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PREFACE

A short tribute to Alan Katritzky highlighting the aspects of his major work
in heterocyclic chemistry (structure, mechanism, theory, QSAR, synthetic
methods, applications, and the review literature) appeared in Volume 113
of Advances in Heterocyclic Chemistry. For over 50 years, Alan was at the fore-
front of advances in and applications of heterocyclic chemistry. He initiated
the publication of Advances in Heterocyclic Chemistry in 1963 and personally
commissioned and edited 112 volumes. When we considered what would
be a fitting tribute to his contribution, we posed the question, as we felt
Alan would have, “What is happening now, and what next?” In response
to this question, we have been fortunate to receive chapters from leaders
currently involved in heterocyclic chemistry and its applications. These
cover the latest advances in the areas mentioned above together with a broad
scope of new developments.

This, the third and final volume of the tribute, contains eight chapters
which focus on synthetic approaches and applications of heterocycles with
current or prospective commercial importance. The first chapter by Tony
Zhang (Eli Lilly and Co.) contains an analysis of the structures of heterocy-
clic drugs and drug candidates, which illustrates the need for robust reactions
that lead to more diverse structures. In Chapter 2, Charles Marson (Univer-
sity College London) reviews saturated heterocycles (with one heteroatom,
spiroheterocyclic, and heterobicyclo systems) with applications in medicinal
chemistry covering the period 2013-2015. Peter Maienfisch and Andrew
Edmunds (Syngenta Crop Protection AG) present an account of the contri-
bution of thiazoles and isothiazoles to crop protection in Chapter 3. Jean’ne
Shreeve and Ping Yin (University of Idaho) (Chapter 4) review nitrogen-
rich azoles as high-density energy materials. In Chapter 5, Jianguo Mei,
Xikang Zhao, and Saadia Chaudhry (Purdue University) describe the use
of five-membered ring heterocycles used as building blocks for production
of organic semiconductors.

In Chapter 6, Colin McAteer, Ramiah Murugan, and Yarlagadda Subba
Rao (Vertellus Specialties, Inc.) give a broad treatment of heterogeneously
catalyzed synthesis of three- to seven-membered heterocycles including dis-
cussion of catalyst choice, process, and economic considerations. The main
advances (2013-2015) in palladium-catalyzed carbonylative synthesis, espe-
cially of five- and six-membered heterocycles, is given by Xiao-Feng Wu
and Jian-Bo Feng (Leibnitz Institute for Catalysis, University of Rostock)

Xi



Xii Preface

in Chapter 7. In the final chapter, Johannes de Vries (Leibnitz Institute for
Catalysis, University of Rostock) discusses powerful new catalytic methods
available and in development that allow the utilization of renewable
resources, particularly 5-hydroxymethylfurfural as a platform chemical.

Chris Ramsden and Eric Scriven
September, 2016.



CHAPTER ONE

The Evolving Landscape of
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Abstract

Substructure analysis of approved drugs and drug candidates in clinical trials was per-
formed to illustrate the evolving roles of heterocycles in pharmaceutical research. The
increasing representation of biaryls and heteroaromatics is noted and attributed pre-
dominantly to their better accessibility brought upon by advances in metal catalyzed
cross-coupling and hetero-coupling reactions. Possible future focus of academic
research is proposed for improving structural diversity and probability of success for
drug research, and enhancing the impact of heterocyclic chemistry to the develop-
ment of new medicines.

Keywords: Analysis; Biaryl; Cross-coupling; Drug; Drug candidates; Drug of the future;
Heterocycle; Palladium catalysis; Pharmacophore; Pyrazole; Pyridine; Structural diversity;
Substructures;  Synthetic accessibility; Synthetic feasibility; Synthetic methodology
development

* This paper is dedicated to the memory of Professor Alan R. Katritzky, from whom the author learned
the reason of being for heterocycles.

Advances in Heterocyclic Chemistry, Volume 121
ISSN 0065-2725 © 2017 Elsevier Inc.
http://dx.doi.org/10.1016/bs.aihch.2016.05.001 All rights reserved. 1
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1. INTRODUCTION

Heterocycles have played a prominent role among pharmaceuticals, as
they have been essential in the perpetuation, propagation, and evolution of
life in molecular forms such as nucleotides, carbohydrates, hemes, and amino
acids. While most drugs achieve the desired therapeutic outcomes through
interactions with proteins or DNA/RNA, the morphology of successtul
drugs does not necessarily resemble that of their biological targets. In fact,
the shapes of drugs are heavily influenced by three artificial factors, 1.e.,
(a) the structure of the initial hit or lead; (b) the synthetic feasibility for
the intended structure; and (c) the availability of starting material for the
preparation (Figure 1). The feedback loop connecting compound synthesis
and biological testing during structural activity relationship (SAR) studies is
still a relatively long and arduous process.

It is worth noting that all these three major factors are a culmination of
historic synthetic chemistry efforts and natural product explorations in the
last 200 years. As a result they tend to be biased toward certain chemical lin-
eages, such as petroleum, coal tar, naval store chemicals, and existing drugs
supply chain. For example, hits are usually obtained from screening an exist-
ing compound collection, which itself was collected through the years from
various sources. We want to note that in recent years more tailor-designed
libraries of hit structures, guided by insights into protein structures with the
aid of computational chemistry and NMR techniques (e.g., fragment-based
drug discovery/design) (2015DDT(20)1104) are matriculating into the

De novo design

insights

Hit/Lead
structures

« In vitro /in vivo activity
and selectivity

\ ‘ - ADME and toxicology
properties

Availability of
starting
material

Figure 1 Major influencers of drug structures during the discovery process.
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public and industrial collections to compliment compounds of natural and
industrial origin. However, composition of these libraries is heavily influ-
enced by high efficiency chemistry and separation technology that enabled
their facile synthesis and purification. For SAR investigation, most chemists
prefer reactions that are reliable and highly efficient, starting from commer-
cially available starting materials. In other words, compounds that are easily
synthesized are biased to have a better chance of progressing in the drug dis-
covery journey.

S 2. METHOD

To have a more quantitative glimpse at the structural trend of drug
molecules, we performed a substructure analysis of approved drugs as well
as drug candidates currently in clinical and preclinical development using
the Drug Data Report (MDDR) database (2016MI1). MDDR is a commer-
cial database that retrieves chemical structures from published documents.
The database includes the respective therapeutic classes and status of devel-
opment of drug candidates. It is difticult to compile a historical overview of
snap shots of the shapes of molecules in development as the numbers are
constantly changing. Therefore, we plot the data of all launched drugs
(N =1631), those drugs that have been approved in the last decade
(2005—2014, N = 221); the previous decade (1995—2004, N = 331);
drug candidates currently in Phase III (N = 351), Phase II (N = 1457),
and Phase I (N = 1161); or in preclinical development (N = 17,580), as
of Sept 2015. Only compounds with defined structures were included
and as a consequence large molecules such as antibodies and large peptides
were omitted. The database also has a “Biological testing” category for
development stage, which covers a broad range of the compounds that
have not yet entered into preclinical development. They were not included
in the analysis due to the lack of commonly accepted criteria for the mile-
stone. Compounds with a development stage classified as “registered,”
“pre-registered,” “recommended approval,” and those between phases
were not included due to the small representation.

S 3. RESULTS AND DISCUSSION

Of the more than 22,000 compounds with defined structures in the
selected dataset, a great majority (95%) contain at least one ring (top line,
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Figure 2 Percentage of ring containing molecules by substructure analysis.

Figure 2). This percentage remains more or less constant if we look at newer
drugs that have been approved in the last decade or earlier. Even for drugs
that are still under various stages of clinical development, the ratio of cyclic
compounds remains stable between 95% and 98%. The percentage of het-
erocyclic compounds, however, rose steadily from 71% to 87%. Compared
to their linear counterparts of similar composition, cyclic compounds have
fewer degrees of structural freedom, are more compact, and tend to be better
binders with the protein targets. They are generally more bioavailable.
Nevertheless, medicinal chemistry merits alone would not be able to ac-
count for their dominance. The percentage of aromatic compounds has
also shown a dramatic increase from just under 80% for all marketed drugs
to over 90% for drug candidates in preclinical development. This finding can
be considered as a predictor for the structure of drugs in the near future.
Considering the composition of drug candidates currently in Phase III clin-
ical trials as a leading indicator for the types of future drugs to be approved,
along with Phase II and Phase I molecules as yet a further indicator for what
is coming down the road for the next generation of drugs, we can see the
general trend towards more aromatic compounds. Interestingly this trend
has been noted several years ago by Lovering, Bikker, and Humblet
(2009]MC(52)6752). The drug discovery community has been alarmed by
the increasing aromaticity or decreasing presence of saturation in drug
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Figure 3 Trends of ring containing compounds.

structures. The reason for concern is that the decrease in hydrogen atom
saturation in drug candidates has been linked with poor solubility and
high attrition rate during clinical development. However, the trend toward
aromatization/unsaturation continues. The roles played by the synthetic
feasibility for shaping this thread need to be delineated from the requirement
of structural rigidity and hydrogen bonding capabilities (aromatic N atoms).
The increasing proportion of therapeutic targets of drug discovery efforts to-
ward oncology (i.e., large number of kinase targets) might also play a role in
the molecular structure of drugs, leading to an increasing presence of sp hy-
bridized nitrogen.

Instead of showing the absolute percentage of substructure representa-
tion, Figure 3 illustrates the change across development stages. It is worth
noting that 34% of all previously approved drugs contain at least one heter-
oaromatic ring. This number has increased by 54% for the compounds
currently in preclinical testing. On the contrary, there is nearly a 50%
drop for the simple, mono-substituted phenyl group. Explanation of this
phenomenon is complex and needs to be nuanced. Contributing factors
for the decreasing popularity of the plain phenyl might include the suscep-
tibility toward metabolism, lack of binding specificity, too high a lipophilic-
ity, or poor intellectual property positions.

One of the most prominent drug structure changes is the rise of biaryls
(Ar-Ar'). Biaryl as a pharmacophore obviously brings a combination of
structural rigidity and flexibility around the “free” rotating single bond
adjoining the two rings. However, its popularity has to be attributed to
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Pd or Ni catalyst

Ar-X + Ar'-M Ar-Ar'

X =1, Br, Cl, OTf, OTs, OMe, CN, OP(O)(OEt),, No*, COCl etc
M = B(OH),, B(OR),, ZnX, MgX, SnR3, CO,M, Mn, Cu, etc

Figure 4 Transition metal catalyzed crosscoupling reactions.

the advent of palladium cross-coupling reactions (Figure 4) (2012AGE(51)
5062). Also, access to the nucleophilic aryl metals has been vastly improved
through directed ortho metalation (2014MI1) and Rh- or Ir-facilitated
direct borylation of arenes (2012ACR (45)864). In recent years, the scope
of the Ir-catalyzed borylation reaction has been greatly expanded to accom-
modate unconventional “electrophiles” with leaving groups including OH,
CN, and OMe. Biaryls (Ar-Ar’) have also been obtained by Rh-catalyzed
direct coupling of arenes (ArH) and aromatic aldehyde (Ar'CHO) coupling
through a C—H activation mechanism (2010JA(132)12212).

As illustrated in Figure 5, the growth in biaryls is largely driven by the
popularity of those containing a heteroaromatic ring. This is a class of com-
pounds extremely difficult to selectively prepare without the aid of transition

40

N Y

. AN ———

25

—4— Aliphatic Heterocyclic

—@ Biary (55, 5-6, 6-6)
20 )

~—biphenyl

— heterobiaryl

U kT

all launched  Launched Launched Phase Il Phase Il Phase | Preclincial
1995-04 2005-2014

Figure 5 The rise of biaryls (Ar-Ar).
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Figure 6 The increasing presence of Ar—Ar’ in drugs and drug candidates.

metal catalyzed cross-coupling. Concomitant with the rise of biaryls is the
drop in the percentage of aliphatic heterocyclic compounds. Again data
are lagging for concluding whether this is really a desirable phenomenon
or not. The same data can be visualized in a columnar format to underscore
the influence of cross-coupling reactions on the shape of drugs (Figure 6)
(1982ACR(15)340, 2011AGE(50)6722).The popularity of biaryl in drugs
corresponds well chronologically with the surge of published literature for
this powerful and differentiating synthetic methodology (Figure 7)
(2016MI2). Unequivocally, no other chemical transformation discovered
in the last century has had such a profound impact on the shapes of drug
molecules.

We then examined the representation by major heterocycle classes among
the dataset across different development stages (Figure 8) and the results were
intriguing. No significant changes were observed for the traditionally com-
mon pharmacophores such as piperidine, piperazine, indole, and pyrrolidine.
However, pyridine has replaced piperidine as the most common heterocyclic
pharmacophore. This is in line with the general trend of aromatization noted
earlier. Again, how much of a bias toward aromatic compounds due to easier
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Figure 8 Percentages of the major heterocyclic pharmacophores.

synthetic access of pyridines remains to be discerned in light of the ever
strengthening repertoire of tools including aryl C—C bond cross-coupling
(1982ACR(15)340, 2011AGE(50)6722), aryl C—N and C—O bond het-
ero-couplings (2006JA(128)3584, 2004ASC(346)1599), and aryl C—H
activation (2014BMC(22)4445).

When the relative ratios (percentage) of a certain pharmacophore at a
specific development stage are plotted against that of all launched drugs
(Figure 9), we can see the emergence of small heteroaromatic system repre-
sented by pyrazole, triazoles, and tetrazole, all containing an N—N bond.
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Figure 9 Relative ratios of heterocyclic pharmacophores at stages of development.

Actually, the percentage of N—N bond containing molecules has doubled
among preclinical compounds relative to that among launched drugs.
Because of the lag time between the discovery and utilization of new syn-
thetic methodologies and the manifestation of its impact on the structures
of drug molecules, we may expect to see a rise of 1,2,3-triazoles in the future
due to the power of Huisgen cycloaddition “Click chemistry”
(2003DDT(8)1128), even though the current growth leader is clearly pyr-
azole for a variety of reasons, most notably metabolic stability.

4. CONCLUSION

In summary, we have uncovered some interesting trends in medici-
nal chemistry through a simple and very qualitative analysis of the pheno-
typical nature of drugs and drug candidates. While the phenotypic
outcome is reasonably unambiguous, the underlying reasons affecting the
design, preparation, selection, and attrition of drug molecules can be
extremely complex (2009JMC(52)6752, 2003JMC(46)1250). We wish
to highlight the unequivocal influence of synthetic accessibility, composed
of facility of synthetic transformations and availability of starting materials.
Understanding these biases and being conscientious of their merits and
drawbacks will be instrumental in improving the efficiencies of drug dis-
covery, and managing attritions of clinical candidates during development.
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Drug discovery is a long and complex endeavor where decisions are often
made with incomplete data and without the benefits of prompt feedbacks.
Medicinal chemists have to constantly make tradeoffs between affinity,
selectivity, physical and ADME properties (2003]MC(46)1250), toxicolog-
ical findings, and synthetic route simplicity. It is noteworthy that all accu-
mulated chemistry efforts in human history have barely scratched the
surface of the vast possible chemical space. A case in point is that there
are estimated fewer than 40 million compounds with known structures,
and a typical compound collection for medicinal chemistry screening pur-
pose is in the range of 10* to 10° scale. However, the enumerated number
of possible structures with only 17 heavy atoms affording the typical size of
drug like molecules would amount to 166 billion compounds (2012MI1).
The influence of synthetic accessibility has been very strong in the last few
decades of modern drug discovery with more aromatic compounds getting
into the pipeline. As a result there is a deviation from a natural product-like
platform that tend to have higher sp®/sp” atom ratios. The unintended
consequences include structural bulkiness, low aqueous solubility, and
poor exposure. This general pattern has been stridently recognized if not
widely heeded (2009JMC(52)6752, 2003JMC(46)1250, 2009JMC(52)
2952, 2015]MC(58)4443, 2016JMC(59)4358).

Synthetic accessibility also influences the very early stage of drug discov-
ery. Many of the intentionally designed diversity libraries lean toward ease of
synthesis and purification efficiency. A common nexus for the combinatorial
chemistry/parallel synthesis efforts is the reaction efficiency (e.g., using
excess reagents to drive reactions to completion) and separation effectiveness
(e.g., applying solid-phase—based reagents or scavengers). With the advent
of computational chemistry and expansion of our knowledge base on pro-
tein structures, more fruitful de novo design of drug molecules is inevitable.
However, this will only reduce the hit/lead bias as compared with biological
screening of the actual compound collections. After in silico screening,
selected compounds still need to be made in the laboratories to advance to-
ward in vivo testing and ultimately human trials. The synthetic accessibility
bias can only be overcome by the invention of more convenient methodol-
ogies with impact to that of the palladium-catalyzed cross-coupling reactions
(e.g., Suzuki, Negishi, and Kumada couplings) for the preparation of biaryls.
Besides fulfilling the need of medicinal chemists to incorporate a biaryl moi-
ety into a molecular backbone, Suzuki couplings also has the advantages of
being easy to perform (nonhydroscopic reaction conditions) and general
applicability, having a growing supply of aryl halides and stable arylboronic
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acids as coupling partners, and using a mild reaction condition compatible
with many existing functional groups. This underscores the importance of
robustness and generality of a new reaction. Medicinal chemists need
more powerful, efficient, and convenient tools to prepare molecules that
are more “natural product” like; have more sp3 atoms; and more flexible,
diverse, unique, and intriguing structures. Transformations that enable func-
tionalization of inactivated sp> C—H bonds, stereoselective introduction of
small alkyls onto saturated heterocyclic ring, and explorations of hitherto
unknown heterocyclic rings (2009JMC(52)2952) are but just a few examples
of current needs. Developers of synthetic methodologies will have a greater
impact to the community if they align their expertise and curiosity with the
current and strategic needs of medicinal chemists. More frequent dialogs and
closer collaboration between industry and academia will undoubtedly
benefit this goal.
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Abstract

In recent years, the advantages of incorporating saturated heterocyclic rings in thera-
peutic agents have become increasingly apparent, as compared to using only aromatic
and heteroaromatic ring systems. In particular, saturated heterocyclic ring systems play
a central role in medicinal chemistry; frequent advantages include improved aqueous
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solubility and lower toxicity of metabolites, as well as the potential for greater diversity
partly through stereoisomerism. This review illustrates examples of saturated heterocy-
cles with relevance to medicinal chemistry as published in the years 2013—2015. The
three main categories discussed are small and medium ring systems containing one
heteroatom, spiroheterocyclic ring systems, and heterobicyclo systems.

Keywords: Heterobicyclo systems; Medicinal chemistry; Monocyclic heterocycles;
Saturated rings; Spiroheterocycles

1. INTRODUCTION

The importance of saturated heterocyclic systems is well illustrated
by the piperidine ring, long known in a medicinal context, and the
most abundant saturated heterocyclic system in all current small-molecule
therapeutic agents listed in the FDA Orange Book (2014JMC5845). Most
pharmaceuticals contain between one and four rings (2014JMC5845), in
part because of the lower conformational entropy to be overcome upon
binding to the target. However, saturated rings tend to be inherently
more drug-like than planar aromatic ones; toxic metabolites arising from
arene oxidation are avoided, and saturation increases water solubility and
imparts desirable three-dimensional occupancy of a drug target (2011
PNAS6799), all factors that contribute to two recently formulated criteria
that favor drug-likeness: a relatively high level of saturation and an asym-
metric center. A case study of a large number of successful clinical candi-
dates gave a ratio on 0.47 for the number of sp> carbon atoms present to
the total number of carbon atoms per drug molecule, which also typically
contained at least one chiral center (2009JMC6752, 2013MCC515). De-
parture from using rings that are exclusively aromatic or heteroaromatic,
such as benzene, imidazole, and pyridine has additional benefits, including
greater diversity (through stereoisomerism) for a small increase in molecular
weight, and structural novelty which can assist patentability. Consequently,
the structural landscape of drug-like molecules is changing (2014JMC5845,
2011CSR5514), and has an increased emphasis on saturated ring systems,
most of which are heterocyclic. To illustrate those points, this review covers
some of the major saturated heterocycles (their low mass being a desirable
drug-like feature) as well as more complex architecture present in saturated
spiro and bicyclo heterocycles, especially where the constitution is novel or
unusual.
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S 2. RING SYSTEMS CONTAINING ONE HETEROATOM
2.1 Azetidines

In a study to optimize potent protein kinase CO inhibitors with the
potential to treat theumatoid arthritis and inflammatory bowel disease, an
azetidine ring was essential in order to obtain low nanomolar potency, as
for compound 1. Analogs where oxetane or cyclobutane replaced the aze-
tidine ring were considerably less potent. Hydrogen bonding of such
substituted azetidines to Asp, and in some cases also to an Asn residue,
was confirmed by crystallography (2015]MC222) (Figure 1).

The azetidine 2 is a potent, selective and bioavailable antagonist of
G-protein bile receptor 1, an important target in the treatment of diabetes
(2014JMC3263). Analogs containing a piperidine ring in place of the azeti-
dine ring were significantly less potent. However, in a study of the inhibition
of sphingosine kinase 1, a target for fibrosis, inflammation, and cancer, while
2-substituted azetidine derivatives were potent, a 2-methylene-substituted
pyrrolidine derivative afforded much greater inhibition of G-protein bile
receptor 1, and was also highly selective for isoform 1 over isoform 2
(2015]JMC1879).
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Figure 1 Enzyme inhibitors and receptor antagonists that contain an azetidine ring.
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Azetidines are also a key feature of'a class of free fatty acid receptor 2 an-
tagonists, compound 3 showing promise for clinical development as an anti-
inflammatory agent (2014JMC10044). In this series, the (R)-enantiomers
were the more potent, and sometimes the (S)-enantiomers were inactive.

Nicotine addiction is mediated by nicotinic acetylcholine receptors which
may also be involved in alcohol addiction. 3-(Azetidin-2-ylmethoxy)pyridine
derivatives can show selective inhibition of the a4 /B2 nicotinic acetylcholine
receptor, and in a rat model of alcohol intake compound 4 showed greater
selectivity for the a4/B2 receptor subtype and fewer side effects than the
structurally related sazetidine-A (2013JMC3000). Other related compounds
exhibited antidepressant properties in a mouse model (2013]JMC5495).

A preclinical candidate for the treatment of Alzheimer’s disease contained
a 3-(1-isopropyl)azetidinyl subunit and inhibited gamma secretase but did
not inhibit human CYP3A4 (which could lead to drug—drug interactions)
as did other analogs in this series, presumably through binding to iron in
the heme coenzyme (2013BMCL1621). In a series of 5-substituted benz-
imidazoles, a 3-(1-hydroxyethyl)azetidinylsulfonyl subunit was found to
confer potent selective agonism of the cannabinoid receptor (CB2) associated
with irritable bowel syndrome; the agonist was eftective (EDs 0.66 mg/kg)
in a rat model of IBS and with few side effects (2015BMCL236).

Janus kinases (JAKSs) are involved in signaling that is relevant to inflamma-
tory diseases. The 3-cyanoazetidine 5 showed good selectivity for JAK3 while
retaining potency against IL-2 signaling, indicating that such compounds
could be useful probes of complex signaling pathways (2013]MC345).

2.2 Oxetanes

Synthetic routes to oxetanes and chemical transformations of oxetanes have
developed markedly in recent years (2010AG(E)9052). Nucleophilic addi-
tion to the carbonyl group of oxetan-3-one can furnish a wide range of
3-substituted oxetane derivatives (2010JMC3227). The nickel-catalyzed
Suzuki coupling of a (hetero)arylboronic acid with 3-iodooxetane afforded
3-(hetero)aryloxetanes (20080L3259).

The incorporation of an oxetane ring can greatly improve the drug-like
properties of compounds (2006AG(E)7736), increasing solubility, and usu-
ally increasing metabolic stability, as well as typically lowering log P by
about one unit (2010JMC3227). 3,3-Disubstituted oxetanes can be robust
replacements either for a methylene group or a gem-dimethyl group, and in
some cases also for a keto group (2010JMC3227). When a methylene group
in an aliphatic chain is replaced by a 3-substituted oxetane a synclinal
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conformation is adopted. The oxetane ring is sufficiently chemically inert to
be found in natural products, and is thought to act as a conformational lock
in paclitaxel, defining the orientation of the 2-benzoyl group and the C-13
side chain (1999BMCL3041), all key features in the binding of paclitaxel to
tubulin.

In the progression of dual leucine zipper kinase inhibitors toward a new
agent to treat neurodegeneration, the privileged 3-oxetanyl moiety was
essential in obtaining potent inhibition of c-Jun N-terminal kinase and
sub-nanomolar in vitro enzyme inhibition of dual leucine zipper kinase;
both kinases are implicated in neurodegeneration, including Alzheimer’s
and Parkinson’s diseases (2015]MC401). Appending the oxetane lowered
the basicity of the piperidine ring and reduced efflux of compound 6
(Figure 2).

A 3-oxetanyl group, while not binding within the active site of the
kinase mTOR which is a validated anticancer target, is a significant contrib-
utor to an improved PK/PD profile of a new mTOR inhibitor that also
showed more potency than a previous preclinical candidate lacking an oxe-
tane ring (2013JMC3090).

2.3 Pyrrolidines

In a series of 6-alkyl-2-amino-4-aminosubstituted pyrimidines designed as
anti-inflammatory agents that target the histamine H4 receptor, compound
7 showed the best overall PK/PD profile, both the absolute configuration of
the amino group and the pyrrolidine ring being crucial for potency and ef-
ficacy (the amino group is protonated and binds to Asp in the H4 active site).
However, clinical progression of amine 7 during phase II evaluation against
atopic dermatitis was halted following observation of drug-induced agranu-
locytosis in two patients (2014]MC2429) (Figure 3).

