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ABSTRACT OF THE THESIS

Progress Towards Synthesis of Novel Aromatic Diisocyanate for Polyurethane Materials

by

Victoria Lerda

Master of Science in Chemistry
University of California San Diego, 2023

Professor Valerie Schmidt, Chair

Polyurethanes are versatile organic materials that have transformed modern-day life.
Made from polyols and diisocyanates, their versatility is largely determined by the combination
of monomers used. In foams, the polyols can be sourced from renewable feedstocks and are
diverse in their structures and properties, however, the dominating process for aromatic
diisocyanates from fossil fuels has limited the monomers used in polyurethane materials. As
society depletes the petroleum resources on this planet, there is an incentive to expand to

renewable sources that can further diversify the aryl diisocyanates used in polyurethane

Xii



products. Herein, | take inspiration from naturally abundant phenolic compounds to expand the
scope of starting materials to access novel aromatic diisocyanates. | explore established
synthetic methodologies to prepare the aniline precursor to access novel monomer, 3,5-

diisocyanto-1,1’-biphenyl.
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Chapter 1
1.1 Background and Significance

Polyurethanes have become essential in modern life due to their wide success in consumer
and industrial applications. These diverse and versatile organic materials were first discovered by
Otto Bayer in 1937 through the reaction of a diisocyanate and a polyester diol. This discovery
launched polyurethane manufacturing for widely successful products such as furniture, shoes,
paints, adhesives, coatings, carpet underlay, clothing fibers, and insulation.® As the 6™ most used
polymer, polyurethanes have an estimated yearly production scale of around 18 million tons.? The
prospect for design and innovation, due to interchangeable building blocks such as polyols and
polyisocyanates, have established these materials as commodity products that will continue to
grow.

1.2 Polyurethanes
Any polymer that has a repeating urethane group is classified as a polyurethane regardless

of having various other functional groups. Synthetically, the urethane linkage is formed through
the reaction of diols or polyols with diisocyanates or polyisocyanates (Figure 1-1). While additives
like chain extenders, surfactants, and catalysts are incorporated in polyurethane material
preparation, this thesis focuses on isocyanates and polyols. The flexible and soft properties of
polyurethanes are provided by the polyols whereas the stiffness and hardness come from the

isocyanates.
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Figure 1-1. Repeating Urethane Linkages Define Polyurethanes
The versatility of polyurethanes stems from the variety of building blocks used in their

preparation, most notably, from the diversity in available polyol monomers.® Industrially relevant
polyols tend to be ether or ester based and can be synthesized with relative ease including some
derived from renewable sources.* Some bio-based polyols have been upscaled to industrial levels
on their way to replace petroleum-based polyols.> On the other hand, established industrial
methods have dominated the isocyanate industry with limited variability in structure. Derived from
petrochemical feedstocks, the range of isocyanates being produced is short, but their
insurmountable success in the polyurethane industry has made diversification of these monomers
unnecessary. Regardless, the opportunities to pair isocyanates with polyols of varying structures
and molecular weight can cause significant changes in physical properties for intended
applications.

1.2.1 Foams
Of these polyurethane materials, rigid and flexible foams have had immense success

accounting for 67% of the global polyurethane consumption.® In flexible foams, when an
isocyanate reacts with water, it releases COz, giving it an open-cell structure that allows air to flow
through the material as it flexes.” Roughly 30% of polyurethane market in North America can be
attributed to flexible foams where they are most successful in furniture, bedding, transportation,

and carpeting.® Rigid foams have a closed-cell structure, and they are most successful in insulation,



construction, and automotive applications. This closed-cell structure is usually created when
chlorofluorocarbon (CFC) is used as the blowing agent instead of CO2. Both flexible and rigid
foams rely on 2,4- and 2,6-toluene diisocyanate (TDI) and 2,2°-, 2,4°-, and 4,4"-methylene
diphenyl diisocyanate (MDI) monomers, as their rigid, bulky, aromatic structure impart firmness
and hardness on the foam. These attributes result in foams that exhibit desirable properties such as
good tensile strength, load bearing, tear strength, elongation, and resiliency.® In rigid foams, the
isocyanate serves as the reactant that joins polyol monomers together and builds a highly cross-
linked polymer system. Flexible foams use isomeric mixtures of TDI while rigid foams use MDI-
based isocyanates.

1.3 Aromatic Diisocyanates and Their Syntheses
MDI and TDI dominate the polyurethane industry constituting roughly 90% of the total

diisocyanate consumption.’® Lesser used aromatic diisocyanates include 1,5-naphthalene
diisocyanate (NDI), para-phenylene diisocyanate (PPDI), and 3,3 -tolidene 4,4 -diisocyanate
(TODI) (Figure 1-2). Aromatic isocyanates serve as the hard segment in polyurethanes and tend
to result in the polyurethanes that have higher glass transition, tensile strength, and modulus. While
there have been several ways developed to synthesize aromatic isocyanates, the phosgenation of
aromatic amines has remained the most common method for their preparation. Alternative
methods, including the Curtius, Lossen, and Hofmann rearrangement, have not found much
success outside of laboratory settings. Although there are various synthetic routes, the variability
in these aromatic monomers used in polyurethanes is fairly limited due to the inherent success of

TDI and MDI.
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Figure 1-2. Aromatic Diisocyanate Examples
1.3.1 Synthetic Routes of Aromatic Diisocyanates
The general industrial process of preparing these aryl diisocyanates begins from

unfunctionalized arenes, particularly benzene, toluene, and xylene (BTX), which are derived from
petrochemical feedstocks. Toluene serves as the backbone and starting material for TDI with the
first step being nitration with nitric acid and sulfuric acid as a catalyst (Figure 1-3).1* A mixture of
mostly 2,4- and 2,6-dinitro isomers are obtained after the first step which then undergo catalytic
reduction under hydrogen pressure to release the diamine that can be treated with phosgene gas to
access TDI. When benzene is similarly nitrated and reduced, the resulting aniline serves as the
basis for MDI. The condensation of aniline with formaldehyde in acidic conditions produces a
mixture of oligomeric diamines and polyamines. The subsequent phosgenation of these amines

yields polymeric MDI (PMDI) which can be further purified to separate the isomers.
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Figure 1-3. Aryl Diisocyanate Industrial Preparative Route
With the annual demand of BTX growing to 108 million metric tonnes, and 90% of all

isocyanates being derived from these aromatic feedstocks, it’s no surprise that this route has
remained the dominant preparative route of aryl diisocyanates.'? Alternative synthetic pathways
have yet to outcompete the successful phosgenation process and this has resulted in limited
variability in aryl diisocyanates applied in polyurethane materials. With the growing reliance on
fossil fuels, a nonrenewable resource, depletion of this feedstock is expected to occur within 100
years and alternative routes to synthesize existing and novel aryl diisocyanates must be
developed.®3

