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1. CONTRACT OBJECTIVE: The objective of this project was the synthesis of one pound of a new

naphthalene-hydroxynaphthalene polymer model compound for use in coal combustion studies.
Since this compound was an unreported compound, this effort also required the development of
a synthetic route to this compound (including routes to the unique and unreported intermediates
leading to its synthesis).

2. TECHNICAL APPROACH CHANGES: There were never any formal changes to the technical

approach. However, from the very beginning, we consistently obtained complex or difficult to
separate product mixtures from ali of our approaches, and as a result, we were constantly making
small modifications to the overall approach. These were presented in our monthly or quarterly
reports.

3. CONTRACT PERFORMANCE (By Reporting Element)

1 -- Plan Development and Project Organization. Much of the early part of the project was
directed toward deciphering the contract codes and requirements to obtain content and format guidelines
for the periodic reports, etc. As a result of this effort, we were able to prepare and submit the required
Management Plan, Milestone Schedule, Cost Plan, Notice of Energy RD&D, and potential environmental
impact questionnaire at their specified times.

Our project organization during the early part of the project included assembling the personnel
for this project, procuring starting materials, and reevaluating our proposed scheme. As would be expected,
the balance of the project was directed toward our attempts to synthesize the target compound and toward
the preparation of the many required monthly and quarterly reports and the Other support documentation.
One deviation in the project plan occurred during the fourth quarter when we ,requested and were granted
an extension (without additional funding). This extension allowed us to continue to pursue modified

-a targets until our funds were essentially exhausted.

2 -- Sample Characterization. During the course of this project, many reactions were attempted,
and a number of compounds were prepared as potential precursors and intermediates. These compounds
were ali initially screened and evaluated by using thin-layer chromatography (TLC), a method that we

. typically have used in ali of our synthesis efforts. However, for this project (especially because of the one-
pound target quantity of polymer), we assigned even greater significance to our TLC results since this

:. screening immediately allowed an immediate determination of whether the investigated reaction was
occurring cleanly enough for use in the final synthesis (e,g, the required purification of the reaction product

i would be little or none), Only in those cases where the TLC of the reaction/product mixtures showed

: clean or promising results were the samples subjected to further characterization by mass spectrometric
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analysis, proton nuclear magnetic resonance (lH NMR) spectroscopy, or infrared spectroscopy (IR). These
more extensive analyses were performed by the Organic Chemistry Research Area's Analytical Section for
characterization and identification.

3 -- Monomer Synthesis Development. The synthesis of an appropriate pre-Bakelite intermediate
,_ was identified as being key to our s_'nthesis of the target polymer. We suspected that the synthesis of such

a polyfunctionalized intermediate would be. difficult since these functionalities would be potentially
competitive in their directing effects. Therefore, our strategy was to continuously reevaluate our synthetic
approach while we pursued our original scheme.

Our early efforts to synthesize the prepolymerization intermediate resulted in complex or difficult
to separate product mixtures, as we had anticipated. These results led us to design and pursue modified
target intermediates which could be obtained by more direct routes and using commercially available
starting materials. We realized that any polymer resulting from these simplified intermediates would not
contain some of the specified functionality of the target compound. However, we still felt that these
modified targets should be pursued since their availabilities would have expedited preliminary investigations
of the final polymerization. Furthermore, the preparation of a simplified model compound would be
expected to provide data to help us determine reaction scheme modifications that could be applicable to
the synthesis of the final target. Unfortunately, none of our targets or approaches yielded any of the target
monomers or even any of the simplified monomers. We consistently obtained complex product mixtures
in the early steps of ali of our approaches.

4, 5,& 6 -. Monomer Synthesis Scale-up, Polymer Synthesis Development, and Polymer Synthesis
Scale-up Projected work in these phases could never be started, because we were unable to develop
suitable procedures for preparing either the originally targeted monomer or any of the simplitied target
intermediates. However, we began directing the funds for these phases to the monomer synthesis
development phase as the funds for that phase were exhausted. This shifting of funds was done so that
work could be continued.

I. Introduction

The need for alternative sources of energy and petrochemicals has led to the application of coal
in these capacities. However, the use of coal in these directions may be limited until there is significant
improvement in the processing and especially in the liquefaction and desulfurization of coal. A key
requirement for advancing these technologies is an improved understanding of the mechanisms involved
in these processes. Therefore, in recent years, a significant amount of research has been dedicated to their
clarification.

The U,S. Department of Energy (DOE) has identified a number of the chemical functionalities
often found in coal. To determine the roles of these functionalities in the chemistry of coal processing,
they have designed and requested the synthesis of five model compounds containing many of these
functionalities. These compounds are to be included in a DOE sample bank where they will be available
for use in mechanistic studies of the specific reactions used in coal liquefaction and desulfurization.

In preparing our response to the RFP for this project, we conducted a thorough search for these
compounds in the literature and found that there were no direct synthetic routes to these compounds.
However, the chemical functionalities in these target compounds were reasonably common, and therefore,
we devised (over a short period of time) approaches to four of these compounds, using precedented
synthetic methods. We were awarded the contract for one of these compounds, and our attempts to
synthesize this compound are presented in this final report.

This report was prepared as an account of work sponsored by an agency of the United States
Government, Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that Its use would not infringe privately owned rights, Refer-
once herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof, The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof,
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II. Technical Discussion

A. Background

- 'Ilae variations in the supply and price of petroleum have prompted the development of alternative
sources of energy and petrochemical _. For the U.S., coal is the most logical and readily available
alternative to petroleum since this country has such abundant reserves of coal. As a result, extensive
research has been directed toward processes that can convert coal into the commodities obtained from
petroleum. Among the processes of special interest are coal liquefaction and the treatment of coal to
remove or reduce the content of contaminants containing sulfur and nitrogen.

