This product suffers from the same ailments
55 faces in terms of solubility. Alternative modifications have been investigated to help solubilize 53.
The asymmetric Janus quinolone can be made from DMSS in 33% overall yield. The possible routes to

asymmetric Janus quinolone:
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Scheme 55: Current pathways to 53 from DMSS

From here, conditions needed to be found to reduce the nitro group on the 53. Because the
product shared similar solubilities to the symmetric variant, reduction needed to happen one of three
ways, under strongly basic conditions, strongly acidic conditions, or conditions where the reaction

occurs at the interface of the solid. Multiple conditions were tested:

O-N N H->N
2 | | 0 ML [H] 2 | |
Solvent

Ir=z
T

53 54

Scheme 56: The reduction of 53
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Source of H Solvent Fluorescence

SnCl, 12 M HCl H.O None
Zn° 12 M HCl H.O detected
Fe® 12 M HCl H,0 detected
Pd/C None, H, EtOH detected

Table 10: Consequence of Reducing 53 via multiple methods

While there are other conditions that would likely reduce the nitro group, i.e, raney nickel,
hydrazine etc., the most attractive of these is palladium on carbon as it requires only solvent and
hydrogen. Unfortunately, the insolubility of 54 in addition to 53 makes this pathway unlikely. Zinc metal
affords an interesting possibility as Zn(OH); is very insoluble in basic H,O and would make isolation of

the product easier so long as the entirety of the starting material had been consumed.
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UV-Vis and Fluorescence Studies

Multiple fluorescence spectra have been obtained for 54 and intermediates on the pathway.

46 is among the most fluorescent intermediates in this pathway, even in its boc protected form

it is incredibly fluorescent. This leads to the notion that 46 itself could be considered as an alternative

beta sheet initiator.
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Shown, from 18 to 2.0 uM QMA in MOPS
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Fluoresence intensity as a function of concentration at 523 nm.

The alJQ-NH; appears to be a fairly fluorescent molecule

Shown, from 56.4 to 5.0 uM in MOPS, excitation 420
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Shown, fluorescence as a function of concentration at 521 nm

The asymmetric Janus quinolone appears to deviate further from linearity than QMA, however this
effect could be the result of self quenching via dimerization or some other unrelated process.
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Experimental

All Characterization Spectra can be found in the appendix

Synthesis of Biseneamine 37
dimethyl 2,5-diaminocyclohexa-1,4-diene-1,4-dicarboxylate

o O NH, O

~
0" NH,OAc, EtOH o~

_0O Reflux e

71.313g (0.925 mol) of ammonium acetate and 55.170g (0.241 mol) of DMSS was heated to refluxin 2 L
of anhydrous ethanol for three hours. The reaction mixture was then allowed to cool to room
temperature slowly before submerging in an ice bath for 2 hours to crystallize. The precipitate was
collected via vacuum filtration and dried over multiple days under reduced pressure. Yield: 49.066g

(90%), m.p. 208 — 210 °C.

1H NMR 300MHz (CDCl3): & 3.13 (m, 4H), 3.71 (s, 6H)

13C NMR 300MHz (CDCls): 6 169.3; 155.6; 86.8; 50.8; 30.4
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Synthesis of dehydro-ASTP 38
dimethyl 2-amino-5-((3-hydroxy-1-methoxy-1-oxopropan-2-yl)amino)cyclohexa-1,4-diene-1,4-
dicarboxylate

S OH
@ ClI O
HaN
NH, O s \fj\o/ 0 NH
o~ o _ ° o~
(0] MeOH, Reflux o)
g 5eq 28 Hr. d

O NH, O NH,

0.1585g (1.03 mmol) of serine methyl ester HCl and 0.4362g (1.93 mmol) of 37 was heated to reflux in
25 ml of anhydrous methanol for 21 hours. Once complete the reaction mixture was chilled on ice to
precipitate 37. The precipitate was separated via vacuum filtration and the filtrate was concentrated.
The filtrate was then resuspended in 25 ml of CH,Cl, and filtered. This was then concentrated via rotary
evaporation and subjected to flash chromatography using 10% CH3CN in CH.Cl; as the eluent. Yield:
0.164g (50%), m.p. 181 — 182 °C

1H-NMR 500 MHz (CDCls): 6 2.25 (1H, t, J = 6.3 Hz), 3.16 (4H, m), 3.71 (3H, s), 3.71(3H, s), 3.78 (3H, s),
4.39 (1H, m), 9.37 (1H, d, ) = 9.6 Hz)

13C-NMR 500 MHz (CDCl3): 6 171.5, 169.5, 169.1, 155.9, 154.8, 87.3, 86.3, 63.9, 56.8, 52.7, 50.8, 50.7,
30.3, 26.7
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Synthesis of bocASTP 39
dimethyl 2-((tert-butoxycarbonyl)amino)-5-((3-hydroxy-1-methoxy-1-oxopropan-2-
yl)amino)terephthalate

Mixed one pot method:

o O OH
(0] O H3N O/ o)
- NH O
e
0 HO . o] -
0 NH,CI, NaOAc, MeOH o
1| Reflux; 5%Pd/C; Boc,0 O
O HN.
Boc

0.5071g (2.22 mmol) DMSS, 0.3437g (2.21 mmol) serine methyl ester HCI, 0.1203g (2.25 mmol)
ammonium chloride and 0.3654g (4.45 mmol) sodium acetate was refluxed in 25 ml MeOH. After 5
hours at reflux, 0.0254g 5% (w/w) Pd/C was added and reflux continued for another 17 hours. At that
point the mixture was filtered through a packed bed of celite which was washed with 100 ml of hot
methanol. The filtrate was concentrated under reduced pressure and the product amine separated via
flash chromatography to afford 0.112g (15.5%) of the amine. The amine was then refluxed in 10 ml of
toluene with 0.132g (0.6 mmol) of Boc,0 overnight. The solvent was removed via rotary evaporator and
the residual Boc,O was remove via Hexanes crystallization. Yield: 0.151g (15.5%) of a bright orange solid.

m.p. 175 - 176 °C, R¢ 0.26 (10%CHsCN in CH,Cl,)

Bis-eneamine transamination method:
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0.5005g (3.20 mmol) of serine methyl ester HCl and 2.854g (12.6 mmol) of 37 was heated to reflux in
150 ml of anhydrous methanol. Reflux was continued until TLC showed the disappearance of serine via
acidic ninhydrin visualization, 28 hours. Once complete the reaction mixture was allowed to cool to
room temperature slowly before chilling overnight at -20 °C. The precipitate was collected via vacuum
filtration and the filtrate was concentrated via rotary evaporation. The crude residue from the filtrate
was then suspended in 100 ml of CH,Cl,, filtered, dried over MgS0O,4 and concentrated to afford 2.157g of

a waxy solid determined by NMR to be a 2:1 mixture of 37 and 38.