The Curtius, Lossen, and Hofmann rearrangements are alternative methods to synthesize
isocyanates and can be applied to aromatic isocyanates.!* These rearrangement reactions are
typically used to synthesize isocyanates as intermediates that can then be trapped with alcohols or
amines to form carbamates or ureas, respectively (Figure 1-4).1° These rearrangement reactions

are used for laboratory scale isocyanate synthesis and not suitable for industrial processes.®
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Figure 1-4. Rearrangement Routes to Isocyanates and Further Reactivity
The Curtius rearrangement is a thermal decomposition reaction of an acyl azide that

releases nitrogen gas and isocyanate through a concerted mechanism. Isocyanates synthesized
through this method are often obtained in high yield at laboratory scale, but the toxicity and
explosive nature of the requisite azides and acyl azides renders this process undesirable for
industrial applications. The Hofmann rearrangement of amides affords isocyanates that are rapidly
trapped with alcohols to yield the corresponding carbamates or degraded to the corresponding
amines when reacted with water. Typical reaction conditions require stoichiometric amounts of
toxic and corrosive Br. and produce a high amount of waste. The Lossen rearrangement of
activated hydroxamic acids produces isocyanates which are further reacted to yield ureas, amines,
or carbamates and is used less often than the previously mentioned rearrangement reactions. The
limited availability and extensive synthesis needed to obtain activated hydroxamic acids as well
as the requisite acetic anhydride or acetyl chloride with base have prevented usage in laboratory
and industry settings.

Other methods have been explored to synthesize isocyanates, including with renewable
resources such as maize and oat husks, but cannot overpower the grasp that industrial routes have

over aryl diisocyanate production.’’ As society continues to exhaust our earth’s supply of fossil



fuels, we are faced with the challenge of developing new methods to synthesize, upscale
production, and expand the diversity of these commodity polyurethane monomers from alternative
feedstocks.

1.4 Goals and Summary of Project
With the ever-growing pressure to move away from nonrenewable resources, attention

needs to shift towards renewable resources as feedstocks to polyurethane materials that have
transformed modern life. Prehistoric plants and organisms have taken millions of years under high
pressure to decompose into the natural gases, oils, and coal that polyurethane material productions
rely on today.'® Rather than wait millions of years, it would be opportunistic to exploit biomass as
a renewable source to access the aryl monomers required for the expanding demand of
polyurethane products. | sought to synthesize a novel aromatic diisocyanate inspired by naturally
abundant compounds derived from lignin biomass in hopes that it inspires the future use of
renewable resources as feedstock and scaffolds to expand the diisocyanate monomers used in
polyurethane materials. This project aims to leverage well-established synthetic methodologies
and apply them to access a novel aromatic diisocyanate structure and investigate alternative
renewable sources as starting materials which are discussed in Chapter 2.

1.4.1 Inspiration from Natural Products
The current starting materials, BTX, in the well-established phosgenation process for aryl

diisocyanate compounds has shown great success from only a handful of monomers used in
polyurethane products. This lack of structural diversity offers opportunities to expand the existing
library of monomers and offer alternative pathways from different feedstocks.

Aromatic amines, also known as anilines, are the precursors that undergo phosgenation to
access diisocyanates and are produced from chemical industries like oil refining, diesel exhaust,

and tobacco smoke.’® They can also be synthesized through well-established cross-coupling



reactions but oftentimes require expensive reagents, designer ligands, and functionalized starting
materials derived from the same petrochemical feedstocks.?

On the other hand, phenolic compounds derived from lignin biomass are naturally abundant
and are not limited in structural diversity.?! Many naturally occurring phenols share structural
similarities with existing aryl diisocyanates and could also serve as inspiration for novel
isocyanates (Figure 1-5).22 Specifically, 3,5-dihydroxy-1,1"-biphenyl offers a unique structure that
has an additional aryl unit, like MDI, but functional group linkage similar to TDI. A diisocyanate
with this structure has never been reported and could result in polyurethane materials with added
rigidity due to the additional aryl group and form crystalline structures.?® This phenolic compound
can be biosynthetically produced from E. coli and may offer an alternative pathway utilizing a

renewable resource to access the corresponding novel aromatic diisocyanate precursor.?*

o) II ' HO OH
= catechol bisphenol F CI

HO
OH N
OH
OH o OH H O/©/ 3,5-dihydroxybiphenyl

] . hydroquinone
resveratrol orcinol resorcinol

derivatives

Figure 1-5. Examples of Naturally Abundant Phenols
Although some research has established that phenols can be directly converted to anilines,

there has been limited application in expanding the scope of phenolic compounds and applying
them in the synthesis of new polyurethane monomers.?® These naturally occurring phenols can
also serve as inspiration to switch to bio-renewable polyurethane building blocks that will lower

the environmental footprint.
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Chapter 2

2.1 Aryl Carbon — Nitrogen Bond Forming Strategies
Carbon-nitrogen bond forming reactions are paramount in synthetic chemistry.

Specifically, aromatic amines are invaluable motifs found in pharmaceuticals, natural products,
agrochemicals, and materials for polyurethanes.! Anilines, essential precursors to polyurethane
monomers, are typically synthesized through the 2-step nitration-reduction sequence, as described
earlier. However, there is little structural diversity in naturally abundant aromatic amines. Phenols,
a type of aromatic alcohol, on the other hand, are plentiful in nature and can serve as valuable
precursors to forge aryl carbon-nitrogen bonds. Direct amination of phenols is the ideal reaction
sequence to convert these naturally abundant and diverse oxygenated aromatic building blocks to
their respective anilines. While some of these methods are established and used in industry for
accessing anilines, they require harsh conditions, are limited in scope, and are challenging to carry-
out using non-specialized reaction vessels.?

Transition metal-catalyzed cross-coupling reactions are another excellent synthetic
strategy for the formation of aryl C-N bonds. While some of these reactions can transform aryl C-
O bonds to aryl C-N bonds, there are still limitations in scope and the starting materials are
generally derived from petrochemical sources. These bonds can also be formed through
intramolecular nucleophilic substitution processes known as the Smiles rearrangement. Radical
approaches to forming aryl carbon-nitrogen bonds from aryl carbon-oxygen bonds can also be
done through radical Smiles type rearrangements. In this chapter, several well-established aryl C-
N bond forming reactions are discussed and then applied to a particular catechol to access a bis-

aniline en route to a novel aromatic diisocyanate.
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2.1.1 Cross — Coupling Reactions
Aryl C-N bonds can be formed through transition metal catalyzed cross-coupling methods

developed by Buchwald, Hartwig, Ullmann, Chan, and Lam which utilize nitrogen-containing
nucleophiles with functionalized aryls (Figure 2-1).® These functionalized starting materials
include aryl halides, pseudo halides, and boronic esters. While these methods have been
transformative and useful to forge aryl C-N bonds, the required functionalized aryls are typically
accessed via undesirable routes. Aryl halides can easily be formed through the halogenation of the
desired aryl compounds derived from petrochemical feedstocks and serve as precursors to aryl
Grignard and ary! lithium reagents that further react with trialkyl borates to yield boronic esters.*

[cat. M], ligand R?