Much work has been directed toward the improvement of coal liquefaction and desulfurization, and
as a result, significant improvements have been made to these processes. Current technology has decreased
the severity of the reaction conditions for these processes so that lower pressures and less energy are now
required. However, the equipment and energy requirements are still significant, and as a result, the current
and projected costs of coal-derived liquid fuels products are still considerably higher than those from crude
oil. Therefore, there is a need for continued work to further improve these processes.

An obvious approach to these goals is to improve the understanding of the mechanisms involved
in these processes. Especially important are the individual or collective roles and effects that are exerted
on these mechanisms by the many chemical functionalities present in coal. In an attempt to simplify this
mechanistic study, the DOE has chosen to use model compounds, since such simplified systems have
frequently been used in the successful study of other complex systems. Five model compounds have been

, selected to represent the common functionalities found in coal. These compounds will be used in a battery
of studies to elucidate the mechanisms involved in coal conversion.

The selected model compounds are 6-methyl-9-propyldibenzothiophene-4-ol; 4,(4'-hydroxy-5',6',7',8'-
tetrahyclro- l'-naphthylmethyl)-6-methyldibenzothiophene; a C30H_O 2 compound containing
tetrahydronaphthalene, naphthalene, and phenyl moieties (linked by methylene, ethylene, and ether bonds);
a 1-hydroxynaphthalene-dibenzothiophene polymer (linked by methylene bonds with a molecular weight of
10,000-30,000 and a sulfur content of 3%); and a naphthalene-hydroxynaphthalene polymer (with methyl
and benzylether links and crosslinks). The structures of these compounds are shown in Figures 1-5.

While preparing our response to the request for proposal, we conducted a search of the literature
and found that none of these compounds had ever been reported. However, the functionalities of the
target compounds were well known, and the literature contained syntheses for simpler, analogous
compounds. Therefore, we adapted selected syntheses into schemes that could allow production of four
of the target compounds. Then, as required, separate proposals, including synthetic routes and analytical
schemes were submitted for each of these compounds.

We were awarded the contract for the synthesis of the naphthalene-hydroxynaphthalene polymer
with methylene and benzyl ether links and cross-linked with 1-4 substituted phenyl groups. The following
sections present both our proposed routes and the modified routes that we eventually pursued.

B. Proposed synthesis of the naphthalene-hydroxynaphthalene polymer with methylene and benzyl-ether
[inks and cross.linked with 1.4 substituted phenyl groups.

As previously mentioned, ' our synthesis approach of the naphthalene-hydroxynaphthalene polymer
had to be extracted and extrapolated from the literature since no polymeric compounds such as the target

¢. had ever been reported. Furthermore, there were no direct precedents for any compounds resembling the

i targeted prepolymerization intermediate, and therefore, even at the earlier stages, we had to adaptanalogous syntheses to our needs.
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The envisioned preporation for the cross-linked polymer was a process similar to the production
of Bakelite by the base-catalyzed condensation of phenol and formaldehyde, t In this process, a
condensation reaction initially yields hydroxymethylphenol which then reacts (via its hydroxymethyl group)
with other phenols or is further hydroxymethylated, etc., until the polymeric material is obtained. In the
proposed route, we wanted to react an appropriately substituted naphthalene/hydroxynaphthalene monomer
with terephthaldicarboxaldehyde (or c_,c_,c_',c_'-tetrachloro-p-xylene2) by this same general approach. Because
a high degree of cross,linking was anticipated for this reaction, we also predicted that the obtained polymer
would be insoluble, thus complicating the development of an analytical system to characterize this polymer.
To facilitate the development of this analytical system, we also suggested that we might need to target a
less cross-linked, more soluble polymer which could ' be prepared from the same
naphthalene/hydroxynaphthalene monomer. For example, the substitution of formaldehyde or benzaldehyde
for terephthaldicarboxaldehyde could produce polymers which were more linear and more soluble.
Furthermore, a polymer with less cross-linking than the target polymer might also result from reacting the
naphthalene monomers with a mixture of terephthaldicarboxaldehyde and either formaldehyde or
benzaldehyde, although the relative reactivity rates of the different aldehydes would probably complicate
this option.

Therefore, a key requirement for this approach was the synthesis of an appropriately substituted
prepolymerization intermediate such as the originally proposed target, 1-(c_-naphthylmethanoxy)-4-(c_-
naphthylmethano)-8-naphthol (5).

i 1. Proposed preparation of 1-(c_-naphthylmethanoxy)-4-(c_-naphthylmethano)-8-naphthol (S)

We designed three approaches to the originally proposed prepolymerization intermediate, 1-(c_-
i naphthylmethanoxy)-4-(c_-naphthylmethano)-8-naphthol (5). One approach (Scheme I) started with the
J reduction of 1,8-dihydroxynaphthalene-3,5-disulfonic (1) acid to 1,8-dihydroxynaphthalene (2) by treatment
I with Raney nickel in aqueous KOH. The resulting 1,8-dihydroxynaphthalene would then be acetalized with
] 1-naphthaldehyde (or 1-(c_,c_-dichloromethyl)naphthalene3) to yield acetal 3, thus attaching one of the
I required naphthalene moieties of the target monomer. The acetal was also expected to "direct the
l subsequent Friedel-Crafts alkylation with 1-chloromethylnaphthalene to the 4-position of the 1,8-

dialkoxynaphthalene 34"7, thus giving adduct 4. The acetal of this adduct would then be reduced by
- treatment with lithium aluminum hydride/AICl3 to give target compound 5 and/or isomeric comioound 6.!