This solid was then resuspended in 100 ml of toluene with 4.052g (18.6 mmol) of Boc,0 and 0.125g of
5%(w/w) Pd/C. The mixture was heated to reflux and after 24 hours TLC showed the consumption of
starting material(s). While still hot the reaction mixture was filtered through a 1 cm plug of vacuum
packed celite and washed with 20 ml of CH,Cl,. The filtrate was concentrated, resuspended in 30 ml of
CH,Cl; and boiled down to 20 ml before cooling and chilling overnight. The solid was collected via
vacuum filtration and the filtrate concentrated. The filtrate containing product was then crystallized
from 20 ml of CH,Cl, added to 150 ml of Boiling hexanes and then concentrated to 140 ml. The orange
solid was collected via vacuum filtration to afford a yellow-orange solid. Yield: 1.1975g (97% based on 38
conversion), m.p. 168 — 170 °C.

1H-NMR 500 MHz (CDCls): 6 1.52 (9H, s), 2.15 (1H, t, ) = 6.5 Hz) 3.81 (3H, s), 3.95 (6H, s), 4.05 (2H, dd, J =
2,11 Hz), 4.36 (1H, dt, J = 2, 8 Hz), 7.31 (1H, s), 8.10 (1H ,d, J = 8 Hz), 8.96 (1H, s), 9.61 (1H, s)
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13C-NMR 500 MHz (CDCl3): 6 171.9, 168.1, 167.6, 143.5, 116.7, 113.5, 80.3, 63.0, 57.9, 52.7, 52.6, 52.3,
28.4

Synthesis of BSME 40
dimethyl 2,5-bis((3-hydroxy-1-methoxy-1-oxopropan-2-yl)Jamino)terephthalate

® 0]
(0] H
O O Hstko/ - N~ O
©
- 0] e
(0] Cl OH (0]

NaOAc, MeOH, Reflux: .-©

(0]
5% Pd/C, Reflux
0O O ’ (0] N
. j)J\O/

13.054g (84 mmol) of serine methyl ester HCI, 7.395g (32 mmol) of DMSS and 7.810g (95 mmol) of
sodium acetate was suspended in 150 ml of methanol and set to reflux. After 3 hours the starting
material was consumed and 0.2638g of 5% (w/w) palladium on carbon was added to the flask. Reflux
was continued for 18 hours before TLC indicated total conversion. The mixture was then filtered hot
through a 1cm pad of celite and concentrated. The crude residue was then dissolved in 300 ml of CH,Cl,
and the organics washed with 1000 ml of H,0O followed by 500 ml of sat. NaCl. The organics were
collected and concentrated. The residue was then crystallized from CH,Cl,/Hexanes to afford 12.180g
(90%) of a bright orange solid, M.P. 128 - 130°C.

1H NMR 500 MHz (CDCls): 6 7.33 (s, 2H), 4.30 (t, / = 3 Hz, 2H), 4.00 (m, J = 3 Hz, 4H), 3.91 (s, 6H), 3.78 (s,
6H)

13C-NMR 500 MHz (CDCls): 6 172.3, 167.8, 140.3, 117.9, 115.2, 63.0, 58.5, 52.5, 52.2
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Synthesis of BSEE 41
dimethyl 2,5-bis((1-ethoxy-3-hydroxy-1-oxopropan-2-yl)amino)terephthalate

OH
@ O
0] _H
HSN\fJ\O/\ ~ N 0]
H

(0] (0]
©
- 0] ~
(0] Cl o (0]
o) > 0
- NaOAc, EtOH, Reflux; .~ o
5% Pd/C, Reflux
(0] (0] ’ N

HO

1.9961g (11.77 mmol) serine ethyl ester, 1.0412g (12.36 mmol) sodium acetate and 0.9337g (4.09
mmol) of DMSS was heated to reflux in 60 ml of anhydrous ethanol until DMSS’s disappearance by TLC,
18 hours. Then 0.060g of 5%(w/w) Pd/C was added to the mixture and reflux was continued for 72
hours. Once aromatized, the mixture was filtered through a plug of celite while still hot and washed with
hot EtOH. The filtrate was then concentrated and resuspended in CH,Cl,, washed with H,0 then sat.
NaCl and dried over MgS04. The organic extracts were then concentrated and crystallized from CH,Cl,.

Yield: 0.8328g (45%)

1H NMR 500 MHz (CDCls): & 1.29 (6H, m), 3.91 (6H, s), 3.99 (4H, m), 4.25 (6H, m), 7.32 (2H, s), 7.61 (2H,
s)

Synthesis of BSME-Imid 42
dimethyl 2,5-bis((3-((1H-imidazole-1-carbonyl)oxy)-1-methoxy-1-oxopropan-2-yl)Jamino)terephthalate
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2.3610g (5.51 mmol) of 44 and 2.2356g (13.78 mmol) of CDI was combined in 50 ml of CH,Cl, and stirred
at room temperature. After 15 minutes TLC indicated the consumption of BSME and the reaction was
stopped. The mixture was washed with 100 ml of H,0 then 100 ml of sat. NaCl. The organic extracts
were dried over MgSO, then concentrated to afford a yellow solid. Yield: 3.397g (100%), m.p. 160 — 161
°C.

1H NMR 500 MHz (CDCls): & 3.80 (6H, s), 3.90 (6H, s), 4.59 (2H, m), 4.73 (2H, dd, J = 4.5, 11 Hz), 4.84 (2H,
dd, ) =4.5, 11 Hz), 7.07 (2H, m), 7.33 (2H, s), 7.43 (2H, t, ) = 1.5 Hz), 7.86 (2H, d, J = 8.5 Hz), 8.16 (2H, s)

13C-NMR 500 MHz (CDCl3): 6 170.4, 167.6, 148.2, 139.9, 137.2, 130.8, 118.0, 117.1, 115.0, 67.2, 55.4,
53.0,52.3

Synthesis of BSME-Ms 43
dimethyl 2,5-bis((1-methoxy-3-((methylsulfonyl)oxy)-1-oxopropan-2-yl)Jamino)terephthalate
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1.085g (2.53 mmol) of 44 was chilled to 0 °C in 50 ml of anhydrous THF. 0.40 ml (5.16 mmol) of MsCl was

added and with rapid stirring, 1.105 g (10.93 mmol) of NEt; was added at a rate to maintain 0 °C. After

15 minutes the mixture was diluted into 200ml of CH,Cl; and washed with 500 ml of sat. NaHCOs then

300 ml of sat. NaCl. The organics were combined, dried over MgSQO, and concentrated. The product was

recrystallized from CH,Cl, and hexanes. Yield: 1.0753g (73%), m.p. 135 — 137 °C.