X R2
- N
©/ * HN M = Pd, Cu, Ni “R!
R X = B(OR),, halide, OTf

Figure 2-1. General Cross-coupling Reaction to Access Anilines
Many phenol-derived electrophile partners have been successfully used in cross-coupling

reactions, however, due to the inherent C-O bond strength and susceptibility of acidic phenolic
hydroxyl groups to undergo other transformations, phenols on their own are not suitable in these
reactions unless they are converted to activated and nonactivated sulfonate leaving groups.®
Phenols can be converted to aryl triflates, tosylates, mesylates, as well as esters, carbamates, and
ethers. Aryl triflate synthesis requires triflic anhydride or its derivatives and their coupling with
amines represents an established method to forge C-N bonds from C-O bonds using transition
metal catalysts like nickel and palladium but oftentimes require designer ligands and have a limited
scope.® Some modifications can be made in nickel-catalyzed aminations, such as using aryl
tosylates or aryl methyl ethers, but these methods are further limited in scope as they are not

applicable to primary amines or anilines and require excess designer ligand to promote coupling.’
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Recently, Shi and colleagues reported a rhodium-catalyzed amination of phenols and while
this method does not require further functionalization, it suffers greatly when it comes to scope as
it is largely limited to secondary and tertiary amines (Figure 2-2).8 Additionally, the reaction had
limited success when additional hydroxyl groups were present. Cross-coupling methods represent
an established method to access valuable aryl C-N bonds, but the necessity of petrochemical-
derived functional aryls poses another challenge as fossil fuels are a nonrenewable resource.
Further research should shift focus to functionalizing naturally abundant phenolic compounds and

expand their applicability as cross-coupling partners with amines.

H

OH
N 2.5 mol % Rh catalyst N
+ Q 10 mol % Na,CO4 - /@’

heptane, 120 °C

1.5 equiv 91% yield

Figure 2-2. Rhodium Catalyzed Amination of Phenols
2.1.2 Direct Amination of Phenols
Since phenolic compounds can be obtained from bio-renewable lignin feedstock, the direct

conversion of phenols to anilines would be the ideal preparation for aromatic diisocyanate
precursors as it would diminish the reliance on petrochemical feedstocks and further expand the
existing library of isocyanate monomers. Ammonolysis of phenols has been a common method
used to directly convert phenols to anilines. In 1966, Halcon International Inc published the first
process for amination of phenol in the gas phase (Figure 2-3).° This method uses Lewis acidic
catalysts like SiO2-Al03, TiO2-Al203, ZrO2-Al203, H3POs, WO3, or H3PO4, with up to 20
equivalents of ammonia, requires temperatures up to 600 °C and is applicable to minimally
substituted phenols like cresols. A few years later, they reported a modified Al.O3 catalyst that
expanded the applicability of direct amination to polyphenolic compounds, including naphthols,

but still required harsh conditions.’® In later years, improvements in Lewis acidic catalysts and
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incorporation of palladium, niobium, and palladium-gold catalysts increased reaction efficiency
by suppressing byproduct formation, lowered the reaction temperature, and in some cases lowered
the pressure restrictions, but limited the scope to simple phenols.!* Despite these advancements,
the gas-phase transformation still suffers from the requirement of high temperatures, excess

ammonia, and can only be applied to a short range of phenols.

~—— Reaction Modification & Effects —————
e L.A. cat. improvement e Expanded scope

N B ech.t}a:sc::.is, N NH, N OH (ﬁ/NHz
R—E)/ >400 °C, >7 atm R—:()/ R_'\//\/ - R_'\,\’
W OH NH,
OH NH,
A — -0
% A%
/

excess NH, ~——— Reaction Modification & Effects —————

OH NH,
o X Pd:OAU: Nb cat. R N e TS metal cat. incorporation
> <380°C,0.3-15atm L | *Lowertemp. e Lower pressure e Limited scope

R = H, alkyl

Figure 2-3. Gas-Phase Amination
De Vos was able to access primary anilines through a liquid phase method that directly

aminated phenols using ammonia, hydrogen, and a Pd/C catalyst at 200 °C (Figure 2-4).1? This
novel method successfully accessed primary anilines without the significantly higher temperatures
necessary to vaporize the phenolic compounds but suffered other drawbacks. To suppress the
formation of side products, excess ammonia was crucial, and the substrate scope was only

expanded to cresols which had decreased conversion and yield in comparison to phenol.
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NH
~OH N 2
R{)/ NHj, Hy, Pd/C, 200°C U+ byproducts

R =Me Reaction Modification & Effects

e Liquid phase e Aminating Agent
e Lower temp. e Expanded scope
e Byproduct formation

N NH,
OH . R-E
X H,N-NH,, hydrlde source, L + byproducts
T Pd/C,LIOH170°C
= R = alkyl, aryl,
heteroaryl, etc.

Figure 2-4. Liquid-Phase Amination
In 2019, Li and colleagues were able to overcome some of these hurdles and expand the

scope of the reaction.'® Optimized conditions lowered the reaction temperature to 170 °C, used
hydrazine monohydrate as the amine and hydride source, and Pd/C as a catalyst. While this method
was an improvement to the previous direct phenol to aniline transformations, their method had
limited applicability to compounds with multiple aromatic OH linkages and had no success using
lignin monomers as starting material.

2.1.3 Nucleophilic Aromatic Substitution
Nucleophilic aromatic substitutions are reactions in which a nucleophile displaces a leaving

group on an aromatic ring. These reactions have historically been used to install aryl-heteroatom
bonds, but these reactions have strict requirements to be successful. Strong bases and electron-
withdrawing groups that are ortho and para to the leaving group are crucial.** Fluorides have been
found to be the best leaving groups for SnAr but the aryl fluorides accessed through harsh
fluorination conditions are often limited in scope and selectivity.’®> Aryl C-N bond forming
reactions have been successful when aryl halides with strong electron-withdrawing groups are
reacted with strong bases and nucleophilic amines, including liquid ammonia.'® These strict
requirements have thus limited applicability when using oxygenated aromatics to access aryl C-N

bonds.’
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2.1.4 Smiles Rearrangement
Certain base-mediated nucleophilic aromatic substitution reactions, including Smiles

rearrangements, offer a pathway to access aryl C-N bonds from phenols and phenol derivatives
(Figure 2-5).1® Smiles rearrangements have historically been exploited to form carbon-carbon or
carbon-heteroatom bonds that are otherwise difficult to access if done intermolecularly.
Specifically, Smiles rearrangements can undergo intramolecular N-nucleophilic substitution at an

aryl C-O bond when done under basic conditions but tend to require electron-poor arenes.*®

