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ABSTRACT

MOLECULAR RECOGNITION IN WATER:
DESIGN, SYNTHESIS, AND CHARACTERIZATION OF RIGID MOLECULAR RECEPTORS
AND ENZYMATIC MECHANISTIC PROBES

by

Robert William Hoppe

The University of Wisconsin-Milwaukee, 2016
Under the Supervision of Alan W. Schwabacher

Molecular recognition can be defined as a selective and reversible binding between two
or more molecules through non-covalent interactions. Multiple weakly attractive
intermolecular forces work in concert to achieve selectivity in association. Such discrimination
is critical to the physiological processes of catalysis, transport, antigen recognition, and storage.
To better understand this phenomenon, acyclic synthetic molecular receptors also known as
“molecular tweezers” were made to study the inclusion of small molecule guests from water.
Three anionic tweezers derivatives with syn- cofacial orientation were constructed from a
1,2:4,5-bis-Troger’s Base skeleton that differed in the amount and distribution of negative
charge about the receptors. These binding isomers were found to undergo self association to
form dimers in solution by inclusion of the naphthalene wall of one tweezers into the cleft of
another. Small molecule binding was evaluated at different ionic strengths and under
concentration regimes in which either the desired monomeric tweezers or the dimeric complex
predominated.

Small molecules were also created in order to probe the mechanisms by which enzymes
facilitate their transformations. Cinnamylidene pyruvate and fluorinated pyruvate derivatives
were synthesized to better understand why SbADC, an ezyme classified as an acetoacetate
decarboxylase, demonstrates aldolase activity.

Enduracidinine is an unsaturated amino acid found in the potent antibiotics
mannopeptimycin, teixobactin, and enduracidin. To investigate the biosynthesis of this amino
acid, a new preparation of L-vinylglycine was devised. L-vinylglycine is a potential general
precursor to the formation B,y-unsaturated amino acids. Conditions were identified in which
such unsaturated amino acids are formed by olefin metathesis of protected L-vinylglycine and
alkenes including allylamine derivatives.
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PART ONE: DESIGN, SYNTHESIS, AND CHARACTERIZATION OF RIGID MOLECULAR RECEPTORS

I. INTRODUCTION

A. Molecular Recognition

Molecular recognition can be defined as a selective and reversible binding between two
or more molecules through non-covalent interactions. Multiple weakly attractive
intermolecular forces work in concert to achieve selectivity and thus makes it substantially
more difficult to predict than the formation of covalent chemical bonds. Intercalaction of a
smaller molecule into the cavity of a larger molecule often describes the mode of action in
which two molecules bind together. While net forces like van der Waals attractions or the
hydrophobic effect’, which is a property of the solvent, are primer movers in this phenomenon
other electrostatic interactions like dipole-dipole, aromatic stacking?, the cation-m effect?, ion
pairing4,and hydrogen bonding in arraysG, and ditopic coordination’ provide the means for

exceptionally strong affinities and substrate discrimination in binding.

Molecular recognition also known as Host-Guest chemistry® is critical to the
physiological processes of catalysis, transport, antigen recognition, and storage. In studying
what can lead to selective and strong binding these powerful capabilities demonstrated by
nature could be replicated. For theses reasons the concepts of molecular recognition have been

applied to molecular acuators’, drug discoverylo, and the self assembly of molecular capsules.™



H + G

Ksolv
Hsolv + Gsolv — Csolv

Figure 1: Equilibrium for association between a molecular receptor (host, H) and an associating molecule
(guest,G) in solution to form a complex (C)

The strength of the binding interactions is described in terms of an equilibrium
constants as either the forward direction of the association of components in complex
formation (K, in units L/mol) or the backwards direction of the dissociation of the complex to
the individual compounds (Kg4 in units mol/L). However as these associations occur in a solvent
there exists another equilibrium for the solvation of the host and guest molecules individually
to come together to form a solvated complex. The strength of the association to form this
solvated complex depends upon solvation energies, temperature, and ionic strength among
many other factors lending to a small change in the energies between the two states. For these
reasons, prediciting what molecules will bind together strongly and selectively is difficult and
thus requires the use of experimentation to elucidate fundamental principles to understand

this interaction.

B. Precidented Natural and Synthetic Molecular Hosts

1. Cyclic Molecular Receptors

Cyclodextrin, a macrocyclic polysaccharide comprised of glucose units, was the first

molecule reported to bind another molecule by way of inclusion of elemental iodine into its



cavity.'? In the decades following many prominent researchers took up investigating this bucker

shaped structure and its propensity to intercalate small molcules

CH,OH

HO
HO

Figure 2: Example of a cyclodextrin: n=6 a-cyclodextrin, n=7 B-cyclodextrin, n=8 y-cyclodextrin

Cramer and Hettler'® were among the first to profile complex formation with
cyclodextins while researchers like Saenger14 and Breslow™ studied the inclusion complexes of
derivatized cyclodextrins. Cyclodextrins have also been exploited for pharmaceutical purposes

to deliver drugs™® or release over time to create a continuous dosage.

While naturally occurring substances like cyclodextrins and enzymes hold enormous
potential for understand what entails the formation of a complex the creation of synthetic
molecular receptors could hold even greater potential. Synthetic receptors would allow for the
modification of the binding cavity identify of the specific non-covalent interactions responsible
for binding. The first artificial host molecule were macrocyclic polyethers synthesized by
Pedersen in 1967. This class of compounds dubbed crown ethers were called so for their
ability to “crown” metal cations and thioureas™® by inclusion into their cavity by ion-dipole

interactions.



Figure 3: Cyclic polyether, 18-crown-6, drawn with a potassium ion bound into its cavity

These crown ethers, especially 18-crown-6"°, bind cationic substrates with high affinities
as all of the oxygens are orientated towards the interior of the macrocycle wereas the alkyl
linkers are positioned on the exterior. This demonstrates the concept of “preorganization”.
Preorganization® is the concept that the host and guest molecules bind with the strongest
affinites if the functional groups responsible for complexation are orientated in a cooperative
fashion prior to the components coming into proximity. An example of this would be in the
theortetrical comparison of 18-crown-6 to its acyclic analogue with the assumption that the

acyclic version has the capability to bind potassium ion.