: However, as mentioned in our proposal, we anticipated that a mixture of 5 and 6 would be difficult
to separate, and therefore, we also proposed the following, longer alternate synthesis.t
2. Proposed alternate synthesis of 1-(o_-naphthylmethanoxy)-4-(c_-naphthylmethano)-8-naphthol (5)

i

This alternate approach 1-(o_-naphthylmethanoxy)-4-(_.naphthylmethano)-8-naphthol (S) would
-: require either six or seven steps, depending on the selected route to 8-hydroxy-l-naphthoic acid (11). The

first route to 8-hydroxy-l-naphthoic acid (11) was based on the reported ozonolysis of 1,2-
diphenylacenaphthylene (7)8, in which treatment of 1,2.diphenylacenaphthylene with ozone gives ozonide

! 8 which then decomposes with hydrogen peroxide and ba_e to give (8-hydroxy-l-naphthyl)phenyl ketone
| 9 (as shown in Scheme H). We felt that treatment of acenaphthylene tO should analogously proceed

through a similar ozonide, and after the same sequence of re_ctior_s, the necessaiy disubstituted
naphthalene, 8-hydroxy-l-naphthoic acid (11) would be obtained. (Scheme III)

- Scheme IV shows a second possible route to 8-hydroxy-l-naphth{,ic acid (11), the following two-step
_' sequence. Commercially available benz[cd]indol-2-one (12) would first be hydrolyzed to aminoacid 13 and

then converted to 8-hydroxy-l-naphthoic acid (11) by diazotization and heating in water.

Hydroxynaphthoic acid 11 from either of these approaches _vould then be treated with thionyl
chloride and lactonized to give compound 14. We thought that Friedel-Crafts alkylation of lactone t4 with
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1-chloromethylnaphthalene would then provide adduct 15 (as shown in Scheme III) since rho position para
to the carbonyl should be deactivated while the position para to the lactone oxygen would be activated for
electrophilic substitution. Such activation of a position para to an alkoxy group was shown in the reported
acylation of 1-methoxynaphthalene. 1

Lactone 14 would then be treated with methylmagnesium bromide to give keto-alcohol t6. The
naphthol of this compound would be O.alkylated with 1-chloromethylnaphthalene to give ether-ketone 17,
and compound 5 would then be obtained by Baeyer-Villiger oxidation of 17 with m-chloroperbenzoic acid
followed by work-up under hydrolytic condition_.

3. Proposed copolymerization of 1-(_.naphthylmethanoxy)-4-(a-naphthylmethano).8-naphthol (5) with
terephthaldicarboxaldehyde

Since monomer 5 would have a molecular weight of 441, the copolymerization of two parts of this
monomer with one part of terephthaldicarboxaldehyde (MW = 134) at maximum conversion would be
expected to result in an average degree of polymerization (DI:') of 10. Such a DP would yield a cross-
linked polymer with an average molecular-weight of around 10,000.

Polymerization and cross-linking of compound 5 with terephthaldicarboxaldehyde was expected to
give the polymeric compound shown in Scheme III. The reaction would be analogous to the Bakelite
process, except in this case, the aldehyde groups of terephthaldicarboxaldehyde will condense with the 4-
carbons of the least substituted naphthalene moieties.

A successful polymerization would probably yield an insoluble polymer that would precipitate as
it was produced. Therefore, the acidic solution containing the unreacted monomers would be periodically
sampled and analyzed by liquid chromatography. The concentrations of each reactant would be plotted
against time in order to determine the optimum reaction time to obtain maximum conversion. After
maximum conversion has been achieved, the recovered insoluble precipitate would be thoroughly washed
with water until the pH was neutral.

Finally, an alternate copolymerization of 5 with c_,_,cF,_'-tetrachloro-p-xylene 2 could be tried if
g copolymerization with terephthaldicarboxaldehyde did not occur as desired. We expected that this

terephthaldicarboxaldehyde analog could also be copolymerized with compound 5 under Friedel-Crafts
• conditions to give the desired target polymer.
!
|

4. Proposed characterization of cross-linked polymer
@

Because the polymer would be highly cross-linked, it was highly possible that it would be insoluble.
_- In this event, the polymer was to be sent to an independent testing laboratory for solid-state NMR analysis.

The integration of diarylmethylene carbons and the methine carbons were expected to give an indication
of the ratio of incorporation of the two co-monomers. If the integration was close to 2:1 and if the NMR

1, spectra also indicated that the polymer contained a negligible number of unreacted aldehydes, then this
would have provided a good indication that the targeted molecular-weight had been achieved. The NMR

¶ spectrum would also have indicated if the polymerization conditions had resulted in the alkylation at the
sites required to give the polymer shown in Scheme III.

Thermal analysis by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
: was also expected to give an indication of the amount of unreacted monomers that had been entrapped

in the polymer. For example, if a thermal transition was present in both the TGA and DSC at an
"_ identical temperature range well below the decomposition temperature, then volatilization would probably

be occurring as a result of the presence of unreactive monomers, assuming that the polymer was totallyfree of moisture.

i '
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5. Proposed research scheme

We planned to investigate ali of these options preliminarily on small, approximately 1-5 g scales.
Due to large target quantity of compound, ali reactions were to be initially screened by thin-layer
chromatography (TLC). Such screening would allow an immediate and economical determination as to
whether the investigated reaction was occurring cleanly enough so that the reaction would be applicable
to our scheme. If the reaction TLC showed promising results, the sample would then be subjected to
further characterization by mass spectrometric analysis, proton nuclear magnetic resonance (tri NMR)
spectroscopy, or infrared spectroscopy (IR).