Cy-symmetric pyrrolidine-based 3,4-bis-N-alkylsulfonamides, such as
amine 8, contain a novel and nonpeptidic scaffold. Amine 8 exhibits the
most potent inhibition of the homodimeric human T-cell leukemia virus

F
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Figure 2 A 3-substituted oxetane with neuroprotective properties.
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Figure 3 Pyrrolidine receptor antagonists and protease inhibitors.

type 1 protease (an aspartate protease) currently known, each sulfonamide
nitrogen atom binding to one of two aspartate residues in the catalytic site
(2015]MC4845).

Disruption of the p53—MDM?2 interaction, thereby restoring the tumor
suppressor activity of p53, is seen as an appealing approach to cancer treat-
ment. The difficulty of targeting the hydrophobic surface of the protein—
protein interaction was met by appending suitably oriented lipophilic groups
in a pentasubstituted pyrrole (Figure 4) (2013JMC5979). The nitrile group
was found to be essential for achieving the required puckering of the pyrro-
lidine ring, and hence the appropriate dihedral angle of the two aryl substit-
uents (2013JMC5979). This compound was highly effective when
administered orally in an osteosarcoma mouse xenograft.

The post-proline serine protease fibroblast activation protein (FAP) is
considered to contribute to tumor invasion and metastasis. The inhibitor
9 is a stable transition state analog that shows excellent selectivity for FAP

Figure 4 A substituted pyrrolidine bound in MDM2: PDB 4JRG. Reprinted with permis-
sion from Q. Ding, Z. Zhang, J.-J. Liu, N. Jiang, J. Zhang, T. M. Ross, X.-J. Chu, D. Bartkovitz,
F. Podlaski, C. Janson, C. Tovar, Z. M. Filipovic, B. Higgins, K. Glenn, K. Packman, L. T.
Vassilev and B. Graves, J. Med. Chem. 2013, 56, 5979. Copyright (2013) American Chemical
Society.
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over several normal human dipeptidyl peptidases (DPP) and prolyl oligo-
peptidases (2013]MC3467). In a different series of proline-based FAP inhib-
itors, a 2-cyano-4,4-difluoropyrrolidine was found preferable to a 2-boronic
acid derivative, and showed good potential for in vivo inhibition
(2014JMC3053).

5,5-Fused systems containing one or more pyrrole rings are useful scaf-
folds in medicinal chemistry. Some octahydropyrrolo|3,4-cpyrroles are
selective antagonists of orexin-2, and a candidate for primary insomnia has
progressed through phase I clinical trials (2015]MC5620). [3.3.0]-Octahy-
drocyclopenta[c|pyrrole antagonists of retinol-binding protein 4 have poten-
tial for the treatment of atrophic age-related macular degeneration and
Stargardt disease (2015]MC5863).

2.4 Tetrahydrofurans

The tetrahydrofuran ring present in RNA and DNA is a common scaffold in
drug design targeting pathogenic nucleic acids. The tetrahydrofuran deriv-
ative 10 is a first-in-class nucleoside respiratory syncytial virus (RSV) poly-
merase inhibitor and has entered phase II clinical trials (2015]MC1862).
Human RSV is associated with significant morbidity and mortality in child-
hood, and causes symptoms of the common cold in most patients. Other
2'-deoxy-2'-B-fluoro-substituted nucleosides show promise for the treat-
ment of hepatitis B (2015]MC3693).

Nucleoside analogs comprise the largest class of DNA methyltransferase
inhibitors, and find use in the treatment of a variety of cancers, since pro-
moter methylation can lead to inactivation of tumor suppressor genes
(2015]MC2569) (Figure 5).

The (R)-enantiomer of a 2,2-diaryltetrahydrofuran is a good inhibitor of
5-lipoxygenase activating protein and has potential for the treatment of in-
flammatory diseases. Affinity (ligand lipophilic efficiency) was higher for the
(R)-enantiomer than the (S)-enantiomer, suggesting that the ring oxygen
atom forms a specific interaction within the receptor site (2015JMC897).
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Figure 5 Tetrahydrofuran-containing polymerase, kinase, and protease inhibitors.
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In a hybrid approach to generating new inhibitors of the tyrosine kinase
ACK1, implicated in signal transduction that sustains hormone-refractory
cancers, the tetrahydrofuran 11, containing the common 2-anilinopyrimi-
dine unit that binds to peptide backbone regions of the kinase, showed
potent in vitro inhibition of ACK1 and good antiproliferation in several can-
cer cell lines (2015]MC2746).

Several amino-bis-tetrahydrofuran derivatives such as the acetal 12 are
very potent HIV-1 protease inhibitors that possess excellent antiviral prop-
erties. Although these compounds have the same ring systems and scaftold
as darunavir, increased binding derives from the additional isopropylamino
group hydrogen bonding with the active site backbone; enhanced lipophi-
licity of other substituents is also thought to contribute to the greater
potency of derivative 12 and some analogs compared to darunavir
(2015]MC6994).

2.5 Piperidines

Arginase overexpression is implicated in myocardial reperfusion injury.
(R)-2-Amino-6-borono-2-(2-(piperidin-1-yl)-ethyl)hexanoic acid reduced
infarct size in a rat model and is a potent inhibitor of arginase, its boronic
acid group binding to manganese; there is also hydrogen bonding of water
to the piperidine ring and two Asp residues in the active site (2013]MC2568).

The piperidine ring is often used as a linker, and a 4-aminopiperidine
core was optimized for potency and efficacy against Mycobacterium tubercu-
losis; a 3-fluoro substituent on the piperidine ring lowered the lipophilicity
and as expected also lowered hERG inhibition (2014JMC4889).

Making use of the finding by Zimmerman in the late 1970s that
N-methyl-frans-3,4-dimethyl-4-(3-hydroxyphenyl)-piperidine was a pure
antagonist of an opioid receptor, the same piperidine linker has been incor-
porated into a 3-isoquinoline carboxamide that is a very potent and highly
selective antagonist of the k-opioid receptor, considered to be a target in
the treatment of anxiety, eating disorders, depression, and schizophrenia
(2014]MC7367).

Antagonists of the G-protein-coupled receptor (GPCR) 119 stimulate
glucose-dependent release of insulin, both directly in the pancreas, and indi-
rectly by action in the gastrointestinal tract by promoting secretion of the
incretin glucagon-like peptide-1 (GLP-1). Of'a new class of GPR 119 antag-
onists, pyridin-2-one 13 was effective in both chronic and acute models of
rodent diabetes, and showed an increase in total GLP-1 plasma levels in
healthy humans (2014JMC7499) (Figure 6).
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Figure 6 Piperidine antagonists of two G-protein-coupled receptors.

CC chemokine receptor-1 (CCR1) is a GPCR linked with progression
of several inflammatory diseases; the CCR 1 antagonist 14 (BMS-817399),
has entered phase 2 clinical trials for the treatment of rheumatoid arthritis
(2014JMC7550). The axial hydroxy group on the piperidine ring of antag-
onist 14 binds to a His residue.

Polyhydroxylated piperidines such as nojirimycin are a rich source of
glycosidase inhibitors. Several N-(4-biphenylmethyl)oxypentyl derivatives
possessing a D-gluco-substituent assembly on the piperidine ring are potent
inhibitors of intestinal glycosidases, and may have potential for development
as agents to combat type 2 diabetes (2014JMC9096).

2.6 Tetrahydropyrans

Inhibitors of dipeptidyl peptidase 4 (DPP4) can be valuable in the treatment
of diabetes. MK-3102 (omarigliptin) 15 progressed to phase 3 clinical eval-
uation in 2014 (2014JMC3205). Compared to Merck’s previous inhibitors
of DPP4 such as sitagliptin and saxagliptin, the primary amine is rigidified
as part of a tetrahydropyran ring which in part led to improved pharmaco-
kinetics and a longer half-life. The primary amine is engaged in hydrogen
bonding with two Glu residues (2014JMC3205) (Figure 7).

Sodium-dependent glucose transporter (SGLT) inhibitors promote uri-
nary excretion of glucose, thereby permitting an insulin-independent treat-
ment of type 2 diabetes mellitus. Replacement of the ethyl group in
dapaglifiozin by trideuteromethyl gave derivative 16 which shows higher
metabolic stability owing to the kinetic isotope effect, and is also a selective
SGLT?2 inhibitor of long duration of action (2014JMC1236).

Figure 7 Antidiabetic and antibacterial tetrahydropyrans.
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Compound 17 and some analogs inhibit bacterial type II topoisomerases
and are potent antibacterial agents against Gram-positive pathogens. The
tetrahydropyran 17 showed no observable cross-resistance, only weakly
inhibited hERG K™ channels, and gave no observed adverse cardiovascular
effects in guinea pigs (2015]MC927).

g 3. SPIROCYCLIC HETEROCYCLIC RING SYSTEMS
3.1 Introduction

Spirocyclic scaffolds, in which a single atom is common to both rings,
are a prime category of drug-like molecules (2014BMCL3673); they possess
significant occupancy in each of three dimensions, and often have structural
novelty that may also be accompanied by new synthetic methods of access.
An example is the acetylcholinesterase inhibitor and antihypertensive agent
spirapril which contains a spiro 1,3-dithiolane bonded to C-3 of a pyrrole
ring.

3.2 Spirooxetanes

The 2/-spirooxetane system was shown to be a moderately effective scaffold
for the treatment of hepatitis C virus (2014JMC1826, 2014]MC1836). A
2’_oxetane cytidine triphosphate showed good inhibition of NS5B polymer-
ase (ICs0 8.5 uM), although modest replicon activity was found for the py-
rimidine bases containing this spirooxetane unit (2014JMC1826). Some
phosphoramidate prodrugs of 2'-deoxy-2'-spirooxetane ribonucleosides
were more potent, having ECs( values down to 0.2 uM in the Huh7-repli-
con cell line, and without any observed toxicity (2014JMC1836).

3.3 Spiropyrrolidines
7-(1-Pyrrolidino)-4-oxyquinoline-2-carboxylic acids and their 8-aza deriva-
tives are commonly used in the treatment of respiratory infections. In order to
reduce toxicity in types that have fused cyclopropylamine units, spirocyclic
pyrrolidines such as derivative 18 were synthesized and evaluated. The
inability of compound 18 to undergo oxidation to an iminium ion is thought
to contribute to its low toxicity. Spirocycle 18 was effective in a murine
model of multidrug-resistant streptococcal pneumonia (2013JMC1974)
(Figure 8).

Some inhibitors of the interaction of MDM2 with p53 up-regulate the
tumor suppressor and are in clinical trials (2015JMC1038). The most potent
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Figure 8 Therapeutic agents containing a spirocylic pyrrolidine unit.

inhibitor 19 of MDM2 (K; 0.44 nM) so far identified achieved complete and
lasting tumor regression in xenograft models of osteosarcoma and lympho-
blastic leukemia (2013JMC5553).

A spiroketal at the 3-position of a pyrrolidine ring was found to improve
potency against mutants. The 1,4-dioxa-7-azaspiro[4.4|nonane unit main-
tained high inhibitory potency against genotypes 1a and 1b of the hepatitis
C virus, as well as against Leu31Val and Tyr93His mutants (2014JMC2058).
Potent suppression of hepatitis C viral RNA and the good pharmacokinetic
and safety profile support clinical progression of the spiroketal.

3.4 Spiropiperidines
4-Spiropiperidines comprise a privileged scaffold, an example being the
linkage of an indane at the 1-position with a piperidine at the 4-position.
Using a high-throughput cell-based reporter assay, a substituted 4-piper-
idinylpyridine shown to be a low micromolar inhibitor of WINT signaling
was optimized to give the spirolactam 20, a potent inhibitor of WNT
signaling that displayed good oral pharmacokinetics and was effective in a
solid tumor xenograft model (2015]MC1717) (Figure 9).
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Figure 9 4-Spiropiperidine therapeutic agents.
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Spirohydroxamic acid inhibitors were designed and synthesized on the
basis of their potential to inhibit matrix metalloproteinases which are consid-
ered to exacerbate bleeding by delaying fibrinolysis (2015]MC2465,
2015]MC2941). The (R)-spirohydroxamic acid 21 was more effective in
reducing fibrinolysis in vitro and showed fewer side eftects than common
current treatments using tranexamic acid or aprotinin; spiropiperidine
21 is a preclinical candidate for the treatment of acute hemorrhaging
(2015]JMC2465). The selective dual orexin receptor antagonist 22 induced
mainly nonrapid eye movement sleep in mice, suggesting that such antago-
nists could find use in the treatment of insomnia (2013JMC7590).

A spiro[1 H-isobenzofuran-3,4’-piperidine] with high aqueous solubility
and negligible P-gp-mediated efflux is a potent antagonist of the human
vasopressin 1a receptor. It showed good uptake in the brain, and is suitable
for clinical studies in those with autism (2015]MC2275). The same spiro sys-
tem, though with a different N-substituent and labeled with '’F possesses
low lipophilicity, is an effective tumor-imaging agent selective for the o
subtype of the opioid receptor (2015]MC5395).

S 4. HETEROBICYCLO SYSTEMS

4.1 Azabicyclo[3.1.0]hexanes

One advantage of the 3-azabicyclo[3.1.0]hexane system over the
piperidine ring is that a 6-aryl substituent is conformationally locked in the
equatorial position and can also be achiral. Such rigidity was found to be
required for selective and highly potent inhibition of an opioid receptor
(2012BMCL2200). The sensation in dogs of pruritus (intense itch), which
by scratching can lead to secondary infections, is alleviated by the highly
potent p-opioid receptor antagonist 23 (Kj 0.2 nM), the increased lipophilic-
ity of the indanyl ring enhancing the potency (2012BMCL2200) (Figure 10).

4.2 Azabicyclo[2.2.1]heptanes

Protonation of the bridgehead nitrogen atom of some 7-azabicyclo[2.2.1]
heptane derivatives affords a rigid cycloalkylammonium cation that is

H
MeSO,N
N/\[:b
23

Figure 10 An antipruritic 3-azabicyclo[3.1.0]lhexane derivative.



Saturated Heterocycles in Medicinal Chemistry 25

thought to form bifurcated bonds to the catalytic diad of Asp344 and Asp214
in plasmepsin, an aspartate protease of human hemoglobin that is degraded
for growth and reproduction of Plasmodium falciparum, the most lethal para-
sitic conveyor of malaria (2015JMC5151). Other 7-azabicyclo[2.2.1]hep-
tanes substituted at nitrogen with an electron-donating benzylic group
show promise for selective inhibition of the o5 receptor, relevant to
CNS disorders including depression and anxiety (2012BMCL4059). 2-(4-
Chloro-2-cyano-2-phenylbutyl)aziridines undergo one-step transformation
by LiAlH, into exo-2-aminomethyl-4-phenyl-1-azabicyclo[2.2.1]heptanes,
some of which also show antimalarial properties (2013BMCL1507).

7-Azabicyclo[2.2.1]heptane-1-carboxylic acid and 1-azabicyclo[3.3.0]oc-
tane-5-carboxylic acid are conformationally locked versions of proline but
were found to be poor inhibitors of proline racemases (2014BMCL390);
computational studies suggest there is little room in the active site for proline
or inhibitors of proline racemase to rotate (2009JA8513).

The 2-azabicyclo[2.2.1] system is present in ledipasvir (24), an extremely
potent inhibitor of NS5A (GT1a replicon ECs( 31 pM) that is in advanced
clinical trials as an oral treatment for patients infected with genotype 1a hep-
atitis C virus (2014JMC2033). When used in combination with the NS5B
nucleoside inhibitor sofosbuvir, the phase 2 efficacy of ledipasvir was
outstanding in patients who had shown little or no response to a regimen
of pegylated interferon and ribavirin (2014JMC2033) (Figure 11).

4.3 Azabicyclo[3.2.1]octanes

Tropanols of type 25 and 26 bind to the androgen receptor, but whereas 25
Is an antagonist, 26 is an agonist (2015]MC1569). Tropanol 25 showed
greater antagonistic behavior than did bicalutamide, a nonsteroidal clinical
antiandrogen used in the treatment of prostate cancer. Additionally, 25
showed little agonism with the mutant Trp741Leu which is activated by
bicalutamide and is detected in prostate cancer patients treated with bicalu-
tamide (2015]MC1569) (Figure 12).
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Figure 11 Ledipasvir, a clinical agent for the treatment of hepatitis C.
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Figure 12 Tropanols 25 and 27 as androgen receptor antagonists and anticancer
agents 28 and 29.

Some conventional sulfonamides were potent threonine tyrosine kinase
inhibitors but only modestly attenuated the growth of cancer cells. How-
ever, removal of the sulfonamide group and replacement by an azabicyclo
unit increased the lipophilicity, and lead optimization using crystallographic
information led to the azabicyclooctane 27 with excellent potency in vitro
and in cell-based assays, and good performance in a HCT116 xenograft tu-
mor model (2015]MC3366).

Bridging of a fused piperidine ring afforded the metabolically stable
kinase inhibitor 28 with a fourfold increase in in vitro potency (nTOR
K; 1.0 nM) and greatly increased reduction in cancer cell line proliferation
to low nanomolar values (2013JMC3090).

4.4 Azabicyclononanes

Chlorinated 2-azabicyclo[3.2.2]nonanes have shown good antitrypanoso-
mal activity, whereas a 3-azabicyclo[3.2.2]nonane showed oral activity in
a murine model of plasmodial infection (2015BMCL1390).

2-Azabicyclo[3.3.1]nonanes include the morphans, compounds that are
often agonists or antagonists of one or more opioid receptors. The nonselec-
tive opioid receptor antagonist N-phenylpropyl-4B-methyl-5-(3-hydroxy-
phenyl)morphan was modified by addition of a 7a-acylamino group to give
a k-selective antagonist; in contrast, addition of an amino, alkylamino, or
dialkylamino group at the 7a-position led to mainly [ or & agonist proper-
ties admixed with agonism (2013]JMC8826).

Activation of a4fB2 nicotinic acetylcholine receptors is associated with
improved cognitive performance. Of a new series of a4B2 nicotinic acetyl-
choline receptor agonists, 3-propionyl-3,7-diazabicyclo|3.3.0]octane showed
improved memory in the performance of an object recognition task
(2013BMCL3927). An exocyclic carbonyl group that functions as a hy-
drogen bond acceptor and a secondary amino group incorporated into this
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Figure 13 An M2 ion channel inhibitor for the treatment of influenza A virus.

scaffold, or into an azabicyclo system, were found to be requirements for po-
tency (2013BMCL3927).

Some diazabicyclononanes show potency as antagonists of the orexin-1
and orexin-2 receptors, thought to be important targets for the treatment of
various psychiatric disorders (2013BMCL4761).

4.5 Miscellaneous Heterobicyclo Systems

Agonists of the GPCR G119 stimulate glucose-dependent secretion of
insulin and release of incretin. Optimization of the 3-oxa-9-azabicyclo
[3.3.1]nonan-9-ol scaffold led to the discovery of a potent and orally active
agonist of G119 which significantly lowered blood glucose levels in a mu-
rine assay (2015BMCL5291).

Amantidine derivatives have often been used in the treatment of influenza;
they inhibit the M2 ion channel essential for viral replication of the influenza
A virus (Figure 13). However, the increase of viral strains resistant to aman-
tidine derivatives was the drive for developing the first inhibitors of M2 that
do not contain the adamantane ring system. 3-Azatetracyclo[5.2.1.1>%.0."]
undecane derivatives were proposed as structurally analogous to adamantane
derivatives; indeed several including compound 29 showed low micromolar
potency against the Val27Ala/M2 mutant channel (2013JMC9265).

Nicotinamide phosphoribosyltransferase catalyzes the formation of
nicotinamide mononucleotide, a biochemical precursor of NAD. Tumor
cells are more dependent upon this enzyme than are normal cells, and
so are vulnerable to inhibition. 1-(4-{8-Oxa-3-azabicyclo[3.2.1]octane-
3-sulfonyl } phenyl)-3-(pyridin-3-ylmethyl)urea is a low nanomolar inhibi-
tor of nicotinamide phosphoribosyltransferase, and at an oral dosage of
125 mg/kg showed excellent efficacy in an A2780 ovarian tumor xenograft
model (2013]MC4921).

g 5. CONCLUSIONS

Recent studies have shown major advantages in increasing the prom-
inence of saturated rings in therapeutic agents compared to the more
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conventional aromatic and heteroaromatic ring systems. Although the latter
will always play a major role, alicyclic and saturated heterocyclic ring systems
have already secured an essential place in medicinal chemistry. The need for
saturated systems is driven by several factors, the most fundamental being
that drug-likeness is in practice so often dependent upon appropriate chem-
ical structure, in particular that the ratio of the total number of saturated
heavy atoms to the total number of carbon atoms in an outstanding small-
molecule therapeutic agent is seldom much lower than 0.47, and also that
at least one chiral center is usually needed (2009JMC6752).

Other factors that favor the presence of saturated rings, especially hetero-
cycles, include structural diversity, the need for a distinctive structural motif
in a therapeutic agent, and the emerging possibility of tailoring the drug
administered to the genetic profile of the particular patient, and with regard
to the relevant isoforms or subtypes of the molecular target. Lastly, saturated
heterocyclic systems often confer novelty through their structure or mode of
synthesis, or both. For all those reasons, saturated heterocyclic systems have
always been important in medicinal chemistry, and in the future will
become even more essential.
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Abstract

Organic compounds containing five-membered aromatic heterocyclic rings play an
important role in life science. Among them thiazole and isothiazole heterocycles are pre-
sent in many pharmaceutical drugs and crop protection compounds and have sparked
over past years an enormous interest on these scaffolds. In agrochemicals these moieties
are found in 11 commercial products as well as in two development compounds. A thia-
zole moiety is present in seven currently marketed agrochemicals, namely the
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insecticides thiamethoxam and clothianidin, the fungicides thiabendazole, thifluzamide,
ethaboxam, and oxathiapiprolin, and the nematicide fluensulfone, as well as in the devel-
opment compound dicloromezotiaz. One compound, the fungicide isotianil, contains an
isothiazole ring and three compounds a benzothiazole ring, namely the fungicide ben-
thiavalicarb and the herbicides methabenzthiazuron and mefenacet. A benzisothiazole
ring is not yet present in any commercial product, however, is found in the former nema-
ticide development compound benclothiaz.

Interestingly thiazole and isothiazole heterocycles are much less frequently found in
agrochemicals than pyridine and pyrazole despite their bioisosteric relationship, which
may indicate that these heterocycles have still not been explored to their full scope in
crop protection lead discovery and optimization.

Detailed information on the discovery, synthesis, and the structure—activity relation-
ships of thiazole- and isothiazole-containing agrochemicals is provided in this review.

Keywords: Agrochemicals; Benzisothiazole; Benzothiazoles; Bioisosterism; Discovery;
Isothiazoles; Structure—activity relationships; Synthesis; Thiazoles

S 1. INTRODUCTION

Thiazoles (1,3-thiazoles) and isothiazoles (1,2-thiazoles) belong to the
group of azole heterocycles, that include also imidazoles and oxazoles. They
are aromatic five-membered ring heterocycles containing one sulfur and one
nitrogen atom (Figure 1). In recent years thiazoles and their derivatives and
isomers have found applications in different fields, such as medicinal chem-
istry (2015EJMC(97)699), agrochemicals (2008ANK (36)14389), and bio-
logically active natural products (2003JNP(66)1022, 2015]MC(97)911), as
well as in materials science especially in liquid crystals (1979]PR(321)643,
2001JOM(66)7925, 2003]JA(125)1700), molecular switches (2014AGE(53)
2090), sensors (2015HSA(B)(206)430), or sunscreens in the cosmetic indus-
try (2000TL(41)1707).

In medicinal chemistry thiazole-containing compounds have been
described to possess pronounced activity as antioxidants, analgesics, antiin-
flammatories, antimicrobials, antifungals, antivirals, diuretics, anticonvulsants,
and as neuroprotective, antitumor, or cytotoxic drugs (2015EJMC(97)699,
2015 MC©O7)911, 2015EJMC(92)1, 2015MCR(21)2123, 2013SI(1)253,
2011JDDR(3)55, 2009PSD(1)136, 2011PCh(1)523). Some prominent

DD O

Thiazole Isothiazole Benzothiazole Benzisothiazole
Figure 1 Generic structures of thiazole and isothiazole ring—containing heterocycles
included in this review.
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examples are ritonavir (anti—human immunodeficiency virus drug), nizati-
dine (antiulcer agent), fatostatin (sterol regulatory element-binding proteins
(SREBPs) inhibitor), febuxostat (treatment of chronic gout and hyperurice-
mia), tiazofurin and dasatinib (antineoplastic agents), fanetizole, meloxicam,
and fentiazac (antiinflammatory agents), sulfathiazole (antimicrobial drug),
abafungin and ravuconazole (antifungal agents), and nitazoxanide (antipara-
sitic agent). In many of these chemistries modifications of the thiazole ring
have resulted in improved potency and reduced toxicity.

For isothiazole derivatives, a range of biological properties have been
claimed, such as antimicrobial, antibacterial, antifungal, antiviral, antiprolifer-
ative, and antiinflammatory activities (2007THC(9)179, 2015]BPS(2)149).
Furthermore isothiazoles have been described to act as inhibitors of proteases,
for the treatment of anxiety and depression, as inhibitors of aldoso reductase,
and as 5-hydroxytryptamine receptor antagonists (2015AP(248)155).