1H NMR 500 MHz (CDCls): 6 1.55 (2H, Sbroad), 3.04 (6H, s), 3.81 (6H, s), 3.91 (6H, s), 4.50 (2H, Sbroad), 4.62

(4H, m), 7.29 (2H, s), 7.73 (2H, s)

Synthesis of BAME-Ene 44

dimethyl 2,5-bis((3-methoxy-3-oxoprop-1-en-2-yl)Jamino)terephthalate
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2.143g (5.00 mmol) of 44 and 1.9446g (12.00 mmol) of CDI was combined in 30 ml of THF and stirred at
room temperature. After 10 minutes 11 ml of 1.0 M KOtBu in THF was added dropwise and slowly over 5
minutes with rapid stirring. After 15 minutes the solution was diluted into 300 ml of CH,Cl, and washed
with 500 ml of H,0. The organics were then washed with 500 ml of Sat. NaCl, dried over MgSQO,4 and
concentrated. The Crude residue was then crystallized from 100 ml of CH,Cl; and 100 ml of hexanes.

Yield: 0.9491g (48%), m.p. 172 — 173 °C.

1H NMR 500 MHz (CDCls): 6 3.88 (6H, s), 3.93 (6H, s), 5.28 (2H, d, J = 1.5 Hz), 5.50 (2H, t, ) = 1.3 Hz), 8.09
(2H, s), 9.33 (2H, s)

13C-NMR 500 MHz (CDCl3): 6 167.1, 165.4, 136.3, 135.0, 120.4, 120.1, 95.9, 52.8, 52.5

Synthesis of BSME-im 45
dimethyl 2,5-bis((Z)-(1-methoxy-1-oxopropan-2-ylidene)amino)terephthalate
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From MsCl:

0
-~ j([NH O /O#NH o) /O\ﬂ)%N o
(0] - o] ~ O
0" Mscl, CH,Cl, 0 time o~
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0] HNJ)J\O/ 0] HN\H)J\O/ 0] Nj)J\O/
HO u _

4.2863g (10.0 mmol) of 40 was dissolved into 75 ml of CH,Cl, and chilled to 0 °C. 1.70 ml (22.0 mmol) of
MsCl was added and while maintaining 0 °C, 5.1031g (50.5 mmol) of NEt; was added dropwise and
slowly. After 15 minutes TLC indicated mesylation of starting material and the reaction mixture was
heated to reflux. After 2 hours the reaction mixture was chilled and diluted to 500 ml of CH,Cl,. This was
then washed with 1 L of sat. NaHCO; then 750 ml of sat. NaCl and the organics were dried over MgSO,
before concentrating. The crude residue was crystallized from 125 ml of CH,Cl, and 75 ml of hexanes.

Yield: 3.0884g (79%), m.p. 172 — 173 °C

Initial NMR

1H NMR 500 MHz (CDCls): 6 3.88 (6H, s), 3.93 (6H, s), 5.28 (2H, d, J = 1.5 Hz), 5.50 (2H, t, ) = 1.3 Hz), 8.09
(2H, s), 9.33 (2H, s)

13C-NMR 500 MHz (CDCl3): 6 167.1, 165.4, 136.3, 135.0, 120.4, 120.1, 95.9, 52.8, 52.5

Synthesis of QMA 46
dimethyl 6-amino-4-oxo-1,4-dihydroquinoline-2,7-dicarboxylate
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From BAME:
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(0] HN\[HJ\O/ /O NH2

1.395g (60.7 mmol) of Na® was dissolved into 40 ml of anhydrous methanol, then 2.457g (6.26 mmol) of

44 was added with rapid stirring. The solution was then brought to reflux for 2.5 hours after which
4.658g (77.6 mmol) of acetic acid in 20 ml of H,O was added to the reaction mixture and 40 ml of
solution was distilled off. This solution was then filtered and washed with 50ml of H,O before drying
under reduced pressure. The filtrate was then extracted with 500 ml of EtOAc, washed with 100 ml of
Sat NaCl, dried over MgSQO, and concentrated under reduced pressure. The precipitate and extract was
then Triturated with 20ml of anhydrous methanol, filtered and dried under reduced pressure to afford a

dark red-green solid. Yield: 0.752g (44%), M.P.: 276 — 277 °C (decomposition).

1H-NMR 500 MHz (DMSO-d6 + TFA): 6 3.91 (3H, s), 4.00 (3H, s), 7.27 (1H, s), 7.47 (1H, s), 8.87 (1H, s)

13C-NMR 500 MHz (DMSO-d6 + TFA): § 52.9, 54.2, 105.0, 105.9, 120.3, 126.2, 126.8, 131.1, 139.1, 148.3,
161.0, 166.4, 169.7

From BSME:
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General Procedure:

1.0 mmol of 40 is suspended in DMC before addition of NaOMe in MeOH, the reaction is then heated to
reflux for multiple hours. Once TLC shows no DATP upon mini workup (rxn mixture diluted into AcOH,q
and then EtOAc floated on top to spot), the reaction is allowed to cool to room temperature. The
methanol is then distilled off (rotovap) and the crude solid is treated with 50ml of a 50:50 mixture of
AcOH: H,0 and stirred for 30 minutes. 50 ml of EtOAc is added to the solution, filtered and washed with
50 ml EtOAc and 50 ml H,0. The filtrate is extracted with x2 50 ml EtOAc until no color remains in the
organic layer. The organic extracts are then dried over MgSO, and concentrated, using large volumes of
toluene to azeotropically dry the mixture and remove AcOH. The crude residue obtained is then
triturated in 20 ml of anhydrous methanol and the precipitate/product filtered and dried under reduced

pressure.

Note: The best yield and purity came from, 0.025M 40, 0.5M NaOMe, 20 ml DMC, 20 ml MeOH at reflux

for 5 hours.

1H-NMR 500 MHz (DMSO-d6): 6 3.89 (3H, s), 3.94 (3H, s), 6.44 (1H, s), 6.60 (2H, Seread), 7.40 (1H, s), 8.53
(1H, s), 11.96 (1H, s)
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Synthesis of ASTP-Imid 47
dimethyl 2-((3-((1H-imidazole-1-carbonyl)oxy)-1-methoxy-1-oxopropan-2-yl)Jamino)-5-((tert-
butoxycarbonyl)amino)terephthalate

o~ o) o~
Hoﬁ/go o) /\Nkoﬁ/go o)
HN PR <> B VF HN -
@ CH,Cl, o)
A0 NHBoc O NHBoc
o) o)

0.330g (0.774mmol) of 39 and 0.391g (2.40 mmol) of CDI was stirred in 15 ml of CH,Cl, for 30 minutes.