Unoriented Oriented
Host Host

Inclusion
Complex

Figure 4: Depiction of an unoriented host adopting a binding conformation before guest inclusion

The acyclic version would not bind the the alkali ion as strongly as 18-crown-6 as it
contains many more rotational degrees of freedom and thus contains many conformations
unsuitable for complex formation. This would result in s lower AG term in the Gibbs Free Energy
equation compared to the crown ether as the acyclic version AS term would be more positive

upon complex formation. This loss of entropy results from the acyclic version having to orient



itself to allow for all six oxyen atoms to coordinate to the cation like the crown ether and

overall weaker affinity.

From these concepts, Koga reported the first unambiguous example of a water soluble,
macrocyclic synthetic molecular receptor.?’ Comprised of two diamino diphenylmethanes with
two n-butyl alkyl chains linking connecting the amino groups the macrocyle was found to

dissolve in aqueous media below pH2.

+H2N_(CH2)4_NH2+

*H,N—(CH,),—NH,*

Figure 5: Koga's macrocycle

This host molecule was able to fuly include hydrocarbons like durene, naphthalene, and
p-xylene. A dissociation constant for 8-anilino-1-naphthalene sulfonic acid (Kq4= 1.6x10™ M) was
determined by fluorescent emission and the orientation of 2,7-dihydroxynaphthalene bound
into the cavity was determined using 'H NMR. In using these spectroscopic techniques, Koga
was able to demonstrate the utility of these techniques and were widely adopted afterwards.
This work went on to inspire others in the study of small molecule binding with significant
contributions made by Diedertich and Dougherty. Diederich focused on making macrocyclic
receptors that were soluble in water at pH7>* that were capable of binding hydrophobic
moieties like pyrene and facilitating their transport through aqueous media.?? He was also able
to correlate the binding affinities in electron donor-acceptor interactions with electron poor

naphthalene derivatives bidning stronger to the electron rich macrocycle.” Dougherty too
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focused on synthetic macrocycles soluble in neutral water. He reported®* that his receptor was
able to form inclusion complexes wth quaternary ammonium ions. He later went on to show
that binding can not only be driven by the hydropobic effect but by the attraction of the cation
to the m electrons in the aromatic walls of the macrocycle.25 This interaction, coined the cation-
1t effect, was found to be so favorable that it orientated the quaternary ammonium to the
interior of the cavity while the hydrophobic part of the ammonium salt was left exposed to the

aqueous environment.?®

2. Acyclic (non-macrocyclic) Molecular Receptors

Acyclic, synthetic molecular receptors were dubbed “molecular twezers” by Whitlock in
the first known publication of this architecture in 1978.>” Molecular tweezers are usually
characterized by two aromatic walls that are approximately parallel to one another in a syn-
cofacial configuration and held apart by a rigid linker. This initial design was intended to act as a
bis-intercalater for DNA that was restricted to a single strand of DNA. Whitlock constructed his
tweezers by alkylating caffeine molecules with a rigid diyne linker and prove that it was able to
associate to 2,6-dihydroxybenzoate by binding between the aromatic walls to form a sandwich
complex by r-it stacking. From this elegant design the next iteration of molecular recognition
studies was birthed. Early designs utilized diphenyl glycourils28 or a derivatized Kemp’s triacid®
the work provided by Zimmerman provided foundational examples in constructing molecular
tweezers. His motif displays a high degree of preorganization with an aromatic linker and a syn-

cofacial arrangement of acridine walls connected in the 9- position.3°



Figure 6: Whitock's caffeine based molecular tweezers and a molecular tweezers constructed by Zimmerman

With the anthracenes twisted out of conjugation due to steric hinderance they can
rotate until to walls achieve a conformation until the walls are parallel and approximately 7A
apart so that they can bind a flat, aromatic guest. The import of the rigid spacer was
demonstrated in a later publication where Zimmer substituted the rigid linker for a butyl linker
to connect the anathcene sized walls and found that the binding affinity towards 2,4,7-
trinitrofluorene decreased by a factor at least 40. He also demonstrated that binding affinities
can be greatly enhanced through the use of cooperative non-covalent interactions.>* When a
carboxylic acid group was incorporated into the spacer the combination of n-it interactions and
hydrogen bonding the tweezer was able to bind 9-propyladenine with high affinity (Kq= 4.0x10~
M) in CDCls. When the carboxylic acid was converted to a methyl ester the binding affinity
diminished precipitously with no detectable binding was observed by *H NMR when 9-

propyladenine was added to the tweezers in up top four fold stoichiometric excess.

The next contribution in the development of molecular tweezers come from Harmata.
His methodology progessed from the synthesis of asymmetric Kagan’s ethers* to symmetrical
bis-Kagan’s ethers.*® Kagan’s ether®® is a diaryl, [6.6.1] bicyclic ether with the oxygen atom
bridging the two rings while a bis-Kagan’s ether is two of these structures connected by a

common benzene ring. This structure is more preorganized than Zimmerman’s tweezers as the



aromatic walls are enforced into being parallel and are precluded from rotating by being

incorporated into the cyclic ether.

Figure 7: bis-Kagan’s ether (left) and Harmata’s molecular tweezers based on a bis-Kagan's ether architecture

However, this structure was not able to bind electron poor, aromatic molcules due to
the small aromatic surface area in the cavity. When the benzene walls were replaced with
dibenzofuraqgns an X-ray crystal structure was obtained with 1,3,5-trinitrobenzene bound into
the 7A cavity forming the classic sandwich complex to corroborating the function f the desired
shape.35 The use of bicyclic polyethers.36 and dibenzofuran sized derivatives as walls®’ have seen
continued use since Harmata’s publication to bind quaternary ammonium ions and aromatic

guests respectively.