The results from these preliminary runs would be used to determine the most promising of our
routes, and they would allow us to select the most promising routes to pursue, and these would be scaled
up to an intermediate 50 g range to verify that the correct selection had been made. Finally, the reaction
then would be further scaled up, aiming at a final yield of 500 g of target compounds, consistent with the
target quantity.

C. Attempted synthesis of the naphthalene.hydrox'ynaphthalene polymer with methylene and benzyl.
ether links and cross-linked with 1-4 substituted phenyl groups.

After being awarded the contract, we immediately began reevaluating our approaches. An early
conclusion of this analysis was that our schemes contained a prohibitive number of steps, especially when
one considered our budget and time allotments and the eventual target quantity. Another conclusion was
that some of our proposed steps were too optimistic with regard to their projected yields and specificities.
We questioned whether the steric factors would prevail in controlling the sites of alkylation in the final
polymerization, since ali of the naphthalene moieties would be activated by their respective substitutions,
and the most activated should be the naphthalene with oxygen-containing substituents, Furthermore, even
in our schemes for synthesizing the target monomer, we were concerned with the specificities of the
Friedel-Crafts alkylations and acylations of dihydroxynaphthalene. We questioned whether either of these
reactions could give the desired 4-alkylated or acylated dihydroxynaphthalenes, exclusively,and how difficult
would it be to separate ali possible isomers and reaction products. For example, with the Friedel-Crafts
alkylation approach, even if addition did occur initially at the 4-position, the resulting adduct would be
further activated by the 4-naphthylmethyl group, and of course, the naphthylmethyl ring would also be
activated toward Friedel-Crafts alkylation. The 4-acylation of dihydroxynaphthalene would offer an
improvement in selectivity over 4-alkylation since both the acylated ring and the added naphthoyl group
would both be deactivated to further Friedel-Crafts reactions by the carbonyl supplied by the addition of
the naphthoyl group. However, one essential assumption with this approach (which was also made With
the Friedel-Crafts alkylation approach) was that addition would occur exclusively or predominantly at the
4-position, with little or no 2-adduct. These concerns were further substantiated by a more thorough
analysis of the literature which showed that most of the reactions involving naphthol or
dihydroxynaphthalenes commonly gave mixtures of products. Therefore, we felt that, if at ali possible, we
should alter our schemes to circumvent these overly optimistic steps, and to avoid any laborious and time-
consuming column chromatography purifications. We also felt that we needed to pursue changes that
would offer a reduction in the number of reaction steps since it would obviously be best to minimize the
numbers of reaction steps, especially if the chromatographic purifications were going to be unavoidable.

An early result of our reevaluations was a shift of our efforts from the original target
naphthalene/hydroxynaphthalene monomer 5 to one in which the dihydroxynaphthalene moiety was 1-O-
and 4-C-dinaphthylmethylated 1,5-dihydroxynaphthalene rg, as shown in Scheme V. This targeting change
seemed both reasonable and logical since the actual position of the second phenol had not been specified
in the RFP's target compound and since a probable precursor to this new target was 1,5-
dihydroxynaphthalene (20), a relatively inexpensive, comlnercially available compound. We also felt that
this approach would lessen the required number of reaction steps if we could obtain adduct 20 either
directly by Friedel-Crafts alkylation with 1-chloromethylnaphthalene or by a slightly longer route requiring
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acylation with an appropriate naphthoyl carbonyl compound followed by reduction of the resulting keto-
carbonyl.

Therefore, our initial efforts were directed toward these Friedel-Crafts alkylations and acylations
of 1,5-dihydroxynaphthalene. We first tried to 4-alkylate 1,5-dihydroxynaphthalene with 1-
chloromethylnaphthalene and aluminum chloride, using standard Friedel-Crafts alkylation conditions. As
expected, our attempts with this reaction gave matures which appeared to include unreacted starting
materials and isomeric addition products. Our TLC results further indicated that the assumed isomeric
adducts would have been difficult to separate and would have required extensive chromatography which we
wanted to avoid. Next, we tried to 4-acylate 1,5.dihydroxynaphthalene with 1-naphthoic acid, ethyl 1-
naphthoate, or 1-naphthoyl chloride with H..fiO4 or aluminum chloride under standard Friedel-Crafts
acylation conditions. We again found that these reactions did not o_ur cleanly, as the TLC again showed
that we had obtained a mixture of products that would have been difficult to separate. These results
suggested that further pursuit of this approach would probably require O-blocking of one or both of the
phenols. We also might need to consider the activation of the 4-position of dihydroxynaphthalene (e.g.
by halogenation)with a functional group that could direct the alkylation of the naphthalene moiety to the
desired position (e.g. by a metalation route such as its conversion to a Grignard reagent).

