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ABSTRACT

Receptors specific for inorganic anions have been described for several decades.
Several of these anions, i.e. chloride, phosphate, and acetate are essential in biology. A novel
neutral anion receptor specific for the phosphate containing head group of bacterial membrane
fatty acids was conceptualized as part of a possible broad spectrum antibiotic. The receptor
and several related derivatives were synthesized over fourteen steps. The most important step
which involved placing ureidomethylene groups to a bis‐phenolic scaffold was developed as a
novel method. The method was probed for scope and utility with a variety of aromatic
nucleophiles. The aforementioned anion receptors were tested for binding capabilities against
several inorganic anions, and against a synthetic tetrabutylammonium salt of a phospholipid.
Several of the derivatives were also tested for antibiotic activity against several species of gram
negative bacteria. Finally, the receptors were used to bind chloride anion in solvents containing
a variable amount of water to determine if the presence of water would result in stronger anion
binding.
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CHAPTER 1
INTRODUCTION
1.1

General Overview of Anion Receptors
Anions are important in biology and in mineralogy. Many enzyme substrates are

negatively charged. Anions are unique chemical species in several aspects. They are much
more unstable than their positively charged counterparts, and if not paired with a counterion in
an ionic lattice, must be surrounded by an expanded shell of solvent molecules (water in
biological systems) for stability. They are also much larger in radius than cations, due to their
polyatomic makeup (not counting the halides) [1].
Due to their importance in biology and other applications, research has been conducted
towards the design of artificial, abiotic receptors which intend to be specific in the binding of
one anionic species over all others. Many factors must be accounted when preparing artificial
hosts or receptors for anions. If the anion is present as a charge pair in solution (as is often the
case in non‐polar, noncompetitive solvents) the receptor must exhibit stronger, more favorable
interactions to outcompete the cation. In the case of solvated anions, the receptor must be
able to compete with solvent for binding the anion. In many cases, the receptor is only able to
bind anions in a particular solvent and only with certain cationic counterparts [1‐5].
The design of the receptors are tailored to each anion’s radius and shape, and the
receptors are in most cases scaffolds which form a cavity or pocket which accommodates the
radius and size of the anion. The scaffold contains Lewis acid atoms in discrete placement on
the scaffold, so that they may interact with the anions which are Lewis bases. The prevalent
1

idea is that the receptors must desolvate the anion in order for optimal binding, but some
current and groundbreaking work has shown that one to two solvent molecules in the binding
pocket of the receptor can actually enhance binding of the anion [6].
The first anion receptors appeared in the late 1960’s, and these were cryptands and
katapinands which contained multiple positively charged nitrogen atoms which ringed a cavity
which the anions would occupy [1]. The guests were halide anions which have spherical shape
and charge density. These first receptors were able to bind halide anions through a non‐
specific ionic (sometimes referred to as ion‐dipole) interaction, effectively outcompeting the
anion’s original cation in organic solvent. The use of protonated or quaternary nitrogen
providing the ionic bond to the anion was utilized in almost every one of these receptors. The
receptor‐anion complexes were formed by dissolving the receptor in acid; if a chloride complex
was desired, then hydrochloric acid was used, or if a nitrate complex was desired, nitric acid
was used, as illustrated in the following scheme:

Scheme 1. Treatment of katapinands with acid results in protonation of
the ring nitrogens and dual ion‐dipole interactions with the conjugate
base of the chosen acid [1].

Specificity for one anionic species over others could only be achieved to some degree by
changing the size of the cavity relative to the size and radius of the targeted anion. Crystal

2

structures of receptor‐anion complexes showed the anion within a pre‐formed cavity which
allowed the anion optimal interaction with the protonated nitrogen atoms. This inclusion event
effectively desolvated the anion which resulted in unhindered interactions with the positive
charges, and these structures exhibited binding constants of log 3‐6 in aqueous solution. Other
complexes in which the anion resided out of the cavity or binding pocket but still underwent an
ion‐dipole interaction exhibited lower binding constants.
An example of such a cavity being utilized to specifically bind a particular anionic species
is shown below. In the example, two complexes are shown. The structure on the left shows
fluoride anion within a larger cavity. The anion is only bound to one of the positive charges.
The structure on the right shows a smaller cavity, which is fitted for fluoride. The anion is able
to make contact with all of the positive charges that ring the cavity. The binding constant for
the complex shown on the left (measured in water) is log 4.1, which was 10 times greater than
the constant for chloride binding. The measured constant for the complex on the right was log
11, which was 108 times greater than for chloride in aqueous solution [1].

Figure 1. Anion receptors of different cavity sizes
accommodate anions of complimentary radii, resulting in
selectivity of binding one anionic species over others [1].

Other types of receptors which are capable of binding halides include furan based
macrocycles, porphyrins and expanded porphyrins. Some examples of these receptors are

3

shown below, one of which is shown binding a fluoride anion within the pocket of the receptor,
and the same receptor binding two larger chloride anions above and below the pocket. True to
the notion that a good fit within a binding pocket results in high binding constants, the reported
constant for the receptor‐fluoride complex was 108, which was 1000 times higher than the
receptor‐chloride complex.

Figure 2. A furan based macrocyclic
anion receptor [3].

Figure 3. An expanded porphyrin anion receptor, shown binding 1 fluoride anion (left) and
2 chloride anions (right) [3].
As this new concept expanded, new receptor motifs were developed, and more complex
anions with different geometries were targeted. The carboxylate anion is polyatomic and of
4

square planar geometry, and effective receptors of this anion exhibit a guanidinium functional
group. This group exhibits a delocalized positive charge over two nitrogen atoms.

The

interaction with acetate is illustrated in the following scheme.

Figure 4. A guanidinium based anion receptor exhibits a delocalized
positive charge which specifically binds acetate in a bidentate motif [2].

The guanidinium based anion receptors have exhibited enzyme like behavior by binding
anions and catalyzing chemical transformations to the anions. A classic example is a receptor
binding a 1,4‐conjugated lactone, followed by nucleophilic attack at the 4 position. The
receptor accelerated the rate of attack by stabilizing the negative charge on the unsaturated
system, as illustrated:

Scheme 2. A guanidinium based receptor exhibiting catalysis of a
Michael addition [2].
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Another example of an anion receptor catalyzing chemical transformations is shown
below. A molecule of trisphosphate binds to the positive charges of the macrocycle. The
trisphosphate is hydrolyzed to a single phosphate anion, occurring one hundred times faster
than spontaneous hydrolysis.

The system exhibited enzymatic characteristics such as

saturation, turnover, and inhibition.

Figure 5. An example of hydrolysis of trisphosphate catalyzed by
a macrocyclic anion receptor [2].
All of the aforementioned anion receptors have relied on positive charges for binding.
While the interactions are strong in a variety of solvents including water, attaining selectivity
can be challenging, and usually only achieved by matching the cavity size of the receptor to the
size and shape of the anion as mentioned earlier. An alternative, more directional interaction is
provided by neutral anion receptors, which bind anions through hydrogen bond donation. This
is similar to anion stabilization by hydrogen bond donating solvent molecules such as water or
alcohol. Workers have utilized hydrogen bond donors such as amides, ureas, and thioureas
based upon naturally occurring anion binding proteins, which selectively recognize their
substrates through a network of hydrogen bonding and acceptance by the appropriately
positioned side chains. The hydrogen bond donors are positioned in two or three dimensional
arrays surrounding the anion, and similar to positively charged receptors, more donors usually
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result in higher binding constants. The donor groups ring a cavity in the most rigid structures,
or are appendaged in such a way to form binding clefts in less rigid structures. One argument
against the idea that neutral anion receptors can bind anions as well as charged anion receptors
is that their association with anions decreases dramatically in protic solvents. However, one
could rebuke this by again referring to anion binding proteins; the anion binds within the
hydrophobic interior of the protein, with the absence of water save for one or two buried
molecules which assist in the H‐bond network. Examples of organic neutral anion binding
receptors are shown below.

Figure 6. Calixarene‐ based‐ amide‐ neutral anion receptors. Examples of 1,3‐alternate
and cone conformational receptors shown [4].

Figure 7. A binding cavity compared with a less rigid binding cleft. 34 binds 4‐
nitrophenyl phosphate 1000 times more than 35 [4].
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Figure 8. Calix‐urea‐based anion receptors [4].

8

Figure 9. Amide‐based receptors. 8 was specific for acetate (K=2640) and 9 was specific
for tetrahedral anions [5].

Figure 10. Comparison of differing numbers of hydrogen bonds determined that
each additional bond contributed to 2‐3 kJ/mol to the stability of the nitrate
complex in chloroform‐d [5].
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Figure 11. A porphyrin‐scaffold supports a tetra‐urea based binding pocket,
sensitive for fluoride complexation [5].
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Figure 12. Dihydrogenphosphate anion receptors. 36 exhibits 1:1 binding, while 38
exhibits 1:2 (receptor:anion) binding [5].

Figure 13. Thiourea‐based anion receptors. 42 showed no binding to anions in DMSO‐d6. 40
showed the strongest, most selective binding to dihydrogenphosphate, while 44 showed no
binding to dihydrogenphosphate but rather strong, selective binding to acetate. Cleft based 45
showed weak binding and selectivity [5].
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In many cases, the structure of an anion receptor changes conformation and electronic
properties upon binding an anion. Some receptors have been made which contain functional
groups which can detect these changes when employed in electrochemical or photochemical
experiments.

Figure 14. Examples of colorimetric anion receptors [5].
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Figure 15. A cavitand receptor which binds one chloride anion when probed by
electrochemical studies [4].

More recently, complex receptors have been developed which target biologically
important anions. Anions important in biological systems include chloride. Some of these
receptors have been able to exhibit rate‐enhanced chemical transformations of their
substrates, mimicking enzyme catalysts in some regards [2].
1.2

Membrane Phospholipid Anions
One species of anion which has almost never been described as the target of specific

receptors are the negatively‐charged phospholipids. These are similar to other alkyl phosphate
anions such as the aforementioned nucleosides, in that the phosphate oxygens are bound to R‐
groups. The main difference is that the glycerol oxygens of phospholipids are ester‐linked to
long (7‐29 methylenes) carbon chains, making these anions insoluble in water, and sparingly
soluble in organic solvents. Phospholipids are unique in many ways. One aspect of these anions
is their extreme amphophilic nature.

By definition, the extremely polar and hydrophilic
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phosphate anion is covalently attached to hydrocarbon chains of at least eight (up to 30)
carbon atoms in length through a phosphate oxygen atom (called a phosphoester linkage). The
alkyl chains can be saturated or unsaturated, with the double bonds occurring as either isomer
(usually described as cis) in non‐varying positions (usually only 1 double bond between carbons
9 and 10) [7] along the chain. The conjugation of the highly polar phosphate anion with long
hydrocarbon chains furnishes a molecule which orients with other phospholipids in specific
directions, depending upon the polarity of the media which surrounds it. This results in the
formation of micelles, which are aggregates of phospholipids.

In the aqueous media of

biological systems, the micelles are of spherical shapes with the phosphate groups forming the
exterior of the sphere and the hydrocarbon chains aggregating inside the sphere, to nullify
contact with water.

These micelles form emulsions in water, and are the basis for cell

membranes. Thus, in addition to biological functions including cell‐signaling/transduction,
phospholipids are absolutely essential for all described cellular existence.

Figure 16. Phospholipid structures in water. The bilayer is the typical form of
cell membranes, while the liposome is representative of cell structures [7].
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Figure 17. Two common types of phospholipids found in cells. A is a species of the
phosphoglyceride type, and B is a species of sphingolipid type. R in each case are long
chain hydrocarbons [8].

Figure 17 shows two common types of phospholipids found in cells. A is a member of
the phosphoglycerides. The phosphate is attached through an oxygen atom to the number
three carbon (C‐3) of the C‐1 and C‐2 diacyl glycerol derivative; conjugates of this form are
identified as “phosphotidyl” groups. Figure 16 A also shows a choline group bound to another
phosphate oxygen.

The choline group can be substituted, and eight different groups

(commonly referred to as head groups) bound to the oxygen atom opposite the phosphate‐
oxygen‐atom‐C‐3 bond are common in cells. Likewise, the R groups on C‐1 and C‐2 can vary
between a number of structures, and in many cases one phospholipid molecule exhibits
different substitution on C‐1 and C‐2. Phosphatidylcholine (A in figure 16), a very common
phospholipid found in eukaryotic cells, exhibits an ester‐linked 16‐carbon saturated chain, while
an 18‐carbon chain with a double bond between the 9th and 10th carbons of the chain is bonded
to C‐2. Other derivatives of this molecule include a vinyl ether‐linked hydrocarbon chain (16 or
18 carbons) bound to C‐1, with the more orthodox ester‐linked hydrocarbon chain bound at C‐
2.
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Figure 16 B is an example of a sphingolipid.

Similar to the phosphoglycerides, these

derivatives contain a three carbon backbone, with C‐1 attached through a phosphoester bond
to a derivatized phosphate group. In contrast with the phosphoglycerides, C‐2 features an
amino function (usually an amide function with a long chain hydrocarbon attached to the
nitrogen atom) and C‐3 is bound to a 15‐carbon long chain vinyl alcohol function. Similar to the
phosphoglycerides, these molecules exhibit variations in the C‐2 and C‐3 functions, as well as
variation in the group bound to the opposite oxygen atom of the phosphate group attached to
C‐1.
Depending on the organism, phospholipids can comprise from ten to forty percent of
the dry weight of eukaryotic cell membranes. Other major components of these membranes
include proteins (both membrane‐spanning and peripheral), sterols, and sugars (in the form of
both glycolipids and glycoproteins). Comparing the amount by dry weight does not give an
accurate molar ratio of these molecules, as the average molecular weight of proteins is much
higher (50‐100 times on average) than that of phospholipids and sterols. Table 1 shows a
comparison of the dry‐weight composition of the membranes of several organisms.
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TABLE 1
A COMPARISON OF THE MEMBRANE COMPONENTS OF DIFFERENT ORGANISMS.
NOTE THE ABSENCE OF STEROL IN THE BACTERIAL MEMBRANE [7]

Figure 18. A typical eukaryotic cell membrane [7].

Many different derivatives of phospholipids appear in different amounts in both
eukaryotic and prokaryotic cells.

As mentioned earlier, both the phosphoglycerides and

sphingolipids exhibit up to eight different groups bound to a phosphate oxygen atom opposite
the glycerol or sphingosine backbone of the molecule, and the group is used to classify the
species of phospholipid.
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Figure 19. X represents the common head groups of phospholids.
Phosphotidylglycerol and Cardiolipin are important membrane components of
prokaryotic cells and the mitochondrial membrane component of eukaryotic
cells [7].
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Choline, serine, ethanolamine, and inositol are the featured head groups on the
phospholipids (for both glycerol and sphingosine types) present in eukaryotic cell membranes.
The phospholipid content of the membranes of cells of tissues vary by the type of tissue and
the species of organism. For example, table 1 gives a profile of the phospholipid content of the
human and bovine erythrocytes and human platelets.

TABLE 2
PHOSPHOLIPID DISTRIBUTION COMPARED IN HUMAN AND BOVINE RED BLOOD CELLS. NOTED
IS THE LACK OF PHOSPHATIDYL CHOLINE IN THE BOVINE VERSION, BUT THE TWO‐FOLD
PRESENCE OF SPHINGOMYELIN [8]

Seemingly subtle differences distinguish the human from the cow. Despite the fact that the
phosphatidyl ethanolamine fraction is the same in both species’ erythrocytes, 75% of the fatty
chains differ in that those of the cow contain a saturated ether‐linked hydrocarbon chain at C‐1,
while those of humans are almost exclusively ester‐linked [7]. The cell types of humans differ in
their own phospholipid content; platelets contain twice as much phosphatidyl choline as
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sphingomyelin, while in the red blood cell, the ratio is 1 to 1. These comparisons illustrate the
differences in the phospholipid content of the cell membranes is indicative of each species, and
more importantly, the type of tissue. As to why and how these ratios are present in their
observed ratios is yet to be explained.

Figure 20. Diagram of lipid distribution within a eukaryotic cell [9].

The membranes of prokaryotic cells share similarities with their eukaryotic
counterparts, such as being composed of a mixture of lipids and proteins. The membranes
share similar functions, including providing a protective layer for the cell, regulating the intake
and efflux of ions, small molecules, and macromolecules, and participating in intercellular
signaling. However, the membranes of prokaryotes are thicker and some species contain an
inner membrane within an outer membrane or thick cell wall. From here onwards, only
bacteria will be referred to when describing prokaryotes.
Almost all bacterial species exhibit one of two types of membrane sets. The species are
grouped by whether or not their membranes can take up a particular organic dye (called a
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stain). The ability to take up the stain depends upon which of the two membrane types the
bacteria has. The staining procedure is known as the Gram stain after the inventor. The
procedure involves subjecting bacterial cells to heat fixation, then soaking with saffranin dye
(which stains all bacteria pink) followed by an iodine solution. These solutions are washed
away with ethanol and a final treatment with methyl violet stain is given. The stain is washed
away with ethanol, and species of bacteria which retain the methyl violet after washing with
ethanol are termed “gram‐positive” (stained purple at this point). Bacteria which remain pink
colored are termed “gram‐negative”. The ability to take up the methyl violet depends upon the
thickness of the bacterial cell wall, which is made of peptidoglycan.
The membrane of gram‐positive bacteria is contained within a thick layer (30‐40 nm) of
peptidoglycan, which can amount to about 50% of the mass of the cell wall. Peptidoglycan is
composed of polysaccharides (repeating units of N‐acetyl glucosamine and N‐acetylmuramic
acid in 1‐4 Β linkages) cross‐linked by peptides, which forms a rigid structure maintaining cell
shape. Despite the thicker cell wall, gram‐positive bacteria are more permeable to substances
entering the cell, possibly due to the absence of lipopolysaccharide (LPS) relative to the gram‐
negative organisms; the increased permeability makes these organisms more vulnerable to
antibiotics. These types of bacteria have a higher protein content, both in amount as well as
different types in comparison with gram‐negative species [10]. Common species of gram‐
positive bacteria include Bacillus, Listeria, and Staphylococcus.
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Figure 21. The Gram‐positive bacterial membrane and cell wall. The membrane is comprised
primarily of phospholipids [10].
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Figure 22. A side by side comparison of the membranes and cell walls of both Gram‐positive and
Gram‐negative bacteria [11].

As illustrated in Fig. 22, Gram‐negative bacteria have two phospholipid cell membranes,
designated as the inner and outer membrane. These bacteria do have a layer of peptidoglycan
sandwiched in between the cell membranes, but it is much thinner and less prominent than in
Gram‐positive organisms; the relative lack of this peptidoglycan layer results in the inability of
these organisms to retain the methyl violet stain used in the Gram stain. The peptidoglycan
layer does help to give the Gram‐negative bacteria a degree of rigidity, and helps maintain the
shape and integrity of the membrane. Both the inner and outer membranes are composed
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primarily of phospholipids. The outer membrane is much denser than the inner membrane and
provides a formidable barrier against a variety of substances. This effective barrier is provided
by the presence of lipopolysaccharide (LPS), which is a biopolymer made from polysaccharides
which are oxygen‐linked to long‐chain fatty acids. Due to the strong hydrophilic and electron‐
rich nature of LPS, the outer membrane provides a densely packed barrier against medium to
high weight molecules, and hydrophobic and negatively charged molecules as well. Only
neutral low molecular weight molecules or cations may enter the membrane, and only through
pores (made from self‐assembling proteins which form barrel‐shaped pores which extend
through the outer membrane into the space containing the peptidoglycan layer called porins)
which allow access into the periplasmic layer. From there, a number of facilitated mechanisms
of transport allow the material through the cytoplasmic layer into the cell. Consequently,
Gram‐negative bacteria are more resistant to antibiotics than the Gram‐positive organisms, as
these compounds are blocked by the outer membrane [12].
In summary, both eukaryotes and prokaryotes have cell membranes comprised of
phospholipids and fatty acids, with varying amounts of proteins and sugars present throughout
the membrane as well.

Bacterial membranes contain all the phosphoglycerides which

eukaryotic cell membranes have, with the exception of two which are essential. These are
phosphatidylglycerol and cardiolipin. An example of the phospholipid content of a bacterial
membrane is provided by Enterobacter, in which phosphatidyl ethanolamine comprises 75%,
and phosphatidylglycerol and cardiolipin make up the rest. The sphingolipid content of bacteria
is negligible compared to eukaryotic cells, and bacterial membranes do not contain cholesterol
as do eukaryotic cells. Bacterial cell walls are comprised of peptidoglycan (Gram‐positive), or
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layers of LPS interspersed with phospholipids surrounding a thin layer of peptidoglycan (Gram‐
negative). The cell walls of eukaryotic cells are comprised mainly of polysaccharides [12].
1.3

Research Purpose: Phosphotidylglycerol Specific Anion Receptors as Wide‐Spectrum
Antibiotics
Part 1 of the introduction described anion receptors that formed specific complexes

with certain anions. Part 2a of the introduction described phospholipid anions which along
with neutral phospholipids comprise bacterial cell membranes. As a portion of the membrane
phospholipids are anions, and prior work has shown that receptors specific for biological
phosphate‐containing‐anions such as adenosine triphosphate and other nucleosides have been
made, a concept involving making phosphotidyl glycerol anions the target of receptors was
proposed and introduced by Dr. Dennis H. Burns. The main goal of such an endeavor was to
determine if a receptor designed for the specific recognition of phospholipids present in
bacterial membranes could disrupt the membrane with the result of killing the bacteria. If no
antibacterial activity was observed, then a toxic agent could be covalently attached to the
receptor which would provide an antibiotic.
Certain naturally occurring and a select few synthetic antibiotics kill bacteria via the
destruction of their membranes. Naturally occurring antibiotics called cationic peptides are
very potent compounds which are believed to disrupt both Gram‐negative and Gram‐positive
cell membranes. These are peptides which average 20‐50 amino acids in length, and are
characterized by basic residues which are positively charged at physiological pH. The positive
charges are believed to displace magnesium cations of LPS, and then the hydrophobic portion
of the peptide enters the lipid membrane and damages it [12]. As Gram‐positive bacterial
membranes don’t contain LPS, cationic peptides kill these cells in similar fashion, although
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research has indicated that different types of cationic peptides act on different species of
Gram‐positive bacteria with variable mechanisms. One study showed that with eight different
cationic peptides used against several species of Gram‐positive bacteria, some peptides caused
cell death by membrane disruption, while others accessed the interior of the cell and bound
DNA targets [13]. In all cases however, the Gram‐positive cell membrane was breached.

Figure 23. Two‐dimensional representations of alpha‐helix cationic peptides [12].
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Figure 24. Possible mechanisms of the disruption of Gram‐negative cell
membranes by cationic peptides [12].

There was a lot of excitement following the discovery of cationic peptides, as these
compounds represented possible wide‐spectrum antibiotics that could provide an answer for
traditionally prescribed antibiotics, which are becoming compromised by bacterial resistance.
When researchers began to try to develop the peptides for clinical use, they encountered a
number of problems. The first problem was the toxicity of the peptides [12]. It was also
discovered that peptides that were effective against one type of bacterial species were
ineffective against others [12]. Nonetheless, research continues to try to determine what
residues are responsible for the antimicrobial activity and to develop non‐toxic derivatives of
the peptides.
Other small peptides called polymixins and small molecules called aminoglycosides
displace the membrane and attack targets inside the cell, similar to the activity of some of the
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aforementioned cationic peptides. Both polymixins and aminoglycosides have multiple positive
charges, which similar to the cationic peptides, displace magnesium cations from LPS.
Polymixins contain a hydrophobic portion (called a tail) which interacts with the lipid
membrane forming a hole in the membrane, through which it enters the cell.

Figure 25. Diagram of Polymixin B, illustrating a hydrophilic macrocyclic peptide “head”
followed by a hydrophobic tail [10].

Figure 26. Illustration of Polymixin B entering a cell membrane [10].

There is one precedent of a small‐molecule synthetic receptor specific for bacterial
membrane phospholipids reported to kill Gram‐positive bacteria in vitro [13].

A zinc‐

coordination complex was shown to kill vancomycin‐resistant strains of Staphylococcus Aureus
without harming human cells. Interestingly, the compound showed no activity against E.Coli.
The mechanism of action was thought to involve the interaction of the zinc cations with the
negatively charged phosphate of phosphatidylglycerol; evidence for this included a clever assay
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in which vesicles of phosphatidylglycerol and phosphatidylcholine were incorporated with
fluorophore (7‐nitrobenz‐2‐oxa‐1,3‐diazol‐4‐yl) containing phospholipids (either phosphatidyl
glycerol or choline, depending on the vesicle being studied). The vesicles were subjected to
dithionite both in the presence and absence of derivatives of the bis‐zinc receptor. In the
absence of the receptor, the dithionite quenched the fluorescence. However, when the
receptor was added, the fluorescence was retained as the receptor facilitated the “flip‐flop” of
the phospholipid probe to the interior of the vesicle, where it no longer encountered dithionite.
Referring to figure 27, when R was a methyl group, the receptor associated with
phosphatidylgycerol; consequently, this derivative was able to kill S. aureus while proving non‐
lethal to human cells. When R was an amide attached to two long hydrocarbon chains, the
receptor did indeed associate with zwitterionic phosphatidylcholine vesicles, and these
derivatives did not kill bacteria but did harm human cells.

