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CHAPTER I
INTRODUCTION
The quest for new organic compounds is a never ending one. In
spite of the millions of organic compounds which have already been
synthesized, there is an ongoing demand for even more compounds for a
variety of reasons. Compounds may be of interest to researchers in almost
every imaginable field as aids to new research or for the purpose of
improving an established technique. The synthetic organic chemist has the
ability to readily adapt to new diverse projects.
Part One of this dissertation details the synthesis of
naphtho[f]ninhydrin, a compound for use in the detection of fingerprint
residues. Previous research with compounds related to
naphtho[f]ninhydrin has resulted in the ability of many criminal
investigative agencies to find and visualize fingerprint residues deposited at
a crime scene that were not discernible before. Naphtho[f]ninhydrin is an
especially attractive reagent as it may offer the opportunity to visualize a
weak fingerprint deposited on surfaces that made detection all but
impossible.
Several synthetic strategies were investigated for the synthesis of
naphtho[f|ninhydrin. Most were unsuccessful, although one of them may
offer positive results after further research. A successful synthesis of
naphtho[f]ninhydrin was obtained that allows a reasonable yield of the
compound to be prepared from readily available starting materials.

In Part Two of this dissertation, the synthesis of two polymersupported crown ethers is dicussed. These polymers were designed for a
specific application— the enhanced separation of calcium isotopes. If a
convenient and practical method can be devised for isolation of the low
abundance calcium isotopes, many areas of research would benefit.
This dissertation is comprised of two diverse parts. The unifying
thread is that they are responses to a common call of the synthetic organic
chemist, the need to synthesize a specific compound for a designed pupose.

PART ONE
SYNTHESIS OF NAPHTHO[f]NINHYDRIN

CHAPTER II
BACKGROUND
The ability to detect and discern the pattem of a latent fingerprint is
an invaluable asset to those attempting to solve crimes. Historically,
fingerprint evidence has been widely accepted as the strongest, most
unambiguous, physical evidence that can be introduced into a court
proceeding. The use of DNA fingerprinting techniques is also accorded
similar respect within courts of law but is currently much more complex
and expensive. Also, DNA fingerprinting has the additional requirement
that more physical evidence from the perpetrator be left behind.
Currently, fingerprint files of known individuals can be digitized and
stored on computer files. A detected fingerprint of unknown origin can be
digitized as well and search routines allow a ranked list of possible matches
to be prepared. A person weU-versed in matching fingerprints can
examine a very small number of possibilities to find a print of known
origin that corresponds to the unknown print. This system allows a print
to be identified even if no known suspects are in hand. The greater ability
an investigator has to locate and visualize a latent fingerprint, the more
likely he or she is to be able to solve the crime and perhaps lessen the
potential future burden of the criminal's actions on society.

Fingerprints Themselves
Fingerprints are the impressions made when the tips of a finger
come in contact with a surface and are imprinted as the reverse image of

the surface details of the finger. The surfaces of the fingers (as weU as the
palms and the analogous surfaces of the feet) have ridges which are known
as papilary or friction ridges. ^ The one characteristic of fingerprints that
best explains their importance to forensic science is their uniqueness. The
pattems that the ridges form on a finger are unique to the individual who
possesses them. No two people are known to have exactly the same
pattems, and even the pattems of each finger on an individual are
different. Permanence is also an important feature of fingerprints. The
pattems are established before birth and remain unchanged throughout a
person's lifetime. An injury or disease can sometimes create subtle changes
in a pattem, but the loss of the ability to render a positive identification is
exceedingly rare.
When fingertips are examined more closely under a microscope, a
network of pores becomes evident along the friction ridges.^ The number
of pores for a one square inch surface area of fingertip skin is
approximately 2700. The purpose for the existence of these ridges and the
secretory pores is to enhance the gripping and grasping ability of the
hand. ^ If the skin of the hand were smooth and dry, the ability to grip and
hold an object would be severely compromised. With the large number of
ridges and the moisture secreted by the pores, a person is able to hold
objects much more easily due to the increased friction.
When a finger comes in contact with an object, the residue left
behind is a product of the secretions of the pores along the friction ridges.
An average fingerprint residue weighs approximately 0.1 mg, of which 98
to 99% is merely water that will quickly evaporate.^ This evaporation

leaves behind roughly 1 jig of residue of which is essentially one-half
inorganic materials such as NaCl and one-half complex organic materials.
These organic components are typically lipids (oils, fats and waxes),
vitamins, and amino acids. This results in a residue that is almost always
too small to be observed directly and hence more elaborate visualization
techniques have been developed out of necessity.
Some Conventional Methods for
Fingerprint Visualization
If a fingerprint is found within 72 hours of its deposition, the use of
iodine vapor to visualize the latent print can be quite effective. Iodine
vapors are absorbed by the lipids in a print residue to leave a brown stain
which can be easily visualized and photographed.4 The staining of the
print is not permanent, which gives the iodine staining technique the added
benefit of being non-destmctive. A disadvantage is the need for rapid
discovery of the residue, as the lipid components are not usually detectable
after 72 hours.
A much less time-constrained visualization technique for fingerprint
residues is the use of silver nitrate. The inorganic salts (usually NaCl) of a
fingerprint residue are usually present for many months after deposition of
the print residue. Silver nitrate will react with NaCl in the residue to form
silver chloride and sodium nitrate as shown in Figure 2.1. The newly
formed silver chloride is reduced in the presence of hght to form
silver metal, a process analogous to the photographic process of silver
halides. The silver metal adheres to the print residue as a dark deposit
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AgN03 +
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AgCl
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Figure 2.1. Mechanism of the AgNOs visuahzation technique
for fingerprint residues.
outlining the ridges of the fingerprint. This technique fails if the
background upon which the print is deposited is very dark as well. The
method also fails to give good results if the latent print has been exposed to
moisture from bleeding, contact with water, or high humidity. These
situations can dissolve and remove sodium chloride from the residue and
silver nitrate treatment becomes ineffective.
The use of dusting powders has long been the most frequently used
technique for the detection of latent fingerprints.2 There are a large
number of varieties of dusting powders, but most are composed of two
basic components. The first is simply a support material, one whose
function is to bind or adhere to the residue of the print. This is usually a
resinous polymer. To this support material is bound a coloring material.
This material functions as an aid to visualization of the print by contrasting
with the background. A primary disadvantage of dusting techniques is the
limited time-frame for effectiveness. Once the print dries to an
appreciable extent, usually a matter of two or three days, the powder will
no longer adhere to the print residue. Also, dusting only works well on
smooth surfaces such as glass and metal.
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A recently developed technique for fingerprint visualization is
autoradiography.5 This method relies upon the labeling of components of
the residue with radioisotopes, which results in a radioactive fingerprint.
The print can then be visualized by exposure to a photographic plate. The
residues can be labeled either through an in situ process involving neutron
activation to form the radioactive isotopes 24Na or 38ci or treatment with
radiolabeled substances such as I'^C-labeled formaldehyde, which can
undergo reactions with components of the residue.
Another new technique is known as in vacuo metal evaporation.
Fingerprint residues have the ability to inhibit the adherence of metals to a
surface.6 If a fingerprint is placed in a high vacuum and metals are
evaporated onto the surface, the ridges of the print will not allow metal
deposition, resulting in an area with no metal deposited. This will allow
the pattem of the print to be visuahzed. A mixed-metal combination of
gold and cadmium works especially well.

The Use of Ninhydrin (1) as a Visualizing Aid
Historical Perspective
Ninhydrin (1), also known as 1,2,3-indanetrione hydrate or 1,2,3triketohydrindene hydrate, was first reported in 1897 by Kaufmann7 but
his compound had physical properties which did not match those of
ninhydrin (1) produced later. In 1910, Ruhemann published the first
unchallenged synthesis of ninhydrin.8 He isolated 1 as a pale yellow soHd
which changes to a pink-red solid when heated to 125-130 °C. When

oiz
o

heating is continued to 140 °C, the solid becomes a deep purple
color and melts sharply with decomposition at 241 °C. When 1 is heated in
vacuo, the loss of a water molecule gives the 1,2,3-triketone 2 as dark red

needles.9 A benzene solution of the triketone 2 was a blue-green color
that changed to yellow when shaken with water, a process that formed the
hydrate 1. Perhaps the most important type of reaction that ninhydrin
undergoes is the reaction with various amino acids to form a blue-purple
colored compound. Ruhemann first reported this reaction and the colored
product 3 has come to be known as "Ruhemann's Purple." 10 He noted that
the reaction occurred with a-amino acids and P-amino acids, a claim which
came under attack in later years with regard to P-amino acids. H It is
now recognized that some p, y, 5, or e-amino acids can react under
appropriate conditions. 12 The mechanism for formation of Ruhemann's
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Purple 3 from the reaction of ninhydrin 1 with an a-amino acid is shown
in Figure 2.2.
Ninhydrin 1 tautomerizes to form the triketone 2 which then reacts
with an a-amino acid to form the ketimine 4. An equilibration of 4 with
either the dipole 5 or the oxazolidine-5-one 6 is followed by decarboxylation to form dipole 7. Amine 9 forms from imine 8 and a subsequent
condensation with another ninhydrin 1 yields Ruhemann's Purple. 12
Soon after the discovery of ninhydrin's reactivity with amino acids,
researchers noted the ability of ninhydrin to detect amino acids in many
substances. It was seen that ninhydrin formed blue colored products when
exposed to blood, fresh eggs, saliva, milk, lymph, and blood plasma. 13
Ninhydrin came into routine usage as an agent for the detection of amino
acids in various medical and biochemical tests. It has been used in paper
partition chromatography for the identification and quantitative assay of
amino acids. 1^ It has also been reported that ninhydrin can be used as a
spray reagent for the detection and identification of many basic dmgs on
thin-layer chromatograms.15 Narcotics were evidenced by blue colors and
amphetamines appeared on the plates as pink spots. No correlation between
color and class or stmcture of compound could be discemed.
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Figure 2.2. Mechanism of formation of Ruhemann's Purple (3).
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Ninhydrin (1) As a Detector
of Latent Prints
Ninhydrin was in wide-spread use for detection of amino acids
throughout the first half of the twentieth century. Pioneers such as
Ruhemann and Abderhalden noted the effect ninhydrin had on palmar
sweat (a blue-purple product was formed) and warned users of ninhydrin
to be careful not to contaminate any surface to be tested with ninhydrin so
that the components of the sweat would not affect test results. This
warning was repeated by users of the ninhydrin reagent for amino acid
assays. One researcher went so far as to recommend the use of forceps "to
avoid fingerprints." 16 It was not until 1954 that Oden made the connection
and studied the effect of ninhydrin on fingerprints. 1'7
Oden noted that the amino acid residues in latent fingerprints should
be amenable to detection with ninhydrin. The process should work
especially well on surfaces such as paper, cardboard and wood, as amino
acids have a high affinity for cellulose and should stay in place for a very
long time. Moisture, either a moist finger or a moist surface, was found to
be necessary for print development. Ninhydrin was sprayed onto the latent
print area as a 0.2% solution in acetone. The print was then placed in an
oven at 80 °C for a few minutes to initiate development and removed. The
print developed over a period of hours and maximum resolution was
achieved after 24 to 48 hours. Oden was able to develop a print from a
textbook which had not been opened or handled in 12 years.
Ninhydrin has since come into wide-spread use as a reagent for
fingerprint detection and identification. The initial formulations were
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typically a 0.2% to 1.5% solution of ninhydrin in such solvents as acetone,
diethyl ether, ethanol, 2-propanol and petroleum ether. Acetic acid was
sometimes added to improve the efficiency of the reagent by countering the
relative basicity of some paper formulations. 18 A major problem with the
more polar solvent solutions was their propensity to dissolve ink on the
document being tested. Formulations in petroleum ether did not dissolve
inks, but they did not work weU in the field.4
In 1974, a major breakthrough was achieved when a non-flammable
solvent system was found that did not dissolve inks.l^ The solvent was
1,1,2-trichlorotriflurorethane (also called fluorisol or freon 113), which is
non-flammable and non-toxic. Acetic acid (0.9%) and ethanol (1.8% to
provide solubility) are also included in the spray reagent. Minor
modifications have been made to the formulation, as problems sometimes
arise with the fluorisol affecting colored backgrounds on certain types of
documents.
The use of ninhydrin as a fingerprint detection agent has greatly
expanded the number of print deposits that can be identified. The
procedure is relatively simple and works well on prints that are many years
old. The results are often very good with many fine details being evident.
Various formulations are available to minimize damage to the document.
Unfortunately not all prints can be developed by ninhydrin, usually due to
problems with surface features or the color of the background.
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Lasers in Fingerprint Detection
Inherent Luminescence of Fingerprint Residues
Fingerprint residues contain compounds which are known to be
luminescent^, such as riboflavin (vitamin B2) (10) and pyridoxine (vitamin
B6) (11) (see Figure 2.3). A problem with early attempts to detect the
OH
OH OH
»

Qjj

N^^N^O

CH2OH
H0.J^CH20H
H3C

N-^

10
11
Figure 2.3. Luminescing components of fingerprint
residues: riboflavin (10) and pyridoxine (11).
luminescence of these components is the very minute quantities present in a
deposit, usually on the order of 10"^ grams. Conventional light sources
radiate a broad spectmm of wavelengths which caused luminescence of not
only the fingerprint residues, but also much stronger luminescence of the
background in many cases which had to be filtered out. The portion of the
lamp spectmm which causes luminescence of the sample is very small,
giving the effect of a very weak light source.
Lasers provide a light source which circumvents many of the
problems of a conventional light source. The light is monochromatic, or
nearly so, which meant the use of filters was unnecessary. If the
wavelengths of the laser closely match the wavelength at which the print
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absorbs, a bright pattem of the print can be observed with little
interference from the background. Also, since the power of the laser is at
one wavelength and the beam is well collimated, the effective power of a
laser is quite high. Even though laser operators were constantly concemed
with fingerprint contamination, it was not until 1977 that Menzel pubHshed
the first paper reporting the use of a laser to resolve fingerprints.20
Menzel had good success using a continuous wave (CW) argon laser
operating at 514.5 nm to cause bright luminescence of fingerprints
deposited on white paper by 15 people.^O Most of the individuals on any
given day deposited brightly luminescing prints, but 20% were faint.
From day to day, an individual would show variations in the intensity of
their deposited prints. All fresh prints luminesced with a yellow-green
color and storage of the print in an oven at 75 °C for two weeks had very
little effect. Also, holding the prints under running water for five minutes
had a negligible effect. Next, the prints were subjected to treatment with
both ninhydrin and AgNOs, which failed to show any ridge detail. Full
detail was still evident by laser after the two conventional methods.
Some problems were encountered with background materials that
luminesced more strongly than the fingerprint residue, such as wood and
some plastics. Good results were obtained when observing prints on living
skin. The technique also worked well with old latent prints. A book
unopened for nine years gave many discemible prints; however, the
luminescing color was orange rather than the yellow-green for a fresh
print.
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The technique was well suited for photography and a diagram of the
apparatus is shown in Figure 2.4. Some advantages of the technique were
found to be: it is non-destmctive; the age of the print seems unimportant;
it can be used even after other techniques; and extremes of temperatures
and moisture have little effect. The technique had some shortcomings as
well: background luminescence sometimes overpowered the latent print;
not all subjects deposit a suitable print; and some surfaces do not accept a
print well.

Camera
Barrier Filter [

(Dotted lines represent fingerprint luminescence)

Figure 2.4. Apparatus for the laser detection of fingerprints.
Addition of Luminescing Reagents
To try and improve the laser technique's performance in these three
areas, Menzel treated latent prints with fluorescing agents before laser
analysis.21 Initially the fluorescing agent was added as a part of a dusting
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powder, which would adhere to the print and luminesce under laser. The
usual time constraint imposed on dusting powders is no longer an issue, as
even slight adherence that is not visible under normal lighting conditions
becomes apparent under laser light. Mars Red Hi-Intensity, a
commercially available dusting powder, was found to give excellent results
as it luminesced bright red under irradiation with a CW argon laser.
Fluorescamine (12) is a reagent used to assay amino acids as well as to
detect latent fingerprints in some cases. When fluorescamine-treated prints
were observed with a CW argon laser equipped with a UV option (which
provides power in the 333.6 to 363.8 nm range), the prints were easily
observed.

One problem that could not be solved entirely with the use
of fluorescing agents was the high degree of fluorescence of some
backgrounds. Phosphorescence is a luminescence with a much greater
lifetime than fluorescence. Menzel employed a technique to take advantage
of this property.22 An apparatus was constmcted that allowed the camera
and laser to have independent access to the sample (Figure 2.5). The beam
from a CW Ar-laser is expanded by a lens and, as the rotating chopper
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Light Chopper

Camera

Figure 2.5. Apparatus allowing the detection of latent fingerprint
phosphorescence while eliminating background fluorescence.

allows, strikes the exhibit and causes the fingerprint to phosphoresce and
the background to fluoresce. As the chopper rotates, it intermpts the laser
beam, and allows the camera to "see" the exhibit. By this time, the shortlived fluorescence from the background is gone, but the longer-lived
phosphorescence of the fingerprint is still active and is recorded by the
camera. The rotation speed and the width and number of openings can be
adjusted to optimize the effect.
For the fingerprint to phosphoresce, a suitable agent must be applied.
Menzel found two dusting powders with sufficiently long luminescent
lifetimes to fulfil this requirement. In both cases, a print applied to a
highly fluorescent background could be easily distinguished and
photographed.

19
The Use of Ninhydrin with Lasers
In 1982, Menzel reported the combined usage of ninhydrin and
lasers in the detection of latent fingerprints.23 He found that prints which
were developed to a great extent with ninhydrin did not fluoresce well in
the 330 to 360 nm region of Ar laser illumination but did fluoresce
somewhat in the 570 to 590 nm range of a dye laser. Surprisingly, prints
that were treated with ninhydrin without success under normal Ughting
became quite fluorescent under dye laser excitation. The component of the
residue that gave the red color under lasing was not the same that gave the
blue color of the well-developed, ninhydrin-only prints and was attributed
to a reaction by-product or an intermediate. The primary benefit of this
procedure is that it allows additional prints to be seen which might have
been missed if the ninhydrin technique and laser technique were used
separately. The primary drawback was a practical one. The technique
requires a second laser, a dye laser, to be used which increases the costs
somewhat. The apparatus is shown in Figure 2.6 and consists of an Ar
laser pumping a dye laser which lases the sample as before.
It has long been known that amino acid residues that were identified
by treatment with ninhydrin to form blue spots on chromatograms became
red, orange, or yellow after treatment with salts of various metals such as
zinc, cadmium, cobalt, and copper. 14 To determine if the addition of metal
salts could improve detection of fingerprints with ninhydrin and lasers by
improving the contrast problems sometimes found, Menzel sprayed
ninhydrin developed print resins with solutions of nickel and zinc salts.24
Test prints were deposited on white paper and black plastic items.
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Ar Laser

Tunable Dye Laser
Lens

Camera

Figure 2.6. Laser detection of ninhydrin-developed fingerprints.
Treatment with ninhydrin developed the usual purple prints on paper but
nothing was seen on the plastic surfaces. Examination under dye laser
revealed no new prints. Surfaces sprayed with nickel nitrate solution
showed no appreciable luminescence under Ar or dye lasing. When the
surfaces were sprayed with a zinc chloride solution, the print residues
displayed a very strong luminescence and several prints not detected with
the preliminary technique became visible when viewed under Ar laser
irradiation. The luminescence was found to be broad, thus filtering to
remove backgroimd fluorescence was not expected to be difficult. The
stmcture of the highly fluorescent coordination compound of Ruhemann's
Purple with Zn+2 is shown in Figure 2.7.