We first determined that we could block either one or both phenols of 1,5-dihydroxynaphthalene
as the t-butyldimethylsilyl ethers 23 and 24 by treatment with t.butyldimethylsilyl chloride and imidazole.9
(Scheme VI) We also preliminarily investigated the synthesis of 4-bromo-l,5-dihydroxynaphthalene (25).
A search of the literature Indicated that 4-bromo-l,5-dihydroxynaphthalene could be obtained by treatment
of diacetylated 1,5-dihydroxynaphthalene with bromine in carbon tetrachloride. 1° However, a closer
inspection revealed that this procedure gave the desired 4-bromo compound only as a minor component
in a mixture that also contained other bromo adducts. We then explored another route (Scheme VII) in
which the first step was the diazocoupling of 1,5-dihydroxynaphthalene 20 with o-aminobenzoic acid.11"13
According to the literature, we should have obtained 4-diazocoupled product 26 exclusively using the
diazonium salts of either o- or m-aminobenzoic acid. This adduct could then be subsequently reduced with
stannous chloride to give 4-amino-l,5-dihydroxynaphthalene (27), thus giving a convertible functionality at
the 4-position. When we tried the diazo coupling of 1,5-dihydroxynaphthalene with the diazonium salt
generated from o-aminobenzoic acid (by treatment with sodium nitrite in acid), we did not get the results
suggested by the literature. A TLC of the product mixture showed multiple components, while a mass
spectrometric analysis of the product mixture did not even show the presence of the molecular ion (by both
MS-FAB and -NEGFAB) corresponding to the desired product. Since it appeared that this approach to
the synthesis of 4-bromo-l,5-dihydroxynaphthalene was becoming too involved, we decided that our pursuit
of this halogenation/metalation approach should be preliminarily investigated using a simpler starting
compound such as a 4-halo-l-naphthol. According to the literature, 1-naphthol would also 4- diazocouple
with some aryl acid diazonium salts,t2 thus providing an approach to a 4-halo-l-naphthol (Scheme VIII).

At this time, we were also convinced that most of our difficulties with our Friedel-Crafts approach
could be attributed to the reactivities of both phenolic rings of 1,5-dihydroxynaphthalene, and we decided
that ali of our future Friedel-Crafts reactions would also benefit from the use of a simpler, more
controllable starting material such as 1-naphthol. Again, we hoped that this substitution would eliminate
the competitive reactions from the second OH-activated ring, thus eliminating one of the contributors to
our complex product mixture.

Our modified Friedel-Crafts acylations were now directed to a new prepolymerization intermediate
31 which would be prepared from 1-naphthol or from 1-naphthol derivatives. As shown in Scheme IX,
1-naphthol was treated with 1-naphthoyl chloride and aluminum chloride at room temperature, and this
resulted in the formation of a mixture consisting of naphthoic acid (which probably formed during
workup/hydrolysis of the aluminum salts) as well as 1.naphthyl 1-naphthoate (29), according to MS and
TLC. As a result, we decided to synthesize more 1-naphthyl 1-naphthoate (29, R = 1.naphthyl), 1-
naphthyl acetate (29, R = Ac), and the 1-naphthylmethyl ether of 1-naphthol 33 to determine if prior



blocking the phenolic OH could prevent the undesired side reactions that we had encountered with 1-
naphthol.

Therefore, the two acylated compounds, 1.naphthyl 1-naphthoate (29, R = t-naphthyl) and 1- ,'.:,.._,.._.,_:'.,,.,_
naphthyl acetate (29, R = Ac) were first prepared by reacting 1-naphthol with 1-naphthoyl chloride and _ ._
acetyl chloride, respectively. We then attempted to further ao/late these compounds to 32 with naphth0Yl
chloride and aluminum chloride, as shown in' Scheme X. The TLC of the reaction mixtures for both of

these reactions showed that we had obtained complex product mixtures and that the major component of . _. _,,._,.:
the product mixture in each was unreacted starting material (29). ..... ............. _._,.,._.;_

We then synthesized the naphthylmethyl ether of naphthol 33 (as shown in Scheme XI) by refluxing
1-naphthol with 1-chloromethylnaphthalene and potassium carbonate in acetone. When we subsequently
attempted to acylate this ether with 1-naphthoyl chloride and aluminum chloride, we again found that we
obtained a mixture of products which would have been difficult to separate. However, mass spectral ..

analysis of the crude mixture indicated a molecular ion corresponding to the molecular weight of the
desired adduct, and therefore, we investigated this reaction in other solvents and at different temperatures.
Unfortunately, these efforts resulted in the same complex product mixtures, and therefore, this approach
was abandoned.

Since the literature had reported that 4-acylations or' 1-methoxynaphthalene with benzoyl chloride 2
occurred selectively and in high yields, we decided to attempt the analogous 4-acylation of 1-
methoxynaphthalene with 1-naphthoyl chloride, as shown in Scheme ,XI. If adduct 35 could be prepared,
the keto carbonyl could then be reduced to give 36. Demethylation of this compound would give 30 which
could then be alkylated with 1-chloromethylnaphthalene to 31. The results of our initial investigation

showed that this reaction _proceeded slowly at room temperature to give a mixture of addition products. _
According to TLC and MS, the desired 4-acylated compound 6 might have been one of the components,
since the molecular ion corresponding to an acylated product was present. Unfortunately, when we tried : _
to repeat this work on a larger scale, we were unable to isolate the desired compound 6 from the product
mixture, and rather than pursue this reaction any further, we decided to search for alternative reactions.

While we were preparing to pursue the 4-diazocoupling of 1-naphthol (to eventually synthesize 4-
bromo-l-naphthol), we determined that 4-chloro-l-naphthol (37) was commercially available. This
compound would obviously not be preferred over 4-bromo-l.naphthol for our proposed
metalation/alkylation approach to the target intermediate due its decreased reactivity in metalation "
reactions. However, its immediate availability made it an attractive candidate starting material, especially
since 4-bromo.l-naphthol would have to be synthesized by either of two preparations: a one-step literature
procedure, bromine and iodine solution in acetic acid added dropwise to 1-naphthol t4, which reportedly
gives this compound in low yield as one component of a difficult to purify product mixture; or by the
previously discussed multistep procedure via a 4-diazocoupled 1-naphthol ll'13 that we would have to
develop.