R1O

OR2

Figure 27. Diagram of a possible binding motif
of a bis‐zinc receptor shown to interact with
phospholipids. When R = methyl, the receptor
interacted with phosphotidylglycerol and killed
S. aureus. When R = N(C6H13)2 or N(C10H21)2,
the receptor interacted with
phosphatidylcholine and was toxic to human
cells. R1= glycerol or choline. R2= diacylglycerol
fatty acid [13].
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As noted earlier, Dr. Burns had conceptualized an anion receptor specific for
phosphatidylglycerol, the primary anionic phospholipid present in the membrane of bacteria,
towards the overall goal of disrupting the membranes and killing bacteria. The envisioned
receptor would contain neutral hydrogen bond donating functional groups, as the idea was that
a neutrally charged molecule should be easier to penetrate the outer membrane LPS of Gram‐
negative species, and be small enough in size to penetrate the thick peptidoglycan layer of
Gram‐positive species. If the receptor is specific for bacterial membrane phospholipids, then
antimicrobial activity might be realized, without harming human cells and tissues.
Therefore, the overall objective of my research project was to synthesize the envisioned
receptors, determine the stoichiometry and strength of binding to bacterial membrane anionic
phospholipids, and compare the formation of the receptor‐phospholipid complex with
complexes of the receptor with other anions (i.e. dihydrogen phosphate, chloride, acetate, etc.)
to determine selectivity. All complex formation was probed using NMR experiments.
An antibiotic which targets biological membranes finds the most benefit in the fact that
bacterial resistance to such agents should be very difficult for the organisms to acquire. Almost
all of the prescribed antibiotics target enzymes and other targets inside the cell, and these
drugs can be compromised by a number of mechanisms, including mutation of enzymes, using
alternate pathways to produce the targeted metabolite, enzymes which modify the prescribed
drug, and perhaps most intriguing, enzyme‐pumps which eject the prescribed antibiotic from
the bacterial cell. A diagram outlining the modes of acquired resistance is shown below,
followed by descriptions of the proposed receptor of phosphatidylglycerol.
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Figure 28. Various methods of bacterial resistance to current antibiotics [11].
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Figure 29. The conceptualized neutral phosphatidylglycerol receptor. The R
group was the unsubstituted phenol (1st generation of receptors) or
unsaturated/saturated hydrocarbon chains linking the phenolic oxygens (2nd
generation of receptors). R1 was also varied between both generations.
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Figure 30. Semi‐empirical computer model showing the minimized energy structure of
the unbound receptor (left) and the receptor in a 1 to 1 complex with dihydrogen
phosphate (side‐on view). The receptor forms a binding cleft/groove which facilitates
binding of phosphate.
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CHAPTER 2
SYNTHESIS OF RECEPTORS
2.1

First Generation Anion Receptors
The conceptualized anion receptor consists of a bis‐phenolic scaffold, with each phenol

attached to the other through a propylene and an ether linkage. The functional groups
responsible for binding phosphatidylglycerol are appendages which extend outward from the
scaffold, pointing in roughly the same direction to contact the phospholipid. Referring to figure
31, ureidomethylenes were chosen as the functional group for binding the phosphate, while
primary alcohols were attached to form hydrogen bonds to the glycerol. The synthesis was
planned to involve several convergent steps, beginning with the construction of the scaffold,
and attachment of the primary alcohols. Attachment of the ureidomethylenes would be the
key step of the synthesis, and to accomplish this, new methods would have to be developed.
The final step would be the conversion of the bis‐anisoles from the scaffold to bis‐phenols and
their connection through a mutual ether linkage.
synthesis of the receptor.
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Scheme 3 outlines the retrosynthetic
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Scheme 3. The retrosynthetic scheme of the original planned synthesis of the first and second
generation anion receptors.

34

As the bis‐aryl scaffold would be constructed using Grignard chemistry utilizing a
homogenous copper (I) catalyst developed in Dr. Burns’ lab [14], a requirement that any groups
with acidic protons (such as the ureas, phenols, or primary alcohols) would have to be
introduced at the later stages of the synthesis had to be realized in planning the synthesis.
Scheme 2 illustrates that the bis‐aryl scaffold would be formed with the bis‐phenols masked as
anisoles which would be converted to phenols at the second to last step in the planned
synthesis. The primary alcohols would be introduced as benzyl ethers using the same copper‐
catalyzed Grignard chemistry used to form the bis‐aryl scaffold. Once this was realized,
ureidomethylenes would be attached to the scaffold. As the methodology planned to attach
these groups had almost no precedent in the literature, and the feasibility of converting
anisoles to phenols in the presence of ureas remained unclear, we embarked on several model
studies before attempting the planned synthesis.
As mentioned earlier, the method chosen to introduce the ureidomethylene groups
needed to be established. The synthesis of a previously published anion receptor [15] had
reported using a compound which donated a ureidomethylene group when activated by an acid
catalyst to the para position of a tethered calixarene in 25% yield. This type of reaction
resembles an older, more familiar kind of reaction known as amidoalkylation. Reviews by
Harold Zaugg [16], [17] described a variety of these reactions, in which aromatic and acidic‐
carbon nucleophiles replaced a leaving group on an amidomethylene compound. The vast
majority of these reactions were initiated by a Bronsted or Lewis acid, followed by the amide
nitrogen donating a lone pair of electrons to the electron‐deficient methylene, forming a highly
reactive acyliminium ion prime for attack by nucleophiles. This process is outlined in scheme 4.
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Scheme 4. Diagram of amidoalkylation.

Work began on the synthesis of the anion receptors with the formation of the
ureidomethylene‐donating compounds. The method described by Pochini [15] of the formation
of N‐ethoxymethylene‐N’‐phenylurea was followed to produce this compound. This method
proved valuable as the desired compound could be made in one step from commercially
available phenylurea 10, paraformaldehyde, and alcohol, with purification achieved through a
straightforward crystallization. The method was modified later to produce N‐butoxymethylene‐
N’‐methylurea, using commercially available methylurea 11. A colleague in our lab was able to
make N‐ethoxymethylene‐N’‐hexylurea. Hexylurea is not commercially available, so more
traditional methods of urea synthesis involving the reaction of hexylamine with potassium
isocyanate to make the urea, followed by the described reaction with paraformaldehyde and
ethanol were performed to make the derivative [18].
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Scheme 5. Ureidomethylene ether synthesis.

Model studies commenced using N‐ethoxymethylene‐N’‐phenylurea (herein referred to
as EPU) in a reaction with 4‐methyl anisole to optimize the conditions necessary for the crucial
step of placing ureidomethylene groups on the receptor scaffold.

In this case, it was

determined that adding one to two equivalents of EPU as a solution in dried, distilled CH2Cl2
dropwise over ten to twenty minutes to a solution of the anisole in a solution of TFA and CH2Cl2
gave moderate yields (55‐65%) of product. The concentration of the reaction by the end of the
addition averaged 0.1‐0.2 M, with the volume of TFA being one part in three of CH2Cl2, which
was about twenty equivalents relative to the anisole. Once this method was established, the
anisole was then converted to the phenol in the presence of the urea functional group using
established methods. The model study also included the same acid‐catalyzed addition of EPU
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to 4‐tertbutyl phenol, to determine if phenols could also undergo the ureidomethylene
addition. It was determined that it could indeed, but certain parameters from the addition to
the anisole had to be adjusted. It was discovered that the O‐ureidoalkylation competed with
formation of the product, indicated by the presence of a doublet at 4.8 ppm and a singlet at 8.7
ppm in the 1NMR spectrum of the crude. This side product was not able to be separated from
the product using chromatographic or precipitation techniques. The reaction temperature had
to be reduced to at least ‐20o C, and only one equivalent of EPU needed to be added to realize a
55‐65% yield of product. Scheme 6 illustrates the model studies.
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Scheme 6. Model Studies of one‐step ureidomethylation and deprotection of anisole
in the presence of ureas.
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Once the chemistry for the ureidomethylation reaction had been established with
model aromatic nucleophiles, work began on the construction of the bis‐anisolic scaffold of the
desired anion receptor. The majority of this scaffold was made utilizing Grignard chemistry
enabled by a novel homogenous copper catalyst. As illustrated by Scheme 7, the central
propyl‐linked‐bis‐anisole was made first by the homogenous copper‐catalyzed coupling
reaction, from two molecules of 2‐bromoanisole with one molecule of 1,3‐propanediol‐bis‐
tosylate in 85% yield.

The bis‐anisole was then brominated via electrophilic aromatic

substitution at both para positions (90% yield), preparing it for the next round of Grignard
reactions which would result in the attachment of the masked propanolic functional groups
[19], [20].
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Scheme 7. Copper‐catalyzed Grignard formation of bis‐anisole scaffold and formation of
brominated bis‐anisole for use as Grignard reagent.
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As the homogenous copper‐catalyst enabled the efficient reaction between Grignard
reagents and alkyl or aryl sulfonates, an alkyl sulfonate containing a primary alcohol masked as
a benzyl ether (to facilitate use in the Grignard reaction by removing the acidic alcohol proton
from the reaction) which could be easily removed later by hydrogenation was made in two
steps from commercially available 1,3‐propanediol. The initial protection was accomplished by
using the diol as both solvent and reactant. One equivalent of base added to 1,3‐propanediol
formed a metal alkoxide which was able to undergo nucleophilic substitution with benzyl
chloride. This method was able to produce up to seventy grams of purified product. The
remaining alcohol group was transformed into the sulfonate by the low temperature reaction
with tosyl chloride using pyridine as a base. It was found that sustaining the temperature at
0 oC almost nullifies any elimination by‐products. This reaction could be performed on a fifty to
sixty gram scale, with the product being a crystalline solid.
With a large amount of the alkyl tosylate in hand (which was good because the ensuing
Grignard reaction required four to six equivalents relative to the bis‐bromo anisole) Grignard
chemistry analogous to that used to make the bis‐anisole scaffold was employed to attach the
masked propanol groups. This reaction was always done in a glove box to ensure optimum
yield. Up to six grams of this material was produced from a reaction. Scheme 8 illustrates
these endeavors.
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Scheme 8. Attachment of masked
propanols to the bis‐anisole
scaffold using copper‐catalyzed
Grignard chemistry.
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With substantial amounts of the bis‐anisole scaffold and EPU in hand, the next task was
to use the all‐important convergent synthetic method developed in the model study to attach
ureidomethylene groups to the remaining ortho positions of the scaffold. It was decided to
perform the ureidomethylation reaction on a bis‐anisolic scaffold, as the model study had
indicated that an unprotected phenolic oxygen could also undergo ureidomethylation. Once
the convergent synthesis was achieved, the anisoles would be converted to phenols which
would then be linked by alkyl groups. With much consternation it was observed that absolutely
no trace of product was yielded when the parameters of the model study‐ureidoalkylation
reaction was attempted with the scaffold. The proton NMR of the crude appeared to contain
nothing but the scaffold. Save for the baseline being broad, there was no visual difference
between the 1NMR spectra of the crude material and that of the bis‐anisole starting material.
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The two materials (starting material and crude) did run differently on TLC‐ the crude had no
visible spots with an Rf greater than 0.1, while the Rf of the starting material was 0.5.
Unfortunately, we were unable to characterize the crude product nor account for its formation.
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33
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12/TFA/CH2Cl2
RT, 30 min
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No Reaction

OBn

OBn

OBn

Scheme 9. The failed reaction of ureidomethylation of a bis‐anisole, which was based upon a
successful model study establishing ureidomethylation to 4‐methyl anisole.

Figure 31. Recreation of the TLC (10% ethyl
acetate/hexanes) of the crude residue from the
ureidomethylation reaction and the starting
material (bis‐anisole) from the said reaction.

starting
material

crude

Following this initial disappointment, the parameters of the initial reaction were varied
one at a time. The first parameter to be changed was the concentration. The initial attempt
was at a molar concentration of 0.15 M. This was increased to 0.4 M. The solvent was changed
from CH2Cl2 to (CH2Cl)2, and attempted at both room temperature and the reflux temperature
of this solvent. It was attempted at both 0o C and ‐20o C in CH2Cl2. The mode of addition was
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changed (the EPU was in a solution of CH2Cl2 which was added to the anisole over 15‐20
minutes) to a longer interval of an hour or to rapid addition. Lewis acids such as Sn(Cl)4 and
BF3(OEt)2 were used in place of TFA. In every case described above, the result was the same as
the initially attempted reaction; absolutely no trace of product could be detected by NMR, and
the TLC of the each crude extract resembled that of Figure 31.
By this point it was clear that the bis‐anisole scaffold was incapable of undergoing the
established ureidomethylation reaction. One possibility that was raised was that the benzyl
protecting groups which were quite conformationally mobile were effectively blocking the
ortho position from attacking the acyliminium ion. These groups were then removed and the
ureidomethylene reaction was attempted with this new bis‐anisole derivative. All of the
methods described above were then attempted with this deprotected bis‐anisole, and just as
described above, there was almost no indication that a conversion had taken place. This is
illustrated in Scheme 10.
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Scheme 10. The failed ureidometylation reaction of the deprotected bis‐anisole scaffold, also
based upon chemistry established in the model study with 4‐methyl anisole.
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One final attempt at utilizing anisoles involved a scaffold lacking primary alcohols, as
one idea had it that these groups might somehow be responsible for the failure of the
ureidomethylation reactions. N‐propanol was allowed to react with tosyl chloride, and the
resulting alkyl sulfonate was coupled to the para positions of bis‐bromo‐bis‐anisole 29, using
the previously described copper‐catalyzed Grignard chemistry. Once this new scaffold was in
hand, several attempts were then made at ureidomethylation. As observed with the other
scaffold derivatives, the crude proton NMR seemed to indicate that no reaction occurred with
the new scaffold following the ureidomethylation reactions.

Scheme 11 illustrates these

attempts.
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Scheme 11. Synthesis and attempted ureidomethylation of a bis‐propyl‐bis‐anisole.
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The model studies illustrated in scheme 6 indicated that both anisoles and phenols
could undergo ureidomethylation under acidic conditions. By this point, it was obvious that a
bis‐anisole scaffold was not undergoing the conversion established by the model studies, so the
next logical step was to try the reaction on a bis‐phenolic scaffold. The model study had
indicated that boron tribromide dimethylsulfide could be used to convert the anisole to a
phenol, so this reagent was used to attempt to convert the bis‐anisole scaffold to a bis‐phenol.
Bis‐anisole scaffold derivatives 33 and 34 was treated with BBr3SMe2 in the manner
established in the model study. In both cases, almost no anisole was converted to phenol, and
the reactions resulted mainly in the substitution of the primary alcohols with bromide. This was
almost certainly facilitated by formation of a borate, which then provided a good leaving group
when attacked by bromide. A possible explanation for the regioselective coordination of the
boron atom to the benzylic oxygen rather than the phenolic oxygen could be that the transition
state of the bromination at the benzylic carbon is stabilized by the ring electronics. The crude
NMR from both reactions indicates that this bis‐bromide adduct was formed almost
quantitatively. Another attempt followed in which AlCl3 and tetrabutylammonium iodide were
used with pyridine in acetonitrile at room temperature for 18 hours [21]. This reaction did
succeed in producing a small amount of a mono‐phenol, but was deemed inefficient overall.
These attempts are illustrated by scheme 12.
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BBr3SMe2/(CH2Cl2)2
RT, 18 hr
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R=Bn 33, H 34

Scheme 12. The failed conversion of bis‐anisole to bis phenol, yielding primary bis‐bromides
nearly quantitatively.

By this time it was realized that the chemistry established in the model studies was
worthless when applied to the scaffolds as the starting materials. A search of the literature
showed examples of anisoles being converted to phenols with primary alcohols protected as
acetyl groups using BBr3 [22], so reactions were attempted to protect the primary alcohols of
34 as acetyls before attempting a conversion of the anisoles to phenols.
The first attempt at protecting the alcohols utilized a procedure using the DMAP‐
catalyzed acylation with acetyl chloride. This reaction did produce acetylated primary alcohols;
however, these were difficult to purify from a messy crude mixture.
A procedure was finally found which was easy to perform, and could routinely produce
the acetylated alcohols cleanly and in high yield [23]. Twenty equivalents of acetic anhydride
(ten per alcohol) were used with pyridine functioning as both solvent and proton scavenger.
The purified bis‐anisole‐bis‐acetate was then reacted with BBr3 at cold temperatures on an
average of four to five hours [24]. In a typical reaction, a solution of bis‐anisole‐bis‐acetate in
CH2Cl2 was chilled to ‐78 oC and BBr3 was added to the solution dropwise over twenty minutes.
After the addition of the BBr3, the bath temperature was increased to 0 oC. Usually by this
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time, a thick precipitate had evolved within the reaction flask; speculation was offered that this
was an insoluble bis‐borate salt. This precipitate would re‐dissolve after about four to five
hours which would be a good indication that the reaction was complete, as reactions carried
out longer than this or in which the temperature was allowed to warm to room temperature
resulted in the acetyl protecting groups being compromised or the formation of intractable
materials; both of which reduced the overall yield of product. Separation of pure product was
usually straightforward.
It is worth mentioning that the use of lithium diphenyl phosphide in THF [25] was indeed
able to convert the bis‐anisoles to bis‐phenols on average of 85% with the alcohols still
protected as benzyl ethers. However, yields drastically declined when the scale was increased
to greater than 0.2 g of starting bis‐anisole‐bis‐benzyl ether. From this point on, any conversion
of bis‐anisole to bis‐phenol utilized BBr3, as this proved to be the most robust reagent. Scheme
13 illustrates these conversions.
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Scheme 13. Synthesis of bis‐phenols from bis‐anisoles.

With a large amount of bis‐phenolic scaffold 36 in hand, ureidomethylation of this new
derivative was attempted using the methods established in the model study for the placement
of a ureidomethylene group on 4‐tertbutyl phenol. This method did indeed produce product,
on the average of a 25 to 30% conversion. This material was extremely difficult to purify
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however, as the reaction produced numerous side products. This was best illustrated by the
TLC of the crude material, on which 12‐13 different spots could be observed. Some of these
side‐products were identified; mono and bis‐O‐alkylation products were present, evident by a
doublet present at 4.8 ppm (representative of a methylene group bound between a phenolic
oxygen and a urea nitrogen), in addition to the appropriate m/z values present in the ESI‐MS
spectrum. An m/z value consistent with mono C‐alkylation was also present in the ESI‐MS
spectrum of the crude. Trans‐esterification of one or both acetyl groups protecting the primary
alcohols by TFA, as well as cleavage of one or both protecting groups for all of the side products
described above had occurred, evident by ESI‐MS.
Modification to the procedure was attempted by substituting Lewis acids such as SnCl4
and BF3O(Et)2 in place of TFA.

These modifications, along with others such as varying

temperatures, equivalents, and addition procedures never produced product in excess of 30%.
Following the ureidomethylation reaction of 36, the alcohols were deactylated using a basic
aqueous methanol solution (75%), providing first generation anion receptor 7 in 20% yield over
two steps.

A control anion receptor 53 was made in 30% over one step following the

ureidomethylation reaction of 52. These conversions are described in Scheme 14.
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Scheme 14. Initial synthesis of first‐generation anion receptors.

While anion binding studies were being conducted with first generation anion receptor
7, attempts were made to fashion a second generation receptor featuring the phenolic oxygens
mutually bound through an ether moity. These second generation receptors would form a
preorganized binding cleft specific for the phosphatidylglycerol anion, as the conformational
mobility of the receptors is constrained by an additional tether. Receptor 53 was used for these
first attempts to connect the phenolic oxygens, as its own manufacture required a few less
conversions and was consequently easier to obtain than 7. A single methylene unit was the
linker chosen to connect the phenolic oxygens.
The first attempts to form the link involved using base to generate the diphenolate
oxyanion which could react with a dielectrophile such as diiodomethane in polar solvents. An
example includes treatment of 53 with sodium hydride and bromochloromethane in anhydrous
DMF at room temperature. In this particular case, the crude NMR indicated that product was
possibly formed, but unfortunately it was not able to be extracted from a mess of material
which resembled an intractable polymer. The crude NMR also showed unreacted starting

50

material and a material in which the methylenes had inserted between one of the phenolic
oxygens and a urea nitrogen, resulting in the formation of a double six‐membered heterocycle,
as illustrated by scheme 15.
O
N
H

OH

OH

N
H

O
N
H

53

N
H

NaH/CH2BrCl/DMF
RT, 48 hrs
O
N
H

O
N

O

O

N

N
H

Scheme 15. A by‐product formed from the attempted linkage of the phenolic oxygens of
53 with a methylene group.

Each attempt at forming the the methylene linkage with receptor 53 resulted in
intractable mixtures and no isolable product despite attempting dilution techniques with polar
solvents such as DMF. An attempt was then made at linking the phenolic oxygens with an acyl
group. 53 was reacted with one equivalent of triphosgene using pyridine as a base in CH2Cl2. In
this case, the major product (40% yield) was a bis‐six‐membered carbamate ring, with the single
ring being isolated (25% yield) along with starting material. Scheme 16 illustrates this attempt.
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Scheme 16. Formation of 50.
It quickly became clear that any attempt to form a single carbon linkage between the
two phenolic oxygens of the first‐generation receptors would face a major hurdle in the
formation of thermodynamically favored six‐membered rings, formed by the insertion of the
carbon between a phenolic oxygen and a urea nitrogen. This meant one of two things if a link
were to be formed; either the methylene link would have to be formed before the
ureidomethylation reaction, or longer carbon chain links would have to be tried.
The idea of forming the link between the phenolic oxygens prior to performing the
ureidomethylation reaction appeared as the next logical approach towards the synthesis of the
second generation anion receptors. At this point, it was unclear whether the inability of the
bis‐anisolic scaffold to undergo the ureidomethylation reaction was due to steric or electronic
causes. It was thought that the methyl groups of the bis‐anisoles were positioned such that
they blocked the ortho position of the scaffold from attacking the acyliminium ion during the
ureidomethylation reaction. If this were the case, then an alkyl linkage of the bis‐phenolic
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oxygens would prevent methyl rotation and allow the ortho positions of the scaffold to add the
ureidomethylene groups. Scheme 17 illustrates this concept.
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Scheme 17. Possible difference in reactivity between bis‐anisole scaffolds and ether‐linked
bis‐phenolic scaffolds.

Attempts to fashion an ether‐linked‐bis‐phenolic scaffold began by converting bis‐
bromoanisole 29 to to bis‐bromophenol 38, using BBr3 in the previously described method
(scheme 17). With this starting material in hand, a method which was initially explored by a
former labmate [26] was established as a mild procedure which resulted in high yields of bis‐
bromophenol exhibiting a methylene (39) or propylene (40) group linking the phenol oxygens.
The method involved using potassium carbonate with 18‐crown‐6‐ether to form the di‐phenoxy
anions which would then attack a dielectrophile such as diiodomethane in refluxing THF to form
the linkage.
This method did seem to be limited to bis‐bromophenols however; the same procedure
when applied to bis‐alkylphenol 37 yielded absolutely no product. We hypothesized that the
para‐bromo substituent of 38 resulted in a stronger phenolic acid which could be deprotonated
using the mild carbonate base, whereas 37 was incapable of deprotonation using these
conditions. Scheme 18 illustrates these conversions.
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Scheme 18. Formation of ether‐linked bis‐bromophenols.

Interestingly, a useful aspect of 39 and 40 was their high degree of crystallinity; X‐ray
diffracting crystals of both compounds were grown with relative ease. The solved crystal
structures of the compounds provided useful information regarding the shape of the scaffolds
and the possible orientation of appendages responsible for recognizing phosphatidylglycerol
[27].

Granted, these were solid‐phase structures and anion‐binding studies were to be

conducted in solution; however, what was striking about these structures was the vast
differences in the three‐dimensional shape afforded by only a difference of two methylene
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units. Indeed, compound 40 more resembled a concave‐shaped cleft which would encompass
anions.

Figure 32. Crystal structure and intermolecular interactions of 39 (top) and 40.

Ideally, bis‐alkylphenol 37 was the scaffold that was to be linked and used in the
ureidomethylation reaction; if the ureidomethylation reaction was successful, all that remained
was the task of deprotecting the primary alcohols, yielding the second generation anion
receptors. As mentioned above however, 37 did not undergo the ether formation under the
described conditions. Following a different route, bis‐bromophenol ether 39 was coupled to
two equivalents of tosylate 32 at each para position, creating the desired ether‐linked bis‐
phenolic

scaffold

using

the

aforementioned

copper‐catalyzed

Grignard

chemistry.

Unfortunately, the yield of this reaction was relatively low (26%). The half gram of material
collected was characterized by

1

H NMR only, and completely used up in failed

ureidomethylation attempts. Scheme 19 illustrates these attempts.
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Scheme 19. Formation of ether‐linked bis‐phenol and the attempted ureidoalkylation of
this scaffold.

As illustrated by scheme 19, the ureidomethylation reaction failed to yield product in
each of the attempts in which the ether‐linked bisalkylphenol was used.

Both TFA and

BF3O(Et)2 were used in the manner established in the model study. The results of these
attempts were a virtual carbon copy of the ureidoalkylation attempts with the bis‐anisole
scaffold‐ it appeared as if no EPU had been used in the reaction when looking at the crude
proton NMR. This strange phenomenon would never be mechanistically explained, and by this
time two things were clear‐ steric factors could not account for the unreactivity of the bis‐
anisole and ether‐linked bis‐phenolic scaffolds, and second, it appeared that our only option
was to use the bis‐phenol scaffold in the ureidomethylation reactions. The proton NMR spectra
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of both the ether‐linked bis‐phenol and the crude NMR of an attempted ureidomethylation
reaction using TFA are included as a comparison.

Figure 33. A comparison of the proton NMR of the ether‐linked bis‐alkylphenol (top) and the
proton NMR of the crude reaction product of an attempted ureidomethylation reaction using
the aforementioned scaffold; note the appearance of relatively unchanged starting material.
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2.2

Synthesis of Additional Ureidomethylene Ethers
During the synthesis of ether linked ureidomethylene compounds 12‐14, it was deemed

advantageous to make other ureidomethylene ethers so as to make various derivatives of the
first and second generation anion receptors. Urea and N‐methylurea were used as starting
materials in the attempted formation of ureidomethylene ethers, analogous to scheme 5.
When urea was reacted with paraformaldehyde in ethanol using a catalytic amount of
sodium hydroxide as described in scheme 5, the major product was a bis‐ureidomethylene‐
ether (13%). As the reaction conditions described in scheme 5 used a three‐fold excess of
paraformaldehyde relative to urea, using only one equivalent of paraformaldehyde seemed the
obvious remedy to obtain the mono‐ureidomethylene ether. When this approach was tried
however, no amount of either derivative was obtained.
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H

N
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55

Scheme 20. Synthesis of 55.

Methylurea was reacted in the same manner as described. One challenging aspect of
this synthesis was that the crude material was completely soluble in water, alcohols, and all
polar solvents.

This posed a major problem when trying to obtain pure product by

crystallization (chromatography destroyed these types of compounds). Therefore, various
alcohols were tried in lieu of ethanol with the intention of making a less water‐soluble
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derivative which could be crystallized from aqueous solutions. N‐propanol, isopropanol, tert‐
butyl alcohol, n‐butanol, and n‐pentanol were tried in different reactions. In the case of the
bulkier solvents (isopropanol, tert‐butyl alcohol), no conversion of methylurea occurred.
Reaction using ethanol or propanol gave intractable gelatinous mixtures which were soluble in
both aqueous and organic phases.

N‐butanol and pentanol showed the most promise.

Following the reaction of methylurea with paraformaldehyde and butanol and removal of the
solvent, it was discovered that a liquid‐liquid extraction (ethyl acetate‐water) performed on the
crude would produce a semi‐solid (after removal of ethyl acetate) which was mostly pure
product and could be used in subsequent ureidomethylation reactions. The same results were
observed when using pentanol as the solvent, but butanol was preferred as it was easier to
evaporate than the high‐boiling pentanol.
As mentioned earlier, the standard procedure for obtaining the ureidomethylene ethers
involved using a three‐fold excess of paraformaldehyde; the organic extract of the attempted
ureidomethylation of methylurea when analyzed by proton NMR showed a peak (doublet at 2.9
ppm) that was indicative of ether formation adjacent to the methyl‐bound urea nitrogen (a bis‐
ureidomethylene product, analogous to 55). It was found that reducing the equivalents of
paraformaldehyde from 3 to 1.8‐2 greatly reduced the presence of the described NMR peaks.
Finally, recrystallizing the semisolid from diethyl ether at 4 oC gave 50% yield of ultrapure
product which could be made on a 10‐15 gram scale.
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Scheme 21. Formation of N‐butoxymethyl‐N’‐methylurea.
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2.3

Optimization of the Ureidomethylation Reaction in the Synthesis of the First
Generation Anion Receptors
As stated above, our options were limited to using the bis‐alkylphenols in the synthesis

of the first generation anion receptors. However, the best yields achieved when performing
the ureidomethylation reaction on these scaffolds never exceeded 30%.