O'-Zn-O
H^^Cl'^-^H^O

Figure 2.7. The highly fluorescent Ruhemann's Purple-Zn2+
complex.
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This method had many advantages over the earlier developed
techniques. Ninhydrin alone was usually not found to be successful when
developing latent prints on non-porous surfaces such as metals. With the
application of the Zn2+ solution, ninhydrin-developed prints on many
smooth surfaces became apparent. The number of lasers needed for
visualization was back to one as the dye laser needed for some ninhydrin
developed prints which did not appear under normal lighting circumstances
was no longer necessary.
An Australian research group touted the use of Cd2+-treatment of
ninhydrin developed prints.25 The treated sample had to be cooled by
immersion in liquid N2 in order for luminescence to occur. In spite of the
added difficulty of cooling and the potential health hazards of Cd2+
solutions, the workers felt their technique was superior to the Zn2+
treatment method.
The Advent of Ninhydrin Analogs
Many different formulations of ninhydrin solutions as well as several
different methods of detection of ninhydrin-treated fingerprints had been
developed, but no one had tried varying the reagent itself. In 1982, Ahnog
and Hirshfeld pubhshed the synthesis of ninhydrin-like compounds.26 It
had been reported earlier that ninhydrin variants also had characteristic
reactions with amino acids.27 As a result, benzo[e]ninhydrin (13),
benzo[f]ninhydrin (14), and 5-chloro-6-methoxyninhydrin (15) were
synthesized and their reactions with fingerprint residues studied (see Figure
2.8).
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13
14
Figure 2.8. Three ninhydrin analogs for fingerprint
detection studies.
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Fingerprints from several subjects were deposited on white paper
and treated with a 1% methanolic solution of each of the three ninhydrin
analogs 13, 14, and 15, as well as a similar solution of ninhydrin itself
The prints were developed and observed under room light. All three
compounds were able to develop latent prints with a sensitivity similar to
ninhydrin. The linear benzoninhydrin 14 developed prints as rapidly as
ninhydrin and the substituted ninhydrin 15 was slower. The other
benzoninhydrin 13 was the slowest. The greatest variance among the four
reagents was the color of the developed print. Ninhydrin and its
substituted analog 15 gave blue-purple impressions, whereas
benzoninhydrin 13 gave pink prints and 14 gave a blue-green color upon
development.
The bathochromic shift from blue to green versus ninhydrin was
explained as a manifestation of the longer conjugated system of the
naphthalene ring. The fact that the chloromethoxyninhydrin 15 did not
shift much relative to ninhydrin was attributed to the electron-withdrawing
chloro substituent being counterbalanced by the electron donating methoxy
group.
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In 1985, Menzel reported the use of benzo[f]ninhydrin (14) and
ZnCl2 solution along with lasers to detect latent prints.28 When side-byside prints were developed with ninhydrin and Zn2+ in one case and 14 and
Zn2+ in the other, the benzoninhydrin 14 developed print was almost
always superior under laser illumination. With an Ar laser operating at
488 nm only, the ninhydrin-developed print appeared slightly more intense
than a print developed with 14. When the Ar laser was operated in an all
lines blue-green lasing mode, 14 became the superior reagent. The real
benefit of benzoninhydrin became obvious when a much less costly laser,
the frequency-doubled neodymium:yttrium aluminum gamet (Nd:YAG)
laser, was used. The operating frequency of the Nd:YAG laser is 532 nm,
very close to the absorption maximum of 530 nm found for a
benzo[f]ninhydrin and ZnCl2 treated solution of an amino acid. Thus, a
Nd:YAG laser was able to elicit a very bright luminescence from a
benzoninhydrin-treated fingerprint that had been sprayed with Zn2+.
Ninhydrin-treated prints did not work well at all with Nd:YAG lasers, as
the ninhydrin-Zn2+ complex has an absorption maximum of 490 nm and
works much better with the 488 nm-tuned CW Ar laser. Not only is the
Nd:YAG laser less costly than the Ar laser, it is also more portable, an
important consideration in poHce field work.
In the mid-1980's, the synthesis and fingerprint developing abihties
of several new ninhydrin analogs were reported.29-31 xhe stmctures for
many of these compounds are shown in Figure 2.9. All of the compounds
shown developed prints in a similar fashion to ninhydrin with some
deviations. Most of the compounds gave the blue to purple color of
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Figure 2.9. Stmctures of several ninhydrin analogs.
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ninhydrin with the notable exceptions of the nitroninhydrins 22 and 23
which gave dark grey prints, the tetrabromoninhydrin 24 which gave
brown prints, and the perinaphthoninhydrin 25 and diphenyldibenzoninhydrin 26 which gave green prints. When treated with Zn2+ and
observed under laser illumination, the diphenyl substituted ninhydrins 18
and 26 fluoresced less strongly than ninhydrin, as did the nitro compounds
22 and 23. The dimethyl compound 17 and especially the 5-methoxy
substituted ninhydrin 19 fluoresced better than ninhydrin. Strangely, the
5-methoxy 19 had the strongest fluorescence, while the 4-methoxy isomer
20 did not fluoresce at all.
It became obvious from the screening of the new ninhydrin analogs
that only 5-methoxyninhydrin (19) had features that made it attractive for
further study, due to its very bright luminescence. Almog and Hirshfeld
investigated the performance of 19 as a fingerprint detection agent, both
with and without the use of lasers.32 When a fingerprint was developed
with a solution of 19, a purple-colored response was seen which had
essentially the same response time and sensitivity as with ninhydrin. When
the developed print was sprayed with ZnCl2, the resulting luminescence
was considerably more intense than that for ninhydrin. This fluorescence
is yellow versus the orange color seen for ninhydrin. The sensitivity of the
reagent made prints that were previously very faint become identifiable.
An added benefit of 19 over ninhydrin was that a copper-vapor laser
(CVL) could now be used with great success, as the CVL emits at 510 nm
and 19 absorbs at 500 nm. Ninhydrin absorbs at 488 nm, which is too far
from the 510 nm line of the CVL to give satisfactory results. The CVL is
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a more portable laser than the CW Ar laser that the use of ninhydrin
requires.
Almog prepared two new ninhydrins with strongly electron-donating
substituents at the 5-position, namely 5-aminoninhydrin (28) and 5-N,Ndimethylaminoninhydrin (29).33 Both of the new compounds were
observed to give brightly fluorescing fingerprint residues when their
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28

^n.

(CH3)2N
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solutions were applied to latent prints. The prints fluoresced
with a blue color under Ar lasing, which is in marked contrast to ninhydrin
and 19, neither of which fluoresced well until sprayed with Zn2+ solutions.
When a Zn2+ solution was applied to a print developed with either 28 or
29, very little improvement in the fluorescence was noted. A potential use
for these reagents is in the detection of latent prints on backgrounds whose
high fluorescence makes detection with Zn2+-treated ninhydrin or 5methoxyninhydrin difficult. Many surfaces on which fingerprints are
deposited will absorb in the 400 to 500 nm region and emit in the 550 to
650 nm range. Since both ninhydrin and 5-methoxyninhydrin absorb and
emit in these ranges, proper filtering to allow visualization of the
fingerprint fluorescence is sometimes impossible. The new
aminoninhydrins 28 and 29 emit in the 590 nm area, but absorb at 570
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nm, which would not excite the backgrounds with which the nonaminoninhydrins have difficulty.
The Use of Europium Complexes
The ability of several rare earth metal ions to complex with a
ninhydrin-treated fingerprint residue was reported in 1990.34 When a
solution of EuCl3-6H20 was sprayed onto a latent print developed with
ninhydrin, Eu emission resulting from intramolecular ligand-to-Eu energy
transfer was detected. This emission was long-lived and was thought to be
well-suited for time-resolved imaging for the detection of a fingerprint
deposited on a background with a relatively short-lived fluorescence. No
ligand fluorescence was detected. The same rare earth emission was seen
with Tb3+, but not as intense. No emission was detected with Ce3+, Nd3+,
or Sm3+. An argon laser was used for Tb3+, but a dye laser was necessary
for the Eu3+ cases as excitation at 579 nm was needed.
In a subsequent report, Menzel extended the use of Eu3+ salts to
prints developed with benzo[f]ninhydrin (14) and 5-methoxyninhydrin
(19).35 A very strong print that was developed with 14 appeared as a
green mark in room light and changed to a violet color after application of
the Eu3+ spray reagent. The intensity of the Eu3+ treated print was slight
and it usually could not be photographed. When a Eu3+-treated print was
excited with a near-UV-tuned Ar laser, or a dye laser tuned at 579 nm, the
print appeared orange-red due to the Eu emission. This emission was longlived and more intense than a ninhydrin-Eu3+-developed print. An
explanation of this finding came from a study of the solution absorption
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and emission behavior of the two ninhydrins with an amino acid and Eu3+.
The emission band of Eu was found to be 579 nm and the best intensity of a
latent print developed with Eu3+ and ninhydrin should occur when the
absorption maximum of the complex is near 579 nm. For the ninhydrin
case, the maximum is near 500 nm and the intensity at 579 nm is low. For
benzo[f]ninhydrin (14), the maximum occurs at 545 nm and the intensity at
579 nm is still relatively high. The 5-methoxy substituted ninhydrin 19
was found to be much better than ninhydrin, but not as good as 14.
Very good results with time-resolved imaging of a fingerprint on a
highly fluorescing background were obtained with Eu3+-treated 14. The
apparatus consisted of a camera equipped with a highly sensitive
microchannel plate image intensifier that was gated to only record an
image during a period in which the laser was off. A light chopper
controlled the laser beam which was led through a fiber optic cable to the
sample. The gating scheme which suppresses the background is shown in
Figure 2.10. In this manner, a fingerprint that is less intensely luminescent
than its background can be visualized due to the long-lived Eu emission.
When the laser was on, the background quickly reached a high level of
fluorescence while the fingerprint gradually reached its level. When the
laser was off, the background quickly decayed while the fingerprint did so
gradually. If the imaging gate is activated after the background
fluorescence has decayed, but before the next laser pulse, the residual
residual fingerprint luminescence can be recorded. In this way, very faint
residues can be recovered as the technique allows many cycles of pulses to
build up a detectable image of the print residue.
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Figure 2.10. Gating scheme for fingerprint detection through
background suppression.

Statement of Research Goals
Tlie ability to detect and identify latent fingerprint residues is a
fundamental necessity for the successful solution of many crimes. These
fingerprint pattems remain the easiest obtainable piece of evidence that can
connect a person unequivocably to a crime scene, due to the perfectly
unique nature of a person's ridge detail.
In the recent past, several new techniques have been developed which
allow the detection and identification of latent prints that once would have
never been seen or noticed. Many of these developments have come as a
result of the synthesis of novel reagents capable of detecting nanogram
quantities of amino acids in fingerprint residues. Coupled widi advances
being made in laser techniques, the methods currently available to the
forensic scientist have allowed many crimes to be solved that once would
have been impossible.
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It is the purpose of this research to synthesize the novel anthracenyl
triketone hydrate naphtho[f]ninhydrin (30), a potential reagent for the
visualization of latent fingerprints. This compound has eluded organic
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chemists for many years. In 1957, Meier and Lotter prepared a
1,3-dione precursor, but were unable to generate the ninhydrin 30.22 in
1988, Lennard and Warrener challenged the forensic science community to
synthesize naphtho[f]ninhydrin (30)31 and cited their own failure at doing
so. Almog reported in 1991 the failure of his research group to answer the
challenge. 3 3
Perhaps one of the areas in which 30 will find its greatest usage is
gated time-resolved imaging of a latent print on a highly fluorescing
background after treatment with Eu3+. Menzel predicted that 30 would
give excellent results in this application.35 The optimum ninhydrin would
have an absorption maximum of 579 nm for its complex with Eu3+ and an
amino acid. For ninhydrin, the maximum is 500 nm and for
benzo[f]ninhydrin (16) the value is 545 nm. The expected further red shift
for naphtho[f]ninhydrin (30) could bring about much greater overlap and
allow hitherto undetectable prints to be seen and identified.

CHAPTER m
RESULTS AND DISCUSSION
Attempted Synthesis via an Ultrasound
Induced Diels-Alder Reaction
The initial attempt to prepare naphtho[f]ninhydrin (30) was
pattemed after the synthesis of the lower analog benzo[f|ninhydrin (14)
developed by Joullie and coworkers.^^ Their reaction sequence of four
steps was an improvement over three earlier reported syntheses27,38,39 and
is shown in Scheme 1.
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Scheme 1
The initial step is a Diels-Alder cycloaddition of a,a'-dibromo6>-xylene (31) and 4-cyclopentene-1,3-dione (32) in dioxane under
ultrasonication in the presence of zinc metal to give the three-ring skeleton
product 33. Aromatization and oxidation of 33 were performed with Bri
in dioxane in the presence of pyridine to form the dibromo compound 34.
31

32
Benzo[f]ninhydrin (14) was obtained by adding dimethylsulfoxide (DMSO)
to a solution of 34 in toluene at 80 to 90 °C. The overall yield of the fourstep process was 22%.
The synthetic route envisioned for the preparation of naphtho[f]ninhydrin (30) is shown in Scheme 2. This approach called for the
reduction of the diacid 35 to the diol 36 which would then be converted to
the bis(bromomethyl)naphthalene 37. An ultrasound-induced, Diels-Alder
cycloaddition of the diene generated from 37 and the dienophile 32 along
with subsequent transformations according to the JouUie procedure would
form the desired ninhydrin analog 30.
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33
The synthesis of 2,3-bis(bromomethyl)naphthalene (37) from 2,3naphthalenedicarboxylic acid (35) followed a procedure pubHshed by
Wilcox.40 The diacid 35 was dissolved in dry tetrahydrofuran (THE) at 0
°C and a slight excess of 1 M BH3THF in THE was added slowly. A white
gelatinous material formed initially which dissolved to give a clear brown
solution. After the addition of the borane complex was completed, the
reaction solution was stirred at room temperature for 16 hours. A 1:1
mixture of THE and H2O was added to destroy any remaining borane
complex. The addition had to be slow and careful or violent frothing
would occur. Workup and isolation gave 2,3-bis(hydroxymethyl)naphthalene (36) in an 84% yield.
Bromination of 36 to give 2,3-bis(bromomethyl)naphthalene (37)
was carried out in CH2CI2 using PBrs. Two equivalents of PBrs were
added to a solution of 36 in CH2CI2 and, after stirring at room
temperature for 12 hours, workup gave the cmde dibromide in 85% yield.
Passage of a CS2 solution of the cmde material through a bed of silica gel
gave the pure product in an 80% yield.
Attempts to perform the ultrasound-promoted, Diels-Alder
cyclization of dibromide 37 with 4-cyclopentene-1,3-dione (32) were
unsuccessful. The dibromo compound 37 was dissolved in dry dioxane and
freshly activated zinc metal dust was added. The reaction mixture was
ultrasonicated for 24 hours at 27 °C. The temperature of the ultrasound
bath was maintained at a constant 27 °C by the use of a cooling coil
connected to a refrigerated-water recirculating pump. It was imperative
that the temperature be maintained in the 25 to 30 °C range, since
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4-cyclopentene-l,3-dione (32) thermaUy decomposes rapidly at 35 °C or
higher.4l The reaction was constantly monitored by thin-layer
chromatography (TLC). At the end of the 24-hour reaction period, TLC
showed only reactants remaining. Workup and isolation of the organic
materials gave only the two unreacted starting materials 32 and 37 as
shown by proton nuclear magnetic resonance spectroscopy (iR NMR). In
another attempt, a 48-hour reaction gave the same result.
To determine whether the lack of reactivity was due to the chemistry
or the apparatus, the initial reaction step of the Joullie procedure for
preparing benzo[f]ninhydrin (14) was repeated.37 This reaction sequence
is shown in Scheme 3.
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The dibromide 31 was prepared from 6>-xylene (40) following a
procedure published by Stephenson and coworkers.42 A sHght excess of
bromine (2.2 equivalents) was added dropwise to 6>-xylene stirred at 125 °C
under illumination from a 500-watt sun lamp. After stirring at 125 °C for
two hours, the reaction was worked up to give cmde dibromide 31 which
was recrystaUized from EtOH to give the pure product in 43% yield. For
the sonication-induced Diels-Alder cyclization, dioxane was carefully
distilled from Na metal and only the middle cut was used for the reaction.
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Zinc metal was freshly activated according to the literature procedure.^3
Dibromide 31 was dissolved in dioxane and two equivalents of zinc dust
were added together with the dione 32. TLC analysis of the reaction
product after sonication for six hours at 28 °C showed complete
consumption of dione 32 and a iH NMR spectmm of the cmde product
after workup was identical with that for the three-ringed adduct 33 as
reported in the literature.37
A final attempt was made to prepare the higher analog 38 by the
Joullie method for the synthesis of benzo[f]ninhydrin (14). The reported
conditions were utilized and the mixture of naphthalene dibromide 37,
dione 32, and zinc dust under ultrasound irradiation was monitored by
TLC over a period of several days. After two days, the temperature was
allowed to rise to 35 °C. After seven days, the ultrasound unit failed and
TLC analysis still showed only starting materials with a trace of an
unidentifiable product.
As a related exercise, the synthesis of a quinoxaline-derived
ninhydrin 41 was attempted using the same methodology (Scheme 4). The
dibromide 2,3-bis(bromomethyl)quinoxaline (42) was stirred in diox^e
with the dione 32 in the presence of zinc dust and ultrasound. After a 48hour reaction period, workup gave only unreacted starting materials with
no trace of any new substances by TLC analysis.
For the reaction of dibromide 31 with the dienophile 32, the
mechanism is proposed to proceed via the intermediate 6>-xylylene 44
shown in Figure 3.1.^4 Ultrasonication of the dibromide 31 in the
presence of zinc dust forms the diene intermediate 44 which is quickly

36
Zn, dioxane
N

sonication
25 °C

42

43

41
Scheme 4.

Br ^S^
Br ultrasound

31

44

33

Figure 3.1. Mechanism of a Zn-ultrasound mediated
Diels-Alder reaction.

trapped by the dienophile 32. For the corresponding reaction to occur
with the naphthalene dibromide 37, the intermediate diene 45 must be
formed and trapped by the dienophile 32. The lack of reactivity of 37
imder these conditions suggests that diene 45 is not being formed to

45

37
any appreciable extent. An example from the literature^^ illustrates the
difference in reactivity between 31 and 37 and is shown in Figure 3.2.
Dibromide 31 reacted with the dienophile 46 to give the tricyclic product
47 in 70% yield. When the naphthalene dibromide 37 was used under the
same conditions, the yield of the tetracyclic product 48 was only 20%.
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Figure 3.2. Comparison of the yields of two Zn-ultrasound
mediated Diels-Alder cyclizations.
Other methods for the in situ preparation of diene intermediate 45
have been published.46-50 All of the procedures were cumbersome and one
involved diene generation at a temperature which would be too high for the
dieneophile 32.46 The only paper that reported the trapping with
dienophiles gave low yields for the process.49
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Attempted Synthesis of a Naphtholflindanone
Precursor to Naphthorflninhydrin (30)
After the failure of the the sonication-induced, Diels-Alder
cyclization route, it was deemed desirable to synthesize a possible
precursor to naphtho[f]ninhydrin (30) which contained the tetracyclic
skeletal stmcture in which one methylene position of the five-membered
ring was a ketone. This compound is naphtho[f]-1-indanone (49) and is
shown in Figure 3.3.

49
Figure 3.3. Naphtho[f]-1-indanone (49), a possible precursor
to naphtho[f]nirihydrin (30).
In 1988, Tatsugi and Izawa published a method for a simple, one-pot
transformation of 1-indanone (50) to ninhydrin (1).51 The procedure was
general for the synthesis of vicinal di- and triketones from a-methylene
ketones by an N-bromosuccinimide (NBS) (51) and DMSO oxidation. The
results of the oxidation of 1-indanone (50) as well as 2-indanone (52) and
1,3-indanedione (53) are shown in Figure 3.4. If this particular method
was found to be unsuccessful, Se02 has been used to convert 1-indanones to
ninhydrins with lower reported yields.34 Once naphtho[f]-1-indanone (49)
was prepared, it was proposed to be oxidized further to the ninhydrin 30
by use of the NBS-DMSO oxidation procedure, as shown in Scheme 5.
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Figure 3.4. NBS-DMSO oxidations of indanones and
1,3-indanedione to ninhydrin (1).
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Scheme 5.
The first attempted synthesis of naphtho[f]-1-indanone (49) is shown
in Scheme 6. The reaction sequence proposed was a Friedel-Crafts
acylation of phthalic anhydride (54) and indanone 50 to form the
carboxyhc acid 55. The acid 55 would be cyclized to form the
anthraquinone 56 which would in tum be selectively reduced to give the
naphthoindanone 49.
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The first attempt at the Friedel-Crafts acylation utilized CH2CI2 as
the solvent and two equivalents of AICI3. After stirring for 24 hours at
reflux, only the starting materials 1-indanone (50) and phthalic anhydride
(54) along with some phthalic acid were observed. Acyl groups are known
to be deactivating toward Friedel-Crafts reactions and alkyl groups are
known to be activating.^2 xhe lack of reactivity under these conditions was
not surprising. To determine if the deactivating effect of the acyl group
could be overcome under more vigorous conditions, the reaction was
attempted in nitromethane at 100 °C. No reaction occurred imder these
conditions.
Anodier potential synthetic route to naphtho[f]-1-indanone (49) was
investigated (Scheme 7). The initial step proposed was a Friedel-Crafts
acylation of benzoyl chloride (57) with 5-methyl-1-indanone (58) to give
the benzophenone 59. This could be oxidized to give the carboxylic acid
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60 which could in tum be intramolecularly cyclized to give the
anthraquinone 56. The anthraquinone 56 could then be reduced to give
the anthracene 49.
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For the initial step of the reaction sequence, a preparation of 5methyl-1-indanone (58) was needed. In 1984, Khalaf published a one-pot
synthesis of 58 starting with toluene (61) and 3-chloropropionyl chloride
(62).53 This reaction sequence is shown in Scheme 8. A solution of 61
and 62 was added to a slurry of AICI3 in CH2CI2. After stirring for three
hours, the solvent was removed to yield cmde 63. To 63, concentrated
sulfuric acid was added and the temperature of the reaction mixture was
raised to 90 °C, At this time, the reaction began to froth and eventually
became a hard, sticky foam. An extraction of the organic products with
CH2CI2 revealed mostly unreacted 63.
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A successful preparation of the methylindanone 58 was performed
by conducting the reaction in two discreet steps with isolation and
purification of 63. After stirring the mixture of 61 and 62 and AICI3 in
CH2CI2 for three hours, the reaction was quenched by pouring it into a 6 N
HCl-ice slurry and extracted with CH2CI2. Further workup and
purification gave 63 in an 82% yield. Attack of the acid chloride 62 on
toluene (61) could occur either ortho ov para to the methyl group of
toluene, but only the para isomer of the product 63 was detected by iH
NMR. The purified 63 was then stirred into concentrated H2SO4 and
heated to 90 °C. After four hours, the reaction was complete (TLC
analysis) and the reaction mixture was quenched by pouring onto ice.
Extraction of the product with CH2CI2 and purification gave 5-methyl-1indanone (58) in an 80% yield. Only one isomer is possible from the ring
closure reaction.
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With the methylindanone 58 in hand, attention was focused on its
Friedel-Crafts acylation with benzoyl chloride (57). It was hoped that the
presence of two activating alkyl substituents and the use of the highly
reactive acid chloride would offset the deactivating effects of the acyl
substituent. When the acid chloride 57 and the indanone 58 were added to
AICI3 in CH2CI2 at room temperature, no reaction had occurred after 24
hours. The reaction temperature was increased to reflux with no further
effect. A reaction in nitromethane at 100 °C for 24 hours also gave no
reaction. Finally, reactions in nitrobenzene were attempted. When the
reaction mixture was heated to 150 °C, only unreacted starting materials
remained after 24 hours. If the temperature was increased to 200 °C, the
reaction mixture became a black, charred material that was unidentifiable.
Since the acyl group was deactivating the indanone 58 with regard to
a Friedel-Crafts reaction, it was decided to convert the ketone into a
functionality that was not a deactivating group but would be stable to the
reaction conditions. According to the literature, a 1,3-dithiolane is
unaffected by AICI3 at 25° C.54 Following a closely related literature
precedent,^^ indanone 58 was converted to the 1,3-dithiolane derivative 64
as shown in Scheme 9. Indanone 58 was dissolved in CH2CI2 and 1,2ethanedithiol (65) was added along with BF3Et20. After stirring the
reaction solution ovemight at room temperature, workup gave the desired
product 64 in an 86% yield.
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BF3Et20
+

HS

SH

CH2CI2
RT, 12 h

H,C

58

HaC

64

65
Scheme 9.

The next step, the Friedel-Crafts acylation, was attempted as shown
in Scheme 10. The dithiolane protected indanone 64 was dissolved in
CH2CI2 along with one equivalent of benzoyl chloride (57) and added to a
slurry of AICI3 in CH2CI2. Workup gave a complex mixture of products
with no evidence of the desired benzophenone 66. Instead, the product
seemed to be the thiobenzoate ester 67, as indicated by the IR NMR and IR
spectra.