As previously mentioned, we realized that the formation of Grignard reagents from aryl chlorides
would not be as favorable as those from merc reactive aryl halides such as bromides and iodides. The
literature contained many references to naphthyl Grignard reagents in which they were readily generated
from the naphthyl bromide. Is The literature for Grignard reagents from aryl chlorides such as naphthyl
chloride and chlorobenzene indicated that these compounds required some activation for their format_,_. ,.t6"
20 Still, we felt that our pursuit of this approach with 4-chloro-l.naphthol was reasonable, especially since
the activating reagents were all readily available.

The following schemes show our approaches to the synthesis of the simplified pre-Bakelite reaction
intermediate using 4-chloronaphthol. As shown in Scheme XII, our first approach would give 38 from the
O-alkylation of 4,chloro-l-naphthol (37) with 1-chloromethylnaphthalene. The desired intermediate 3t
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should then have been obtained by generating the corresponding Grignard reagent of 38 and alkylating with
1-chloromethylnaphthalene or 1-naphthaldehyde.

Unfortunately, our attempts to generate the Grignard reagent of 38 were not successful, even after ........
using a variety of solvents (diethyl ether, THF, and DME) with catalytic amounts of iodine and ethyl .... : _"
bromide, and after refluxing for more than 3 days. We also attempted to generate the Grignard reagent
in situ with the naphthaldehyde already mixed into the solution (refluxed in DME with iodine for 3+ days),
but this effort also was unsuccessful in generating any of the desired product. Another variation was to
attempt to generate the Grignard reagent from molecular magnesium generated by the reduction of MgC12...... ':..... "" _'
with potassium in THF. 21 Preliminary data (mass spectral) from this approach showed that a product with ...........' .............
the correct molecular !on was forming. However, reaction monitoring by TLC indicated that conversion
to the desired product was very limited. Furthermore, the TLC results showed that the generation of the
Grignard reagent was the limiting step, since a significant amount of unreacted 38 remained in the product
mixture.

We then decided to attempt an alternate metalation reaction, the lithtation of 38 in THF. 22"23The
literature indicated that lithiation of certain aryl chlorides was a viable reaction, and that in certain cases,
reactions involving the lithi_tion of aryl chlorides gave better yields than similar reactions with other aryl
halides. When we tried this approach, reacting 38 with lithium in THF and then treating it with 1-
chloromethylnaphthalene, a mass spectrometric analysis of the reaction mixture showed that we had
obtained a mixture of products of which the desired compound 31 might have been one of the components.
Unfortunately, we could not isolate the potential desired product by column chromatography nor were we
able to improve the product formation.by this reaction. TLC monitoring of the reaction showed that the
lithiation of 38 was not proceeding to 100 % completion, and that the overall reaction was accompanied
by the formation of many side products.

Because of our difficulty in controlling the site of alkylation or acylation on 1-naphthol with our
Friedel-Crafts approaches, we also pursued other non-Friedel-Crafts approaches to the desired intermediate.
Among these were the approaches shown in Schemes XIII and XIV, the reaction of 1-
naphthylmethylmagnesium chloride 24'_ or triphenylnaphthylmethylphosphonium chloride 26 with 1,4-
naphthoquinone.

According to the literature, organometallic compounds such as alkyl and aryl Grignard and lithium
react with and add to one of the carbonyls of 1,4-benzoquinone to give a 4-adduct (following hydrolysis)Y"
30 Thereforel we hoped that similar organometallic compounds would react with 1,4-naphthoquinone in
an analogous manner to give 39 or 40, as shown in Scheme XIII. Unfortunately, our efforts with this
alternate approach were consistent with our other Grignard attempts in that we had difficulty generating
1-naphthylmethylmagnesium chloride from 1-chloromethyinaphthalene. However, after a prolonged reagent

. generating period, we felt that at least some of the necessary Grignard reagent had formed. We then
added the naphthoquinone and found that little reaction occurred (by TLC and MS), thus leading us to
conclude that this nucleophile had been essentially unreactive with naphthoquinone. If this approach had
been successful, the resulting adduct would have dehydrated to 40, reduced to the corresponding naphthol
30, and alkylated with 1-chloromethylnaphthalene to give 3t (as was previously shown in Scheme XI).

Scheme XIV shows our proposed Wittig approach. The literature indicated that such additions
were possible in the preparation of a red quinone methide from the reaction of 2.anilino-l,4-
naphthoquinone with benzylidenetriphenylphosphorane. 31 Therefore, we first prepared the Wlttig reagent
precursor, triphenylnaphthylmethylphosphonium chloride (41) from 1-chloromethylnaphthalene and
triphenylphosphine. The trtphenylnaphthylmethylphosphonium chloride (4t) was then treated with n-
butyllithium to generate ylide 42 to which was added 1,4-naphthoquinone. Unfortunately, we isolated only
the stabilized ylide 42 from the reaction mixture, even after a extended reaction time, and this suggested
that the ylide was not nucleophilic enough to attack the naphthoquinone carbonyl under our conditions.