This was quite

problematic in the sense that a lot of time and conversions were needed to make the scaffold,
and this material was being lost in the inefficient synthesis of 7 and 53. With such sparingly
small amounts of these compounds available at any one time, studies on the synthesis of the
second generation anion receptors using 7 or 53 as starting materials were hampered to say
the least. Despite the low yields, the ureidomethylation reaction still remained the most viable
method to produce these compounds, as it was a convergent synthesis and the alternative
linear methods would have taken several more synthetic steps (see Figure 34) ; however, much
effort was made to drastically improve the yields of the ureidomethylation reaction.
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Figure 34. Various methods of linear ureidomethylene formation.
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N
H

We turned our attention back to the simpler mono‐phenol models such as 4‐tertbutyl
phenol, p‐cresol, and a more elaborate phenol (methyl 3‐[4‐hydroxyphenyl]propanoate;
manufactured by esterification of commercially available 24; 3‐[4‐hydroxyphenyl]propanoic
acid‐ scheme 22) to vary the reaction conditions and improve yields of ureidomethylation on
these systems and hopefully translate to the bis‐phenols as well. We had a notion (later
confirmed by mass spectrometry and proton NMR) that the phenolic oxygen was competing
with the ortho position as a nucleophile in the ureidomethylation reaction, so variations in
solvent, equivalents, temperature, the choice of acid catalyst used, and additives were tried to
reduce the reactivity of the phenol oxygen while promoting ureidomethylation at the ortho
position.
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Scheme 22. Esterification of acid 24.
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TABLE 3
VARIOUS METHODS EMPLOYED WITH MONO‐PHENOLS ATTEMPTING TO OPTIMIZE
UREIDOMETHYLATION AT THE ORTHO‐POSITION(S) RATHER THAN THE PHENOL OXYGEN

Starting Materials
OH

Major Products
OH

Method Yield
1‐1

O
N
H

N
H

No isolated product‐ crude
NMR indicates di‐addition
product (mixture of C and O‐
addition)

1‐2
+ EPU

71%
1‐3

17

OH

OH

O
N
H

N
H

1‐4

0%‐ no conversion of starting
material

1‐5

0%‐ no conversion of starting
material
51%

1‐6

31%

1‐7

48%

1‐1

0%

1‐2

0%

+ EPU
16
OH

OH

O
N
H

O

EPU

O

+

O

N
H

O

19
25

Methods:
1‐1: 2 equivalents EPU, 1 equivalent SnCl4 in CH2Cl2, c= 0.2M. 0 oC. EPU in CH2Cl2 added to p‐
cresol (also in CH2Cl2) over 15 minutes followed by 15 min. stir
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1‐2: Described in experimental for 17
1‐3: Same as 1‐2 except for 0.5 equivalents of BF3O(Et)2 used
1‐4: 1.5 equivalents of EPU, 1.25 equivalents of BF3O(Et)2 in 50:50 CH2Cl2:n‐propanol, c= 0.25M.
0 oC. Addition and reaction time same as 1‐1
1‐5: 2 equivalents of EPU, 20 equivalents of TFA, 10 equivalents of DMF in CH2Cl2, c= 0.4M.
‐20 oC. Addition and reaction time same as 1‐1.
1‐6: 2 equivalents of EPU, 2 equivalents of p‐TSA in CH2Cl2, c= 0.2M. 0 oC. Addition and
reaction time same as 1‐1.
1‐7: 2 equivalents of EPU, 2 equivalents of LiBr, 25 equivalents of TFA in CH2Cl2, c= 0.2M.
‐20 oC. Addition and reaction time same as 1‐1.

In the case of p‐cresol, certain facts were made clear by this study; the most important being
the equivalents of both EPU and BF3O(Et)2 that were necessary for optimal yields of 17. 72%
yields of 17 could be attained if the equivalents of EPU were kept between 0.9 and 1‐ any more
than this would give addition at the phenolic oxygen and the remaining ortho position, resulting
in an intractable mixture. At least one equivalent of BF3O(Et)2 was needed to initiate the
ureidomethylation reaction. The reaction was also attempted using excess EPU while using n‐
propanol as a co‐solvent (method 1‐4); the idea being that an alcohol would form hydrogen
bonds with the phenolic‐oxygen which might reduce its nucleophilicity. In retrospect, this
reaction should have utilized TFA rather than BF3O(Et)2 as the initiator, as the alcohol almost
surely negated the Lewis acid as the reaction initiator which unfortunately wasn’t realized at
the time.
In the case of 4‐tertbutyl phenol, all the additives tried (methods 1‐5, 1‐6, 1‐7 as
compared to standard reaction using TFA or a Lewis acid in CH2Cl2) did not result in higher
yields of 16. All of these additives were tried in an attempt to reduce the nucleophilicity of the
phenolic oxygen, while allowing enhanced addition to the ortho position(s) of the phenol; for
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example lithium ion has a very high affinity for oxygen, so lithium bromide (method 1‐7) was
added to coordinate to the phenolic oxygen. From the table, none of these modifications
increased yields of 16, but rather gave poorer yields than the standard method described in
scheme 5 and/or the experimental provided for 16.
Mono‐phenol 25 did not yield product when subjected to the promising method 1‐2. As
19 was formed when using TFA (see experimental) it was thought that the propanoate ester
was incompatible with Lewis acids; this was notably different than bis‐propylacetate‐bis‐phenol
36 which did form product with the use of Lewis acids. These very subtle differences in starting
materials and reaction conditions yielding product or no product became apparent as the
ureidomethylation reaction was attempted with different substrates and reagents.
By this point, the ureidomethylation reaction with p‐cresol gave some very promising
results which we felt could be applied towards the bis‐phenols; the study established the
minimum amount of Lewis acid and maximum amount of EPU which could be used for
achieving the highest yields of 17. These parameters were then used in the attempted
ureidoalkylation reaction of bis‐phenol 36.
Method 1‐2 did not yield any product when 36 was used as the starting material. The
method originally utilized one equivalent of BF3O(Et)2 and 0.8‐0.9 equivalents of EPU; 1.8 to 2
equivalents of EPU were used in the reaction with 36. In each case, starting material and a
trace of what was probably a mono‐ureidomethylene derivative were observed in the crude
extract’s proton NMR (ESI‐MS data was unobtainable at the time). Apparently, a minimum
amount of equivalents of EPU had to be used to obtain product. We knew that when three
equivalents of EPU was used in the earlier attempts (which gave low yields of receptors 7 and
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53), ureidoalkylation resulted in various mixtures of carbon and oxygen‐linked species; a virtual
mess from which the desired products were very difficult to obtain. The evidence for the
mixtures of products came from 1NMR data, in which the doublet appearing at 4.8 ppm
(described earlier as a methylene bound to both a phenolic oxygen and a urea nitrogen,
indicating O‐alkylation) and ESI‐MS m/z values of 872 (bis‐C‐alkylation + mono O‐alkylation)
and 1020 (bis‐C‐alkylation + bis‐O‐alkylation) were observed. In addition to this data, additional
m/z values exhibiting a loss of 42 (mono) or 84 (bis) from the aforementioned peaks indicating
hydrolysis of the protecting groups, while values exhibiting an increase of 94 (mono‐trans‐
esterification) or 188 (bis‐trans‐esterification) indicating trans‐esterification of the protecting
groups by TFA were observed.
It was realized that a procedure which would utilize an excess of EPU to maximize
addition at the ortho positions of 36 followed by a method which might selectively cleave any
phenol‐oxygen addition products would be quite lucrative.

Attempts were made which

involved resuspending the crude ureidomethylation product of 36 in boiling TFA with water or
methanol as added nucleophiles which might selectively cleave the oxygen‐bound
ureidomethylenes, but these just ended up having no effect. In a paper describing the total
synthesis of Jatropholone A and B [28], a procedure is described for the removal of a benzyl
group from a secondary alcohol using BF3O(Et)2 and ethanethiol. A modified version of this
procedure would prove to be the solution for achieving high yields of receptor 7.
The first attempt using this new procedure involved suspending the crude material (a
previous reaction of 36 with 4‐6 equivalents of EPU) in methanol and adding ten equivalents
each of p‐toluenesulfonic acid monohydrate and ethanethiol at 0o C.
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The reaction was

monitored by taking aliquots at certain time intervals, working them up, and analyzing by
proton NMR. The first aliquot, taken only five minutes after the start of the reaction, would
later show a most drastic change had taken place to the crude reaction mixture. While the
proton NMR of the crude material appeared as a very complicated jumble of broad peaks, the
proton NMR of the first aliquot was quite well resolved and simplified. What was even more
remarkable was the proton NMR of the material at one hour of reaction time. By this time, the
reaction was allowed to warm up to room temperature. The proton NMR of this material
showed the absence of the methyl singlet of the acetyl group (2.0 ppm), which meant that the
primary alcohols had been deprotected, almost certainly by acid‐catalyzed lysis of the acetyls
by either ethanethiol (more likely, as this was the best nucleophile) or methanol.

This

observation suggested that receptors could be obtained with the primary alcohols protected or
not, simply manipulated by the reaction time and temperature.
The reaction was repeated for one hour at room temperature. The crude obtained
exhibited only four major spots on TLC, and consequently the product was much easier to
purify. A 72% yield over two steps was achieved with compound 7. The other species present
in the crude were a thioether derivative (60) of ureidomethylene ether 12, a
monoureidomethylene product, and phenylurea (8), which probably came from the breakdown
of 12. Scheme 23 illustrates this conversion, and figure 35 compares the proton NMR spectra
of the crude reaction material with the aliquot taken five minutes after addition of the acidic
thiol solution. In the top spectra, peaks able to be resolved are nearly impossible to find (the
doublet representing O‐alkylation at 4.8 ppm can be seen amidst a large group of resonances;
in the bottom spectra however, product is indicated by a doublet at 4.2 ppm, urea peaks at 6.8
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and 8.9 ppm, and the phenolic‐oxygen peak at 9.1 ppm). The doublet at 4.3 ppm along with the
quartet at 2.5 ppm and triplet at 1.2 ppm indicate thio‐urea 60. The singlet at 5.8 ppm
indicates compound 8.
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1. 12/TFA/CH2Cl2, -30o C, .5 hr
2. EtSH/p-TSA/MeOH, RT, 1-2 hr
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R=OH 7
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Scheme 23. Modified procedure producing high yields of 1st generation anion
receptor 7.
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Figure 35. Proton NMR spectra of starting material (top) and aliquot taken 5 minutes
from reaction start (bottom).
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Compound 36 was combined with a six‐fold excess of ureidomethylene reagents 13 or
14 followed by the aforementioned treatment with ethanethiol in strong acid media. Although
this procedure was able to produce good clean product, easily purified from the resultant crude
materials, yields decreased relative to the formation of 7. Scheme 24 illustrates the formation
of these new first generation anion receptors.
OH

OH
1. 14/TFA/CH2Cl2, -25o C, 30 min
2. EtSH/p-TSA/MeOH, RT, 2 hr
36
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1. 13/TFA/CH2Cl2, -25o C, 30 min
2. EtSH/H2SO4/MeOH, RT, 2 hr
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OH

N
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36%

OH

Scheme 24. Excess ureidomethylation and treatment with strong acid and ethanethiol forms first‐
generation anion receptors 8 and 9.

Note the use of sulfuric acid in the synthesis of 9; it was found that this material was
somewhat water‐soluble, as following the work‐up of the reaction (which involved liquid‐liquid
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extraction) small amounts of 9 were found in the aqueous layers. To recover this material, the
dried extract was washed with methanol‐ hence the use of sulfuric acid, as sodium bisulfate
was much less soluble in methanol than the sodium salt of p‐TSA, aiding in the clean‐up of 9.
It was speculated that the lower yields of 8 (and especially 9) relative to 7 were due to
the decreased reactivity/stability of compounds 13 and 14 [29], but unfortunately little
evidence could be obtained that proved this true or false. The crude mixture of 9 also
contained up to 30% of a mono‐ureidomethylene derivative (evident by comparing the
integration values of the benzyl‐methylene peak at 4.2 ppm and the urea peak at 8.6 ppm with
the integration values of the aromatic protons), further suggesting the decreased
reactivity/stability of 13, while the crude mixture of 7 only had trace amounts of the analogous
compound. These amounts were realized quite faithfully despite making changes to reaction
procedures. The different parameters attempted included increasing the reaction temperature
to room temperature, changing the solvent to 1,2‐DCE (at ‐20 oC and room temperature), and
adding the acid to a solution of the 36 and 13 (rather than a solution of 13 being added to an
acidic solution of 36). 1,2‐DCE was used because the 1H NMR of the crude material following
treatment with strong acid and ethanethiol (singlet peaks at 5.2 ppm and 6.0 ppm, Figure 37,
bottom) indicated that a methylene group had inserted between the phenolic oxygen and urea
nitrogen, forming a six‐membered ring (see Scheme 15), and it was hypothesized at the time
that the methylene group was originating from CH2Cl2. This notion was refuted however, once
the same peaks at 5.2 and 6.0 ppm were observed despite the change of solvent. The presence
of this six‐membered ring by‐product was observed when reaction temperature (regardless of
solvent) exceeded 0 oC, and it was hypothesized that the inserted methylene was produced
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from the breakdown of 13 into formaldehyde and methylurea. Attempts using TFA as both the
acid and solvent and another in which a 1:1 mixed media consisting of TFA and H2SO4 was used
did not yield any product.
Even with the lowered yield realized from the procedures resulting in compound 9, this
convergent synthesis would still be more robust than the analogous linear synthesis (as
described in Figure 34), due to the reduction in synthetic conversions, the material required,
and the ease in purification.
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Figure 36. Proton NMR of the crude material from the reaction of 36 and 14 before
treatment with acid and ethanethiol (top) and after (bottom).
72

Figure 37. Proton NMR of the crude material from the reaction of 36 and 13 before treatment
with acid and ethanethiol (top) and after (bottom).
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2.4

Synthesis of the Second‐Generation Anion Receptors
Once an ample amount of the first generation anion receptors was in hand thanks to the

established ureidoalkylation methodology, attempts were made to make the final link between
the phenolic oxygens. In theory, this linkage would pre‐organize the receptor in the desired
shape of a binding cleft, with limited ability to assume other shapes due to reduced
conformational mobility.
As previous studies indicated, forming a methylene link between the phenolic oxygens
of 7 and related derivatives would primarily form a six‐membered ring by‐product analogous to
the formation of 50 (Scheme 15). Also, the solved X‐ray crystal structure of 39 (Figure 32)
showed that the three‐dimensional shape of the structure did not resemble the desired binding
cleft shape; with two urea groups (for the binding of the phosphate) and the propanol groups
(for the binding of glycerol) in an endo conformation within the cleft envisioned for the specific
binding of phosphatidylglycerol. Since 40 did exhibit a reasonable shape, propyl and butyl
linkages were attempted, using compound 7 as the starting material.
The first attempt involved making the butyl linkage. Our goal was to place allyl groups
on both phenolic oxygens. Once this was done, we would attempt to use Grubbs catalyst to
form the linkage. The allyl groups were placed on the phenolic oxygens in good yield (75%).
The use of first and second generation Grubbs catalyst in CH2Cl2 yielded no phenolic‐oxygen
linked product.
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Scheme 25. Formation of bis‐phenolic‐allyl ethers, and their use in the failed ring‐closing
metathesis reactions using 1st and 2nd generation Grubbs’ catalyst.

Once it was apparent that creating the linkage was not feasible via a ring‐closing
metathesis reaction, the bis‐substitution of a butene derivative containing leaving groups on
the 1 and 4 position by the phenolic oxygens of 7, 8, or 9 was attempted, to be followed by
reduction to the alkane. If successful, this method would be more efficient than metathesis, as
allyl groups had to be placed on each phenolic oxygen before performing the metathesis
followed by hydrogenation, requiring three separate conversions while the former required
only two.
A 1,4‐butenediol mesylate 42 was prepared. The procedure was based on a published
method [30] which reported a mono‐allyl mesylate made from an allyl alcohol and
methanesulfonyl chloride with triethylamine as a base; the material was not purified and used
immediately for the next task.
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Our modified procedure used methanesulfonic anhydride in the reaction with 1,4‐cis‐
butenediol, and diisopropylethylamine as the base. The product was then isolated as ultrapure
material following crystallization. The material was quite stable, and could be stored and
handled quite easily. Advantages of the placement of a butene linkage included nullification of
elimination from primary alkyl bromides (elimination was observed in the formation of
compound 40, Scheme 17, evident by characteristic allylic and olefinic peaks in the 1NMR
spectrum of the crude at 4.8 and 6.0 ppm, representing up to 35% of the crude amount) and
enhanced substitution rates provided by an allylic leaving group. Scheme 26 describes the
synthesis of compound 42.

HO

OH

(CH3SO2)2O/DIPEA/CH2Cl2
RT, 18 hours

O
O

O
S

O O
42

S

89%
O

Scheme 26. Formation of 42.
Following a model study which showed that the phenolic oxygens of bis‐bromophenol
38 could be linked in good yields by reaction with 42 using sodium hydride in DMF, the same
procedure was then used to create the first of the phenolic ether‐linked anion receptor 6 by
reacting 7 with 42. By simply reducing the double bond via high‐pressure hydrogenation,
another second generation anion receptor 3 was made. Scheme 27 illustrates the synthesis of
these anion receptors.
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Scheme 27. Synthesis of second‐generation anion receptors 3 and 6.
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Additional experiments made it evident that receptor 3 could be made by simply
reacting compound 7 with 1‐1.5 equivalents of dibromobutane using sodium hydride in DMF.
This eliminated the need of one of the conversion steps to attain the product. Yields were
relatively low (35%) due to the limited methods of purification (compound was only soluble in
DMF or DMSO, ruling out chromatography) and elimination by‐products formed in lieu of ring
closure but still comparable for the overall yield with the method given in scheme 26. Scheme
28 illustrates this conversion.
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Scheme 28. One step formation of 2nd generation anion receptor 3.

First‐generation anion receptors 8 and 9 were subjected to the same reaction conditions
illustrated in scheme 28. The yields of the isolated products decreased relative to 3. This is in
accord with the trend observed in the manufacture of the first‐generation anion receptors, in
which yields of these compounds decreased in the same order (phenyl> hexyl > methyl).
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TABLE 4
YIELDS OF THE BUTYL‐LINKED 2ND GENERATION ANION RECEPTORS
Starting Material
O
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OH

OH
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N N
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5
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Referring to figure 32, a 2nd generation anion receptor featuring a propyl group linking
the phenolic oxygens was desired, as this linkage allowed compound 40 to assume the cleft‐
shape anticipated for binding. Unfortunately, when the methods described in scheme 28 were
attempted with compounds 7 and 8 with the use of 1,3‐dibromopropane, only trace amounts of
pure product (< 5% yield) were realized. One of the reasons was the difficulty in isolating the
compounds. 2nd generation anion receptors 3‐5 were isolated by simply washing the crude
with methanol‐ these compounds were insoluble in this solvent while the starting materials and
all the impurities were soluble, allowing the product to be easily isolated by filtration and
additional washing with aqueous methanol (to rid of inorganic salts such as sodium bromide).
In contrast, compounds 1 and 2 were quite soluble in the organic solvents along with the
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starting materials and impurities, so purification in the manner described for compounds 3‐5
was not possible.
The impurities from this reaction included a compound in which only one of the
phenolic oxygens underwent substitution with a bromine atom from 1,3‐dibromopropane, with
the other bromine atom being eliminated, resulting in an allyl group bound to one of the
phenolic oxygens, suggested by peaks at 4.8 ppm and 6.0 ppm in the crude 1NMR spectrum.
Another impurity was formed by one (or both) of the urea carbonyl groups undergoing
nucleophilic substitution, with the nucleophile being dimethyl amine (from the breakdown of
DMF) and the leaving group being the benzyl amine joined to the scaffold, illustrated by the
solved X‐ray crystal structure of this isolated product. This addition‐elimination occurred in
approximately 25‐30% molar conversion.
Another serious problem was that the product tended to form very strong hydrogen‐
bond networks with the starting material and the other impurities which could not be resolved
by silica gel, even when including methanol as a mobile‐phase solvent. The aforementioned N‐
dimethylamine‐N’‐phenylurea was not a part of this network and was able to be isolated and
characterized. The proton NMR of the crude material did indicate that a considerable amount
of product had been made, evident by peaks at 4.0 ppm (methylenes adjacent to the phenolic
oxygens), 4.3 ppm (benzyl methylenes), and 6.5 ppm (urea proton). Isolating this material
involved performing a prep TLC using 1:1 acetone in CH2Cl2 which separated the
aforementioned H‐bonded network (which migrated up the plate) from the product. The
aforementioned product peaks could be seen in the 1NMR spectrum of the collected fraction,
along with the peaks indicating elimination mentioned above, and peaks indicating starting
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material (doublet at 4.2 ppm, singlets at 8.5 and 9.1 ppm). Once this separation was achieved,
a second prep TLC was performed in which 15% methanol in CH2Cl2 was used to isolate the
pure product. It is assumed that this is material in excess of the molar amounts of all the other
impurities which make up the intractable network (for example‐ starting material and
elimination product = 0.5 mmol; product = 0.6 mmol with 0.5 mmol forming network with
starting material and elimination product). Despite the poor yields, several reactions provided
enough material for characterization and binding studies.
The same problem was encountered even when the reaction conditions were changed
to milder conditions (K2CO3/18‐crown‐6‐ether/1,3‐dibromopropane/THF refluxed for 24 hours).
Even worse, 18‐crown‐6‐ether became a component of the intractable network.
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Scheme 29. Synthesis of 2nd generation anion receptors 1 and 2.
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2.5

Synthesis of the Tetrabutylammonium Salt of a Phospholipid
As our primary method for determining the strength of binding between an anion and

its receptor involves a titration of the receptor with the anion of interest in an NMR
experiment, a phosphotidylglycerol derivative that would be soluble in the same solvents as the
receptor was required to perform this procedure. Phospholipids (as they are found in biological
systems) are amphiphilic, and usually require up to three different solvents to dissolve. A
purchased phosphotidylglycerol derivative from Genzyme Pharmaceuticals (namely 1,2‐
Distearoyl‐sn‐glycero‐3‐phospho‐sn‐1‐glycerol,

sodium)

required

a

3:3:0.5

chloroform:

methanol: water ternary solvent mixture for solvation. None of the first or second generation
anion receptors were completely soluble in this solvent mixture. It was hypothesized that
exchanging the sodium cation with a tetrabutylammonium cation would improve the solubility
of the phospholipid in organic solvents. As no such compound was commercially available, and
there were no literature preparations described, a method for its preparation needed to be
developed.
The first step involved forming the neutral phosphoric acid from the sodium salt. On the
advice of the manufacturer, a 3:3:0.5 mixture of chloroform, methanol, and 1 M HCl was
initially used. As soon as the salt was dissolved, it was assumed that the reaction was
complete. The 31P NMR spectrum did exhibit one major peak upfield from the starting material,
but did show minor peaks which indicated impurities. As a remedy, isopropanol (a much less
nucleophilic solvent) was used in place of methanol. The fatty acid esters are reportedly quite
prone to esterification; acid or base catalyzed esterification of triacylglycerols with methanol is
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how biodiesel fuels are made. With this modification, the product of the neutralization
consistently exhibited a very clean singlet in the 31P NMR spectrum.
With an ample amount of the neutral phosphotidylglycerol derivative in hand, attempts
were then made to make the tetrabutylammonium salt. Referring again to the synthesis of
biodiesel, tetrabutylammonium acetate (TBAA) was initially tried as the base and cation donor,
as acetate is a mild base. It was thought that getting rid of acetic acid (a by‐product of a
successful reaction) under vacuum as the reaction progressed would shift the equilibrium in
favor of products. Therefore, the reaction was attempted as a melt of the neutral phospholipid
(mp 135o C) and TBA acetate under high vacuum. NMR analysis of the resultant crude material
did show formed product, but also some minor impurities which were soluble in the solvents
used to separate the product from starting material. It was also found that chromatography
was not feasible with this material, as column chromatography decomposed the material, and
prep TLC caused a cation exchange with the calcium sulfate binder.
Finally TBA hydroxide was used as the base in chloroform (no alcohols were included so
as not to cleave the esters‐ the chloroform and starting material had to be heated to dissolve
the starting material) to form the desired product. Only 0.8‐0.9 equivalents of base was used,
as separating excess base from product was thought to be problematic. The product was
isolated from the starting material by dissolving in hexanes and filtering out the starting
material. The product was then collected by precipitation from cold hexanes. This procedure
was used to produce ultra‐pure material.
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Scheme 30. Formation of TBA phospholipid 43.

In summary, a novel ureidomethylation reaction furnishing first generation anion
receptors 7‐9 was developed that furnished ureidomethylene groups on bis‐phenolic scaffolds
in moderate to good yields, depending on the substituent attached to the ureidomethylene
(phenyl‐ 72%, hexyl‐ 56%, methyl‐ 36%). The use of a bis‐phenolic scaffold was essential for the
ureidomethylene reaction to occur, as it was established that use of bis‐anisolic scaffolds and
bis‐phenolic scaffolds with the oxygens linked by a single methylene group gave no trace of
ureidomethylation product. Second generation anion receptors were synthesized, initially by
the reaction of compound 7 with bis‐allylmesylate 42 using sodium hydride in DMF. Receptor
derivative 3 was made from the reduction of the double bond of 6 and in one step by the
reaction of 7 with 1,4‐dibromobutane using sodium hydride in DMF, furnishing a butyl linkage
between the phenolic oxygens. Alkylurea‐second generation anion receptors 4 and 5 were
made in one step under the same conditions that produced 3. Similar to the formation of first
generation anion receptors, the yields decreased in order of phenyl > hexyl > methyl. Propyl‐
linked second generation receptors 1 and 2 were synthesized in the same fashion as butyl‐
linked second generation receptors; however, these compounds were isolated in low yield due
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to difficulty in purification. Finally, the first example of a tetrabutylammonium salt of an
anionic phospholipid was made.