Benzothiazoles and benzisothiazoles (Figure 1) are bicyclic compounds
consisting of a benzene and a thiazole or isothiazole ring, respectively, and
described to also possess a wide range of biological activities including anti-
cancer, antimicrobial, antidiabetic, anticonvulsant, antiinflammatory, anti-
viral, and antitubercular properties (1981PMC(18)117, 2016CCR (308)32,
2012COC(16)789).

The thiazole moiety is also found in vitamin B1 and many biologically
active natural products (2003JNP(66)1022, 2015]MC(97)911). More recent
examples of biologically active natural products are: Hoiamide A, a novel
cyclic depsipeptide that activates sodium influx in mouse neocortical neu-
rons and that also exhibits modest cytotoxicity to cancer cells; nocardithio-
cin, a novel thiopeptide containing six thiazole rings, which is an antibiotic
highly active against rifampicin-susceptible and resistant Mycobacterium tuber-
culosis strains as well as thiazomycin B, a novel antibiotic exhibiting antibac-
terial activity comparable to thiazomycin.

The pronounced biological effects observed with thiazole- or isothia-
zole-containing compounds have sparked over past years an enormous in-
terest on these scaffolds especially in pharmaceutical and crop protection
lead discovery and optimization which resulted in a steady increase in the
number of related patent applications as well as in the successful introduction
of thiazole- or isothiazole-containing pharmaceutical drugs and crop protec-
tion compounds to the market.

This development has been facilitated by a huge arsenal of cost-efficient
synthetic methods for the preparation of thiazole and isothiazole ring—
containing compounds and the versatility of these heterocyclic scatfolds as
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synthons in organic transformations (2015EJMC(97)699, 2016CCR(308)32,
2012COC(16)789, 2013HCDID283). Today thiazole and isothiazole hetero-
cycles are important scaffolds in research especially as pharmacophoric and
bioisosteric elements, and also as spacers (2014JCSP(36)150, 2014MI(33)
458, 1995ACS(SS584)15, 1991PDR (37)287). Furthermore thiazole and iso-
thiazole rings as part of bioactive compounds can strongly impact the physi-
cochemical and pharmacokinetic properties.

This review provides an up-to-date overview on thiazole and isothiazole
ring—containing compounds in crop protection. In-depth information on
the synthesis and the structure—activity relationships (SARS) of these com-
pounds as well as on thiazole and isothiazole bioisosterism is included.

g 2. THIAZOLE AND ISOTHIAZOLE RING—CONTAINING
COMPOUNDS IN CROP PROTECTION

In agrochemicals the thiazole and isothiazole moieties are found in 11
commercial products as well as in two development compounds (Figure 2). A
thiazole moiety is present in seven currently marketed agrochemicals, namely
the insecticides thiamethoxam and clothianidin, the fungicides thiabendazole,
thifluzamide, ethaboxam, and oxathiapiprolin, and the nematicide fluensul-
fone, as well as in the development compound dicloromezotiaz. One
compound, the fungicide isotianil, contains an isothiazole ring and three
compounds a benzothiazole ring, namely the fungicide benthiavalicarb and
the herbicides methabenzthiazuron and mefenacet. A benzisothiazole ring is
not yet present in any commercial product, however, is found in the former
nematicide development compound benclothiaz. Among these compounds,
only the insecticides thiamethoxam and clothianidine belong to the 15 best-
selling compounds in their indication (2015PMcD(weblink)) (Table 1).

An analysis of the 157 compounds proposed for International Organiza-
tion for Standardization (ISO) common name between 2000 and 2015
showed that 111 (70.7%) compounds contain a heterocyclic group, but
only three compounds (1.9%) contain a thiazole and one compound
(0.6%) an isothiazole moiety, whereas 25 compounds (15.9%) possess a pyr-
idine, 26 (16.6%) a pyrazole, 6 (3.8%) a pyrimidine, and 5 (3.2) a thiophene
ring (Table 1, Figure 3).

Despite the steady increase of publications and patent applications on bio-
logically active thiazole and isothiazole ring—containing compounds and the
demonstrated market value of such compounds, it appears that these hetero-
cycles have still untapped potential especially when compared to pyridine and
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Table 1 Occurrence of thiazole- and isothiazole-containing compounds

No. of
chemicals

No. of compounds
containing a
heterocycle (%)

No. of compounds
containing an (iso-)
thiazole group (%)

No. of compounds
containing a pyridyl
group (%)

Other major
heterocycles (No.)

Leading fungicides 2014 14
(top 15 products)

Leading herbicides 2014 15
(top 15 products)

Leading insecticides 2014 15
(top 15 products)

New ISO common names 157
2000—15

10 (71.4)
7 (46.7)
9 (60.0)

111 (70.7)

0

2 (13.3)

4 (2.5)

2 (14.3)
3 (20.0)
4 (26.7)

25 (15.9)

Triazole (5)

Pyrazole (2)

Pyrazole (26)
Pyrimidine (6)
Thiophene (5)
Triazine (3)
Thiophene (5)

spunodwo?) bujuipiuod—buly 9|0ZejyI0s| pue 3jozely |
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Heterocycles in compounds proposed for
ISO common name 2000 - 2015

M Pyrazole (16.6%)
M Pyridine (15.9%)
® Pyrimidine (3.8%)
W Thiophene (3.2%)
W Thiazole (1.9%)

W Isothiazole (0.6%)

W Other heterocycles (28.7%)

M No heterocycle (29.3%)

Figure 3 Frequency of aromatic heterocyclic rings in compounds proposed for ISO
common name in the period 2000—15, which includes a total of 157 compounds
with 111 (70.7%) compounds containing a heterocyclic group.

pyrazole compounds. This is perhaps surprising considering the bioisosteric
relationship between these heterocyclic moieties. Furthermore, it is apparent
that isothiazole, benzothiazole, or benzisothiazole heterocycles thus far are of
lower importance in crop protection than the isomeric thiazoles.

3. THIAZOLE AND ISOTHIAZOLE AS BIOISOSTERIC
REPLACEMENT

The concept of bioisosterism is based on the replacement of an atom
or a group in an active molecule by another electronically and/or sterically
similar atom or group with retention of the biological activity. This concept
is well established, and has been widely applied as a successful strategy in lead
optimization in pharmaceutical and crop protection research. Bioisosteric
replacements can lead to an increase of potency and improved physicochem-
ical, pharmacokinetic, and/or toxicological properties of lead compounds
(2014JCSP(36)150, 2014MI(33)458, 1995ACS(SS584)15, 1991PDR(37)
287, 2011PHARM(1)272).

The basic principles of bioisosteric replacements involve ring-to-ring
transformations and ring-to-chain transformations. The following replace-
ments in ring-to-ring transformations are well established:

* Bivalent atom replacements: —S—, —O—, —NH—, —CH,—
* Trivalent atom replacements: —N=, —CH=
* Other replacements —S—, —-CH=CH-—

—N=, —CH=
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Ring-to-ring transformations

H
S O N
& ] = (L ] IS ] Bivalent replacement: S by O, NH, CH,
N N N
Thiazole Oxazole Imidazole
S S S
°N
<\N] <= \ | <& ;\ /] Trivalent replacement: NH by CH
Thiazole Thiophene Isothiazole
H
S‘N O‘N N‘N
m & M D Bivalent replacement: S by O, NH, CH,
Isothiazole Isoxazole Pyrazole
S N S,
<E> <ﬁ> N
<\N] O ;\ /i Replacement: S by CH=CH
N .
Thiazole Pyridine Isothiazole
o Ring-to-chain transformations
N
H
s Amide s
= s = N
<\ ] (\ //N Replacement by CONH, CSNH
N \N)J\
Thiazole H Isothiazole
Thioamide

Figure 4 Major bioisosteric replacements of thiazole and isothiazole ring equivalents
and open-chain bioisosteres.

Applying these principles to thiazole and isothiazoles indicates that oxa-
zoles and imidazoles are potentially ideal bioisosteres of thiazoles; isoxazoles
and pyrazoles of isothiazoles; and pyridine and thiophene of both thiazoles
and isothiazoles (Figure 4). Thiazole and isothiazole can also serve as bio-
1sosteric replacements of several open-chain substituents such as amides
and thioamides.

Successful examples of bioisosteric replacements of the thiazole ring,
and also to some extent of the isothiazole ring, are documented in the
literature:

* Replacement of five- and six-membered aromatic rings like pyridine,
oxazole, furan, thiophene, 1,2,4-oxadiazoles, imidazole, and even ben-
zene with thiazole and isothiazole (1991PDR (37)287, 201 1PHARM(1)
272, 2001CODDD#)471, 2004CUZ(38)320, 2004BMC(38)320,
2012CB(9)2442).
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* Replacement of an amide, ester, sulfonamide, or a carbonyl group by
thiazole (2012CB(9)2442, 2012JMC(55)2301, 1990]MC(33)2715).
Further examples of bioisosteric replacements of various groups with

thiazole or isothiazole rings in crop protection products will be discussed

in the following sections.

§ 4. SYNTHESIS OF THIAZOLES AND ISOTHIAZOLES

4.1 Thiazoles

Thiazole heterocycles can easily be prepared by well-known methods
such as Hantzsch synthesis, Gabriel synthesis, or Cook—Heilborn’s synthesis
(Scheme 1). The Hantzsch approach involves cyclization and condensation
of haloketones with thioamide (19450S(V3)332). In Gabriel synthesis, thi-
azoles are formed from a-acylaminoketones after treatment with stoichio-
metric amounts of PySs or Lawesson’s reagent (2009]JOC(74)8988).
Cook—Heilborn’s synthesis is a versatile method for the synthesis of
substituted aminothiazoles involving the reaction of o-aminonitriles with
dithioacids or esters, carbon disulfide, carbonyl sulfide, and isothiocyanates

Hantzsch synthesis 2
R
2
R
/lSJ\ Hal S/\g—F?
RY" SNH, R — R1)§N
O

Gabriel synthesis

O R
0 jv\ Lawessons s {
or P2Ss 1/( 5
R‘]/U\N R2 R NS R’

Scheme 1 General syntheses of thiazoles.
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under mild conditions as illustrated in Scheme 1 with carbon disulfide
(1949]CS1064). Details on more recent synthetic methodologies for the
synthesis of thiazole derivatives has been described in several review articles
(2015EJMC(97)699, 2016CCR(308)32, 2013HCDD283, 2011PHC(22)
259, 2001SCM10).

4.2 |sothiazoles

The most common strategies for the synthesis of isothiazoles (2002SS(11)
507) are illustrated in Schemes 2—5. Among them, the oxidative C-N
coupling of B-amino thiones is of special importance (2003CH(2ndEd)
162). The oxidation in principle adds a leaving group to the sulfur in the
isomeric thiol form of the B-amino thione which then can undergo intra-
molecular ring closure. This is illustrated for oxidation with iodine
(2002SS(11)507) in Scheme 2. The B-amino thiones are readily prepared
from B-diketones by treatment with ammonia and then a sulfenating re-
agent such as Lawesson’s reagent. Alternatively, B-amino thiones can be pre-
pared by a Vilsmeir reaction of enamines, hydrolysis, and treatment with an
appropriate sulfenating reagent. As the synthesis of isoxazoles is well estab-
lished, it may also sometimes be useful to convert these to isothiazoles, by
reductive ring-opening of the isoxazole, and then treating the PB-
ketoenamine with a sulfenating reagent, followed by oxidative S-N bond
formation (1969T(25)389).

N—

o)
%)\3
R ~Z R
2

R

l Raney-Ni
(o] o]
POCI3 4 5
R R R
Y

ey \
i .

/N%Z)SL )L%\j NH s j, /SZ)\

Scheme 2 Syntheses of |soth|azoles via oxidative C-N coupling of B-amino thiones.

Lawesson's Reagent
NaSH or P2Ss
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Scheme 4 Syntheses of isothiazoles from acetylene aldehydes or ketones.
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Scheme 5 Syntheses of isothiazoles from amides and acetylenes.
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A similar strategy involves the reaction of chlorovinyl aldehydes, which
can readily be obtained by Vilsmeier reaction of a-methylene ketones, with
two equivalents of ammonium thiocyanate (Scheme 3) (2002SS(11)507).

In another strategy starting from alkynones and alkynals, a leaving group
attached to the nitrogen of the reagent is introduced, which after Michael
addition of a sulfur nucleophile, enables spontaneous S-N bond formation
(Scheme 4) (1989H(29)97).

A very elegant synthesis of isothiazoles involves a 1,3 dipolar cycloaddi-
tion of nitrile sulfides with acetylenes (Scheme 5) (1978JOC(43)3736,
1970TL1381, 1973]JCS(CC)524). Judicious choice of the acetylenes allows
for good regioselectivity in the reactions. Microwave versions of the reaction
have also been reported (2012COC(16)789). The reaction can also be car-
ried out with olefins, which can then be readily oxidized to the correspond-
ing isothiazoles (Scheme 5) (1978]OC(43)37306).

4.3 Benzothiazoles

Benzothiazoles (20025S5(11)507) are usually synthesized by one of the general
strategies highlighted in Scheme 6. The first method involves the condensa-
tion reactions of 2-amino thiophenols with carboxylic acids (2009SC(39)860,
2012TL(53)2440, 1982CL1225) or aldehydes  (20090L(11)2039,
2010SC(40)206, 2013TL(54)579) under oxidative conditions, the second
method involves the transition-metal-catalyzed intramolecular cyclization
of 2-haloanilide analogues (20090C(74)8719, 2004CC446, 2003TL(44)
6073, 2010TL(51)5009, 20070L(9)3687, 2009AGE(48)4222, 2007S819),

. NH; R,COH Condensation . N ,
R + or - > R | V»—R"  Method 1
S

SH R,CHO Oxidation

N R Coupling N 2
gl hig R | S—~*  Method 2
X Metal catalyst S

X=S,NH
Y = Halogen, H, SH

Condensatlon N
@: —</ R{:[ S—R  Method 3
MW, Heat S

Y = CN, COMe, CO2Me

Scheme 6 Strategies for synthesis of benzothiazoles.
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and the third method involves the condensation reactions of 2-amino-
thiophenols ~ with  B-ketonitriles  (2006JHC(43)1609),  B-ketoesters
(2005H(65)2119, 2011CJC(29)1880), or B-diketones (2005JHC(42)1001,
20140L(16)764) under microwave radiation and high-temperature
conditions.

4.4 Benzisothiazoles

The most usual general strategies for the preparation of benzisothiazoles
(2002SS(11)507, 2002SS(11)835) are similar to those for isothiazoles and
are shown in Scheme 7.

The first method involves intramolecular oxidative ring closure of imine
with thiophenols (1995JHC(32)1683). A second strategy involves forming
the S-N bond by having a leaving group attached to the nitrogen, followed
by intramolecular ring closure (1973JCS(PT1OBOC4)356, 2011JA(133)
6403, 19785(1)58, 1982PS(12)357, 1988CJC(66)1405). A further strategy
for the synthesis of benzisothiazoles involves reduction of nitrosothiols, for-
mation of an aza Wittig reagent with subsequent intramolecular ring closure
(Method 3) (20100L(12)752). Formation of the S-N bond to generate in
situ S-NH; moieties, which then intramolecularly cyclize with ketone/alde-
hydes is also known (1993TL(34)6525).
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1 N | N
R —> R N
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HCI/NaNOz
1 O or RONO "
R E—
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o |2PEtPh: " o
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i
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Scheme 7 Strategies for synthesis of benzisothiazoles.
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Further details on the synthesis of thiazoles, isothiazoles, benzothiazoles,
and benzisothiazoles are provided in the following sections.

5. THIAZOLE- AND ISOTHIAZOLE-CONTAINING
INSECTICIDES

The global market for insecticides in 2014 was valued at
$18,619 million, equivalent to 29.5% of the total agrochemical market
(2015PMcD(weblink)). The most important chemical classes are neonicoti-
noids (mode of action: modulators of nicotinergic acetyl choline receptors;
market share: 18.0% of the total market), pyrethroids (modulators of
voltage-gated sodium channels; 17.0%), organophosphates (inhibition of
acetylcholinesterase; 15.3%), carbamates (inhibition of acetylcholinesterase;
6.7%), fermentation products (6.7%), and several other chemical classes hav-
ing less than 5% market share each. A thiazole ring is present in only two
insecticide sales products, thiamethoxam and clothianidin, as well as in the
development compound dicloromezotiaz (Figure 5). All these compounds
belong to the chemical class of the neonicotinoids.

Currently no isothiazole-containing insecticide is on the market or
thought to be in development.

N/NO2 )"J‘:NOZ
J cH S N~ “NH

C|—<S R 3 c—q I(\H :

X k ) N CHj,

N o]
Thiamethoxam Clothianidin
Syngenta Sumitomo / Bayer
Launch: 1998 Launch: 2001
Chemical Class: Neonicotinoid Chemical Class: Neonicotinoid
Sales 2014: 1.180 Mio $ Cl Sales 2014: 460 Mio $

Rank: 2 Rank: 10

CHy k(\N Dicloromezotiaz
DuPont
% Chemical Class: Neonicotinoid

Cl In development

Figure 5 Thiazole-containing insecticides.
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5.1 Thiamethoxam

Thiamethoxam  (Figure 5) (2001PMS(57)165, 2001PMS(57)906,
2006ZN(B61)353) belongs to the chemical class of the neonicotinoids
and possess broad-spectrum insecticidal activity. It was introduced to the
market in 1998 and is used by foliar or soil application as well as a seed treat-
ment against a wide spectrum of pests in many crops.

The neonicotinoids are currently the most successful chemical class of
insecticides reaching sales of more than 3.345 biodollars in 2014
(2015PMcD(weblink)), mainly due to the excellent market performance
of thiamethoxam and imidacloprid as leading products. Both these products
reach sales of more than $1 billion and have been the second and third best-
selling insecticides in 2014.

Other products from this class include acetamiprid, nitenpyram, and
thiacloprid possessing, as imidacloprid, a pyridyl moiety instead of the thia-
zole ring and clothianidin and dinotefurane, which have a thiazole and tetra-
hydrofuran ring, respectively (2012MCPC(2nd Ed, 3)1165).

Neonicotinoids bind selectively to insect nicotinic acetylcholine recep-
tors (NAChRs) with nanomolar affinity. However, they do not act as a ho-
mogenous class of insecticides. Recent findings suggest that thiamethoxam
binds, compared to the other neonicotinoid sales products, in a difterent
way, possibly to a different site of the receptor in aphids (2004PMS(60)
959, 2004PMS(60)945, 2016PMS(in press)).

5.1.1 Discovery

Thiamethoxam was discovered as part of a research program to investigate
novel innovative variations of the nitroimino-heterocycle of imidacloprid
(2001PMS(57)165). In a first optimization cycle, the 4-nitroimino-1,3,5-
oxadiazinane (X=O0), 4-nitroimino-hexahydro-1,3-pyrimidine (X=CHy),
4-nitroimino-hexahydro-1,3,5-triazine (X=NR), and 4-nitroimino-1,3,5-
thiadiazinane (X==S) analogues of imidacloprid were prepared. Bioassays
revealed that among these compounds, the 4-nitroimino-1,3,5-oxadiazinane
analogue exhibits the best insecticidal activity, and that its potency was close
to imidacloprid. Further chemical and biological exploration showed that
replacement of the 6-chloro-3-pyridyl group by a 2-chloro-5-thiazolyl moi-
ety resulted in a strong increase of the activity against chewing insects and that
the introduction of a methyl group at the nitroguanidine moiety increased the
activity against sucking pests. The combination of these two favorable mod-
ifications led to thiamethoxam (Figure 6).
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Figure 6 Discovery of thiamethoxam.

5.1.2 Synthesis

Thiamethoxam can be synthesized in only a few steps from easily accessible
starting materials as shown in Scheme 8 (2001PMS(57)165). N-methylnitro-
guanidine is converted to the corresponding 4-nitroimino-oxadiazinane by a
Mannich-type cyclization reaction with formaldehyde in the presence of for-
mic acid. Subsequent alkylation in dimethylformamide with potassium car-
bonate as a base afforded thiamethoxam in good yields.

The key intermediate 2-chlorothiazol-5-ylmethyl chloride (CCT) is an
intermediate not only for the synthesis of thiamethoxam, but also for the
production of clothianidin. The most cost-efficient process has been devel-
oped by Takeda (now Sumitomo). Starting from 2,3-dichloro-1-propene
CCT can be prepared in three steps and high yield as shown in Scheme 9
(CA 115 280011 (1991)).

NO,
-
N/NOZ N/N02 )NI\
L» H NJJ\N/CH:i c4)) HN N/C'-|3
H,N SCHy 97% 2 90% )
(¢]
d) J 1%
N/NOZ b) NO,

N/
HoN" NH, high yield s NJJ\N/CW
T
N o

Thiamethoxam

Reagents and conditions: a) CH;NH,, EtOH, 80°C, b) CH3NH,, A, c) HCHO, HCO,H,
50°-80°C, d) 2-Chlorothiazol-5-ylmethyl chloride, K,CO3;, DMF, 50°C.

Scheme 8 Synthesis of thiamethoxam.
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Reagents and conditions: a) KSCN, b) A, c¢) Chlorination
Scheme 9 Synthesis of 2-chlorothiazol-5-ylmethylchloride.
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Scheme 10 Alternative syntheses of 2-chlorothiazol-5-ylmethylchloride.

In the course of the optimization of the production costs for thiame-
thoxam alternative syntheses of 2-chlorothiazol-5-ylmethyl chloride starting
from five different precursors were investigated and a wide choice of addi-
tional practical methods for large-scale production of this key intermediate
became available (1999PS1999) (Scheme 10).

5.1.3 Structure—Activity Relationships

The SARs for the thiazole heterocycle in thiamethoxam was investigated in
detail (2001PMS(57)906) (Figure 7). Best potency and broadest insecticidal
spectrum 1s achieved with the 2-chloro-5-thiazolyl ring. The 2-chloro-5-
pyridyl analogue is the best alternative, but overall is somewhat less active.
Replacement of the chloro substituent by hydrogen, methyl, trifluoromethyl,
hydroxy, or methoxy led to a clear decrease in activity. Changing the 2-
chloro-5-thiazolyl ring into a 2-chloro-3-pyridyl or a 2-chloro-4-pyridyl
resulted in a drastic loss of activity. Replacement of the 2-chloro-5-thiazolyl

N
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Figure 7 Structure—activity relationships of thiamethoxam.
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or the 2-chloro-5-pyridyl group by a 5-chloro-2-pyrazinyl or a 3-chloro-5-
isoxazolyl group led to compounds also showing good, but somewhat
reduced activity and spectrum.

The SARs show that a chloro substituent at the heterocyclic group is
required and that the pyridyl, pyrazinyl, and isoxazolyl groups can be
regarded as bioisosteric replacements of the thiazolyl ring.

5.2 Clothianidin

Clothianidin (Figure 5) (2006SK20, 2011JAFC(59)2931, 2003PNB(56)5)
belongs, as thiamethoxam, to the chemical class of the neonicotinoids and
possesses broad-spectrum insecticidal activity. It was jointly developed by
Takeda (now Sumitomo) and Bayer and was first introduced in 2002 in
Japan by Takeda for use in rice and turf, and in 2003 by Bayer in the United
States as a seed treatment. In 2014 clothiandin reached sales of $460 million
and has been the 10th best-selling insecticide (2015PMcD (weblink)).

5.2.1 Discovery

Inspired by patent applications from Bayer on neonicotinoid insecticides
together with some in-house leads having an acyclic nitromethylene moiety
Takeda (now Sumitomo) started in the mid-1980s an optimization program
on neonicotinoids and prepared acyclic nitromethylenes and later acyclic
nitroguanidines (2011JAFC(59)2931). Initial success was achieved with
the discovery of nitenpyram, a neonicotinoid insecticide which was intro-
duced to the market in 1995. This compound has several attractive features
such as high activity against Hemiptera and low mammalian toxicity. How-
ever, its insecticidal spectrum and physicochemical properties, such as pho-
toinstability and lack of persistence, were insufficient for further progression,
and thus further optimization was performed. Replacing the nitromethylene
pharmacophore by a nitroguanidine moiety, as present in imidacloprid and
thiamethoxam, and changing the heterocyclic group from chloropyridyl to
chlorothiazolyl resulted in the discovery of clothianidin, a new neonicoti-
noid with strongly improved spectrum and persistence compared to the
acyclic neonicotinoid nitenpyram (Figure 8).

Besides Takeda and Bayer, Ciba (now Syngenta) also had the same
design idea and performed at the same time independent research on acyclic
nitromethylene and nitroguanidine compounds which resulted in a series of
overlapping patent applications. However, both compounds, nitenpyram
and clothianidin, were first disclosed in Takeda patent applications.
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Figure 8 Discovery of clothianidin.

5.2.2 Synthesis

Many different synthetic routes have been reported by Takeda for the syn-
thesis of the key building block 2-chlorothiazolyl-5-methylchloride (see also
Schemes 9 and 10) and the further conversion to clothianidin starting from
S-methyl-N-nitroisothiourea and O-methyl-N-nitroisourea, respectively
(2011JAFC(59)2931). Furthermore, a very cost-efficient process has been
developed and patented by Ciba (now Syngenta) which involves the synthe-
sis of a hexahydro-1,3,5-triazine intermediate from the readily available N-
methyl- N -nitroguanidine via Mannich-type cyclization reaction, followed
by alkylation with 2-chlorothiazolyl-5-methylchloride and N-CH,-N
bond cleavage under acetic condition. By this method clothianidin is acces-
sible in only four steps and an overall laboratory yield of 69% (Scheme 11)
(2000TL(41)7187).