The molecular tweezers developed by Klarner® utilized a scheme which employed Diels-
Alder reactions to attach a dimethylhydroquinone norbornen derivative to an aromatic
norborndiene. If one Diels-Alder reaction occurs then a U-shaped molecular tweezers is
afforded, if done twice then a C-shaped molecular clip is produced. In each of these cases is was
found that these structures were able to intercalate eletron poor, armomatic small molecules

into their cavities.*



Figure 8: Examples of a moleclar tweezers (left) and a molecular clip (right) generated by Klarner

While initially confined to organic solvents, these structures were given water solubility
by converting the dimethylhydroquinone ethers to bis-phosphates and bis-methyl
phosphonates which allowed for the binding of thiazolium salts in aqueous media.* These
receptors were studied further and found to inhibit enzyme activity in a novel fashion: alcohol
dehydrogenase by binding its cofactor NAD"*! and G6PD by binding to NADP".** In binding to
flavium salts* Klarner observed a spectroscopic response in the UV-Vis region which
demonstrates the potential for molecular tweezes to be useful a molecular sensors. To date,
this class of water soluble molecular tweezers has shown the most robust utility small molecule

complex formation.**
C. Troger’s Base and bis-Troger’s Base

While the previously detailed works into molecular tweezers were being published, a
parallel strategy was being developed using an easier to synthesize moiety that also generated
a well defined cleft for molecular binding. Troger’s Base, composed of two aromatic amines and
three formaldehyde equivelants, was chosen was chosen by Wilcox to suite these criteria. First
synthesized by Julius Troger in 1887% Troger’s Base is a chiral compound formed from p-

toluidine and formalin in the presence of concentrated hydrochloric acid. The chirality in this
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structure comes not from chiral carbons but from the sterogenic nitrogens in the bicyclic ring
system which cannot undergo inversion. If inversion where to occur the bridging methylene
unit would have to pass through to the other face of the ring system, ring would place the
atoms in the same plane in the process, but the energetic barrier provided by steric hinderence

and bond angle strain prevent this.

(+)-58,11S-Troger's Base (-)-5R,11R-Tréger's Base
N- A N

Figure 9: Formation of the two Troger's Base isomers from p-toluidine and formaldehyde

Since its discovery, Troger’s Base was subject of intensive investigation into its structure,
mechanism of formation, and origin of its chiral nature. Wganer probed the mechanism of
formation by generating Troger’s Base from intermediates isolated along the synthetic
pathway*® wereas, Spielman was able to confirm the structure of Tréger’s Base through its
degradation products.*’ Prelog and Wieland were the first to report the separation of the
isomers*® the assignment of the absolute configuration of these chiral partners was not
conducted until 1967 where circular dichroism was used to analyze the (+)- and (-)- isomers.*’
From these experiments it was concluded that the (+)- isomer was of the 1R, 3R configuration
while the (-)- isomer was 1S, 3S. Later studies however contradicted these assignments with the
acquisition of an X-ray crystal structure®® and isomeric resolution utilizing a chiral Brgnsted

acid.”® It wasn’t until 2000 that the initial assignment were unambiguously refuted and the true
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configuration of the chiral Troger’s Base isomers were determined as the (+)- being 1S, 3S and

the (-)- isomer being 1R, 3R.>*

Among the first to take advantage of the shape of Troger’s Base to generate molecular
tweezers was Wilcox.”® In taking advantage of the fact the the aromatic faces in Troger’s Base
are in the range of 92 to 104° apart, 9,10-dihydro-9,10-ethenoanthracen-2-amine was
condensed with formaldehyde to generate a molecular receptor which was found to have two

ethanol molecules in its cavity via X-Ray crystallographic analysis.>

.-O

“H__ H
N
o.
H\\Ng
S

Figure 10: A Wilcox molecular tweezers based on Tréger's Base that binds pyrimidin-2-amine

o
,—”H .

He later developed a molecular tweezers utilizing a bis-carboxylic acid motif to bind to
2-aminopyrimidine through hydrogen bonding™ which later elucidated the influence of water
included in the active site on binding affinities.>® His work demonstrated that the rigid, well
defined structure of Troger’s Base was of utility in constructing rigid molecular frameworks that
could be incorporated in architectures ranging from metallo-macrocycles®” to colorometric

sensors for anion recognition.58

Analogous to Harmata’s bis-Kagan’s ether tweezers and the recognition of the
perpendicular nature of the aromatic elements in Tréger’s Base, 2001 saw the introduction of a

bis-Troger’s Base into the catalogue of molecular tweezers.> Starting with a Troger’s Base
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derived from p-toluidine and 4-nitroaniline Pardo et. al. was able to synthesize a diastereomeric
mixture of bis-Troger’s Bases via Friedel-Crafts alkylation. This process was only able to proceed
under the fairly harsh conditions of anhydrous ethanol and concentrated hydrochloric acid at
90°C for 24h and resulted in regio-selective cyclization with a 29% overall yield affording the

1,2; 4,5 isomer in a 4:1 ratio of the syn-cofcial isomer to the anti- isomer.

Figure 11: Precidented 1,2:4,3-bis-Troger’s Base isomer and desired 1,2:4,5- bis-Tréger’s Base

This nomenclature is derived from the substitution pattern around the around the
cental benzene spacer. The 1 and 4 numbers denote the position of the amino groups in the
benzene while the 2 and 3 number describe the positions in that benzene ring where Friedel-
Cratfs alkylation occurred. The observed ratios invites intruging questions. What was the reason
for the favorablility of the syn- isomer, the one with the aromatic walls on the same side of the
spacer unit, over the anti- isomer, the one with the walls on the opposite sides of the linker?
What was the origin of the regio-selecitivity in cyclization to form the bis-Troger’s Base? To
address the first question, the Pardo group subjected the anti- isomer to the previously
described cyclization conditions and recovered the same 4:1 ratio of syn- : anti- isomers. They
attributed this ratio to the syn- isomer being more thermodymacially favorable due to the n-

stacking interactions of the parallel aromatic walls. While this may be true, | propose it to be a
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more complicated mechanism. Under the acidic conditions and isomerization concentrations,
this bis-Troger’s Base is able is able to isomerize freely between the two isomers with the syn-
isomer able to associate with iself, albeit weakly, to form a dimer by nt-it stacking interactions.
This would remove the self associating syn- isomer from the equilibrium and by the Le

Chatelier’s Principle would drive its continued formation.

With regards to the regioselectivity of Friedel-Crafts alkylation, the Pardo group
expected a statistical formation of the 1,2:4,5 isomer alongside the 1,2:4,3 isomer but as
satated before observed the latter exclusively. They postulated that even though the 1,2:4,3
isomer is more sterically hindered it was formed preferentially due to the n-stacking of the
aromatic walls. This however seems unlikely as the cavity, like the bis-Kagan’s ether, is

approximately 7A apart in either configuration.