Generalized Smiles Rearrangment

N
\ U

X base X Y
X=LG o
A A
| —EWG Y = Nuc | -EWG
= P

0 NR, OH NR
NaH, ‘BuOK, or NaOH
S > S
| —Ewe | —Ewe
Z ¥z

Figure 2-5. Smiles Rearrangement

Smiles-type rearrangements occurring through radical pathways are not as sensitive to
electronic demands of the arene, but limited examples demonstrate utilization of N-centered
radicals. These include silver or iridium catalysts assisting in facilitating aryl migration through
cleavage of a C-C bond to forge a new aryl C-N bond.? In both examples of N-centered radical
Smiles-type rearrangement, although not required, aryl migration occurred most efficiently with
electron-rich arenes. While it is an attractive route to manipulate aryl ethers to access anilines, the
strict electronic demands on the aryl ring for base-mediated rearrangements and limited

applications through radical pathways suggest additional investigations are necessary.
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2.1.5 Sequential Atom Transfer Radical Addition (SATRA)
The Sequential Atom Transfer Radical Addition (SATRA) methodology, previously

developed in the Schmidt group, allows for the synthesis of anilines from phenols without the need
for expensive reagents, toxic transition metals, or labor-intensive purification methods.?! This
process, mechanistically, starts through thermal radical initiation of the aryl hydroxamic acid |
which are synthesized from functionalized phenols to produce amidoxyl radical species Il (Figure
2-6). Through oxygen-atom transfer (OAT) with inexpensive triethyl phosphite, an amidy! radical
species 111 is generated. This amidyl radical then undergoes ipso aryl ether addition to form the
resonance-stabilized radical species 1V which undergoes selective cleavage of the aryl C-O bond
providing phenoxy radical species V. The cycle can then be propagated through hydrogen-atom
transfer (HAT) between V and I. The resulting phenol VI can then be subjected to acid hydrolysis

to release salicylic acid and the desired aniline product VI1.
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Figure 2-6. SATRA Mechanism
This reaction was found to be unaffected by the electronic demands of the arene, being able

to successfully convert both electron-rich and electron-deficient arenes in high yield and could
also tolerate polyphenolic substrates. This process, applied to targeted arenes can be implemented
to scaleup process from phenol to diisocyanate for polyurethane development.

2.2 Objective of this work
With the current success of MDI & TDI in the polyurethane industry, | hypothesized that

similarly structured aromatic diisocyanates have the potential to succeed in the industry. As noted,
there is a significant limitation in structures of the currently produced aromatic diisocyanates that
are primarily used in the polyurethane industry. The objective of this research looks to leverage
already established synthetic methodologies and apply them towards the synthesis of the novel

aromatic diisocyanate 3,5-diisocyanto-1,1’-biphenyl (5) inspired from bio-sources. | hope this
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work encourages further research into using bio-sourced molecules as models and feedstocks to
expand the library of aromatic isocyanates used in polyurethane development.

2.3 Results & Discussion
Initial efforts to synthesize 5 first investigated methods to access the precursor 3,5-

diamino-1,1’-biphenyl (4) that could be subjected to phosgenation to access the isocyanate
functionality (Figure 2-7). Ideally, a route to directly convert 3,5-dihydroxy-1,1’-biphenyl (2) to
its corresponding aniline could limit the requisite synthetic steps and provide an avenue to further
expand the application to various naturally abundant polyphenolic compounds. Due to the
scalability, applicability, and use of mild inexpensive reagents, SATRA serves as the most
attractive route to access the aniline precursor (Route 1, Figure 2-7). Additionally, there are a
multitude of established methods to directly aminate phenols, and Li’s relatively mild reaction
conditions could serve as another avenue to quickly access 4 (Route 2, Figure 2-7). Looking past
using 2 as the starting material, the reduction of 3,5-dinitro-1,1’-biphenyl (3) would also give
access to the precursor (Route 3, Figure 2-7). In each of these cases, triphosgene is used as the
safer phosgenation agent substitute to mimic the traditional industrial route which uses phosgene
gas to access aromatic isocyanates. Alternatively, Curtius rearrangement of acyl azides can serve
as a different pathway to access isocyanate functionality and | envisioned this could also be applied

to synthesize 5 (Route 4, Figure 2-7).
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Figure 2-7. Routes to Aromatic Diisocyanate

2.3.1 Route 1: SATRA
Initial investigations were focused on reproducing expected results on bis-phenolic model

22

moieties in meta positions with respect to each other, like the target phenol.

NCO

Ph

substrates of resorcinol and orcinol. These model substrates were identified because of the hydroxy
Previously,
hydroxamic acids were synthesized from the corresponding carboxylic acids. These carboxylic
acids were obtained through first, copper-catalyzed cross-coupling reaction of the phenol and 2-
iodobenzoic acid, followed by amide bond formation using various N-hydroxylamines. Using the
model substrates, this synthetic route was modified to eliminate the cross-coupling reaction and
instead replace it with a two-step series of reactions: nucleophilic aromatic substitution followed

by basic hydrolysis to afford carboxylic acids (Figure 2-8). While these methods increased the



number of reaction steps, it removed the necessity for a copper catalyst while still maintaining
high yields. Amide formation was similarly achieved using N-phenylhydroxylamine and N-
hydroxylamine but encountered unfortunate solubility issues in the process. Nevertheless, | was
eager to apply these optimized reaction conditions to access the necessary precursors for SATRA

with 2.

Phenol to Aniline SATRA process

HO 1. SNAT \

2. Basic Hydrolysis_ P(OEt)3, (BuO),

3.(COCl), )

then HONH,

P(OEt)3
OAT
P(OEt)3

H,N

@g P

salicylic acid

Figure 2-8. SATRA Phenol to Aniline Method

It was found that the target phenol could be synthesized through the dehydrogenative
aromatization of the corresponding diketone species 5-phenylcyclohexane-1,3-dione (1) (Figure
2-9).22 This phenolic compound was then subjected to optimized conditions to obtain the
corresponding nitrile 2,2'-([1,1'-biphenyl]-3,5-diylbis(oxy))dibenzonitrile (2a), carboxylic acid
2,2'-([1,1'-biphenyl]-3,5-diylbis(oxy))dibenzoic acid (2b), and hydroxamic acid 2,2'-([1,1-
biphenyl]-3,5-diylbis(oxy))bis(N-hydroxybenzamide) (2c). Upon conversion of 2b to 2c, similar
solubility issues were apparent that made the path forward unviable and while the desired

hydroxamic acid was detected by mass spectrometry (MS) it otherwise could not be purified or
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isolated. Due to the ongoing challenges in synthesizing the precursors for the following SATRA
steps, it was decided to investigate other avenues. While this method has been successfully applied
to several other polyphenolic compounds, the intermediates’ structures here exhibited tricky
solubility profiles that made them unsuitable for this transformation. Regardless, this method could
still be utilized with other phenolic compounds to synthesize polyurethane precursors from

renewable sources.

¥ N
Z
HO OH
5 mol % I, _ O 2 equiv
DMSO (0.5 M), 90 °C, 24h - 2.5 equiv K,CO43
49% avg DMSO (0.7 M), 80 °C, 48h
yield 85% avg

2 yield

o)
15 equiv NaOH
OH H,O/EtOH 1:2
1. 4 equiv COCl,, 1 equiv DMF reflux, 24 h
0 _THF (0.5 M), t, 1h R

2.4 equiv HONH,, 8 equiv NEt,, 77% ng
O THF/H,O 4:1, rt, 10 min O yie
14% yield
’ : oy
5, 07 TOH

solubility challenges

E OH HO
o Q00
: N N H,N NH,
1 SATRA O g . acidic workup
Figure 2-9. Precursor Synthesis for SATRA