5.2.3 Structure—Activity Relationships
The presence of an electron-withdrawing group is essential, with the nitro-
imino group delivering the best activity and broadest spectrum. The SARs

NO.
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J\J‘\ %S:I/\NJJ\NH e) sj/\N)J\N/CH3
Cl H | Cl
HN NHo \N l CHj % _<\N l kN)

86
Clothianidin &

Reagents and conditions: a) CH3;NH:, EtOH, 80°C, b) CH3NHz, A, ¢) n-PrNH2, HCHO, EtOH,
50°C, (R = n-Pr), d) 2-Chlorothiazol-5-ylmethyl chloride, K2CO3, DMF, 50°C (R = n-Pr), ¢) IN
HCI, EtOH, r.t.

Scheme 11 Synthesis of clothianidin.
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for the thiazole heterocycle in clothianidin follows the standard SAR
observed in the chemical class of the neonicotinoids. The 2-chloro-5-thia-
zolyl is the most preferable heterocycle, followed by 6-chloro-3-pyridyl
(Figure 9). A chloro substituent at the 2-position of the 5-thiazole ring is
the first choice, a bromine atom is slightly inferior, followed in decreasing
order by CF3, H, CHj3, CH;3S, and CgHs (2011JAFC(59)2931).

The SARs observed for acyclic neonicotinoids confirm the value of the
thiazolyl ring as bioisosteric replacement of the pyridine ring.

5.3 Dicloromezotiaz

The development compound dicloromezotiaz (Figure 5) (CA 154 250059
(2011)) is the second mesoionic insecticide from Du Pont, which targets
the acetylcholine receptor but with a physiological action which is distinct
from that of neonicotinoids, and as such has the same mode of action as tri-
flumezopyrim (2014IUPACS836). The compound is structurally very similar
to triflumezopyrim (Figure 10), having a mesoionic central core, a meta-
substituted aromatic ring (in this case a dichloro benzene ring) and a meth-
ylene heteroaryl substituent on the nitrogen. The only other difference is the
additional methyl substituent on the amino pyridyl moiety. Dicloromezotiaz
has a much weaker hopper activity, but good activity on a range of lepidop-
teran species.

5.3.1 Discovery

The discovery of dicloromezotiaz started from the mesoionic lead structure
shown in Figure 10. Initial scoping of this lead included addition of aryl sub-
stituents which led to an increase of insecticidal activity. At this stage, the
classical neonicotinoid CHj-hetaryl substituents were tested which led to
drastic improvements in insecticidal activity. Further optimization of the
phenyl moiety led to the development compound (2014IUPAC4406).
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5.3.2 Synthesis

A convergent synthesis of dicloromezotiaz begins with a copper catalyzed
coupling of dimethyl malonate D2 with the iodide D1. The crude product
D3 is directly hydrolyzed to the diacid D4 in overall yield of 84% for the two
steps. The required coupling partner D7 is prepared efficiently by
formamide protection of D5. The thiazole moiety is introduced by a build-
ing block strategy, i.e., phase transfer catalyzed alkylation of D6 with 2-
chlorothiazol-5-ylmethyl chloride (D9), building block well known from
classical neonicotinoid chemistry. In situ deprotection of the formyl group
gives D7 in 76% yield. To complete the synthesis, the diacid is activated
as the diacid chloride and treated with D7 in toluene in the presence of
triethyl amine. This yields dicloromezotiaz in 72% yield as a single crystal
polymorph (2016BMC(24)317) (Scheme 12).
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NaOH,H20,MeOH, r.t.; 10°C, then HCL,H20. ¢) HCO2H, Ac20, EtOAc, r.t.— 46°C. d) 1)
K2CO3,BuaN+Br-(cat.), Me2CHOH, r.t.— 75°C; 2) NaOH,H20, 50°C. ¢) 1) Oxallyl chloride,
DMEF (cat), CH2Cl2, reflux. 2) EtsN,Toluene, r.t.

Scheme 12 Synthesis of dicloromezotiaz.
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Figure 11 Structure—activity relationships of dicloromezotiaz.

5.3.3 Structure—Activity Relationships

Regarding the methylene hetaryl substituent, shifts in pest spectrum are
observed depending on the nature of the heterocycle. Pyridyl and thiazole
give broad-spectrum insecticides, while surprisingly a naked pyrimidine
gives a potent hopper specialist. The naked pyrimidine is not a usual hetero-
cycle seen in classical neonicotinoid chemistries, and is even more surprising
given that the chloro- and methyl-substituted pyrimidines are inactive
(2014IUPACA446) (Figure 11).

g 6. THIAZOLE- AND ISOTHIAZOLE-CONTAINING
FUNGICIDES

The global market for fungicides in 2014 was valued at $16,365 million,
equivalent to 25.9% of the total agrochemical market (2015PMcD (weblink)).
The most important chemical classes are strobilurins (mode of action: inhib-
itors of mitochondrial synthesis at the cytochrome bcl complex; 22.9% of the
total market), triazoles (C14 demethylase inhibitors of the sterol biosynthesis
pathway; 21.2%), succinate dehydrogenase inhibitors (inhibition of succinic
acid oxidation during metabolic respiration; 8.4%), azoles (C14 demethylase
inhibitors of the sterol biosynthesis pathway; 7.9%), dithiocarbamates (multi-
site contact; 5.4%), and several other chemical classes having less than 5% mar-
ket share each.

Five fungicides contain thiazole heterocycles, namely thiabendazole, thi-
fluzamide, ethaboxam, benthiavalicarb, and oxathiapiprolin, and one com-
pound, isotianil, contains an isothiazole ring (Figure 12). None of these
fungicides have yet reached sales of more than $35 million and as such
can be regarded as specialist fungicides for some specific uses.

6.1 Thiabendazole

Thiabendazole (Figure 12) was introduced by Merck in 1964, the first benz-
imidazole to be commercialized, and was acquired as part of this business by
Novartis (now Syngenta) in 1997. The major uses are as a seed treatment and



Thiazole and Isothiazole Ring—Containing Compounds 59

FUNGICIDES
Br OCF; o NG
NN i ]Q/ s ) )\67
S H N
N\ N
C54T el e @AY
NS N Br Hye—C  N—\o-CHs
H CFy =5 C
2 H,
Thiabendazole Thifluzamide Ethaboxam
Syngenta Nissan, Dow LG Chemicals
Launch:1964 Launch: 1997 Launch: 1999
Chemical Class: ~ Benzimidazoles ~ Chemical Class:  Succinate Chemical Class:  Carboxamide
Sales 2014: 35 Mio $ dehydrogenase inhibitors Sales 2014: <10 Mio $
Sales 2014: <30 Mio $
Cl
Cl
SN BE AP
N J\ : N
S Y N [¢] S
: Y\H
CH, O o
Benthiavalicarb Isotianil
Kumiai, Bayer Bayer, Sumitomo
Launch: 2004 Launch: 2010
Chemical Class: ~ Carbamate Chemical Class:  Others
Sales 2014: <30 Mio $ Sales 2014: <30 Mio $
CF3
s N
O
‘ N O CH,3
O’N
F
Oxathiapiprolin
DuPont, Syngenta
Launch: 2015

Chemical Class: Piperidinyl thiazole isoxazolines

Figure 12 Thiazole- and isothiazole-containing fungicides.

for postharvest disease control, mostly on fruit and vegetables, but also on
cereals (2015PMcD(weblink)). The mode of action of benzimidazoles has
been described in several comprehensive reviews and it appears that they
are inhibitors of microtubule assembly by specific binding to the B-subunit
of fungal tubulin (1995MSF305, 1984BMAP382, 1986 AR P24).

6.1.1 Discovery
Thiabendazole was originally introduced as an anthelmintic (CA 56 79451

(1962)), and it was only later that its fungicidal properties were discovered
(19641D(42)479, 1964PP(13)163, 1968PHYT(58)860).

6.1.2 Synthesis

Thiabendazole has been prepared by heating thiazole-4-carboxamide and
benzene-1,2-diamine in polyphosphoric acid (Scheme 13) (1961]JA(83)
1764). An alternative synthesis involves 4-carboxythiazole (CA 162
590253 (2015), CA 62 90958 (1964)) or 4-cyanothiazole (CA 130
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Scheme 13 Synthesis of thiabendazole.

110264 (1996), CA 121 57510 (1994)) as starting materials. A different
approach to the synthesis of thiabendazole has been described starting
from N-arylamidines; in the presence of sodium hypochlorite and a base,
N-arylamidine hydrochlorides are transformed to benzimidazoles via forma-
tion of N-chloroamidine intermediate followed by ring closure in a stepwise
or concerted mechanism (1965]OC(30)259).

6.1.3 Structure—Activity Relationships

The antifungal SARs of benzimidazoles have scarcely been described
(1985UKZ(2)18) and mostly rely on the information available in the patent
literature or in publications on mode of action/resistance studies. On the
contrary, a vast literature is available on benzimidazoles as basic structure
for active ingredients in the pharmaceutical and animal health industries,
which is outside the scope of our chapter.

6.2 Thifluzamide

Thifluzamide (Figure 12) was discovered by Monsanto in the early 1990s
(1992BCPC(PD1)427), but acquired by Rohm & Haas in 1994 and became
part of the Dow portfolio, although in 2010 most uses were divested to Nis-
san. The product has been introduced in East Asian and Latin American
countries for sheath blight control on rice; the major markets are Japan
and Brazil (2015PMcD (weblink)). Thifluzamide possesses broad-spectrum
fungicidal activity and has been registered in mixture formulations for rice
nursery boxes in Japan in combinations with imidacloprid and carpropamid,
and also imidacloprid and spinosad. It was introduced by Insecticides India as
Pulsor in India in 2012. Thifluzamide belongs to the class of succinate dehy-
drogenase inhibitors (SDHI). Succinate dehydrogenase (Complex II or
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succinate ubiquinoneoxidoreductase) is the smallest complex in the respira-
tory chain and transfers the electrons derived from succinate directly to the
ubiquinone pool. Succinate dehydrogenase fungicides specifically inhibit
fungal respiration by blocking the ubiquinone-binding sites in the mito-
chondrial complex II (2007MCPC(1st Ed, 2)496).

6.2.1 Discovery

The first SDHI fungicide was carboxin (1966SCI659), followed by oxycar-
boxin (CA 65 38564 (1966)), mepronil (CA 82 155895 (1975)), flutolanil
(CA 96 137998 (1981)), and then thifluzamide (CA 96 137998 (1981))
(Figure 13). It is apparent that as this class evolved, the aromatic portions
on each side of the amide bond were optimized. This class of fungicides is
still of high interest, and since the discovery of thifluzamide, more potent,
broad-spectrum fungicides have reached the market place (2007MCPC(1st
Ed, 2)496).

6.2.2 Synthesis

The synthesis of thifluzamide is shown in Scheme 14 (CA 163 65941 (2015),
CA 113 191337 (1990)). The key thiazole was prepared by chlorination of a
B-keto ester and then treatment with thioacetamide to give the thiazole
with complete regioselectivity.

6.2.3 Structure—Activity Relationships

The SARs of the thiazole carboxanilide fungicides is illustrated in Figure 14
(1993PS(38)1). It is apparent how this SAR, which is based on in vitro data,

Carboxin Oxycarboxin Mepronil

(Uniroyal, 1966) (Uniroyal, 1966) (Kumiai, 1979)
F
F
F
H
(0]
Flutolanil Thifluzamid
(Nihon Nohyaku, 1981) Monsanto,1992)

Figure 13 Discovery of thifluzamide.
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Scheme 14 Synthesis of thifluzamide.
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Figure 14 Structure—activity relationships of thifluzamide.

led to thifluzamide as an optimum. The SDHI fungicides are still a very
important class of fungicides and several new products have been introduced
to the market (2014FCP(2nd Ed)88). The trifluoromethyl-substituted thia-
zole has been replaced in the newest SDHIs with a fluoroalkyl substituted
pyrazole, and with a lipophilic anilide moiety, as illustrated in Figure 15
for sedaxane and penthiopyrad. This is a nice illustration of a thiazole func-
tioning as an isosteric replacement of a pyrazole.

OCF,

BrQ Qg
F O
F
NS
Y Sedaxane Penthiopyrad
Thifluzamide Modern day SDHI's

and other SDHI
fungicide lead structures

Figure 15 Latest evolution of SDHI fungicides.
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6.3 Ethaboxam

Ethaboxam (Figure 12) is an Oomycetes fungicide discovered by LGCI, Ko-
rea, in 1993 and controls various diseases caused by Oomycetes including
potato late blight and grape downy mildew as well as other vegetable dis-
eases (2015PMcD (weblink)).

6.3.1 Discovery

The benzamide fungicides were discovered at ICI (now Syngenta) in the late
1970s/early 1980s, as a result of speculative chemistry carried out in an
attempt to make novel cyano imines (1992ACS(SS504)443). The products
of trapping these imines with alcohols turned out to have interesting fungi-
cidal and herbicidal activity. After a careful study of the SARs, highly active
fungicides were found for the control of Oomycete fungi, and the compound
4-chloro-N-[cyano(ethoxy)methyl[benzamide (zarilamide) was chosen as a
development candidate. Further evolution of the class (as shown in Figure 16)
showed that the alkoxy group could be replaced by a heterocycle (thio-
phene), and further modifications of the phenyl group led eventually to etha-
boxam. As with other compounds within this class, ethaboxam is a B-tubulin
inhibitor, thus affecting fungal mitosis and cell division (2012MCPC(2nd Ed,
2)739).

6.3.2 Synthesis
The synthesis of ethaboxam is shown in Scheme 15. The key thiazole portion
of the molecule is formed by Hantzsch synthesis (2004PMS(60)1007).

Cl
7
H N H
N O\/ Y ‘ N s
© I => o

P EP 268892
Zarilamide, ICIA0001 (Nissan, Publ. 1988)

N
P\ R/ Yo"
/\in(nlj/@ o AT AL
" © o
N N

Ethaboxam EP 434620
(Ciba-Geigy, Publ. 1991)

Figure 16 Discovery of ethaboxam.
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Scheme 15 Synthesis of ethoxabam.
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6.3.3 Structure—Activity Relationships

The SAR of this class of fungicides is shown in Figure 17 (1992ACS(SS504)
443). Compounds where Ar; is thiophene and Ary is thiazole and pyrazole
possess the optimum fungicidal activity. Phytotoxicity was a problem with
Ary as pyrazole, but this could be circumvented with a thiazole groups as
Ary. Further optimization led to ethaboxam.

6.4 Benthiavalicarb

Benthiavalicarb (Figure 12) entered the oomycete disease control sector in
2004 following co-development by Kumiai and Bayer (2003BCPC(1)
105). Benthiavalicarb is a member of the amino acid amide carbamate group
of fungicides, which includes iprovalicarb (1998BCPC(2)367) and valifenal
(CA 133 105348(2000)), and is effective against all Oomycete fungal plant
pathogens except Pythium spp. The mode of action of benthiavalicarb-
isopropyl is to inhibit the incorporation of precursors required for phospho-
lipid biosynthesis (2012MCPC(2nd Ed, 2)651).

Ar, HetAr — H — > Ar, HetAr
o) x\

CN, OR, SR > NHR, Alkyl

Figure 17 Structure—activity relationships of ethaboxam and other benzamide
fungicides.
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6.4.1 Discovery

Benthiavalicarb was discovered by classical patent follow-up from iprovali-
carb (Figure 18). Replacing the phenyl group by benzofuran led to active
fungicides. Further derivatization resulted in the identification of benzothia-
zole as heterocyclic ring which had the optimal properties for further devel-
opment (2010JPS(35)488).

6.4.2 Synthesis

The synthesis of benthiavalicarb is shown in Scheme 16 (2010N(9)174,
2015MCR (24)3660). The benzothiazole ring is generated by condensation
of a 2-amino thiophenol with (4R)-4-methyloxazolidine-2,5-dione.

Iprovalicarb @
AL s 3

Benthiavalicarb

Figure 18 Discovery of benthiavalicarb.

H,N F

~_0 NOF e) o H l\f/@*F
HN\€:O s HZNYlS\ )\oku NYLS
d) ©

95%
cocl ‘C)

Reagents and Conditions: a) 1) NaOH, H,0, b) rt — 0°C 2) HCI, H,O, pH 2. b) Et;N, Toluene,
rt. ¢) THF, rt, d) HCL, H,O, THE, rt. ¢) Toluene, r.t.

Scheme 16 Synthesis of benthiavalicarb.
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Figure 19 General structure of amino acid amide carbamates.

6.4.3 Structure—Activity Relationships

The general structure of amino acid amide carbamates is shown in Figure 19.
Good activity is found when R is an a-branched alkyl chain. Valine or
isoleucine amino acids (R*=i-Pr or sec-butyl) are the favored amino acid
residues for fungicidal activity. Finally, the use of an a-branched aryl or
hetaryl ethyl amine ensures optimal activity (2012MCPC(2nd Ed, 2)651).
It was found that the most active heteroaryl compounds were benzofuran
and benzothiazole (2010JPS(35)488), the latter having a 6-fluoro substituent
which is envisaged to improve the physical properties of the molecule to
improve translocation.

6.5 Isotianil

[sotianil (Figure 12) entered the rice blast control sector in 2010,
having been co-developed by Bayer and Sumitomo Chemical
(2014ACS(AGRO-744), 201 1ISUMR&DRep1). It can be used as a seed
treatment as well as in rice nursery boxes, reportedly at low application rates.
Isotianil was first launched in Korea and Japan in 2010. In 2011, Nissan
Chemical introduced the product in a mixture with imidacloprid, spinosad,
and thifluzamide as SHARID™ in Japan for rice nursery box application.
Commercial introduction in other major rice growing countries in Asia is
expected to follow. Bayer is introducing isotianil in a mixture with cyantra-
niliprole as ROUTINE"™ Duo Box GR (2015PMcD (weblink)).

6.5.1 Discovery

Isothiazoles are known to have a range of agrochemical activities, a fact that
was apparent to chemists at Bayer CropScience (2014ACS(AGR O-744)).
In what appears to be a chemistry-driven project starting from a cheap
known building block, 3,4-dichloroisothiazole-5-carbonitrile (Scheme
17) (CA 130 338103 (1999), 1956CIL1232), a comprehensive search for
isothiazole-based compounds was undertaken, and from this program
isotianil was discovered (2011SUMR&DRep1). The compound is
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NaCN + CS; + Ch(g) —> >_S\
91%
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S Isotianil
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a

Reagents and Conditions: a) NaCN, CSz, Cl2, DMF, 60 °C. b) 45%NaOH in H20, 40°C. ¢)
SOCL, DMF (cat), reflux. d) Pyridine, 10 °C.

c) N d) N N\

Scheme 17 Synthesis of isotianil.

structurally related to tiadinil, and like tiadinil, probenazole, and acibenzo-
lar-S-methyl (CA 146 121958 (2007)) activates defense responses against a
wide range of additional pathogens. Moreover, isotianil does not show any
direct antimicrobial activity against bacteria and fungi. Its efficiency against
rice blast seems unusually high, as lower dosages of isotianil are needed than

of any other existing plant defense activators mentioned earlier
(2011SUMR&DRep1).

6.5.2 Synthesis

The synthesis of isotianil is shown in Scheme 17. The isothiazole ring is con-
structed from chlorine, CS;, and sodium cyanide (1956CIL1232, CA 146
121958 (2007)). Modern variants of this reaction have also been published
(CA 160 559314 (2014), CA 153 600769 (2010)). With the nitrile isothia-
zole in hand, hydrolysis to the acid, followed by amide bond coupling yields
isotianil in high yields (CA 130 338103 (1999)).

6.5.3 Structure—Activity Relationships

Isotianil does not show any fungicidal activity as such, as it is a synthetic plant
defense elicitor, for which biological testing is much more complex. There
are no studies on the SAR of this molecule. However, compared to the
other plant activators probenazole, acibenzolar S-methyl, and tiadinil, isotia-
nil has a relatively high logP and low water solubility, which is suggested to
reduce loss of the active ingredient into the environment and thus allows a
residual preventive effect (201 1SUMR&DRep1).
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6.6 Oxathiapiprolin

Oxathiapiprolin (Figure 12) is the first member of a new class of piperidinyl
thiazole isoxazoline fungicides (2014ACS(AGR O-622)). It selectively con-
trols plant pathogens of the Oomycete genus by inhibition of oxysterol-
binding protein, a novel mode of action for the fungicide market
(2014ACS(AGRO-911)). The compound shows excellent preventative,
curative, and residual efficacy against key diseases of grapes, potatoes, and
vegetables. Oxathiapiprolin is being developed globally as Zorvec " with
2016 expected launches in China, Japan, Mexico, Colombia, Australia,
Vietnam, and Argentina (2016BACC(weblink)).

6.6.1 Discovery

Modern agrochemical companies have various sources to obtain new lead
compounds. These include biorational design, natural products, competitor
patents and literature, and screening of external vendor libraries. The discov-
ery of oxathiopiproline can be traced back to the last of these approaches.
DuPont obtained a library of chemicals from an external vendor and
observed that a compound showed up as a weak hit in their fungicidal assays
(2016BMC(24)354, 2015ACS(SS1204)149). Furthermore, the hit provided
optimal properties for optimization as the central orthogonally protected
thiazole core could be derivatized in both directions. This is summarized
in Figure 20.
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[e]

FsC
Hit from 300 vendor 3 Oxathiapiproline, Zorvec™

compounds acquired

N f
N
- R
N o ——  Optimization
Optimization «———  HN

Central thiazole core

Figure 20 Discovery of oxathiapiprolin.
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6.6.2 Synthesis
The key orthogonally protected thiazole building block for this optimiza-
tion was synthesized by classical Hantzsch synthesis as shown in Scheme
18. The acid functionality can be revealed by base hydrolyzes, and the resul-
tant acid coupled to an amine by standard amide coupling. The tert-buty-
loxycarbonyl protecting group (BOC group) is cleaved under acid
conditions to give the free piperidine, which is then reacted with an acid un-
der standard amide coupling conditions to give the general lead structure.
Alternatively, the BOC group of the orthogonally protected thiazole build-
ing block can first be cleaved, followed by amine coupling, ester hydrolysis,
and amide formation to give the same lead structure (2016BMC(24)354,
2015ACS(SS1204)149). This chemistry is ideal to enable optimization of
either the amide group Rj, keeping CONR R, constant, or the amide
moiety CONR R, keeping Rj3 constant.

A possible synthesis of oxathiapipronil is shown in Scheme 19, where it
can be seen that the thiazole amide moiety was eventually replaced by an
amide bond isostere, an isoxazoline (2016BMC(24)317).

6.6.3 Structure—Activity Relationships

A detailed SAR analysis of oxathiapiprolin and its analogues has been pub-
lished (2016BMC(24)354, 2015ACS(SS1204)149). Relevant to this article is
the SAR of the thiazole central core. Keeping the left and right hand parts
constant, and varying only the central thiazole core it was found that several
other five-membered rings with similar exit vectors also led to highly active
compounds, including isomeric thiazoles (Figure 21). If the exit vectors were
changed, for example incorporating six-membered rings or alternatively
substituted five-membered rings, this led to less active compounds. This
llustrated the requirement for the correct geometry of the molecule.
Although many highly active compounds were found that did not have a
thiazole core, the decision to develop oxathiapiproline over other similarly
active compounds was due in part to the fact that it has not only excellent
fungicidal activity, but also an excellent mammalian and environmental
toxicity profile.

g 7. THIAZOLE- AND ISOTHIAZOLE-CONTAINING
HERBICIDES

The global market for herbicides in 2014 was valued at
$26,440 million, equivalent to 41.8% of the total agrochemical market
(2015PMcD(weblink)). The most important chemical classes are amino
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Scheme 19 Synthesis of oxathiapiprolin.

acids (mode of action: inhibition of 5-enolpyruvylshikimate-3-phosphate
(EPSP) synthase/glutamine synthase; 23.8% of the total market), sulfonyl-
ureas (inhibition of acetolactate synthase (ALS); 8.7%), imidazolinones and
other ALS inhibitors (inhibition of acetolactate synthase; 8.1%), acetamides
(inhibition of cell division; 7.7%), PPO inhibitors (inhibition of protopor-
phyrinogen oxidase; 6.5%), HPPD inhibitors (inhibition of hydroxyphenyl
pyruvate deoxygenase; 5.3%), pyridines (synthetic auxin action/microtubule
assembly inhibition; 5.0%), and several other chemical classes having less
than 5% market share each.

Two herbicides contain thiazole heterocycles, namely methabenzthia-
zuron and mefenacet. Currently no isothiazole-containing herbicide is on
the market or thought to be in development. (Figure 22).

7.1 Methabenzthiazuron

Methabenzthiazuron (Figure 22) is a member of the urea group of herbicides
(1.6% market share) and has the inhibition of photosynthesis at photosystem
IT as a mode of action. It was introduced by Bayer CropScience in 1968 and
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Figure 22 Thiazole-containing herbicides.

was used as a broadleaf weed herbicide in crops such as corn, vegetables, and
in vineyards (1969BN(22)341). Methabenzthiazuron has since been with-
drawn for use in Europe (2010BP(2009)26, 2014JES(26)757) and is only
of limited commercial significance.

7.1.1 Discovery

The phenyl urea herbicides were discovered by the Grasselli Chemical
Company (which later became DuPont) shortly after World War II in a
random screening of chemicals to find compounds with herbicidal proper-
ties (1988SCSDuPont451). This work led to the discovery of monuron in
1951, followed by a whole series of other phenyl urea herbicides, including
linuron, fenuron, and chloroxuron, among many others. It was not surpris-
ing that other ureas were discovered with substituents other than phenyl
such as noruron (1967ICPP446) and of course methabenzthiazuron
(1969BN(22)341).