AlCl.
CH2CI2

H.C

57

HaC

66

64
Scheme 10.
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At this point, it was decided to abandon all synthetic routes that
proceeded through a Friedel-Crafts acylation of an indanone. Since the
presence of an acyl group prevented the initial couphng reaction necessary
to constmct the anthracenyl ring system, a possible means to circumvent
this difficulty would be to constmct the basic carbon skeleton of
naphtho[f]ninhydrin (30) then oxidize the five-membered ring methylene
unit to a ketone.
Attempted Synthesis of NaphthoIf]ninhydrin (30)
via 2.3-Trimethyleneanthracene (68)
The tetracycHc compound 2,3-trimethyleneanthracene (68) was an
unknown compound, but a literature procedure was available for the
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syndiesis of 2,3-dimethylanthraquinone which could be readily
adapted. The synthetic route for the preparation of 68 is shown in Scheme
11.
The first step of the sequence was a Friedel-Crafts acylation of
phthalic anhydride (54) and indane (69) to give the benzophenone
carboxylic acid 70. The two reactants were dissolved into CH2CI2 and
added slowly by syringe pump to a slurry of two equivalents of AICI3 in
CH2CI2. Initial attempts were not completely successful due to the
presence of phthalic acid in the phthalic anhydride (54) used. The diacid
was subsequently removed from the phthalic anhydride (54) source by
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54

AlCl.

H2SO4

CH2CI2

100 °C

69
aluminum
cyclohexoxide
*-

cyclohexanol
160 °C

71

68
Scheme 11.

stirring the mixture in CHC13.57 Phthalic acid is insoluble in CHCI3 and
was removed by filtration. Phthalic anhydride (54) could be recovered
from the solution by removal of the CHCI3 in vacuo. With purified
anhydride, the Friedel-Crafts reaction went smoothly. Quenching of the
reaction by pouring onto ice and workup gave the product in 75-90%
yields. The product acid 70 could be used with no further purification.
However, an analytical sample was recrystaUized from CHCI3.
The results of Elbs in his synthesis of the corresponding 2,3dimethylbenzophenone 72 as a precursor to 2,3-dimethylanthraquinone
were questioned by Fairboume.58 Fairboume asserted that a FriedelCrafts acylation of phthahc anhydride (54) and c>-xylene (73) gave a
mixture of isomers as shown in Figure 3.5. The amount of the 1,2 isomer
74 was slight, but a tedious fractional crystallization was needed to separate
the isomers. Fortunately, ^H NMR investigation of the product of the
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Friedel-Crafts reaction between phthahc anhydride (54) and indane (69)
(Scheme 11) showed only the desired isomer of die product acid 70 to be
present.

AlCl.

54

74

73

72

Figure 3.5. Two possible isomers from a Friedel-Crafts
acylation.
The benzophenone carboxylic acid 70 was converted into the
anthraquinone 71 by an intramolecular cyclization. The literature
procedure for the cyclization to the 2,3-dimethyl analog 72 called for
stirring the carboxylic acid into concentrated H2SO4 and then heating to
128 °C for 30 minutes.56 A pecuhar aspect of this procedure called for the
reaction mixture to be poured into an evaporating dish and placed under an
inverted bell jar along with a beaker of water for four days. The product
was then collected by filtration. For the cycHzation of the 3,4-trimethylene
acid 70, a different approach was initially taken. The acid 70 was stirred
in concentrated H2SO4 then heated to 130 °C for 30 minutes and then
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poured onto ice. A black, gooey substance resulted which was very
difficult to collect by filtration. Another reaction was carried out which
more closely followed the literature workup procedure. After five days
under a large inverted evaporating dish with a beaker of water, the cmde
material from the reaction had crystallized enough to be filtered more
easily. Chromatography on silica gel widi acetone as eluent gave a yellow
solid which was die product andiraquinone 71.
Initial syntheses which were stopped after 30 minutes were often
plagued by incomplete reaction, so the reaction time was increased to two
hours. Product isolation continued to be a problem and continuous
extraction units were used to extract the product 71 from the murky
aqueous mixture with CH2CI2. When fuming sulfuric acid was substituted
for concentrated sulfuric acid, isolation problems became worse. The best
yields were about 45%.
Polyphosphoric acid (PPA) was substituted for sulfuric acid in an
attempt to solve the isolation problems. Sulfuric acid can sometimes char
organic compounds and it was hoped the milder, yet sometimes more
effective59-61, ppA would work better. However, reactions with PPA had
almost the same isolation problems witii no improvement in yield. It was
much more difficult to work with PPA, so attention was returned to
sulfuric acid.
To reduce the amount of charring (as evidenced by a fine, black
particulate matter), the reaction temperature was lowered to 100-110 °C
and the reaction time was lengthened to three hours. Quite by accident, a
much easier workup procedure was discovered. A reaction was quenched
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by pouring onto ice, then allowed to sit over a weekend before filtration.
The product crystals had become more aggregated and were filtered with
ease to give a cmde product that dried easily and could be
chromatographed on silica gel widi CH2CI2 and EtOAc as eluents to give
the product as a yellow solid in 60% yield.
The final step in the synthesis of the carbon skeleton of
naphtho[f]ninhydrin (30) was the reduction of anthraquinone 71 to
anthracene 68. Various types of reductions involving a number of
reducing agents were tried and the results are summarized in Table 3.1.
TABLE 3.1
Reduction of 2,3-Trimethyleneanthraquinone (71)
to 2,3-Trimethyleneanthracene (68)
reducing
agent
solvent

68

71

Temp. °C Time, h

Yield

Entrv

Reducing Agent

Solvent

1

BH3SMe2

THE

RT

24

<20%

2

NaBH4

1:1 diglyme/THF

RT

48

14%

3

Zn

20% NH40H

100

6

<20%

4

Al cyclohexoxide

Cyclohexanol

160

24

72%

5

Al t-butoxide

Cvclohexanol

150

48

43%

50
The first strategy involved the use of NaBH4 and BF3-Et20 which was
reported to give moderate to good yields for the reduction of various
substituted anthraquinones to the corresponding anthracenes.^2 xhe
literature procedure called for the anthraquinone to be dissolved in
diglyme and then NaBH4 was added. After the addition of the
borohydride, BF3-Et20 was added and the reaction was worked up after
two to four hours to give the product in 60-70% yields. Since this seemed
like an in situ generation of borane, the reduction of anthraquinone 71 was
first attempted using BH3-SMe2 as a reducing agent. Analysis of reaction
progress by TLC indicated a very sluggish reaction and after 24 hours the
reaction was stopped. The cmde organic product was a complex mixture of
compounds and the anthracene 68 could not be isolated cleanly. The yield
was no better than 20%.
The reduction was attempted following the literature procedure
more closely. The andiraquinone 71 was dissolved in 1:1 diglyme/THF
(THE was needed to enhance solubility) and NaBH4 was added to give a red
solution. The addition of BF3-Et20 caused some moderate frothing and a
color change to yellow. The reaction was stopped after 48 hours and die
product anthracene was isolated as a white solid in 14% yield. TLC
analysis of the cmde material before purification showed a complex
mixture of products, but not as complex for die BH3-SMe2 reaction.
Klanderman published a procedure using only NaBH4 as die reducing agent
for alkyl-substitited andiraquinones, but yields were low.63
Activated zinc metal dust is known to be an effective reducing agent
for the conversion of andiraquinones to anthracenes.56,64-66 gibs in 1890
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used zinc dust in 20% aqueous ammonia to reduce anthraquinone-2,3dicarboxylic acid to the corresponding anthracene56 and Averill used the
same conditions for die 1,8 isomer.65 House reduced 1,8-dichloroanthraquinone to die anthracene by die same technique.64 When 2,3-trimediyleneandiraquinone 71 was treated in an analogous fashion, a very low yield
of anthracene 68 resulted. Anthraquinone 71 had very poor solubility in
aqueous ammonia and as a result, a very low conversion to the anthracene
was seen. In 1986, die reduction of 1,4,5,8-tetramethylanthraquinone (75)
to the corresponding anthracene 76 was reported using a modified
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solvent system of pyridine and glacial acetic acid.66 This system
might aUow better solubilization of anthraquinone 71, but in light of the
low 36% yield for the tetramethyl example, it was not attempted.
The use of various aluminum alkoxides for the reduction of
anthraquinones to the corresponding 9,10-dihydroxyanthracene, 9,10dihydro-9,10-dihydroxyanthracene, and anthracene was studied by
Coffey.^^ Aluminum 2-propoxide reduced anthraquinone (77) to 9,10dihydroxyanthracene (78) and 9,10-dihydro-9,10-dihydroxyanthracene
(79) as shown in Figure 3.6. No evidence for the formation of andiracene
(80) was found.

Al(2-OPr)3

-I-

2-PrOH

44%

Figure 3.6. Reduction of anthraquinone (77) with aluminum
2-propoxide.
When aluminum cyclohexoxide (81) was used as a reducing agent in
cyclohexanol, anthracene (80) was obtained as the sole product in a 79%

O

81
yield.67 Aluminum cyclohexoxide has also been used to reduce substituted
anthraquinones to die corresponding andiracene in good yields.68-71 The
alkoxide reducing agent 81 was easily prepared by refluxing aluminum
tumings in carefully dried cyclohexanol until all of the aluminum tumings
were consumed. The mixture was dien cooled to room temperature and
was ready for use in the reduction reaction. The aluminum alkoxide
mixture was black in color, whereas a solution of die purified reagent was
a grey color. It has been shown that purification is unnecessary.72
Reductions of 2,3-trimethyleneandiraquinone (71) to 2,3-trimethyleneanthracene went smoothly in the aluminum cyclohexoxide and
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cyclohexanol mixture. The anthraquinone was added at room temperature
and then the mixture was stirred at reflux for 24 hours. Workup and
purification have the anthracene 68 as small white crystals in 72% yield.
Aluminum cyclohexoxide is not commercially available whereas tertbutoxide and 56c-butoxide are. To determine whether a more convenient
reagent could be used to accomplish the reaction, the reduction of
anthraquinone 71 was attempted in cyclohexanol using a commercial
sample of aluminum rerr-butoxide. Cyclohexanol was chosen as the solvent
to allow a temperature high enough for the reaction to proceed beyond the
incompletely reduced hydroxyanthracene stage. The reduction did take
place with aluminum r^rf-butoxide in cyclohexanol although more
sluggishly than with aluminum cyclohexoxide. After 48 hours, the
anthracene 68 was obtained in a 43% yield. The starting anthraquinone 71
was still present by TLC analysis. The aluminum r^rr-butoxide used was
somewhat old and the reaction was not attempted with new reagent. The
freshness of reagent has been reported to affect the reactivity.69
Oxidation of 2,3-Trimethyleneanthracene (68)
Now that a preparation of the trimethyleneanthracene 68 was
completed, attention was focused on the oxidation of the three methylene
units to ketone functionalities. If the 1-indanone isomer 49 could be
obtained (see Figure 3.7), an NBS and DMSO system has been reported to
oxidize indanones to form hydrated triketones^l, as has Se02.3^ If die 1,3indandione isomer 82 could be obtained, the NBS and DMSO techniques
could finish the oxidation sequence.^^ Another mediod which might work
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well was pubhshed by Hoffnian73 who treated 1,3-diketones widi p-nitrobenzenesulfurylperoxide to form die 2-nosyloxy compounds which could
be converted to die 1,2,3-triketones by reaction widi triediylamine.

49
68

Figure 3.7. Two products from an oxidation of 68.
Pyridinium chlorochromate (PCC) (83) is known to oxidize indanes
and tetralins to the corresponding 1-indanones and l-tetralones.74 To
determine whether a 1-indanone type compound could be oxidized at the
other benzylic position to give the 1,3-indandione, 1-indanone (50) was
stirred at reflux in benzene for three days with a homogenized mixture of a
five time molar excess of PCC on celite (see Figure 3.8). No reaction was
evident by TLC analysis at the end of three days.
O

C6^ 0
^
H

50

ClCrOs

83

^

53

Figure 3.8. A failed attempt to oxidize 1-indanone (50) with PCC.
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Even though PCC would not be expected to give die naphthoindanedione 82, an oxidation to the 1-indane 49 would still be very
advantageous. When the naphthoindane 68 was stirred at reflux with PCC
on celite in benzene, the final product after 36 hours was not the indanone
49 but rather the 2,3-trimethyleneanthraquinone 71 as shown in Figure
3.9. A further examination of the literature showed that chromates under

0%

+ PCC
68
85%
71
Figure 3.9. Results of a PCC oxidation of 68.
acidic conditions will oxidize polyaromatic systems to form quinones,
whereas chromates under neutral conditions will only oxidize benzylic
positions of polyaromatic systems.^S it seems likely that the acidic nature
of PCC brings about oxidation of the aromatic nucleus rather dian the
benzylic positions.
The use of an aqueous solution of sodium dichromate (under neutral
conditions) seemed to be an especially attractive system for die oxidation of
68 to 49. Friedman reported that mediyl substituted anthracenes were
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oxidized to the anthroic acids with no concurrent oxidation to the
anthraquinone.^S In 1969, Lee and Spitzer published a report which
described the oxidation of ethylbenzene (84) with aqueous sodiiun
dichromate to form acetophenone (85) as shown in Figure 3.10. The
primary difficulty of this reaction is the fact that the high temperature
necessary (250 °C) for an aqueous reaction required the use of an

^<^^\
11^

Na2Cr207
250°C,lhr

fT^V^
l!^
3g^/

iT^V^
Kj
35^,

84
85
84
Figure 3.10. Benzyhc oxidation widi Na2Cr207 to form a ketone.
autoclave. While waiting for an autoclave to be repaired, another
promising reagent for carrying out the desired oxidation, 2,3-dichloro-5,6dicyano-l,4-benzoquinone (DDQ) (86), was explored.

ci^'X^^N

o

86
The oxidation of pam-methoxyediylbenzene to para-medioxyacetophenone was brought about by DDQ (86) in dry dioxane in an 80%
yield by Rao.77 The presence of an activating alkoxy group para to die
alkyl group to be oxidized was found to be vital and it was uncertain
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whedier or not the polyaromatic system would fall subject to die same
requirements. To determine if the anthracene polyaromatic system was
inert to the effects of DDQ (86), anthracene (80) was stirred in dioxane at
reflux with a diree-fold excess of DDQ for diree days. At the end of die
reaction period, no evidence of oxidation to anthraquinone (77) was
evident by TLC analysis.
The oxidation of 2,3-trimethyleneanthracene (68) to die indanone 49
with DDQ was not successful. At the end of three days, only starting
material was recovered. Harvey published a series of papers describing the
benzylic oxidation of numerous alkylpolyaromatic systems using DDQ
together with added MeOH^S or H20.79,80 A representative reaction and
the proposed mechanism are depicted in Figure 3.11.

DDQ
(-H^)

do

+

OH

HoO

00

DDQ
75%

Figure 3.11. DDQ oxidation at a benzylic position aided by H2O.
The trimethyleneandiracene 68 was oxidized by DDQ in aqueous
chloroform to give a mixture of two products as shown in Scheme 12.
Chloroform was heated to 65 °C and then a small amount of water was
added. After stirring for 10 minutes, a chloroform solution of die
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anthracene 68 was added and the reaction was stirred for 4-8 hours. The
anthracene 68 was completely consumed, but two products appeared as two
very closely spaced spots on TLC that could not be separated to any
appreciable degree by chromatography with any solvent system on eidier
alumina or silica gel. Small amounts of each component could be separated
and identified. The second component eluted from a silica colunm was
identified as the 1 -indanone 49 and was the minor component.

+ DDQ
68

CHCI3
H2O
65°

86
87
Scheme 12.

The first component eluted from die column was identified as die
unsaturated ketone 87. This compound could arise from a
dehydrogenation of the initially formed indanone 49 followed by an
oxidation with DDQ in die aqueous solvent medium to give die indenone
87. Harvey noted just this occurrence in his DDQ oxidation of 1,10trimethylenephenanthrene (88) which gave only die unsaturated product as
shown in Figure 3.12.80
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Many attempts were made to modify die reaction conditions so that
only the 1-indanone anthracene compound 49 would be formed. Reaction
temperatures were lowered and reaction times were shortened with no

+ DDQ -

dioxane
HoO

88
89
90
Figure 3.12. Benzyhc oxidation with DDQ leading to an
unsaturated ketone.
success. The amount of DDQ used was reduced from a three-fold molar
excess to a two-fold excess with no effect. Two solvent systems were
employed and each gave a mixture of the two products. Aqueous dioxane
was used and seemed to promote an even greater degree of formation of
the indenone 87. Reaction yields of the mixture were usually 30-35% and
a complete separation of the two was never accomplished. Radial
chromatography with a Chromatotron was hampered by the low solubility
of the mixture in solvents which gave suitable chromatographic
performance.
Attempts were made to further oxidize the 1-indanone 49 with Se02,
a process known to give ninhydrins.^^ After stirring at 70 °C in dioxane
with Se02 for 18 hours, TLC showed only the starting material with one
new component that was very faint which was never isolated. A mixture of
49 and 87 was also stirred at 70 °C in dioxane widi Se02 with no reaction
evident. Only starting materials were seen by TLC analysis.
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It was much easier to separate the indenone 87 from the mixture in
sufficient quantities for further work. Attention was dien focused on
performing an epoxidation on die alkene moiety to form an epoxide which
could be opened to give an overall oxidation at die 3-position as shown in
Scheme 13. The first step would be an epoxidation widi hydrogen
peroxide to give the epoxide 91. Palladium reagents have been used to
open a, P-epoxyketones to provide l,3-diketones.81,82