2.3.2 Route 2: Replication of Li’s Direct Phenol To Aniline Method

Li’s published work converting various phenolic compounds to their corresponding
anilines with relatively mild conditions, compared to previously developed methods, was an

interesting avenue | wanted to investigate on 2. General optimized conditions (Figure 2-10) use an
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excess of hydrazine hydrate, palladium catalyst, lithium hydroxide additive, and heated to 170 °C
in an inert environment with molecular sieves to remove any water released in this reaction. 2 was
then subjected to similar reaction conditions that were tailored to multi-OH substrates, but no
conversion of starting material was observed. Phenol was also subject to these conditions and

similarly, no conversion was observed.
General Optimized Conditions

= OH 4.5 equiv NaH4-H,0 Z NH,
RE | Pd/C (7 mol %) RE |
N LiOH (40 mol %) A

1,4-dioxane (0.2 M), 170 °C
4 A molecular sieves, 16h up to 85% yield

Reaction Conditions Based on multi-OH Substrates

HQ OH 4 5 equiv NyHgH,0
O Pd/C (20 mol %)
37.5% NaBH,4
LiOH (40 mol %)

1,4-dioxane (0.2 M), 170 °C "~
4 A molecular sieves, 16h

no conversion

Figure 2-10. Direct Phenol to Aniline Reaction Applied to Target Phenol
Direct phenol to aniline methods have been shown to be difficult reactions unless done

under harsh conditions so it is no surprise that this method has proved to be challenging. While
these reaction conditions have seen enhancements to less harsh methods and reaction efficiency
improved in expanded scopes of phenolic compounds, there is still room for improvement as there
are limitations when it comes to phenolic compounds with multiple aryl-OH groups.

2.3.3 Route 3: Accessing Target Aniline Through Traditional Halogenation, Cross-Coupling,
and Reduction Methods.

An alternative route that can be used to obtain the desired diamine compound is through
reduction of the corresponding nitro compound. It was envisioned that 3 could be obtained through
a 2-step reaction sequence initiating from bromination of 1,3-dinitrobenzene to access the requisite

aryl halide which could undergo Suzuki-Miyaura palladium-catalyzed cross-coupling with
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phenylboronic acid (Figure 2-11).22 There are a multitude of established reduction reactions of
aryl-nitro compounds and after screening multiple different reduction conditions, it was
determined that the best condition was with hydrazine monohydrate with Pd/C as a catalyst (Table

2-1).24

Cl)H

B
OH O,N NO,
1.5 equiv

O,N NO, O
O,N NO, . 5 mol % Pd(OAc),
2 equiv NBS - 1 equiv K3POy4 _
30 equiv conc. H,SO, =
30 squiv oo L H,0 (0.6 M), reflux, 96 h O
3

48% avg yield
72% avg yield

HoN NH,
O 4 equiv NyH4-H,0

_ 5 mol% PdiC
EtOH (0.2 M), rt, 16h

O 90% avg yield

4

Figure 2-11. Accessing Aniline Through Traditional Synthetic Methods
Table 2-1 Reduction Reaction Screening

O,N l NO, H,N i NH,

10 mol % Pd/C

—_—
O solvent, rt, time O

3 4
Entry Reducing Agent (equiv) Solvent (Conc.) Time Scale mmol Isolated Yield
12 H, MeOH (0.4 M) 43h 1.0 mmol 72%
2 NH4CO, (10 equiv) EtOH (0.17M) 43 h 0.4 mmol 0%
3P SnCl, (14 equiv) MeOH (0.1 M) 2h 0.4 mmol 37%
4 N,H4-H,0 (4 equiv) EtOH (0.17 M) 16 h 2.4 mmol 93%

a8 H, atmosphere bno catalyst, 64 °C

Triphosgene, a phosgenation agent, is a substitute of phosgene gas that has had success at

synthesizing isocyanates at laboratory scale.? It is a crystalline solid at room temperature and is
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easier and safer to transport and store than phosgene gas or liquid diphosgene.?® With 4 in hand, |
began phosgenation reactions to access 5. Multiple different solvents, including ethyl acetate,
dichloromethane, chloroform, and dichloroethane, were screened and reactions were monitored by
infrared (IR) spectroscopy to detect formation of the isocyanate functionality. IR spectroscopy
revealed a sharp stretch at 2260, consistent with similar aromatic isocyanate NCO stretches, and
confirmed product by MS (Figure 2-12).2” Unfortunately, these reactions revealed numerous
byproducts that made isolation and purification of the desired diisocyanate difficult. Analysis of
MS data from the crude reaction mixtures identified multiple urea-type byproducts formed as the
isocyanates in situ reacted with anilines. | hypothesized that the presence of water in the solvents
and atmosphere increased the likelihood for decomposition of the isocyanate to form carbamic

acids that could then further decompose to reform the aniline and release CO..
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Figure 2-12. Phosgenation of Bis-Aniline and Urea Byproducts
For later phosgenation attempts, solvents were rigorously dried, and reactions were

performed under inert conditions, but the formation of urea side products was still present. Other
efforts to minimize these intermolecular reactions, such as increasing equivalents of triphosgene,
slowing the addition of aniline, dilution of reaction, and performing the reaction at decreased
temperatures all failed to limit the formation of byproducts. Phosgene gas may be necessary to
rapidly complete the conversion of aniline to isocyanate and minimize the formation of urea side
products.?® While the conversion of 4 yielded the desired novel aromatic diisocyanate 5
successfully, 1 was unable to isolate, purify, and characterize it. This reaction, done under
industrially optimized conditions with phosgene, may provide access to an alternative aryl

diisocyanate that could ultimately produce novel polyurethane materials.
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2.3.4 Route 4: Curtius Rearrangement
It is evident that urea byproducts are formed rapidly through reaction of the aniline with

the isocyanates formed in situ so an alternative method may require avoiding starting from the
aniline to eliminate that possibility. As mentioned previously, the Curtius, Hofmann, and Lossen
rearrangement reactions are all established methods to produce isocyanates from acyl azides,
amides, and hydroxamic acids, respectively. Both the Hofmann and Lossen rearrangements are
typically used to form isocyanates as an intermediate to carbamates, and because of their requisite
reagents, they are not suitable for large scale synthesis and isolation of isocyanates. While the
Curtius rearrangement is a clean and high-yielding reaction of isocyanates, it is generally not
encouraged to increase the synthetic scale of acyl azides due to the toxic and explosive nature of
azide reagents and acyl azide products.?® Nonetheless, this is the route | decided to pursue because
previous work from Burkart and colleagues has shown that various aliphatic and aromatic
isocyanates can be prepared at large scale in flow through Curtius rearrangement without isolating
the intermediate acyl azide.*°

Their method prepares acyl azides in a flow reactor through azidination of the more stable
dihydrazides which are typically synthesized from the corresponding carboxylic acids. |
envisioned 5 could be prepared through a similar process and our efforts initially focused on
determining if it could be prepared through Curtius rearrangement at small scale. Synthetically,
the requisite acyl azide, [1,1'-biphenyl]-3,5-dicarbonyl diazide (9), could be prepared through a
multi-step reaction sequence starting from cheap commercially available substrates (Figure 2-13).
First, a Suzuki-Miyaura palladium-catalyzed cross coupling reaction between 1-bromo-3,5-
dinitrobenzene and phenylboronic acid yields 3,5-dimethyl-1,1'-biphenyl (6) in excellent yield.3!
6 was then oxidized to the corresponding dicarboxylic acid, [1,1'-biphenyl]-3,5-dicarboxylic acid

(7), with KMnO4. From 7, in a three-step reaction series, the desired aryl diisocyanate can be
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prepared. The acyl chloride, [1,1-biphenyl]-3,5-dicarbonyl dichloride (8), is readily accessed
when reacted with a chlorinating agent like thionyl chloride.®?> Without isolation or purification, 8
can be directly converted to the requisite acyl azide 9 with sodium azide. When 9 is subjected to
heat, it quickly undergoes Curtius rearrangement to produce the corresponding aromatic
diisocyanate 5 as detected by IR (Figure 2-14).