7.1.2 Synthesis

The synthesis of methabenzthiazuron is shown in Scheme 20. The benzo-
thiazole is synthesized by treatment of aniline with carbon disulfide and sul-
fur at high temperature and under high pressure (1996PSH42, 2002SS(11)
835). Several patents have appeared recently regarding this process (CA
156 452144 (2012), CA 153 620652(2010), CA 149 203017(2007), CA

N
[: e ) ©[N\%SH ) ©[ S—cl
s >90% S

Ny
9 N\%N/ 9 ©[ >N,
s" H %H

S
(0]

Reagents and Conditions: a) S, CS,, rt — 245°C, 7.5 MPa. b) SOCl,, tt. ¢) K,CO3, Cul,
DMSO, 120°C. d) Methyl isocyanate

Scheme 20 Synthesis of methabenzthiazuron.
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152 290557 (2010)). Introduction of the chlorine can be achieved by a va-
riety of chlorinating agents, and copper catalysis is used to bring about
methyl amine substitution (2013ASC(355)3263). R eaction with methyl iso-
cyanate provides methabenzthiazuron.

7.1.3 Structure—Activity Relationships

The general structure of a phenylurea herbicide is (substituted) phenyl-
—NH—C(=0)—NHR,. The phenyl ring is often substituted with chlo-
rine or bromine atoms, but methoxy, methyl, triluoromethyl, or
2-propyl substitution also gives active compounds. Most phenyl ureas are
N-dimethyl-phenyl-urea, but a combination of a methyl substituent and
another group is also allowed. Substituents other than phenyl are known,
such as heterocyclic aromatic ring systems and unsaturated bicyclic carbon
ring systems (2011UP-SPA(weblink)). Methabenzthiazuron resulted from
a successful bioisosteric replacement of the substituted phenyl moiety by
benzothiazole.

7.2 Mefenacet

Mefenacet (Figure 22) is the first oxyacetamide herbicide which was devel-
oped by Bayer CropScience for the control of grass weeds in rice and intro-
duced to the market in 1986 mainly for barnyard grass control in rice
(1984MFLR G(49)1075). In 2014 mefenacet reached sales of $35 million
(2015PMcD(weblink)). This herbicide exerts its herbicidal activity by inhi-
bition of cell division (inhibition of very-long-chain fatty acid synthesis) and
as such belongs to the same class of herbicides as the chloroacetamides, such
as metolachlor (2012MCPC(2nd Ed, 1)316).

7.2.1 Discovery

The discovery of mefenacet had an element of serendipity (2012MCPC(2nd
Ed, 1)316). It began in 1976 when scientists from Bayer CropScience were
carrying out patent follow-up on oxyacetamide phosphates (Figure 23) from
Nihon Tokushu Nouyaku Seizo (now Bayer CropScience) (CA 87
67841(1977)). These phosphate compounds already showed good activity
as herbicides along with rice selectivity. The first stage of the modifications

O
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Figure 23 Discovery of mefenacet.
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Scheme 21 Synthesis of mefenacet.

included replacement of the phosphate group with various sulfur-containing
heterocycles. The heterocycle chosen for development was the benzothia-
zole, which had the optimal properties to make it one of the leading paddy
rice herbicides over the last three decades.

7.2.2 Synthesis

The synthesis of mefenacet utilizes the same 2-chlorobenzothiazole used in the
synthesis of methabenzthiazuron (Scheme 21, see also Scheme 20). This is
reacted with 2-hydroxy-N-methyl-N-phenyl-acetamide in 45% aqueous so-
dium hydroxide (CA 126 157288(1997)). The former is obtained by reaction
of an aqueous solution of glycolic acid with N-methyl-aniline at 175 °C with
simultaneous removal of water (CA 97 127633(1982)) (1985US4509971).

7.2.3 Structure—Activity Relationships
Mefenacet shows excellent activity as a paddy rice herbicide against barnyard
grass (Echinochloa crus-galli), as well as on other grasses such as Cyperus difformis
and Scirpus juncoides (1995BCPC(1)43). It also has activity on some broad-
leaved weeds (Monochoria vaginalis and Lindernia pyxidaria). In parallel with
the development of mefenacet, Bayer CropScience was nevertheless inter-
ested in further exploring the potential of the oxyacetamide class for use in
dry rice planting areas, as well as exploring potential of the class in other crops.
It was found that monocyclic rings were superior to the bicyclic heterocyclic
ring in terms of herbicidal activity, and the CFj substituted thiadiazole ring
gave the best activity (Figure 24). The anilide moiety was important for
both selectivity and herbidical activity, and it was found that the combination
of an isopropyl anilide with a 4-F substituent gave overall the best herbicidal
activity and crop tolerance (2012MCPC(2nd Ed, 1)316). In this way fufena-
cet was discovered (Figure 24) (1995BCPC(1)43).

Thus, while mefenacet is principally used in paddy rice at rates of 1—
1.2 kg/ha, flufenacet is used as a selective herbicide in corn, cereals,
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soybeans, cotton, and sunflower to control grass and broadleat weeds at rates
of only 125—250 g/ha (2012MCPC(2nd Ed, 1)316).

As shown by the SARs of mefenacet, the benzoxazole heterocycle is a
valuable bioisosteric replacement of the benzothiazoles ring, as well as
some aromatic five-ring heterocycles such as oxazole, thiadiazole, thiazole,
and oxadiazole.

g 8. THIAZOLE- AND ISOTHIAZOLE-CONTAINING
NEMATICIDES

The global market for nematicides is valued at $1.110 billion in 2014
and estimated to strongly grow over the next years to reach $1.350 billion by
2020 (2015MM (weblink)). Two types of chemical products are used to
manage nematodes, namely soil fumigants and nonfumigant (or contact)
nematicides, both of which can provide an excellent control of plant-
parasitic nematodes. The most important chemical classes are the carbamates,
organophosphates, and mectins, with Abamectin (trade name: Avicta®) be-
ing the leading product (2012MCPC(2nd Ed, 3)1367). A thiazole ring is
present in only two compounds, the recently launched nematicide fluensul-
fone and the former development compound benclothiaz (Figure 26).

8.1 Fluensulfone

Fluensulfone (product name Nimitz®) (Figure 25) offers a new mode of ac-
tion for control of a range of plant-parasitic nematodes and belongs to the
chemical class of the fluoroalkenyl sulfones (2012MCPC(2nd Ed, 3)1367).
It causes irreversible nematicidal activity resulting in pest mortality within
1—2 days by paralysis leading to cessation of feeding, whilst also affecting
eggs, impacting laying, hatching, and development. The mode of action re-
mains unknown, although it has been postulated that it may be related to the
inhibition of medium-chain acyl-coenzyme A  dehydrogenases
(2014PBP(109)44, 2004C(58)108, 2013PMS(69)1225).
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Figure 25 Thiazole- and isothiazole-containing nematicides.
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Scheme 22 Synthesis of fluensulfone.

8.1.1 Discovery

Fluensulfone was discovered in 2001 by Nihon Bayer (2001CA(134)
100860), started being developed by Makhteshim Agan (now Adama) in
2008 and entered the US and Canadian markets in 2014.

8.1.2 Synthesis
Fluensulfone can be synthesized from 2-mercaptothiazole and 4-bromo-

1,1,2-trifluorobutene in only a few steps from easily accessible starting ma-
terials as shown in Scheme 22 2016BMC(24)317).

8.1.3 Structure—Activity Relationships

From the general structure—activity profile for fluoroalkenyl sulfone nem-
aticides it can be concluded that a trifluorovinyl or a difluorovinly moiety
is required for good activity, sulfide, sulfoxide, and sulfone can be used as
tethers, and that many variations of the heterocyclic ring are tolerated
(2012MCPC(2nd Ed, 3)1367). In the patent literature many compounds
containing five- or six-membered aromatic and nonaromatic heterocycles
different from thiazole are described to exhibit nematicidal activity
(Figure 26). This includes the classical bioisosteric thiazole replacements
oxazole and pyridine and other heterocycles being derived from further
bivalent or trivalent atom replacements.

8.2 Benclothiaz
Benclothiaz (Figure 25) (2012MCPC(2nd Ed, 3)1367) belongs to the chem-
ical class of the benzisothiazoles and is highly active against the southern root

knot nematode (Meloidogyne incognita) and the soybean cyst nematode (Het-
erodera glycines). As yet, the mode of action of benclothiaz remains unknown.
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Figure 26 Structure—activity relationships of fluensulfone.

In 2002, Syngenta applied for an ISO common name for benclothiaz (devel-
opmental code CGA 235860, IUPAC name: 7-chloro-1,2-benzothiazole);
however, it has later terminated further development of this compound.
Further evaluation and development work were performed by Mitsubishi
Chemical Corp. and Sumitomo Seika Chemicals Co., Ltd., in 2002 and
2006, which resulted in additional process patent applications (CA 136
183810 (2002), CA 145 8157 (2006), CA 116 106280 (1991)). No further
reports on benclothiaz have been published in recent years and considerable
data gaps regarding its environmental fate and its toxicity still exist. Conse-
quently registration has not been approved for use in most of the developed
world and benclothiaz can be regarded as an obsolete nematicide.

8.2.1 Discovery

The nematicidal activity of benzisothiazoles was discovered by Ciba-Geigy
(now Syngenta) in 1991 (CA 116 106280 (1991)). Among a series of
substituted benzisothiazoles described in the scope of this patent application
benclothiaz was found to give the best overall nematicidal activity. Benclo-
thiaz was first synthesized in 1963 by Ricci et al., as part of a program to
investigate synthetic methodologies for the preparation of benzisothiazoles
(1963AC(R)(53)1860).

8.2.2 Synthesis

Benclothiaz is prepared in three steps from commercially available 2,3-
dichlorobenzaldehyde (Scheme 23) (2012MCPC(2nd Ed, 3)1367, CA
123 83358 (1995)). The key cyclization reaction of 2-mercapto-benzalde-
hyde oxime to afford the benzisothiazole was achieved in n-propanol as
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Scheme 23 Synthesis of benclothiaz.

solvent in the presence of a catalytic amount of pyridine p-toluenesulfonic
acid (PPTS). Applying these mild reaction conditions gave yields in excess
of 90% and delivered much better results compared to the standard condi-
tions which involve the use of a large excess of strong acid and consequently
in a difficult work-up procedure.

8.2.3 Structure—Activity Relationships
To date no information has been disclosed on SARs of benzisothiazole nem-
aticides. However, it appears that the benzisothiazole heterocycles are

required for good activity and that not many modifications are tolerated
(2012MCPC(2nd Ed, 3)1367).

9. CONCLUSIONS

Eleven commercial agrochemicals as well as two development com-
pounds contain thiazole or isothiazole heterocycles. A thiazole moiety is
present in seven currently marketed agrochemicals, namely the insecticides
thiamethoxam and clothianidin, the fungicides thiabendazole, thifluzamide,
ethaboxam, and oxathiapiprolin, and the nematicide fluensulfone, as well as
in the development compound dicloromezotiaz. One compound, the
fungicide isotianil, contains an isothiazole ring and three compounds a ben-
zothiazole ring, namely the fungicide benthiavalicarb and the herbicides
methabenzthiazuron and mefenacet. A benzisothiazole ring is not yet pre-
sent in any commercial product, however, is found in the former nematicide
development compound benclothiaz.

The thiazole ring can successfully be applied as bioisosteric replacements
of the heterocycles pyridine, thiophene, oxazole, imidazole, and others, as
well as of many functional groups such as amide, thioamide, and even ester.
Many such bioisosteric replacements were instrumental in the discovery of
crop protection products. The isothiazole ring can serve as a bioisosteric
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replacement of pyridine, thiophene, isoxazole, pyrazole, and the functional

groups amide, thioamide, and esters; however, these replacements have only

been rarely applied in crop protection research.

Although the value of the thiazole and isothiazole moiety as bioisosteric

replacements is well documented in crop protection research and high-

lighted herein, it appears that there is still much scope to explore these

(benz)thiazoles and (benz)isothiazoles as bioisosteric replacements in many

areas of agrochemical research. It is hoped that some of the data presented

here will inspire scientists to think of employing such heterocycles in their

design of agrochemicals of the future.
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Abstract

In this contribution, recent developments of azole-based high energy density materials
are reviewed. A variety of azoles, e.g., pyrazole, imidazole, triazole, and tetrazole, were
used as nitrogen-rich backbones and were functionalized with explosophores. The syn-
thetic methods, experimental properties, and theoretical calculations are discussed
leading to panoramas of these promising energetic materials.

Keywords: High energy density materials; Imidazole; Pyrazole; Tetrazole; Triazole

1. INTRODUCTION

As the most well-known energetic material historically, black powder
was invented by mixing flammable charcoal and sulfur with oxidant potas-
sium nitrate. With the development of synthetic chemistry, both fuel and
oxidizer moieties are capable of being assembled into the same molecule,
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thereby raising the curtain on the new age of modern explosives. In general,
most currently used energetic materials are composed of an organic back-
bone with versatile energetic functionalized groups, so-called exploso-
phores. Under certain conditions, e.g., heat, friction, shock, and
electrostatic discharge, energetic compounds decompose with huge
amounts of chemical energy. The rapid energy release mainly arises from
self~oxidation and the formation of N=N bonds.

Reflecting on the history of energetic materials, the most well-known
work was contributed by the pioneer scientist, Alfred Nobel, who devel-
oped nitroglycerine in the 1860s (Scheme 1, 1). At the same time, another
classic explosive, 2,4,6-trinitrotoluene (TNT, 2), which was first synthesized
in 1863 and then applied in melt-pour explosives (1863ACP178). More
interestingly, after serving as yellow dyes for more than 100 years, the deto-
nating features of picric acid (PA, 3) were proved in 1873 (1873JCS796) and
were exploited as high-performance explosives in the late nineteenth cen-
tury. Although cyclotrimethylenetrinitramine (RDX, 4) was first claimed
as a potential medicine in 1899, its excellent energetic performance was
tested on the battlegrounds of the two world wars (1943CPE396). Octahy-
dro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX, 5) was discovered from

OH
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Scheme 1 Representative energetic compounds in the recent two centuries.
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the side products of RDX, and later study indicated that an increased
percentage of HMX in RDX improved the detonation properties
(1996EE). Hexanitrohexaazaisowurtzitane (HNIW, 6) is one of the most
powerful explosives and has attracted great interest by the U.S. Navy and
other communities since it was first reported in 1987 (1989PCE|7|). In addi-
tion to nitramine-based energetic materials, pentaerythritol tetranitrate
(PETN, 7) is one of the last representatives in the family of nitrate esters
which shows higher detonation performance than 1 and the impact and fric-
tion sensitivities are superior to those of 1 (2009JA7490). In order to find
high-performance melt-pour explosives, 1,3,3-trinitroazetidine (TNAZ,
8) was synthesized and characterized. Its low melting point and excellent
detonation properties may enable it as a TNT replacement (2004JHM35).

Along with the increasing requirement for advanced energetic materials,
diversified energetic compounds were synthesized to meet ever-changing
criteria, e.g., safe production and storage, low cost, and reduced pollution
for the environment. Amino and nitro groups play roles as a hydrogen
bond donor and a hydrogen bond acceptor, respectively, thereby providing
the most efficient approach to the design of high-performance insensitive
energetic  materials  (HIEMs).  2,4,6-Triamino-1,3,5-trinitrobenzene
(TATB, 9) and 1,1-diamino-2,2-dinitroethene (FOX-7, 10) are the two
most representative energetic molecules with NH-NO;-based hydrogen
bond strategies (2010JHM1, 1998T11525). While 1,3,5-trinitrobenzene
has a density of 1.676 g/cm>, TATB has a remarkably high density of
1.937 g/cm’ because of the additional amino functionalities (1972AC193,
1965AC485, 2010]PCA2727, 2010PEP15). Similarly, the unique structure
of FOX-7 provides a modular design to balance between detonation prop-
erties and sensitivity.

While most explosives are nitrogen-containing compounds, acetone
peroxide is an unusual energetic molecule composed of carbon, hydrogen,
and oxygen. 3,3,6,6,9,9-Hexamethyl-1,2,4,5,7,8-hexaoxacyclononane
(TATP, 11), a trimer of acetone peroxide, is used for practical production
because it shows better stability than the other polymers of acetone peroxide
(1959JA6461). In 2000, the discovery of a long awaited energetic material,
i.e., octanitrocubane (ONC, 12) was considered to be a milestone achieve-
ment (2000AN401). Although ONC has a predicted density of 2.20 g/cm”,
the measured crystal density of 1.96 g/cm’ is even lower than that of hep-
tanitrocubane (2.03 g/ cm?). Hence, the scientific communities continue to
search for a higher dense form of ONC by improving the efficiency of
crystal packing.
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Accompanying the growing demands of a new generation of advanced
energetic materials, the rational assembly of explosophores with diversified
backbones is highly appealing to integrate performance. No doubt the field
of high energy density materials (HEDMs) has been boosted by the advent
of multifunctionalized N-heterocycles. There are two main advantages in
N-heterocycle-based energetic materials; on the one hand, N-heterocycles
have a higher nitrogen content, heat of formation, and density than those of
carbocyclic compounds; on the other hand, most energetic functionalized
groups, 1.e., nitro, nitramino, azo, azoxy, amino, and azido group are
compatible with N-heterocycles, thereby extending greatly the design of
energetic compounds. Among these N-heterocycles, the most commonly
used energetic backbones are five-membered azoles, such as pyrazole, imid-
azole, 1,2,4-triazole, 1,2,3-triazole, and tetrazole (Scheme 2).

In 2011, we examined the progress of energetic five-membered azole
salts (2011CR7377). However, a closer look at energetic azole chemistry
reveals a great advance for both molecular and ionic compounds in the
ensuing 5 years. In this contribution, the recent developments of azole-
based energetic materials are reviewed. Unlike most general overviews,
attention is mainly focused on high-dense energetic heterocycles with
densities ranging between 1.80 and 2.00 g/cm®. Meanwhile, the insight
structure—property relationship for a better understanding for the future
design of energetic materials is discussed.

2. PYRAZOLE-BASED ENERGETIC MATERIALS

As an ideal combination of organic framework and explosophores, the
all-carbon-nitrated arenes have attracted much attention for a long time. In
such energetic molecules, a large number of nitro groups not only increases
the density greatly, but also provides sufficient oxygen sources to give proper
oxygen balance, thereby maximizing the detonation performance in energy
release. However, a general screening of all-carbon-nitrated arenes indicates
that many nitro-functionalized azoles, such as 2,4,5-trinitroimidazole, 3,4-
dinitro-1,2,3-triazole, 3,5-dinitro-1,2,4-triazole, 5-nitrotetrazole, and

H H H H H

N~N N7 N,N7 N,N~N N,N~N
Wi & o \y \_y N—
Pyrazole Imidazole 1,2,4-Triazole 1,2,3-Triazole Tetrazole

Scheme 2 Some commonly used azole backbones in energetic materials.
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1,2,3,4-tetranitropyrrole, do not meet the integrated requirements of ener-
getic materials for practical application because of the low thermal stabilities
and poor sensitivities (1992JHC1721, 1970SKGS259, 1992BR751,
1997RJOC1771). Similarly, hexanitrobenzene, albeit with a fairly high den-
sity of 1.985 g/cm’, is very moisture and impact sensitive (1986]JOC3261).
Differently from other all-carbon-nitrated analogs, 3,4,5-trinitro-1H-
pyrazole (TNP) exhibits unexpected favorable thermal, chemical, and
mechanical stability (2010AN3177). Various synthetic routes, including
oxidation, diazotization, and direct nitration, have been investigated for selec-
tive syntheses of 3,4,5-trinitro-1H-pyrazole (Scheme 3(a—c)). In addition,
both nucleophilic substitutions and electrophilic reactions can be carried
out with different reagents (Scheme 3(d) and (e)) to yield a variety of energetic
derivatives of TNP.

Unlike other nitroazoles with strong acidity, TNP is a relatively weak
acid which is compatible with other energetic ingredients. With respect
to the stability of energetic compounds, decomposition temperature (Ty),
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Scheme 3 Selective Preparation of 3,4,5-Trinitro-1H-Pyrazole and its derivatives.
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and impact and friction sensitivities (IS and FS) are significant criteria.
Compared to some classical performance explosives, such as HMX and
RDX, TNP shows comparable thermal, chemical, and mechanical stabilities
HMX, Ty, 286 °C, IS, 7], ES, 120 N; RDX, Ty, 205 °C, IS, 7], ES,
120 N; TNP, Ty, 258 °C, IS, 17], ES, 92 N). The energy parameters,
e.g., detonation velocity (vp), detonation pressure (P), and specific impulse
(Lp), were evaluated by theoretical calculation (CHEETAH) based on
experimental density. The detonation performance of TNP is superior to
RDX, but somewhat lower than HMX (HMX, P, 39.5 GPa, up,
9320 m/s; RDX, P, 34.9 GPa, vp, 8748 m/s; TNP, P, 38.6 GPa, vp,
9253 m/s). With higher oxygen content and oxygen balance, the specific
impulse of TNP-containing formulations is greater than those of HMX
and RDX.

Continuing research interest in exploring new energetic derivatives was
stimulated by the unusual physicochemical properties of TNP. Using
Oxone® as the oxidizing reagent, the N-OH group was successfully intro-
duced into TNP (Scheme 4). The combination of the oxygen-rich TNP
backbone with the additional N-O functionality enhances the oxygen con-
tent and oxygen balance of 3,4,5-trinitro-1H-pyrazol-1-ol, thus making it
very promising as a new energetic oxidizer (2012JMC12659). In spite of

O,N NO.
Z/F\( 2 Aqueous NH; 02N NO, 1) Oxone, 55 °C O,N NO,
N o ¥ B
O,N™ >N N N .
H ON" N . 2) Aqueous NH; O:N N NH,
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O,N NO,
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’ \
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o_ 2 N
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Cation = HoN NH, "‘JQ/NH N‘r\ />7NH2
H+
pyr-11 pyr-12 pyr-13
HN_ H HNL o
N 2 N 2 N
HN=\ Y Y
I N—NH | NH | NH
N~/ 2 N\N/>7 2 N\N/>7 2
H* H*
pyr-14 pyr-15 pyr-16

Scheme 4 Synthesis of 3,4,5-trinitropyrazole-1-ol and its salts.
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the high density of 1.90 g/cm’, the application of 3,4,5-trinitro-1H-

pyrazol-1-ol may be precluded by the fact that it is very impact sensitive
(IS =1]). However, incorporation of a variety of nitrogen-rich bases to
form energetic salts is a promising tool in modifying the sensitivity of ener-
getic materials. As expected, 3,4,5-trinitro-1H-pyrazol-1-ol-based energetic
salts show lower impact sensitivities ranging between 6 and 40 J.

High detonation performance and insensitivity are two of the most
important characteristics for HEDMs but these are often contradictory
with each other. Although energetic salts show better impact sensitivities
than their molecular precursors, the density and detonation performances
are usually decreased. Hence, searching for high-density energetic salts is
one of the most challenging issues in energetic salt formation. While the
high densities of TNP and 3,4,5-trinitropyrazole-1-ol originate from
multiple nitro groups, 4-amino-3,5-dinitropyrazole is featured with
enhanced density by virtue of hydrogen-bond interactions. Incorporating
the carbohydrazinium cation with the 4-amino-3,5-dinitropyrazolate anion
results in salt pyr-17 which has a high density of 1.84 g/cm” (Scheme 5)
(2011JMC6891). More importantly, the excellent detonation properties
(P, 32.6 GPa, vp, 8743 m/s) and high impact insensitivity (IS > 60 J) high-
light pyr-17 as a potential replacement for some currently used explosives,
e.g., TATB and RDX.

Among the azole frameworks, the three catenated carbon atoms of
pyrazole endow the backbone with a unique opportunity for diversified
functionalizations. Recently, a new family of energetic pyrazoles were
synthesized from a readily prepared precursor, i.e., 4-chloro-3,5-
dinitropyrazole (2013JMCA2863). In the presence of aqueous ammonia,
4-chloro-3,5-dinitropyrazole was converted to ammonium 4-amino-3,5-
dinitropyrazolate in a sealed tube at 130 °C. Amination was carried out
using  O-tosylhydroxylamine to give 1,4-amino-3,5-dinitropyrazole
(pyr-18). In a similar manner, 4-guanidinyl- and 4-nitroguanidinyl
(pyr-21)-substituted products were prepared in good vyields (Scheme 6).

H,N_ _NH
H,N.  NO, 2 N)LN 2 HN_ NO, o H,N  NO,
H H + "
N - N N, L NG R
O:N N’N OzN N’N ” H O,N N
H H,0 - 2 N
pyr-2 pyr-17

Scheme 5 Synthesis of the high-performance insensitive energetic salt carbohydrazi-
nium 4-amino-3,5-dinitropyrazolate.
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Scheme 6 Nucleophilic reactions of 4-chloro-3,5-dinitropyrazole and N-methyl 4-
chloro-3,5-dinitropyrazole.

Both pyr-18 and pyr-21 have high densities, positive heats of formation,
good detonation performance, and low impact sensitivities. Using hydrazine
monohydrate as a nucleophile, reaction of N-methyl 4-chloro-3,5-
dinitropyrazole formed a novel fused pyrazole-triazole backbone (pyr-22,
pyr-23) 2016]JMCA1514).