-^-

87

91
Scheme 13.

The epoxidation of 87 to form 91 was not successful. Hydrogen
peroxide was chosen as the epoxidation reagent, since an epoxidation of the
2,3-diphenyl substituted indenone in 84% yield has been reported.83 The
epoxidation was attempted in THF with H2O2 in the presence of
NaHC03.84 After stirring at 0 °C for two hours and dien at room
temperature for two hours, workup gave only starting material. A second
attempt, using EtOH as the solvent and H2O2 in the presence of NaOH83
also gave only recovered starting material upon workup.
At this time, some other potentially useful reagents were being
considered for a hopefully more efficient conversion of the indane 68 to
the 1-indanone 49. Silver oxide was used by Syper to oxidize the benzylic
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positions of substituted naphthalenes in good yield.85 Daniher used silver
nitrate to oxidize ediyl benzene to acetophenone86 and peroxydisulfatecopper (n) oxidized acenaphthene to acenaphtheneone.87 None of these
were attempted, since model reactions to convert 1-indanone (50) to
ninhydrin (1) were unsuccessful.
Model Studies of 1-Indanone (50)
Conversion toNinhydrin (1)
While the work was underway to prepare the naphtho[f] indanone 49,
model studies were conducted to determine an efficient means for the
conversion of 49 to naphtho[f]ninhydrin (30). The compound chosen for
the model studies was the benzene analog 1-indanone (50).
Since Se02 did not seem to oxidize the indanone 49 any further,
attention was focused upon bromination of the indanone 50 which could
then be transformed into a multiple ketone. The first attempt was
influenced by JouUie's success with the conversion of a 1,3-indandione 33
to a 2,2'-dibromo-1,3-indandione (34) (see Scheme 1). Even though
indanone 50 is not a 1,3-dione, it was desirous to see whether or not the
procedure would have any effect. A small amount of 1-indanone (50) was
dissolved in dioxane in the presence of pyridine and five equivalents of Br2
were added. (The procedure followed was an improvement, communicated
by JouUie's group, over the published procedure.)88 At the end of the
reaction, workup gave only the starting indanone 50.
In light of die fact that Tatsugi's combination of NBS and DMSO for
the oxidation of various indanones to ninhydrin^l was one of the
procedures considered for the oxidation of naphtho[f]indanone 49 to
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naphtho[f]ninhydrin (30), it seemed pmdent to attempt the reaction on 1indanone (50). It was unclear from the pubhshed experimental details
whether one or two equivalents of NBS were used, so reactions were
carried out using both one and two equivalents. Reactions using one
equivalent of NBS gave incomplete conversion of 1-indanone and a
complex mixture of unidentifiable products, none of which was ninhydrin
(1). When two equivalents of NBS were used, the indanone 50 was
completely consumed. Once again, no ninhydrin (1) was present, but a
major product was isolated and identified as a ge/n-dibromide. The iH
NMR spectmm was consistent with the 2,2-dibromo isomer 91^9 and l^C
NMR indicated two aliphatic carbons, one of which was a methylene and
the other a quatemary center (by DEPT experiments.) Infrared
spectroscopy showed a carbonyl stretch at 1718 cm-l, which was quite
distinct from the 1745 cm-l absorption reported for 91. The possibility
exists that the product might be the 3,3-dibromo isomer 92.
O

0:3<:
Br

91

92

The pubhshed procedure called for die reaction to be
carried out solely in DMSO, but the naphdio[f]indanone 49 was not very
soluble in DMSO and a dioxane co-solvent would be needed. The reactions
widi NBS/DMSO and the model indanone 50 were conducted in die mixed
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solvent system due to this requirement and further reactions were
performed to determine if the presence of dioxane was causing the failure
of indanone to ninhydrin conversion. The reduction of the amount of
dioxane present from one-half to one-eighth of the total volume had no
effect on reaction outcome. An attempted reaction in DMSO widi no
dioxane present also failed to give ninhydrin (1).
The effect of added KI on the reaction using two equivalents of NBS
was also investigated. If a bromide was being formed but the subsequent
displacment by DMSO was sluggish, the use of added iodide ion could help
reactivity. The iodide ion is an excellent nucleophile and could displace a
formed bromide to give an iodide. Iodide is also a better leaving group
than bromide and might be more readily displaced by DMSO. When KI
was added at the beginning of a reaction, the reaction was essentially
quenched and only the starting indanone 50 was recovered. When KI was
added after the reaction was underway, it had no effect upon the reaction
and the same dibromide was recovered.
Cram reported the conversion of a benzylic dibromide 93 to the
ketone 94 by treatment widi AgOAc as shown in Figure 3.13.90 The same
Br
Br-

O

AgOAc
Br
Br

HOAcA

93
94
Figure 3.13. Conversion of a benzylic dibromide
to a ketone.

O
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reaction conditions were tried on die dibromide as it might possibly be the
benzylic dibromide 92. After a total of six hours of reflux in acetic acid in
die presence of AgOAc, the reaction was worked up to give unreacted
starting material. This could be considered further evidence of the
dibromide being the 2,2-isomer 91.
Macomber published a convenient mediod for the preparation of adiketones from a ketone by an a-bromination followed by a KI catalyzed
displacement with DMS0.91 Bromination of 1-indanone (50) was carried
out at the 2-position by the use of CuBr2 in chloroform and ethyl acetate.
The cupric bromide was added to a solution of indanone 50 at 75 °C over a
four-hour period, allowing a green color to disappear before the next
addition of CuBr2. After stirring for an additional eight hours, the
reaction was stopped and workup gave the 2-bromo isomer 95 in a 51%
yield, a potential precursor to the diketone 96.

95

96

The 2-bromo indanone 95 was stirred in dry DMSO with
Na2C03 and KI at 120 °C for one hour. Workup of the reaction and
chromatography gave the major product which was determined to be 1indanone (50). No evidence of die formation of the 1,2-diketone 96 was
seen.
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Attention was now focused on the preparation of the 3-bromoisomer,
since it could be transformed to die 1,3-dione 53 which should easily be
converted to the ninhydrin in light of JouUie's work.37 Adapting a
procedure for bromination using NBS in CCU widi a trace of benzoyl
peroxide92, a variety of products were obtained, none of which was die
desired 3-bromo isomer (see Figure 3.14).
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Figure 3.14. NBS bromination of 1-indanone (50).
When indanone 50 was stirred at reflux in CCI4 with NBS and a
trace of benzoyl peroxide, workup gave two major components. One was
unreacted starting material, but the odier seemed to be the elimination
product of a monobrominated intermediate. It had a iH NMR spectrum
identical to diat reported for 1-indenone (97).93 This compound was
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unstable and witiiin a matter of hours started to tum into a dark, tarry
material. When two equivalents of NBS were used, the conversion of 50
was still incomplete but the main product was now the tribromide 98.
When 4.5 equivalents of NBS were used, die product was found to be a
roughly equal mixture of the tribromide 98 and die tetrabromide 99. The
tribromide 98 was unstable and became a darker tarry material after a few
days. In contrast, die tetrabromide was very stable and remained as bright
orange crystals even after ten months at ambient conditions.
If a very large excess of NBS was used for the bromination,
essentially complete conversion to the tetrabromide 99 could be acheived.
The use of 7.5 equivalents gave almost aU 99 with only a trace of 98.
The tetrabromide 99 was reacted with AgOAc in HO Ac according to
Cram's procedure for the conversion of a dibromide to a ketone.^O. No
reaction occurred, even after extending the reaction time to three days at
reflux. Only the tetrabromide 99 was recovered from the reaction
mixture.
Synthetic Routes Proceeding through Dimethyl
Anthracene-2,3-dicarboxylate (100)
Two possible approaches for the synthesis of naphtho[f]ninhydrin
(30) were envisioned that proceeded through the common intermediate
dimethyl anthracene-2,3-dicarboxylate (100) and are shown in Figure
3.15. Path a is a Claisen condensation of 100 with EtOAc which would
result in the 1,3-dione 82 after decarboxylation. A subsequent oxidation of
the 2-position would give the ninhydrin 30. The second approach, path b,
involves a condensation of diester 100 with DMSO followed by a
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Pummerer rearrangement to give die chloro thioether 101 which would
give 30 after hydrolysis. First, a syndiesis of the diester 100 was needed.
O
II
COCH3

II

o
100

o
ox.

path a)

100 + CHsCOEt ""*" — ^ ^ y X . ^ . J ^

^ ^^

O
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100 + CH3SCH3 —^ —^|l JL JL J L /^^i

" ''^^*

30

101
Figure 3.15. Naphtho[f]ninhydrin (30) via two possible routes
from a dimethyl anthracenedicarboxylate.
Synthesis of Dimethyl Anthracene-2,3dicarboxylate (100)
Several syntheses of the dimethyl ester 100 or immediate precursors
have been published, but each had features that made it unattractive. Elbs
prepared the dicarboxylic acid precursor via an initial Friedel-Crafts
cycHzation between phthahc acid (54) and 6>-xylene (73).56 Fairboume
later challenged this preparation and showed that it gives a mixture of two
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isomers which require a tedious separation by fractional crystallization.58
Two papers94,95 have described die preparation of die diacid precursor or
an anthraquinone diacid precursor diat proceeded dirough the ozonolysis of
naphdiacene (102), a very expensive reagent.* Loudon and Sloan
synthesized 100 via die extmsion of sulfur from naphthodiiepin, a

102
tedious and low yielding procedure.97 Another cumbersome and low
yield method was published by Butler and Snow.98
The synthetic route devised (Scheme 14) was simple, direct and used
inexpensive starting reagents. The first reaction in the sequence was a
Friedel-Crafts acylation between benzoyl chloride (57) and 1,2,4trimethylbenzene (103) to give 2,4,5-trimethylbenzophenone (104). The
acid chloride (57) was added by syringe pump over a 30-minute period to
a stirred mixture of 103 and AICI3 in CH2CI2 at 0 °C. The reaction
mixture was stirred at room temperature for six hours then quenched and
worked up. Vacuum distillation through a Vigreaux column gave the
product 104 as a pale yellow oil in 70-75% yields.
The oxidation of 104 to the tricarboxylic acid 105 was performed
in a two-step process using HNO3 and KMn04.^^ The ketone 104 was

The Aldrich Chemical Company currendy offers naphthacene for $64.25 per gram.
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Scheme 14.

stirred in 20% aqueous HNO3 at reflux for five days and the HNO3 was
decanted after cooling. The partially oxidized material was further
oxidized by stirring in 10% aqueous NaOH while KMn04 was added over a
30-minute period. It was essential that a mechanical stirrer be used for this
reaction due the presence of large amounts of insoluble Mn02 and the
requirement that the addition of KMn04 be slow to prevent violent
frothing. If the reaction started to get out of control, the quick addition
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of ice usually calmed matters. After workup, the product triacid 105 was
isolated as a white solid in 70-75% yields.
Cychzation of die triacid 105 to die anthraquinone diacid 106 was
found to work well in either concentrated H2SO4 or polyphosphoric acid,
but the H2SO4 procedure was much easier to carry out and became the
method of choice. A sample of the triacid 105 was slowly dissolved in a
ten-fold excess (by weight) of concentrated H2SO4 at room temperature
dien heated to 120 °C for two or three hours. The reaction was quenched
by pouring onto ice, which precipitated a pale yellow solid. After standing
ovemight, the solid was collected and dried to give 106 in 72% yield.
The reduction of the anthraquinone 106 to the diacid anthracene
107 was accomplished with activated Zn dust in 20% aqueous ammonium
hydroxide.65 The zinc dust was activated by washing several times with
5% aqueous hydrochloric acid and then washing in tum with water,
methanol, and diethyl ether followed by drying under vacuum.43
Anthraquinone 106 was dissolved in 20% aqueous ammonia and an orange
solution formed. Zinc dust was added which causd an immediate color
change to a deep, blood red. The reaction mixture was stirred and heated
to 95-100 °C and the red color slowly dissipated. When the solution
became colorless, the reaction was stopped and worked up. It was
important to stop the reaction soon after the color dissappeared, since
waiting too long resulted in the product anthracene 107 not remaining
solubilized. This created difficulty with the separation of the product from
the Zn metal residues. If this complication was encountered, stirring the
solid material in hot 10% aqueous NaOH would redissolve 107. Any Zn
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residues can dien be filtered from die solution of 107. Acidification of the
filtrate widi 6 N HCl precipitated 107 as a bright yellow solid which was
obtained in a 75% yield.
Esterification of die anthracene diacid 107 in MeOH gave the
desired dimethyl ester 100. The diacid 107 was only partially soluble in
MeOH, as was the product diester 100, and the reaction required 36 hours
to reach completion. Hydrogen chloride gas was generated by dripping
concentrated HCl into concentrated H2SO4 and was bubbled through the
mixture of 107 and dry MeOH. Positive pressure from the generator into
the reaction flask was maintained with N2. A fritted gas bubbler was found
to be less satisfactory than a large-bore glass tube for introduction of the
HCl gas into the reaction flask, since the only slightly soluble product ester
100 clogs the frits. After 36 hours, the product could be isolated by
filtration after cooling. Purification gave the product as a pale yellow solid
in 85-90% yields.
Attempted Cyclocondensations of Diester 100
with Alkyl Acetates
One possible method for the conversion of diester 100 to
naphtho[f]ninhydrin (30) would be to form the 1,3-diketone 82 as shown
in Scheme 15. This technique has been used to synthesize many 1,3diketones ^^O^ and the actual process shown in Scheme 15 has been reported
earlier27. Attempts were made to repeat the literature work. The reported
procedure was carefully followed, dissolving 100 in benzene and ethyl
acetate by warming to 80 °C. After cooling, finely divided Na metal was
added and the reaction was refluxed for 15 hours. After die reaction was
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completed, the solvents were removed and concentrated HCl was added to
die mixture which was heated to hopefully decarboxylate 108 and form die
diketone 82. Instead, a very complex mixture of products was obtained.

o

II
+ CH3COR

base

100

108

H-^

82
Scheme 15.
Three compounds were isolated by column chromatography and two were
unidentifiable by spectroscopy but were definitely not the desired diketone
82. A third component gave a fairly simple ^H NMR spectrum, but was
not identified until much later.
More recent Claisen condensations of ortho diesters with ethyl
acetate used NaH as a base rather dian divided Na metal. 100,101 Diester
100 was stirred in dry toluene and dry EtOAc was added. The mixture
was heated to 85 °C before a solution resulted. When NaH was slowly
added, some frothing occurred, but the reaction was easier to work up than
that with sodium metal, as less care was needed for the addition of HCl.
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Workup was much simpler, but die only product was simply die diethyl
ester of 100. Furdier reactions gave the same result. Since the diester
100 would not dissolve until a temperature was reached diat was higher
than the boiling point of EtOAc, a decision was made to try an alkyl acetate
widi a higher boiling point, specifically propyl acetate. Unfortunately,
results with propyl acetate were negative. Product mixtures were complex
and isolated products were not identifiable.
Synthesis of Naphdio[f]ninhydrin (30) Proceeding
through Chloro Thioether 101
A successful synthesis of naphtho[f]ninhydrin was finally achieved
via a hydrolysis of 2-chloro-2-methylthionaphdio[f]indene-l,3-dione (101)
as shown in Scheme 16. A condensation of diester 100 widi DMSO
followed by a Pummerer rearrangement gave 101 which was hydrolyzed
with H2O in dioxane to give the ninhydrin 30.
The condensation of diester 100 and DMSO was at first conducted in
DMSO using THF as a co-solvent to solubilize 100 with NaOMe as a base.
This is a modification of a procedure for the naphthalene diester analog,
for which THF was not necessary since the diester was sufficiently soluble
in DMSO alone. 102 The diester 100 was dissolved in a 1:1 DMSO/THF
solvent mixture and added dropwise over a 15-minute period to a stirred
mixture of four equivalents of NaOMe in a 4:1 mixture of DMSO and THF
at room temperature. After 18 hours, the solvents were removed by high
vacuum distillation, so that the temperature never exceeded 60 °C. An
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aqueous solution of the residue was added to 6 N HCl, which precipitated
cmde 101. The product was obtained in only an 8% yield after
purification.
Previously, problems with similar reactions had been encountered in
this laboratory which were traced to the quality of NaOMe on hand. In
order to find a more consistent base, model studies were conducted on the
naphthalene analog of 100, dimethyl naphthalene-2,3-dicarboxylate (109)
as shown in Scheme 17. Diester 109 was prepared from the corresponding
dicarboxylic acid in an analogous fashion to that used for the anthracene
diester 100. Varying amounts of a 60% dispersion of NaH in mineral oil
were stirred in a DMSO-THE solvent system to form the naphthalene
chloro thioether 110.
As shown in Table 3.2, the number of equivalents of NaH used was
varied from 1.5 to 6.0. The yield increased to a point and then reached a
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plateau. It was decided to attempt die condensation of andiracene diester
100 widi DMSO using diree equivalents of NaH, since diis amount gave a
high yield of 109 widiout leaving much excess NaH in die reaction flask to
be destroyed during workup.
O

II

o

^

THF

109

O

no
Scheme 17.

TABLE 3.2
Condensation of Naphthalene Diester 109 with DMSO to
Form Thioether 110 Using Varying Amounts of NaH
Entry
1
2
3
4

Equivalents of NaH
1.5
3.0
4.0
6.0

Yield %
41
56
59
60

When NaH was used instead of NaOMe for the condensation reaction
of anthracene diester 100, the yield improved by a factor of three.
Unfortunately, this was only to the 30-35% range. The product was
isolated as an orange solid. A major by-product present in almost equal
amounts, was investigated by IH NMR in an attempt to identify it. A
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positive assignment of stmcture was not possible, but one characteristic
stood out. Integration of protons in the aromatic region showed one
proton to be missing relative to diester 100 and chloro diioether 101.
This would indicate attack at the 9 or 10-position of the andiracene moiety.
A survey of the literature showed this to be a known phenomenon. Russell
converted andiracene to 9-methylanthracene in 35.5% yield using NaH in a
DMSO/THF solvent mixture. 103 The initial attack at the 9-position was by
a dimsyl anion (111) generated from DMSO by NaH.
O
II
CH2SCH3
111
A reexamination of the attempted Claisen condensation between
diester 100 and EtOAc showed that attack was occurring at the 9-position
in addition to attack at the methyl ester functionalities. One of the isolated
components gave a iH NMR spectrum with no signal for the protons
corresponding to die 9 and 10 positions. It seems the anion 112 generated
by the action of the base on EtOAc was attacking die 9 and 10 positions of
the anthracene moeity.
O
II

" CH2COCH2CH3
112
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Now that an acceptable procedure for the preparation of the chloro
thioether 101 had been developed, attention was focused on its hydrolysis
to give ninhydrin 30. Jones reported a hydrolysis of the naphthalene
analog chloro thioether 110 that took place in a 10:1 mixture of H2O and
dioxane. 102 Recent work within this lab showed the H20/dioxane system to
be unsatisfactory and a 3:1 H2O to THF solvent system to be superior. 104
With this result in mind, the initial attempts to hydrolyze anthracene chloro
thioether 101 to ninhydrin 30 used H2O and THF. For sufficient solvation
of 101, more THF was needed, which resulted in a solvent system of 3:1
THF to H2O. The chloro-thio ether 101 was added as a sohd to the solvent
mixture at reflux. Addition of the solid was portion-wise over a period of
two hours. Isolated products from refluxing a solution of 101 for 12
hours showed no formation of ninhydrin 30. Instead the product seemed to
be an incompletely hydrolyzed diioether 113. The lengdi of the reaction
was extended to 36 hours, but still no formation of 30 was evident.

It was postulated diat the incomplete hydrolysis resulted
from a reaction temperature which was hmited to 75-80 °C by the solvent
system. The use of dioxane rather dian THF would allow a reaction
temperature of 95-100 °C, more in line witii earlier related hydrolyses.
When the reaction was conducted in a 3:1 dioxane to H2O solvent mixture,
the yield of ninhydrin analog 30 was 82% after 12 hours at reflux.
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Desired product 30 was isolated in high purity by an initial filtration of the
reaction mixture while it was still hot to remove an insoluble sohd
contaminant. The ninhydrin-containing filtrate was condensed by removal
of the THF in vacuo, which precipitated 30. Filtration and washing of the
product with H2O gave the ninhydrin 30 as a reddish-brown sohd.
Conclusion
A new reagent compound with potential for the detection of amino
acids in fingerprint residues, naphtho[f]ninhydrin (30), was synthesized.
This compound is expected to have properties which make it attractive for
the laser-enhanced detection of weakly luminescent fingerprints deposited
on highly fluorescent background materials. Ninhydrin 30 is expected to
optimize the effects of lanthanide metal emission, a weak but long-lived
phenomenon.
The synthetic strategy for the preparation of 30 began with
unsuccessful attempts to extend a published mediodology for the synthesis
of a lower analog, benzo[f]ninhydrin (14). This involved an attempt to
cyclize a diene generated in situ from a bis bromomethylnaphthalene widi a
cyclopentene dione via a Diels-Alder reaction. The next syndietic
strategies focused on the preparation of an anthracene system with a fused
five-membered ring containing a ketone functionality. These attempts
were unsuccessful, although a desired naphthoindanone was obtained.
Further investigation into this chemistry could be beneficial.
Success in preparing 30 was reached by cyclocondensing DMSO
with a dimethyl anthracene dicarboxylate. A subsequent rearrangement
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and hydrolysis gave the desired naphtho[f]ninhydrin (30) as an orange
solid. The synthetic route began with readily available starting materials
and gave the product in a seven-step process. The overall yield from the
starting materials was eight percent. The synthesis of this compound has
been long anticipated and its behavior with fingerprint residues should
provide interesting results.