We also attempted one other route to the desired target intermediate 31. As shown in Scheme
X'V, we treated naphthalene with bromine in carbon tetrachloride to obtain 1,2,3,4-tetrabromo-l,2,3,4-
tetrahydronaphthalene (43),32 A preliminary treatment of 43 with naphthylmethanol at -150°C resulted
in the formation of a viscous, dark purple product, accompanied by the production of hydrogen bromide. ..................._

We were unable to determine if this product was 44, even though the lR spectrum for this product •showed ...-._._/i_
no evidence of -OH absorption while showing evidence of the formation of the ether linkage (.CH20.),
aromatic substitution, aromatic .CH, and -CBr. If the structure of 44 had been verifiable, we had planned
to react it with naphthlymethylmagnesium chloride to get 45, which could then have been • ,

dehydrohalogenated to ta,'g,_t compound 31. During this time, we also attemptexl the i:reaction of "_":_"::'__'_:
tetrabromotetrahydronaphthalene (43) with sodium naphthylmethoxide (from Nail and naphthylmethanol), :'__' ':_:::'''::_'_'_L
which resulted in the formation of 1,4-dlbromonaphthalene (46). This result showed tha'. the abstraction
of the acidic benzylic protons occurred more readily than the displacement of the 1-bromo, and therefore,
we terminated our pursuit of this approach.

Since we had consistently been unsuccessful with our many approaches to the simpUfled pre-
polymerization intermediate, we speculated that our targeted naphthols and alkoxynaphthalenes were either
too reactive or that they oxidized very easily or were light-sensitive. Supporting evidence for this
conclusion were the complex product mixtures that we routinely obtained in ali of the reactions tried.
Because we already had questioned our ability to control the alkylation of our monomer with
terephthaldicarboxaldehyde in the polymerization step, we decided that it would be better to pursue a new
approach in which the inclusion of the hydroxynaphthalene or alkoxynaphthalene moiety should not occur
until the last, polymer_zation step.

Therefore, we designed a new prepolymerization intermediate, compound 50 (R = OH). As shown
in Scheme X'VI,we hoped to prepare this compound by alkylating terephthaloyl chloride with Grignard
reagent 48 to give adduct 49 (or alternatively, by a longer route with terephthaldicarboxaldehyde), '_....

• '_e_l

In pursuit of this new route, 1-naphthaldehyde and 1-naphthoic acid were both 5-brominated 33 to ., :-.:i,.
55 and then reduced to alcohol 56 with lithium aluminum hydride, as shown in Scheme XVII. This alcohol
was then treated with dihydropyraa to give Grignard reagent precursor 57. Another Grignard reagent
precursor was obtained by reflux,ing 5.bromo-l-naphthaldehyde 55 with ethylene glycol andp-toluenesulfonic '
acid to give acetal 58, as shown in Scheme XVIII.

We then attempted to prepare the Grignard reagent from 57 using standard Grignard reaction :
conditions (Br2/ether, 12,etc.). Again, we found the formation of the Grignard reagent to be sluggish.
However, after further effort to enhance the Grignard reagent formation (some heating and extended
stirring time), we added the terephthaldicarboxaldehyde. TLC analysis of the reaction mixture showed that
we had again obtained a product mixture which still contained significant proportions of the startingJ

materials. Next, we attempted to prepare the Grignard reagent of 58 with the more reactive elemental
magnesium generated from MgCI2 and potassium metal. Addition of terephthaldicarboxaldehyde to this
reagent again resulted in a complex mixture of products, and a mass spectroscopic analysis of the

a chromatography fractions did not show molecular ion peaks corresponding to any of the anticipated
products.

Because of our continuing difficulties in generating Grignard reagents, we decided to have one last
foray into the use of Grignard reactions, and we designed two model reaction schemes that could use
naphthylmagnesium bromide. As shown in Scheme XIX, we planned to react naphthylmagnesium bromide

__ with commercially available 4-methoxy-l.naphthaldehyde to give dinaphthylmethanol. Reduction of the
alcohol would give 36 which would then be demethylated to give 30. We also wanted to react

i naphthylmagnesium bromide with dimethylterephthalate to give 60, as shown in Scheme XX. Adduct 60
would then be halomethylated 34to give 6t which was a structural isomer of previously discussed 50. This

i compound could then be reacted with naphthol or dihydroxynaphthalene under Bakelite conditions to try

to obtain a polymeric material like the target polymer.

i
, ,, II_ ,
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When we attempted to generate naphthylmagnesium bromide (using the reported standard method
of adding _nagnesium to an ether solution of the bromonaphthalene, catalyzing the reaction with Iodine),
we surprisingly (or perhaps, not surprisingly) again found the generation of the Grignard reagent to be very
sluggish. The physical appearance of the solution seemed to Indicate that some Grignard reagent may have
formed (clouding of the solution, color change, formation of some salt/precipitate, dtsapp_ranceof some ....._:_'_": :_:;_':':_,,_.
of the magnesium metal), but we never saw the classical exothermic reaction reported in the literature.
Since it was now Obvious that our Grignard difficulties would continue, we decided that we would pursue
only one of the two naphthylmagnesium bromide approaches, and we decided to pursue the second
approach. Therefore, we heated the Grignard reagent mixture (bromonaphthalene, magnesium metal, 12, ..;i,: ': _"
fresh ether) to drive the reagent formation further, and then we added dtmethylterephthaiate" to the ...._. -,:. :,;i_':_',',..;
mixture. A mass spectrometric analysis of tile product mixture showed molecular ions corresponding to
mono., di., tri-, and the tetranaphthalene adducts. These results were corroborated by TLC results which
showed that the reaction mixture was indeed very complex. These results showed that we would be unable
to obtain reliable results from any approaches requiring Grignard reagent formation, and that the formation •
of even naphthylmagnesium bromide was not as straightforward as indicated in the literature. Therefore,
we shifted our efforts away from any of these approaches, and as a result, we once again redesigned our
prepolymerization intermediate to 62a, as shown in Scheme XXI, As can be easily seen, this new
intermediate 62a was another simplification of the target intermediate which would lead to final polymer
that was missing one of the cross-linking benzaldehydes.