Development of N,N'-bridged azoles enriches the synthetic strategies to
construct various energetic compounds. A variety of N,N'-ethylene-bridged
tetrazoles were synthesized and their energetic properties evaluated by both
experimental and theoretical investigations, which indicated the N,N'-
ethylene bridge can balance energetic performance and molecular stability.
Inspired by the advantage of an N-bridging functionality, extensive study on
the pyrazole framework was developed. Employing the easily prepared
ammonium 4-amino-3,5-dinitropyrazolate as the key intermediate, versatile
functional group transformations gave a family of new N,N'-ethylene-
bridged pyrazoles with diversified functionalities and energetic properties
(Scheme 7) (2014CEJ16529). With energy levels analogous to RDX, nitro-
amino-, azido-, and nitro-functionalized N,N -ethylene-bridged pyrazoles
can be classified as high explosives. However, with respect to thermal,
chemical, and mechanical stabilities, the nitro-functionalized product,
pyr-28, is superior to those of the nitroamino- and azido-functionalized
analogs.
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Scheme 7 Synthesis of N,N'-ethylene-bridged 4,4’-diaminobis(pyrazole) and its
derivatives.

Using sodium nitrite/sulfuric acid and sodium azide, the initial attempt
to prepare 4,4’-diazido bis(pyrazole) compound resulted in an unexpected
diazonium salt (pyr-26). Then, an alternative three-step synthesis gave
rise to desired product, pyr-31, from 4-choloropyrazole. Also, an N,N'-
ethylene bridge was used successtully to link the 5-amino 3,4-dinitropyra-
zole moieties, whereas the nitramino product, pyr-34, was readily obtained
by the treatment of pyr-33 with 100% nitric acid (Scheme 8).

Although the nitro group is the most favorable functionality in the con-
struction of energetic molecules, the investigation of the nitramino func-
tionality has become the new hot spot toward next generation of
HEDMs. From a traditional industrial standpoint, nitramino-functionalized
heterocycles are not good candidates for HEDMs because of some fatal
flaws, e.g., sensitivity and strong acidity. However, energetic salt formation
represents a new promising opportunity to apply nitramino compounds in
the design of high-energy nitro-rich materials. In the presence of mixed
acid, 4-amino 3,4-dinitropyrazole is readily converted to 4-nitramino-
3,4-dinitropyrazole (2012CE]J987). Unfortunately, like many other nitra-
mino compounds, 4-nitramino-3,4-dinitropyrazole is not stable and must
be stored in ether solution at low temperature. The reaction of nitramine
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Scheme 8 (a) Synthesis of N,N'-ethylene-bridged 4,4'-diazidobis(pyrazole) (pyr-31). (b)
Synthesis of N,N'-ethylene-bridged 5,5’-diaminobis(pyrazole) (pyr-33) and its nitramine
derivative (pyr-34).

(pyr-35) with concentrated aqueous ammonia resulted in a more
chemically and thermally stable product, ammonium 4-nitramino-3,4-
dinitropyrazolate (pyr-36). Employing metathesis reactions of silver 4-
nitramino-3,4-dinitropyrazolate, a variety of nitrogen-rich salts were
prepared (Scheme 9). Of them, hydroxylammonium 4-nitramino-3,4-
dinitropyrazolate (pyr-37) exhibits excellent detonation performance
(P, 37.4 GPa, vp, 9013 m/s) and relatively ideal impact sensitivity
(IS =30]J).

In the framework of crystal engineering science, hydrogen bonding is
one of the most significant interactions in order to understand the structural
teatures of solid-state compounds. In most cases, the nitroamino compounds
show strong hydrogen-bonding interactions in their crystal structures. A
comparative investigation involving several nitraminopyrazoles (pyr-51—
pyr-55) demonstrated diversified energetic properties and molecular
stabilities (Scheme 10) (2015JA4778). Of them, pyr-54 with a unique
“NO,-NHNO,-NH” structure shows high detonation performance with
acceptable stability, whereas other nitramino analogs are not stable at
room temperature. In comparison, all nitraminopyrazole-based ionic deriv-
atives show enhanced stability with good energetic properties (Scheme 11a).
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Scheme 9 Synthesis of 4-nitramino-3,5-dinitropyrazole (pyr-35) and its salts.
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Scheme 11 (a) Synthesis of monocationic 5-nitramino 3,4-dinitropyrazolates. (b) Syn-
thesis of 1,4-nitramino 3,5-dinitropyrazole-based salts.

It is worth mentioning that the remarkably high density of pyr-54 (2.032 g/
em” at 150 K; 1.97 g/cm’ at 298 K) is higher than any reported CHNO-
based azoles to date. In addition, the dihydroxylammonium salt, pyr-71,
and dihydrazinium salt, pyr-72, were prepared and their detonation pres-
sures and velocities were calculated by EXPLO 5 v6.01 (pyr-71, P,
40.2 GPa, vp, 9410 m/s; pyr-72, P, 33.8 GPa, vp, 9040 m/s) (Scheme 11b).

A clever application of vicarious nucleophilic substitution enables 3,4-
dinitropyrazole to be easily converted to 5-amino-3,4-dinitropyrazole,
pyr-73 (Scheme 12) (2015]MCA17693), and an exciting new energetic
derivative was synthesized and fully characterized. The following one-pot
procedure involving diazotization and cycloaddition gave 4-amino-3,7,8-
trinitropyrazolo-[5,1-¢| [1,2,4]triazine (pyr-75). Single-crystal X-ray
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Scheme 12 Synthesis of 4-amino-3,7,8-trinitropyrazolo-[5,1-c] [1,2,4]triazine via a vicar-

ious nucleophilic substitution route.
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diffraction of pyr-75 shows the planarity of the fused-ring structure and a
high density (2.006 g/cm® at 100 K; 1.946 g/cm” at 300 K), which exceed
that of the classic explosive HMX (1.904 g/cm” at 298 K). Furthermore,
with good detonation performance, its excellent thermal stability, low sensi-
tivity to impact, friction, and spark highlight the safety margins for practical
applications.

In addition to nitramines and fused rings, the trinitromethyl functionality
was also utilized to improve the molecular energy of pyrazole-based com-
pounds. In 2015, an eftective synthetic methodology of N-trinitromethyl
nitropyrazoles was developed by the Sheremetev research group
(2015CAJ1987). Treated with a mixture of HNO3/HSOy, 3,4-dinitro-
and 3,5-dinitro-1-(trinitromethyl)pyrazoles were prepared by destructive
nitration of the corresponding 1-acetonylpyrazoles. Compounds pyr-76
and pyr-78 have remarkable positive oxygen balances (Qcor = +7.8%;
Qco = +28.7%), thereby suggesting their application potential as high-
energy dense oxidizers (Scheme 13).

A bis(heterocyle) is one of the most attractive energetic backbones due to
its favorable thermal stability and high density. Reaction of TNP with
various azoles undergoes regiospecific nucleophilic substitution to yield
some novel bis(azole) frameworks (2010MC355). However, the attempted
nucleophilic substitution of TNP with highly dense 4-amino 3,4-
dinitropyrazole fails to yield the target bispyrazole, pyr-82. Instead, by using
4-chloro-3,5'-dinitro-1"H-1,4'-bipyrazole as the intermediate, ammonium
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Scheme 13 Preparation of 3,4-dinitro- and 3,5-dinitro-1-(trinitromethyl)pyrazoles.
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pyrazolate (pyr-81) was successtully prepared in two synthetic steps
(Scheme 14) (2014JMCA18907). By employing freshly prepared O-
tosylhydroxylamine, the N-amino group was introduced into pyr-81 to
give pyr-84. In the oxidative system consisting of concentrated sulfuric
acid, sodium tungstate dihydrate, and 30% hydrogen peroxide, oxidation
of the amino group gave rise to the crude product pentanitro-bispyrazole
pyr-83, which can be purified by further recrystallization in a mixture of
ethanol and water. The key energetic parameters of these new bispyrazoles,
e.g., thermal stabilities, impact sensitivities, densities, and detonation perfor-
mances, were comparable or even superior to those of RDX. More impor-
tantly, nitrogen-rich salts of pyr-82 exhibit low impact sensitivities, which
are favorable for safety preparation and storage (Scheme 15).

Because of high density and low sensitivity, more research interest was
tocused on bispyrazole-based HEDMs. While the direct C—N bond was
used as a link to connect two pyrazole rings in pyr-82, a more energetic
building block, i.e., N,N'-2-nitrazapropyl, was employed in the construc-
tion of new bispyrazoles (Scheme 16) (2013CEJ8929, 2013EJOC4667).
The side chlorination at 5-position was observed in the N-alkylation of
TNP, giving rise to di(3,4-dinitro-5-chloropyrazole)-N-nitromethanamine
(pyr-95), which can be converted to highly energetic and extremely sensi-
tive 5,5'-diazo product, pyr-97. Of these bridged bispyrazoles, pyr-97 has
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Scheme 14 Synthesis of polynitro-substituted bispyrazoles.
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Scheme 17 Synthesis of N,N'-azo-bridged bispyrazoles.

the best overall energetic properties (d, 1.86 g/cm3; P, 34.7 GPa, vp,
8639 m/s; IS > 40 J), which are superior to those of the insensitive explosive
TATB and are comparable to those of the high explosive RDX.

In addition to the N,N'-2-nitrazapropyl bridge, the N,N'-azo group is
another promising building block to link two azole rings. In comparison
to N,N'-alkyl compounds, a unique feature of the N,N'-azo functionality
is that it leads to the formation of planar molecules which are conducive
in improving thermal and mechanical stabilities. N,N'-azo-bridged bispyra-
zoles were synthesized by N-amination of potassium or ammonium pyrazo-
lates followed by oxidative coupling with sodium dichloroisocyanurate
(SDIC) (Scheme 17) (2014CEJ6707). Compounds pyr-99 and pyr-100
exhibit high density, excellent thermal stability, and favorable detonation
velocity and pressure, with concomitant acceptable impact and friction
sensitivities.

g 3. IMIDAZOLE-BASED ENERGETIC MATERIALS

Research interest in imidazole compounds is mainly focused on the
application of chemical and pharmaceutical intermediates. As an isomer of
pyrazole, imidazole also has two nitrogen atoms but the density and
thermal stabilities are usually superior to those of pyrazole, for example,
the density of 1H-pyrazole (1.12 g/cm’) is slightly lower than that of
1 H-imidazole (1.23 g/cm?). Based on some previous comparative studies
involving trinitropyrazolates and trinitroimidazolates, it can also be
concluded that the densities and detonation properties of trinitroimidazo-
lates are higher than those of its pyrazole analogs (2010CEJ10778).
However, pyrazole-based materials have some advantages which are supe-
rior to imidazole, such as higher heats of formation. Considering the
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complexity of energetic molecules, rationally selecting functional groups
and backbones can provide a shortcut to maximizing performance with
smaller losses in stability.

Investigations of the trinitroethyl functionality have demonstrated it to
be a promising explosophore to improve energetic properties
(2009AFM347). Introduction of the trinitroethyl group into nitrogen-rich
heterocycles enhances both density and oxygen balance because of the
greater numbers of nitro groups. As a result, the detonation pressure and ve-
locity are improved, in spite of the slight decrease in heat of formation. A
multistep synthetic procedure including salt formation and N-amination
followed by trinitroethylation has been investigated (2013JMCA7500). N-
Trinitroethylamination of imidazoles provided a new strategy for designing
high-performance energetic materials. While N-aminoimidazoles (imi-1—
imi-5) exhibit moderate densities and are insensitive, N-trinitroethylaminoi-
midazoles (imi-6—imi-10) have excellent densities with moderate
sensitivities (Scheme 18). Of these compounds, imi-6 and imi-7 are featured
with high densities (imi-6, d, 1.867 g/cm’ at 293 K, 1.909 g/cm’ at 150 K;
imi-7, d, 1.869 g/cm’ at 293 K, 1.923 g/cm” at 100 K), and positive oxygen
balances (Qco) based on carbon monoxide (imi-6, Qco, +14.29%; imi-7,
Qco, +14.29%), which show potential as high-dense energetic oxidizers. In
the case of N-trinitroethylamino functionalization, the density of imi-7
(d, 1.869 g/cm’) is remarkably higher that its pyrazole-based isomer,
3 ,4-dinitro-N-(2,2,2-trinitroethyl)-1 H-pyrazol-1-amine (4, 1.78 g/cm’)
(2014]MCA3200).

Another promising route to improve energetic performance has been
developed by the introduction of the N-nitramino functionality to nitroimi-
dazoles (2013RA10859). 2,4-Dinitroimidazole was used as the precursor
because of good density and low sensitivity. By carefully controlling the
temperature at 0 °C, reaction of potassium 2,4-dinitroimidazolate with
O-mesitylsulfonyl hydroxylamine gave 1-amino 2,4-dinitroimidazole in
45% yield. As the N-amino group is more sensitive than the C-amino group
in acidic media, the nitration was accomplished by using the mild reagent,
nitronium tetrafluoroborate. Compound Im-11 was examined as a precur-
sor to salt formation with various nitrogen-rich compounds (imi-13—imi-
19) (Scheme 19). Of them, hydrazinium 1-amino 2,4-dinitroimidazolate
(imi-14) has a high density of 1.93 g/cm’, which exceeds that of HMX
(d,1.90 g/ cm3). With excellent detonation performance (P, 40.5 GPa, vp,
9209 m/s) and relatively low impact sensitivity (IS, 12 J), imi-14 is a poten-
tial candidate as a high-performance energetic material.
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dinitroimidazole.

Compared to fully C-nitrated TNP, trinitroimidazole is less stable both
thermally and chemically. However, the fully C-nitrated bisimidazole, i.e.,
4.4' 5.5 -tetranitro-1H,1’ H-2,2'-biimidazole competes well with respect to
energetic performance and sensitivity and has been studied as a precursor to
nitrogen-rich salts (2012ZAAC1278). Further research efforts in searching
for bisimidazole-based HEDMs are focused on the utilization of the N-
nitramino functionality. Analogous to the N-amination reported previously,
the N,N'-diamino compound (imi-20) was obtained in moderate yield
(Scheme 20). A modified nitration using concentrated sulfuric acid and
fuming nitric acid gave the N,N'-dinitramino compound imi-21 in 81%
yield (2016CEJ2108). The most exciting feature of imi-20 and imi-21 is
the high experimental densities which exceed that of HMX (imi-20, d,
1.93 g/cm’; imi-21, d, 1.94 g/cm’; HMX, d, 1.90 g/cm’). Compound
imi-21 was further confirmed by single-crystal X-ray crystallography. For
imi-21, the crystal density of 2.007 g/cm® at 100 K matches the
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Scheme 20 Synthesis of N,N'-nitroamino 4,4',5,5'-tetranitro-2,2-biimidazole and its
energetic salts.

experimental data and ranks the highest in any reported imidazole-based
CHNO compounds.

As a result of high density and positive heat of formation, imi-21
exhibited excellent detonation performance and could be classified as a
high explosive. Furthermore, energetic salts prepared from imi-21 show
good densities and favorable detonation properties (P, 29.5—38.2 GPa, vp,
8409—9169 m/s), with moderate to good impact and friction sensitivities
(IS, 5=30]J; FS, 60—240 N).
tetrafluoroborate, the nitration of the acid-sensitive N-amino group using

Compared to expensive nitronium
H>SO4/HNOj3 at low temperature enables an economical route to nitrogen
and oxygen-rich energetic materials.

Nucleophilic aromatic substitution plays a pivotal role in the design of
advanced energetic compounds by virtue of C—N bond formation.
Chloro-substituted polynitrobenzenes are featured with high reaction
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activity with some energetic nucleophilic reagents. A family of new ener-
getic benzene-imidazoles were obtained from dinitroimidazole with diver-
sified chloro-substituted polynitrobenzenes (Scheme 21) (2013N]JC2837).
X-ray crystallographic analysis indicated good to excellent experimental
densities ranging between 1.75 and 1.84 g/cm’ for these bicyclic energetic
molecules (imi-32—imi-37). Of them, imi-34 has the highest density of
1.842 g/cm3 with detonation properties (P, 32.49 GPa; vp, 8440 m/s) com-
parable to TATB.

4. TRIAZOLE-BASED ENERGETIC MATERIALS

Triazoles are five-membered heterocycles containing three nitrogen
atoms and two carbon atoms, which are either 1,2,3-triazole and 1,2, 4-
triazole. In general, the heat of formation and density of 1,2,3-triazole is
higher than that of 1,2,4-triazole. Currently, there is a much larger number
of energetic 1,2,4-triazole derivatives than energetic 1,2,3-triazole
derivatives due to the synthetic difficulty for 1,2,3-triazole. In comparison
to imidazole, pyrazole, and tetrazole, triazole has a moderate nitrogen
content, which may be conducive to finding a balance between perfor-
mance and stability.

With high oxygen content, positive oxygen balance, and low produc-
tion cost, ammonium perchlorate (AP) has long been used as the preferred
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oxidizer in solid rocket and missile propellants. Nevertheless, the decompo-
sition product of AP, i.e., hydrogen chloride leads to serious environmental
concerns (2014JA16102). Driven by the increasing demands for seeking
green propellants, the scientific community pays more attention to alterna-
tive solid oxidizers to replace AP. Polynitromethyl moieties, such as trinitro-
methyl and dinitromethyl groups, are considered to be promising
functionalities needed to provide an adequate oxygen supply in the design
of green energetic oxidizers.

Given the promising density and stability of 1,2,4-triazoles, introduction
of a polynitromethyl functionality is a highly appealing strategy toward
high-density oxidizers. The first attempt at destructive nitration of 2-
(5-amino-1H-1,2,4-triazol-3-yl)acetic acid failed to yield the desired
trinitromethyl product (2011JA6464). Under similar nitrating conditions,
2-(5-nitro-1H-1,2,4-triazol-3-yl)acetic acid was converted to the desired
product tri-1 via a dinitro intermediate (Scheme 22). Using hydroxylam-
monium chloride in aqueous potassium hydroxide, potassium dinitro(5-
nitro-1H-1,2,4-triazol-3-yl)methanidate (tri-2) was obtained and following
acidification with 50% H»SOy resulted in the dinitromethyl product tri-3.
Treated with commercially available trimethylsilyl diazomethane, the N-
methyl product tri-4 was obtained and, as expected, showed better impact
sensitivity than that of tri-3.

Other than nitro-substituted azoles, destructive nitration also leads to
bis(1,2,4-triazole), giving the azo-bridged product tri-5 (Scheme 23).

N ,COOH
COOH COOH 0
N’( NaNO, N‘( Fuming HN03 /E\ NO,
O,N N —_—
S N HNO; z Conc. H,50, ONTN
0N
O,N NO, /X;Noz O,N ‘o
N o 2
AN ONTNT K H,0 on-LN
ON" "N KOH H 2 NN
H _ N
tri-1 tri-2 i3
TMSCH,N,
O,N NO,
N/\?< NO,
4
on- SN
|
tri-4

Scheme 22 Synthesis of trinitromethyl and dinitromethyl 1,2,4-triazoles.
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Scheme 23 Synthesis of azo-bridged trinitromethyl 1,2,4-triazoles.

Also, a similar methylation of tri-5 was tried using trimethylsilyl diazome-
thane to yield tri-6. Through experimental and theoretical studies, these
polynitro-substituted 1,2,4-triazoles exhibited excellent energetic proper-
ties, such as density, detonation performance, and impact sensitivity. Based
on the high density of 1.94 g/cm® and a positive oxygen balance of
+9.12% (based on carbon dioxide), tri-1 may be an appealing replacement
of AP as a solid rocket oxidizer.

5-Amino-3-nitro-1,2,4-triazole (ANTA), which can be prepared easily
by a two-step synthesis from 3,5-diamino-1,2,4-triazole, is one of the
most promising compounds among the triazole-based energetic materials
because of the high density and low sensitivity (2012EJIC2429). In a
mixture of 98% H,SOy4 and 100% HINOj3 in a molar ratio of 3:1, nitration
of ANTA gives 3-nitro-5-nitramino-1H-1,2,4-triazole (tri-7) (Scheme 24)
in an isolated yield of 76%. Undergoing N-methylation and nitration, 1-
methyl-5-nitramino-3-nitro-1,2,4-triazole  (tri-8) was prepared from
ANTA. Using nitrogen-rich bases, a series of monocationic and dicationic
energetic salts (tri-9—tri-23) were obtained from tri-7 and tri-8. Com-
pound tri-7 showed a rather high density of 1.938 g/cm” with a high impact
sensitivity of 1 J, whereas its energetic salts showed moderate densities and
better sensitivities, falling between 1.69—1.75g/cm’ and 6—40 ],
respectively.

As promising energetic precursors, ANTA and 3,5-dinitro-1,2,4-triazole
were functionalized using 1,3-dichloro-2-nitrazapropane. N-Alkylation of
ANTA gives rise to the desired product tri-24 with a minority of isomer
(Scheme 25) (2013EJIC4667). In the preparation of 1,3-bis(3,5-dinitro-
1,2,4-triazol-1-yl)-2-nitrazapropane (tri-24), the high reaction temperature
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Scheme 24 Synthesis of 3-nitro-5-nitramino-1H-1,2,4-triazole and 1-methyl-5-
nitramino- 3-nitro-1,2,4-triazole-based energetic salts.

led to chloro-substitution as a side reaction, whereas the reaction carried out
at room temperature gave the pure product in a lower yield. With respect to
energetic properties, tri-24 exhibited higher density and detonation
performance than tri-23 (tri-23, d, 1.69 g/cm3, P, 25.0 GPa, vp,
8012 m/s; tri-24, d, 1.90 g/cm3, P, 37.3 GPa, vp, 9089 m/s).

The preparation procedure for 5,5'-diamino bis(1,2,4-triazoles) was
modified recently and nitro-, nitramino-, and azido-substituted derivatives
(tri-26—tri-28) were obtained by virtue of functional group transforma-
tions (Scheme 26) (2012CE]J16742).

In comparison, the synthetic approach to 5,5'-dinitromethyl bis(1,2,4-
triazole) (tri-29) is more complicated. Diethyl oxalimidate was first formed

CI/\N/\

/N\I\I K+ ,“0 Cl
20N
4<N§k : OZN% NO )\ >\N°2
R NaBr, acetone,
2h,rt
R =NH; or NO, R = NHj (tri-24)

R = NO, (tri-25)
Scheme 25 Syntheses of energetic nitrotriazoles from 1,3-dichloro-2-nitrazapropane.
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by chlorination of sodium cyanide in ethanol, and the subsequent reactions
with hydrazine and 3-ethoxy-3-iminopropionic acid ethyl ester hydrochlo-
ride gave rise to the diacetate intermediate, which was then converted to
tri-29 via nitration, decarboxylation, and acidification (Scheme 27).
Compound tri-29 has an outstanding density of 1.95 g/cm” and an impact
sensitivity of 20 J.

Generally, the introduction of the N-O functionality into energetic
heterocycles has a major positive impact on density. Employing potassium
acetate as the pH buffer, reaction of Oxone® and tri-26 resulted in
dinitro-bis-1,2,4-triazole-1,1"-diol (tri-30) in 81% vyield (Scheme 28)
(2013JA9931).

Subsequent reactions of tri-31 with various nitro-rich reagents, such as
hydrazine monohydrate, guanidinium bicarbonate, and triaminoguanidi-
nium chloride, resulted in a family of new HIEMs. Of them, the overall
energetic properties of tri-33 are superior to the currently used RDX
(tri-33, d, 1.90 g/cm’, P, 39.0 GPa, vp, 9087 m/s, IS, 40 ], FS, 360 N;
RDX, d, 1.81 g/cm’, P, 34.9 GPa, vp, 8748 m/s, IS, 7 ], ES, 120 N).

In addition to introducing the N-O functionality, N—N functionaliza-
tion of mono- and bis-1,2,4-triazoles was reported. The N-amino, N-nitro,
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N NO, 3)HCI Ny N COOEt
O,N H

tri-29
Scheme 27 Synthesis of high-dense 5,5'-dinitromethyl bis(1,2,4-triazole).
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Scheme 28 Synthesis of dinitro-bis-1,2,4-triazole-1,1’-diol and its energetic salts.

and N-nitramino groups were introduced and the resulting compounds
were fully characterized. The N-amino products, tri-38 and tri-44, have
low sensitivities with moderate densities and detonation performances
(Scheme 29) (2015AN14721). While most nitro-substituted energetic
molecules are more stable than the nitramino analogs, the stability of the
N,N -nitramino compound, tri-45, shows better chemical and thermal
stabilities in comparison to the N,N'-nitramino compound, tri-43. By pair-
ing with nitrogen-rich cations, the stability of the energetic salts is enhanced
by the increasing hydrogen-bonding interactions. Based on the evaluation of
integrated properties, the hydroxylammonium salt, tri-50, is comparable to
the high explosive HMX (tri-50, d, 1.86 g/cm3, P, 39.1 GPa, vp, 9330 m/s,
IS, 8], FS, 120 N; HMX, d, 1.90 g/cm’, P, 39.5 GPa, vp, 9320 m/s, 1S, 7 ],
ES, 120 N)

In 2009, a novel synthetic methodology enabling the introduction of a
nitrogen-rich tetrazole moiety into secondary amines was developed
(2015]MCA163). An extensive study involving the reaction of ANTA
with cyanogen azide demonstrated a facile synthesis of 3-nitro-1-(2H-
tetrazol-5-yl)-1H-1,2,4-triazol-5-amine (tri-54) (Scheme 30). The ener-
getic salts of tri-54 have promising detonation properties and low impact
sensitivities, indicating their application potentials as RDX replacements.