85

CHAPTER 3
THE SCOPE AND UTILITY OF THE UREIDOALKYLATION REACTION
We decided to determine the scope of the ureidoalkylation methodology by using
various aromatic nucleophiles. Table 4 describes these attempts.
TABLE 5
DETERMINATION OF THE SCOPE OF THE UREIDOMETHYLATION REACTION AND SUBSEQUENT
TREATMENT WITH ETHANETHIOL AND STRONG ACID (IF NECESSARY) USING VARIOUS
AROMATIC NUCLEOPHILES
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2‐15
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0%
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OH
NH

H3C(H2C)5

N
H

O

O
N
H

N
H
49

+

(CH2)5CH3

20%
(49)

Methods‐
2‐1: 3 equiv. of EPU, 2 equiv. of BF3O(Et)2, in CH2Cl2, 0 oC, c= 0.2M, 15 min. dropwise addition
of EPU to phenol and Lewis acid, followed by 20 min. stir. Acidic ethanethiol treatment of
worked‐up crude followed (10 equiv. each of EtSH and p‐TSA in MeOH for 1 hr).
2‐2: 1.5 equiv. of 13, added dropwise to phenol and 4 equiv. of BF3O(Et)2 in CH2Cl2 over 15 min.
at 0 oC, c= 0.15M, followed by 20 min. stir. No subsequent acidic ethanethiol treatment.
2‐3: Same as 2‐1, except 30 equiv. of TFA used instead of BF3O(Et)2, ‐25 oC reaction
temperature, and c = 0.11M.
2‐4: Same as 2‐3, except 1 equiv. of EPU used and no subsequent acidic ethanethiol treatment.
2‐5: Same as 2‐3, except 2.5 equiv. of EPU used.
2‐6: 3 equiv. of EPU was added to refluxing solution of phenol and 30 equivalents of TFA in
refluxing 1‐2 DCE (c= 0.1M) and allowed to stir for 25 min.
2‐7: 2.5 equiv. of EPU was added dropwise over 20 min. to phenol and 30 equiv. of TFA in
CH2Cl2 at ‐25 oC (c= 0.1M). 10 equiv. of EtSH then added, the reaction was warmed to RT and
allowed to stir for 1.5 hr.
2‐8: 3 equiv. of 13 was added dropwise over 15 min. to a solution of phenol and SnCl4 in CH2Cl2
at 0 oC (c= 0.1M) and allowed to stir an additional 15 min. No subsequent acidic ethanethiol
treatment was used.
2‐9: Same as 2‐3, except for 3 equiv. of EPU used at RT
2‐10: Same as 2‐9, except for 1,2‐DCE used.
2‐11: Same as 2‐6, except for 4 equiv of BF3O(Et)2 and 1 equiv. of EPU used.
2‐12: Same as 2‐10, except for BF3O(Et)2 was used instead of TFA.
2‐13: Same as 2‐9, except for 1.5 equiv. of EPU was used.
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2‐14: Same as 2‐4, except for 1.2 equiv. of EPU was used followed by acidic ethanethiol
treatment.
2‐15: Same as 2‐11, except reaction conducted at RT
2‐16: Same as 2‐14, except reaction was conducted at RT, and there was no subsequent acidic
ethanethiol treatment.
2‐17: Same as 2‐1, except 2 equivalents of EPU was used; Pyrrole was added dropwise to the
solution of EPU and Lewis acid over 15 min. followed by 20 min stir.
2‐18: 1 equiv. of EPU was added to the anisole and 20 equiv. of H2SO4 in EtOH at RT (c= 0.2M)
and allowed to stir for 4 hr.
2‐19: 1 equiv. of EPU was added to the anisole and 25 equiv. of H2SO4 in 75 equiv. of acetic acid
at RT (c= 0.2M) and allowed to stir for 4 hr.
2‐20: Same as 2‐19, except for 13 used.
2‐21: Same as 2‐4, except for 20 equiv. of EPU used.

From this study, an important conclusion can be made: The substrate must be treated
on an individual basis when examining the utility of the ureidomethylation reaction. The
functional groups and electronic configuration of the substrate in addition to the type of
ureidomethylene ether (phenyl, hexyl, or methyl) being used must be considered.
Additional observations are as follows: in the case of the formation of 17, no product
was recovered when using excess reagent 12. The product had an identical Rf with the by‐
product of the strong acid‐ ethanethiol treatment, thioureidomethylene ether 60, regardless of
the media or solvents employed for chromatography attempts. Compounds 17 and 60 had
identical solubilities, so isolation by precipitation or crystallization was not feasible. The crude
NMR indicated that 17 had been formed in good yield (doublet at 4.2 ppm representing the
benzylic methylene, singlets at 6.8 and 8.5 representing the urea protons, singlet at 9.6 ppm
representing the phenolic proton) but due to the inability to isolate it from 60, product was not
recovered.
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The number of equivalents of reagent 13 used was crucial in the formation of compound
22. This compound was able to be isolated from the by‐product of method 2‐3; however the
yield of the reaction was only 18%, while the use of only one equivalent of 13 without the
subsequent strong acid‐ ethanethiol treatment gave the highest yield of 22. It is unclear why
the use of excess 13 gave a lower yield of 22.

There wasn’t any indication that

ureidomethylation occurred at both available ortho positions, resulting in a di‐addition product.
It is possible that the product was unstable under the rather harsh conditions of the strong
acid‐ethanethiol treatment‐ the proton NMR of the crude material before and after this
treatment doesn’t indicate the drastic improvement in resolution as seen in Figures 35‐37. The
TLC profile of the material following the treatment is complex, showing many by‐products.
In stark contrast to the formation of 17, compound 19 was not formed from the use of
Lewis acids in the ureidomethylation reaction, and good yields were indeed realized from the
use of excess amounts of 12, although there was almost no difference in yield when only one
equivalent of 12 was used (this will be discussed in detail later). It was unclear why this
substrate proved unreactive towards Lewis acids; one thought was that the carboxylate
functional group could be interfering with the acid by a complexation mechanism.

No

compound was isolated from the employment of method 2‐6. Work‐up of the reaction by
liquid extraction gave an intractable emulsion, which proved insoluble in low‐boiling solvents
used in chromatography. Method 2‐7 showed that ethanethiol could be added to the reaction
mixture, essentially eliminating the work‐up established for crude materials prior to the strong
acid‐ ethanethiol treatment. When this method was applied to the synthesis of bis‐propanol‐
bis‐phenolurea 9, the weaker TFA (relative to sulfuric acid) was unable to cleave the acetyl
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protecting groups, likely due to the inability of TFA to protonate the acetyl carbonyl‐oxygen,
required to facilitate trans‐esterification by either ethanethiol or methanol. Trans‐esterification
of the acetyl groups by TFA and lysis of the protecting groups also occurred as described in
section 2.3, page 66.
Similar to compound 19, compound 20 was not formed when using Lewis acids, and was
formed with or without an excess amount of 13 followed by the strong acid‐ ethanethiol
treatment. As in the case of 19, the treatment really made no difference in overall yield of 20.
Compound 18 which is formed from the ureidomethylation reaction of 4‐bromophenol
with 12, exhibited a lower overall yield relative to the more activated 4‐alkylphenols, despite
different methods attempted. This was attributed to the electron‐withdrawing effect of the
bromine atom at the para position, which would render the ortho‐position less nucleophilic
towards the ureidomethylene‐acyliminium ions. This reaction had to be refluxed in 1,2‐DCE to
obtain the highest yields, although using excess equivalents would result in the formation of a
massive intractable emulsion upon quenching the reaction and attempting a liquid extraction.
Also of interest was that a fairly high amount of di‐urea addition (to both ortho positions of 4‐
bromophenol) product was formed. Attempts to purify this material for elemental analysis
and/or HRMS were unsuccessful, so it was not included in this thesis; however the amount of
this mostly pure material was around 22%.
Attempts to use the relatively deactivated p‐xylene in the ureidomethylation reaction
were unsuccessful. The methods established for the phenols (using excess 12 or 13 followed by
strong acid‐ ethanethiol treatment or using only one equivalent of 12 or 13 without subsequent
treatment) gave very small amounts of xylene‐conjugated materials (approximately 5 to 10%
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yields). This material was inseparable from compound 60, and even more remarkable was the
absence of the xylyl methyl singlet from the proton NMR‐ this observation suggested that
ureidomethylation may take place at the xylyl methyl carbon, albeit in low yield.
Attempts to use pyrrole in the ureidomethylation reaction were completely
unsuccessful, yielding no product. In each attempt, a reddish‐brown solid would build up upon
the walls of the reaction flask, which would later prove completely insoluble in organic solvents.
The material that was able to remain dissolved in the reaction mixture and was soluble in the
organic layers used in the work up and extracted in the traditional manner proved to be
phenylurea 10, and a small amount of di‐hydro‐bispyrrole (was not obvious from the proton
NMR spectra of the crude organic extract, but was suggested by the results of LCMS
experiments).

Attempts which utilized a tris‐substituted pyrrole resulted in quantitative

formation of the corresponding dipyrrylmethane and phenylurea 10; unfortunately this
compound proved to be unstable, and could only be characterized by 1H NMR.
Acetanilide did not form any product when using the established methods (i.e. 2‐1, 2‐2,
etc.). By this point, it was speculated that the acyliminium ion was becoming quenched by an
unknown agent faster than the less‐activated nucleophiles could add them. To remedy this,
sulfuric acid was used as the initiator for the attempted ureidomethylation of xylenes, pyrrole,
and

acetaniline

with

12

and

13.

To

examine

this

idea,

we

placed

D2

SO4 or TFD with reagent 12 in an NMR tube containing CD2Cl2 and ran 1H NMR experiments at
different time intervals at either ‐20 or 25 oC. At the lower temperature, 12 was transformed
into an intermediate that stayed stable for 0.5 hours in either acid (i.e. the proton resonances
remained the same after the addition of acid to the NMR tube). However, at 25 oC, 12 was
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transformed into a stable intermediate with only the sulfuric acid during this same time period,
whereas in TFA the intermediate’s proton resonances were observed to change over a 30
minute time span.

Figure 38. ‐20 oC NMR study of 12 with TFD (top) and D2SO4 (bottom).
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Figure 39. 25 oC NMR study of 12 with TFD (top) and D2SO4 (bottom).
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The use of H2SO4 was then attempted in the ureidomethylation of several aromatic
nucleophiles. In one attempt, ethanol was used as the solvent; in another, glacial acetic acid
was used, and finally TFA was used as the solvent. In the case of p‐xylene and pyrroles, an
intractable solid accumulated on the walls of the reaction flask, which was insoluble in every
solvent. The material which was soluble in the organic fractions proved to consist of nothing
but 10, suggesting that the reaction conditions converted 12 to phenylurea. Formaldehyde and
ethanol would have been separated in the aqueous layers of the extraction, and the volatile
aromatic nucleophiles would have evaporated.
Acetaniline did prove reactive under these new conditions; however, not with the
expected results observed from the more reactive nucleophiles. It was stated earlier that each
of these reactions needed to be approached on a case by case basis when considering the
utility of the ureidomethylation procedure, and the ureidomethylation of acetaniline probably
best illustrates this point.

The reaction of acetaniline with 12 gave a para‐substituted

ureidomethylene product in which the acetyl protecting group had been cleaved (10% yield),
evident by the loss of a singlet at 2.0 ppm in the 1NMR of the product, along with a doublet at
4.2 ppm (representing the benzylic methylene) and singlets at 6.5 and 8.5 ppm (representing
the urea protons). The reaction of acetaniline with 13 under the new conditions yielded a
water soluble material that when analyzed by proton NMR, resembled the desired product
(product 1NMR spectrum exhibits doublet at 4.0 ppm representing the benzylic methylene, and
singlets at 5.8 and 6.1 ppm representing the urea protons, along with acetyl singlet at 2.0 ppm)
with the acetyl protecting group fully intact. However, the material proved impossible to
purify, as it was soluble in the aqueous extract along with all of the inorganic materials used in
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its preparation and initial isolation. These inorganic materials (sodium trifluroacetate, sodium
bicarbonate, sodium bisulfate) eluted from chromatography columns with the product even
when using solvents such as methylene chloride; though the proton NMR indicated a material
that exhibited all of the expected product peaks (as noted above), the fact that the weight of
the isolated material was greater (about six times) than the theoretical yield excluded its full
characterization and inclusion in this report.
The ureidomethylation reaction of 1‐calixarene with 20 equivalents of 12 followed by
the subsequent treatment with strong acid and ethanethiol was confounding. The proton NMR
spectrum of the material prior to the thiol treatment indicated that a clean product had been
formed, but with the absence of the peaks corresponding to the benzylurea hydrogens (approx.
4.2 ppm) and the bridging methylene calixarene protons (3.8‐4.0 ppm); there was a very broad
singlet present at where these protons should have been, but of the integration of this peak
was too small to correspond with the starting material or product. Also, the material was
subjected to ESI‐MS, and the chromatogram contained m/z values which corresponded to a
uriedomethylation reaction occurring at one and up to four nucleophilic sites. Strangely
however, the only materials isolated from the organic extract following the strong acid‐
ethanethiol treatment were phenylurea 10 and compound 60. Searching for product in the
aqueous layer of the extract did not produce organic compounds. It is possible that under the
conditions of the strong acid‐ethanethiol treatment, the calixarene broke down into phenol
(volatile) and formaldehyde, and any ureidomethylenes that had been formed in the first step
degraded as well (suggested by formation of 10).
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Finally, unsubstituted phenol was reacted with one equivalent of 14 to determine the
ratio of ortho to para ureidomethylation. This ratio turned out to be exactly 2:1 para‐ortho
substitution. It is most likely that these results were caused by the para position being the
more nucleophilic carbon due to having the most electron density among the ring carbons, as
well as being more sterically‐accessible than the ortho carbons.
The final point observed from the study was that despite the use of excess 12 or 13, the
yield of phenol‐mono‐ureidomethylene product did not change. A study involving phenol 25
gave information providing clues as to the fate of excess 12. Phenol 25 was used because any
amount that was unreacted or formed from the cleavage product of a phenolic oxygen which
had undergone the ureidomethylene reaction (and none of the ortho positions) could be easily
recovered and quantified (the other lower‐molecular weight phenols were usually lost due to
sublimation). The study involved three reactions in which phenol 25 was reacted with 1, 1.5,
and two equivalents of 12, which was followed by the strong acid‐ ethanethiol treatment. All
other parameters such as temperatures, reaction times, concentration, addition times, etc.
were kept constant in each case. Table 6 summarizes the results of the study.
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TABLE 6
STUDY OF THE REACTION PROFILE OF STARTING MATERIAL 25 WITH VARYING AMOUNTS OF 12

OH

OH

O
N
H

O
N
H

N
H

O

OH
N
H

N
H

N
H

HN
HN

% yield, 23

% yield, 19
O

O

% yield, 60

O

O
O
% yield, 25

O

S

O

A 67%

32%

trace

0%

B

65%

11%

7%

22%*

C

66%

0%

18%

22%*

Method A‐ One equivalent of 12 in CH2Cl2 added dropwise over 20 min. to a solution of 25 in
CH2Cl2 and 26 equivalents of TFA at ‐25 oC (final conc was 0.12M) and allowed to stir for
additional 20 min. Reaction was worked up, and crude material was resuspended in 10 ml
MeOH, and 10 equivalents each of EtSH and p‐TSA were added. Reaction allowed to stir at RT
for 0.5 hr before work up.
Method B‐ same as A, except for 1.5 equivalents of 12 used.
Method C‐ same as A, except for 2 equivalents of 12 used.
Yield of 60 based on amount of 12 used.

This study certainly suggests that in the case of the alkyl‐para‐substituted phenols (again
being careful not to apply too narrow a description of the different nucleophiles), using more
than one equivalent of 12 or 13 does not improve the yield of phenols undergoing the
ureidomethylation reaction at one para position. This was similar to the results given in table 1,
in which optimal yields of 17 and 22 were realized by using between 0.9‐1 equivalent of 12 and
13, respectively. The isolation and characterization of diurea 23 was valuable in determining
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the fate of the excess urea. What is still puzzling is the source of 60. If this was the cleavage
product of a phenolic‐oxygen ureidomethylene ether, than the results should yield starting
material 25 or more product 19 (in the case of a di‐urea with one ureidomethylene at the ortho
position and the other on the phenolic oxygen), and this wasn’t the case. It is most likely that
ethanethiol reacted with 12 in the presence of strong acid, forming 60.

Figure 40. X‐ray crystal structure of 23. The phenolic proton and one urea carbonyl‐oxygen form
an intramolecular hydrogen bond.
In summary, a novel ureidomethylation reaction tailored to place ureidomethylene
groups on bis‐phenolic scaffolds in moderate to good yields was employed with a variety of
aromatic nucleophiles to determine the scope of the method. It was determined that activated
phenols and anisoles gave the best yields; in each of these examples the reaction of excess
equivalents of ureidomethylene ether followed by treatment with strong acid and ethanethiol
did not improve the overall yields of ureidomethylation products compared with the reaction
with stoichiometric amounts of ureidomethylene ether without treatment with strong acid and
ethanethiol. Other nucleophiles such as anilines, pyrroles, and calixarenes gave results which
need to be observed on a “case by case” basis.
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CHAPTER 4
ANION BINDING
4.1

Anion Titrations
The anion titrations began with 1st generation anion receptor 7. This receptor was

titrated with TBA dihydrogen phosphate (TBAH2PO4) in DMSO‐d6, a solvent which was capable
of dissolving both anion and receptor. All titrations were conducted at 30 oC unless otherwise
noted. The concentration of receptor in the NMR tube was in the 5‐10 millimolar range, and
the NMR spectrum of this solution was obtained. The chemical shifts of each peak was
observed, and then compared as regular increments of the anion were added. The peaks that
corresponded to the protons which formed hydrogen bonds to the anion exhibited a change of
chemical shift. The protons which made contacts with the anion experienced the greatest
downfield increases in their chemical shifts, and in the case of 7 these were the urea protons,
indicating that dihydrogen phosphate was directly in contact with the urea protons. As more
and more anion solution was added to the receptor in the NMR tube, the downfield migration
of the peaks began to decrease. This was indicative that the receptor was becoming saturated
with anions.
O
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OH HO
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Figure 41. Stacked plots showing proton resonances at 0, 1 and 6 equivalents of TBAH2PO4.

TABLE 7
CHEMICAL SHIFT WITH INCREASING ANION CONCENTRATION

0 mol added 1 mol added 2 mol added 4 mol added 6 mol added

#1

anion

anion

anion

anion

anion

equivalents

equivalents

equivalents

equivalents

equivalents

9.910 ppm

10.216 ppm

10.569 ppm

10.624 ppm

8.006 ppm

8.313 ppm

8.759 ppm

8.768 ppm

urea 8.682 ppm

proton
chemical shift
#2

urea 6.718 ppm

proton
chemical shift
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Figure 42. X‐ray crystal structure of 7 shown bound to two molecules of TBAH2PO4. Two solvent
molecules (MeOH) are present.

As stated earlier the first attempted anion titrations involved 7, and as good technique was
being developed, questionable and inconsistent data was obtained. The problems stemmed
from experimental errors (i.e. incorrect weighing of compounds, incorrect use of microsyringes
used to administer solutions, etc.) and consequently the data was not included in this
dissertation. However, X‐ray crystal data (Figure 42) indicates that compound 7 binds two
molecules of TBAH2PO4, although this might not be representative of binding in solution.
Despite the fact that this binding takes place in the solid phase, this structure provides evidence
that 2:1 anion to receptor ratios are the prevalent motifs of binding for this system. If the
structure shown in Figure 42 is also prevalent in solution, a potential problem arises in that
there is no complementary binding with the two ureas when forming a complex with
dihydrogen phosphate anion.

The crystal structure shows the ureas oriented in an anti

configuation, with one urea forming bonds with one anion, resulting in independent binding
systems. The original aim of the receptor design was to position both ureas to contact a
phosphate anion, resulting in strong binding.
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This structure suggested that binding the

phenolic oxygens via an alkyl linker would effectively “twist” and lock the receptor molecule
into a cleft‐shape, facilitating the four‐point binding of anions that was originally envisioned.
Compound 6 was the first of the second‐generation anion receptors, featuring a cis‐
butene linkage between the phenolic oxygens; however, an alkene link was ultimately not the
envisioned moity to form the linkage, which was destined to be reduced to an alkane.
Therefore, limited anion binding studies were attempted with 6.
O
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O
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H

O
N
H

N
H

6

OH HO

NMR titrations were conducted with compound 6 in DMF‐d7. This solvent was chosen
due to questionable results (three different titration curves were produced from the titration
with TBAH2PO4) when DMSO‐d6 was used. The bound complex of 6 with TBAH2PO4 described
by the migration of the peaks in the NMR spectrum was then analyzed by non‐linear regression
using WinEQNMR [31], to obtain a binding constant and accompanying error. This program fits
proposed binding constants and initial and final chemical shift data to programmed algorithms
by an iterative treatment of the input data (chemical shift and anion and receptor
concentration of each added increment of anion solution to receptor solution in an NMR tube).
The stoichiometry of binding of 6 with TBAH2PO4 was not established by a Job plot; it was
assumed at the time that this stoichiometry was 1 to 1. Therefore, the 1 to 1 binding model
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non‐linear regression algorithm [31] was used to obtain a binding constant of 900 M‐1, with an
error of 30%.
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Figure 43. Representative binding curve of 6 with TBAH2PO4 in DMF‐d7. “Δδ” represents the
change in chemical shift from the shift observed with no added anion solution.

Unfortunately, compounds 2 and 4 had severe solubility issues. Job plots in both DMSO‐
d6 and DMF‐d7 proved impossible, as dissolving the material required extensive heating. Upon
cooling, the solution coalesced into a thick gel.
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Compound 5 shared the same solubility problems as 2 and 4. Anion binding studies
were attempted with this system, but data was inconclusive.
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Anion binding studies were limited to compounds 1 and 3 due to their ready solubilities
in several solvent systems. Since compound 3 was able to be produced in the highest yield
from 7, it was used in the binding studies with several different anions in different solvents.
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The titration of 3 with TBAH2PO4 was done in DMF‐d7. A Job plot exhibited the
stoichiometry of the 3‐TBAH2PO4 complex as 1 to 2 in this solvent. The binding constant of this
titration was calculated as 720 M‐1 with a calculated error of 24%. However, a 1 to 1 binding
model was used to obtain these values. Figure 44 resembles a binding curve indicative of 1 to 1
binding. 1 to 2 binding curves usually have a noticeable change in the acceleration of the curve
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when x=1 (representing the saturation of one binding site and the beginning of complex
formation with the second binding site) [34], and this is obviously not the case with Figure 44.
This inflection point at x=1 is traditionally assumed to represent saturation of the first binding
complex (and the beginning of the formation of complex with the second binding site) in
determining K1 in a 1 to 2 complex by WinEQNMR. Since this inflection point was not present,
logarithmic estimates for K1 and K2 using δ at x=2 as the inflection point (as suggested by
WinEQNMR creator Michael J. Hynes) were used in the 1 to 2 binding model [31] which was
able to provide a K1 of log ‐8.540, and a K1 x K2 of log 6.722. A possible explanation for these
observations is a trimeric complex; as H2PO4‐ is capable of dimerizing (through hydrogen
bonding) it is feasible that the dimer formed the complex with 3. This is supported by the
extremely low value of K1, suggesting that the two urea groups were too far apart to bind to
just one H2PO4‐ anion, but were in an optimal arrangement to bind to two H2PO4‐ anions that
were hydrogen bonded to each other.
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Figure 44. Representative plot of the titration of 3 with TBAH2PO4 in DMF‐d7.
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Figure 45. Job plot of 3‐ TBAH2PO4 complex in DMF‐d7.

Compound 3 in DMF‐d7 was titrated against a solution (also in DMF‐d7) of
tetrabutylammonium acetate (TBAA), and a binding constant of 505M‐1 with an error of 9.3%
was found, however as in the case of TBAH2PO4 this was obtained using a 1 to 1 binding model.
As in the case of the 3‐H2PO4‐ complex, the representative binding plot resembles a 1 to 1
complex, yet a Job plot revealed that compound 3 bound two molecules of TBAA. By treating
the titration data in the same manner as described for the determination of K1 and K2 for the
complex formation of 3‐H2PO4‐, a K1 of log 2.686 and a K1 x K2 of log 4.900 was able to be
obtained. In this case, K1 was proportional to K2, indicating a traditional 1 to 2 complex in which
the first binding site becomes saturated with anion, followed by formation of a complex
between anion and the second binding site. The fact that the binding constant of the complex
of the first site with anion is proportional to complex of the second site with anion suggests
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that each site binds one anion independently, despite the fact that there is no inflection point
in the representative binding curve.
Despite the trigonal planer shape of the acetate anion versus the tetrahedral shape of
the phosphate anion, both the binding constant and the Job plot suggest that 3 exhibits little
selectivity in the complexation of these two anions in DMF.
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Figure 46. Representative plot of the titration of 3 with TBAA in DMF‐d7.
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Figure 47. Job plot of 3‐TBAA complex in DMF‐d7.
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1.2

Compound 3 was titrated with TBACl in DMF‐d7. The binding constant as obtained by
WinEQNMR was 289 M‐1, with an error of 5.5%. The Job plot for the 3‐TBACl complex showed
that binding occurred in 1:1 stoichiometry. At this point, it is unclear why the stoichiometry of
binding is different from chloride compared with dihydrogen phosphate and acetate. One
possible explanation is that chloride is unable to form dimeric species unlike H2PO4‐, and due to
the larger radius, a chloride anion is able to make a more complementary fit (make contact with
both pairs of urea protons) within the binding pocket compared to the monomeric oxy‐anions
(oxy‐anions have a smaller atomic radius than chloride). Phosphate‐urea complexes can exist in
one of two forms. In one form, two oxygens from the anion are in contact with the urea
protons (one proton to one oxygen, as in Figure 42). In the other form, one oxygen makes
contact with several pairs of urea protons; the complex between dihydrogen phosphate and
urea‐picket porphyrins features one oxy‐anion making contact with two pairs of urea protons,
with the remainder of the anion included within the pickets situated above the porphyrin [34].
In the case of 3, the binding motif would be representative of the latter situation, resulting in
the lone oxygen being too small of radius to make contact with both pairs of urea protons. This
would also indicate that the ureas of 3 are spaced too far apart to both make contact with a
single oxy‐anion. A dihydrogen phosphate dimer in which two oxyanions make separate
contacts with the two ureas should make an optimal fit.

An example of a dihydrogen

phosphate dimer binding within the pocket of one anion receptor molecule (with one oxygen
making contact with two pairs of urea protons) has been reported [34].
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Figure 48. Representative plot of titration of 3 with TBACl in DMF‐d7.
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Figure 49. Job plot of 3‐TBACl complex in DMF‐d7.

Compound 3 was titrated with TBAH2PO4 in 20:80 DMF‐d7:CD2Cl2. This solvent pair was
chosen as we wished to investigate the binding of 3 with anions in a less competitive solvent.
However, 3 was not soluble in CD2Cl2, so a minimal amount of DMF‐d7 was added to dissolve 3.
The binding constant as calculated by WinEQNMR (1 to 1 binding model) was 412 M‐1, with an
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error of 8.5%.