Once TLC showed consumption of the starting material the solution was diluted to 75ml of CH,Cl; then

washed with 100 ml of H,0 followed by 100 ml of sat. NaCl. The organic extracts were dried over MgS0,

and concentrated. Yield:0.402g (100%), m.p: 91 —92 °C

1H-NMR 500 MHz (CDCls): 6 1.53 (9H, s), 3.80 (3H, s), 3.91 (3H, s), 3.93 (3H, s), 4.65 (1H, dt, ) = 4.5, 8.5
Hz), 4.75 (1H, dd, ) = 4.5, 11 Hz), 4.86 (1H, dd, J = 4.5, 11 Hz), 7.07 (1H, m, J=1.0 Hz), 7.29 (1H, s), 7.43

(1H,t,J=1.5Hz), 8.16 (1H, t,J = 1.0 Hz), 8.25 (1H ,d, ) = 8.5 Hz), 8.96 (1H, s), 9.61 (1H, s)

13C-NMR 500 MHz (CDCl3): 6 170.1, 168.0, 167.4, 153.0, 148.2, 142.7, 137.2, 131.6, 130.9, 122.9, 120.3,

117.2,117.0, 113.1, 80.4, 67.0, 54.9, 53.0, 52.7, 52.4, 28.3

Synthesis of AdATP 48

dimethyl 2-((tert-butoxycarbonyl)amino)-5-((3-methoxy-3-oxoprop-1-en-2-yl)amino)terephthalate
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From ASTP-Imid:

_ NEts, CH,CI
= HN - 3 2~2 ., HN -
N o) Reflux @)

0.361g (0.696 mmol) of 47 and 0.941g (9.10 mmol) of NEts was refluxed in 25ml of CH,Cl; for 4 hours.
Once complete the reaction mixture was diluted to 75 ml CH,Cl; then washed x3 with 100 ml of H,0
then 100 ml of Sat. NaCl. The organic extracts were dried over MgS0O,4 then concentrated. Yield: 0.283g
(100%), m.p: 113 —-114 °C

1H-NMR 500 MHz (CDCls): 6 1.53 (9H, s), 3.88 (3H, s), 3.93 (3H, s), 3.95 (3H, s), 5.30 (1H, d, J = 1.4 Hz),
5.54 (1H, t,J = 1.2 Hz), 8.07 (1H, s), 9.00 (1H, s), 9.52 (1H, s), 9.79 (1H, s)

13C-NMR 500 MHz (CDCl3): 6 167.6, 167.5, 165.3, 138.2, 134.9, 133.3, 122.2, 120.1, 119.1, 118.9, 96.8,
80.5,52.8,52.7,52.6, 28.3

Synthesis of bocQMA 49
dimethyl 6-((tert-butoxycarbonyl)amino)-4-oxo-1,4-dihydroquinoline-2,7-dicarboxylate
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1.791g (4.20 mmol) of 39 was dissolved in 10 ml of THF with 1.091g (6.73 mmol) of CDI. Once
imidazolide was formed, 16 ml of 1.0M KOtBu in THF was added to the reaction mixture dropwise and
slowly. Once added reflux was continued for 1 hour after which, 2.379g (39.65 mmol) of acetic acid was
added to the reaction mixture. The solution was allowed to cool to room temp before concentration
under reduced pressure. The product was then obtained via multiple trituration in CH,Cl,. Yield: 1.271g

(80%)

From AdATP:

o~
o 0y o
HN _ KOWBu, THF . g o~
o Reflux |
_0 NHBoc I NHBoc
o

0.1783g (0.436 mmol) of 48 was heated in 25 ml of THF and with rapid stirring, 0.90 ml of 1.0 M KOtBu
in THF was added dropwise and slowly. The solution was then brought to reflux for 1 hour then cooled

to room temp before addition of 0.106g (1.76 mmol) of AcOH in 2 ml of H,0. The reaction mixture was
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then concentrated under reduced pressure and crystallized directly from CHCl.. Yield: 0.160g (98%),

m.p: 247 °C turns red, 285 — 286 °C decomp.

1H-NMR 500 MHz (DMSO-d6): & 1.48 (9H, s), 3.90 (3H, s), 3.95 (3H, s), 6.68 (1H, Soread), 8.60 (1H, s), 8.64
(1H, s), 9.89 (1H, s), 12.22 (1H, Soroad)

Synthesis of bocQAA 50
6-((tert-butoxycarbonyl)amino)-4-oxo-1,4-dihydroquinoline-2,7-dicarboxylic acid

(@) (0] (@) OH
HN™ HN™
LiOH, H,O:MeOH _
O Reflux; HCIR.T. O
/O HO
(0] NHBoc (0] NHBoc

0.053g (140 umol) of 49 was dissolved in 1ml of 1.001 M LiOH with 8 ml of 50:50 H,O:MeOH and
refluxed for 30 minutes. The reaction mixture was then cooled to room temp before addition of 1.0 ml
of 1.001 M HCI. The solution was then filtered and the precipitate dried under reduced pressure. Yield:

0.0374g (78%) of a grey solid, M.P: +310°C.

1H-NMR 500 MHz (DMSO-d6): § 1.50 (9H, s), 6.60 (1H, s), 8.69 (1H, s), 8.84 (1H, s), 10.68 (1H, sp), 12.00
(1H, Sb)

13C-NMR 500 MHz (DMSO-d6): 6 177.0, 169.3, 164.0, 152.5, 141.5, 136.3, 134.8, 129.0, 124.6, 122.6,
113.0, 109.1, 80.3, 28.4

Synthesis of QAA 51
6-amino-4-oxo-1,4-dihydroquinoline-2,7-dicarboxylic acid
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From QMA:
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0 NH, OH NH;,

23mg (83.3umol) of 46 was dissolved in 1.0ml of 1.001M LiOH and 8 ml 50:50 MeOH:H,0 and refluxed
for 30 minutes to remove the methanol. Then 1.0 ml of 1.001M HCl was added to the still hot solution

prior to cooling and filtering the bright red precipitate. Yield: 18mg M.P: +300°C

1H-NMR 500 MHz (DMSO-d6): & 6.46 (1H, s), 7.36 (1H, s), 8.51 (1H, s)
13C-NMR 500 MHz (TFA-H): & 173.0, 168.4, 161.5, 144.1, 138.3, 132.3, 128.3, 127.4, 124.4, 121.1, 109.0

From bocQMA:

Synthesis of QAAM 52
6-((2-nitrovinyl)amino)-4-oxo-1,4-dihydroquinoline-2,7-dicarboxylic acid
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0.1853g (0.747 mmol) of 51 was dissolved in 40 ml of 50:50 MeOH:H,0 with 1 ml of 12 M HCI. This was

stirred while methazoic acid was prepared.

Methazoic acid: 0.9422g (16.8 mmol) KOH was dissolved in 1.5 ml of H,0 and chilled to 30 °C. With rapid
stirring, 0.6 ml (11.2 mmol) of nitromethane was added and the solution was warmed to 40 °C then
chilled to 30 °C. Then another 0.6 ml (11.2 mmol) of nitromethane was added and the solution warmed
to 55 °C for 5 minutes. The solution was then chilled to 30 °C, poured over 20g ice and acidified with 3

ml of 12 M HCI.