Oxidative coupling transformation from the amino group to the azo
group is one of the most important reaction types in construction of
high-nitrogen energetic materials. Although azo formation from the
C-NH; moiety has been well established for a long time, recent intensive
studies of N-NH» compounds illustrated a favorable pathway to a novel
family of catenated nitrogen-atom chain-based HEDMs (2014CE]J6707).
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Scheme 29 Synthesis of N-functionalized 1,2,4-triazoles.

By employing chlorine-containing oxidants, i.e., SDIC, trichloroisocyanu-
ric acid, or tert-butyl hypochlorite (t-BuOCI), a series of N,N'-azo-bridged
compounds was synthesized by forming an N,N'-azo bridge between two
azole rings.

By a simultaneous chlorination and N-oxidation, a series of N,N'-azo-
bridged chloro bis (1,2,4-triazoles) was obtained using SDIC as the key
reagent. Treated with sodium azide in dimethylformamide (DMF) at
room temperature, the azido substituted derivatives (tri-63—tri-66)
were readily prepared and the following reduction using triphenyl phos-
phine and diluted aqueous HCI gave rise to the corresponding amino
substituted compounds (tri-67—tri-70) (Scheme 31) (2012CEJ16562).
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Scheme 30 3-Nitro-1-(2H-tetrazol-5-yl)-1H-1,2,4-triazol-5-amine and its energetic salts.

Through a theoretical evaluation, 3,3,5,5'-tetra-(azido)azo-1,2,4-triazole
(tri-66) has the highest positive heat of formation of 6933 kJ/kg
(2274 kJ/mol) among the reported energetic materials so far. With a nitro-
gen content of 85.36% and a good density of 1.79 g/cm’, the detonation
velocity and detonation pressure of tri-66 competes well with HMX.
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Scheme 31 Synthesis of polysubstituted derivatives based on the N,N’-azo link.

NCS = N-Chlorosuccinimide
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Featured with outstanding thermal stability and nitrogen content, tri-68
was used as a high-energy cation to react with various anions, including
nitrate, perchlorate, dinitroamide, trinitromethylate, and 5-nitro tetrazolate
(2014]MCA15978). With an excellent density of 1.87 g/cm” and a positive
oxygen balance of 6.4%, energetic salt, tri-72, exhibits the highest detona-
tion properties (P, 42.9 GPa; vp, 9569 m/s) (Scheme 32). Additionally, tri-
70 has good detonation performance and mechanical sensitivities, which are
superior to RDX and HMX.

A significant feature of aromatic azoles is the coplanar structure, which is
conducive to lowering the mechanical sensitivity, as well as improving the
packing coefficient. However, compared to monocyclic azole rings, the
C—C-bridged bis(azoles) are not able to retain planarity due to the rotation
at the C—C bond. In addition, some functionalities, such as trinitromethyl
and trinitroethyl groups, are not coplanar with the heterocyclic backbones
because of steric hindrance.

Fused azoles are a unique class of energetic backbones. By sharing two
carbon or nitrogen atoms, two neighboring rings are coplanar with each
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Scheme 32 Synthesis of energetic salts based on 3,3’-diamino-4,4"-azobis-1,2,4-
triazole.
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other. 3,6,7-Triamino-[1,2,4]triazolo[4,3-b] [1,2,4]triazole is the most
promising representative compound in the recent study of energetic
materials (2015CEJ9219, 2015]MCA2685, 2015]MCA8606). The fused
azole-based energetic salts feature high density, positive heat of formation,
and good detonation performance. 3,6,7-Triamino-[1,2,4]triazolo[4,3-b]
[1,2,4]triazolium nitrate (tri-77) shows strikingly high thermal and insensi-
tive behavior with a decomposition temperature of 280 °C and an impact
sensitivity of 40 J (Scheme 33). In addition, the calculated detonation veloc-
ity of tri-80 is slightly superior to that of RDX.

Because the nitrogen-rich 1,2,4-triazolium cations show great potential
in the design of thermally stable HEDMs, continuing studies of ionic
derivatives based on 4,4'.5,5'-tetraamino-3,3'-bi-2,4-triazolium cation
were reported (2015]MCA2685). When the bistriazole cation was com-
bined with a variety of oxygen-rich counteranions, the energetic salts

were readily obtained and their physicochemical properties fully
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characterized. With a high decomposition temperature (Ty, 200 °C), the
thermal behavior of the dinitramide salt, tri-90, is superior to nearly all
the known energetic dinitramides (Scheme 34).

In addition to playing the role of energetic cation, tri-89 was used as pre-
cursor for nitramine-based HEDMs (2016CAJ844). In the presence of 100%
HNO3, selective N-amino nitration of tri-89 gave the N,N -dinitramino
compound, tri-100, which has enhanced energetic performance and
retained thermal stability (Scheme 35). Among the energetic salts prepared
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Scheme 35 Synthesis of 5,5'-diamino-4,4'-dinitramino-3,3'-bi-1,2,4-triazole and its
energetic salts.
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from tri-100, the hydroxylammonium salt, tri-101, has a higher density and
detonation performance than those of the molecular form tri-100 (tri-100,
d, 1.756 g/cm’, P, 31.2 GPa, vp, 8846 m/s; tri-101, d, 1.763 g/cm’, P,
34.0 GPa, vp, 9313 m/s).

Generally, ionic CHNO explosives have lower densities than their
parent nonionic molecules. An exciting energetic compound, hydroxylam-
monium 3-dinitromethyl-1,2,4-triazolone (tri-108), was synthesized and a
comparative study with its nonionic precursor tri-107 was carried out
(Scheme 36) (2015JA1697). Compared to tri-107, tri-108 exhibits several
advantages, e.g., higher density, higher detonation performance, enhanced
thermal stability, and lower impact and friction sensitivities, which was
further supported by theoretical calculations associated with the analysis of
hydrogen bonding and T stacking interactions.

Featuring three contiguous nitrogen atoms, the 1,2,3-triazole ring is
rather stable as a highly energetic backbone. In some cases, the thermal sta-
bility of 1,2,3-triazole compounds is even better than those of their isomer,
1,2,4-triazole. For example, the decomposition temperature of 4-amino-5-
nitro-1,2,3-2H-triazole (Ty, 297 °C) is higher than that of ANTA (243 °C)
(2013JMCA585). Utilizing nitration, methylation, or amination, several
energetic functionalities were easily introduced (Scheme 37). The symmet-
ric compound, tri-115, is the most favorable analog in the derivatives of 5-
nitro-1,2,3-2H-triazole, as confirmed by the overall properties which are
higher than RDX (tri-115, d, 1.868 g/cmS, P, 36.2 GPa, vp, 8843 m/s,
IS, 30 J; RDX, d, 1.81 g/cm3, P, 34.9 GPa, vp, 8748 m/s, IS, 7 J).

N-Functionalization of nitrogen-rich heterocycles offers a diversified
designing strategy of HEDMs. By constructing versatile bonds, such as
N—C, N—N, and N—O bonds, the properties of energetic materials are
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Scheme 36 Synthesis of 3-dinitromethyl-1,2,4-triazolone (tri-107) and its hydroxylam-
monium salt (tri-108).
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Scheme 37 Derivatives of 5-nitro-1,2,3-2H-triazole.

modified for different applications. The N-methylation of 4,4'-bis(5-nitro-
1,2,3-2H-triazole) gives rise to four isomers (tri-116—tri-119), which have
moderate densities and detonation performances, but with excellent low
sensitivities (Scheme 38) (2015AN6260). Similar isomers are found with
N-amination and three isomers can be isolated. Treated with Oxone® in
pH bufter, the N-oxidized product tri-123 is too unstable to be isolated
neat. To obtain more stable derivatives, two energetic salts, tri-124 and
tri-125, were prepared and their energetic properties were evaluated.
Among these ionic derivatives, the hydroxylammonium salt tri-125
exhibited the highest detonation performance (P, 39.1 GPa, vp, 9171 m/s).
1-Amino-1,2,3-triazole-3-oxide (tri-126) was first prepared from 1-
amino-1,2,3-triazole by virtue of hypofluorous acid oxidation (Scheme
39) (2015PEP491). Alternatively, tri-127 could be obtained from 1-(benzy-
loxy)-1,2,3-triazole using N-amination and hydrogenation reduction.
Meanwhile, the intermediate tri-128 was used to synthesize 1,2,3,4-tetra-
zine-1-oxide (tri-129), undergoing spontaneous nitrene formation and
ring expansion, with Pd/C catalyzed reduction. In addition to NMR
spectra, tri-127 was further confirmed by single-crystal X-ray structure.
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Scheme 39 The transformation from 1,2,3-triazole to 1,2,3,4-tetrazine.

5. TETRAZOLE-BASED ENERGETIC MATERIALS

As a promising nitrogen-rich backbone, the nitrogen content
(79.98%) of 1H-tetrazole ranks the highest among the common nonsubsti-
tuted five-membered azoles and six-membered azines with exception of the
unstable 1H-pentazole. Moreover, the numerous contiguous N—N bonds
give rise to a high heat of formation, as well as to powerful energy release
upon explosion. The main decomposition product, dinitrogen gas, also
meets the requirement of the green chemistry concept.

N,N'-Ether linkages could be readily introduced to some nitrogen-rich
tetrazole compounds, such as 5-trinitromethyltetrazole and 5-nitrotetrazole
(Scheme 40) (2015]MCA15576). Compared to their precursors, the result-
ing bis(tetrazoles) (tetra-1 and tetra-2) show low acidity and better thermal
behavior. More significantly, they have high density and excellent detona-
tion properties (tetra-1, d, 1.825 g/cm3; P, 35.1 GPa; vp, 8909 m/s; tetra-
2, d, 1.846 g/cm3; P, 34.6 GPa; vp, 8892 m/s).
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Scheme 40 Synthesis of energetic N,N'-ether-bridged tetrazoles.
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Although some C-nitramino or N-nitramino tetrazoles were reported in
early studies, the fully C- and N-nitramino functionalized tetrazoles were still
a long-term challenging high-energy molecules. Using cyanogen azide as the
key reagent, N-protected 1,5-diamino tetrazole was formed. The following
N;,Os-induced nitration and KOH-induced alkali hydrolysis resulted in the
dipotassium salt tetra-4 (Scheme 41) (2015AN10299). 1,5-Di(nitramino)tet-
razole (tetra-5) was obtained from tetra-4 by the treatment with dilute
aqueous HCIl. Compounds tetra-4, tetra-5, and the energetic salts (tetra-
6—tetra-8) showed strikingly excellent detonation properties, acceptable
thermal stabilities, and extreme sensitivities (P, 31.5—52.2 GPa; vp, 9078—
10,011 m/s; Ty, 110—240 °C; IS, 1—1.5J; FS, 5—30 N).

In spite of the highly sensitive feature of the N-nitramino tetrazoles, their
potential application as primary explosives has been studied (2014ANS172).
The most currently used primary explosives, e.g., lead azide and lead picrate
are very toxic to the environment. A similar synthetic strategy was employed
for N,N'-ditramino bis(tetrazole). Using bis(carbamates) as the intermediate,
the tetrazole ring is effectively constructed in the presence of HCI in ether
solution. Then N-methoxycarbonyl-protected tetra-9 can be smoothly
nitrated with N>Os (Scheme 42). The final deprotection was carried out
in aqueous potassium hydroxide to give the potassium 1,1’-dinitramino-
5,5-bistetrazolate (tetra-11). Combining the high nitrogen content and
high density, potassium salt tetra-11 is an ideal replacement for most toxic
heavy metal-based primary explosives.

NH,
o
o - N=
N,H, L NC-N; I N—-NH
— 7 . N NHy _— ° L Nsyy
\OJLO/ (o] ll:l' N >:0
tetra-3 O\
N,O5|MeCN, 1h, 0°C
O,N, + O2N,
/N ) /N
- NO. KOH, H,0 /< NO.
N NO2 - HN 2
r‘w‘\ N-N_ 30min, 0°C ﬁ\ N-N
Ntetra-4K N 0>:0
\
HCI|H,0
o, ANy o,
N C) Nf-| é)H /N Cation’ NHj, (tetra-6)
= etra-
HN//< NO, —>) z - /< NO, 4+
No N-NH MeOH N NN N2Hs (tetra-7)
=N = P
N N acation NH;OH (tetra-8)

tetra-5
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Scheme 42 Synthesis of potassium 1,1’-dinitramino-5,5"-bistetrazolate.

The introduction of an N—N functionality, e.g., N-amino, N-
nitramino, or N,N'-azo groups, enhances the detonation performance
greatly; however, their high sensitivity restricts them to primary explosives.
In comparison, introducing an N-O functionality is a more favorable strat-
egy to produce low sensitive secondary explosives. N-Hydroxyl-substituted
tetrazoles have become the hottest area of research in nitrogen-rich
HEMD:s. 5,5'-Bistetrazole-1,1"-diol dihydrate (tetra-12) was synthesized
and characterized by Tselinskii in 2001 (Scheme 43) (2001RJOC430).
Later, the preparation method was modified and a series of energetic salts
(tetra-13—tetra-28) were obtained by the treatment of tetra-12 with
nitrogen-rich bases (2012JMC20418). Among these new energetic salts,
dihydroxylammonium 5,5 -bistetrazole-1,1’-diolate (tetra-13) exhibits
great density, good thermal stability, excellent detonation properties with
low impact and friction sensitivities (tetra-13, d, 1.877 g/ cm’; Ty,
221 °C; P, 42.4 GPa; vp, 9698 m/s; IS, 20 J; FS, 120 N). Based on low pro-
duction cost, super energetic performance, and good stability, the overall
properties of tetra-13 are superior to most known high explosives, e.g.,
RDX, HMX, and CL-20.

As the great potential of tetrazol-1-olate was demonstrated by tetra-13,
an extensive study of amino- and azo-substituted tetrazole-1-olates was car-
ried out. The cyclization of cyanogen azide and hydroxylamine resulted in
hydroxylammonium 5-aminotetrazole-1-olate (tetra-29) in excellent yield
(Scheme 44) (2013CEJ4602). Treated with dilute aqueous hydrochloric
acid, the salt tetra-29 was converted to molecular form 5-aminotetrazole-
1-0l (tetra-30), which could be reacted with aqueous ammonia to give
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ammonium 5-aminotetrazole-1-olate (tetra-31). Using potassium perman-
ganate in alkaline solution, azo-bridged potassium bis(5-aminotetrazole-1-
olate) (tetra-32) was obtained. The reduction and acidification gave rise
to tetra-33 and tetra-34, respectively.

While N-NHNO; and N-OH groups play pivotal roles in the tetrazole-
based HEDMs, another functionalized strategy using an N-CH,ONO,
group extends the chemistry of energetic tetrazoles (2012M5040). Using
sulfuric acid, sodium nitrite, copper (II) sulfate pentahydrate, and sodium
hydroxide, 5-aminotetrazole was converted to sodium 5-nitro-tetrazolate
via a diazonium salt. Further introduction of the (nitrooxy)methyl group
was carried out using dilute sulfuric acid and aqueous formaldehyde. This
was then treated with acetic anhydride and fuming nitric acid. The resulting
product, tetra-40, has a good density, positive heat of formation, and high
detonation performance (d, 1.801 g/cm3; AHg, 228.07 kJ/mol; P,
37.92 GPa; vp, 9260 m/s) (Scheme 45).

6. SUMMARY

Versatile family members of five-membered azole backbones promote
better understanding of structure—property of HEDMs and provide diver-
sified choices for the future design of HEDMs. The rational utilization of
energetic functionalized groups with azole backbones is the key factor to
balance energetic performance and molecular stability.

From the standpoint of nitrogen-rich requirement, tetrazole is the most
favorable backbone to match the topic of green chemistry. There are few
functionalized positions on the tetrazole ring which may restrict designing
strategy. In comparison, although pyrazole and imidazole rings have less
nitrogen content than tetrazole, the three CH moieties in the pyrazole or
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imidazole ring enable more opportunities to introduce diverse
functionalities.

In the recent progress of pyrazole-based energetic materials, TNP (pyr-
1) is the most representative compound which exhibits more advanced
overall properties than other fully nitrated azoles. Some nitramino function-
alized pyrazoles and their ionic derivatives, such as pyr-37, pyr-54, and
pyr-71, have high density and excellent detonation properties. With
amino-nitro functionalities, pyr-17, pyr-18, pyr-82, and pyr-84 are
potential candidates for insensitive energetic materials arising from enhanced
hydrogen-bonding interaction. The N-hydroxyl compounds pyr-10 and
pyr-78 could be used for energetic oxidizers because of the high density
and positive oxygen balance. In addition, the high density and highly
thermal stability of pyr-75 highlight the application potential of fused
pyrazole-based HEDMs.

As an isomer of pyrazole, imidazole has received relatively less attention.
However, in some comparative studies N-trinitroethylamino imidazoles
showed better overall performance than those of the pyrazole analogs.
C-/N-tully functionalized bis(imidazole), i.e., imi-21, has a strikingly
high density (2.007 g/cm” at 100 K; 1.94 g/cm’ at 298 K), which is higher
than any known imidazole-based CHNO compound.

Among triazole-based energetic salts, tri-31 and tri-70 are as highly
energetic as HMX, and more importantly, their mechanical sensitivities
are as low as TATB. The trinitromethyl triazole, tri-1, and dinitromethyl
triazole, tri-29, have positive oxygen balance and high densities of 1.94
and 1.95 g/cm’, respectively, and may be applied as oxygen carriers in
energetic ingredients. The 1,2,3-triazole-based compound, tri-110, is a
very promising molecular compound with overall properties superior to
RDX.

Both N-nitroamino and N-hydroxyl functionalities have been investi-
gated for tetrazole backbones. With high nitrogen content, good detonation
properties and extremely high sensitivity, N-nitroamino tetrazoles and their
energetic salts are favorable candidates for the next generation of primary
explosives. By introducing the N-hydroxyl group, the performance and
stability tetrazole-based HEDMs are enhanced. The advantage of the N-
O functionality is exemplified by the energetic salt tetra-13, which based
on its excellent detonation performance and low impact and friction
sensitivities is superior to most known energetic materials.

With the rapid development of heterocyclic chemistry, we believe that
azole-based energetic materials will continue to be the hot spot in the
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framework of material science. From the standpoint of synthetic methodol-
ogy, exploring new transformations of various functionalized energetic
groups is highly appealing for searching for the next generation of HEDMs.
Meanwhile, considering industry interests, modification of reaction
conditions are also highly appealing to reduce production costs and to limit
environment pollution. With the growing database of physicochemical
properties for energetic compounds, computer-aided design will provide a
shortcut toward new HEDMs. Hence, more collaboration between
synthetic chemists and computer scientists is required for further develop-
ment of future energetic materials.
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Abstract

Organic semiconductors are an important class of functional materials. Numerous mo-
lecular and polymeric organic semiconductors have been developed for their great po-
tentials in next generation flexible and printed electronics. In this chapter, the authors
review some of the most popular heterocyclic building blocks and their chemistry.
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These building blocks are organized based on the heteroatom(s) that are present in
their structures, including sulfur-, nitrogen-, silicon-, phosphorus-, and boron-contain-
ing heterocycles.

Keywords: Heterocycles; Organic semiconductor; Semiconducting polymer

g 1. INTRODUCTION

Organic semiconductors (OSCs) are a class of carbon-based materials
that exhibit optical and electronic properties (2001AGE2591,
2010CSR2354). They have been a focus of inquiry in the development of
potential low-cost, large-area, flexible, and lightweight optoelectronic de-
vices, such as light-emitting diodes, solar cells, field-effect transistors, organic
lasers, and electrochromics (2006MI1, 2007CRV 1272, 2007CRV 1324,
2009CRV897, 2009CR V5868, 2010CRV3, 2010CRV268, 2011CM733,
2012CRV2208, 2014AM1319). Compared with their widely known inor-
ganic counterparts (mainly silicon, germanium, and metal oxide semiconduc-
tors), organic semiconductors offer some intrinsic advantages. For instance,
materials properties can be fine-tuned via structural modifications that can
be easily achieved through intelligent molecular design (2013AMG6158).
Solution-processing can be realized for low-cost and large-area devices via
numerous techniques (spin coating, spray coating, inkjet printing, roll-to-
roll printing, and Langmuir layer-by-layer assembly, etc.) (2009MI5,
2011NAT364, 2012MI4, 2014MI12, 2014MI4). The low processing temper-
ature, combined with the mechanical flexibility of organic materials, provides
great opportunities to access flexible integrated circuits, electronic paper
(or fabric), and foldable organic electronics (2010MI2). To date, numerous
molecular and polymeric semiconductors have been designed and synthesized
for their technological relevance and potential advantages as mentioned
for next generation flexible and printed electronics. These developments
are nicely summarized in many excellent reviews (2010ACR1396,
2011ACRS501, 2011JA20009, 2013AM5372, 2013JA6724, 2014CM604,
2014CM647), whose focus mostly lies in establishing the relationship be-
tween molecular structures and their semiconducting properties. There is a
need to summarize organic semiconductors from the perspective of chemical
synthesis. This is a daunting task, if we think about the vast number of organic
semiconductors available. We decided to take a different approach and focus
on the chemistry and synthesis of heterocyclic building blocks, because the
majority of the organic semiconductors come from the combinations of these



Heterocyclic Building Blocks for Organic Semiconductors 135

building blocks. We cover some of the most popular heterocyclic building
blocks and their chemistry. They are organized based on the heteroatom
they contain, including chalcogen-, nitrogen-, silicon-, phosphorous-, and
boron-containing heterocycles.

g 2. THIOPHENE-RELATED BUILDING BLOCKS
2.1 Thiophenes, Selenophenes, and Tellurophenes

Among the most common donor units used in the field of
semiconducting, thiophenes have been the most popular one since the
1980s (1986APPLAB1210, 1988APPLAB195, 1992CRV711,
1996APPLAB4108, 1998AM93, 1998SCI1741, 2012MI2, 2014MI1). In
particular, polythiophenes (PTs) have been extensively studied since the
1980s. Oligothiophenes have been widely implemented for the generation
of OSC building blocks.

Based on the commercial availability and low cost of thiophene, a num-
ber of related building blocks and polymers can be synthesized. Oxidation of
thiophenes under certain conditions, such as with ferric chloride, gives PTs
with high yields (1984MI1, 1986MI1). An alternative way is to introduce
functional groups to the a-positions of the thiophene rings. As an electronic
rich heterocycle, these positions are readily activated by direct lithiation or
bromination (Scheme 1).

PTs are among the most important and commercially successful semi-
conducting polymers. Extensive effort has been made to improve the per-
formance of the devices based on such materials in a variety of chemical
and processing aspects (1992CRV711, 1998AM93, 2009AM1091,
2014MI1). One successful modification 1is side-chain engineering
(2014CM604). By introducing side chains to the polymer backbone, the
solubility of the polymer can be improved. Moreover, side chains are bene-
ficial for the packing between the m-systems, and the orientation of the
polymer molecules can be changed to an “edge-on” mode. As a result, so-
lution-processable materials with outstanding performance can be designed
and synthesized. As to PTs, side chains are introduced to the @-positions.

NBS
/\_/\/ \ n-BuLi @\ [\ catAcOH @\
s~ -40°C g~ L s 0°C s~ TBr
THE CH,Cl,

Scheme 1 Direct lithiation and bromination of thiophene.
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Scheme 2 Synthesis of 3-bromothiophene.

Due to their lower reactivity, modification at these positions is indirect
compared to the a-positions. For example, 3-bromothiophene, the starting
material of a number of 3-substituted thiophenes, can be synthesized in two
steps, involving tribromination followed by a-debromination (Scheme 2)
(1955BSF424, 1959ACSA1045, 1964089, 2005JA13281).

B-Alkylation is a successful method to improve the performance of
PT-based materials. The pioneering work by Sugimoto et al. used PT as
the semiconducting layer of an organic field-effect transistor (OFET) and
obtained a low mobility of around 107> cm?®/V s (1986APPLAB1210). As
a comparison, by introducing hexyl side chains to the polymer backbone,
the mobility of regioregular poly(3-hexylthiophene) (r-P3HT) can be
improved to 0.1 em®/V s (1996APPLAB4108, 1998SCI1741). Regioregu-
lar P3BHT has been synthesized by various methods including metal-
catalyzed cross-coupling (1992JA10087, 1992JCS(CC)70, 1998 MC25,
2004MI1, 2004MM1169, 2006 TL5143) and oxidative coupling polymeri-
zation reactions (1986MI1). The Yokozawa’s route for the synthesis of
regioregular P3HT is shown in Scheme 3 (2004MI1, 2004MM1169).

Another approach is to chemically construct the desired substituted thio-
phenes. For instance, 3,4-dialkoxylated thiophenes are obtained from ring
closure reactions. The most important example is 3,4-ethylenedioxythio-
phene (EDOT). The homopolymer of EDOT, PEDOT, is currently among
the most commercially available and successtul conducting polymers
(2000AM481, 2011MI2). A number of synthetic strategies have been re-
ported, most of which were not started from thiophene or substituted thio-
phenes. A notable approach for the synthesis of EDOT was developed by

CeH13 CgHi3 CeHis
NBS PhI(OAC),, I
7\ — [\ - ]\
s THF,0°C g~ “Br CH,Cl,, rt s Br
; CeH13 CgH
IPrMgCl m Ni(dppp)Cl, T e
- —_—
CIM B
THF,OOC 9 S r THF, rt S n

Scheme 3 Synthesis of rr-P3HT based on Yokozawa's method.
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Scheme 4 Synthesis of 3,4-ethylenedioxythiophene from thiodiglycolic acid and
diethyl oxalate.
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Scheme 5 Synthesis of 3,4-ethylenedioxythiophene from 2,3-dimethoxyl-1,3-buta-
diene and sulfur dichloride.