(0] (0]
OH 1 mol % Pd(PPhj3) OH

||3\ 2 equiv K,CO3
+ OH " PhMe/H,O/EtOH
2:1:1, reflux, 16 h

Br 1.5 equiv 95% avg yield

14 equiv KMnO,4 HO
33 equiv pyridine

h

H,0 (0.2 M), reflux, 7d
72% avg yield

~OO

som2 (0.6 M)
76 °C, 4h

not isolated

OCN O NCO
PhM 80°C,6h 8 equiv NaNj O
> THF 0.3M,rt, 18 h
O not isolated ot isolated O
5

8

Figure 2-13. Curtius Rearrangement Precursors Synthesis
Unsurprisingly, 5 reacts with residual water and decomposes to the corresponding aniline

4 which ultimately forms urea linkages with another equivalent of 5 or the partial isocyanate. This
is confirmed by the complete consumption of the NCO stretch by IR and formation of aniline and
urea byproducts detected by MS. The rapid reaction of isocyanates with residual water in Curtius
rearrangement reactions are not uncommon and nonetheless, these experiments prove that 5 can

be synthesized through other pathways without phosgenation.
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Figure 2-14. IR Spectra for Timed Curtius Rearrangement Reaction
The final step to determine if 9 could serve as an appropriate substrate en route to aromatic

diisocyanate in flow was to synthesize the requisite dihydrazide. Dimethyl [1,1'-biphenyl]-3,5-
dicarboxylate (10) can be obtained through the Fischer esterification reaction of 7 with a 1 molar
HCI in methanol solution (Figure 2-15). 10 can then be reacted with hydrazine hydrate to afford
[1,1'-biphenyl]-3,5-dicarbohydrazide (11) and there are ongoing efforts to focus on the purification
and isolation of enough material to be subjected to flow system azidination and Curtius

rearrangement.
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Figure 2-15. Dihydrazide Synthesis from Dicarboxylic Acid
2.4 Summary and Outlook
Herein, | investigated multiple routes to access novel aromatic diisocyanate 5 and

demonstrated that it can be accessed through aniline and azide precursors. The inherent reactivity
of this aromatic isocyanate prevented isolation, purification, and characterization. Our work
originally aimed at directly converting renewable phenolic compound 2 into corresponding aniline
and further validated the ongoing challenges in this transformation. Research must advance in
direct phenol to aniline conversion methods and phenol-amine cross-coupling reactions if society
ever wishes to move away from petrochemical feedstocks. The abundant variety of naturally
occurring phenolic compounds should still be exploited to access unique anilines and further
transformed into novel aromatic diisocyanates for polyurethane materials.

Alternative methods to synthesize diamine 4 were explored using traditional reductive
strategies of nitro-containing arenes and applied to 3. After exposing 4 to a multitude of
phosgenation conditions, it became evident that the inherent reactivity of isocyanates with amines
was too overpowering and prevented the isolation and purification of our desired diisocyanate.
These results suggest that industrial procedures with phosgene gas are needed to achieve rapid
conversion of the aniline and limit the formation of undesired byproducts.

Avoiding phosgene routes and aniline starting material altogether, I demonstrated that 5
could successfully be synthesized at small scale through the Curtius rearrangement of the

corresponding acyl azide and synthesized the requisite precursor that can be used for large-scale
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synthesis of isocyanates in flow. Unsurprisingly, 5 reacts with residual water and the resulting
carbamic acid rapidly decomposes to the corresponding amine which ultimately forms urea
linkages with additional equivalents of the isocyanate.

Future works aims at isolating and fully characterizing this novel diisocyanate by
subjecting the requisite precursors to Curtius rearrangement conditions using continuous flow
chemistry. Additionally, once isolated in large quantities, polymerization reactions with various
diols could yield novel polyurethanes to be assessed to determine their properties. Ultimately, |
hope this work encourages research into the discovery of unique aromatic diisocyanates through
exploitation of abundant phenolic compounds as starting materials.

2.5 Experimental Data
2.5.1 General Experimental Information
All reactions were set-up on benchtop. tHMNR and 3 CNMR spectra were obtained using

400 MHz Varian Spectrometer. High-resolution and low-resolution mass spectrometry were
measured using an Agilent 6230 ESI-TOFMS and Agilent 5977B GC-MSD, respectively. Infrared
spectra were collected using a Thermo Scientific Nicolet 6700 FTIR and Bruker Alpha-P ATR
FTIR. Flash column chromatography was performed using silica (Silicycle SiliaFlash® P60).
Solvents (EtOH, MeOH, EtOAc, DMSO, and etc.) were used as received and dried according to
literature procedures whenever needed.3* All commercially available reagents were purchased and
used as received.

[1,1'-biphenyl]-3,5-diol (2). The named compound was prepared from 5-
phenylcyclohexane-1,3-dione (1) (2.560 g, 13.60 mmol, 1 equiv), and iodine (169 mg, 0.666
mmol, 5 mol %) according to a literature procedure.?! The overall yield was 64% and isolated as
a red-brown solid. All spectral and physical data are in correspondence with literature.

General Method for the Preparation of Substrates
Nitrile Synthesis: Method A
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To a round bottom flask equipped with a magnetic stir bar, the corresponding catechol (1
equiv) and K>COs (2.4 equiv) were added. Then 2-fluorobenzonitrile (2.2 equiv) and DMSO (0.73
M) were then added. The reaction was closed off using a rubber septum and topped with a nitrogen
filled balloon then heated to 80 °C and stirred for 48 hours. The reaction was monitored by TLC.
Once reaction was completed, it was cooled to room temperature, the mixture was further diluted
with EtOAc (50 mL) and H2O (50 mL) and the organic layer was successively washed with 5%
NaOH solution, distilled H20, and brine. All combined organic layers were dried with Na>SOa.
After concentrating the organic layer, no further purification was needed.

2,2'-(1,3-phenylenebis(oxy))dibenzonitrile (resorcinol-A). The named compound was
synthesized based on Method A from resorcinol (2.531 g, 22.99 mmol, 1 equiv). The reaction
reached completion after 16 hours. The overall yield from the synthesis was 96% and was isolated
as an off white crystalline solid. All spectral and physical data are in correspondence with
literature.®

2,2'-((5-methyl-1,3-phenylene)bis(oxy))dibenzonitrile ~ (orcinol-A). The named
compound was synthesized based on Method A from orcinol (2.488 g, 20.04 mmol, 1 equiv). The
overall yield from the synthesis was 88% and was isolated as a pink crystalline solid.