Our rationale for this approach was based on literature 'reports which indicated that naphthalene
and benzaldehyde react together in sulfuric acid to give 62a.35 When we attempted to reproduce this work,
we obtained the desired product. Unfortunately, we also found that the reaction mixture also contained
a significant amount of a compound which resulted from the addition of another benzaldehyde (according

Q to mass spectrometric data of the product mixture), possibly 63a. As a result, we investigated conditions
to prevent or minimize this further reaction, including shorter reaction times and lower reaction
temperature. We obtained more promising results when we tried the analogous reaction of naphthalene

"_ with 4-nitrobenzaldehyde, which had been reported to give 62b in good yield. Both our small scale and

i small scale.up efforts gave the desired 62b cleanly, although in modest yields, and therefore, we tried to

improve the yield with modified reaction conditions, and we also investigated the use of other solvents
instead of chlorobenzene to avoid the steam distillation required for its removal.

II We also tried to chloromethylate compound 62b to 64 by the classical method of the reaction of
62b with formaldehyde and HC1,34as shown in Scheme XXII. Unfortunately, no reaction was observed

II tn the times that we tried this reaction. If we had been successful, then treatment with either 1-naphthol
11

or 1,5-dihydroxynaphthalene under Bakelite reaction conditions could have been expected to give a
_- polymeric compound with much of the functionality of the initial target polymer. Furthermore, if this

scheme had been successful, we could then have attempted the analogous reaction scheme with
!- terephthaldicarboxaldehyde to give a polymeric compound even closer to the target polymer,

One other modified target was actively pursued. A closer inspection of commercially available
naphthalene-containing compounds resulted in our finding c_-naphtholbenzein 65. As shown in Scheme

"_ XXIII, we attempted to reduce the tertiary alcohol to dinaphthylphenylmethane 66 by treatment with Hl
in acetic acid, following a reported procedure for the reduction of di-c_-naphthylmethanol to di-c_-
naphthylmethane. 15 If we had been successful, we would have reacted 66 with other carbonyl-containing
aromatic compounds such as benzaldehyde or naphthaldehyde, thus giving substituted compounds such as
67 with functionality similar to the target polymer. Our attempts to reduce 65 by this method resulted

-_ in a black solid (as compared with 65, a reddish brown solid). A MS comparison of these two compounds
revealed that the black solid was a mixture of products with M + l's of 372 and 373 while the M + 1

_' for 65 was the expected 374. Therefore, we can preliminarily conclude that our attempt to reduce 65
either did not go to completion, that we had instead dehydrated 65 to 68 and certainly not 66 since a M
+ 1 for 66 would have been 376. This would further suggest that reduction of the OH may be difficult
without other side reactions, and therefore, a better approach might have been to attempt the reactions

!

li
J
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with benzaldehydear naphthaldehydedirectly with 11. Unfortunr:tely, fundingwas exhaustedbefore this
modification could be attempted.

During this time, we also designed other potential targets containing much of the functionality ,
required by the target polymer, but with different overall structures. These targets llave been-present_, ! :,.:<:_
in previous reports and are again shown in Schemes XXIV.XXVI. Due to dwindling funds and time
allotments, our consideration of these compounds never proceeded beyond the preliminary stage, and
therefore, detailed synthetic approaches to these compounds were never developed. We felt that we should

• compounds.C°ncentrateon our most recently targeted approaches which were the most direct routes to potential target..::.,. ',','_•.:,.,:.',:i,:_.,"'"_'_,_i':'

III. Summary and Conclusions

This report describes the many approaches that were investigated in our efforts to synthesize • ;:.iiI''
intermediates leadir_g to the target polymeric compound requested by the DOE. It briefly presents the '"" ::S".:"
many reactions that were attempted as well as the subsequent modifications to the targeted
prepolymerization intermediate and hence, to the target polymer. A summary of our resul,s would be as

follows. Our efforts based on Friedel-Crafts chemistry consistently resulted in complex product mixtures .
which would have been difficult to separate. Our approaches based on alkylation reaction's of various

substrates with various Grignard reagents were limited by our inability to generate the Grignard reagents ...._;....
by a number of different method_. And ali of our other approaches were similarly unsuccessful, usually
resulting in only partial reactions and producing product mixtures that would need chromatographic
purification. . , ..... :,

A review of our efforts shows that we found the synthesis of the target polymer turnetl out to be ' ..... ::;_
a much more complex problem than we had anticipated. In retrospect, there is no question that the. : _'""'"_'
simpler systems should have been pursued before any work was attempted on the intermediates leading to .:'':: .......
the much more complex final product, and funding and time should have been allotted foi_this work. The :: .......i,-_,._-::i_,_
work that eventually evolved in our simplified systems clearly showed that many of the problems were
consistently encountered throughout the effort, and therefore, the experience ga!ned from the pursuit of ' i , ':.i'_il,-
these could have been applied in the later pursuit of the more complex targets.'".........We would' certainly.......... ................,,,,,,,,_'
recommend that such preliminary work should be planned into any future work directed toward the
synthesis of the target polymer. , :

,,

C,e__?K__t__'ng, Projecl Ma'nager
Organic Chemistry Research Department
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