The methazoic acid solution was then immediately poured into the QAA solution. The mixture was
allowed to stand for 24 hours before chilling and filtering. The red solid was dried under reduced

pressure for multiple days. Yield: 0.1733g (73%). M.p. +320 °C.

1H-NMR 500 MHz (DMSO-d6): § 6.67 (1H, s), 6.70 (1H, d, J = 6.5 Hz), 8.16 (1H, t, ) = 6.5 Hz), 8.19 (1H, s),
8.76 (1H, s), 10.20 (1H, s), 12.92 (1H, d, J = 13.5 Hz), 16.2 (1H, Stroaq)

Synthesis of aJQ-NO, 53
8-nitro-4,9-dioxo-1,4,6,9-tetrahydropyrido[2,3-g]quinoline-2-carboxylic acid
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0.1365g (0.427 mmol) of 52 was dissolved in 0.5 ml of DMF and with stirring 0.2318g (1.429 mmol) of
CDI was added in portions. Once added the reaction mixture was stirred for 18 hours. The solution was
then diluted with 12 ml of EtOH, heated then chilled. The solid was then collected via centrifugation and

dried under reduced pressure. Yield: 0.1272g (90%), m.p. +310 °C

1H-NMR 500 MHz (D,0 pH 12): 6 6.88 (1H, s), 8.48 (1H, s), 8.76 (1H, s), 9.10 (1H, s)
13C-NMR 500 MHz (D,0 pH 12): 6 175.6, 174.6, 172.2, 158.7, 150.6, 146.1, 143.7, 143.0, 130.2, 127.9,

125.3, 121.6, 106.2

Synthesis of aJQ-NH; 54
8-amino-4,9-dioxo-1,4,6,9-tetrahydropyrido[2,3-g]quinoline-2-carboxylic acid
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3.8 mg (11.5 umol) 53 and 4 mg of 5% (w/w) Pd/C was stirred in 0.5 ml of EtOH while 4 L of H, was
flushed through the system. H, was maintained at 1 atm throughout the reaction and after multiple days
the reaction was worked up. The mixture was filtered through a plug of celite and washed with 20 ml of

hot EtOH. The filtrate was then concentrated and dried under vacuum. Yield 1.9 mg (53%)

Synthesis of sJQ 55
dimethyl 4,9-dioxo-1,4,6,9-tetrahydropyrido[2,3-g]quinoline-2,7-dicarboxylate

From BAME-Ene:
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~ 0 120 °C o)
O _N _
H (@] x~. _NH

0.8346g (2.13 mmol) of 44 was suspended into 20 ml of warm DMSO (60 °C) and stirred to
dissolve. To this was added 0.3573g (8.93mmol) of NaH (60% disp in oil), which was washed with 4 ml of
THF to remove oil then suspended in 2 ml of THF to transfer to the warm DMSO solution. Once
effervescence had stopped the reaction mixture was warmed to 120 °C for 24 hours. The reaction
mixture was cooled to room temperature before dilution into 200 ml MeOH: 10 ml AcOH. This solution
was then stirred for 30 minutes before filtering and drying under reduced pressure. Yield: 0.6031g

(94%), m.p. 348°C

From BAME-Im:
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O N _
X0 ~__NH

2.03g (5.17 mmol) of 45 was dissolved into 50 ml of warm DMSO (60 °C) and stirred to dissolve. To this
was added 0.870g (21.7mmol) of NaH (60% disp in oil), which was washed with 8 ml of THF to remove
oil then suspended in 5 ml of THF to transfer to the warm DMSO solution. Once effervescence had
ceased the reaction mixture was warmed to 120 °C for 24 hours. The reaction mixture was cooled to
room temperature before dilution into 400 ml MeOH: 10 ml AcOH. This solution was then stirred for 30

minutes before filtering and drying under reduced pressure. Yield: 1.645g (97%), m.p. 348°C

1H NMR 500 MHz (D,0 pH 12): & 8.69 (s, 2H), 6.82 (s, 2H)

13C NMR 500 MHz (D0 pH 12): 6 174.78, 174.49, 157.08, 143.59, 128.69, 120.34, 103.87

Synthesis of BE 56
tetraethyl 2,2'-(1,4-phenylenebis(azanediyl))difumarate
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=z H

NH N
/©/ e > COzE %CozEt
(o]
N MeOH, 0 °C - r.t. EtOZCV/I\N CO,Et

H

0.491g (4.54 mmol) of p-diaminobenzene was chilled to 0 °C in 4 ml of anhydrous methanol. 1.75 ml
(10.4 mmol) of diethyl acethylene dicarboxylate was added slowly and with 1 ml of methanol for
transfer. The solution was stirred for 2 hours before filtering the precipitate. The solid was washed with
20 ml of MTBE and 10 ml of hexanes before drying under reduced pressure overnight. Yield: 0.8503g
(42%), m.p. 84 — 85 °C

1H-NMR 500 MHz (CDCls): 6 1.13 (6H, t,J = 7.2 Hz), 1.29 (6H, t,J = 7.2 Hz), 4.14 (4H, q,) = 7.2 Hz), 4.19
(4H, g, ) = 7.2 Hz), 5.36 (2H, s), 6.83 (4H, s), 9.62 (2H, s)

13C-NMR 500 MHz (CDCl3): 6 169.6, 164.2, 148.3, 136.9, 121.8, 121.6, 93.6, 93.3, 62.0, 59.9, 14.3, 13.7

Synthesis of sJQ-K 57
diethyl 1,10-dioxo-1,4,7,10-tetrahydro-4,7-phenanthroline-3,8-dicarboxylate
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CO,E N7 COEt  PhyOIPh,
EtOzC\%N CO,Et Reflux
H

0.1956g (0.436 mmol) of 56 was suspended in 10 ml of dowtherm and heated to reflux for 30 minutes.
The solution was then brought back to room temperature and diluted into 100 ml of hexanes, chilled

and filtered. The solid was dried under reduced pressure. Yield: 0.0896g (58%), m.p. +300 °C.

1H NMR 500 MHz (D,0 pH 12): § 7.22 (2H, s), 7.94 (2H, s)

13C NMR 500 MHz (D0 pH 12): 6 173.6, 168.3, 154.2, 149.3, 131.9, 119.0, 110.4

Synthesis of (E)-2-((2-nitrovinyl)amino)benzoic acid 58a

Aqueous method:

0 (0]
OH __ HClL25°C; OH
N \ N02
NH,  HO™ X NO, ﬂ/\/

6.999g (0.051 mol) of anthranilic acid was dissolved into 100 ml of H,0 with 4.6 ml of 12M HCl with stirring.
Once homogenous, the methazoic acid solution (described above) was added to the anthranilic acid

solution and allowed to stand at room temperature for 3 hours. The product was collected via filtration
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and the solid washed with cold H,0 before drhying under reduced pressure. Yield: 8.988g (85%), M.p. 193

—194°C

1H-NMR 500 MHz (DMSO): & 6.75 (1H, d, J = 6 Hz), 7.22 (1H, t, ) = 8, 14 Hz), 7.67 (1H, td, J = 1.5, 7 Hz),
7.73 (1H, d, J = 8.5 Hz), 8.03 (2H, m, J = 6.3 Hz), 13.05 (1H, d, J = 13.5 Hz).