CHAPTER IV
EXPERIMENTAL PROCEDURES
General
Melting points were determined on a Fisher-Johns melting point
apparatus and are uncorrected. Proton nuclear magnetic resonance (iH
NMR) spectra were obtained widi eidier an IBM AF-200 or an IBM AF300 spectrometer. The chemical shifts are expressed in parts per million
(ppm) downfield from tetramethylsilane. Splitting pattems are indicated as
s, singlet; d, doublet; t, triplet; q, quartet; pen, pentet; dd, doublet of
doublets; td, triplet of doublets; m, multiplet; b, broad peak. Carbon-13
nuclear magnetic resonance (^^C NMR) spectra were obtained with either
an IBM AF-200 or an IBM AF-300 spectrometer with chemical shifts
expressed in parts per million (ppm) downfield from tetramethylsilane.
Infrared (IR) spectra were obtained on either a Nicolet MX-S FT-IR or a
Perkin-Elmer 1600 Series FT-IR spectrometer on NaCl plates and are
given in wavenumbers (cm-1).
Unless specified otherwise, starting materials and solvents were
reagent grade and were used as received. Dry solvents were prepared as
follows: pyridine was dried over KOH pellets; N,N-dimediylformamide
(DMF) was dried over 4 A molecular sieves; tetrahydrofuran (THF),
dioxane, and toluene were distilled from Na metal; DMSO was distilled
under vacuum from CaH2; benzene and ethyl acetate were distilled from
CaH2; MeOH was distilled from 3 A molecular sieves; and cyclohexanol
was distilled from CaO.
80
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Thin layer chromatography (TLC) was performed on either
Analtech Alumina GF or Silica Gel GF prepared plates. Column
chromatography was performed widi eidier alumina (80-200 mesh) or
silica gel (60-200 mesh) from Fisher Scientific. Radial chromatography
was performed on a Harrison Research Chromatotron Model 7924T on
Silica Gel 60 PF254 with gypsum from EM Science.
Elemental analyses were performed by either Galbraith Laboratories
of Knoxville, Tennessee, or Desert Analysis of Tucson, Arizona.
2,3-Bis(hydroxymethyl)napthalene

(36)

A 100 mL, 3-necked flask was carefully dried and flushed widi dry
nitrogen, and 2,3-napthalenedicarboxylic acid (35) (2.50 g, 11.56 mmol)
was added along with dry THF (10 mL). The mixture was stirred under
nitrogen and cooled to 0 °C with an ice badi. A 1.0 M solution of
BHs-THF in THF (31.0 mL, 31.0 mmol) was added to the reaction mixture
over a 1-hour period a syringe pump. During the addition, a white
gelatinous mass formed which eventually dissolved to leave a clear brown
solution. After die addition was completed, the reaction solution was
stirred for 1 hour at 0 °C, dien allowed to warm to room temperature with
stirring for an additional 12 hours. A 50% (v/v) aqueous THF solution (10
mL) was added very carefully (to avoid violent frodiing) to destroy any
remaining BHs-THF complex. The reaction mixture was saturated with
anhydrous K2CO3 and the phases were separated. The aqueous layer was
washed twice with THF, die organic layer and the THF washings were
combined and dried over MgS04, and the solvent removed in vacuo. The
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product was obtained as an off-white solid (1.82 g, 84%) widi mp 158-160
°C (Lit.40 mp 155-160 °C). IR (deposit) 3580 (0-H) cm-1. 1H NMR
(acetone-d6) 6 3.18 (s, 2H), 4.85 (s, 4H), 7.44-7.49 (m, 2H), 7.84-7.88 (m,
2H), 7.9 (s, 2H).

2,3-Bis(bromomethyl)naphthalene (37)
A 250 mL, 3-necked flask was carefully dried and flushed with dry
nitrogen and dihydroxymethyhiaphthalene 36 (2.35 g, 12.46 mmol) was
added along widi CH2CI2 (160 mL). To the stirred solution at room
temperature under nitrogen was added PBrs (3.20 g, 34 mmol). An
initially formed white suspension became a clear, light brown solution after
15 seconds. The solution was stirred for 12 hours then partitioned between
CH2CI2 and H2O. The organic layer was washed sequentaUy with saturated
aqueous NaHCOs, H2O and saturated NaCl. The organic solution was
dried over MgS04 and the solvent evaporated in vacuo to give 3.14 g
(80%) of the cmde product 37 as an off-white sohd. The solid was
dissolved in CS2 and passed through a short column of sihca gel to give
3.10 g (79%) of a white solid widi mp 148-150 °C (Lit.40 mp 145-150 °C).
IH NMR (CDCI3) 5 4.88 (s, 4H), 7.49-7.55 (m, 2H), 7.78-7.83 (m, 2H),
7.88 (s, 2H).
Attempted Synthesis of Tetrahydronaphtho[f]indane-l,3-dione 38
Bis(bromomethyl)napthalene 37 (0.50 g, 1.59 mmol) was placed in a
25 mL flask under nitrogen and 9 mL dry dioxane was added followed by
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activated zinc metal43 (0.21 g, 3.21 mmol) and 4-cyclopentene-1,3-dione
(32) (0.10 g, 1.04 mmol). The flask was placed in an ultrasonic bath to
which a refrigerated coohng coil was affixed and regulated so that the bath
temperature would not exceed 27 °C. The reaction flask was sonicated for
24 hours at 27 °C dien at 35 °C for an additional 5 days. The reaction
mixture was cooled and filtered and die filtrate was added to saturated
aqueous NH4CI. The mixture was extracted with CH2CI2 and die combined
organic layers were dried over MgS04. Analysis of the residue remaining
after evaporation of the solvent in vacuo by iH NMR spectroscopy and
TLC showed it to be only unreacted starting materials with no product
formation.
a, a'-Dibromo-o-xylene (31)
A 100 mL, 3-necked flask was fitted with a thermometer, an addition
funnel with an extended tip, and a condenser. The thermometer and
addition funnel tip were adjusted so that they were below the surface of
added o-xylene (40) (10.60 g, 100 mmol). To the top of the condenser
was attached a tube leading to a gas absorption trap. The stirred xylene
was heated to 125 °C and Br2 (35.2 g, 220 mmol) was added dropwise
during a 1.5-hour period while the reaction solution was irradiated with a
500 watt Sim lamp placed within 2 inches of the reaction flask. After the
addition was completed, the reaction mixture was stirred for another 30
minutes and then cooled to 60 °C. The contents were poured into hot
petroleum ether (10 mL) and allowed to cool slowly to room temperature
before refrigeration ovemight. The sohd residue was collected by suction
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filtration and recrystaUized from 95% EtOH to give 9.08 g (34%) of a
yellow solid with mp 91-93 °C (Lit.42 mp 93-94 °C). IH NMR (CDCI3) 5
4.67 (s, 4H), 7.26-7.40 (m, 4H).
Tetrahydrobenzo[f]indane-l,3-dione

(33)

Dibromoxylene 31 (1.00 g, 3.79 mmol) was placed in a 10 mL flask
under nitrogen and dry dioxane (3 mL) was added along with activated
zinc dust43 (0.51 g, 7.8 mmol) and 4-cyclopentene-1,3-dione (32) (0.24 g,
2.5 mmol). The flask was placed in an ultrasonic bath to which a
refrigerated cooling coil was affixed and regulated so that the bath
temperature would not exceed 27 °C. The reaction flask was sonicated for
5 hours. The mixture was cooled and filtered and the filtrate added to
saturated aqueous NH4CI. The mixture was extracted with CH2CI2 and the
organic solution was dried over MgS04. Removal of the solvent in vacuo
gave the cmde product which was chromatographed on silica gel with
EtOAc as eluent to give 0.39 g (80%) of a white solid widi mp 203-205 °C
(Lit.37 mp 205-207 °C). iH NMR (DMS0-d6) 5 2.78 (m, 4H), 12.09 (s,
IH).
Attempted Synthesis of Substituted Tetrahydrophenazine 43
Into a 25-mL flask under nitrogen was placed 2,3-bis(bromomethyl)quinoxaline (42) (1.00 g, 3.16 mmol) and 7 mL of dry dioxane. Activated
zinc dust43 (0.40 g, 6.12 mmol) and 4-cyclopentene-1,3-dione (32) (0.20
g, 2.08 mmol) were added and the flask was placed in an ultrasonic bath to

85
which a refrigerated cooling coil was affixed and regulated so that the bath
temperature would not exceed 27 °C. The reaction flask was sonicated for
24 hours. The reaction mixture was filtered and the filtrate added to
saturated aqueous NH4CI. The mixture was extracted with CH2CI2 and the
combined extracts were dried over MgS04. Analysis of the residue
remaining after evaporation of the solvent in vacuo by iH NMR
spectroscopy and TLC showed the presence of only starting materials 42
and 32.
Attempted Synthesis of 2,3-Methyleneonebenzoylbenzoic Acid 55
Phthalic anhydride (54) (2.00 g, 13.50 mmol) was dissolved in 20
mL of CH3NO2 and added by syringe pump over a 20-minute period to 1indanone (50) (1.78 g, 13.50 mmol) and AICI3 (3.60 g, 27.00 mmol)
stirred in 30 mL of CH3NO2 at room temperature. After die addition was
completed, die reaction solution was heated to 100 °C and stirred for 12
hours. The reaction mixture was cooled and carefully poured into a HClice slurry (-50 g) to destroy any remaining AICI3. The layers were
separated and the aqueous layer was extracted widi CH2CI2. The organic
layer and extracts were combined and washed with 5% aqueous NaHC03
then dried over MgS04. The solvent was removed in vacuo to give a
residue which was determined by IH NMR spectroscopy and TLC to be
only the starting materials 54 and 50.
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4'-Methyl-3-chloropropiophenone

(63)

Toluene (61) (9.20 g, 100 mmol) and 3-chloropropionyl chloride
(62) ( 12.70 g, 100 mmol) were dissolved in 40 mL CH2CI2 and die
solution was added by syringe pump over a one-hour period to a stirred
mixture of AICI3 (16.20 g, 121.0 mmol) in 100 mL of CH2CI2 at room
temperature. After the addition was completed, the reaction mixture was
stirred for an additional 3 hours and then poured into 150 g of an HCl-ice
slurry to destroy the residual AICI3. The layers were separated and the
aqueous layer was extracted with CH2CI2. The organic layer and extracts
were washed widi 5% aqueous NaHC03 and H2O, then dried over MgS04.
Evaporation of the solvent in vacuo gave 14.97 g (82%) of an off-white
solid that was used without further purification. IH NMR (CDCI3) 6 2.42
(s, 3H), 3.44 (t, 2H), 3.92 (t, 2H), 7.29 (d, 2H), 7.86 (d, 2H).
5-Methyl-l-indanone (58)
Propiophenone 63 (2.00 g, 10.96 mmol) was added slowly to stirred
concentrated H2SO4 (20.0 g) at room temperature. After die addition was
completed, die solution was heated to 90 °C and die reaction solution was
stirred for 3.5 hours. The reaction solution was cooled to room
temperature and poured onto ice (25 g). The product was extracted with
CH2CI2 and die organic layer was washed with 5% aqueous NaHC03 and
H2O then dried over MgS04. The solvent was removed in vacuo to give an
off-white sohd widi mp 71-72 °C (Lit.53 mp 71 °C). The yield was 1.26 g
(79%). IR (KBr) 1708 (C=0) cm-1. I R NMR (CDCI3) 6 2.44 (s, 3H),
2.87 (m, 2H), 3.09 (t, 2H), 7.18 (d, IH), 7.27 (t, IH), 7.65 (d, IH).
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Attempted Synthesis of 5-Methyl-6-benzoyl1-indanone (59)
Benzoyl chloride (57) (4.71 g, 33.51 mmol) was added via a syringe
pump over a 40-minute period to a stirred mixture of 5-methyl-1-indanone
(58) (4.30 g, 32.54 mmol) and AICI3 (4.71 g, 35.32 mmol) in CH2CI2 (50
mL) at 0 °C. The reaction mixture was warmed to 40 °C and stirring was
continued for another 18 hours. The reaction mixture was quenched by
pouring it into an HCL-ice slurry (60 g) and the layers were separated.
The aqueous layer was extracted with CH2CI2 and the combined organic
layer and extracts were washed with 5% aqueous NaHC03 and H2O then
dried over MgS04. The solvent was removed in vacuo and the residue was
chromatographed on silica gel with CH2CI2 as eluent. The recovered
material was identified as starting indanone 58 by iH NMR spectroscopy
and TLC.
1,3-Dithiolane-protected Indanone 64
A 250 mL flask was carefully dried and flushed well with nitrogen.
Indanone 58 (4.85 g, 33.22 mmol) and CH2CL2 (100 mL) were added.
The solution was stirred under nitrogen at room temperature and 1,2ethanedithiol (65) (4.69 g, 49.79 mmol) and BF3-Et20 (1 mL) were
added. The reaction mixture was stirred ovemight at room temperature,
then 5% aqueous NaOH (50 mL) was added and stirring was continued for
15 minutes. The layers were separated and the aqueous layer was extracted
with CH2CI2. The combined organic extracts were washed with H2O then
dried over MgS04. The solvent was removed in vacuo to give 6.35 g
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(86.2%) of a thick golden yellow liquid. IH NMR (CDCI3) 5 2.32 (s, 3H),
2.64 (t, 2H), 2.92 (t, 2H), 3.44 (m, 4H), 7.03 (m, 2H), 7.43 (d, IH).
Thiobenzoate Ester 67 (attempted synthesis of
1,3-dithiolane-protected benzophenone 66)
The 1,3-didiiolane 64 (6.35 g, 38.60 mmol) and benzoyl chloride
(57) (4.05g, 28.81 mmol) were dissolved in CH2CI2 (25 mL) and die
solution was added by syringe pump over a 55-minute period to a stirred
mixture of AICI3 (3.84 g, 28.80 mmol) in CH2CI2 (75 mL) at room
temperature. The reaction mixture was stirred for a total of 30 hours and
then poured into a slurry of ice and 5% HCl. The layers were separated
and the aqueous layer was extracted with CH2CI2. The combined organic
layer and extracts were washed with 5% aqueous NaHC03 and H2O, then
dried over MgS04. The solvent was removed in vacuo to give a dark
yellow oil which was chromatographed on silica gel with petroleum edier
then CH2CI2 as eluents to give 1.98 g (35%) of a yellow oil which was
identified as die diiobenzoate ester 67. IR (neat) 2564 (S-H), 1663 (C=0)
cm-1. IH NMR (CDCI3) 6 1.69 (t, IH), 2.78 (m, 2H), 3.28 (m, 2H), 7.417.58 (m, 3H), 7.95 (dd, IH).
2,3-TrimethyIenebenzoyl Benzoic Acid 70
A solution of phthalic anhydride (54) (12.00 g, 81.02 mmol) and
indane (69) (9.59 g, 81.27 mmol) in CH2CI2 (180 mL) was added via a
syringe pump to a stirred mixture of AICI3 (22.71 g, 170 mmol) in CH2CI2
(50 mL) at room temperature over a 50-minute period. After the addition
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was completed, die reaction mixture was heated to 40 °C and stirred for 12
hours. The reaction mixture was poured into an HCl-ice slurry and the
layers were separated. The aqueous layer was extracted with CH2CI2 and
the combined organic layer and extracts were washed with 5% aqueous
NaHC03. The basic aqueous layer was slightly acidified with 10% aqueous
HCl and extracted widi CH2CI2. The extracts were combmed and dried
over MgS04. Evaporation of the solvent in vacuo gave 19.02 g (88%) of a
pale yellow sohd which could be used without further purification. An
analysis sample was recrystaUized from CHCI3 to give colorless crystals
widi mp 178-180 °C. IR (deposit) 3063 (OH), 1693 (C=0) cm-1. 1H NMR
(CDCI3) 5 2.09 (pen, 2H), 2.91 (m, 4H), 7.23 (d, IH), 7.29 (dd, IH), 7.477.68 (m, 4H), 8.08 (dd, IH). Analysis calculated for C17H14O3: C, 76.68;
H, 5.30. Found: C, 76.58; H, 5.34.
2,3-Trimethyleneanthraquinone (71)
Carboxlyic acid 70 (2.48 g, 9.32 mmol) was added slowly as a solid
to stirred concentrated H2SO4 (25.0 g) at room temperature. The reaction
mixture was heated at 100 °C for 3 hours then cooled shghtly and poured
onto ice (40 g). The resulting mixture was stirred and allowed to stand for
48 hours at room temperature so diat the very fine crystals which formed
mitially could aggregate and become easier to separate by filtration. The
very dark green crystals were collected by filtration and allowed to air
dry. The cmde product was chromatographed on silica gel with CH2CI2 as
eluent to give 1.39 g (60%) of a pale yellow sohd with mp 185-186 °C. IR
(deposit) 1671 (C=0) cm-1. iH NMR (CDCI3) 8 2.18 (pen, 2H), 3.05 (t.
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4H), 7.72-7.81 (m, 2H), 8.10 (s, 2H), 8.23-8.30 (m, 2H). 13C NMR
(CDCI3) 5 25.06, 33.02, 122.91, 127.03, 132.00, 133.55, 133.77, 151.51,
183.38. Analysis calculated for C17H12O2: C, 82.24; H, 4.87. Found: C,
81.91; H, 4.73.
2,3-Trimethyleneanthracene (68)
Aluminum tumings (2.00 g, 74.1 mmol) were added to dry
cyclohexanol (40 mL) at room temperature under dry nitrogen. The
mixture was heated to 70 °C and CCI4 (0.5 mL) and HgCh (0.02 mL) were
added. The reaction mixture began to froth and darken as the aluminum
was consumed to form aluminum cyclohexoxide (81). The reaction
mixture was stirred at 150 °C for 5 hours, after which all of the aluminum
was consumed. The dark grey mixture was allowed to cool to room
temperature and anthraquinone 71 (2.00 g, 8.06 mmol) was added. The
reaction mixture was heated to 160 °C, stirred for 24 hours, and cooled to
room temperature. A 10% aqueous solution of HCl (40 mL) was added
and die product was extracted widi CH2CI2. The combined extracts were
washed with H2O and dried over MgS04, and die solvent was evaporated in
vacuo. Cyclohexanol was removed from the residue by a simple high
vacuum distillation at 0.08 Torr. The cmde product was chromatograhped
on sihca gel with toluene as eluent to give 1.27 g (72%) of a white
crystaUine solid widi mp 228-230 °C. IH NMR (CDCI3) 8 2.16 (pen, 2H),
3.09 (t, 4H), 7.38-7.43 (m, 2H), 7.80 (s, 2H), 7.92-7.99 (m, 2H), 8.31 (s,
2H). Analysis calculated for C17H14: C, 93.54; H, 6.46. Found: C,
93.69; H, 6.51.
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Oxidation of Anthracene 68 to Anthraquinone 71
Pyridinum chlorochromate (83) (2.16 g, 10.0 mmol) was
homogenized widi Celite (5.0 g) and added to a stirred solution of
andiracene 68 (0.44 g, 2.0 mmol) in benzene (30 mL) and die reaction
mixture was stirred at reflux for 36 hours. After cooling, die reaction
mixture was filtered through a pad of Cehte and the solvent was removed
in vacuo to give the cmde product which was chromatographed on silica
gel with CH2CI2 as eluent to provide 0.42 g (85%) of a yellow solid. The
IR and iH NMR spectra of this solid exactly matched those of
anthraquinone 71.
Synthesis of a Mixture of Naphoindanone 49
and Naphoindenone 87
To CHCI3 (40 mL) at room temperature was added DDQ (86) (0.34
g, 1.5 mmol) and the solution was warmed to 65 °C. Water (2 mL) was
added and the mixture was stirred for 10 minutes before a solution of
anthracene 68 (0.10 g, 0.46 mmol) in CHCI3 (8 mL) was added dropwise
during a 10-minute period. The reaction mixture was stirred for 12 hours,
cooled, washed with H2O (30 mL) and dried over MgS04. Evaporation of
the solvent in vacuo gave a brown sohd which was chromatographed on
silica gel with CH2CI2 as eluent to give 0.068 g of a mixture of indanone
49 and indenone 87. Only small amounts (5-10 mg) of each product could
be separated from die other by column chromatography. The indanone 49
was isolated as a green solid and the indenone 87 was a yellow sohd with
mp>300°C. For indanone 49: IR (deposit) 1696 (C=0) cm-1. IH NMR
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(CDC13) 8 2.81 (m, 2H), 3.38 (t, 2H), 7.42-7.58 (m, 2H), 7.98-8.03 (m,
3H), 8.43 (s, IH), 8.55 (s, IH), 8.62 (s, IH). For indenone 87: IR
(deposit) 1690 (C=0) cm-l. IH NMR (CDCI3) 8 6.27 (d, IH), 7.51-7.57
(m, 3H), 7.81 (dd, IH), 7.95-7.99 (m, 2H), 8.09 (s, IH), 8.27 (s, IH), 8.40
(s, IH). 13C NMR (CDCI3) 8 122.03, 125.32, 126.60, 127.20, 128.19,
128.31, 128.48, 130.16, 130.96, 131.10, 132.39, 132.80, 132.90, 133.42,
138.16, 150.41, 196.05; Mass (m/z) 230.20. Analysis calculated for
C17H10OO.I CH2CI2: C, 86.02; H, 4.31. Found: C, 86.02; H, 4.17.
Attempted Epoxidation of Napthoindenone 87
Napdioindenone 87 (0.040 g, 0.174 mmol) was dissolved in THF (3
mL) and stirred at 0 °C. A solution of NaHC03 (0.050 g, 0.595 mmol) in
30% aqueous H2O2 (0.1 mL) was added slowly. The mixture was stirred
at 0 °C for 2 hours and for 2 hours at room temperature. Water (10 mL)
was added, the mixture was extracted with CH2CI2 (3 X 10 mL), and the
combined extracts were dried over MgS04. Examination of the solution
by TLC showed the presence of only the starting material 87.
2,2-Dibromo-l-indanone

(91)