A Job plot that was done in the same solvent system indicates that a

combination of 1 to 1 and 1 to 2 receptor‐anion complexes are formed. This conclusion stems
from the observation that the peak of the curve occurs at 0.4 receptor mole fraction. One to
one binding would be represented by the peak occurring at 0.5 mole fraction (see Figure 49)
and one to two binding represented by the peak occurring at 0.33 mole fraction (see Figure 47).
Clearly, there is a difference in the two Job plots, which suggests that solvent may play a role in
the shape of the binding pocket. It should be noted that the chemical shift of a receptor 3 urea
proton occurs at 8.67 ppm in DMF‐d7 and at 8.16 in 20:80 DMF‐d7:CD2Cl2. This indicates that in
20:80 DMF‐d7‐CD2Cl2, the urea groups are not fully hydrogen bonded to DMF resulting in a

Δδ

different solvent shell relative to pure DMF.
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Figure 50. Representative plot of titration of 3 with TBAH2PO4 in 20:80 DMF‐d7:CD2Cl2.
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Figure 51. Job plot of 3 with TBAH2PO4 in 20:80 DMF‐d7:CD2Cl2.

Compound 3 was titrated with compound 43 in 20:80 DMF‐d7:CD2Cl2. The binding
constant as calculated by WinEQNMR was 125M‐1, with an error of 7%. A Job plot conducted in
the same solvent indicated that a 1:1 complex forms in these conditions. It is possible that the
stoichiometry observed in the Job plot suggests that the original hypothesis concerning the
structure of the binding cleft is correct; that the phospholipid anion does indeed bind within the
binding cleft as envisioned, or more likely that there is only room for one molecule of the large
anionic phospholipid.
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Figure 52. Representative plot of the titration of 3 with 43 in 20:80 DMF‐d7:CD2Cl2.
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Figure 53. Job plot of 3:43 complex in 20:80 DMF‐d7:CD2Cl2.

Compound 3 was titrated with 43 in DMF‐d7. The binding constant as calculated by
WinEQNMR was 208 M‐1, with an error of 15.6%. A Job plot conducted in the same solvent
indicated that a 1:1 complex forms in these conditions. The higher binding constant might
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suggest that DMF is a better medium for the formation of complex 3:43, and despite the fact
that the difference in binding constants is small, it is much larger than the calculated error.
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Figure 54. Representative plot of the titration of 3 with 43 in DMF‐d7.
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Figure 55. Job plot of 3 with 43 in DMF‐d7.
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1.2

TABLE 8
ASSOCIATION CONSTANTS (M ‐1) FOR 1 and 3 IN 20:80 DMF:CH2Cl2 (errors range from 5‐15%)
Receptor

H2PO4‐

43

1

216

214

3

412

125

Notes: Binding constants (K) figured for one performed titration. 1 to 1 binding model was
used to obtain this data, including the 3‐TBAH2PO4 complex which Job plot data indicates
combination of 1 to 1 and 1 to 2 binding.

TABLE 9
ASSOCIATION CONSTANTS (M‐1) FOR 1 and 3 IN DMF (errors range from 5‐24%)
Receptor

H2PO4‐

43

Cl‐

OAc‐

1

‐

222a

‐

‐

3

720a

208a

289c

505a

K1‐ log ‐8.540b

K1‐ log 2.686b

K1 x K2‐ log 6.722b

K1 x K2‐ log 4.900b

Notes: a‐ Binding constant (K) figured for one performed titration. 1 to 1 binding model was
used to obtain data, despite the fact that Job plot data indicated that 3‐H2PO4 and 3‐OAc
complexes are 1 to 2 (see above).
b‐ Binding constant figured for same titration experiment a. 1 to 2 binding model was
used to obtain data, using the “log option” of estimating K1 and K2.
c‐ Binding constant (K) from average of 4 titrations.
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Compound 1 was titrated with TBAH2PO4 in 20:80 DMF‐d7:CD2Cl2. The binding constant
as calculated by WinEQNMR was 216M‐1, with an error of 28% (1 to 1 binding model). A
titration was then attempted with 43 in the same solvent system and a binding constant of
214M‐1 was obtained, with an error of 9.2%. Unfortunately there was not enough material to

Δδ

perform a Job plot of the anion complexes.
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Figure 56. Representative plot of titration of 1 with TBAH2PO4 in 20:80 DMF‐d7:CD2Cl2.
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Figure 57. Representative plot of titration of 1 with 43 in 20:80 DMF‐d7:CD2Cl2.
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Compound 1 was titrated with TBAH2PO4 in DMF‐d7. A binding constant as calculated by
WinEQNMR using either a 1 to 1 or 1 to 2 binding model was unobtainable. A titration was
then attempted with 43 in the same solvent system and a binding constant of 222M‐1 was
obtained, with an error of 8.6%. Unfortunately there was not enough material to perform a Job

Δδ

plot of the anion complexes.
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Figure 58. Titration of 1 with TBAH2PO4 in DMF‐d7.
0.35
0.3

Δδ

0.25
0.2
0.15
0.1
0.05
0
0

1

2

3

4

5

Added Anion Equivalents
Figure 59. Titration of 1 with 43 in 20:80 DMF‐d7.
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6

7

4.2

The Role of Water in Complex Formation of Receptors with Chloride
A study was conducted in which compound 3 was titrated numerous times with TBACl in

DMF‐d7. In each titration, increasing amounts of previously prepared water‐anion solution was
added to the receptor in the NMR tube. It was decided that water should be added to the
anion solution, (which was 20 times more concentrated on average than the receptor solution),
allowing for more accurate addition of stoichiometric amounts of water to the system
(stoichiometric equivalents of water added to the receptor solution required 0.5‐1 μL amounts,
which were impossible to measure accurately with the equipment in hand).
The purpose of this study was to probe a hypothesis in which the presence of water
enhances the binding of substrates, when the binding involves ion‐pairing, and/or hydrogen
bonds. The enhancement of binding would come from bound water molecules positioned in
the binding pocket of 3 in such a way that they would form additional hydrogen‐bonds to
chloride, effectively creating a network linking the ureas and/or primary alcohols to the
chloride.
The hypothesis is somewhat novel in origin, although there are precedents which share
this opinion [32] as well as documented examples in biology, such as the crystal structure given
below [33].
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Figure 60. Diagram of protein residues (light blue) making contact with substrate (green)
through three water molecules as observed from the optimized crystal structure of the
complex.

The aforementioned study sought to determine the amount of water required for
optimal binding of chloride anion to compound 3. Initially, both the solvent (DMF‐d7) and the
anion were dried extensively, and then compound 3 was titrated with the dried anion in the
dried solvent to establish a binding constant representing anhydrous conditions. Stoichiometric
amounts of water were then added to the anion solution rather than the receptor solution, in
the belief that if compound 3 would preferentially bind water rather than chloride, then the
anion would bring the water to the receptor’s hydroxyl groups. Following each addition of
water to the anionic solution, a titration of 3 was performed and a binding constant was
obtained through WinEQNMR. Table 10 and Figure 61 summarize the results of the titrations.
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TABLE 10
BINDING CONSTANTS WITH INCREASING EQUIVALENTS OF WATER
A
Equivalents 0

B

C

D

E

F

G

H

I

2.2

4.6

7.1

13.8

17

22

27

41

H2O
relative to
TBACl
K (M‐1)

289

234

253

300

364

358

340

331

294

% error

5.5

4.5

2.6

4.4

2.3

4.7

5.6

5.3
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Figure 61. Trend of the binding constant from the titration of 3 with TBACl in DMF‐d7 with
increasing equivalents of water.
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Figure 62. The ranges of added water to the receptor solution for titrations A‐I.
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Figure 63. The binding constant (M‐1,red) and range of equivalents of added water (blue) of
each titration A‐I.
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Figure 64. Representative binding curves for titrations A‐I.
0.9
0.8
0.7

Δδ

0.6
0.5

Series1

0.4

Series5

0.3

Series9

0.2
0.1
0
0

1

2

3

4

Added Anion Equivalents

5

6

Figure 65. Representative binding curves for titration A (dark blue), E (red), and I (gray).
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Figure 66. Expanded version of x=1‐2 of Figure 65.

Analysis of the binding constants as presented in figure 59 illustrate that the presence of
water does indeed affect the binding of TBACl to compound 3. Aside from the first two
additions of water which show a decrease from the anhydrous titration, a regular increase in
binding constant to a maximum followed by a subsequent decrease can be observed. This
suggests that adding approximately 12‐16 equivalents of water relative to the chloride
produces optimum binding of TBACl to compound 3. Even though the maximum is relatively
small (26% greater than the anhydrous binding constant) it is still considered a legitimate
observation, as the interval is more than ten times greater than the calculated errors. It is
known that water molecules surround chloride, forming a clathrate structure. One possible
explanation for the enhanced binding is that the anionic radius becomes larger and therefore
fits better within the binding cleft and/or the water molecules form a hydrogen‐bond
intermediate between the substrate and the receptor, analogous to Figure 60.
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It is worth mentioning that the first attempts to determine the effects of water in the
formation of a complex between 3 and chloride involved adding water to the receptor solution.
However, as the concentration of the receptor solution was between 2 and 5 mM on average,
adding stoichiometric amounts of water to the receptor required 0.5‐1 microliters.

The

resultant binding constant of these titrations compared with the binding constants from
titrations in which equal amounts of water were added to the anion solution averaged 50 to
75% less. Possible reasons that explain these observations might be that adding water to the
receptor result in a receptor‐water complex (formed by the donation of hydrogen bonds from
the urea to the water), resulting in the added chloride competing with the water in binding to
the ureas. Adding the water to the anion solution might allow an equilibrium to be attained, as
water molecules associate with the primary alcohols facilitating the binding of chloride within
the binding pocket. In this fashion, water assumes a role as buried solvent.
In summary, first and second generation anion receptors were employed in anion
binding studies. A crystal structure of first generation anion receptor 7‐TBAH2PO4‐ complex
revealed a one to two complex in which each urea engaged one anion in a completely
independent fashion, emphasizing the need for a pre‐organized binding cleft.

This was

accomplished in theory by forming a linkage between the phenolic oxygens, resulting in the
second generation anion receptors.

Alkylurea functionalized second generation anion

receptors proved to be insoluble in organic solvents (once they were isolated), forming gels
upon attempts to dissolve and therefore were not employed in anion binding studies. Second
generation phenylurea derivative 3 was made in the highest yield and was employed in the
majority of the anion binding studies.

This compound formed 1 to 2 complexes with
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dihydrogen phosphate (in DMF‐d7 yet forms a mixture of 1 to 1 and 1 to 2 complexes in 20:80
DMF‐d7:CD2Cl2) and acetate (in DMF‐d7), while forming 1 to 1 complexes with chloride (in DMF‐
d7) and anionic phospholipid 43 (in both DMF‐d7 and 20:80 DMF‐d7:CD2Cl2). The complex
formed between 3‐43 was the first reported example of a receptor‐anionic‐phospholipid
complex probed by NMR. Second generation anion receptor 1 also formed a complex with 43 in
both DMF‐d7 and 20:80 DMF‐d7:CD2Cl2, but the stoichiometry of these complexes was
undetermined due to limited material. Finally, the effects of added water in the complex
formation of 3‐chloride was investigated. It was shown that increasing the equivalents of
added water in a range of 10‐100 equivalents enhanced binding by nearly 30% relative to the
anhydrous complex, suggesting that water causes a buried solvent effect.
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CHAPTER 5
EXPERIMENTAL‐MATERIALS AND PROCEDURES
As drying procedures and purification of commercially obtained solvents and reagents
varied with each reaction attempted, the procedures will be described as part of each
experiment when appropriate. All reactions were performed under a blanket of nitrogen.
All melting points (Mel‐Temp) are uncorrected. 1H NMR spectra were recorded at either
300MHz or 400MHz in CDCl3 using the chloroform peak as the reference, or in DMSO‐d6 using
DMSO as the reference, or in DMF‐d7 using DMF as the reference, or in CD2Cl2 using CH2Cl2 as
the reference. ESI‐MS was obtained with a Finnigan LCQ MS. FTIR was performed on either KBr
as a pellet or on NaCl disks; a ThermoNicolet Avatar FTIR was used to obtain the spectra. X‐ray
crystal structures were obtained by the lab of Dr. David Eichhorn at Wichita State University,
using a Bruker Kappa Apex II single crystal diffractometer. Purity affirmation was accomplished
by elemental analysis or HRMS of analytical samples. Elemental Analysis was done by Desert
Analytics, Tucson Arizona, or M‐H‐W Laboratories, Phoenix, Arizona. HRMS was performed by
the Mass Spectrometry Lab at the University of Kansas. Analytical samples were dried under
vacuum in a drying pistol at either 69 oC or 112 oC (depending on melting/boiling point of
material) for at least 24 hours. Column chromatography was carried out on silica gel (Davisil
633). Prep thin‐layer chromatography was performed on pre‐coated 1500 mm plates from
Analtech (silica gel F). Analytical thin layer chromatography was performed using pre‐coated
plates from Analtech (silica gel F). Radial chromatography when performed was accomplished
using a Chromatotron (Harrison Research, Palo Alto, California).
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[2,12‐di(3‐hydroxypropyl)‐4,10‐bis(3‐phenylureido‐1‐methyl)]dibenzo[f,k]‐1,5‐dioxa‐
1,2,3,4,5,8,9,10‐octahydrocyclododecene (1). Compound 7 (0.13 g, 0.20 mmol) which had been
previously dried under vacuum with P2O5 was placed into an acorn shaped flask. In a separate
flask, NaH (0.022 g, 60% w/w in mineral oil, 0.5 mmol) was placed and 5 ml of hexanes was
added under nitrogen. The solids were allowed to stir in the hexanes for the purpose of
separating the mineral oil for 30 minutes. The hexanes were removed by syringe, and an
additional 5 ml of hexanes was added, and the procedure repeated. Following this treatment, 1
ml of DMF (previously dried by distillation from CaH, and stored over 4A molecular sieves) was
added to the base, and 5 ml of DMF were added to the acorn flask to dissolve compound 7.
The solution containing compound 7 was added dropwise to the flask containing the base. The
clear solution containing 7 turned yellow upon addition of the bis‐phenol, and the sodium
hydride dissolved as it formed the diphenolate di‐anion. Formation of the dianion was judged
to have reached completion after 45 minutes. At the end of this time, 1,3‐dibromopropane
(0.03 ml, 0.3 mmol) dissolved in 9 ml of DMF was added dropwise to the diphenolate solution
over one hour via an addition funnel. The mixture was allowed to stir at room temperature for
48 hours, after which time the mixture was filtered and transferred to a beaker, and the DMF
allowed to evaporate under a stream of air. A solution of dilute HCL (0.01 M) was added to the
crude solid material and decanted. Distilled water was then added to the crude solid material
and decanted. After drying the crude under vacuum with P2O5, the solids were dissolved in 2
ml of 50:50 MeOH:CH2Cl2, and the mixture placed onto several prep TLC plates. The plates
were immersed in a tank containing 50:50 acetone:CH2Cl2, and chromatography was
performed. After drying, a band which did not migrate up the plate was scraped from the
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plate, and collected by dissolving in 50:50 MeOH:CH2Cl2, followed by filtration to remove the
silica gel. Removal of the solvent under reduced pressure yielded 40 mg of solid. The solid was
then redissolved in 50:50 MeOH:CH2Cl2, and placed onto a prep TLC plate. This plate was
immersed in a tank containing 12% MeOH in CH2Cl2, and chromatography was performed.
After drying, the only fluorescent band (which had migrated midway up the plate) was scraped
from the plate, and collected by suspension in 50:50 MeOH:CH2Cl2. Filtration of the silica gel
and removal of the solvent under reduced pressure yielded 12 mg (0.017 mmol, 8% yield) of 1
as a brown‐yellow solid: mp 173‐174 oC;

H NMR (400 MHz, DMSO‐d6) δ 1.67 (quintet, 4H,

1

J=7.5 Hz); 1.92 (quintet, 2H, J=5.7 Hz); 2.17 (t, 2H, J=6.7 Hz); 2.80 (t, 4H, J=4.9 Hz); 3.39 (quartet,
4H, J=3.8 Hz); 4.13 (t, 4H, J=6.8 Hz); 4.35 (d, 4H, J=5.7 Hz); 4.46 (t, 2H, J=5.3 Hz); 6.48 (t, 2H,
J=5.7 Hz); 6.87‐6.91 (m, 4 H); 6.98 (d, 2H, J=1.8 Hz); 7.22 (t, 4H, J=7.5 Hz); 7.39 (d, 4H, J=7.5 Hz);
8.55 (s, 2H);

C NMR (100 MHz, DMSO‐d6) δ 30.5, 31.1, 31.5, 34.3, 38.1, 60.2, 67.4, 117.5,

13

120.8, 126.5, 128.4, 130.0, 132.8, 135.6, 137.6, 140.4, 152.3, 155.1; FTIR (KBr) ν 1558, 1638,
3408 cm‐1; MS (ESI) m/z 703.3 (M+Na)+. HRMS (ESI) calcd for C40H49N4O6 (M+H)+ 681.3652,
found (M+H)+ 681.3640.

[2,12‐di‐(3‐hydroxypropyl‐4,10‐bis‐(3‐hexylureido‐1‐methyl)]‐dibenzo[f,k]‐1,5‐dioxa‐
1,2,3,4,5,8,9,10‐octahydrocyclododecene (2). Compound 8 (0.17 g, 0.26 mmol) which had been
previously dried under vacuum with P2O5 was placed into an acorn shaped flask. In a separate
flask, NaH (0.025 g, 60% w/w in mineral oil, 0.65 mmol) was placed and 5 ml of hexanes was
added under nitrogen. The solids were allowed to stir in the hexanes for the purpose of
separating the mineral oil for 30 minutes. The hexanes were removed by syringe, and an
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additional 5 ml of hexanes was added, and the procedure repeated. Following this treatment, 1
ml of DMF (previously dried by distillation from CaH, and stored over 4A molecular sieves) was
added to the base, and 5 ml of DMF were added to the acorn flask to dissolve compound 7.
The solution containing compound 7 was added dropwise to the flask containing the base. The
clear solution containing 7 turned yellow upon addition of the bis‐phenol, and the sodium
hydride dissolved as it formed the diphenolate di‐anion. Formation of the dianion was judged
to have reached completion after 45 minutes. At the end of this time, 1,3‐dibromopropane
(0.033 ml, 0.324 mmol) dissolved in 9 ml of DMF was added dropwise to the diphenolate
solution over one hour via an addition funnel. The mixture was allowed to stir at room
temperature for 48 hours, after which time the mixture was filtered, and the DMF allowed to
evaporate under a stream of air. A solution of dilute HCL (0.01 M) was added to the crude solid
material and decanted. Distilled water was then added to the crude solid material and
decanted. The solids were then washed with ethyl acetate, followed by decantation of the
solution. The remaining solid was washed with additional ethyl acetate and decanted, leaving
behind 16 mg (0.023 mmol, 9% yield) of compound 2 as an off‐white solid: mp 148‐150 oC; 1H
NMR (400 MHz, DMSO‐d6) δ 0.85 (t, 6H, J=6.6 Hz); 1.22‐1.36 (m, 16H); 1.66 (quintet, 4H, J=6.4
Hz); 1.89 (t, 2H, J=6.6 Hz); 2.12 (t, 2H, J=7.8 Hz); 2.76 (t, 4H, J=6.8 Hz); 2.99 (quartet, 4H, J=6.0
Hz); 3.38 (quartet, 4H, J=3.1 Hz); 3.92 (t, 2H, J=5.7 Hz); 4.07 (t, 2H, J=4.6 Hz); 4.19‐4.25 (m, 4H);
4.46 (t, 2H, J=4.9 Hz); 5.91 (t, 2 H, J=5.9 Hz); 6.11 (t, 2H, J=6.2 Hz); 6.87‐6.93 (m, 4Hz);
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C NMR

(100 MHz, DMSO‐d6) δ 13.9, 22.1, 26.1, 30.0, 30.4, 31.0, 31.2, 34.4, 38.2, 60.2, 67.6, 126.3,
129.8, 133.8, 135.7, 137.6, 152.8, 158.1; FTIR (KBr) ν 1576, 1635, 3345 cm‐1; MS (ESI) m/z 719.5
(M+Na)+; HRMS (ESI) calcd for C40H65N4O6 (M+H)+ 697.4904, found (M+H)+ 697.4932.
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[2,13‐di‐(3‐hydroxypropyl)‐4,11‐bis‐(3‐phenylureido‐1‐methyl)]‐dibenzo[g,l]‐1,6‐dioxa‐
1,2,3,4,5,8,9,10‐octahydrocyclotridecene (3). Compound 7 (0.17 g, 0.265 mmol) which had
been previously dried under vacuum with P2O5 was placed into an acorn shaped flask. In a
separate flask, NaH (0.025 g, 60% w/w in mineral oil, 0.65 mmol) was placed and 5 ml of
hexanes was added under nitrogen. The solids were allowed to stir in the hexanes for the
purpose of separating the mineral oil for 30 minutes. The hexanes were removed by syringe,
and an additional 5 ml of hexanes was added, and the procedure repeated. Following this
treatment, 1 ml of DMF (previously dried by distillation from CaH, and stored over 4A molecular
sieves) was added to the base, and 5 ml of DMF were added to the acorn flask to dissolve
compound 7. The solution containing compound 7 was added dropwise to the flask containing
the base. The clear solution containing 7 turned yellow upon addition of the bis‐phenol, and
the sodium hydride dissolved as it formed the diphenolate di‐anion. Formation of the dianion
was judged to have reached completion after 45 minutes. Following this interval, 0.037 ml
(0.325 mmol) of 1,4‐dibromobutane was added dropwise to the diphenolate solution over 45
minutes by a microsyringe. The solution was allowed to stir at room temperature for 48 hours,
following which time the solution was filtered and the DMF allowed to evaporate under a
stream of air. The resultant orange‐white solid was then suspended in methanol. A substantial
amount of solid remained undissolved (subsequent analysis of the contents of the mother
liquor following removal of the solvent under reduced pressure revealed starting material and
an alkene derivative of 7 formed by the elimination of bromide). This solid was collected by
filtration, and washed with aqueous methanol, dilute HCl, and finally distilled water, yielding 75
mg (0.108 mmol, 42% yield) of an off‐white solid: mp 197‐199 oC; 1H NMR (400 MHz, DMSO‐d6)
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δ 1.64‐1.71 (m, 6H); 2.01 (broad singlet, 4H); 2.5 (t, 4H, J=1.8 Hz); 2.72 (t, 4H, J=8.1 Hz); 3.39
(quartet, 4H, J=4.7 Hz); 3.95 (broad singlet, 4H); 4.30 (d, 4H, J=5.7 Hz); 4.43 (t, 2H, J= 5.1 Hz);
6.42 (t, 2H, J=5.7 Hz); 6.88 (t, 4H, J=8.4 Hz); 6.94 (s, 2H); 7.21 (t, 4H, J=5.7 Hz); 7.39 (d, 4H, J=3.1
Hz); 8.52 (s, 2H); 13C NMR (100 MHz, DMSO‐d6) δ 26.0, 31.1, 31.7, 34.4, 35.0, 37.9, 60.1, 73.6,
117.6, 121.0, 126.4, 128.6, 128.9, 132.8, 135.3, 137.5, 140.4, 152.9, 155.1; FTIR (KBr) ν 1558,
1638, 3326 cm‐1; HRMS (ESI) calcd for C41H51N4O6 (M+H)+ 695.3808, C41H50N4O6Na (M+Na)+
717.3628, found (M+H)+ 695.3815, (M+Na)+ 717.3652.

[2,13‐di‐(3‐hydroxypropyl)‐4,11‐bis‐(3‐hexylureido‐1‐methyl)]‐dibenzo[g,l]‐1,6‐dioxa‐
1,2,3,4,5,8,9,10‐octahydrocyclotridecene (4). Compound 8 (0.11 g, 0.168 mmol) which had
been previously dried under vacuum with P2O5 was placed into an acorn shaped flask. In a
separate flask, NaH (0.020 g, 60% w/w in mineral oil, 0.5 mmol) and 5 ml of hexanes were
added under nitrogen. The solids were allowed to stir in the hexanes for the purpose of
separating the mineral oil for 30 minutes. The hexanes were removed by syringe, and an
additional 5 ml of hexanes was added, and the procedure repeated. Following this treatment, 1
ml of DMF (previously dried by distillation from CaH, and stored over 4A molecular sieves) was
added to the base, and 5 ml of DMF were added to the acorn flask to dissolve compound 7.
The solution containing compound 7 was added dropwise to the flask containing the base. The
clear solution containing 7 turned yellow upon addition of the bis‐phenol, and the sodium
hydride dissolved as it formed the diphenolate di‐anion. Formation of the dianion was judged
to have reached completion after 45 minutes. Following this interval, 0.025 ml (0.201 mmol) of
1,4‐dibromobutane was added dropwise to the diphenolate solution over 45 minutes by a
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microsyringe. The solution was allowed to stir at room temperature for 48 hours, following
which time the solution was filtered and the DMF allowed to evaporate under a stream of air.
The resultant orange‐white solid was then suspended in methanol. A portion of solid remained
undissolved (subsequent analysis of the contents of the mother liquor following removal of the
solvent under reduced pressure revealed starting material and an alkene derivative of 8 formed
by elimination of bromide). This solid was collected by filtration, and washed with aqueous
methanol, dilute HCl, and finally distilled water, yielding 32 mg (0.045 mmol, 27% yield) of an
off‐white solid: mp 173‐175 oC; 1H NMR (400 MHz, DMF‐d7) δ 0.89 (t, 6H, J=7.1 Hz); 1.30 (broad
singlet, 12H); 1.46 (t, 4H, J=6.4 Hz); 1.78 (quintet, 6H, J=6.8 Hz); 2.06 (broad singlet, 4H); 2.60 (t,
4H, J=7.9 Hz); 3.14 (quartet, 4H, J=6.4 Hz); 3.54 (quartet, 4H, J=5.5 Hz); 4.02 (broad singlet, 4H);
4.28 (broad singlet, 2H); 4.38 (d, 4H, J=5.9 Hz); 5.92 (s, 2H); 6.09 (s, 2H); 6.88 (s, 2H,); 7.10 (s,
2H);

C NMR (100 MHz, DMSO‐d6) δ 13.9, 22.1, 26.1, 30.0, 30.4, 31.0, 31.2, 34.4, 38.2, 60.2,
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67.6, 126.3, 129.8, 133.8, 135.7, 137.6, 152.8, 158.1; FTIR (KBr) ν 1576, 1635, 3335 cm‐1; HRMS
(ESI) calcd for C41H67N4O6 (M+H)+ 711.5061, C41H66N4O6 (M+Na)+ 733.4880, found (M+H)+
711.5086, (M+Na)+ 733.4886.