13C- NMR 500 MHz (DMSO): 6 173.7, 146.1, 142.9, 139.8, 136.9, 128.7, 121.8, 120.6, 118.8

o)
“NT\_No
oH / 2 ‘CEKOH
TFA, CH,Cl, N X -NO2
H

NH,

Non Aqueous Method:

88% 58a

0.1888g (1.38 mmol) of anthranilic acid and 0.1714g (1.48 mmol) of dimethylamino nitroethylene was
stirred with 0.251g (2.20 mmol) of TFA at room temperature in 10 ml of CH,Cl,. After two days the
reaction mixture was filtered and dried under vacuum. Yield: 0.2509g (88%), M.p. 193 — 194 °C.

1H-NMR 500 MHz (DMSO): & 6.75 (1H, d, J = 6 Hz), 7.22 (1H, t, J = 8, 14 Hz), 7.67 (1H, td, J = 1.5, 7 Hz),
7.73 (1H, d, J =8.5 Hz), 8.03 (2H, m, J = 6.3 Hz), 13.05 (1H, d, J = 13.5 Hz).

13C- NMR 500 MHz (DMSO): 6 173.7, 146.1, 142.9, 139.8, 136.9, 128.7, 121.8, 120.6, 118.8

Synthesis of methyl 2-((2-nitrovinyl)Jamino)benzoate 58b

(@] N O
OH / N
TFA, CH,Cl, x_NO,
NH, 2Ll ”/\/
58% 58b

0.1562g (1.03 mmol) of methyl anthranilate and 0.1253g (1.08 mmol) of dimethylamino nitroethylene
was stirred with 0.1411g (1.24 mmol) of TFA in 10 ml of CH,Cl,. After two days the reaction was

complete by TLC and 2 ml of hexanes was added to the reaction mixture to crystallize the product. The
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crystals are collected via vacuum filtration and dried under vacuum. Yield: 0.133g (58%), m.p. 130 —

131°C

1H-NMR 500 MHz (DMSO): 6 3.92 (3H, s), 6.80 (1H, d, J = 6.2 Hz), 7.26 (1H,t,J = 7.1 Hz), 7.71 (1H, t, ) =
8.5Hz), 7.79 (1H, d, J = 8.5 Hz), 8.05 (1H, dd, J = 1.6, 8.0 Hz), 8.10 (1H, dd, J = 6.3, 13.5 Hz), 12.83 (1H, d, J
=12.4 Hz).

13C- NMR 500 MHz (DMSO): 6 167.2, 142.8, 141.1, 138.3, 135.4, 131.9, 124.2, 116.2, 114.3,53.1

Synthesis of 3-nitro-4-quinolone 59

With acetic anhydride:

NO,

OH Ac,0, KOAc |
N X NO2 Reflux
H

Ir=

1.000g (4.8 mmol) of 2-(2-nitrovinylamino)benzoic acid was refluxed in 15ml of Ac,0 until the solution
became clear and homogenous, about 15 minutes. Then 0.8970g (10.9 mmol) of sodium acetate was
added and the reaction mixture brought back to reflux for 30 minutes. The solution was then allowed to
cool to room temperature slowly and the precipitate collected via vacuum filtration. The solid was washed
with glacial acetic acid until the filtrate ran clear then washed with 80 ml of H,O. The precipitate was dried

under reduced pressure to afford a beige solid. Yield: 0.3387g (37%), M.p. + 310 °C.

With CDI in DMF:
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NO,
seIn-Noa
N SN2 N
H

0.1378g (0.66 mmol) of 2-((2-nitrovinyl)amino)benzoic acid was stirred in 1.0 ml of DMF to dissolve

T

before addition of 0.1544g (0.95 mmol) of carbonyl diimidazole. The reaction was then stirred at room
temperature overnight. Once complete the reaction mixture was diluted into 5 ml of acetonitrile and
chilled. The precipitate was collected via vacuum filtration and washed with ether. Yield 0.106g (85%) of
3-nitro-4-quinolone as a pale yellow solid.

1H-NMR 500 MHz (DMSO): 6 7.52 (1H, td, J = 7.0, 16.1 Hz), 7.72 (1H, d, ) = 8.0 Hz), 7.81 (1H, td, J = 1.5, 7
Hz), 8.26 (1H, dd, ) = 1.4, 8.1 Hz), 9.18 (1H, s)

13C- NMR 500 MHz (DMSO): 6 168.1, 142.8, 138.7, 133.6, 131.4, 128.5, 126.4, 126.2, 120.0

Synthesis of N,N’-dimethylaminonitroethylene 60

~o

\
CHaNO,, '\
\N)\O/ 80 °C /4\\_,\102
|

31%

1H-NMR 500 MHz (CDCls): & 2.86 (3H, s), 3.19 (3H, s), 6.61 (1H, d, J = 10.7 Hz), 8.11 (1H, d, J = 10.7 Hz).

13C- NMR 500 MHz (CDCls): 6 151.2, 112.3, 45.6, 38.1
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Spectrum 159: 58a *H NMR (500 MHz, DIMSO-0B) ...c.coueueuiirerreiiinirieieireeieseesesseseeseeseseesesseeseseesesenesnes

Spectrum 160: 59 *H NMR (500 MHz, DMSO-d6).

Spectrum 161: 59 *C NMR (500 MHz, DMSO-d6)
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207



iV ] rL zL oL 8 z [4]
1 | 1 1 1 | | 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1
=
o
=2
0605 —— -
Ty
[— =
-
TR ::JW 0000 |
[—
OvBF'9 —_ — 6960 L
zZe059 — j 66960
SESOL — veBoL |
veszL — %—'Lmn
SLeTL L
ShloL Sri6 0.
SoriL —— —
208 L
sezeL 96.0Z | o
zZ9TEL
soLr8 —— €861 1
— L
-2
-
[ =+
LSEE0 I
ezLISL — %j
[ o