In a later synthesis of bis-Troger’s Base starting from p-phenlenediamine, the 1,2:4,3
isomer was also afforded exclusively.?® To overcome this regioselectivity, the cyclization to the
1,2:4,5 isomer was enforced by using 1,4-diamino-2,5-dimethylbenzene as the spacer unit.®*
The isolated yield of the cavity shaped syn- isomer was 7% en route to generating linear oligio-
Troger’s Bases. Dolensky would later go on to incorporate naphthalene sized walls into a bis-
Troger’s Base tweezers synthesis of the 1,2:4,3 isomer®? in order to provide enough aromatic
surface area to potentially bind small molecules. The synthetic procedure was improved to
utilize a one-pot procedure but only afforded bis-Troger’s Bases in low yield (8-13%). To date,
there are no know examples of a 1,2:4,5 bis-Troger’s Base tweezers without substitution on the

core benzene linker to compel the Friedel-Crafts alkylation into this pattern.

13



D. Rationale and Design of Target bis-Troger’s Base Molecular Receptor

Inspired by the design of Harmata’s tweezers, the desired 1,2;4,5 bis-Troger’s base
molecular receptor has the same connectivity to afford parallel naphthalene sized walls held
approximately 7A apart by a rigid spacer. In reviewing the previous syntheses of bis-Tréger’s
Bases a common feature held in common was the occuranace of the Friedel-Crafts on the
central benzene spacer generating the 1,2:4,3- isomer preferentially. The designed spacer unit
for desired bis-Troger, the tweezers core, depicted below will circumvent. By already possessing
the bonding required for the 1,2:4,5 isomer on the spacer units Trégerization should occur
unambiguously to said isomer. This tweezers core not only allows for modular synthesis by
condensation with a wide range of aromatic amines but could also facilitate others in their
studies of bis-Troger’s Base molecular receptors as convenient starting compounds are not

readily available.®®

NHBoc H-N
PO, o
| 3 BocHN Z Z

N
r\‘ji:('\)"‘ ﬁ Tweezers core Napthyl amine walls
N
§ iR 0

OO o N[N H-P-OMe

OMe
Molecular "tweezers"
Troger's Base

Figure 12: Retro-synthetic scheme for modular construction of the desired water soluble bis-Troger's Base
molecular tweezers

Water solubility is installed into the molecular tweezers by the transformation of the
imine into an a-amino phosphonate which will then be dealkylated subsequently. Although this
functionality provides significant water solubilization it also introduces a not insignificant

amount of steric bulk. The consequence of this is that upon cyclization to form the bis-Troger’s

14



Base, the stereochemistry of the bridging methylene is determined by the stereochemistry of
the a-aminophosphate to generate the syn- cofacial or anti- isomersin an expected 1:1 ratio.
These orientations cannot be interconverted under acidic conditons as seen in previous bis-
Troger’s bases as its formation is sensitive to steric interactions.® The alternative to generating
a statistical mixture of syn-cofacial and anti- isomers and isolate more of the desired binding
syn- isomer would be to either build in water solubilizing functional groups into the walls of the

molecule or employ a stereoselective method of forming the a-amino phosphonate.

Figure 13: 1,2;4,5-bis-Troger's Base molecular tweezer with naphthalene walls illustrating their offset nature

In contrast to the 1,2;4,3- isomer, inclusion of naphthalene sized hydrocarbons for the
walls in the 1,2;4,5- leads to them existing in an offset orientation mimicking the pattern
observed in the crystal structure of benzene.®® This feature should facilitate easier inclusion of
aromatic guest molecules in the cavity compared to the 1,2;4,3- isomer which has its walls

directly over one another.
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Il. RESULTS AND DISCUSSION

A. Formation of the key intermediate N,N’-di-t-Boc-2,5-diaminoterephthaldehyde

0 NH, NHBoc
MeQ O  NH,0Ac EtoH MeQ O 5%Pd-C, reflux MeQ o
o OMe reflux, 6hr fo} OMe Boc,0, PhMe, 17hr 4 OMe
o 92% H,N 0% BocHN
1 2
NHBoc NHBoc
LiAlH,, Et,0 OH  80% (CH;),COICH,Cl, - 0
85% HO MnO,, reflux, 6-17hr O/
BocHN 88% BocHN
7 8

Figure 14: Overall synthetic sequence to produce key intermediate dialdehyde 8

1. Synthesis of Dimethyl 2,5-diaminocyclohexa-1,4-diene-1,4-dicarboxylate

o) NH,
MeQ O NH,OAc,EtOH MeQ 0
o OMe reflux, 6hr o OMe
o 92% H,N
1

Figure 15: Synthesis of bisenamine 1 from dimethyl succinyl succinate

Succinyl succinate diester derivatives have been condensed with amines for over 100
years utilizing molten NH,OAc®® and NHs in ethanol®’. However, neat alkyl amines®® and
NH,OAc in solution® provide for more facile methods to the desired bis-enamines. In a method
initaly developed by Kanchan Tiwari’®, she chose to go the route of NH,0Ac in ethanol as we
needed the primary enamine. Baeyer describes uses ten equivalents of NH;OAc, but she found

that reducing it to five equivalents was sufficient with 95% yield on a one gram scale of
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dimethyl succinyl succinate (DMSS). Use of ethanol as the solvent allowed 1 to crystallize from
the reaction medium eliminating the need for subsequent purification. In scaling the reaction
up to 55g scale, the equivalents of NH;OAc were reduced to three and four equivalents with
each producing yields of 87% and 88% respectively and identical melting points of 212-214°C.
On this scale addition of DMSS needs to be added in portions to the refluxing ethanol to ensure

it dissolves.