[2,13‐di‐(3‐hydroxypropyl)‐4,11‐bis‐(3‐methylureido‐1‐methyl)]‐dibenzo[g,l]‐1,6‐dioxa‐
1,2,3,4,5,8,9,10‐octahydrocyclotridecene (5). Compound 9 (0.1 g, 0.194 mmol) which had
been previously dried under vacuum with P2O5 was placed into an acorn shaped flask. In a
separate flask, NaH (0.025 g, 60% w/w in mineral oil, 0.58 mmol) was placed and 5 ml of
hexanes was added under nitrogen. The solids were allowed to stir in the hexanes for the
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purpose of separating the mineral oil for 30 minutes. The hexanes were removed by syringe,
and an additional 5 ml of hexanes was added, and the procedure repeated. Following this
treatment, 1 ml of DMF (previously dried by distillation from CaH, and stored over 4A molecular
sieves) was added to the base, and 5 ml of DMF were added to the acorn flask to dissolve
compound 7. The solution containing compound 7 was added dropwise to the flask containing
the base. The clear solution containing 7 turned yellow upon addition of the bis‐phenol, and
the sodium hydride dissolved as it formed the diphenolate di‐anion. Formation of the dianion
was judged to have reached completion after 45 minutes. Following this interval, 0.028 ml
(0.325 mmol) of 1,4‐dibromobutane was added dropwise to the diphenolate solution over 45
minutes by a microsyringe. The solution was allowed to stir at room temperature for 48 hours,
following which time the solution was filtered and the DMF allowed to evaporate under a
stream of air. The resultant orange‐white solid was then suspended in methanol. A portion of
solid remained undissolved (while subsequent analysis of the contents of the mother liquor
following removal of the solvent under reduced pressure revealed starting material and an
alkene derivative of 9 formed by elimination of bromide). This solid was collected by filtration,
and washed with aqueous methanol, dilute HCl, and finally distilled water, yielding 15 mg
(0.026 mmol, 14% yield) of an off‐white solid which degraded at 336 oC; 1H NMR (400 MHz,
DMF‐d7) δ 1.71‐1.78 (m, 6H); (broad singlet, 4H); 2.58 (t, 4H, J=7.5 Hz); 2.68 (d, 6H, J=4.8 Hz);
3.52 (quartet, 4H, J=5.3 Hz); 4.00 (broad singlet, 4H); 4.37 (d, 4H, J=5.9 Hz); 4.45 (t, 2H, J=5.1
Hz); 5.91 (quartet, 2H, J=4.6 Hz); 6.28 (t, 2H, J=6.0 Hz); 6.90 (s, 2H,); 7.10 (s, 2H);

13

C NMR (100

MHz, DMSO‐d6); 26.4, 31.2, 34.4, 38.0, 60.2, 73.6, 126.3, 128.6, 133.6, 135.2, 137.3, 152.7,
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158.7; FTIR (KBr) ν 1576, 1635, 3360 cm‐1; HRMS (ESI) calcd for C31H47N4O6 (M+H)+ 571.3496,
C31H46N4O6 (M+Na)+ 593.3315, found (M+H)+ 571.3503, (M+Na)+ 593.3316.

[2,13‐di‐(3‐hydroxypropyl)‐4,11‐bis‐(3‐phenylureido‐1‐methyl)]‐(7Z)‐[15H]‐dibenzo[g,l]‐1,6‐
dioxa‐1,2,3,4,5,8,9,10‐octahydrocyclotridecine (6). Compound 7 (0.38 g, 0.60 mmol) which
had been previously dried under vacuum with P2O5 was placed into an acorn shaped flask. In a
separate flask, NaH (0.07 g, 60% w/w in mineral oil, 1.8 mmol) was placed and 5 ml of hexanes
was added under nitrogen. The solids were allowed to stir in the hexanes for the purpose of
separating the mineral oil for 30 minutes. The hexanes were removed by syringe, and an
additional 5 ml of hexanes was added, and the procedure repeated. Following this treatment, 1
ml of DMF (previously dried by distillation from CaH, and stored over 4A molecular sieves) was
added to the base, and 7 ml of DMF were added to the acorn flask to dissolve compound 7.
The solution containing compound 7 was added dropwise to the flask containing the base. The
clear solution containing 7 turned yellow upon addition of the bis‐phenol, and the sodium
hydride dissolved as it formed the diphenolate di‐anion. Formation of the dianion was judged
to have reached completion after 45 minutes. Following this interval, a separate solution of
compound 42 in 7 ml of DMF was added dropwise to the diphenolate solution over 40 minutes.
The reaction flask was covered in foil, and allowed to stir at room temperature for 24 hours, at
which time the DMF was removed by evaporation under a stream of air. The resultant solids
were resuspended in MeOH, and a substantial amount of solid did not dissolve (subsequent
analysis of the contents of the mother liquor following removal of the solvent under reduced
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pressure revealed starting materials 7 and 42). This solid was isolated by filtration, and washed
with more methanol, dilute HCl, and distilled water, leaving 0.28 g of product (0.4 mmol, 70%
yield) as an off‐white solid: mp 216‐217.5 oC; 1H NMR (400 MHz, DMSO‐d6) δ 1.63‐1.74 (m, 6H);
2.50‐2.51 (m, 4H); 2.66 (t, 4H, J=7.5 Hz); 3.38 (quartet, 4H, J=4.4 Hz); 4.34 (d, 4H, J=5.5 Hz);
4.44‐4.48 (m, 6H); 6.02 (t, 2H, J=3.9 Hz); 6.49 (t, 2H, J=5.7 Hz); 6.88 (t, 2 H, J=7.3 Hz); 6.92 (s,
2H); 7.03 (s, 2H); 7.21 (t, 4H, J=7.3 Hz); 7.38 (d, 4H, J=7.7 Hz); 8.55 (s, 2H);
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C NMR (100 MHz,

DMSO‐d6) δ 30.9, 31.2, 34.4, 35.9, 38.0, 60.1, 69.8, 117.6, 121.0, 126.4, 127.7, 128.7, 128.9,
133.0, 135.4, 137.3, 140.5, 152.6, 155.1; FTIR (KBr) ν 1560, 1638, 2857, 3326 cm‐1; HRMS (ESI)
calcd for C41H49N4O6 (M+H)+ 693.3652, C41H48N4O6Na(M+Na)+ 715.3471, found (M+H)+
693.3666, (M+Na)+ 715.3499.

3,3’‐(1,3‐Propanediyl)bis[1‐(2‐hydroxy‐5‐(3‐hydroxypropyl)‐benzyl‐3‐phenylurea] (7). 0.325 g
(0.76 mmol) of 36 which had been previously dried under vacuum with P2O5 was dissolved in 2
ml of dried, distilled CH2Cl2. The solution was chilled using a dry‐ice/acetone/water bath to ‐25
o

C. 2 ml (26 mmol) of dried, distilled TFA was then added to the solution. In a separate flask

0.884 g (4.56 mmol) of N‐ethoxymethyl‐N’‐phenylurea (12) which had been previously dried
under vacuum with P2O5 was dissolved in 4 ml of dried, distilled CH2Cl2. This solution was then
added to the phenolic solution dropwise over 15 minutes. The solution was then allowed to stir
for an additional 30 minutes, at which time the reaction was quenched with saturated NaHCO3
aq. The aqueous layer was extracted with ethyl acetate (4 x 50 ml), and the combined organic
layers were then washed with brine and dried over sodium sulfate. Removal of the solvent
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under reduced pressure gave 1.15 g of crude material. This was resuspended in 8 ml of
methanol, and 1 ml (13.5 mmol) of ethanethiol and 1.5 g (8 mmol) of p‐toluenesulfonic acid
monohydrate were added and allowed to stir at room temperature for 1.5 hours. Following
this, the reaction was quenched with a saturated NaHCO3 solution. The aqueous layer was
extracted with ethyl acetate (4 x 50 ml), and the combined organics were washed with brine
and dried over sodium sulfate. The solvent was removed under reduced pressure leaving 1.25
g of crude material.

The product was isolated by subjecting the crude to column

chromatography using 40% acetone in CH2Cl2 as the eluting solvents, furnishing 0.35 g of a
white solid (0.547 mmol, 72% yield): mp 157.5‐159 oC; 1H NMR (400 MHz, DMSO‐d6) δ 1.62‐
1.69 (m, 4H); 1.69‐1.78 (m, 2H); 2.46‐2.49 (m, 4H); 2.51‐2.59 (m, 4H); 3.39 (q, 4H, J=6.23 Hz);
4.20 (d, 4H, J=5.68 Hz); 4.36 (t, 2H, J=5.13 Hz); 6.73 (t, 2H, J=6.23 Hz); 6.84 (d, 4H, J=1.74 Hz);
6.92 (t, 2H, J=7.32 Hz); 7.23 (t, 4H, J=7.51 Hz); 7.36 (d, 4H, J=7.69 Hz); 8.68 (s, 2H); 9.06 (s, 2H);
C (100 MHz, DMSO‐d6) δ 30.1, 30.9, 34.7, 60.2, 118.1, 121.6, 126.1, 127.3, 128.7, 129.4, 132.5,
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139.9, 150.7, 156.6; FTIR (KBr) ν 1556, 1595, 1635, 3388 cm‐1; MS (ESI) m/z 647.1 (M+Li)+, 663.1
(M+Na)+; Anal. Calcd for C37H44N4O6: C, 69.35; H, 6.92; N, 8.74. Found: C, 69.52; H, 6.99; N,
8.66.

3,3’‐(1,3‐Propanediyl)bis[1‐(2‐hydroxy‐5‐(3‐hydroxypropyl)benzyl)‐3‐hexylurea] (8).

0.11 g

(0.76 mmol) of bis‐phenol 36 which had been previously dried under vacuum with P2O5 was
dissolved in 1 ml of dried, distilled CH2Cl2.

The solution was chilled using a dry‐

ice/acetone/water bath to ‐25 oC. 1 ml (13 mmol) of dried, distilled TFA was then added to the
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solution. In a separate flask 0.3 g (4.56 mmol) of N‐ethoxymethyl‐N’‐hexylurea (14) which had
been previously dried under vacuum with P2O5 was dissolved in 2 ml of dried, distilled CH2Cl2.
This solution was then added to the phenolic solution dropwise over 15 minutes. The solution
was then allowed to stir for an additional 30 minutes, at which time the reaction was quenched
with a saturated NaHCO3 solution. The aqueous layer was extracted with ethyl acetate (4 x 50
ml), and the combined organic layers were then washed with brine and dried over sodium
sulfate. Removal of the solvent under reduced pressure gave 0.345g of crude material. This
was resuspended in 8 ml of methanol, and 1 ml (13.5 mmol) of ethanethiol and 1.5 g (8 mmol)
of p‐toluenesulfonic acid monohydrate were added and allowed to stir at room temperature for
1.5 hours. Following this, the reaction was quenched with saturated NaHCO3 aq. The aqueous
layer was extracted with ethyl acetate (4 x 50 ml), and the combined organics were washed
with brine and dried over sodium sulfate. The solvent was removed under reduced pressure
leaving 0.356 g of crude material. The product was isolated by subjecting the crude to column
chromatography using 40% acetone in CH2Cl2 as the eluting solvents. 0.095 g of a white solid
was collected (0.144 mmol, 56% yield): mp 109.5‐111 oC; 1H NMR (400 MHz, DMSO‐d6) δ 0.83
(t, 6H, J=6.6 Hz); 1.22‐ 1.34 (m, 16H); 1.62‐ 1.73 (m, 6H); 2.42‐ 2.54 (m, 8H); 2.98 (q, 4H, J=6.23
Hz); 3.38 (q, 4H, J=6.04 Hz); 4.04 (d, 4H, J=6.05 Hz); 4.42 (t, 2H, J=5.77 Hz); 6.26 (t, 2H, J= 4.95
Hz); 6.68 (s, 2H); 6.68 (s, 2H); 6.84 (s, 2H); 10.03 (s, 2H);
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C NMR (100 MHz, DMSO‐d6) δ 13.9,

22.1, 26.0, 29.8, 30.2, 30.9, 31.0, 34.7, 60.2, 126.2, 127.9, 128.9, 129.4, 131.9, 151.3, 159.8;
FTIR (KBr) ν 1559, 1623, 3336, 3389 cm‐1; MS (ESI) m/z 657.5 (M+H)+; Anal. Calcd for
C37H60N4O6: C, 67.65; H, 9.21; N, 9.53. Found: C, 68.00; H, 8.95; N, 9.68.
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3,3’‐(1,3‐Propanediyl)bis[1‐(2‐hydroxy‐5‐(3‐hydroxypropyl)benzyl)‐3‐methylurea] (9). 0.23 g
(0.54 mmol) of bis‐phenol 36 which had been previously dried under vacuum with P2O5 was
dissolved in 1.5 ml of dried, distilled CH2Cl2. 1.5 ml (19.6 mmol) of dried, distilled TFA was then
added to the solution. In a separate flask 0.52 g (3.2 mmol) of N‐butoxymethyl‐N’‐methylurea
(13) which had been previously dried under vacuum with P2O5 was dissolved in 3 ml of dried,
distilled CH2Cl2. This solution was then added to the phenolic solution dropwise over 15
minutes. The solution was then allowed to stir for an additional 30 minutes, at which time the
reaction was quenched with a saturated NaHCO3 solution. The aqueous layer was extracted
with ethyl acetate (4 x 50 ml), and the combined organic layers were then washed with brine
and dried over sodium sulfate. Removal of the solvent under reduced pressure gave 0.42 g of
crude material. This was resuspended in 6 ml of methanol, and 0.5 ml (6.77 mmol) of
ethanethiol and 0.3 ml (6 mmol) of concentrated sulfuric acid was added and the mixture was
allowed to stir at room temperature for 1.5 hours. Following this, the reaction was quenched
with a saturated NaHCO3 solution. The aqueous layer was extracted with ethyl acetate (4 x 50
ml), and the combined organics were washed with brine and dried over sodium sulfate. The
solvent was removed under reduced pressure leaving 0.455 g of crude material. The product
was isolated by subjecting the crude to column chromatography using 65% acetone in CH2Cl2 as
the eluting solvents. 0.1 g of a white solid was collected (0.193 mmol, 36% yield): mp 137‐139
C; 1H NMR (400 MHz, DMSO‐d6) δ 1.61‐1.76 (m, 6H); 2.42‐2.52 (m, 8H); 2.56 (d, 3H, J=4.58 Hz);

o

3.38 (t, 4H, J=4.21 Hz); 4.04 (d, 4H, J=6.23 Hz); 4.41 (s, 2H); 6.17 (d, 2H, J=3.85 Hz); 6.76‐6.82 (m,
6H); 10.06 (s, 2H);

C NMR (100 MHz, DMSO‐d6) δ 26.6, 29.8, 30.2, 30.8, 34.7, 60.2, 126.2,
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127.9, 128.8, 129.4, 131.9, 151.3, 160.4; FTIR (KBr) ν 1559, 1623, 3292, 3420 cm‐1. HRMS (ESI)
139

calcd for C27H40N4O6 (M+H)+ 517.3026, (M+Na)+ 539.2846: found (M+H)+ 517.3003, (M+Na)+
539.2842.

1‐Ethoxymethyl‐3‐phenylurea (12). Paraformaldehyde (2.0 g, 66.7 mmol) was added to a
solution of phenylurea (10, commercially available from Lancaster) and NaOH (0.1 g, 2.5 mmol)
dissolved in ethanol (50 ml) and water (9 ml). The resulting suspension was heated under
reflux for 1.5 hours at which time the reaction was cooled and the solvent was removed under
reduced pressure. The residue was recrystallized from ethanol (6 ml) and water (50 ml) to
afford 2.47 g of 12 (12.7 mmol, 63.6% yield) as fine white needle crystals: mp 109‐111 oC (lit
[14] 105‐107 oC); 1H NMR (400 MHz, CD2Cl2) δ 1.17 (t, 3H, J=7.0 Hz); 3.53 (q, 2H, J=7.0 Hz); 4.65
(d, 2 H, J=6.6 Hz); 6.01 (s, 1H), 7.04 (t, 1H, J=7.7 Hz); 7.25‐7.35 (m, 5H);
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C NMR (100 MHz,

DMSO‐d6) δ 15.2, 62.2, 70.1, 118.1, 121.6, 128.8, 140.1, 155.0.

1‐Butoxymethyl‐3‐methylurea (13). 12 g (0.16 mol) of methylurea (11), 6.7 g (0.22 mol) of
paraformaldeyde, and 0.6 g (16 mmol) of NaOH was dissolved in 250 ml (2.75 mol) of n‐butanol
and 7 ml (0.39 mol) of water. The solution was refluxed at 125o C for 2 hours, at which time the
solvent was removed by vacuum distillation (using a one‐piece distillation apparatus) followed
by placement of the crude under vacuum overnight. The resultant crude was partitioned
between ethyl acetate and water. The aqueous layer was extracted with ethyl acetate (7 x 50
ml). The organic layers were washed with brine and dried over sodium sulfate. The resultant
solid (14.5 g) was dissolved in boiling ether and precipitated at 4 oC, giving 10.5 g (65.6 mmol) of
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off‐white semi‐crystalline solid. An additional 2 g (12.5 mmol) was collected following a second
precipitation, giving a total yield of 50%: mp 48‐49.5 oC; 1H NMR (400 MHz, DMSO‐d6) δ 0.85 (t,
3H, J=7.5 Hz); 1.23‐1.32 (m, 2H); 1.38‐1.45 (m, 2H); 2.55 (d, 3H, J=4.6 Hz); 3.31 (t, 2H, J= 6.6Hz);
4.43 (d, 2H, J=7.0 Hz); 5.95 (q, 1H, J=4.6 Hz); 6.79 (t, 1H, J=6.8 Hz);

13

C NMR (100 MHz, DMSO‐

d6) δ 13.8, 19.0, 26.3, 31.4, 66.2, 70.7, 158.3; FTIR (KBr) ν 1418, 1635 cm‐1. HRMS (ESI) calcd
for C7H18N2O3 (M+Na)+ 183.1110, found 183.1113.

1‐(2‐Methoxy‐5‐methylbenzyl)‐3‐phenylurea (15).

0.16 ml (1.3 mmol) of 4‐methylanisole

distilled from calcium hydride was placed into a flask and dissolved in 2 ml of dried, distilled
CH2Cl2. The solution was cooled to 0 oC and 0.15 ml (1.3 mmol) of SnCl4 was syringed into the
sealed flask, turning the clear solution to a greenish‐yellow. A solution of 0.5g (2.6 mmol) N‐
ethoxymethyl‐N’‐phenylurea in 8 ml of dried methylene chloride was added dropwise to the
anisole solution over 20 minutes. The mixture was allowed to stir an additional 15 minutes
before quenching with distilled water. Ethyl acetate (4x 50 ml) was used to extract the organic
material from the aqueous layer. The combined organic layers were washed with brine and
dried with sodium sulfate before removal of the solvent under reduced pressure. The resultant
crude oil was resuspended in ethyl acetate and stirred overnight, and by the next day 256 mg of
precipitate was collected as pure product (0.95 mmol,72%): mp 169‐170.5 oC; 1H NMR (300
MHz, DMSO‐d6) δ 2.22 (s, 3H), 3.79 (s, 3H), 4.21 (d, 2H, J=2.9 Hz), 6.39 (t, 1H, J=5.8 Hz), 6.85‐
6.90 (m, 2H), 7.04 (d, 2H, J=3.8 Hz), 7.21 (t, 2H, J=8.0 Hz), 7.35‐ 7.39 (m, 2H), 8.56 (s, 1H); 13C

141

NMR (100 MHz, DMSO‐d6) δ 20.2, 38.2, 55.4, 110.4, 117.5, 121.0, 127.3, 128.3, 128.7, 128.7,
140.5, 154.8, 155.1; FTIR (KBr) ν 1641, 3245, 3407 cm‐1; MS (ESI) m/z 271.2 (M+H)+, 293.2
(M+Na)+. Anal. Calcd for C16H18N2O2: C, 71.09; H, 6.71; N, 10.36. Found: C, 71.30; H, 6.80; N,
10.47.

1‐(5‐tert‐butyl‐2‐hydroxybenzyl)‐3‐phenylurea (16). 4‐Tert‐butylphenol (0.76g, 5.07 mmol)
which had been recrystallized from petroleum ether was dissolved in 10 ml of dried, distilled
CH2Cl2 and chilled to ‐30 oC in a dry‐ice acetone/water bath. 10 ml of TFA (91 mmol) was then
added to the solution.

A separate solution of 1.98 g (10.24 mmol) N‐ethoxymethyl‐N’‐

phenylurea (12) in 20 ml of dried, distilled CH2Cl2 was then added to the phenolic solution over
20 minutes.

The solution was then allowed to stir for an additional 15 minutes before

quenching with distilled water. Ethyl acetate was used to extract the aqueous layer, and the
combined organic fractions were washed with a saturated NaHCO3 solution, brine, and dried
with sodium sulfate before removal of the solvents under reduced pressure. The resulting 2 g
of crude was subjected to column chromatography using a gradient of 2‐5% ethyl acetate in
CH2Cl2 to yield 1.04 g of product as a white solid (3.5 mmol, 67% yield): mp 172‐174 oC; 1H NMR
(300 MHz, DMSO‐d6) δ 1.23 (s, 9H), 4.23 (d, 2H, J=2.9 Hz), 6.48 (t, 1H, J=5.8 Hz), 6.75 (d, 1H,
J=4.2 Hz), 6.89 (t, 1H, J=7.3 Hz), 7.08‐7.12 (m, 1H), 7.19‐7.24 (m, 3H), 7.40 (d, 2H, J=4.3 Hz), 8.62
(s, 1H), 9.47 (s, 1H); 13C NMR (75 MHz, DMSO‐d6) δ 31.5, 33.7, 39.1, 114.8, 117.8, 121.2, 124.8,
125.0, 125.9, 128.7, 140.4, 140.9, 152.9, 155.5; FTIR (KBr) 1562, 1660, 3414 cm‐1; MS (ESI) m/z
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299.2 (M+H)+, 321.2 (M+Na)+. Anal. Calcd for C18H22N2O2: C, 72.46; H, 7.43; N, 9.39. Found: C,
72.34; H, 7.29; N, 9.55.

1‐(2‐hydroxy‐5‐methylbenzyl)‐3‐phenylurea (17). 0.25 ml (2.2mmol) of p‐cresol dried from
freshly activated 4A molecular sieve was added to a dried flask. It was dissolved in 3 ml of
dried, distilled CH2Cl2. The solution was chilled to 0 oC and 0.3 ml (2.4 mmol) of BF3OEt2 was
added. After 5 minutes of cooling, 0.43 g (2.2 mmol) of N‐ethoxymethyl‐N’‐phenylurea (12) in 7
ml of dried CH2Cl2 was added dropwise by syringe to the phenolic solution. The reaction was
allowed to stir for an additional 10 minutes before quenching with distilled water. Ethyl acetate
(4 x 30 ml) was used to extract the aqueous layer, which was then washed with a saturated
NaHCO3 solution, brine, and dried with sodium sulfate before the solvent was removed under
reduced pressure, leaving 0.446g of crude material. The purified product was obtained by
precipitation with 1:4 ethyl acetate: hexanes, giving 0.395 g (1.54 mmol, 71% yield) of white
solid: mp 182‐184 oC; 1H NMR (300 MHz, DMSO‐d6) δ 2.18 (s, 3H), 4.19 (d, 2H, J=2.9 Hz), 6.46 (t,
1H, J=5.8 Hz), 6.71 (d, 1H, J=4.0 Hz), 6.91 ( t, 2H, J=7.9 Hz), 6.96 (s, 1H), 7.21 (t, 2H, J=7.9 Hz),
7.38 (d, 2H, J=4.4 Hz), 8.60 (s, 1H), 9.39 (s, 1H);

C NMR (100 MHz, DMSO‐d6) δ 20.2, 38.5,

13

114.9, 117.6, 121.1, 125.7, 127.2, 128.3, 128.7, 129.4, 140.4, 152.8, 155.4; FTIR (KBr) ν 1568,
1640, 3301, 3364 cm‐1; MS (ESI) m/z 257.1 (M+H)+, 279.2 (M+Na)+. Anal. Calcd for C15H16N2O2:
C, 70.29; H, 6.29; N, 10.93. Found: C, 70.12; H, 6.41; N, 10.82.

143

1‐(5‐Bromo‐2‐hydroxybenzyl)‐3‐phenylurea (18). 4‐hydroxybromobenzene (0.25g, 1.445
mmol) was dissolved in 2 ml of dried, distilled (CH2Cl)2. To the solution was then added 0.75 ml
(5.78 mmol) of BF3OEt2 and the reaction mixture heated to reflux for 5 minutes before the rapid
addition of 0.28 g (1.445 mmol) of N‐ethoxymethyl‐N’‐phenylurea in 8 ml of dried distilled DCE.
The mixture was allowed to reflux for 15 minutes and cooled for 5 minutes before quenching
the reaction with a saturated NaHCO3 solution. Ethyl acetate (4 x 50 ml) was used to extract
the aqueous layer, and the combined organic layers were washed with brine and dried with
sodium sulfate before removal of the solvent under reduced pressure. The resulting crude oil
was then subjected to column chromatography using 5% acetone in CH2Cl2 as the eluting
solvents. The fractions containing product were recrystallized from 60‐40 isopropanol‐water,
giving 0.18g of solid product (0.561 mmol, 40% yield): mp 168‐171 oC; 1H NMR (300 MHz,
DMSO‐d6) δ 4.21 (d, 2H, J=2.93 Hz), 6.56 (t, 1H, J=5.95 Hz), 6.74 (d, 1H, J=4.21 Hz), 6.90 (t, 1H,
J=7.87 Hz), 7.19‐ 7.38 (m, 4H), 7.39 (d, 2H, J=3.75 Hz), 8.66 (s, 1H), 9.97 (s, 1H);

13

C NMR (100

MHz, DMSO‐d6) δ 40.0, 109.9, 117.1, 117.7, 121.2, 128.7, 129.0, 130.4, 130.7, 140.3, 154.3,
155.4; FTIR (KBr) ν 1565, 1637, 3306, 3370 cm‐1; MS (ESI) m/z 345.0 (M+Na)+; Anal. Calcd for
C14H13N2O2Br: C, 52.36; H, 4.08; N, 8.72. Found C, 52.15; H, 3.90; N, 9.08.