Under nitrogen at room temperature, 1-indanone (50) (1.32 g, 10.0
mmol) was dissolved in a mixture of dry dioxane (12 mL) and dry DMSO
(12 mL). NBS (51) (3.56 g, 20.0 mmol) was added to the stirred solution.
The reaction mixture became a deep red color after several hours and was
allowed to stir at room temperature for 5 days. Water (200 mL) was
added and the mixture was extracted with CH2CI2 (3 X 50 mL). The
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combined organic extracts were dried over MgS04 and die solvent was
removed in vacuo to give a thick red oil which was heated under vacuum
(60 °C, 0.07 Torr) to remove residual DMSO and chromatographed on
silica gel widi CH2CI2 as eluent. The product was obtained as 0.92 g
(32%) of a light red solid with mp 139-141 °C (Lit.89 mp 131-134 °C).
IR (deposit) 1718 (C=0) cm-1. 1H NMR (CDCI3) 8 4.29 (s, 2H); 7.387.54 (m, 2H), 7.73 (td, IH), 7.94 (d, IH). 13C NMR (CDCI3) 8 51.25,
55.90, 124.99, 125.47, 127.94, 135.98, 148.03.
2-Bromo-l-indanone (95)
Under nitrogen at room temperature, indanone 50 (1.50 g, 11.35
mmol) was dissolved in a mixture of CHCI3 (7.5 mL) and EtOAc (7.5
mL). The solution was heated to 70 °C and CuBr2 (5.07 g, 22.70 mmol)
was added in small portions during a 4-hour period at the rate that any
color which appeared upon addition dissipated before adding new reagent.
After the addition was completed, the reaction mixture was stirred at 70 °C
for an additional 8 hours, cooled, and filtered to remove insoluble
materials. The solvent was removed in vacuo to give a thick red oil which
was dissolved in CH2CI2 and washed widi H2O, 5% aqueous NaHC03 (2
X), and brine. The solution was dried over MgS04 and the solvent
removed in vacuo to give a dark brown solid which was chromatographed
on a Chromatotron 4 mm Si02 plate with petroleum ether-CH2Cl2 (1:1) as
eluent to give 1.22 g (51%) of the product as a yellow solid widi mp 36-37
°C(Lit.l05mp 37-38 °C). IR (deposit) 1720 (C=0) cm-1. iH NMR
(CDCI3) 8 3.40 (dd, IH), 3.85 (dd, IH), 4.65 (dd, IH), 7.38-7.47 (m, 2H),
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87.67 (td, IH), 7.81 (d, IH). 13C NMR (CDCI3) 8 37.87, 44.04, 124.90,
126.38, 128.18, 133.41, 135.88, 151.02, 199.48.
Attempted Synthesis of 1,2-Indanedione (96)
Under nitrogen at 120 °C, bromindanone 95 (1.21 g, 5.73 mmol)
was added all at once to a mixture of Na2C03 (0.61 g, 5.75 mmol) and KI
(0.96 g, 5.75 mmol) in dry DMSO (12 mL). The reaction mixture was
stirred for 1 hour at 120 °C, rapidly cooled and poured into ice-cold brine
(30 mL), then extracted with Et20. The organic solution was washed with
H2O, brine, 5% aqueous NaHC03, and H2O again (50 mL each) and dried
over Na2S04. The solvent removed in vacuo to give a thick red oil which
was chromatographed on silica gel with CH2CI2 as eluent to give an offwhite solid which was identified as 1-indanone (50) based on identical TLC
behavior and IH NMR spectra. IH NMR (CDCI3) 8 2.67 (m, 2H), 3.14 (m,
2H), 7.32-7.39 (m, IH), 7.46 (d, IH), 7.54-7.62 (m, IH), 7.74 (d, IH).
2,2,3,3-Tetrabromo-l-indanone

(99)

Indanone 50 (0.250 g, 1.89 mmol) was dissolved in CCI4 (8 mL) and
NBS (51) (2.50g, 14.04 mmol) was added along widi benzoyl peroxide
(0.05 g) and the mixture was stirred at reflux for 48 hours. The reaction
mixture was cooled and filtered, and the solvent was removed from the
filtrate in vacuo. The residue was chromatographed through a short silica
gel columnn with 1:1 petroleum ether/CH2Cl2 as eluent and the initial
product containing fractions were chromatographed on a Chromatotron 4
mm Si02 plate with petroleum etiier-CH2Cl2 (1:1) as eluent to give 0.44 g
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(52%) of an orange sohd widi mp 123-125 °C. IR (deposit) 1717 (C=0)
cm-1. IH NMR (CDCI3) 8 7.16-7.21 (m, IH), 7.26-7.34 (m, IH), 7.417.50 (m, 2H).

2,4,5-Trimethylbenzophenone

(104)

To a stirred solution of 1,2,4-trimediylbenzene (103) (10.00 g, 83.2
mmol) in CH2CI2 (10 mL) at 0 °C in an ice badi, AICI3 (11.70 g, 87.7
mmol) was added. Benzoyl chloride (57) was added by a syringe pump
over a 30-minute period and the reaction mixture was stirred at room
temperature for 6 hours. The mixmre was poured into a slurry of ice (50
g) and concentrated HCl (25 mL) and stirred for 15 minutes. The layers
were separated and the aqueous layer was extracted with CH2CI2. The
combined organic layer and extracts were washed with 5% aqueous
NaHC03 and dried over MgS04. The solvent was removed in vacuo to
give a dark gold oil which was frationally distilled with a Vigreaux column
to give 13.62 g (73%) of die product as a colorless oil widi bp 135
°C/0.015 Torr. (Lit.106 bp 328-329 °C). IR (neat) 1662 (C=0) cm-1. I R
NMR (CDCI3) 8 2.20 (s, 3H), 2.26 (s, 3H), 2.27 (s, 3H), 7.06 (d, 2H),
7.36-7.52 (m, 3H), 7.76-7.81 (m, 2H). 13C NMR (CDCI3) 8 18.96, 19.41,
19.47, 128.15, 128.60, 129.25, 129.95, 130.02, 132.24, 132.60, 133.07,
134.28, 135.78, 138.06, 139.06, 199.39.
Benzophenone-2,4,5-tricarboxylic Acid (105)
Trimethylbenzophenone 104 (12.50 g, 55.8 mmol) was added to
20% aqueous HNO3 (75 mL) and die mixture was stirred at reflux for 5
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days. The reaction mixture was cooled and the aqueous layer was decanted
to leave a very thick, yeUow semi-sohd. The semi-solid was rinsed with
cold water (75 mL) and dissolved in 10% aqueous NaOH (125 mL) to give
a very dark brown solution which was transferred into a three-necked flask
equipped with a mechanical stirrer and a reflux condenser. To the stirred
and refluxing solution was added KMn04 (35.00 g, 0.222 mol) in portions
during a period of 40 minutes. Care was taken so that the addition was
slow enough not to cause violent frothing by the reaction mixture. The
reaction mixture was refluxed for an additional 3 hours, then cooled
somewhat and filtered. The collected solid (Mn02) was refluxed in H2O
for 6 hours and filtered while hot. The combined filtrates were evaporated
in vacuo to one half of the original volume, cooled, and acidified slowly
widi concentrated HCl. The resulting solid was filtered and air-dried to
give 12.20 g (70%) of white crystals with mp 281-283 °C (Lit.106 mp 275
°C). IR (Nujol) 3312 (OH), 1743, 1707, 1687, 1655 (C=0) cm-1. I R
NMR (acetone-d6) 8 7.45-7.85 (m, 6H), 9.47 (s, IH).

Anthraquinone-2,3-dicarboxylic Acid (106)
Triacid 105 (2.10 g, 6.69 mmol) was dissolved m concentrated
H2SO4 (21.0 g). The solution stirred for 3 hours at 110 °C and poured
onto 30 g of ice. The brown reaction solution immediately precipitated a
yellow solid which was filtered and washed widi cold water. Air drying of
die product gave 1.36 g (72%) of a pale yellow solid widi mp >310 °C
(Lit.95 mp 355-357 °C). IR (Nujol) 3166 (OH), 1638, 1618 (C=0) cm-1.
IH NMR (DMS0-d6) 8 7.93-8.03 (m, 2H), 8.20-8.30 (m, 2H), 8.56 (s, 2H).
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Anthracene-2,3-dicarboxylic Acid (107)
Anthraquinone 106 (1.00 g, 3.38 mmol) was dissolved in 20%
aqueous NH4OH (50 mL) which resulted in an orange solution that became
deep red when activated zinc dust^^ (3.75 g) was added. The mixture was
heated to reflux and stirred until the color was discharged, then
immediately filtered while hot. The filtered material was refluxed in 20%
aqueous NH4OH for 2 hours, then filtered while hot. The combined
filtrates were cooled to 0 °C and acidified to pH 1 with 6 N HCl. A bright
yellow solid which precipitated from the solution was allowed to stand for
24 hours so that the product could be filtered more easily. Collection of
die product by filtration gave 0.70 g (77%) of a bright yellow solid with
mp >310 °C (Lit.56 mp 345 °C). IR (Nujol) 3135 (OH), 1701, 1674 (C=0)
cm-1. IH NMR (DMS0-d6) 8 7.55-7.70 (m, 2H), 8.06-8.25 (m, 2H), 8.49
(s, 2H), 8.79 (s, 2H).
Dimethyl Anthracene-2,3-dicarboxylate (100)
Anthracene diacid 107 (6.32 g, 23.8 mmol) was stirred in anhydrous
MeOH (80 mL) and heated to reflux. Dry HCl gas was generated by
slowly dripping concentrated HCl into concentrated H2SO4 and passed
through the reaction mixture under nitrogen for 36 hours. The reaction
mixture was cooled to 0 °C and filtered to give the cmde product which
was dissolved in CH2CI2 and washed widi 5% aqueous NaHC03. The
organic layer was dried over MgS04 and the solvent was evaporated in
vacuo to give 5.94 g (85%) of a yellow solid with mp 149-151 °C (Lit.97
mp 151 °C). IR (deposit) 1717 (C=0) cm-l. I R NMR (CDCI3) 8 3.99 (s.
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6H), 7.53-7.63 (m, 2H), 8.00-8.10 (m, 2H), 8.44 (s, 2H), 8.51 (s, 2H). 13c
NMR (CDCI3) 8 52.84, 126.84, 127.59, 127.99, 128.39, 130.44, 131.27,
133.10, 188.17.
2-ChIoro-2-methylthionaphtho[f]indane1,3-dione (101)
Under nitrogen at room temperature, a solution of diester 100 (0.85
g, 2.89 mmol) in a mixture of dry DMSO (4 mL) and THF (5 mL) was
added dropwise during a 15-minute period to a stirred mixture of a 60%
dispersion of NaH in mineral oil (0.35 g, 8.75 mmol) in dry DMSO (4 mL)
and dry THE (2 mL) and the mixture was stirred at room temperature for
12 hours. The THE was removed in vacuo and the residual DMSO was
removed with a simple high vacuum distillation, with care being taken not
to let the distillation temperature exceed 60 °C. The dark orange solid
residue was dissolved in cold H2O (25 mL) and extracted with CH2CI2 (25
mL). The aqueous layer was added dropwise to 25 mL of 6 N HCl during
a period of 45 minutes. The resulting orange precipitate was filtered and
stirred for 3 hours in CH2CI2 (200 mL). The mixture was filtered and die
filtrate was washed widi water (2 X 100 mL), dried over MgS04, and
evaporated in vacuo. The residue was chromatographed on sihca gel with
CH2CI2 as eluent to give 0.30 g (33%) of an orange solid widi mp 212 °C
(dec). IR (deposit) 1736, 1714 (C=0) cm-l. IH NMR (CDCI3) 8 2.15 (s,
3H), 7.61-7.74 (m, 2H), 8.05-8.18 (m, 2H), 8.76 (s, 2H), 8.81 (s, 2H).
Analysis calculated for C18H11CIO2S: C, 66.16; H, 3.39. Eound: C,
66.40; H, 3.14.
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Naphtho[f]ninhydrin (30)
The chloro thioether 101 (0.100 g, 0.30 mmol) was added in small
portions during a 2-hour period to a stirred solution of peroxide-free
dioxane (9 mL) and distilled water (4 mL) at 95 °C. The reaction was
stirred at 95 °C for 36 hours then filtered while hot. Dioxane was
evaporated from the filtrate in vacuo and water (10 mL) was added. The
mixture was filtered and the collected solid was air dried to give 0.068 g
(80%) of an orange-red sohd with mp 245 °C (dec). IR (Nujol) 3331
(OH), 1741, 1718 (C=0) cm-l. 1H NMR (DMS0-d6) 8 7.59 (s, 2H, OH),
7.70-7.75 (m, 2H), 8.20-8.25 (m, 2H), 8.93 (s, 2H), 9.07 (s, 2H). Analysis*
calculated for C17H8O3-0.4 H2O: C, 76.34; H, 3.32. Found: C, 76.26; H,
3.66.
Attempted Synthesis of Naphthoindane[f]indane1,3-dione (82)
Diester 100 (1.75 g, 5.95 mmol) was added to dry toluene (5 mL)
and dry EtOAc (10 mL) under nitrogen. The mixture was stirred and
heated to 80 °C at which point a solution resulted. After cooling to 70 °C,
a 60% dispersion of NaH in mineral oil (0.36 g, 8.96 mmol) was added
very slowly. After the addition was completed, die reaction mixture
stirred for 4 hours at 100 °C. The reaction was cooled and filtered, and
die filtered material was rinsed with Et20. Additional material was
precipitated from die toluene filtrate by the addition of petroleum ether
* The formula C17H8O3 is for the triketone formed by dehydration of 30. The elemental
analysis sample was dried for an extended period with heating in vacuo before submission
for analysis and dried again in vacuo just prior to analysis.
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and the solid was filtered and rinsed with Et20. Ahnost 2 g of solid
material was collected and stirred in 6 N HCl (55 mL) at 80 °C for 2
hours. The mixture was cooled and filtered and the filtered material
chromatographed on silica gel with CH2CL2 as eluent to give the diethyl
ester of anthracene dicarboxyhc acid. IH NMR (CDCI3) 5 1.43 (t, 6H),
4.43 (q, 4H), 7.53-7.58 (m, 2H), 8.02-8.07 (m, 2H), 8.43 (s, 2H), 8.50 (s,
2H).
Dimethyl Naphthalene-2,3-dicarboxylate (109)
Naphthalene-2,3-dicarboxylic acid (8.00 g, 37.0 mmol) was
dissolved in anhydrous MeOH (100 mL) and dry HCl gas bubbled through
the stirred solution at reflux under nitrogen for 20 hours. The reaction
mixture was cooled and the solvent was evaporated in vacuo. The residue
was dissolved in CH2CI2 (150 mL) and washed with 5% aqueous NaHC03
(2 X 75 mL) and H2O (75 ml). The organic layer was dried over MgS04
and the solvent was evaporated in vacuo to give a yellow oil which was
chromatographed on silica gel with Et20 to give an off-white solid which
was recrystaUized from Et20-petroleum ether to give transparent crystals.
The yield was 8.31 g (92%). IH NMR (CDCI3) 5 3.94 (s, 6H), 7.52-7.57
(m, 2H), 7.82-7.86 (m, 2H), 8.21 (s, 2H). 13C NMR (CDCI3) 5 52.67,
128.43, 128.57, 130.12, 133.31, 186.14.
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2-Chloro-2-methylthio-benz[f]indane1,3-dione (110)
Naphthalene diester 109 (1.00 g, 4.10 mmol) was dissolved in dry
DMSO (4 mL) and dry THE (1 mL) and added over a 15-minute period to
a stirred mixture 60% dispersion of NaH in mineral oil (0.50 g, 12.5
mmol) in DMSO (4 ml) and THE (1 mL) at room temperature under
nitrogen. The reaction was stirred for 8 hours and the solvent was
removed with a simple high vacuum distillation. Care was taken not to
allow the temperature of the distillation to exceed 60 °C. The residue was
dissolved in cold water (25 mL) and extracted with CH2CI2 (25 mL). The
aqueous solution was added to stirred 6 N HCl (25 mL) during a 30-minute
period and the yellow precipitate was filtered and dissolved in CH2CI2 (100
mL). The organic solution was filtered, washed with water, and dried over
MgS04. The solvent was evaporated in vacuo and the crude product was
chromatographed on silica gel with CH2CI2 as eluent to give 0.70 g (62%)
of a yeUow solid widi mp 163-165 °C (Lit 38 mp 155-158 °C). IR
(deposit) 1745, 1712 (C=0) cm-l. 1H NMR (CDCI3) 5 2.50 (s, 3H), 7.767.81 (m, 2H), 8.12-8.17 (m, 2H), 8.60 (s, 2H).
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PART TWO
SYNTHESIS OF POLYMER-SUPPORTED
CROWN ETHERS

CHAPTER V
BACKGROUND
Historical Background of Crown Ethers
Crown ethers are members of the group of compounds known as
ionophores. An ionophore is any compound which is capable of forming a
stable host-guest type complex with a charged species acting as the guest.
A number of ionophores occur in nature. The antibiotics monensin,
nigericin, lasalocid A, and beauvericin (1), which is shown in Figure 5.1
are examples. The naturally occurring ionopnores may be acyclic or cyclic
and can encapsulate a particular metal cation with great selectivity over
another cation.

Figure 5.1. The antibiotic beauvericin.
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An X-ray crystal structure of a beauvericin-Ba2+ complex has been
obtained which shows all of the ester and amide carbonyl group
functionalities to be pointed inward to provide a hydrophilic environment
for the Ba2+ cation. 1 The three benzyl groups are directed outward along
the outer rim and act as a hydrophobic "shield" for the complexed ion.
Beauvericin is capable of complexing both alkali metal and alkaline-earth
cations and transporting them across cell membranes.
The first synthesis of a non-naturally occurring potiential ionophore
was published by Luttringhaus in 1937.2 He prepared the 20-membered
ring cyclic compound 2 from resorcinol in a low yield synthesis. The next
few decades saw occasional mention of cychc polyether ionophores, such as
cyclic tetramer 3 of ethylene oxide.^ The ion complexation behavior of
these compounds was not studied.
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It was not until 1967 diat die first in-depdi discussion of
crown ethers and dieir properties was pubhshed. Charles J. Pedersen
attempted die synthesis of die bis-phenolic compound 4, which he intended
to use to remove contaminating copper ions from a vanadium-catalyzed
polymerization process at du Pont. Pedersen reacted die bis-chloroethyl

111
ether 5 widi two equivalents of the monotetrahydropyranyl-protected
catechol (6).4 He did not purify 6, and as a resuh, some catechol (7)
remained. An "unattractive goo" was noted in addition to desired bisphenol 4 upon completion of die reaction. Pedersen was able to isolate a
white solid from diis "goo" which was eventually identified as die cyclic
compound 8 (Figure 5.2). This compound was found to be insoluble m
methanol, but dissolved upon die addition of NaOH. This enhancement of
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Figure 5.2. Pedersen's synthesis of dibenzo-18-crown-6.
solubility was noted with other sodium salts as well and led Pedersen to
theorize that the Na"*" cation was being surrounded by the electron-rich
oxygens of the macrocyclic ring. The hydrocarbon portion of the
macrocyclic ring was directed away from the cation, providing a lipophilic
shield to allow solubihzation of the complex. From the physical shape of
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diis complex, Pedersen corned the generic name for this class of
compounds: "crown ethers."
Nomenclature of Crown Ethers
Pederson proposed a very useful, trivial nomenclature system for
crown ethers to avoid the use of die lengthy, cumbersome lUPAC
nomenclature. With the name of the class established as "crown" based on
the cyclic, crown-like appearance of the host-ion complex, Pedersen
devised a simple sequence of styles for differentiating one crown ether
compound from another.^ According to his method, crown ethers are
named by listing in order:
(1) The number and type of substiments that are attached to the
polyether ring;
(2) The total number of atoms that compose the macrocychc ring;
(3) The class name "crown"; and
(4) The number of heteroatoms in the polyether ring.
Using this systematic nomenclature, compound 8 becomes dibenzo18-crown-6. Even though this nomenclature may be ambiguous when
identifying the location of substituents, it has maintained its position as the
most widely used system for the naming of crown ediers. Many crown
ethers have been made which employ heteroatoms odier dian oxygen.
Crown ediers with nitrogen instead of oxygen are called azacrown ediers
and those widi sulfur instead of oxygen are known as thiacrown ediers.
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Factors Which Affect Cation Complexation
Pedersen further pursued this complexation interaction by
syndiesizing a broad spectmm of crown ediers and dien studying their
interactions widi many cations, both inorganic and organic.5-7 From these
studies, he was able to determine several factors which influence the
relative stability of the crown ether-cation complex. The relation between
the size of the cation and the diameter of the crown ether cavity is of great
importance. Sodium cations are best complexed by a 15-crown-5 molecule
and potassium cations are complexed best by an 18-crown-6 molecule, all
other factors held constant. In Table 5.1 are presented the diameters of
several cations and those estimated for some crown ether cavities.
TABLE 5.1
Diameters of Metal Cations and Crown Ether Cavities^ »8
Metal Cation
Li+
Na+
K+
Rb+
Cs+
Be2 +
Mg2 +
Ca2 +
Sr2 +
Ba2 +

Diameter (A)
1.36
1.90
2.66
2.96
3.38
0.70
1.32
2.00
2.24
2.68

Crown Ether
12-crown-4
14-crown-4
15-crown-5
18-crown-6
21-crown-7

Diameter (A)
1.2
1.2-1.5
1.7-2.2
2.6-3.2
3.4-4.3

The optimal size relationship seems to be one in which the cation fits
snugly against the ring oxygens. The placement of oxygens throughout the
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ring is also important. A symmetrical arrangement giving a uniform
charge interaction is best. The strongest complexation occurs when the
oxygen atoms are the most basic, giving a higher electron density for
interaction with the cation. Substituents or structural elements which
withdraw electron density from the ring oxygens tend to weaken the
complex. Another important factor is the relative planarity of the oxygens
of the macrocyclic ring, both prior to and after complexation. The better
the coplanarity, the better is the complexation. The free ligand 18-crown-6
(9) shown in Figure 5.3 does not exist in the flat, cyclic form of its
complex.9 The oxygens position themselves in a manner to relieve
electronic repulsion. To complex a cation, diis hgand must reorganize,
which slows complexation. If this ligand is modified to incorporate
rigidifying feamres, this reorganization can be lessened. The two benzene
rings of dibenzo-18-crown-6 (8) serve diis function. There is a trade-off,
however smce die benzene rings reduce the basicity of die alkyl aryl edier
oxygens.