2. Synthesis of Dimethyl 2,5-bis((tert-butoxycarbonyl)amino)terephthalate

NH, NHBoc
MeO o 5% Pd-C, reflux MeO o
o OMe Boc,0, PhMe, 17hr o OMe
H,N 90% BocHN
1 2

Figure 16: Scheme for aromatization and di-Boc protection of bis-enamine 1

Use of Pd-C has been demonstrated to be able to oxidize heterocycles71 and cyclic
enamines’? to the corresponding anilines, but required the use of a sacrificial oxidant to
prevent disproportionation of the enamine. Fortunately, refluxing in toluene for 13hr with 30%
by weight 10% Pd-C afforded the aromatized 1 in 98% yield with no reduced 1 observed. Boc
protection of both amines was accomplished in 66% yield by Kanchan Tiwari in boiling toluene
with 5% Pd-C with 4eq Boc,0 followed by 2eq Boc,0 after 4hr. Boc,0 was added in several
portons because it is unstable under the reactions conditions and 1 does not acylate until it has

been aromatized. This was taken into consideration when increasing the scale of 1 production.

Under my direction, John Lukesh lll increased the initial concentration of 1 by a factor of

two on a 1g scale. This was considered feasible as 2 is more soluble in boilng toluene than is 1.
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A greater concentrations of Boc,0 (7eq, added in two portions) was utilized with complete
conversion to 2 was observed after 22hr. He was able to acquire a 92% yield of the desired
product in four crops from recrystallization from CH,Cl,/hexanes. In further testing conditions
for scale up, the concentration of 1 was increased further in efforts to decrease the amount of
the most expensive reagent, Boc,0, required for conversion to 2. Coupled with the
aromatization of 1 before the addition of Boc,0, this alteration to the synthetic methodology
was considered to be beneficial. However, this was not the case with side product formation

observed. This complication is described subsequently.

a. Diarylamine formation

In the effort to make 8 on a large scale so attempted was 2 but with isolated yields of
only ~50%. In the small scale preparations of 2, Pd-C and Boc,0 were added concurrently to 1
but as Boc,0 thermally decomposes it was thought prudent to aromatize 1 to 3 beforehand.
On testing these changes desirable for large scale reaction, it was observed that TLC did not
indicate complete reaction over the same time scale. Aromatization initially occurred in
distilling toluene to azeotropically remove residual water or ethanol from 1 to prevent it from
later reacting with Boc,O. This resulted in a yellow-green distillate and a pungent smelling
vapor being produced that was basic to pH paper. Due to the composition of the mixture and
the odor of the gas, it was concluded that ammonia was being produced and was taking as the

first evidence that another transformation was occuring.

A potential source of ammonia was residual NH;OAc in the 1. This was ruled out by

washing with H,0 and EtOH, and use of pure 1 with a melting point of 212-214°C. With
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exogenous ammonia ruled out, hydrolysis of the bis-enamine was considered the next most
likely mechanism. After isolating 2 from the mixture by crystallization, its mother liquor was
analyzed by 'H NMR and observed to be a mixture of DE, Boc,0, and an unidentified side
product that was not mono Boc protected 2. The excess Boc,0 present suggested that the
amine functionality was lost and replaced with something that would not reaction with the
Boc,0, possibly a hydroxyl group. To test the phenol hypothesis, 6g of the concentrated mother
liguor was dissolved in CH,Cl, and extracted with sat. Na,COs. The aqueous phase was
removed, acidified to pH6, and extracted with CH,Cl,. After drying the organic phase and
concentrating to dryness 1.8mg of material was afforded that identified as not the side product
by *H NMR. This did not fully rule out the phenol as the side product as the phenoxide may not

have been able to be partitioned into water.

To rule out hydrolysis, a portion of 1 was split into two portions for a side by side
reaction. The first portion was not azeotropically dried by distillation of toluene and heated at
reflux without 5% Pd-C for 3hr with no change in pH paper observed above the condenser. 5%
Pd-C was then added and after 12min pH Hydrion paper indicated pH11 vapor above the
condenser. After heating at reflux for 18hr, no pH change was observed above the condenser as
testing with pH paper. The second portion of 1 was dried azeotropically by distillation of
toluene and heated at reflux for 3hr with no observed change in pH paper before the addition
of Pd-C. After 5min the pH paper changed to pH9-10. The products from each of the portions

were isolated and analyzed by "H NMR to afford identical spectra containing 3.
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NHBoc NH,

MeQ o 1) TFA, CH,Cl, MeQ o
o OMe 2) NH3(5q) o OMe
BocHN H,N

77%
2 3

Figure 17: Deprotection of 2 to afford aromatic diamine 3

To corroborate the signals, a very pure sample of authentic aromatic diamine 3 is was
synthesized in 77% overall yield from the TFA deprotection 2 and subsequent deprotonation in
75% conc. NH3z(aq). No side product was produced with this method. The 'H NMR spectrum
matched that of the aromatic 3 described above. 3 was also exposed to 5% Pd-C in refluxing
toluene with no change in composition as observed by TLC. This also ruled out the possibility of
3 reacting with itself to evolve ammonia. It was shown that if the previous protocol of
concurrent addition of Pd-C and Boc,0 was used 2 was generated in 88% yield after
recrystallization form toluenen. 2 was also made from 3 with a 92% yield with no observation of

4 in the isolated product.

ESI-MS (+)
o (I) (I) a == Found m/z=632
(0] H H (0]
>rx LGN
(@] (0]
N Y Y e
H
(l) O O ? 1 O
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Figure 18: Compound 4, the diaryl amine side product formed from condensation of 2
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Mass spectrometric analysis of the mother liquor from a synthesis of 2 in which side
product formed proved that the side product was not a phenol. The signals produced had a
m/z of 442 (2+Na*) and 632 which is a consistent with 4. This data ruled out hydrolysis as a
mechanism of side product formation. This mixture was purified by flash chromatography in
which diarylamine 4 was isolated and characterized by *H NMR and ESI-MS confirmed to be the
side product generated by Pd-C oxidation. With this diarylamine in hand, it was hypothesized
that en route to being aromatized by Pd-C, condenses with itself to form the diaryl amine in the
absence of Boc,0 which resulted in the evolution of NHs. This surprising results raised the
guestion of when the coupling occurred. The most plausible pathway for condensation would
be the transamination of the aromatic amine 3 with the imine form of 2. As this process is
expected to be acid catalyzed it was checked to see if this process could be inhibited by the use
of base washed catalyst and glassware. What was determined was that it had no effect in

decreasing diarylamine formation.