Spectrum 21: 5b *H NMR (500 MHz, DMSO-d6)
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Spectrum 22: 5b 'H NMR (500 MHz, DMSO-d6)
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Spectrum 23: 6 1H NMR (500 MHz, DMSO-d6)
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Spectrum 24: 6 13C NMR (500 MHz, DMSO-d6)
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Spectrum 26: 7a 3C NMR (500 MHz, CDCls)
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Spectrum 27: 7b *H NMR (300 Mhz, DMSO-d6)
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Spectrum 28: 8a *H NMR (500 Mhz, DMSO-d6)
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Spectrum 29: 8b ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 30: 8c ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 31: 8d ‘H NMR (500 MHz, MeOH No-D)
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Spectrum 33: 8f 1H NMR (500 MHz, DMSO-d6)
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Spectrum 34: 8g *H NMR (500 MHz, DMSO-d6)
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Spectrum 35: 8h 1H NMR (500 MHz, DMSO-d6)
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Spectrum 36: 8i {H NMR (300 MHz, DMSO-d6)
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Spectrum 37: 9a ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 38: 10a ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 39: 10b *H NMR (500 MHz, DMSO-d6)
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Spectrum 40: 10b-Zn *H NMR (500 MHz, DMSO-d6)
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Spectrum 41: 10c ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 42: 10d *H NMR (500 MHz, DMSO-d6)

229



Livte'es —

88./986L —

Spectrum 43: 10d 3C NMR (500 MHz, DMSO-d6)
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Spectrum 44: 10d-zn *H NMR (500 MHz, DMSO-d6)
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Spectrum 45: 10d-Zn 3C NMR (500 MHz, DMSO-d6)
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Spectrum 46: 10d-Zn HSQC (500 MHz, DMSO-d6)
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Spectrum 47: 10e *H NMR (500 MHz, DMSO-d6)
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Spectrum 48: 10f *H NMR (500 MHz, DMSO-d6)
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Spectrum 49: 11 'H NMR (500 MHz, DMSO-d6)
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Spectrum 50: 11 3C NMR (500 MHz, DMSO-d6)
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Spectrum 51: 12 *H NMR (500 MHz, CDCl3)
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Spectrum 52: 12 13C NMR (500 MHz, CDCl3)
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Spectrum 54: 13 *H NMR (500 MHz, CDCls)
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Spectrum 55: 13 13C NMR (500 MHz, CDCl3)
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Spectrum 56: 13 19F NMR (500 MHz, CDCl;)
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Spectrum 58: 14b 1H NMR (500 MHz, CDCl;)
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Spectrum 59: 14b 3C NMR (500 MHz, CDCls)
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Spectrum 60: 14c 'H NMR (300 MHz, CDCl3)
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Spectrum 61: 14d ‘H NMR (300 MHz, CDCl3)
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Spectrum 62: 14e *H NMR (300 MHz, CDCl3)
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Spectrum 64: 16a 13C NMR (500 MHz, DMSO-d6)
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Spectrum 65: 16a HSQC (500MHz, DMSO-d6)
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Spectrum 66: 16b H NMR (500 MHz, DMSO-d6)
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Spectrum 67: 16b 13C NMR (500 MHz, DMSO-d6)

254

[ppm]

50

100

150



b=4]

&
-]
=]
| o

LZbLlz —

Lol

[ppm]

Spectrum 68: 16¢c ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 69: 16¢ 13C NMR (500 MHz, DMSO-d6)

256




[wdd] L4 oFr 09 o8 00l ozl orlL
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1
T =4
(4
_J ’
- °
j )
]
o L =
%
LI
°h 0
= 3]
. a ,
a9 -
og

F2 [ppm]

Spectrum 70: 16c HSQC (500 MHz, DMSO-d6)
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Spectrum 71: 18 *H NMR (500 MHz, CDCl3)
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Spectrum 73: 19 *H NMR (500 MHz, D,;0)
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Spectrum 74: 19 13C NMR (500 MHz, D,0)

261



Shimadzu LCMS-2020 Data Report

Mass Spectrum for Sample
10-12-2018_10122018_012.lcd

Operator:Trevor Hagemann

Data Filename: [[\DB\7\7fc59c55589c4d0c87e525af09854fb0\ffabb366b8954b10beafdd897f8cc528\hagemann 2020\LCMS-2020\08D63064B9BACAB0\1
Spetrum Mode: Averaged

Retention Time: -

Interface Type (ESI, APCI, DUIS): DUIS

Aquisition Mode: (Scan, SIM, Profife): Scan

Polarity: +

H20/0.1% HCOOH, MeOH/0.1% HCOOH

Intensity

=
o
(=]
(=]
[=]
[=]
T

900000

80000

w e w @ =~
(=] (=] (=] (=] (=]
(=] (=] (=] (=] (=]
(=] (=] (=] (=] (=]
(=] (=] (=] (=] (=]
|||\|? ||I|\ﬁ |||||ﬁ |\|||ﬁ |||||ﬁ m

2000003 1

9.40

il
30
=

1000003

mm
144.25
o]
N
344 40
3
541,60
3

T I |I B —
350 400 450 500 550 600

Operator:Trevor Hagemann

Data Filename: [[\DB\7\7fc59c55589c4d0c87e525af09854fb0\ffabb366b8954b10bedfdd897f8cc528\hagemann 2020\LCMS-2020\08D63064B9BACAS0\1
Spetrum Mode: Averaged

Retention Time: ----

Interface Type (ESI, APCI, DUIS): DUIS

Aquisition Mode: (Scan, SIM, Profife): Scan

Polarity: -

H20/0.1% HCOOH, MeOH/0.1% HCOOH

Intensity

1000000+

196,110
330,15

227.05

H53.40

150130

Ti41.15
155.05
JaR1.40

o :

i b [ Il .

L [ T ll|‘| Il
T

I
100 150 200 250 300 350 400 450 500 550 600 650

488,20

m/z

Spectrum 75: 19 ESI-LCMS Spectra
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Spectrum 77: 20 13C NMR (500 MHz, CDCls)
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Spectrum 78: 20 ESI-LCMS Spectra
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Spectrum 79: 21e *H NMR (500 MHz, CDCl;)
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Spectrum 80: 21e *H NMR (500 MHz, CDCl3)
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Spectrum 81: 21e COESY NMR (500 MHz, CDCls)
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Spectrum 82: 21e HSQC NMR (500 MHz, CDCls)
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Spectrum 83: 21e ESI-LCMS Spectra
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Spectrum 84: 21t *H NMR (500 MHz, CDCl3)

271



[weled] 05 0ol 051

oL

5l

B0Sriy —
£509'LS —
1B2FES —
ieris —
£oel'es —
BP9l
8820°LL
QEBZT L
856561
Z556'6L
G695°C8
e0ieZel —
g619551 —
12l igL —
PeoZal —
0EE5ZLL —

Qe 1000 bl (oalg L) sutuileAxoipAn AT 00GuL | o2 PO HINL
JwuuuewsBeye P UNNSdNoIDYIIEsSOUST N 1S | Z £4-LP0-t-HINL