IH NMR (400 MHz, CDCl3) & 7.65 (d, J = 9.4 Hz, 2H), 7.57 — 7.48 (m, 2H), 7.17 (t, J =
8.2 Hz, 2H), 6.98 (s, 1H), 6.96 (s, 1H), 6.75 (d, J = 3.0 Hz, 2H), 6.60 (s, 1H), 2.35 (s, 3H).

13C NMR (400 MHz, CDCl3) § 21.6, 104.1, 108.5, 116.0, 116.9, 117.8, 123.5, 134.0, 134.5,
142.3, 156.4, 159.1.

HRMS (ESI-TOF) Calc. for [C21H14aN202+H"] = 327.1128, Found 327.1126
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2,2'-([1,1'-biphenyl]-3,5-diylbis(oxy))dibenzonitrile (2a). The named compound was
synthesized based on method A from 2 (1.009 g, 5.419 mmol, 1 equiv). The overall yield from the
synthesis was 93% and isolated as an off white crystalline solid.

IH NMR (400 MHz, CDCl3) & 7.68 (d, J = 9.4 Hz, 2H), 7.59 — 7.50 (m, 4H), 7.44 (t, J =
7.5 Hz, 2H), 7.39 (t, J = 7.1 Hz, 1H), 7.25 — 7.12 (m, 4H), 7.04 (d, J = 8.6 Hz, 3H), 6.78 (s, 1H).

13C NMR (400 MHz, CDCls) § 104.3, 110.0, 114.9, 115.9, 117.9, 123.7, 127.2, 128.5,
129.1, 134.1, 134.6, 139.2, 145.2, 157.0, 159.0.

HRMS (ESI-TOF) Calc. for [C26H16N202+H"] = 389.1285, Found 389.1284
Carboxylic Acid Synthesis: Method A

To a round bottom flask equipped with a magnetic stir bar and the corresponding nitrile (1
equiv), NaOH (14 equiv), H20 (0.5 M), and EtOH (0.13 M) were added. A reflux condenser was
attached to the reaction and then heated to reflux for 18 hours and monitored by TLC. Once
reaction was completed, it was cooled to room temperature, acidified to pH 1 with a 1 M HCI
solution and then cooled to 8 °C for 1 hour. The resulting precipitate was filtered via vacuum
filtration. Crude product was washed with chilled DCM to purify.

2,2'-(1,3-phenylenebis(oxy))dibenzoic acid (resorcinol-B). The named compound was
synthesized based on Method A from resorcinol-A (2.073 g, 6.637 mmol, 1 equiv). The reaction
reached completion after 48 hours. The overall yield from the synthesis was 99% and was isolated
as an off-white powder solid. All spectral and physical data is in correspondence with literature.

2,2'-((5-methyl-1,3-phenylene)bis(oxy))dibenzoic acid (orcinol-B). The named
compound was synthesized based on Method A from orcinol-A (3.002 g, 9.198 mmol, 1 equiv).

The overall yield from the synthesis was 99% and was isolated as an off-white powder.
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IH NMR (400 MHz, DMSO-Ds) & 7.80 (d, J = 7.7 Hz, 2H), 7.55 (t, J = 7.3 Hz, 2H), 7.26
(t, J = 7.5 Hz, 2H), 7.05 (d, J = 8.2 Hz, 2H), 6.42 (s, 2H), 6.23 (s, 1H), 2.20 (s, 3H).

13C NMR (400 MHz, DMSO-Ds) & 21.6, 104.9, 112.9, 121.7, 124.8, 125.1, 131.9, 134.1,
141.3, 154.9, 159.1, 166.9.

HRMS (ESI-TOF) Calc. for [C21H1606-H'] = 363.0874, Found 363.0881

2,2'-([1,1'-biphenyl]-3,5-diylbis(oxy))dibenzoic acid (2b). The named compound was
synthesized based on Method A from 2a (1.501 g, 3.864 mmol, 1 equiv). The overall yield from
the synthesis was 97% and was isolated as a beige powder.

IH NMR (400 MHz, DMSO-Ds) 5 7.83 (d, J = 7.8 Hz, 2H), 7.62 — 7.54 (m, 2H), 7.52 (d,
J=7.0Hz, 2H), 7.42 (t, J = 7.3 Hz, 2H), 7.36 (t, J = 7.2 Hz, 1H), 7.30 (t, J = 7.5 Hz, 2H), 7.15 (d,
J=8.2 Hz, 2H), 6.86 (d, J = 2.2 Hz, 2H), 6.39 (s, 1H).

13C NMR (400 MHz, DMS0-Dg) § 106.2, 110.5, 122.0, 125.1, 125.2, 127.2, 128.7, 129.6,
132.0, 134.2, 139. 143.6, 154.7, 159.8, 166.9.

HRMS (ESI-TOF) Calc. for [C26H1806+H"] = 427.1176, Found 427.1173
Hydroxamic Acid Synthesis: Method A

To a round bottom flask equipped with a stir bar, carboxylic acid (1 equiv), THF (0.5 M),
and DMF (1.0 equiv) was added oxalyl chloride (4 equiv) dropwise. The reaction was allowed to
stir for 1 hour, after which the corresponding hydroxylamine hydrochloride (4 equiv) and triethyl
amine (8 equiv) dissolved in a 4:1 solution of THF:distilled H.O (0.5 M) was added dropwise. The
reaction was allowed to stir for an additional 10 minutes and was quenched by addition of 1M HCI
aqueous solution. The organic layer was separated, and the aqueous layer was extracted with DCM.

The organic layers were combined, dried over Na2SOs, and allowed to cool at 8 °C for 1 hour. The
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resulting precipitate was filtered by vacuum filtration and was not further purified due to
insolubility of product.

2,2'-((5-methyl-1,3-phenylene)bis(oxy))bis(N-hydroxybenzamide) (orcinol-C). The
named compound was synthesized based on Method A from orcinol-B (206 mg, 0.565 mmol, 1
equiv). The overall yield from the synthesis was 7% and was isolated as a white powder.

HRMS (ESI-TOF) Calc. for [C21H19N20s+H"] = 395.1238, Found 395.1234

2,2'-([1,1'-biphenyl]-3,5-diylbis(oxy))bis(N-hydroxybenzamide) (2c). The named
compound was synthesized based on Method A from 2b (505 mg, 1.18 mmol, 1 equiv). The overall
yield from the synthesis was 14% and was isolated as a white powder.

HRMS (ESI-TOF) Calc. for [C26H21N20s+H"] = 457.1394, Found 457.1389
Synthesis of Aromatic Diisocyanate 3,5-diisocyanato-1,1'-biphenyl (5)
General Method A
An adapted procedure from the literature was used to synthesize 5.3 To a glass culture tube
equipped with a stir bar, a solution of triphosgene (966 mg, 3.26 mmol, 3 equiv) in solvent (EtOAc,
DCM, DCE, or CHCIz) (1.4 mL, 0.2 M) was added. A solution of 4 (200 mg, 1.09 mmol, 1 equiv)
dissolved in a solvent (1.4 mL, 0.2 M) was added dropwise to the reaction over the course of 30
minutes and stirred at room temperature for 8 hours. The reaction was then heated to reflux for 18
hours. The resulting solid was filtered, washed with hexanes and DCM, and collected as a beige
solid. The insoluble solid mixture was analyzed using IR and could not be further purified. The
insoluble solid mixture was stirred with methanol to yield the corresponding carbamate product
(dimethyl [1,1'-biphenyl]-3,5-diyldicarbamate) and analyzed with MS as a chemical test to
confirm 5 as product.