.KSCN

.Q..

..Q

.0.

Figure 5.3. Reorganization of 18-crown-6 upon complexation.

The presence of steric hindrance in die crown edier ring can also
lessen complexation by blocking die approach of die cation to die cavity or
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upsetting the fit within die cavity. Also, die degree of association of a
cation with solvent molecules can have a marked effect upon complexation.
Smaller cations such as Li+ tend to be tightly held by an aqueous solvent.
The cation must shed its solvent molecules to get through the hydrophobic
exterior of the crown edier to reach the cavity. Larger cations are not as
tightly solvated and have an easier time complexing.
Variation of the heteroatoms within the macrocyclic ring has a
pronounced effect upon which types of metal cations are more favorably
complexed. 10 With the hard atom oxygen as the heteroatom, complexation
of hard alkali metal cations is favored while complexation of the soft
transition metal cations is disfavored. The inclusion of the soft atom sulfur
enhances the complexation of the transition metal cations while diminishing
that of alkali metal cations. H Nitrogen is of intermediate hardness and its
incorporation enhances the complexation of transition metal cations without
greatly reducing the complexation of alkali metal cations.
Crown Ether Svnthesis
Pedersen also investigated synthetic approaches to crown edier
formation, specifically die four basic routes shown in Figure 5.4. The diol
reactants employed can be substituted with alkyl groups or benzene rings.
The odier reactant usually contained two leaving groups (chloride,
bromide, iodide, tosylate, and mesylate being die most common) at eidier
end of what was usually an ediyleneoxy ohgomer. The letters R, S, T, U,
and V represent die intemal portions of diese polyediyleneoxy compounds.
The reactions were initially carried out in dioxane, 1-butanol, or water.
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Figure 5.4. Pedersen's four basic types of crown ether syntheses.

The cyclization step, usually a Williamson ether synthesis type of
reaction, was found to be highly variable in yield depending upon the
reaction conditions. High dilution reaction conditions were found to be
very important, but yields were sometimes still very low. Greene found
that whenever a cation which closely approximated the size of the final
crown ether cavity was present during the cyclization step, a higher yield
resulted. 12 Also, the need for high dilution reaction conditions was
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eliminated. It seems the partially cyclized crown edier can wrap itself
around a metal cation and, if the cation present is of the appropriate size,
the two ends of die crown edier precursor are brought close togedier and
can cyclize to form the crown edier in a higher yield dian widiout die
metal cation. This is shown in Figure 5.5.
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Figure 5.5. Na-»- acting as a template during the formation
of 15-crown-5.

Selective Metal Cation Complexation
by Crown Ethers
Crown ethers are widely employed for the selective complexation of
one metal cation versus another, which can result in the enrichment of the
population of one cationic species in a system accompanied by a depletion
in the population of the other species. Two general types of systems have
been heavily utilized for this ionic separation and enrichment. One is the
two-phase, organic-aqueous system in which a crown ether in an organic
phase selectively complexes a cation from an aqueous phase. 13 The odier is
a system in which the crown ether is incorporated into a polymeric
environment so that it can be subjected to a stream of cations in
solution. 14,15 As the cationic stream passes through the polymer matrix.
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interaction widi die crown edier moeities can result in an enrichment of die
concentration of one of the metal cations at die effluent end of the stream.
The selective extraction of a metal cation in an aqueous stream by a
crown ether in an organic phase is shown in Figure 5.6. Electrostatic

NTX-

MtX-

N-^-

N"^-

N"^-

Figure 5.6. Selective removal of one metal cation over another
by a crown ether in a two-phase system.
interactions between the crown ether and the metal cation are of the iondipole variety as they approach one another and lead to the formation of
the crown ether-metal cation complex. The highly lipophobic metal cation
is now surrounded by the much more hpophihc crown edier and can be
carried into the organic phase. The metal cation with the better size-fit
relationship with the crown ether will be transported in favor of the other.
Selectivity and efficiency of the complexation are determmed by die
stability of the complex. If die complex formed is not a very stable one,
then selectivity for one cation over anodier may not be obtamed. If die
crown edier-cation complexation is too weak, it may not be able to
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overcome the solvation energy of the cation in the aqueous layer and no
complexation takes place.
An undesirable characteristic of some crown ethers is that they
sometimes have appreciable solubility in aqueous systems. This can be a
significant hindrance to selective extraction of a metal cation from an
aqueous system into an organic phase. For this reason, lipophilic groups
are usually incorporated into the crown ether to increase the
hydrophobicity of the molecule. Attached groups such as benzene rings,
cyclohexane rings, and long aliphatic tails have been used to increase the
lipophihcity of the crown ether. These modifications retain the crown
ether in the organic layer and increase the efficiency of complexation.
Polymeric Crown Ethers
Crown ethers and die closely related cryptands have been
incorporated into polymer environments for use in such apphcations as
phase transfer catalysis^6 and ion chromatography. 17 Since Pedersen first
polymerized his dibenzo crown ediers widi formaldehydel8, many
techniques have been developed for the preparation of crown ethers withm
a polymer system. A primary advantage of crown edier polymers for
phase transfer catalysis usage is die ease of recovery of die catalyst. If it is
incorporated within an insoluble backbone, it can be recovered and reused
simply by filtration from the reaction medium. Polymerized crown ediers
are readily adapted for use in ion chromatography as their inherent rigidity
allows packing into the high pressure environment of chromatographic
columns.
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There are currently several techniques for the preparation of crown
ether-containing polymers. The crown ether may be attached directly to an
existing polymer backbone through a displacement reaction. A second
approach, the one used originally by Pedersen, is the copolymerization of
crown ethers with another species, such as formaldehyde, to form a
polymer in which the crown ether is an integral part of the polymreic
backbone. The crown ether is not simply added on as in the first case.
Another important means of preparing crown ether polymers utilizes a
polymerizable group attached to the crown ether itself. In several cases
this group is a vinyl group attached to the benzene ring of a benzocrown
ether. Polymerization yields a species diat is in essence a crown edier
analog of polystyrene.
Some examples of die attachment of a crown edier to an existing
polymeric backbone are shown in Figure 5.7. In a majority of the
reported cases of diis type of crown edier polymer syndiesis, die polymer
backbone is a polystyrene which is sometimes cross-linked to a slight
degree with divinylbenzene. The aromatic rings of the polystyrene have
been chloromediylated to varying degrees to give differing amounts of
chloromethylated sites (0.7-3.7 milliequivalents of CI per gram of
polymer). 19 In cases such as Type 1, a nitrogen nucleophile is utilized to
give an SN2 displacement of die benzylic chlorine to give die crown edierfunctionalized polymer.20 The second class of reactions (Type 2) is a
closely related variant first used by Blassiusl^, dien more widely by others.
The crown edier has a hydroxymediyl group attached to die crown edier,
which acts as a nucleophile after deprotonation widi NaH. The diird
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Figure 5.7. Attachment of crown ethers to a polymer backbone.
approach (Type 3) uses a Friedel-Crafts alkylation to attach an aromatic
ring of the crown ether to the chloromethyl group of the polymer. 17 This
approach gives no amine or ether linkage, but may give two isomers from
attack at two different positions on the benzo group.
Polymeric crown ethers such as the types shown in Figure 5.7 have
been widely used as phase transfer catalysts. Tomoi21 and Montanari22
first employed these polymers for catalysis of reactions such as the
formation of the corresponding iodide and nitrile of 1-bromooctane by
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displacement with KI and KCN. The crown edier present widiin die
polymer matrix allowed solubihzation of the potassium salts in the nonpolar solvent toluene. The catalyst was easily recovered for reuse. Later,
Tomoi found that the activity of the catalyst could be increased if the
amount of crown ether loading on the polymer was enhanced.23
Montanari investigated the effect of the length of the spacer arm
between the crown ether and the polymer backbone of catalyst 10.24
He found that for anion-promoted nucleophilic substitution catalyzed by
polymer-bound crown ethers, attack by the relatively soft nucleophiles I"
and SCN" were more readily catalyzed by the spaced catalyst 10b. When
the attack was from harder nucleophiles such as Br and CN-, the spacer
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O—(CH2)nCH2—r
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10a

n=8

^
O^

10b

had little influence and 10a and 10b were found to be equally effective.
This difference in behavior between soft and hard nucleophiles was
attributed to die fact diat potassium salts of soft anions are more tightly
complexed by die crown ether than are die salts of die hard anions. The
spaced catalyst 10b can more effectively complex KI and KSCN than KBr
and KCN, which results in higher catalytic activity for 10b versus 10a.
For the harder anions Br and CN", die potassium salts are not complexed
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to a high degree, so the difference in catalyst stmcture becomes less
important.
At first polymer-bound crown ether catalysts were found to be less
active than soluble crown ether catalysts. In 1986, Bartsch and coworkers
reported several new polymer-supported crown ethers that displayed
significantly higher efficiencies than their soluble counterparts.25 Two
examples are in polymers 11 and 12.

11

12

A second major class of crown ether polymers is the
crown ether copolymer type. A crown ether, usually contaming one or
two benzene rings, is polymerized with a comonomer, usually
formaldehyde. 1*7 This process is shown in Figure 5.8. With heating
dibenzo-18-crown-6 (8) and formaldehyde react to forni the crown edier
resin 13. Additional aromatic compounds, such as phenol and xylene, can
also be incorporated. This process can result in a strong, highly crosslinked resin. However m such resins many crown ether sites are buried
widiin die matrix and inaccessible for interaction widi ions.
These types of polymeric crown ediers have been used in ion
chromatography.26-28 An advantage of diese crown edier polymer resins
over more traditional stationary phases is diat separation of cations and
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Figure 5.8. Formation of a crown edier copolymer.
anions over the entire pH range in many solvents including pure water is
now possible. Also, a suppressor column is not needed and, as a result, the
use of conductivity detectors is simplified.
Crown ethers can also be prepared which contain groups that allow a
subsequent polymerization. From a vinyl group-substituted benzocrown
ether a polystyrene can be prepared. An example is shown in Figure 5.9.29
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Figure 5.9. Formation of a crown edier polystyrene.
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Separation of Isotopes with Crown Ethers
Not only have crown ediers been used for the selective complexation
of one metal cation over another to allow an enriching of one species'
population, they have been used to selectively bind one isotope over
another. Jepson and DeWitt first used crown ethers for the enrichment of
various calcium isotopes.^O Jepson also reported the use of cryptands to
separate lithium isotopes.^l Crown ediers have been employed for the
separation of hthium isotopes32 as well as potassium isotopes.33 The
kinetics of the exchange for the calcium isotope separation by crown ethers
were studied by Soviet workers.^"^
The abundances of the six naturally occurring isotopes of calcium
are shown in Table 5.2.^5 if sufficient amounts of 46Ca and 43Ca could be
obtained, then 47Ca and 43K can be producedfrom them for use in clinical
research.30 Also, 47Ca is a P emitter with a 4.5 day half-life and is
produced most easily from enriched 46Ca. A (3 emitter widi an even
shorter half-hfe of 22 hours is ^^K, produced readily from 43Ca. If
TABLE 5.2
Natural Abundances of Calcium
Isotopes
Isotope
40Ca
42Ca
43Ca
44Ca
46Ca
48Ca

Percent Abundance
96.941
0.647
0.135
2.086
0.004
0.187
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die calcium isotopes 44, 46, and 48 could be enriched significantly, they
could be used as non-radioactive tracers. Physicists currently have great
interest in an increased supply of 48Ca, which could be used as a projectile
for the production of super heavy elements.
Procedures which allow the enrichment of the various calcium
isotopes are important for these and other applications. Many methods
have been investigated for the enrichment of these calcium species. Ionexchange chromatography36, distribution between a mercury amalgam
phase and an aqueous phase,37 and electromigration in an ion-exchange
resin^S have all had moderate-to-good success in isotope enrichment.
Jepsen undertook a study to determine whether or not crown ethers
could be used to enrich certain calcium isotopes relative to others.30 Both
dibenzo-18-crown-6 (8) and its saturated analog dicyclohexano-18-crown-6
(14) were studied in a multi-stage separatory fuimel system. A
concentrated aqueous solution of CaCl2 was shaken with a CHCI3 or
CH2CI2 solution of the crown edier and allowed to separate ovemight.

o

o^^^
14

The CaCl2 was extracted from die organic phase with distilled water and
evaporated to yield die CaCb extracted by die crown edier. The samples
were analyzed for their 44Ca/40Ca ratios by mass spectrometry and the
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single-stage separation factor per mass unit was found to be 1.0010. This
value, while still very low, was considered encouraging in light of results
obtained by odier researchers. Ion-exchange chromatography yielded
values of 1.00011 widi Dowex 50 resin^O and 1.0000431 with Dowex
50B2.30 Better resuhs were reported for the mercury amalgam system and
separation factors of 1.0013^9 and 1.0025^7 were determined. The crown
edier system was diought to be much more amenable to a closed, refluxing
system than the amalgam system which could result in better separations
even with the lower separation factor. The equihbrium responsible for the
isotopic separation is shown in Figure 5.10.
^^

(aq)+

^aL

(org) -

Ua

(^q) +

CaL

(org)

(L=dicyclohexano-18-crown-6 (14))

Figure 5.10. Calcium isotope exchange equilibrium.
Jepson later investigated the ability of polymer-bound cryptands to
separate calcium isotopes in a chromatographic system.^0 xhe cryptands
studied were cryptand [2.2.1] (15) and cryptand [2.2.2] (16). Separation
factors were found to be good with the best results obtained for the [2.2.2]
cryptand 16. However, the kmetics of the isotope exchange were found to
be slow for both cases which makes the process unattractive for practical
application.
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Statement of Research Goals
Recently, a collaborative effort between Bartsch and Jepson
produced various 18-crown-6 compounds which were loaded onto a 1%
cross-linked microporous polystyrene resin for calcium isotope enrichment
studies.41 Good separations were obtained, but the polymeric backbone
was found to be insufficiently rigid to withstand the pressure within the
chromatographic column. The polymer compressed which resulted in
interrupted flow.
It is the purpose of this research to prepare new polymer-supported
crown ether materials which will be rigid enough to withstand the pressure
of the chromatographic system. The polymer chosen to be functionalized
is a macroporous polystyrene cross-linked with divinylbenzene to a much
higher degree than the 1 % cross-linked microporous polymer. Crown
ethers 17 and 18 will be attached at chloromethylated sites on the polymer
via nucleophilic substitution.
Hydroxymediyl-18-crown-6 (17) is a known compound whose
preparation will be investigated to provide a means of a synthesis that is
more amenable to an efficient, large-scale preparation. The novel crown
ether 18 will be prepared to perhaps allow a higher degree of polymer
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loading since it it anticipated that the side arm may alleviate
steric interactions between the crowded chloromethylated sites in the highly
cross-linked polymer and the short side arm of crown ether 17. The
resultant polymer-supported crown ethers to be prepared from 17 and 18,
respectively, are 19 and 20.

19

20

CHAPTER VI
RESULTS AND DISCUSSION
Svnthesis of Hvdroxvmethvl-18-crown-6 ri7)
With the goal of preparing rigid polymers functionalized with the
hydroxymethyl 18-crown-6 (17) and die tediered crown ether 18, a
convenient synthesis of the crown 17 was needed. The chosen synthetic
route is shown in Scheme 1. The initial step was a cyclization between diol
21 and the ditosylate of pentaetylene glycol (22) which was carried out

HO
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isw \ w y u

OTs
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^O

Oy^OBz
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L^

^J

25°C,4d

21

22
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QJ
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23

EtOH; Hi
25"C.24h

^o

O
^ o ^

Scheme 1.
with NaH in DME after some experimentation regarding die reaction
conditions. The cychzation produced die benzyl-protected crown edier 23
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which was deprotected by catalytic hydrogenation to give die desired
hydroxymethyl crown 17.
Preparation of the benzyl-protected diol 21 was carried out
according to Scheme 2. Solketal (24) was refluxed in benzene widi benzyl
chloride in die presence of potassium hydroxide in a flask equipped widi
/-OH

V
O

O

24

/-OBz
BzCl, KOH
^.

CfiHg, A

^OBz

H2SO4

V
25
Scheme 2.

A

HO

OH

21

a mechanical stirrer and a Dean-Stark trap to remove water. Benzylprotected solketal 25 was obtained in an 86% yield after workup. The
ketal protecting group was removed by hydrolysis in refluxing 1.5 N
H2SO4 after three hours. After distillation, die monobenzyl-protected
glycerol (21) was obtained in a 66% yield. A slight impurity could not be
removed by repeated distillations through a Vigreaux column. Since its
presence had no effect on further reactions, the shght impurity was
ignored.
Ditosylate 22 was prepared from pentaethylene glycol (26) as shown
in Scheme 3. Initially, one equivalent of diol 26 was reacted with slightiy
more than two equivalents of tosyl chloride (27) in dry pyridine at -10 to
-8 °C. Removal of residual pyridine was found to be unpleasant and
tedious, so the reaction conditions were changed to reduce the amount of
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pyridine needed. Dichloromediane was used as a solvent and only a
stoichiometric amount (two equivalents) of pyridine was used. This
SO2CI

0
CH2C12
-8°C

26

27
Scheme 3.

22

change resulted in a much simpler workup. Ditosylate 22 was obtained in
93% yield as a colorless oil that slowly solidified over a period of days into
a white solid.
The cyclization of diol 21 and ditosylate 22 was initially conducted
in a solvent system of 4:1 DMFH'HE using NaH as a base.'^l A solution of
21 was added via one syringe pump and a solution of 22 was added via a
second syringe pump to a suspension of NaH in the solvent mixture. After
stirring for four days at room temperature, the reaction was stopped and
worked up to give the crown ether 23 in a 57% yield. Since die complete
removal of residual DMF was difficult to achieve, workup was tedious.
Attempts were made to improve both die yield and scale of the reaction,
and the results are summarized in Table 6.1. Later reactions in which both
reactants were mixed and added from one syringe gave die same yield.
To determine whether the cyclization yield could be improved by use
of only DMF as die solvent, the reaction was run m an identical manner
widiout THF. Workup of die reaction was no more difficult dian before
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and die yield was die same. This system had die shght advantage diat setup was easier since no THF was needed. Smce THF is a much easier
solvent to remove than DMF, some reactions were conducted using only
THF as a solvent. When the reaction was carried out at the same
concentration levels of die DMF reaction,
TABLE 6.1
Results of Cychzation Reactions to Form Crown Ether 23
Weight of Total Solvent
Solvent
Diol 21 (g) Volume (mL^
4:1 DMF/THE
3.00
40
DMF
3.00
40
THFa
3.00
60
THFa
4.00
250
DMF
6^^60
50
^Reaction heated at 45 °C