b. Exploration on mechanism of diaryl amine formation

NH, O o o o
_ —QNH o —@—NH I H,N )0
o, PhMe 5% Pd-C
/O > + +
reflux 41hr

O NH; NH; o NH, o HN©~ o NH,

o] o o]

/ / /

~35 : ~35 : ~30

5 6 3
Figure 19: Mono- and bis- diarylamine formation from bis-enamine

To further elucidate this process, 1 and p-toluidine were heated in refluxing toluene
together without Pd-C. No change was observed by TLC over 17h. Upon addition of 5% Pd-C
however, two new spots were observed and after 16-41hr of reflux 5 and 6 were isolated by
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flash chromatography in a 1:1 molar ratio with 71% conversion of 1 into the mono- and bis-
variants. To ensure exchange of the amine was not due to acid catalysis, the 5% Pd-C was
washed with 15% NaOH and rinsed with nanopure water until the filtrate was neutral.
Following above procedure, 5 and 6 were observed to be in a 2.3:1 molar ratio respectively with
63% mol conversion of 1 into the desired products. In obtaining compounds 5 and 6, the

hypothesis of having an aniline condense with 1 en route to aromatization was confirmed.

3. Synthesis of Di-tert-butyl (2,5-bis(hydroxymethyl)-1,4-phenylene)dicarbamate

NHBoc NHBoc
MeQ 0 LiAIH,, Et,0 OH
0 OMe 85% HO
BocHN BocHN
2 7

Figure 20: Reduction of aromatic diester 2 to desired diol 7

LiBH4 in CH3OH or IpOH was utilized initially by Kanchan Tiwari reduced diester 2 to
afford only trace amoounts of diol 3. When the solvent was switched to THF, a 63% yield by
NMR with complete reaction after 4h even though 2 was still only moderately soluble. She
observed that if pH7 buffer was not used in the workup of the LiBH,4 the crude product was
contaminated with a bis-cyclic urethane from the addition of the benzyl alchol in the the
carbonyl of the Boc group. The solubility issues of 2 in the reduction medium were ultimately
overcome by a two solvent method employing LiAlH,,

LiAlH4 has been used to reduce a vast array of organic compounds’> but we were leery
of its use with its ability to reduce the Boc group. This concern did not come to fruition however
as deprotonation of the Boc protected NH preserved the protecting group. As LiAlH, is soluble

in Et,0 but not in CH,Cl, and 2 is readily soluble in CH,Cl, but not in Et,0 a solution was made of
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each in the appropriate solvent. 2 in solution was then added to refluxing LiAlH4 to produce the
desired diol in ~2hr over the scale of 0.5g to 27g scale with 71-88% yield. (22g scale, 79% vyield,
mp 162-166; 27g scale, 82% yield mp 154-157. Most pure product 6g scale, 86% yield, mp 177-

180 extracted quenched rxn mix/celite cake with CH,Cl, only)

4. Synthesis of N,N’-di-t-Boc-2,5-diaminoterephthaldehyde

NHBoc NHBoc
OH  80% (CHs),COICH,Cl, 9
HG MnO,, reflux, 6-17hr  /
BocHN 88% BocHN
7 8

Figure 21: Selective oxidation of diol 7 to desired dialdehyde 8

MnO, has been shown to be a mild oxidant’* for selective oxidation of benzylic of vinylic
alcohols after systematic testing > and although documented to have difficulty76 in oxidizing
ortho- amino benzyl alcohols, it was not the case for our particular substrate. Although its
chemioselectivity is desired, MnO, has many complicating factors in its use. First is that it must
be freshly synthesized, usually by the Attenburrow’’ method, and generates a fine solid that
requires a large investment in time to collect by filtration and washed. Its activity also varies
based upon its method of production’® and to what extent it is dried. If applicable, Goldman’®
has found that wet MnO, can be stored for extended periods of time without precipitous loss in
activity which greatly reduces the time in preparing the oxidant. Another issue in MnO,
oxidation is that it requires a large stoichiometric excess which translates to a large volume of

k80

solid and can make efficient stirring tricky although recent work™ has found that
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substoiciometric “active” MnO, from Sigma-Aldrich has been used under an atmosphere of O,

to circumvent some of these concerns.

NHBoc NHBoc
OH 80% (CHj;),CO/CH,Cl, 0
HO MnO,, reflux, 6-17hr  J/
BocHN 88% BocHN
7 8

Figure 22: Selecive oxidation to dialdehyde with MnO,

Oxidation of diol 7 to dialdehyde 8 was reliable when carried out using MnO, prepared
by the Attenburrow procedure and dried in an oven at 110°C with periodic mixing until a free
flowing powder resulted. When the oxidation was conducted in refluxing CH,Cl, yields averaged
40%, which was attributed to the inability of the diol and mono-aldehyde to desorb from the
MnO, surface. Yields inproved to 85-95% when the oxidation was carried out in 20% CH,Cl; in
acetone. However care needs to be taken in the order of addition of the solvent. If 7 and MnO,
were mixed together as solid, the addition of a flammable solvent first resulted in ignition of
the materials. Combination of the mixed solids with CH,Cl,, followed by acetone avoided

combustion.

a. Over oxidation from MnO, and alternate Cu(l) catalyzed oxidation

NHBoc NHBoc NHBoc
OH /0 (o]
80% (CH3),CO/CH,Cl, ; .
HO > 0 (o] OH
BocHN MnO,, reflux, 6-17hr BocHN BocHN
7 8 9

Curtis Jones

Figure 23: Over oxidation of DA to mono-aldehyde mono-carboxylic acid with MnO,
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Scale up of the oxidation commenced with MnO, synthesized via the Attenburrow
procedure using newly purchased reagents. Yields of the dialdehyde unexpectantly dipped to a
38% and 53%. Extraction of the MnO, from the reaction with 50% CH3sOH/CH,Cl, produced a
new solid. Analysis by 'H NMR in DMSO-dg and ESI in negative ion mode confirmed that the
reaction with MnO, somehow produced the mono carboxylic acid, mono aldehyde 9 by
generating m/z= 370 (M-H", 100%) and singlet integrating to 2H at 13ppm. Even though the
MnO, is described in the literature needing to be alkaline for the reaction to proceed, it was
postulated that excess hydroxide or other water soluble contaminents like KMnO4 were

present.