Methyl 3‐(4‐hydroxy‐3‐(3‐phenylureido)methyl)phenyl)propanoate (19). Phenol (0.155g, 0.87
mmol) which had been previously dried by Dean‐Stark method was dissolved in 2 ml of dried,
distilled CH2Cl2. The solution was then chilled to ‐25 oC in a dry‐ice/acetone/water bath and 2
ml (26 mmol) of dried, distilled TFA was added to the solution. A separate solution of 0.35 g
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(1.8 mmol) N‐ethoxymethyl‐N’‐phenylurea dried under vacuum with P2O5 in 3 ml of dried
methylene chloride was then added to the phenolic solution dropwise over 20 minutes. The
mixture was allowed to stir at the cold temperature for an additional 15 minutes before
quenching with a saturated NaHCO3 solution. Ethyl acetate (4 x 25 ml) was used to extract the
aqueous layer, and the combined organics were washed with brine, and dried with sodium
sulfate before removal of the solvent under reduced pressure to give 0.45 g of crude oil. The
crude was then resuspended in 6 ml of methanol, and chilled to 0 oC in an ice bath. To the
solution was added 0.7 ml (9.5 mmol) of ethanethiol and 1.8 g (9.5 mmol) of p‐toluenesulfonic
acid. The reaction was stirred for 20 minutes before quenching with a saturated NaHCO3
solution. Ethyl acetate (4x 25 ml) was used to extract the aqueous layer. The combined
organics were washed three additional times with saturated NaHCO3 solution (3 x 50 ml), then
brine, and then dried with sodium sulfate before removal of the solvent under vacuum. The
resulting crude was then subjected to column chromatography using 5% acetone in CH2Cl2 as
the eluting solvents to give 0.193 g of the product as white needle‐like crystals (0.588 mmol,
68% yield): mp 146‐147.5 oC; 1H NMR (300 MHz, DMSO‐d6) δ 2.54 (t, 2H, J=7.5 Hz), 2.73 (t, 2H,
J=7.5 Hz), 3.53 (s, 3H), 4.18 (d, 2H, J=2.9 Hz), 6.45 (t, 1H, J=5.9 Hz), 6.72 (d, 1H, J=4.0 Hz), 6.88‐
6.94 (m, 2H), 6.99 (s, 1H), 7.21 (t, 2H, J=7.8 Hz), 7.37 (d, 2H, J=3.8 Hz), 8.60 (s, 1H), 9.49 (s, 1H);
C NMR (100 MHz, DMSO‐d6) δ 29.6, 35.4, 38.6, 51.3, 115.0, 117.6, 121.1, 125.7, 127.7, 128.7,

13

130.6, 140.4, 153.5, 155.4, 172.7; FTIR (KBr) ν 1562, 1636, 1723, 3333, 3373 cm‐1; MS (ESI) m/z
351.2 (M+Na)+. Anal. Calcd for C18H20N2O4: C, 65.84; H, 6.14; N, 8.53. Found: C, 65.63; H, 5.76;
N, 8.42.
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Methyl 3‐(4‐hydroxy‐3‐(3‐methylureido)methyl)phenyl)propanoate (20).

Methyl 3‐(4‐

hydroxyphenyl)propanoate (0.15 g, 0.85 mmol) of which had been previously dried by Dean‐
Stark drying method was dissolved in 2 ml of dried, distilled CH2Cl2. The solution was placed
into a dry‐ice‐acetone‐water bath and chilled to ‐25 oC. 2 ml (26 mmol) of dried, distilled TFA
was then added to the solution. In a separate flask 0.34 g (2.13 mmol) of N‐butoxymethyl‐N’‐
methylurea which had been previously dried under vacuum with P2O5 was dissolved in 4 ml of
dried, distilled CH2Cl2. This solution was then added to the phenolic solution dropwise over 15
min. The reaction was then allowed to stir for an additional 30 minutes, at which time the
reaction was quenched with a saturated NaHCO3 solution. The aqueous layer was extracted
with ethyl acetate (4 x 50 ml), and the combined organic layers were then washed with brine
and dried over sodium sulfate. Removal of the solvent under reduced pressure gave 0.295 g of
crude material. This was resuspended in 6 ml of methanol, and 1 ml (13 mmol) of ethanethiol
and 1 ml (18 mmol) of concentrated sulfuric acid was added and allowed to stir at room
temperature for 1.5 hours. Following this, the reaction was quenched with saturated NaHCO3
solution. The aqueous layer was extracted with ethyl acetate (4 x 50 ml), and the combined
organics were washed with brine and dried over sodium sulfate. The solvent was removed
under reduced pressure, leaving 0.278 g of crude material.

The product was isolated by

subjecting the crude to column chromatography using 10% acetone in CH2Cl2 as the eluting
solvents. 0.12 g (0.45 mmol) of an opaque white crystalline solid was collected (53% yield): mp
88‐89.5 oC; 1H NMR (400 MHz, DMSO‐d6) δ 2.51‐ 2.56 (m, 5H); 2.72 (t, 2H, J=7.32 Hz); 3.57 (s,
3H); 4.07 (d, 2H, J=6.04 Hz); 6.02 (d, 1H, J=4.58 Hz); 6.45 (s, 1H); 6.67 (d, 1H, J=8.06 Hz); 6.90‐
6.94 (m, 2H); 9.82 (s, 1H); 13C NMR (100 MHz, DMSO‐d6) δ 26.5, 29.6, 35.4, 51.3, 115.5, 126.5,
146

127.7, 129.1 130.5, 153.6, 159.5, 172.7; FTIR (KBr) ν 1558, 1636, 1646, 1730, 3301, 3411 cm‐1;
MS (ESI) m/z 267.1 (M+H)+, 281.1 (MNa+). Anal. Calcd for C13H18N2O4: C, 58.63; H, 6.81; N,
10.55. Found: C, 58.84; H, 6.62; N, 10.72.

1‐(2‐hydroxy‐5‐methylbenzyl)‐3‐methylurea (22). 50 mg (0.46 mmol) of p‐cresol was placed
into a round bottom flask and dissolved in 1 ml of dried, distilled CH2Cl2. The flask was placed
into a dry‐ice‐acetone‐ water bath with temperature of ‐25 oC. 1 ml (13 mmol) of dried,
distilled TFA was added to the phenol solution. A separate solution containing 75 mg (0.46
mmol) of N‐butoxymethyl‐N’‐methylurea in 2 ml of dried, distilled CH2Cl2 was added to the
phenolic solution over 10 minutes. The reaction was allowed to stir for an additional 20
minutes, before quenching with a saturated NaHCO3 solution. The aqueous layer was extracted
with ethyl acetate (4 x 30 ml), and the combined organic layers were washed with brine, and
dried over sodium sulfate. The solvent was removed under reduced pressure. The resultant
crude material was purified with a silica gel column using 25% acetone in CH2Cl2 as the eluting
solvents, giving 45 mg of product (0.232 mmol, 51% yield) as a white solid: mp 99‐100 oC; 1H
NMR (300 MHz, DMSO‐d6) δ 2.16 (s, 3H); 2.55 (d, 3H, J=4.58 Hz); 4.06 (d, 2H, J=6.22 Hz); 5.99 (q,
1H, J=4.58 Hz); 6.41 (s, 1H); 6.64 (d, 1H, J=7.82 Hz); 6.84‐6.89 (m, 2H); 9.68 (s, 1H);

13

C NMR

(100 MHz, DMSO‐d6) δ 20.2, 26.5, 38.9, 115.5, 126.4, 127.1, 128.4, 129.8, 152.9, 159.5; FTIR
(KBr) ν 1509, 1571, 1601, 1636, 3347, 3399 cm‐1; MS (ESI) m/z‐ 217.1 (M+Na)+. Anal. Calcd for
C10H14N2O2: C, 61.84; H, 7.27; N, 14.42. Found: C, 61.93; H, 7.16; N, 14.60.
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Methyl 3‐(4‐hydroxy‐3,5‐bis((3‐phenylureido)methyl)phenyl)propanoate (23). Methyl 3‐(4‐
hydroxyphenyl)propanoate (0.155g, 0.87 mmol) which had been previously dried under
vacuum with P2O5 was dissolved in 2 ml of dried, distilled CH2Cl2 and chilled to ‐20 oC in a dry‐
ice‐acetone‐water bath. 2 ml (26 mmol) of TFA was then added to the phenolic solution. A
separate solution containing 0.34 g (1.75 mmol) of N’‐ethoxymethyl‐N‐phenylurea in 4 ml of
dried, distilled CH2Cl2 was then added to the phenolic solution over 15 minutes and allowed to
stir for an additional 20 min. The reaction was quenched with a saturated NaHCO3 solution.
The aqueous layer was then extracted with ethyl acetate (4 x 25 ml). The combined organic
layers were washed with brine, and dried over sodium sulfate. The solvent was removed under
reduced pressure leaving 0.35 g of crude material behind. This was redissolved in 10 ml of
methanol, and 1ml (13.5 mmol) of ethanethiol and 1.5 g (8 mmol) of p‐toluenesulfonic acid was
added to the solution, and it was allowed to stir for 15 minutes at room temperature before
quenching with a saturated NaHCO3 solution. The aqueous layer was extracted with ethyl
acetate (4 x 30 ml) and the combined organic layers were washed with brine and dried over
sodium sulfate. The solvent was removed under reduced pressure, leaving 0.36 g of crude
material. The product was isolated by column chromatography using 7% acetone in CH2Cl2 as
the eluting solvents, yielding 70 mg (0.147 mmol, 18 % yield) of product as a white solid: mp
162.5‐164 oC; 1NMR (400 MHz, DMSO‐d6) δ 2.55 (t, 2H, J=7.69 Hz); 2.73 (t, 2H, J=7.51 Hz); 3.55
(s, 3H); 4.21 (d, 4H, J=5.86 Hz); 6.70 (t, 2H, J=6.04 Hz); 6.91 (t, 2H, J=5.31 Hz); 6.97 (s, 2H); 7.22
(t, 4H, J=7.16 Hz); 7.37 (t, 5H, J=7.69 Hz); 8.71 (s, 2H); 9.95 (s, 1H);

13

C NMR (100 MHz, DMSO‐

d6) δ 29.6, 35.4, 51.3, 118.0, 121.4, 126.7, 128.5, 128.7, 130.8, 140.1, 151.5, 156.2, 172.7; FTIR
(KBr) ν 1558, 1597, 1647, 1701, 1733, 3329 cm‐1; MS (ESI) m/z 477.2 (MH)+: HRMS (ESI) calcd
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for C26H29N4O5 (M+H)+ 477.2138, C26H28N4O5Na (M+Na)+ 499.1957, found (M+H)+ 477.2131,
(M+Na)+ 499.1947.

Methyl 3‐(4‐hydroxyphenyl)propanoate (25). 4 g (24 mmol) of commercially available 3(4‐
hydroxyphenyl)propanoic acid (24) was refluxed in 20 ml of MeOH containing 4 ml (80 mmol) of
concentrated H2SO4 for 4 hours, following which time the MeOH was removed under reduced
pressure and solid sodium bicarbonate was added to the reaction flask, until no gas evolved.
The crude was taken up into ethyl acetate, and placed into a separatory funnel containing
distilled water. The layers were separated, and the aqueous layer was extracted with three
additional volumes (40 ml) of ethyl acetate (reaction flask was washed with these additional
volumes before being used in the extraction). The combined organic layers were then washed
with brine, and dried over sodium sulfate before removal of the solvent under vacuum,
furnishing 4 g of a gold oil. This was then subjected to column chromatography, using 50%
ethyl acetate in hexanes as the mobile phase. 3.45 g of a colorless oil was obtained. This was
then dried by the Dean‐Stark method, and removal of benzene under reduced pressure
produced 3.4 g (18.8 mmol, 79% yield) of opaque, white crystalline solid: mp 38‐39.5 oC;

1

H

NMR (300 MHz, DMSO‐d6) δ 2.52 (t, 2H, J=7.5 Hz); 2.71 (t, 2H, J=7.3 Hz); 3.55 (s, 3H); 6.65 (d,
2H, J=4.4 Hz); 6.98 (d, 2H, J=4.6 Hz); 9.17 (s, 1H);

C (100 MHz, DMSO‐d6) δ 29.6, 35.4, 51.2,

13

115.1, 129.1, 130.6, 155.7, 172.8; FTIR (KBr) ν 1719, 3425 cm‐1; HRMS (ESI) calcd for C10H12O3Na
(M+Na)+ 203.0684, found (M+Na)+ 203.0660.
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1,1’‐(1,3‐propanediyl)‐bis[5‐(3‐(benzyloxy)propyl)‐2‐methoxybenzene]

(33).

Magnesium

turnings (3.5 g, 0.145 mol) were placed in a round bottom flask. With a condenser attached,
the apparatus was flame dried and cooled under N2. Once cooled, this apparatus and several
syringes and condensers and all reagents needed for the reaction were transferred into a glove
box, where they were left overnight to ensure dryness. Following this interval, an iodine crystal
was added to the flask containing the Mg, and 17 ml of THF (distilled from sodium) was added
to this flask and brought to reflux.

Once refluxing, 6 g (14.5 mmol) of 1,1’‐(1,3‐

propanediyl)bis[5‐bromo‐2‐methoxybenzene] (29) which had been previously dried by the
Dean‐Stark method was dissolved in 20 ml of THF and slowly added by syringe to the refluxing
suspension of magnesium. The resulting Grignard solution was stirred at reflux for 20 hr, and
then cooled to room temperature. A second solution consisting of 25 g (78 mmol) of 3‐
(benzyloxy)propyl 4‐methylbenzenesulfonate (32) (also previously dried by the Dean‐Stark
method) dissolved in 12 ml of THF, 20 ml (12 mol%) of 0.1 M LiBr/CuBr‐SMe2/LiSPh/THF (these
catalyst components were previously weighed out in a glove bag), and 2 ml of HMPA previously
distilled from sodium (6% v/v) was heated to reflux. The cooled Grignard solution was then
rapidly added to the refluxing solution. After two hours (in which the reaction mixture was a
thick blue‐green color) an additional 10 ml (6 mol%) of 0.1 M LiBr/CuBr‐SMe2/LiSPh/THF was
added. The reaction mixture was stirred at reflux for an additional 48 hours, during which time
the color was described as a tan suspension. It was then cooled to room temp and quenched
with 1.5 M HCl (200 ml) and extracted with CH2Cl2 (4 x 100 ml). The combined organic layers
were washed with sodium bicarbonate (aq.), brine, and then dried over sodium sulfate.
Removal of the solvent under reduced pressure yielded 24 g of crude yellow oil, which was
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passed through a plug of silica gel using ethyl acetate to rid of HMPA. Following this treatment,
the remaining crude oil was subjected to chromatography using 7% ethyl acetate in hexanes as
the mobile phase, and 4.8 g (8.7 mmol, 60% yield) of product as a clear, colorless oil was
obtained: 1H NMR (400 MHz, CDCl3) δ 1.84‐1.94 (m, 6H); 2.64 (quintet, 8H, J=3.9 Hz); 3.48 (t, 4
H, J=6.2 Hz); 3.79 (s, 6H); 4.50 (s, 4H); 6.75 (d, 2H, J=7.9 Hz); 6.97 (d, 4H, J=9.1 Hz); 7.26‐7.35 (m,
10H);

C NMR (100 MHz, CDCl3) δ 30.0, 30.4, 31.1, 31.8, 31.9, 55.6, 69.8, 73.1, 110.3, 126.6,

13

127.7, 127.9, 128.6, 130.1, 131.0, 133.8, 138.8, 155.9; HRMS (ESI) calcd for C37H45O4 (M+H)+
553.3318, C37H48O4N (M+NH4)+ 570.3584, C37H44O4Na (M+Na)+ 575.3137, found (M+H)+
553.3301, (M+NH4)+ 570.3594, (M+Na)+ 575.3115.
1,1’‐(1,3‐propanediyl)‐bis[5‐(3‐hydroxypropyl)‐2‐methoxybenzene] (34). 1.2 g (2.1 mmol) of
33 was placed into a round bottom flask and dissolved in 20 ml of THF (distilled from sodium).
1.5 g of 10% w/w palladium on carbon was then added, and a flow adapter was placed atop the
flask. The flask was then attached to a gas line on an atmospheric hydrogenation apparatus.
The chamber and flask were subjected to strong vacuum, and recharged with hydrogen. This
was repeated three times, after which the reaction was allowed to stir at room temperature for
8 hours. Following this interval, the reaction was filtered by pouring through a sintered glass
funnel containing a celite cake. The filter cake was washed 3 times with 100 ml of THF, and the
solvent removed under reduced pressure. The crude was taken up in ethyl acetate, and
hexanes were layered atop the solution and set in the freezer overnight. By the next day, white
crystals had set up, which were collected by filtration and washing the crystals with cold
hexanes, resulting in 0.7 g (1.9 mmol, 87% yield) of product as a white crystalline solid: mp 43‐
44.5 oC (lit.[13]) 42‐44 oC; 1H NMR (300 MHz, CDCl3) δ 1.39 (s, broad, 2H); 1.80‐1.93 (m, 6H);
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2.55‐2.72 (m, 8H); 3.59‐3.71 (m, 4H); 3.79 (s, 6H); 6.80 (d, 2H, J=9.8 Hz); 6.94‐7.04 (m, 4H);

13

C

NMR (100 MHz, CDCl3) δ 32.2, 33.2, 33.9, 55.1, 69.4, 111.8, 128.1, 128.8, 131.0, 133.9, 154.8.

1,1’‐(1,3‐propanediyl)‐bis[5‐(3‐acetoxypropyl)‐2‐methoxybenzene] (35). 0.7 g (1.9 mmol) of
34 was dissolved in 12 ml (0.15 mol) of pyridine (previously distilled from sodium) and 3.5 ml
(38 mmol) of acetic anhydride was added to this solution. The mixture was allowed to stir at
room temperature for 18 hours, following which time the mixture was poured into a separatory
funnel containing 100 ml of 3 M HCl. After vigorous shaking to protonate the pyridine and to
render it soluble in water, 50 ml of ethyl acetate was added to the funnel. The organic layer
was separated, and the aqueous layer was extracted with more ethyl acetate (3 x 50 ml). The
combined organic layers were then washed with 3 M HCl (3 x 50 ml), sodium bicarbonate (aq.),
and brine, before drying over sodium sulfate. Removal of the solvent under reduced pressure
yielded 0.86 g of a yellow oil. The crude material was subjected to column chromatography,
using 25% ethyl acetate in hexanes as the mobile phase, and yielded 0.75 g (1.6 mmol, 88%
yield) of product as a colorless oil: 1H NMR (400 MHz, CDCl3) δ 1.86‐1.93 (m, 6H); 2.05 (s, 6H);
2.58‐2.67 (m, 8H); 3.80 (s, 6H); 4.07 (t, 4H, J=6.6 Hz); 6.76 (d, 2H, J=8.1 Hz); 6.96 (d, 4H, J=7.3
Hz);

C NMR (100 MHz, CDCl3) δ 21.2, 30.0, 30.4, 30.7, 31.6, 55.5, 64.2, 110.4, 126.6, 130.0,

13

131.2, 133.0, 156.0, 171.4; FTIR (NaCl) ν 1739 cm‐1; MS (ESI) m/z 479.2 (M+Na)+; Anal. Calcd for
C27H36O6: C, 71.03; H, 7.95. Found: C, 70.65; H, 7.98.
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1,1’‐(1,3‐propanediyl)‐bis[5‐(3‐acetoxypropyl)‐2‐hydroxybenzene] (36). 0.85 g (1.86 mmol) of
35 was dissolved in 75 ml of CH2Cl2 (distilled from P2O5). The solution was chilled in a dry‐ice‐
acetone bath to ‐78 oC. 3.5 ml (37.3 mmol) of BBr3 was added dropwise to the solution over 30
minutes. Following this interval, the dry‐ice‐acetone was removed and replaced by an ice bath.
Within an hour, the reaction appeared as a pinkish, thick slurry. The reaction was allowed to
stir for 5 hours at 0 oC, at which time the reaction was homogenous and orange in color. The
mixture was then slowly poured into a large flask with a magnetic stir bar containing a
saturated sodium bicarbonate solution. Solid sodium bicarbonate was then carefully added to
the stirring solution until no further gas evolved.

The layers were then allowed to stir

overnight, upon which time the layers were separated in a separatory funnel, and the aqueous
layer was extracted (3 x 75 ml) with ethyl acetate. The combined organic layers were then
washed with brine, and dried over sodium sulfate. The solvent was removed under reduced
pressure, rendering 0.85 g of a crude orange oil. The crude material was subjected to column
chromatography, using 5% acetone in CH2Cl2 as the mobile phase. 0.63 g (1.47 mmol, 80%
yield) of product was collected as a pale‐yellow oil: 1H NMR (300 MHz, CDCl3) δ 1.87‐1.99 (m,
6H); 2.06 (s, 6H); 2.61 (quintet, 8H, J=7.5 Hz); 4.06 (t, 4H, J=6.8 Hz) 4.92 (s, 2H); 6.69 (d, 2H,
J=8.1 Hz); 6.86‐6.95 (m, 4H);

C NMR (100 MHz, CDCl3) δ 21.3, 29.6, 29.7, 30.6, 31.4, 64.2,

13

115.5, 127.1, 128.3, 130.4, 133.4, 152.0, 171.7; FTIR (NaCl) ν 1713, 1737 cm‐1, MS (ESI) m/z
427.1 (M+H)+; Anal. Calcd for C25H32O6: C, 70.07; H, 7.53. Found: C, 69.78; H, 7.53.
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1,1’‐(1,3‐propanediyl)‐bis[5‐(3‐(benzyloxy)propyl)‐2‐hydroxybenzene] (37).

0.25 g (0.45

mmol) of 33 (which had been dried previously by Dean‐Stark method) was placed into a round
bottom flask. 3 ml of purchased 0.5 M solution (1.5 mmol) of lithium diphenylphosphide in THF
was added to the flask, and the solution brought to reflux. The dark red solution turned to
greenish‐yellow soon afterwards, so another 3 ml (1.5 mmol) was added.

The solution

maintained the deep‐red color for 4 hours, but had turned to the green‐yellow color after 8
hours. 12 ml (6 mmol) was then added to the refluxing solution, and allowed to stir for an
additional 24 hours, before cooling and quenching with cold 3 M HCl. The organic layer was
separated, and the aqueous layer was extracted with ethyl acetate (3 x 40 ml). The combined
organic layers was then washed with sodium bicarbonate (aq.), brine, and dried over sodium
sulfate. The solvent was removed under reduced pressure, yielding 0.867 g of a crude yellow
oil. The crude was then rid of the phosphines by column chromatography using CH2Cl2. Once
this material had eluted, 10% acetone in CH2Cl2 was used to elute the remaining material from
the column, yielding 0.28 g of semi‐pure product. Radial chromatography was used to isolate
the pure product, using 5% ethyl acetate in CH2Cl2 to afford 0.195 g (0.372 mmol, 84% yield) as
a colorless oil: 1H NMR (400 MHz, CDCl3) δ 1.83‐1.94 (m, 6H); 2.57‐2.62 (m, 8H); 3.45 (t, 4H,
J=6.4 Hz); 4.48 (s, 4H); 4.80 (s, broad, 2H); 6.61 (d, 2H, J=8.1 Hz); 6.84 (d, 2H, J=6.0 Hz); 6.94 (d,
2H, J=7.3 Hz); 7.24‐7.34 (m, 10H);
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C NMR (100 MHz, CDCl3) δ 29.7, 29.9, 31.7, 31.8, 69.8, 73.1,

115.4, 127.1, 127.8, 127.9, 128.1, 128.6, 130.4, 134.3, 138.8, 151.8; HRMS (ESI) calcd for
C35H41O4 (M+H)+ 525.3005, C35H44O4N (M+NH4)+ 542.3270, C35H40O4Na (M+Na)+ 547.2824,
found (M+H)+ 525.3003, (M+NH4)+ 542.3306, (M+Na)+ 547.2840.
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1,1’‐(1,3‐propanediyl)bis[5‐bromo‐2‐hydroxybenzene] (38).

2 g (4.8 mmol) of 29 was

dissolved in 75 ml of CH2Cl2 (distilled from P2O5). The solution was chilled in a dry‐ice‐acetone
bath to ‐78 oC. 13.5 ml (0.14 mol) of BBr3 was added dropwise to the solution over 30 minutes.
Following this interval, the dry‐ice‐acetone slurry was removed and replaced by an ice bath.
The reaction was allowed to stir for 8 hours at 0 oC. The mixture was then slowly poured into a
large flask with a magnetic stir bar containing a saturated sodium bicarbonate solution. Solid
sodium bicarbonate was then carefully added to the stirring solution until no further gas
evolved. The layers were then allowed to stir overnight, upon which time the layers were
separated in a separatory funnel, and the aqueous layer was extracted (3 x 75 ml) with ethyl
acetate. The combined organic layers was then washed with brine, and dried over sodium
sulfate. The solvent was removed under reduced pressure, rendering 1.85 g of a crude orange
oil. The crude material was subjected to column chromatography, using a step‐gradient of 5%
ethyl acetate in CH2Cl2 as the mobile phase; once the impurities had eluted, the polarity of the
mobile phase was increased by using 10% ethyl acetate. This approach produced 1.55 g (4.0
mmol, 84% yield) of product as a light pink solid: mp 135‐136.5 oC; 1H NMR (300 MHz, DMSO‐
d6) δ 1.75 (quintet, 2H, J=7.1 Hz); 2.51 (t, 4H, J=7.5 Hz); 6.72 (d, 2H, J=8.6 Hz); 7.10‐7.20 (m, 4H);
C (75 MHz, DMSO‐d6) δ 28.9, 29.2, 109.9, 116.9, 129.2, 131.1, 131.9, 154.5; HRMS (ESI) calcd
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for C15H13O2Br2 (M‐H)‐ 382.9282, found (M‐H)‐ 382.9276.

6,12‐dibromodibenzo‐[d,i]‐1,2,3,6,7,8‐hexahydro‐1,3‐dioxecin (39).

Bis‐bromo‐phenol 38

(1g, 2.6mmol) which had been dried under vacuum with P2O5 was transferred to a round
bottom flask along with K2CO3 (1.1g, 7.8mmol) and 18‐crown‐6‐ether (1g, 3.8mmol). The flask
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was sealed and covered with aluminum foil, and then 100 ml of THF distilled from sodium was
syringed to the flask. Finally, diiodomethane (0.83ml, 10.3mmol) was syringed into the flask.
The mixture was heated to 75 oC reflux and allowed to stir for 18 hours, at which time an
aliquot was taken from the reaction, worked up with acid, and extracted with ethyl acetate. A
drop of solution was placed on a TLC plate alongside a drop of a solution of the bis‐phenol. The
TLC was performed in a 25% ethyl acetate‐hexane mixture, and no spot corresponding with the
starting material could be seen from the aliquot. Also, the base which had been insoluble at
the onset of the reaction had now dissolved. The reaction was then quenched with 1 M HCl,
and extracted with CH2Cl2. The combined organic fractions was washed with saturated sodium
bicarbonate, brine, and then dried over sodium sulfate. The solvent was removed under
reduced pressure to give 1.5 g of crude, crystalline solid. The product was recrystallized from
hexanes layered upon ethyl acetate in a beaker to give 0.61 g of crystals. The mother liquor
was condensed and subjected to column chromatography using 35% CH2Cl2 in hexanes,
providing purified material (0.22g) as a white, crystalline solid, and when added to the previous
crystals resulted in an overall yield of 81%: mp 177‐178 oC; 1H NMR (300 MHz, CDCl3) δ 2.05
(m, 2H); 2.49 (t, 4H, J=6.04 Hz); 5.67 (s, 2H); 6.98 (d, 2H, J=4.2 Hz); 7.32‐7.38 (m, 4H); 13C NMR
(100 MHz, CDCl3) δ 24.1, 32.4, 97.7, 117.4, 120.9, 130.6, 133.2, 137.3, 154.9;

MS

(chromatoprobe) m/z 398 (M+H)+; Anal. Calcd for C16H12O2Br2: C, 48.52; H, 3.05. Found: C,
48.37; H, 3.26.
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8,14‐dibromodibenzo[f,k]‐1,5‐dioxa‐1,2,3,4,5,8,9,10‐octahydrocyclododecene

(40).