Reaction
Length (d)
4
4
5
5
5

Yield (%)
57
58
57
8
52

problems arose due to the poorer solubility of the dialkoxide of diol 21 in
THF relative to DMF. The dialkoxide precipitated to some degree in THF
alone and the addition of more THF became necessary. Also, moderate
heating of die reaction mixture to 45 °C was used to enhance solubility.
After a simpler workup, the product crown ether 23 was isolated in 57%
yield, die same as die DMF reactions.
A cyclization reaction was mn in a sufficient volume of THF so that
die dialkoxide remained in solution. This required a large volume of THF
and apparently the concentrations of reactants became too dilute, since the
yield was only 8% and considerable amounts of the reactants could be
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recovered. It became apparent diat for relatively small scale reactions
(using approximately 3 g of die diol 21) die best reaction conditions were
reaction in THF at 45 °C widi 20 mL of THF for each gram of 21 as a
total solvent volume. This system gave a much simpler workup with no
loss of yield.
To scale up the reaction, DMF was chosen as the more attractive
solvent due to the much greater solubility of alkoxides in DMF relative to
THF. This enhanced solubility allows larger scale reactions to be carried
out in reasonable solvent volumes. The amount of starting diol 21 could
be increased by a factor of 2.2 while the solvent volume was only increased
by 25%. After stirring for five days at room temperature, the reaction
yielded the product crown ether in a 52% yield. Thus the cyclization could
be scaled up easily with only a slight diminution of yield. When the solvent
system included the 20% THF component, attempts to scale up the reaction
were unsuccessful."^^
The final step in the preparation of hydroxymethyl-18-crown-6 (17)
was debenzylation of die protected crown 23 (Scheme 1). Benzylprotected crown ether 23 was dissolved in 95% EtOH and 10% palladium
on carbon was added along widi a catalytic amount of/7-toluenesulfonic
acid. The mixture was shaken under a hydrogen atmosphere for 48 hours
at room temperature to give die hydroxymediyl crown edier 17 in 90 to
96% yields.
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Svndiesis of Tethered 18-Crown-6 (\H)
To provide a crown edier similar to hydroxymethyl-18-crown-6
(17) that could possibly "reach" hindered chloromethylated sites within the
polymeric matrix, the tethered crown edier 18 was prepared. The
synthetic route is shown in Scheme 4. Diethylene glycol (28) was
monobenzylated by adding benzyl chloride (29) dropwise during 30
minutes to a stirred solution of 28 and 0.35 equivalents NaOH in H2O.
The reaction was worked up after 24 hours and distiUation gave the
monobenzyl-protected glycol 30 in a 71% yield. Tosylation of 30 in
methylene chloride with tosyl chloride (27) in the presence of pyridine at
-10 °C gave compound 31 in 90% yield.
The tedier was attached to crown ether 17 by a nucleophilic
displacement of die tosylate group of 31 by the alkoxide generated from
17 widi NaH in THF. The hydroxymethyl 18-crown-6 (17) was very
hygroscopic and it was found to be essential that it be carefully dried by
heating at 90 °C/0.1 Torr for several hours before use. The reaction
mixture was stirred at room temperature for diree days. Column
chromatography of die cmde product gave die benzyl-protected tethered
crown 32 in 74% yield as a colorless oil. Debenzylation widi palladium on
carbon under hydrogen gave crown ether alcohol 18 as a colorless oil in a
93% yield.
.Synthesis of Pnlvmer-Suppnrted Crown Ethers
Crown ether alcohols 17 and 18 were attached to a macroporous
polystyrene cross-linked with divinyl benzene by nucleophilic attack at
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To provide a crown edier similar to hydroxymethyl-18-crown-6
(17) tiiat could possibly "reach" hindered chloromediylated sites within the
polymeric matrix, the tethered crown edier 18 was prepared. The
synthetic route is shown in Scheme 4. Diediylene glycol (28) was
monobenzylated by adding benzyl chloride (29) dropwise during 30
minutes to a stirred solution of 28 and 0.35 equivalents NaOH m H2O.
The reaction was worked up after 24 hours and distillation gave die
monobenzyl-protected glycol 30 in a 71% yield. Tosylation of 30 in
mediylene chloride with tosyl chloride (27) in die presence of pyridine at
-10 °C gave compound 31 in 90% yield.
The tedier was attached to crown ether 17 by a nucleophihc
displacement of the tosylate group of 31 by the alkoxide generated from
17 with NaH in THF. The hydroxymethyl 18-crown-6 (17) was very
hygroscopic and it was found to be essential that it be carefully dried by
heating at 90 °C/0.1 Torr for several hours before use. The reaction
mixture was stirred at room temperature for three days. Column
chromatography of the cmde product gave the benzyl-protected tethered
crown 32 in 74% yield as a colorless oil. Debenzylation widi palladium on
carbon under hydrogen gave crown ether alcohol 18 as a colorless oil in a
93% yield.
Synthesis of Polvmer-Supported Crown Ethers
Crown ether alcohols 17 and 18 were attached to a macroporous
polystyrene cross-linked with divinyl benzene by nucleophilic attack at
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chloromediylated sites on some of die phenyl rings of the polymer. The
polymer was 20% cross-linked. The reaction scheme is shown in Scheme
5. The reactions were carried out in refluxmg THF using NaH under
carefully maintained anhydrous conditions to give functionalized polymers
19 and 20.
Hydroxymediyl-18-crown-6 (17) was carefully dried and dissolved
in dry THF. A 60% dispersion of NaH in mineral oil (two equivalents)
was added and the mixture was stirred until hydrogen evolution ceased.
The chloromethylated polystyrene 33* was allowed to sweU for three hours
m dry THF before adding it to the reaction mixmre as a THF slurry. The
reaction mixture was stirred at reflux under dry nitrogen. The reaction
was quenched with a small amount of ice and the polymer was collected by
filtration and carefully rinsed with Et20, MeOH, CH2CI2 and Et20 again
to remove unreacted crown ether alcohol 17. Chlorine elemental analysis
data given by the suppliers of the polymer was used to determine the
degree of chloromethylation within the polymer and thus the amoimt of
crown ether alcohol 17 which was necessary to react with each site. The
first attempts were carried out before a revised figure for chlorine content
indicated that fewer chloromediylated sites were present dian originaUy
thought. In actuahty, the amount of crown ether alcohol 17
used was in excess by a factor of 1.4.
To determine die extent of loading of die polymer by the crown
ether, oxygen elemental analysis data was used.25 Three coupling reactions

Polymer provided by Mound Laboratories.
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were conducted and the results are shown in Table 6.2. The loading
percentages were in the 55% range which is less than the near quantitative
TABLE 6.2
Percent of Loading of Polymer 33
with Crown Ether 17
Reaction
1
2
3

Loading (%m
52.9
52.7
56.9

^Determined by oxygen elemental analysis

coupling for a microporous polystyrene with 1% cross-linking.'^l The
coupling reaction may have been hindered in the present study by
inaccessibility of the crown ether alkoxide derived from 17 to the
chloromediylated sites of the polymer 33. There was still a large amount
of unreacted alkoxide from crown ether alcohol 17 remaining at the end of
five days due to the excess. Also the NaH was still "hot" smce quenching
with ice caused a mild frothmg.
To determine whether crown ether 18 with its hydroxyl group
attached to a tether could reach die chloromediylated sites more readily,
crown edier alcohol 18 was reacted with polymer 33 m die same manner
as crown ether alcohol 17. The same 1.4 molar equivalent excess was used
and the reaction mixture was stirred at reflux for 5 days then quenched
with ice and rinsed. Oxygen elemental analysis data gave a loading
percentage of only 41.0%. As a means of confirmation, die residual
chlorine content of the polymer was analyzed after the functionalization
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reaction. This data gave a loading percentage of 39.0%. This indicates
diat 61% of the original chloromethyl sites were still intact, which suggests
that the alkoxide from crown ether alcohol 18 simply could not reach diem
due to steric bulk, mostly likely brought about by the high degree of crosslinking.
Another possible explanation for the lower degree of loading for the
tethered crown ether 18 relative to the shorter armed crown ether 17
might be the possible deactivation of the alkoxide depicted in the alkoxidecation complex 21. The side arm of the crown ether could reach back
across the cavity of the macrocycle and interact with the Na+ cation
complexed within the cavity. This ionic interaction would hinder the
alkoxide's ability to nucleophilicaUy displace the benzylic chloride of the
polymer, reducing the overall loading percentage.

O
^O

Na" O
O-f

21
Conclusion
In an attempt to provide a crown ether-functionalized polymer
suitable for chromatographic separation of calcium isotopes, two crown
edier alcohols were attached to a highly cross-linked polystyrene.
Hydroxymethyl-18-crown-6 (17) was prepared in an improved fashion that
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allowed for a larger scale reaction. It was bound to die polymer with only
moderate sucess, most likely a resuh of a high degree of steric hindrance
within die polymer. A novel crown ether alcohol 18 widi a short tedier
was prepared and also coupled to the polymer. The loading percentage was
even lower than for 17 which indicates the tether did not help by
"reaching" into the polymer matrix. The tether may have actually acted as
a hindrance to loading by aUowing an alkoxide-cation interaction to
develop, which might reduce the reactivity of the side arm with the
benzylic chlorides of the polystyrene. Chlorine elemental analysis
confirmed the loading percentages obtained from oxygen elemental analysis
and showed that active chloromethyl sites were still present in the polymer
coupled from 18.

CHAPTER VII
EXPERIMENTAL PROCEDURES
General
Melting points were determined on a Fisher-Johns melting point
apparatus and are uncorrected. Proton nuclear magnetic resonance (^H
NMR) spectra were obtained widi eidier an IBM AF-200 or an IBM AF300 spectrometer. The chemical shifts are expressed in parts per miUion
(ppm) downfield from tetramethylsilane. Splitting pattems are indicated as
s, singlet; d, doublet; t, triplet; q, quartet; pen, pentet; dd, doublet of
doublets; td, triplet of doublets; m, multiplet; b, broad peak. Carbon-13
nuclear magnetic resonance (^^C NMR) spectra were obtained with either
an IBM AF-200 or an IBM AF-300 spectrometer with chemical shifts
expressed in parts per million (ppm) downfield from tetramethylsilane.
Infrared (IR) spectra were obtained on either a Nicolet MX-S FT-IR or a
Perkin-Ehner 1600 Series FT-IR spectrometer on NaCl plates and are
given in wavenumbers (cm"l).
Unless specified otherwise, starting materials and solvents were
reagent grade and were used as received. Dry solvents were prepared as
follows: pyridine was dried over KOH peUets; N,N-dimediylformamide
(DMF) was dried over 4 A molecular sieves; tetrahydrofuran (THF),
dioxane, and toluene were distilled from Na metal; DMSO was distilled
under vacuum from CaH2; benzene and ethyl acetate were distilled from
CaH2; MeOH was distilled from 3 A molecular sieves.
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Thin layer chromatography (TLC) was performed on eidier
Analtech Alumina GF or Silica Gel GF prepared plates. Column
chromatography was performed widi eidier alumina (80-200 mesh) or
silica gel (60-200 mesh) from Fisher Scientific. Radial chromatography
was performed on a Harrison Research Chromatotron Model 7924T on
Sihca Gel 60 PF254 with gypsum from EM Science.
Elemental analyses were performed by either Galbraith Laboratories
of Knoxville, Tennessee, or Desert Analysis of Tucson, Arizona.
Benzyl-protected Solketal (25)
Solketal (95.5 g, 0.72 mol), benzyl chloride (190.0 g, 1.5 mol) and
KOH (85 g, 1.51 mol) were added to 500 mL of benzene in a 3-necked
flask equipped with a mechanical stirrer, CaCl2 drying tube, condenser,
and a Dean-Stark trap. The reaction mixture was refluxed for 48 hours.
The resulting mixture was washed with 100 mL portions of H2O, 0.1 N
HCl, and 5% NaHCOs, then dried over MgS04. The solvent was removed
in vacuo and the residue was distiUed imder high vacuiun. A colorless
hquid, 140.2 g (87%), was coUected at 80-85 °C/0.2 mm Hg. iH NMR
(CDCI3): 6 1.37 (d, 6H); 3.43-3.5 (m, 2H); 3.65-3.70 (m, IH); 3.96-3.99
(m, IH); 4.23 (p, IH); 4.52 (s, 2H); 7.30 (s, 5H).
3-(BenzyIoxy)-propane-l,2-diol

(21) ^3

Benzyl-protected solketal (25) (104.2 g, 0.630 mol) was added to
300 mL of 1.5 N H2SO4 and die solution was refluxed for 2.5 h. The
reaction mixture was cooled to room temperature and neutralized with a

144
10% NaOH solution. The reaction mixture was extracted widi EtOAc (3 x
250 mL) and dried over MgS04. The solvent was removed in vacuo and
die residue was distiUed at 113 °C/0.4 mm Hg to give 88.3 g (63%) of a
colorless oil IR (neat): 3400 (0-H) cm-l. iR NMR (CDCI3): 5 3.41 (d,
2H); 3.49-3.56 (m, 2H); 3.80 (p, IH); 4.10 (s, IH); 4.46 (s, 2H); 7.29 (s,
5H).

Pentaethylene Glycol Ditosylate (22)
Under nitrogen, a solution of tosyl chloride (27) (13.33 g, 69.92
mmol) dissolved in 20 mL of CH2CI2 was added dropwise over 30 minutes
to a stirred, cold (-10 °C) solution of pentaediylene glycol (8.33 g, 34.96
mmol) and pyridine (11.05 g, 139.84 mmol) in 20 mL of CH2CI2. The
reaction mixture was stirred for 2 hours at -10 to -5 °C, refrigerated
ovemight, and poured into a slurry of 6 N HCl (100 mL) and ice (50 g).
The mixture was extracted with CH2CI2 (3 x 40 mL). The combined
CH2CI2 extracts were washed widi 6 N HCl (100 mL), 5% NaHCOs (2 x
100 mL), and dried over MgS04. The solvent was removed to give the
product as a colorless oil that slowly solidified into a white solid with mp
44-46 °C in a 93% yield. IR (neat): 1356, 1177 (SO2); 1124 (C-0) cm-l.
IH NMR (CDCI3): 6 2.44 (s, 6H); 3.57-3.60 (m, 12H); 3.65-3.70 (m, 4H);
4.12-4.17 (t, 4H); 7.32-7.36 (d, 4H); 7.76-7.81 (d, 4H). 13c NMR
(CDCI3): 5 21.42, 68.41, 69.13, 70.27, 70.35, 70.49, 76.35, 77.01, 77.66,
127.73, 129.67, 132.73, 144.67.
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(BenzyIoxy)methyI-18-crown-6

(23) 44

Pentaethylene glycol ditosylate (22) (19.80 g, 36.3 mmol) and 3(benzyloxy)-propane-l,2-diol (21) (6.60 g, 36.3 mmol) were dissolved in
dry DMF (20 mL) and taken up in a syringe. The solution was added
dropwise under nitrogen at room temperature with a syringe pump during
a 28-hour period to 3.19 g (79.86 mmol) of a 60% dispersion of NaH in
mineral oil stirred in 50 mL of dry DMF. After a total of five days, the
reaction mixture was quenched with 2 mL of water. The reaction mixture
was diluted with CH2CI2 then filtered. The CH2CI2 was removed from die
filtrate in vacuo then residual DMF was removed by a simple distillation
(55 °C/ 0.5 Torr). Column chromatography of the residue on alumina
with CH2CI2 and EtOAc as eluents gave 7.21 g (52%) of a colorless oil. IR
(neat): 1120 (C-0) cm-l. iR NMR (CDCI3): 5 3.50-4.00 (m, 25H); 4.53
(s, 2H); 7.20-7.41 (m, 5H).
Hydroxymethyl-18-crown-6 (17)
Benzyl-protected crown 23 (2.69 g, 7.00 mmol) was dissolved in a
33 mL solution of 95% EtOH containing 0.045 g of p-toluenesulfonic acid
and 0.19 g of 10% Pd on carbon. The reaction mixture was hydrogenated
under 25 lbs pressure of hydrogen at room temperature for 48 hours. The
reaction mixture was filtered and evaporated in vacuo. The residue was
dissolved in 30 mL of CH2CI2 and dried over MgS04. The CH2CI2 was
removed in vacuo to give 1.92 g, (94%) of a colorless oil. IR (neat): 3350
(0-H); 1125, (C-0) cm-l. I R NMR (CDCI3): 5 3.68 (s, 25H); 4.6 (br s,
IH).
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l-Benzyloxy-3-oxapentan-5-ol

(30)

Benzyl chloride (29) (42.4 g, 335 mmol) was added dropwise during
30 minutes to a solution of diediylene glycol (28) (106.12 g, 1.00 mol),
NaOH (14.0 g, 350 mmol), and water (14 mL). The reaction mixture was
heated to 100 °C, stirred for 24 hours, dien cooled to room temperature.
Water (300 mL) was added and the reaction mixture was extracted with
EtOAc (3 X 1(X) mL). The solvent was removed in vacuo and the residue
was distilled under high vacuum. The product was collected at 125 °C/0.8
Torr, giving 46.76 g (71%) of a colorless oil. iH NMR (CDCI3): 6 2.91
(t, IH, OH); 3.56-3.74 (m, 8H); 4.56 (s, 2H); 7.26-7.35 (m, 5H); 13C NMR
(CDCI3): 5 61.57, 69.31, 70.28, 72.39, 73.15, 127.57, 127.64, 128.27,
137.85.
l-Benzyloxy-5-tosyloxy-3-oxapentane

(31)

Under nitrogen, a solution of tosyl chloride (27) (13.33 g, 69.92
mmol) dissolved in 20 mL of CH2CI2 was added dropwise over 30 minutes
to a stirred, cold (-10 °C) solution of 30 (13.70 g, 69.9 mmol) and
pyridine (11.05 g, 139.84 mmol) in 20 mL of CH2CL2. The reaction
mixture was stirred for two hours at -10 ° to -5 °C, refrigerated ovemight,
and poured into a slurry of 6 N HCl (100 mL) and ice (50 g). The mixture
was extracted with CH2CI2 (3 x 40 mL). The combined CH2CI2 extracts
were washed with 6 N HCl (100 mL), 5% NaHC03 (2 x 100 mL), and
dried over MgS04. The solvent was removed in vacuo to give 22.02 g
(90%) of die product as a colorless oil. iH NMR (CDCI3): 5 2.40 (s, 3H);
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3.56-3.60 (m, 4H); 3.65-3.70 (t, 2H); 4.13-4.18 (t, 2H); 7.29-7.31 (m, 7H),
1.16-1.SO (d, 2H).
l-Benzyloxy-3-oxa-5-(oxymethyI-18crown-6)-pentane (32)
Under nitrogen, previously dried (4 hours/80 °C/0.05 Torr) crown
alcohol 17 (3.00 g, 10.2 mmol) was dissolved in THF (60 mL) and 0.61 g
(15.24 mmol) of a 60% dispersion of NaH in mineral oil was added. After
hydrogen evolution ceased, a solution of 31 (3.93 g, 11.2 mmol) dissolved
in 15 mL of THF was added during a 45 minute period. The reaction
mixture was stirred for 3 days at room temperature then heated to reflux
for 6 hours. The reaction mixture was filtered and the solvent was
removed in vacuo. The residue was chromatographed on alumina with
CH2CI2 then EtOAc as eluents to give 3.55 g (74%) of a pale green oil. IR
(neat): 1112 (C-0) cm-l. iR NMR (CDCI3): 5 3.53-3.82 (m, 33H); 4.56
(s, 2H); 7.28-7.35 (m, 5H). 13C NMR (CDCI3): 6 68.23, 68.72, 70.42,
70.49, 70.63, 71.13, 71.49, 72.98, 78.14, 127.32, 127.48, 128.10, 138.05.
Analysis calculated for C24H40O9: C, 61.00; H, 8.53. Found: C, 60.98;
H, 8.54.
Tethered 18-Crown-6 (18)
Benzyl-protected crown ether 32 (2.45 g, 5.18 mmol) was dissolved
in a 25 mL solution of 95% EtOH containing 0.04 g of p-toluenesulfonic
acid and 0.15 g of 10% Pd on carbon. The reaction mixture was
hydrogenated under 25 lbs pressure of hydrogen at room temperature for
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24 hours. The reaction mixture was filtered and evaporated in vacuo. The
residue was dissolved in 30 mL of CH2CI2 and dried over MgS04. The
CH2CI2 was removed in vacuo to give 1.82 g, (92%) of a colorless oil. IR
(neat): 1109 (C-0) cm-l. I R NMR (CDCI3): 5 3.18 (s, IH); 3.57-3.81
(m, 33H). Analysis calculated for C17H34O9: C, 53.39; H, 8.96. Found:
C, 53.54; H, 9.20.
Crown Ether-Functionalized
Polystyrene 19
Under nitrogen at room temperature, the previously dried (10 hours/
80 °C/ 0.1 Torr) crown alcohol 17 (0.75 g, 2.55 mmol) was dissolved in
dry THF (20 mL). A 60% dispersion of NaH m mineral oil (0.21 g, 5.10
mmol) was added. After hydrogen evolution had ceased, pre-swoUen (3
hours in THF) macroporous chloromethylated polystyrene (33) (1.09 g)
was added as a slurry in dry THF (25 mL). The reaction mixture was
refluxed for five days and then quenched with ice (=1 g). The
functionalized polymer was filtered and washed successively with 25 mL
portions Et20, MeOH, CH2CI2, and Et20 again. The supported crown
ether was then dried for 16 hours at 70 °C/ 0.1 Torr. The percent loading
of the crown ether onto the polymer was obtained from the elemental
analysis for oxygen.25 The polymer-supported crown ether 19 was
obtained as a pale yeUow sohd and was 53% loaded.
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Crown Ether-Functionalized
Polystyrene 20
Under nitrogen at room temperature, the previously dried (10 hours/
80 °C/ 0.1 Torr) crown alcohol 18 (0.99 g, 2.59 mmol) was dissolved in
dry THF (20 mL). A 60% dispersion of NaH in mineral oil (0.21 g, 5.10
mmol) was added. After hydrogen evolution had ceased, pre-swollen (3
hours in THF) macroporous chloromethylated polystyrene (33) (1.11 g)
was added as a slurry in dry THF (25 mL). The reaction mixture was
refluxed for five days and then quenched with ice (=1 g). The
functionalized polymer was filtered and washed successively with 25 mL
portions Et20, MeOH, CH2CI2, and Et20 again. The supported crown
ether was dien dried 16 hours at 70 °C/ 0.1 Torr. The percent loading of
the crown ether onto the polymer was obtained from the elemental analysis
for oxygen25, as well as by elemental analysis for chlorine. The polymersupported crown ether 20 was obtained as a yellow sohd and was 40%
loaded.
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