A new batch of MnO, was made and washed with water until the filtrate was colorless
and neutral to pH Hydrion paper. Reaction with 25eq MnO, at 17hr reflux and 35eq MnO, at
reflux for 24hr produced 58% 8 with 21% mono acid mono aldehyde and 43% 8 with 34% mono
acid mono aldehyde 9 respectively. To rule out potential oxidation by Fe*® or other dissolved
metal ions from the metal instruments used in the synthesis of MnO; ceramic tools with
analogous results as described above. Yield improved to 74-87% when the MnO, synthesized
was washed with hot 0.6M pH7 phosphate buffer. CH;OH was added to the system to decrease
adsorbtion of 7 to MnO, in hopes of limiting the chance of over oxidation. However with a
combination of 10% CH3;OH/ 20% CH,Cl,/70% acetone the reaction was incomplete over 2d at
reflux and 75eq. MnQ,. The carboxylic acid side product began to form after 3d and incomplete

transformation of 7 observed.

An alternative method to MnO, attracted our attention which would be to make an

“active” MnO, layer deposited on the surface of activated carbon®. The solid was easily
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filtered. Its washing with water until the filtrate was neutral took a fraction of the time
compared to the Attenburrow method.Use of a 12 Mn0O,-C : 1 7 mass ratio was used in 80%
THF/CH,CI, resulted in trace dialdehyde formation after 24h at refluxing temperature. This
method was no longer explored proving impractical for our purposes and should not be taken
as an indictment of this clever technique. As Carpino noted in his work that the activated
carbon employed came from the J.T. Baker company and other sources of activated carbon

produced minimally active or non-reactive MnO, on C.

NHBoc NHBoc
OH (o]
0, ,NMI, TEMPO ; Z
HO =~ 0
BocHN [Cu(CH3CN)4]OTf, bpy BocHN
RT, overnight
7 83% yield 8

Surajudeen Omolabake
Figure 24: Selective oxidation to DA with Cu(l) catalyst

As the MnO; made did not have consistent chemical reactivity over its many
preparations coupled with the days required for 100+g scale preparation it was determined to
not be worth the effort or the sacrifice of diol. Although the Swern oxidation is known to
selectively oxidize an alcohol to an aldehyde and has been optimized®?, it was not attempted
due to concerns of solubility of the diol at the low temperature required. In collaboration with
Surajudeen Omolabake we found an aerobic oxidation utilizing Cu(1)®® the ideal for 7. Complete
conversion occurred overnight when exposed to the atmosphere at room temperature with
rapid stirring. It was accidentally discovered that the oxidation was able to occur in the absence
of 2,2’-bipyridyl with 50% mol ratio NMI as opposed to the 20% prescribed by the literature.
Yields in the 80% range were average with crystallization of the product from the reaction

medium occurring if CH3CN was used as the solvent.
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B. Synthesis of acyclic bis-Troger’s Base Molecular Receptor

1. Preparation of bis-imines

(o]
BocHN o 10 BOCH\NJ@(\N
N
Omaoc CH,Cl,, catalyst S NHBoc
MeOOC

8 11

Figure 25: General scheme for bis-imine formation from dialdehyde 8

With the key intermediate dialdehyde in hand, construction of the molecular tweezers
began by condensation of a naphthyl amine with it to form a bis-imine was first conducted in
collaboration with Nzagi Nyakirangani84. The naphthyl amine initially chosen was methyl 6-
amino-2-naphthoate which was prepared in 94% yield (mp 154-157°C) by refluxing 6-amino-2-
naphthoic acid in dry CH30H for 2h using 18M H,S0, as the acid catalyst. The dialdehyde was
combined with excess 10 in boiling toluene using a Dean-Stark trap to drive the reaction to
completion by azeotropic removal of water. Over the course of 17h the dialdehyde was no
longer detectable by TLC and an orange solid formed. This orange solid was also observed by
Nzagi Nyakirangani who had also had difficulties in identifying this material. This solid was
insoluble in ethanol, DMSO, and sparingly soluble in CDCl; in which a *H NMR spectrum was
acquired. From the spectrum the material was speculated to be composed of 10, the mono
imine, and the bis-imine but was sufficiently complicated to prohibit confident assignment. The
synthesis was conducted again with an acid catalyst, the hydrochloride salt of 10 as well as a
chemical dehydrating agent, bis-(trimethylsilyl)acetamide (BSA), were employed in an effort to

completely form the desired bis-imine. After mixing at room temperature overnight a greater
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amount of the orange solid was produced, which was sufficiently insoluble to prevent NMR
analysis. In order to rule out the possibility that the orange solid was some kind of polymer
derived from 8, a similar reaction was carried out in the absence of naphthylamine 10. No

orange solid was formed, as no new spots were observed by TLC.

The insoluble orange solid was treated in glacial acetic acid with trimethyl phosphite for
if the orange solid was indeed the desired bis-imine these reagents would be able to convert it
into the corresponding bis-a-aminophosphonates. After 10d of vigorous stirring at room
temperature, the desired aminophosphonates were formed, confirming that the organe solid
was indeed the bis-imine. The crystallinity of the bis-imine was was exploited subsequently to
drive its formation and eliminate the need for removal of water. Use of CH,Cl, as a solvent and

glacial acetic used the acid catalyst gave 11 in 88% vyield.

o
OEt
BocHN ~o 12 BOCHTJ;//YL\N
- N
omBoc CH,Cl,, AcOH S NHBoc
EtOOC

RT, 19hr

8 82-91% 13

Figure 26: Optimized condition for synthesis of bis-imine 13

Ethyl 6-amino-2-naphthoate 12 was made by Fischer esterification in anhydrous
ethanol using concentrated sulfuric acid as the catalyst. After complete esterification and
partitioning between CH,Cl, and saturated aqueous NaHCOj3, yields ranged from 62-97. The
purity of the material typically afforded after isolation is usually good enough to carry on
without purification. 13 was first made by the condensation of 8 with a slight excess of the two