General Method B
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An adapted procedure from the literature was used to synthesize 5.3! The corresponding acyl azide
(9) in a round bottom flask was dried under high vac for 1 hour. An oven-dried reflux condenser
was attached, and an oven-dried stir bar was added to the round bottom flask. Dry toluene (0.3 M)
was added, and the reaction was closed off using a rubber septum and topped with a nitrogen filled
balloon then heated to 80 °C and stirred for 6 hours. Periodic monitoring by IR revealed the NCO
stretch corresponding to 5. Once reaction was completed, an insoluble solid mixture was obtained
and was stirred with methanol to yield the corresponding carbamate (dimethyl [1,1'-biphenyl]-3,5-
diyldicarbamate) and analyzed with MS as a chemical test to confirm 5 as product.

dimethyl [1,1'-biphenyl]-3,5-diyldicarbamate. The named compound was synthesized
by both method A and B and collected as a beige solid mixture that could not be further isolated
or purified.

LRMS (ESI-MS) Calc. for [C1sH16N202+H*] = 301.12, Found 301.34
General Method for Preparation of Substrates

1-bromo-3,5-dinitrobenzene. The named compound was prepared from 1,3-
dinitrobenzene (3.000 g, 17.85 mmol, 1 equiv), N-bromosuccinimide (6.352, 35.69 mmol, 2
equiv), and concentrated H2SO4 (29.74 mL, 535.4 mmol) according to a literature procedure.??
The overall yield was 84% and isolated as a yellow crystalline solid. All spectral and physical data
are in correspondence with literature.

3,5-dinitro-1,1'-biphenyl (3). The named compound was prepared from the 1-bromo-3,5-
dinitrobenzene according to a modified procedure from the literature.?®> To a round bottom
equipped with a stir bar, 1-bromo-3,5-dinitrobenzene (1.020 g, 4.130 g,1 equiv), phenylboronic
acid (657 mg, 5.39 mmol, 1.3 equiv), KsPO4 (863 mg, 4.07 mmol, 1 equiv), H20 (5.2 mL, 0.8 M),

diacetoxypalladium (45 mg, 0.20 mmol, 5 mol %) was added. A reflux condenser was attached,
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and the reaction was heated to reflux for 96h. Reaction was monitored by tHNMR with occasional
manual disruption of heterogenous clusters in solution. Once the reaction was completed, it was
cooled to room temperature, quenched with HCI, and the mixture was filtered through a celite pad.
The mixture was then diluted with ethyl acetate (50 mL) and water (50 mL) and the organic layer
was successively washed with 5% NaOH solution, distilled H20, and brine. All combined organic
layers were dried with NaxSOs. After concentrating the organic layer, the resulting brown solid
was washed with chilled ethyl acetate to yield a beige crystalline solid with an overall yield of
70%. All spectral and physical data are in correspondence with literature.

IH NMR (400 MHz, CDCl3) § 9.02 (s, 1H), 8.78 (d, J = 2.1 Hz, 2H), 7.69 (d, J = 6.6 Hz,
2H), 7.62 — 7.48 (m, 3H).

13C NMR (400 MHz, CDCl3) § 117.2, 127.1, 127.3, 129.7, 130.0, 136.5, 144.9, 149.0.

[1,1'-biphenyl]-3,5-diamine (4). The named compound was prepared from 3 (1.007 g,
4.124 mmol, 1 equiv), hydrazine hydrate (1.222 g, 19.28 mmol, 4.7 equiv), Pd/C (22 mg, 0.206
mmol, 5 mol %) according to a procedure from the literature.?® The overall yield was 89% and
collected as an off-white solid. All spectral and physical data are in correspondence with literature.

HMR (400 MHz, DMSO-Ds) & 7.45 (d, J = 7.1 Hz, 2H), 7.38 (t, J = 7.7 Hz, 3H), 7.27 (t, J
= 7.3 Hz, 1H), 6.06 (d, J = 2.1 Hz, 4H), 5.83 (s, 1H), 4.82 (s, 4H).

13C NMR (400 MHz, DMS0O-Ds) § 99.7, 102.3, 126.8, 127.3, 129.1, 141.9, 142.4, 150.1.

HRMS (ESI-TOF) Calc. for [C12H13N2+H*] = 185.1073, Found 185.1070

3,5-dimethyl-1,1'-biphenyl (6). The named compound was prepared from 1-bromo-3,5-
dimethylbenzene (5.6 g, 30 mmol, 1 equiv), phenylboronic acid (5.526g, 45.32 mmol, 1.5 equiv),
tetrakis(triphenylphosphine)palladium(0) (383 mg, 0.331 mmol, 1 mol %), and K>CO3 (8.336 ¢,

60.32 mmol, 2 equiv) according to a procedure from the literature.*® The named compound was
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purified by flash column chromatography with hexanes, had an overall yield was 98%, and was
collected as a colorless oil. All spectral and physical data are in correspondence with literature.

[1,1'-biphenyl]-3,5-dicarboxylic acid (7). The named compound was prepared from 6
(2.734 g, 15.00 mmol, 1 equiv), KMnOj4 (30.82 g, 195.0 mmol, 13 equiv), and pyridine (39.15 g,
495.0 mmol, 33 equiv) in 7 days according to a procedure from the literature.®® The overall yield
was 83% and was collected as a white powder solid. All spectral and physical data are in
correspondence with literature.

[1,1'-biphenyl]-3,5-dicarbonyl dichloride (8). The named compound was prepared from
7 (50 mg, 0.21 mmol, 1 equiv) with thionyl chloride (0.34 mL, 0.6 M) according to a procedure
from the literature.3! The named compound was not isolated and was immediately consumed in
the next step of the reaction sequence.

[1,1'-biphenyl]-3,5-dicarbonyl diazide (9). The named compound was prepared from 8
(0.21 mmol) with sodium azide (0.11 g, 1.7 mmol, 8 equiv) in THF (0.69 mL, 0.3 M) according
to a procedure from the literature.3! The named compound was not isolated and was immediately
consumed in the next step of the reaction sequence.

dimethyl [1,1'-biphenyl]-3,5-dicarboxylate (10). The named compound was prepared
from 7 (1.000 g, 4.128 mmol, 1 equiv) with a HCI in MeOH solution (1 M) according to a
procedure from the literature.?® The overall yield was 99% and collected as a white crystalline
solid. All spectral and physical data are in correspondence with literature.

[1,1'-biphenyl]-3,5-dicarbohydrazide (11). The named compound was prepared from 10
(150 mg, 0.555 mmol, 1 equiv) with hydrazine monohydrate (352 mg, 5.55 mmol, 10 equiv)
according to a procedure from the literature.?® The named compound was not isolated or purified

but identity was confirmed through *HNMR and LRMS and are in correspondence with literature.
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LRMS (ESI-MS) Calc. for [C1aH14N4O2+H*] = 271.12, Found 271.33
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Appendix A: 'H NMR and 2*C NMR Spectra of Selected Compounds
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