Spectrum 85: 21t 13C NMR (500 MHz, CDCl3)
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Spectrum 87: 21t HSQC NMR (500 MHz, CDCl3)
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Spectrum 88: 21t ESI-LCMS Spectra
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Spectrum 89: 22e *H NMR (500 MHz, D;0)

276



[wieled] 0% 00l 051

ol

5l

oeres —
Soleer —
L00L'ey —

eyl —
£le7 gl —
ZEIETLL —

A0 BOUBMEIE! NOCHT pUE OFZ 0 U sutuifieAxoundy (0 suojoe] gl v G0 FHALL
JwuuuewsBeyelep N sdnoloysesssdisT N vS L 7 4-VIS0-FHINL

Spectrum 90: 22e 13C NMR (500 MHz, D;0)
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Spectrum 91: 22e ESI-LCMS Spectra
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Spectrum 92: 22t {H NMR (500 MHz, D;0)
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Spectrum 93: 22t 13C NMR (500 MHz, D;0)
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Spectrum 94: 22t ESI-LCMS Spectra

281



ps'NMRWwata'hagemanninmr

ThH-4-051C Endhro Rydroxyargining in D20 with CH3CON reference 1H

TMH-4-051C-F 1 1 5 U LS\ResearchGrou

.

0000 L

___
L1801
pug

]
BEGL0
mas

Spectrum 95: 23e *H NMR (500 MHz, D;0)
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Spectrum 96: 23e13C NMR (500 MHz, D;0)
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Spectrum 97: 23e HSQC NMR (500 MHz, D,0)
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Spectrum 98: 23e ESI-LCMS Spectra
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Spectrum 99: 23t {H NMR (500 MHz, D;0)
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Spectrum 100: 23t 3C NMR (500 MHz, D,0)
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Spectrum 101: 23t HSQC NMR (500 MHz, D,0)
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Spectrum 102: 23t ESI-LCMS Spectra
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Spectrum 103: 24 ‘H NMR (500 MHz, D,0)
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Spectrum 104: 24 13C NMR (500 MHz, D;0)

291



O=ul oL 80 90 o zo o00-
. l . ! . . 1 . L L 1 . . ! .
E
-9
f=]
1
[— e
— =r
[— o
29LF9
rELFS e
)
S8z L —— ]
2L89L T =, L90L|
[— o
sLIF8
88.F8 D000 1L
£CBF8 } -0000'L—
SreF8

Spectrum 105: 25 'H NMR (500 MHz, CDCl3)
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Spectrum 106: 25 13C NMR (500 MHz, CDCls)
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Spectrum 107: 26 ‘H NMR (500 MHz, CDCl3)
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Spectrum 108: 27 'H NMR (500 MHz, CDCl3)
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Spectrum 109: 27 13C NMR (500 MHz, CDCls)
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Spectrum 110: 30 ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 111: 30 13C NMR (500 MHz, DMSO-d6)
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Spectrum 112: 31 ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 113: 31 13C NMR
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Spectrum 114: 32 ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 115: 32 3C NMR (500 MHz, DMSO-d6)
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Spectrum 116: 33 ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 117: 33 13C NMR (500 MHz, DMSO-d6)
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Spectrum 118: 38 1H NMR (500 MHz, CDCl3)
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Spectrum 119: 38 13C NMR (500 MHz, CDCls)
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Spectrum 120: 38 HSCQ NMR (500 MHz, CDCl3)
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Spectrum 121: 39 'H NMR (500 MHz, CDCl3)
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Spectrum 122: 39 13C NMR (500 MHz, CDCls)
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Spectrum 123: 39 HSQC NMR (500 MHz, CDCl3)
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Spectrum 124: 40 'H NMR (500 MHz, CDCl3)
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Spectrum 125: 40 13C NMR (500 MHz, CDCls)
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Spectrum 126: 41 'H NMR (500 MHz, CDCl3)
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Spectrum 127: 42 *H NMR (500 MHz, CDCl3)
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Spectrum 128: 42 13C NMR (500 MHz, CDCls)
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Spectrum 129: 43 1H NMR (500 MHz, CDCl3)
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Spectrum 130: 44 'H NMR (500 MHz, CDCl3)
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Spectrum 131: 44 13C NMR (500 MHz, CDCls)
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Spectrum 132: 45 'H NMR (500 MHz, CDCl3)
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Spectrum 133: 46 'H NMR (500 MHz, TFA:DMSO-d6)
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Spectrum 134: 46 13C NMR (500 MHz, TFA:DMSO-d6)
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Spectrum 135: 46 HSQC NMR (500 MHz, TFA:DMSO-d6)
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Spectrum 136: 47 1H NMR (500 MHz, CDCl3)
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Spectrum 137: 47 13C NMR
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Spectrum 138: 47 HSCQ NMR (500 MHz, CDCl3)
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Spectrum 139: 48 'H NMR (500 MHz, CDCl3)
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Spectrum 140: 48 13C NMR (500 MHz, CDCls)
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Spectrum 141: 48 HSQC NMR (500 MHz, CDCl3)
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Spectrum 142: 49 'H NMR (500 MHz, DMSO-d6)
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Spectrum 143: 49 3C NMR (500 MHz, DMSO-d6)
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Spectrum 144: 50 'H NMR (500 MHz, DMSO-d6)
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Spectrum 145: 50 3C NMR (500 MHz, DMSO-d6)
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Spectrum 146: 51 1H NMR (500 MHz, TFA)
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Spectrum 147: 51 13C NMR (500 MHz, TFA)
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Spectrum 148: 52 H NMR (500 MHz, DMSO-d6)
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Spectrum 149: 53 1H NMR (500 MHz, D,0 + KOH)
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Spectrum 150: 53 13C NMR (500 MHz, D,0 + KOH)
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Spectrum 151: 53 HSQC NMR (500 MHz, D;0 + KOH)
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Spectrum 152

: 55 1H NMR (500 MHz, D,0 + KOH)
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Spectrum 153: 55 13C NMR (500 MHz, D,0 + KOH)
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Spectrum 154: 55 HSQC NMR (500 MHz, D;0 + KOH)
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Spectrum 155: 56 'H NMR (500 MHz, CDCl3)
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Spectrum 156: 56 13C NMR (500 MHz, CDCls)
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Spectrum 157: 57 1H NMR (500 MHz, D,0 + KOH)
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Spectrum 158: 57 13C NMR (500 MHz, D,0 + KOH)
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Spectrum 159: 58a ‘H NMR (500 MHz, DMSO-d6)
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Spectrum 160: 58b *H NMR (500 MHz, DMSO-d6)
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Spectrum 161: 58b *H NMR (500 MHz, DMSO-d6)
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Spectrum 162: 59 'H NMR (500 MHz, DMSO-d6)
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Spectrum 163: 59 3C NMR (500 MHz, DMSO-d6)
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Spectrum 164: 60 *H NMR (500 MHz, CDCls)
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Spectrum 165: 60 3C NMR (500 MHz, CDCls)
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