Bis‐p‐

bromophenol (38) (0.3g, 0.8mmol) was dried under vacuum with P2O5. It was transferred along
with K2CO3 (0.33g, 2.4mmol) and 18‐crown‐6‐ether (0.32g, 1.2mmol) into a dried round bottom
flask. 25 ml of THF (distilled from sodium) was added by syringe into the sealed flask. The flask
was covered in aluminum foil and 0.3 ml (3 mmol) of 1,3‐dibromopropane was added to the
flask by syringe. The mixture was then heated to 75o C and allowed to stir at reflux. 18 hours
later, an aliquot was taken from the mix, and worked up by quenching with 1 M HCl. The
aliquot was extracted with ethyl acetate and a drop of the solution was placed on TLC along
with a drop of solution of starting material in ethyl acetate. The TLC was performed in 5% ethyl
acetate‐hexane and the aliquot showed the starting material and a faster running material.
After 36 hours, an aliquot was taken from the reaction mixture and treated in the
aforementioned manner. This aliquot showed no presence of starting material and hence the
reaction was quenched and treated in the same manner as the aliquot to yield 0.6 g of crude
oil, which was subjected to ChromatotronTM radial chromatography with 10% ethyl acetate‐
hexane to give 0.192 g of product as a solid material. The material was then recrystallized from
ethanol, giving 0.183 g (55% yield) of X‐ray diffraction quality crystals: mp 172‐173 oC; 1H NMR
(300 MHz, CDCl3) δ 1.84‐1.94 (m, 2H); 2.23‐2.29 (m, 2H); 2.581 (t, 4H, J=7.4 Hz); 4.17 (t, 4H,
J=4.8 Hz); 6.67 (d, 2H, J=4.5 Hz); 7.22‐7.25 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 28.0, 29.9, 31.5,
68.0, 112.4, 129.6, 132.8, 134.2, 156.0; MS (chromatoprobe) m/z 424 (M+H)+; Anal. Calcd for
C18H18O2Br2: C, 50.73; H, 4.26. Found: C, 50.70; H, 4.10.
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(2Z)‐but‐2‐ene‐1,4‐diyl dimethanesulfonate (42). 0.5 g (5.7 mmol) of 1,4‐cis‐butenediol was
dissolved in 15 ml of CH2Cl2 (distilled from P2O5) and 4 ml (22.7 mmol) of DIPEA (distilled from
NaOH).

The solution was placed in an ice bath prior to the dropwise addition of

methanesulfonic anhydride in 10 ml of CH2Cl2. The solution was gradually warmed to room
temperature and allowed to stir for 18 hours, following which time the mixture was poured into
a separatory funnel containing 100 ml of 3 M HCl. The organic layer was separated, and the
aqueous layer was extracted with CH2Cl2 (3 x 40 ml). The combined organic layers were washed
with additional 3 M HCl (3 x 50 ml), followed by a saturated NaHCO3 solution and brine before
drying over sodium sulfate. Removal of the solvent under reduced pressure gave 1.09 g of a tan
solid. This was resuspended in ethyl acetate and hexanes were layered atop the solution and
placed in the freezer overnight. 0.98 g (4.0 mmol, 70% yield) of product as light yellow crystals
was collected: mp 59‐61.5 oC; 1H NMR (300 MHz, CDCl3) δ 3.03 (s, 6H); 4.82 (d, 4H, J=2.7 Hz);
5.91‐5.94 (m, 2H); 13C (75 MHz, CDCl3) δ 38.2, 64.5, 128.3; FTIR (KBr) ν 1172, 1347, 2942 cm‐1;
HRMS (ESI) calcd for C6H12S2O6Na (M+Na)+ 266.9973, found (M+Na)+ 266.9961.

1,2‐Distearoyl‐sn‐glycero‐3‐phospho‐sn‐1‐glycerol, tetrabutylammonium salt (43).
(0.65

mmol)

of

1,2‐Distearoyl‐sn‐glycero‐3‐phospho‐sn‐1‐glycerol,

sodium

0.52 g

(Genzyme

Pharmaceuticals, Liestal, Switzerland) was placed in a ternary mixture of 2 ml of 1.5 M HCl, 12
ml of isopropanol, and 11 ml of chloroform. The mixture was stirred at room temperature until
complete solvation occurred (usually around 5 minutes), at which time the solvents were
removed under reduced pressure (using a rotovap attached to a Welch pump) at room
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temperature, which furnished a white slurry. The neutral phospholipid was precipitated using
cold acetone, and collected by filtration as a white, waxy solid (0.47 g, 0.6 mmol, 93% yield).
This material was characterized by

31

P NMR,

13

C NMR, and 1H NMR. The

31

P NMR spectrum

showed a single, well‐resolved peak at 0.8 ppm (in ternary mixture of 3:3:0.5 CD3OD: CDCl3:
D2O) while the peak from that of the sodium salt was at 1.6 ppm in the same solvent mixture.
The melting point of the neutral acid was 134‐136 oC, while that of the sodium salt was over
200 oC. The material (0.47 g, 0.6 mmol) was resuspended in 30 ml of chloroform, and 0.125 g
(0.48 mmol) of tetrabutylammonium hydroxide was added to the mixture. The mixture was
allowed to stir at room temperature for 5 minutes to dissolve the base, and allowed to stir an
additional five minutes before removal of the solvent under high vacuum at room temperature.
The resultant semi‐solid was resuspended in 50:50 acetone:hexanes and the solution was
filtered to remove neutral phospholipid. The solvents were removed from the filtered solution
under high vacuum, and the resultant material was taken up into warm hexanes and
transferred to the freezer, where it was left overnight. The next day, a precipitate had set up
and was collected by filtration, giving 0.36 g (0.35 mmol, 60% yield) of product as a white, semi‐
crystalline solid: mp 52.5‐55 oC; 1H NMR (400 MHz, CDCl3) δ 0.87 (t, 6H, J=6.8 Hz); 1.00 (t, 12H,
J=7.2 Hz); 1.24 (broad singlet, 62H); 1.44 (quartet, 8H, J=7.2 Hz); 1.65 (broad singlet, 10H); 2.28
(quartet, 4H, J=6.4 Hz); 3.29 (t, 8H, J=8.0 Hz); 3.61‐3.76 (m, 4H); 3.89‐4.05 (m, 3H); 4.15‐4.20 (m,
1H); 4.40‐4.42 (m, 1H); 5.21 (broad singlet,1H); 13C NMR (100 MHz, CDCl3) δ 13.9, 14.3, 20.0,
22.9, 24.2, 25.1, 29.4, 29.6, 29.7, 29.9, 32.1, 34.4, 34.5, 59.0, 63.1, 63.5, 65.2, 66.3, 70.8, 71.8,
173.3, 173.7;

31

P NMR (162 MHz, CDCl3) δ 3.06; FTIR (KBr) ν 1472, 1734, 3421 cm‐1; MS (ESI)
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m/z 777.6 (M)‐, 242.2 (M)+; HRMS (ESI) calcd for C42H82O10P (M)‐ 777.5646, C16H36N (M)+
242.2848, found (M)‐ 777.5641, (M)+ 242.2821.

1‐(4‐Hydroxybenzyl)‐3‐hexylurea (48), 1‐(2‐hydroxybenzyl)‐3‐hexylurea (49). Phenol (0.15 g,
1.6 mmol), and 1‐ethoxymethyl‐3‐hexylurea (8) (0.29 g, 1.4 mmol) were dissolved in CH2Cl2 (6
ml, distilled from P2O5) and brought to ‐25 oC with a dry‐ice‐acetone‐water bath. TFA (2 ml, 26
mmol) was added to the chilled solution, which was allowed to stir for 20 minutes, at which
time the reaction was quenched with a saturated NaHCO3 solution. The mixture was extracted
with ethyl acetate, (4x30 ml), and the combined organic layers were washed with brine, dried
over sodium sulfate, and the solvent was removed under reduced pressure. The crude was
subjected to column chromatography, initially using 5% acetone in CH2Cl2 to afford 0.080 g of
ortho (0.32 mmol, 20% yield) as a clear, colorless oil: 1H NMR (400 MHz, DMSO‐d6) δ 0.85 (t,
3H, J=6.96 Hz); 1.23‐1.36 (m, 8H); 2.97 (q, 2H, J=5.86 Hz); 4.09 (d, 2H, J=6.04 Hz); 6.10 (t, 1H,
J=5.50 Hz); 6.32 (s, 1H); 6.71‐6.76 (m, 2H); 7.04‐7.10 (m, 2H); 9.91 (s, 1H);

13

C NMR (100 MHz,

DMSO‐d6) δ 13.9, 22.1, 26.1, 29.9, 31.0, 39.4, 115.5, 118.7, 126.7, 128.1, 129.2, 155.3, 158.9;
FTIR (NaCl) ν 1586, 3346 cm‐1; HRMS (ESI) calcd for C14H23N2O2 (M+H)+ 251.1760: found (M+H)+
251.1762; and then using 25% acetone in CH2Cl2 to afford 0.16 g of 48 (0.64 mmol, 40% yield)
as a white solid; mp 104‐105.5 oC; 1H NMR (400 MHz, DMSO‐d6) δ 0.86 (t, 3H, J=6.96 Hz); 1.24‐
1.36 (m, 8H); 2.98 (q, 2H, J=6.04 Hz); 4.05 (d, 2H, J=5.86 Hz); 5.81 (t, 1H, J=5.49 Hz); 6.09 (t, 1H,
J=5.50 Hz); 6.68 (d, 2H, J=8.42 Hz); 7.03 (d, 2H, J=8.24 Hz); 9.23 (s, 1H);
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13

C (100 MHz, DMSO‐d6)

δ 13.9, 22.1, 26.1, 30.0, 31.1, 42.5, 114.9, 128.3, 131.0, 156.0, 158.0; FTIR (KBr) ν 1584, 1619,
3351 cm‐1; HRMS (ESI) calcd for C14H23N2O2 (M+H)+ 251.1760: found (M+H)+ 251.1756.

3,3’‐(1,3‐Propanediyl)bis[1‐(2‐hydroxy‐5‐(3‐propyl)‐2‐oxo‐N‐phenyl‐2H‐1,3‐benzoxazine‐
3(4H)‐carboxamide (50).

0.1 g (0.16 mmol) of 3,3’‐(1,3‐Propanediyl)bis[1‐(2‐hydroxy‐5‐(3‐

propyl)‐benzyl‐3‐phenylurea] previously dried under vacuum with P2O5 was dissolved in 1 ml of
CH2Cl2 (distilled from P2O5) and 0.75 ml of pyridine (dissolved from sodium). A solution of 50
mg (0.16 mmol) of tris‐phosgene dissolved in 1 ml of CH2Cl2 was added dropwise to the phenol
over 1 hour. The mixture was allowed to stir at room temperature for 18 hours, following
which time the reaction was quenched with 1 M HCl, and the aqueous layer extracted with
ethyl acetate. The combined organic layers were washed with a saturated NaHCO3 solution and
then brine before drying over sodium sulfate and removal of the solvent under reduced
pressure to afford 80 mg of crude material. Column chromatography using 5% ethyl acetate in
CH2Cl2 was used to isolate 0.038 g (.057 mmol, 36% yield) of the product as a white solid: mp
166‐167oC; 1H NMR (400 MHz, DMSO‐d6) δ 0.88 (t, 6H, J=7.3 Hz); 1.57 (sextet, 4H, J=7.5 Hz);
1.96 (quintet, 2H, J=7.5 Hz); 2.52 (t, 4H, J=7.2 Hz); 2.68 (t, 4H, J=7.5 Hz); 4.86 (s, 4H); 7.08‐7.12
(m, 6H); 7.33 (t, 4H, J=5.7 Hz); 7.51 (d, 4H, J=8.3 Hz); 10.54, (s, 2H);

13

C NMR (100 MHz, DMSO‐

d6) δ 13.6, 24.1, 28.4, 29.3, 36.5, 43.6, 118.7, 119.7, 123.7, 123.9, 127.9, 129.0, 129.2, 137.6,
138.6, 144.9, 150.6, 150.7; FTIR (KBr) ν 1558, 1734, 3232 cm‐1; HRMS (ESI) calcd for C39H41N4O6
(M+H)+ 661.3026, C39H40N4O6Na

(M+Na)+ 683.2845, found (M+H)+ 661.3056, (M+Na)+

683.2823.
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N,N’‐bis(ethoxymethyl)‐urea (55). 2 g (33 mmol) of urea, 3 g (0.1 mol) of paraformaldehyde,
and 175 mg (4.4 mmol) of sodium hydroxide were weighed out and placed into a round bottom
flask and dissolved in 60 ml (1.6 mol) of ethanol and 0.3 ml (17 mmol) of water. The mixture
was heated to reflux and allowed to stir for 2 hours. Following this interval, the mixture was
allowed to cool before placing it in the freezer overnight, resulting in the formation of small
crystals which were collected by filtration and washing with cold ethanol, giving 0.5 g (2.8
mmol, 9% yield) of product as an off‐white crystalline solid: mp 122‐123 oC; 1H NMR (300 MHz,
DMSO‐d6) δ 1.07 (t, 6H, J=7.0 Hz); 3.37 (quartet, 4 H, J=7.1 Hz); 4.47 (d, 4H, J=6.8 Hz); 6.92 (t,
2H, J=6.8 Hz);

C NMR (75 MHz, DMSO‐d6) δ 15.1, 61.9, 70.2, 157.3; FTIR (KBr) ν 1636, 3340

13

cm‐1; HRMS (ESI) calcd for C7H16N2O3Na (M+Na)+ 199.1059, found (M+Na) 199.1069.

1‐(ethylthiomethyl)‐3‐phenylurea (60).

This compound was a by‐product of the

aforementioned strong‐acid ethanethiol treatment of excess ureidomethylene addition to
phenols. In the case of compound 7 (see experimental), by‐product 60 eluted first from the
column. Removal of the solvent under reduced pressure gave 683 mg (3.3 mmol) of the
compound as a yellowish solid: mp 103‐105 oC; 1H NMR (300 MHz, DMSO‐d6) δ 1.20 (t, 3H,
J=9.1 Hz); 2.58 (quartet, 2H, J=7.5 Hz); 4.32 (d, 2H, J=6.6 Hz); 6.67 (t, 1H, J=6.4 Hz); 6.89 (t, 1H,
J=7.5 Hz); 7.21 (t, 2H, J=5.7 Hz); 7.39 (d, 2H, J=7.3 Hz); 8.56 (s, 1H);

13

C NMR (75 MHz, DMSO‐d6)

δ 15.1, 24.0, 41.1, 117.8, 121.4, 128.7, 140.1, 154.6; FTIR (KBr) ν 1558, 1647, 3322 cm‐1; HRMS
(ESI) calcd for C10H14N2SO (M+Na)+ 233.0725, found (M+Na)+ 233.0710.

162

NMR Titration‐ The titration of compound 3 with TBAH2PO4 is given as an example, and all
titrations mentioned in chapter 3 were very similar to this example given. Compound 3 and
TBAH2PO4 were dried in a drying pistol under high vacuum at 111 oC. 0.98 mg of compound 3
was carefully weighed out on a six‐point microbalance and placed into a 1 ml volumetric flask.
10 mg of TBAH2PO4 was weighed out on the same balance and placed into a separate
volumetric flask. This amount was chosen so that the added increments of this solution to the
receptor solution in the NMR tube would be large enough to be measured accurately yet small
enough so that the volume in the tube wouldn’t surpass 0.8 ml once all the equivalents had
been added. Once the solids were in their flasks, DMF‐d7 from 1 ml sealed vials (Cambridge)
was added to the mark to dissolve the solids, resulting in a receptor solution of 1.4 mM conc.,
and an anion solution of 29 mM conc. 0.45 ml from the receptor solution was placed into an
NMR tube and a spectrum was obtained from a 400 MHz NMR at 30 oC. Once this spectrum
was obtained, 0.2 equivalents (5 μl) of anion solution was added to the NMR tube, and the
spectrum was obtained. This was repeated with 0.4, 0.6, 0.8, 1.0, 1.25, 1.5, 1.75, 2.0, 2.5, 3.0,
4.0, 5.0, and finally 6.0 total equivalents (by adding additional 5 μl for 0.4‐1.0, 6 μl for 1.25‐2.0,
12 μl for 2.5 and 3.0, and 24 μl for 4.0‐6.0). It was very important that the tube was turned
upside down and back again to ensure thorough mixing of the solutions. To ensure that the
calculated and added equivalents of anion solution were in accord, one of the methylene peaks
from the receptor (4H, 3.5 ppm) and one of the methylene peaks from tetrabutylammonium
(8H, 3.3 ppm) were integrated throughout the titration. The resultant concentrations of anion,
receptor, and the proton shift of one of the urea protons from each added increment was then
entered into the aforementioned WinEQNMR program to obtain a binding constant.
163

Job plot‐ The Job plot of compound 3 with TBAH2PO4 is given as an example, and all related
experiments mentioned in chapter 3 were very similar to this example given. The receptor and
anion were dried in the manner described previously in the anion titration. 17.3 mg of 3 was
weighed on the microbalance mentioned earlier and placed into a 2 ml volumetric flask. 4.33
mg of anion was then weighed and placed into a 1 ml volumetric flask; this amount was used so
that when the solids were dissolved, they would have identical molar concentrations (in this
case 0.012 M). The solids were then dissolved to the mark with DMF‐d7 from 1 ml sealed vials.
Aliquots of receptor solution and anion solution were placed into separate NMR tubes, such
that 1 tube contained 1 equivalent of receptor and 0 equivalent of anion; the next tube
contained 0.9 equivalents of receptor and 0.1 equivalents of anion; the next tube contained 0.8
equivalents of receptor and 0.2 equivalents of anion, and so forth down to 0.1 equivalents of
receptor and 0.9 equivalents of receptor; i.e., the sum of the molar equivalents of both anion
and receptor was always the same. These ratios were achieved by the following volumes:
Tube 1

0.17 ml receptor solution

0 ml anion solution

Tube 2

0.153 ml receptor solution

0.017 ml anion solution

Tube 3

0.136 ml receptor solution

0.034 ml anion solution

Tube 4

0.119 ml receptor solution

0.051 ml anion solution

Tube 5

0.102 ml receptor solution

0.068 ml anion solution

Tube 6

0.085 ml receptor solution

0.085 ml anion solution

Tube 7

0.068 ml receptor solution

0.102 ml anion solution

Tube 8

0.053 ml receptor solution

0.119 ml anion solution

Tube 9

0.034 ml receptor solution

0.136 ml anion solution

Tube 10

0.017 ml receptor solution

0.153 ml anion solution
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Notice that all volumes of added solution equal 0.17 ml. Once the solutions had been added to
the tube they were diluted with 0.28 ml of DMF‐d7 so that the volume in each tube was 0.45 ml.
The tube was turned upside down and back several times to thoroughly mix the solution
(failure to do this resulted in a layering of solutions and very broad peaks and poor resolution in
the NMR spectrum). A spectrum was then obtained for each tube, and the change in chemical
shift of one of the urea peaks relative to the shift recorded from the tube with no added anion
was plotted vs. the change in chemical shift multiplied by the mole fraction of receptor in the
tube.

Chapter 9 chloride‐binding study with added equivalents of water‐ Compound 3 was dried in
the manner described above. TBACl was dried by stirring 2 g in 2 ml of trimethylsilyl chloride
and 1 ml of CH2Cl2 (distilled from P2O5) for 2 hours at 50 oC. The solvents were removed under
reduced pressure, and the process was repeated twice. The resultant solid was then placed in a
drying pistol at 112 oC (the material melted under these conditions, but solidified upon cooling).
DMF‐d7 was dried by distillation from CaH2. The distillate was then placed in a glove box, and
4A molecular sieves were placed into the tube containing the solvent. The solvent was allowed
to stand over the sieves overnight, following which time it was filtered, and additional sieves
were placed into the filtered solvent. This was repeated three times, and the filtered solvent
was fractionally distilled within the glove box. 0.8 mg of the receptor was weighed on the six‐
point microbalance and placed into a 1 ml volumetric flask. 42 mg of the dried anion was
placed into a tared 5 ml volumetric flask, and dissolved to the mark with the dried solvent. The
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first titration was conducted with 0.45 ml of the receptor solution in the tube, in the manner
described for the titration previously described, with the exception that all equivalents of anion
solution were added to the tube inside the glove box, and the NMR tube transferred to the
NMR inside a vacuum desiccator. The second titration was conducted with another 0.45 ml
from the receptor solution, with the anion solution containing 6 μl of water (added inside the
glove box, and allowed to stir inside the volumetric flask for 24 hours prior to the titration),
which amounted to 2.2 equivalents relative to the amount of receptor in the tube. Following
these titrations, additional solutions of receptor were made (always of the same concentration,
and dried immediately prior to use) and titrated against anion solutions containing added water
(again the anion solutions were allowed to stir 24 hours prior to the performed titration) with
the equivalents of water added described in Table 10.
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APPENDIX A
SUPPLEMENTAL MATERIAL

Figure 67. 1H NMR (top) and 13C NMR (bottom) data for compound 1.
172

APPENDIX A (continued)

Figure 68. HRMS data for compound 1.

Figure 69. ESI‐MS data for compound 1.
173

APPENDIX A (continued)

Figure 70. 1H NMR (top) and 13C NMR (bottom) data for compound 2.
174

APPENDIX A (continued)

Figure 71. ESI MS (+) data of compound 2.

175

APPENDIX A (continued)

Figure 72. 1H NMR (top) and 13C NMR (bottom) data for compound 3.
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APPENDIX A (continued)

Figure 73. HRMS data for compound 3.
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APPENDIX A (continued)

Figure 74. 1H NMR (top) and 13C NMR (bottom) data for compound 4.
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APPENDIX A (continued)

Figure 75. HRMS data for compound 4.
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APPENDIX A (continued)

Figure 76. 1H NMR (top) and 13C NMR (bottom) data for compound 5.
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APPENDIX A (continued)

Figure 77. HRMS data for compound 5.

181

APPENDIX A (continued)

Figure 78. 1H NMR (top) and 13C NMR (bottom) data for compound 6.
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APPENDIX A (continued)

Figure 79. HRMS data for compound 6.
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APPENDIX A (continued)

Figure 80. 1H NMR (top) and 13C NMR (bottom) for compound 7.
184

APPENDIX A (continued)

Figure 81. 1H NMR (top) and 13C NMR (bottom) data for compound 8.
185

APPENDIX A (continued)

Figure 82. 1H NMR (top) and 13NMR (bottom) data for compound 9.
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APPENDIX A (continued)

Figure 83. 1H NMR (top) and 13C NMR (bottom) data for compound 12.
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APPENDIX A (continued)

Figure 84. 1H NMR (top) and 13C NMR (bottom) data for compound 13.
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APPENDIX A (continued)

Figure 85. 1H NMR (top) and 13C NMR (bottom) data for compound 15.
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APPENDIX A (continued)

Figure 86. 1H NMR (top) and 13C NMR (bottom) for compound 16.
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APPENDIX A (continued)

Figure 87. 1H NMR (top) and 13C NMR (bottom) data for compound 17.
191

APPENDIX A (continued)

Figure 88. 1H NMR (top) and 13C NMR (bottom) data for compound 18.
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APPENDIX A (continued)

Figure 89. 1H NMR (top) and 13C NMR (bottom) data for compound 19.
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APPENDIX A (continued)

Figure 90. 1H NMR (top) and 13C NMR (bottom) data for compound 20.
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APPENDIX A (continued)

Figure 91. 1H NMR (top) and 13C NMR (bottom) data for compound 22.
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APPENDIX A (continued)

Figure 92. 1H NMR (top) and 13C NMR (bottom) data for compound 23.
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APPENDIX A (continued)

Figure 93. 1H NMR (top) and 13C NMR (bottom) data for compound 25.
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APPENDIX A (continued)

Figure 94. 1H NMR (top) and 13C NMR (bottom) data for compound 33.
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APPENDIX A (continued)

Figure 95. HRMS data for 33.
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APPENDIX A (continued)

Figure 96. 1H NMR (top) and 13C NMR (bottom) data for compound 35.

200

APPENDIX A (continued)

Figure 97. 1H NMR (top) and 13C NMR (bottom) data for compound 36.
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APPENDIX A (continued)

Figure 98. 1H NMR (top) and 13C NMR (bottom) data for compound 37.
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APPENDIX A (continued)

Figure 99. HRMS data for 37.
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APPENDIX A (continued)

Figure 100. 1H NMR (top) and 13C NMR (bottom) data for compound 38.
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APPENDIX A (continued)

Figure 101. 1H NMR (top) and 13C NMR (bottom) data for compound 39.
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APPENDIX A (continued)

Figure 102. 1H NMR (top) and 13C NMR (bottom) data for compound 40.
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APPENDIX A (continued)

Figure 103. 1H NMR (top) and 13C NMR (bottom) data for compound 42.
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APPENDIX A (continued)

Figure 104. 1H NMR (top) and 13C NMR (bottom) data for compound 43.
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APPENDIX A (continued)

Figure 105.

31

P NMR data for 43.
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APPENDIX A (continued)

Figure 106. ESI MS data for 43.
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APPENDIX A (continued)

Figure 107. HRMS data for 43.
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APPENDIX A (continued)

Figure 108. 1H NMR (top) and 13C NMR (bottom) data for compound 48.
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APPENDIX A (continued)

Figure 109. 1H NMR (top) and 13C NMR (bottom) data for compound 49.
213

APPENDIX A (continued)

Figure 110. 1H NMR (top) and 13C NMR (bottom) data for compound 50.
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APPENDIX A (continued)

Figure 111. 1H NMR (top) and 13C NMR (bottom) data for compound 55.
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APPENDIX A (continued)

Figure 112. 1H NMR (top) and 13C NMR (bottom) data for compound 60.
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