equivalents of 12 needed in CH,Cl, in the presence of Yb(OTf);. The lanthanide catalyst was
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used to develop conditions later used in a one pot synthesis of the bis-aminophosphonates.
After 4hr at room temperature 8 was no longer seen by TLC, and a large amount of orange solid
was seen in the reaction volume. After collecting by vacuum using ethyl acetate or methanol to
transfer, 13 was afforded in 63% and 82% yield respectively. Synthesis was optimized using
CH,Cl, and glacial acetic acid on a 1.6g scale of the 8 to give the bis-imine in 91% yield in two
crops with a melting point of 282-286°C of the first crop when allowed to stir at room
temperature overnight and washed with EtOAc. After many preparations it was correlated that
a purer crude product was produced after prolonged time stirring at room temperature. Due to
its highly crystalline nature and the small amount of the bis-imine that can go into solution it is
able to selectively complex with itself and enriching the solid in the desired material. Bis-imine
13, with ethyl esters instead of methyl esters, was soluble enough in CDCl; to be characterized
by 'H, a >*C NMR and MS. In the *H NMR spectrum, a singlet is observed at 611.8 ppm which
was attributed to the N-H of the Boc protected amine which is intramolecularly hydrogen
bonded to the imine nitrogen. The consequence of this would be to lock all atoms participating

in this six membered ring into a planar conformation that enhances crystallinity.

Solvents screened to determine not only a good solvent for recrystallization but a good
solvent to put 13 into solution for reaction. The best solvents for dissolving 13 were as follows:

THF = CH,Cl, >> EtOAc, toluene, Et,0 >> CH3CN, DMSO, hexane.
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2. Synthesis bis-a-aminophosphonates

(o N /(OMe)Z \ .(OMe),

C°°Me COOMe COOMe

BocH\NJ@?\N AcOH, p(oMe)3 BocHN BocHN
Ns NHBoc T Rred NHBoe NHBoe

MeOOC P MeOOC

13 MeOOC

(MeO) -Po (MeO),” Pso
meso- isomer rac- isomer
14 15

22-39% total yield
Figure 27: Formation bis-a-aminophosphonates 14 and 15 from bis-imine 13

The first attempt to improve bis-a-aminophosphonate, elevated temperature to shorten
reaction times and to increase the solubilty of bis-imine 13 were investigated. However, at
temperatures above 80°C, the Boc protecting groups were removed. With degradation at
higher temperatures and room temperature consigning reaction times to prohibitively long
periods, investigation into altering the phosphite and catalyst species was conducted. It has
been demonstrated in the literature that metal catalysts based on indium®®, scandium®, and
ytterbium®’ facilitate a-aminophosphonate formation from imines with dialkylphosphites. Of
these, ytterbium was chosen by Nzagi Nyakirangani and used by myself due to its ability to
catalyze condensation of amines and ketones or aldehydes in B-enamino synthesis®, its use in
one pot preparations as it poorly catalyzes the dialkyl phosphite addition to the aldehyde®®, and

1,92 .
909192 T4 confirm

its future potential for asymmetric aminophosphonation using chiral ligands
that a dilakyl phosphite would not add to 8 in the presence of an ytterbium catalyst a mixture

of 8, Yb(OTf);, and dimethyl phosphite in CDCls. This was monitored by NMR spectroscopy over

the course of a day with no changes observed in the 'H or 31p resonances for the components.
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Introduction of P(OMe); however readily added to aldehyde at room temperature, so should

only be used if the bis-imine is preformed.

When 8, 10, Yb(OTf);, and HPO(OMe), were combined in either CH,Cl, or CH3CN, only
trace amounts of the bis-aminophosphonates were formed after 4d at room temperature. This
lack of activity was attributed to the poor solubility of 11 in either solvent which reduces
concentrations below those that rapidly react. When done in neat HPO(OMe), at 50°C for 18h
47% of the meso- diastereomer 14 and 31% of the rac- diastereomer 15 were isolated after
silica gel flash chromatography with Nzagi Nyakirangani initially isolating only the meso- isomer.
The diastereomers were readily separated on silica as they have marked different R¢ values. We
tentatively assigned the meso- isomer 14 as the faster moving isomer with higher R.
Presumably, phosphonate group association with silica will dominate chromatographic
retention, being most strongly retained when both phosphonates contact the surface While
free rotation about the single bond allows placement of phosphonate on either face of the
central benzene ring, there must be a lowest energy conformation. In the rac- diastereomer 15,
with the same chirality at each of the aminophosphonate centers, both phosphonates will be
on the same face in the lowest energy conformation. If formation of 14 and 15 was conducted
in neat HPO(OMe), at 90°C the desired materials were not produced.The isolated material
resembled neither the starting material nor the products but with apparent loss of the Boc
protecting groups. This preliminary data reinforced the idea that the insolubility of the bis-

imine is the major impediment to reactivity that needs to be overcome.
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Bisaminophosphonate synthesis from dialdehyde

,(OMe) (OME)z

o COOEt COOEt
Bocuwo ) OEt a) Yb(OTf)3, CH,Cl, Bocmji)\/[ BochN
Oy
NHBoc H,N b) P(OMe)3 OO NHBoc NHBoc
EtOOC EtOOC

8 12 (Me0), 0 Meo)r ™0
meso- isomer rac- isomer
16 17

Figure 28: General "one pot" reaction scheme for bis-aminophosphonate formation

Investigation into forming 16 and 17 efficiently starting by formation of bis-imine 13 in
situ first using CH,Cl, and glacial AcOH, followed by the addition of P(OMe)s. The rationale
behind this was to determine if the lanthanide catalyst could be omitted and then later used in
developing asymmetric phosphonation. What was found though was that even with circa 10x
stoichiometric excess of P(OMe)s in the presence of acid and at room temperature did not
facilitate quantitative transformation. When Yb(OTf)3; was introduced and the mixture heated
to 60°C for 3h the reaction was complete. Analysis by *H NMR showed that the Boc groups
remained intact but **P NMR showed signatures for the remaining trimethylphosphite, the bis-
aminophosphonate diastereomers, and a new signal at 634 ppm which is attributed to dimethyl

methylphosphonate, believed to be formed by the following mechanism:

r_?(l) y /\ O 05‘/_\ (I)I 9/
Yb*3=—— 0=P-0) P(OMe); "O-P=0 . —P0 P(OMe); —P-0 . —P'-0O
-Na LN
AN P ArN Nap 0 e 0

Figure 29: Proposed mechanism for dimethyl methylphosphonate formation with P(OMe);

Wh