Jonas et al., through which EDOT could be obtained from thiodiglycolic
acid in five steps (Scheme 4) (1989EUP).

Another approach was reported by Hellberg et al., in which sulfur
dichloride was used as the sulfur source and reacted with 2,3-dimethoxyl-
1,3-butadiene. In this method, EDOT is obtained in two steps (Scheme
5) (2004TL6049).

Another strategy to improve the performance of the semiconducting
polymer is by atomic substitution. As for thiophene derivatives, research
on the selenium and tellurium analogs of thiophenes, namely selenophenes
and tellurophenes, has witnessed a significant growth in the past decade
due to developments in synthetic techniques. Heavy-atom substitution
changes the property of the polymers in a number of aspects. First, the
band gaps of the selenophene- and tellurophene-containing polymers are
smaller than those of the thiophene homologues. Second, the C—C bond
length between the heterocycles shrinks from PTs to polytellurophenes,
and the rings are also becoming more coplanar. Third, the strong interaction
between the heavy atoms has large impact on the interaction between
the polymer chains and the crystallinity of the polymer (2010JMC422,
20141J440, 20141J621, 2015MM297).

Selenophene was first synthesized in 1885 (1885CB2255) and the synthe-
sis of selenophenes has been reviewed extensively (2002MI1, 2005MIT).
The study of polyselenophenes as semiconducting polymers started in the
mid-1980s, and several review articles have been published (2010JMC422,
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Scheme 6 Synthesis of 3-substituted selenophenes from 1-chlorobut-3-yn-2-ol
derivatives.

20141J621). Recently, a number of reports on the application of selenophene
building blocks instead of thiophenes in D-A type polymers have also been
published (2012JA20713, 2012MM 1303, 2015]JA1314).

Although somewhat expensive, selenophene is a commercially avail-
able substance produced from the gas-phase reaction between selenium
and acetylene (1983JOC3544). The chemical properties of selenophenes
are rather similar to thiophenes. The a-positions of selenophenes are
more reactive compared to the B-positions. 3-alkylated selenophenes
can be synthesized from selenophene with 2,3,4,5-tetraiodoselenophene
as intermediate (1997JMC1731). Although this process is similar to thio-
phene, the use of highly toxic mercury reagents forbids this route for
massive production. One alternative route is the reaction between 2-
substituted 1-chlorobut-3-yn-2-ol with selenium with the presence of
base (Scheme 6) (1990PS35, 2012MM 1303). For 3,4-disubstituted species,
such as 3,4-ethylenedioxyselenophene, the synthesis is similar to EDOT
(2008JA6734, 2014ACR1465). Compared to the sulfur and selenium con-
geners, the examples of tellurophene-containing polymer are rare due to
the poor stability, different reactivity, and higher toxicity (2015MM297).

2.2 Fused Thiophenes

The chemical and electronic characteristics of the building blocks and the
polymer can also be tuned by expanding the conjugated system. Based on
thiophene, a number of fused systems can be constructed and applied to
the field of semiconducting polymers. Their high degree of diversity leads
to different electronic and structural features, which allows us to build
high-performance semiconducting polymers that meet specific needs. The
synthesis of selected fused thiophene system is reviewed in the following
part.

2.2.1 Isothianaphthene

Isothianaphthene (ITN), or benzo[c|thiophene, is a bicyclic system with
thiophene fused with a benzene ring at the B-positions. Similar to thio-
phenes, ITNs are introduced into the polymer chains at the a-positions.



Heterocyclic Building Blocks for Organic Semiconductors 139

Q Na,S Q Nalo, ALO,
s e _AOs
cl o] A I\
S s s
o)

Scheme 7 Synthesis of isothianaphthene from sodium sulfide and 1,2-
dichloromethylbenzene.

The first report of poly(isothianaphthene) (PITN) was published by Wudl
et al. in 1984 (1984]JOC3382), and the application of I'TN as a unit in D-
A polymer was published by Qin et al. in 2008 (2008MM5563). ITN
received some interest in the 2000s due to the low band gap of the homo-
polymer, PITN (2001MM1810).

The synthesis and reactivity of [ITN was previously reviewed (2001 MI1).
As a 3,4-disubstituted thiophene, this building block is constructed similarly
with EDOT. Sodium sulfide is used as the sulfur source, which is reacted
with 1,2-dichloromethylbenzene to construct the dihydroisothianaphthene
backbone followed by oxidation and dehydration over aluminum oxide to
form ITN (1971JOC3932, 1989MI1) (Scheme 7).

2.2.2 Thienothiophenes

Thienothiophenes (TTs) are bicyclic aromatics with two thiophene rings
fused to each other. Two isomers, thieno[3;2-b]thiophene and thieno[3;4-
b]thiophene, are commonly used as building blocks for semiconducting
polymers. The synthesis of TTs and some related aromatics has been
reviewed (2015CRV3036). Here we highlight some applications of these
units to semiconducting polymers.

Thieno[3;2-b]thiophene is a commonly used electron-rich unit in
semiconducting polymers. In this unit, the a-positions of both thiophene
rings are fused with the B-positions of the other ring, giving rise to Cop
point group symmetry of this unit. The remaining a-positions, or the
2,5-positions, are the reactive sites for polymerization. Currently, thieno
[3;2-b]thiophene is synthesized by ring closure of 2-formylthiophen-3-
ylthioacetates (19631ZV2183, 19651ZV510, 1968ACSA63, 1992MM?2294,
2005JA13281) (Scheme 8).

In contrast to thieno[3;2-b]thiophene and most of the other thiophene-
based units, thieno[3;4-b]thiophene is utilized as an electron-deficient unit.
Without the stabilization of the electron withdrawing group at the 2- and 3-
positions, the HOMO level would be too high for the molecule to be stable
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Scheme 8 Synthesis of thienothiophene from 3-bromothiophene in four steps.
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Scheme 9 Synthesis of 3-TT in six steps.

in air. The first air-stable polymer containing thieno[3;4-b|thiophene was
reported in 2007, and the building block is stabilized by an ester group at
the 2-position (1966JOC3363, 2007AM3979). Additionally, the more
exciting 3-fluorinated species, 3-TT, was reported in 2009 (2009JA7792).
The synthesis of 3-TT is shown in Scheme 9.

2.2.3 Dibenzothiophene
Dibenzothiophene (DBT) is a tricyclic thiophene derivative with two ben-
zene rings fused at both 2,3- and 4,5-positions. DBT is a natural occurring
compound found in petroleum. In industry, DBT is currently produced
from biphenyl and hydrogen sulfide under catalytic oxidizing conditions
(1950USP, 1978JHC561).

DBTs and DBT dioxides have been copolymerized with fluorenes to
tune the chain arrangement and aggregation of fluorene-based organic
light-emitting diodes (OLEDs). With less aromatic DBT present in the
main chain, the dihedral angles between aromatic systems increases, leading
to less aggregation between the polymer chains and stable blue emissions
(2003]MC1351, 2008CM4499, 2009MI1, 2009MI3, 2010MM4481).
Yang et al. studied the random copolymer of 9,9-dioctylfluorene and 2,8-
dibromodibenzothiophene with various ratios. They found that with the
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Scheme 10 Bromination of dlbenzothlophene under different conditions.

addition of DBT into the polymer, the fluorescence peak of the polymer
witnessed a slight hypochromic shift, indicating disturbed interactions
between the polymer molecules. With lower DBT portions (0—30%), the
efficiency of the material dropped from 0.52% to 0.10%. However, with
more DBT (50%), the quantum yield grew back to 0.42% (2003]MC1351).

Unsubstituted DBT is a commercially available and inexpensive pre-
cursor, where both 3,7- and 2,8-positions can be substituted under
different conditions (1985]JHC215, 2007JMC1421). Direct bromination
of DBT vyields the 2,8-substituted species (1997JPS(A)2813). To obtain
the 3,7-substituted derivative, the electron-donating sulfur atom has to
be oxidized into an electron-withdrawing sulfone group prior to bromina-
tion (1999JMC2095) (Scheme 10).

2.2.4 Cyclopenta[1,2-b:5,4-b’Idithiophen-4-one and Cyclopenta
[1,2-b:5,4-b' [dithiophene

Cyclopenta[1,2-b:5,4-'|dithiophen-4-one (CDT) can be considered as an
electron-deficient dithiophene with fixed syn-conformation. Due to their
electron-poor nature, they have attracted interest in the potential capability
to construct n-type materials. The synthesis of CDT exploits 2,2'-coupling
of di-3-thienyl ketone as the key intermediate (Scheme 11) (1963AK335,
1967AK99, 1970JCS(C)273, 1995SM 147, 1998SM25). A number of other

Br CH
L/_g . U n -BuLi (m
S s
o o) 1. n-BulLi

HOCHZCHZOH 2. |2 \ Cu HCI 51
cat. TsOH I \ S Et,0 \
CgHg, reflux

Scheme 11 Synthesis of cyclopenta[1,2-b:5,4—b’]dithiophen-4-one from 3-bromothio-
phene and 3-thiophenecarboxaldehyde in five steps.

CH,Cl,
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Scheme 12 Synthesis of cyclopenta[1,2-b:5,4-b'ldithiophenes from 3-bromothiophene
and 3-thiophenecarboxaldehyde in four steps.

electron-deficient building blocks based on CDT, such as 4-
dicyanomethylene-4 H-cyclopenta[1,2-b:5,4-'|dithiophene  (1991JCS(CC)
1268, 1993USP, 1997SM973) and  4-(1,3-dithiol-2-ylidene)-4 H-
cyclopenta[1,2-b:5,4-b"|dithiophene  (1992]JCS(CC)1137, 1994]OC442),
can also be obtained.

Cyclopenta[1,2-b:5,4-'|dithiophenes (CPDT) are reduced CDT species
and thiophene-fused analogs of fluorene. Similar to fluorene, side chains
can be introduced to the 4-position of CPDT. The synthesis of CPDT was
first reported in 1964 (1964]JOC2455). The first example of a polymer
bearing alkyl-substituted CPDT was reported in 1994 (1994MM1938).
CPDT can be obtained from the reduction of CDT. Some recent reports
on the modification of this route are also available (2009MI2,
2010MM697, 2012JA539). One example utilizes the 2,2'-coupling of
bis(3-thienyl) methane (Scheme 12).

2.2.5 Benzodithiophenes

Benzo[1,2-b:4,5-V|dithiophene and benzo[1,2-b:6,5-b']dithiophene are the
two benzodithiophene (BDT) species applied in semiconducting polymers.
The former can be considered as a benzene ring fused by two thiophene
rings, whereas the latter is a syn-dithiophene moiety locked by a benzene
ring, which is similar to CPDT. The point group symmetry of the isomers
is different to each other: benzo[1,2-b:4,5-0'|dithiophene is in C,}, whereas
benzo[1,2-b:6,5-b'|dithiophene is in Cy,.

The synthesis of benzo[1,2-b:4,5-b"]dithiophenes exploits the dimeriza-
tion of 3-substituted thiophenes. For the dialkyloxyl- and dithienyl-
substituted derivatives, the dione species serves as the key intermediate
(Scheme 13) (1986CB3198, 2011AGE9697).

As to the dicarboxylate-substituted species, oxidative dimerization of
2-(thiophen-3-yl) malonic ester followed by removal of two ester
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Scheme 13 Synthesis of dithieno- or dialkyloxy-substituted benzo[1,2-b:4,5-b']dithio-
phene derivatives.
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Scheme 14 Synthesis of dicarboxylate-substituted benzo[1,2-b:4,5-b']dithiophene
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Scheme 15 Synthesis of benzo[1,2-b:6,5-b'ldithiophenes from palladium-catalyzed
coupling.

groups is applied to build the benzene ring (1996T13227, 2014MM4987)
(Scheme 14).

For the synthesis of benzo[l,2—b:6,5—b’]dithiophenes, two routes have
been reported. The first one utilizes palladium-catalyzed coupling between
3,3/-diiodobisthiophene and an alkyne (Scheme 15) (2008MM5688).

The second route utilizes the reductive coupling of [(2,2'-bithiophene)-
3,3/-diyl|diketone (Scheme 16) (2010AMS3).

2.2.6 Naphthodithiophenes

Naphthodithiophenes (NDTs) are tetracyclic conjugated systems with two
thiophene rings fused to the naphthalene skeleton. With an additional ben-
zene ring, NDT has more isomers than BDT. Based on the difference in
connection between the thiophene rings and the naphthalene ring, the iso-
mers can be classified into two categories, and the synthesis of these isomers
is discussed separately.
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Scheme 16 Synthesis of benzo[1,2-b:6,5-b']dithiophenes from reductive coupling.
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Figure 1 Structures of naphthodithiophene building blocks with thiophene rings fused
to each benzene ring.

In the first category, the two thiophene rings are fused to the both ends
of the naphthalene skeleton (Figure 1). NDT1 and NDT2, namely linear-
shaped NDTs, have thiophene rings fused to the 8,8’ -positions of naphtha-
lene. As a comparison, the «,B-fused derivative, NDT3 and NDT4, are
described as angular-shaped NDTs. Research on the application of these
units on OSCs traces back to 2011 (2011JA5024, 2011JA6852, 2011MIT,
2013IMC(C)1297, 2014MM616, 2014MM3502, 2015MI2). Two strate-
gles are available to synthesize these building blocks. The first strategy was
reported by Takimiya and coworkers for NDT3 in 2010 (2010JOC1228)
and other monomers in 2011 (2011JA5024). In this strategy, NDTSs are
synthesized based on the naphthalene skeletons. The synthesis of NDT1 is
shown in Scheme 17.

The second strategy was recently reported by Cheng et al., which did the
reverse by constructing the naphthalene skeleton based on bis(thiophen-2-
yDethylene. The synthesis of NDT3 is provided in Scheme 18 as an
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Scheme 17 Synthesis of NDT1 from 2,6-d|hydroxynaphthalene.
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Scheme 18 Synthesis of NDT1 from 3-bromo-2-th|ophenecarboxaldehyde.
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Scheme 19 Synthesis of naphtho[2,1-b;3,4-b']dithiophene derivatives from oxidative
ring-closing reaction.

example. Based on this strategy, side chains can be introduced into the 5-
and 10-positions (20130L5338, 2015MI2).

The two thiophene rings can also be fused to the same benzene ring,
which gives naphtho[2,1-6;3,4-b'|dithiophene. This monomer can be syn-
thesized from the oxidative ring-closing of bis(thiophene-3-yl)benzene,
which was first reported in 2001 (2001AM1775) and a recent modification
was published in 2008 (2008MM5688) (Scheme 19). Naphtho|[2,1-b;3,4-b']
dithiophenes are typically applied as a weak donor unit to build organic pho-
tovoltaics (OPVs) (2008MM5688, 2010MI1, 2010JPC(C)16793).

g 3. NITROGEN-CONTAINING BUILDING BLOCKS

Nitrogen-containing building blocks are typically electron poor and
are applied as acceptor units in semiconducting polymers. By choosing
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the suitable building block, n-type materials with high performance can be
designed and synthesized (2007JA1805).

3.1 Quinoxalines and Thienopyrazines

Quinoxaline is a bicyclic aromatic system with a benzene ring fused to a
pyrazine ring. The first example of quinoxaline as a unit in conductive
polymers was reported in 1993 (1993MM3464). Quinoxalines are popular
acceptor units applied in both OPVs and OLEDs. For example, Chen et al.
reported the application of a copolymer of a fluorinated quinoxaline and
BDT as the donor material in bulk-heterojunction organic photovoltaics
(BHJ-OPVs), which showed high power conversion efficiency (PCE) of
8% (2012CM4766). Wu et al. reported an alternating copolymer of
fluorene and quinoxaline, which presented electroluminescent peak at
480 nm with an external quantum efficiency of 0.20% (2006PLM527).

Although quinoxaline is commercially available and inexpensive, the
electron-deficient nature prevents the phenyl ring to be substituted under
common conditions. As an alternative, 5,8-dibromoquinoxalines are alter-
natively synthesized with 4,5-dibromo-1,2-phenylenediamine as the key
intermediate. For example, 2,1,3-benzothiadiazole (BT) can be utilized as
the starting material (Scheme 20) (2005TL6843).

Thieno[3,4-b]pyrazines (TPZs), the thiophene-containing analog of
quinoxalines, are also popular acceptor units in polymer semiconductors.
Due to a larger quinoidal character, the band gap of TPZ-containing poly-
mers is smaller than that of the quinoxaline-containing derivatives
(2008MMO6012). TPZs are synthesized from glyoxal and 3,4-diaminothio-
phene (1983BSF159). Due to the relatively electron-rich nature of the
thiophene ring, electrophilic substitution at TPZs occurs more readily
compared to quinoxalines (2008MM6012) (Scheme 21).

3.2 Benzothiadiazoles and Benzoselenodiazoles
BTs and 2,1,3-benzoselenodiazoles are among the most popular and
acceptor units in the field of polymer semiconductors. The synthesis and
R
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N
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Scheme 20 Synthesis of 5,8-dibromoquinoxalines from benzothiadiazole.
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Scheme 21 Synthesis of dibromothieno[3,4-b]pyrazines from 3,4-diaminothiophene in
two steps.
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Scheme 22 Synthesis of 2,1,3-benzothiadiazole from o-phenylenediamine and sulfonyl
dichloride.

application of these units have been extensively studied and a number of re-
views are available (2013EJO228, 2014MI6, 2015MI5). The synthetic
routes of these units are similar to each other with o-phenylenediamine
reacting with a chalcogen-atom source.

As to the synthesis of BT, thionyl chloride is chosen as the sulfur source
and the reaction is completed with the presence of base (1889CB2895,
1956DOKS88, 1967J0OC2823, 1984JCS(P1)2591), which produces gram
scale of product with high yield (Scheme 22).

More complicated aromatics can be constructed from BTs. Benzobis-
thiadiazole (2015MI4), for example, can be synthesized with o-phenylenedi-
amines as the key intermediate, which is obtained from the reduction of the
corresponding nitrile species (Scheme 23) (1995JA6791, 2015MI5).

Similar to BTs, 2,1,3-benzoselenodiazoles can be synthesized with sele-
nium dioxide as selenium source (Scheme 24) (1963]CS4767).

Recently, several examples have also been published for the application
of the tellurium derivative, 2,1,3-benzotellurodiazole, in polymer semicon-
ductors. However, 2,1,3-benzotellurodiazoles are not suitable for polymer-
ization due to the thermal decomposition over 50 ‘C. Polymers bearing
such units are synthesized instead from the 2,1,3-benzoselenodiazole deriv-
atives followed by a two-step atomic exchange (Scheme 25) (2012]JA539).
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N N/ PhNSO b S
S Fe S N\ |
~ — D ) —— | \
s \ AcOH s pyridine S
oN  NO, HoN- NH, s0°c NogN

Scheme 23 Synthesis of benzobisthiadiazole from dinitrobenzothiadiazole derivative
in two steps.
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Scheme 24 Synthesis of 2,1,3-selenoselenodiazole from o-phenylenediamine and sele-
nium dioxide.
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H,N  NH,

.Se _Te
LIAIH, HN - NH, TeCl,
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Scheme 25 Synthesis of 2,1,3-benzotellurodiazole-containing polymer from the 2,1,3-
benzoselenodiazole-containing analogs.

3.3 Benzotriazole

2-Substituted benzotriazoles are electron-poor heterocycles made by the
reaction between o-phenylenediamine and nitrous acid (19400S516), which
act as acceptor units in semiconducting polymers. The alkylation of benzo-
triazoles can occur at either 1- or 2-position, and the products can be sepa-
rated by column chromatography (2004ASC1818) (Scheme 26).

3.4 Carbazoles

Carbazole is a tricyclic aromatic with a benzene ring fused to the 2,3-posi-
tions of an indole ring. Carbazole is among the most popular donor units in
the field of semiconducting polymers owing to its low price and ease of
modification (2003MI1, 2008MI1, 2010CSR 2399, 2010M13).

Similarity to CBT, carbazoles can be incorporated to the polymer chain at
both the 3,6-positions and the 2,7-positions. Direct electrophilic substitution
on carbazoles occurs at the 3,6-positions. For example, the reaction between
carbazoles and N-bromosuccinamide vyields the 3,6-dibromocarbazole
(Scheme 27) (1957CCC64, 1967KKZ63, 1974M1306, 2002MM6080,
2004CM2165).

R

N N '
Ho,N  NH, N“ "NH RBr N7 N-R N,N\N

NaNO,, AcOH @ KO'Bu \
e —— +
MeOH O

Scheme 26 Synthesis of benzotriazoles from o-phenylenediamine and sodium nitrite.
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Scheme 27 Direct bromination of N-alkylated carbazole.

HNO3 P(OEt)s
A — O e AL D
reflux N
NO, H

Scheme 28 Synthesis of 2,7-disubstituted carbazole from 4,4'-disubstituted biphenyl.

2,7-Dibromocarbazoles, on the other hand, cannot be synthesized directly
from carbazoles. As an alternative, diphenyl derivatives are typically used as
the starting materials. For example, 2,7-disubstituted carbazoles can be
synthesized from 4,4'-disubstituted biphenyl derivatives in two steps,
including nitration and reductive ring closure (Scheme 28) (2001MM4680,
200352470). A review article is available for the synthesis and applications
of related polymers (2008ACR1110).

3.5 Dithieno[3,2-b:2',3'-d]pyrrole

Dithieno|3,2-b:2',3'-d|pyrrole (DTP) is the thiophene-fused analog of carba-
zole. Due to the presence of the electron-rich thiophene rings, the HOMO
levels of the DTP-containing polymers are expected to be higher than the
carbazole-containing derivatives (2009CM4055). A number of examples on
the application of DTP in OSCs (2008MM8302, 2009CM4055,
2009JMC2199, 2009JMC5794, 2010]MC123, 2010MM821,
2011AGE2799) and OFETs (2008JA13167, 2009JMC5794, 2010AM4617,
2010JMC123) have been published.

DTP can be constructed from 3,3’-dibromo-2,2'-dithiophene via Buch-
wald—Hartwig ring closure with the corresponding alkylamine (Scheme 29)
(2005T687, 2009]PS(A)6514, 2010014054, 2011]PC(C)23149).

Br. RNH, R
Pd,(dba)s, BINAP N
s [\ Peleba BNAP M
S t
\ /) NaO'Bu, toluene s s
Br

Scheme 29 Synthesis of dithieno[3,2-b:2',3'-dlpyrrole from 3,3'-dibromo-2,2’-
dithiophene.
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3.6 Imide-Based Building Blocks

Owing to the electron-deficient nature and easy modification at the N-po-
sition, imide-based building blocks have been extensively studied in the
recent years as a candidate to construct high-performance n-type semicon-
ducting polymers (2014CRV8943). In this part, a brief overview on the
structure and synthesis of a number of representative units is provided.

Phthalimide, which represents one lactam ring fused to a benzene
ring, is the simplest species among all the units in this category. The syn-
thesis of a phthalimide-based polymer was reported in 2009, which uti-
lizes commercially available phthalic anhydride as starting material
(Scheme 30) (2009JA7206). Synthesis of a number of other related units
is similar to this strategy.

With one more lactam ring fused to the benzene ring, pyromellitic dii-
mide (PMDI) can be constructed. Despite the similarity between PMDI and
phthalimide, the benzene ring of PMDI becomes less reactive owing to the
presence of an additional electron-deficient ring, which prevents direct
bromination. A detoured route with four steps from durene has been devel-
oped (Scheme 31) (1961HCA1231, 2011MMG6711).

R
o=N_o
Br2 |2 RNHZ
oleum AcOH Br Br
reflux

Scheme 30 Synthesis of N-alkylated phthalimides from phthalic anhydride in two
steps.

Br Br HOOC  COOH
Br, HNO,, NaVO,
—— > Br Br ——————— B Br
CCly, reflux reflux
Br Br HOOC  COOH

0=9~_0
vacuum RNH;
—  Br Br — > Br
A AcOH, reflux
0™ g =0

Scheme 31 Synthesis of N-alkylated pyromellitic diimides from durene in four steps.
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Scheme 32 Synthesis of thieno[3,4-clpyrrole-4,6-diones from 3,4-d|bromoth|ophene in
three steps.

Thieno(3,4-c|pyrrole-4,6-dione (ITPD) is the analog of phthalimide with
thiophene ring substituting the benzene ring (2013MI2). This exchange
leads to more quinoidal character of the polymer backbone and lower
band gaps for TPD-based semiconducting polymers compared to the phtha-
limide analogs. The synthesis of TPD is similar to phthalimide, which in-
volves the formation of thiophene-3,4-dicarboxylic acid or anhydride as
the key intermediate (Scheme 32) (1977GEP, 1997JA5065). Due to the
electron-rich character of the thiophene ring, electrophilic substitution at
the a-position of TPD occurs more readily than at phthalimides.

TPD is a popular acceptor unit particularly in OPVs (2010CM2696,
2010JA5330, 2010JA7595, 2011AM3315, 2011JA4250, 2011JA10062,
2012JA18427, 2012MI5, 2013JA4656, 2013MI3). Guo et al. reported a
TPD—oligothiophene copolymer which presented an enhanced fill factor
of 76—80% and an average PCE of 7.7% (2013MI3). They also studied
the FET properties of these polymers. Interestingly, the polymers with
shorter oligothiophene chain showed ambipolar mobilities, whereas the
polymers with longer oligothiophene chains showed only hole mobilities
as high as 0.6 cm”/V s.

Another important bicyclic system is diketopyrrolopyrrole (DPP), which
consists of two fused unsaturated lactam rings. DPP derivatives are among
the most popular acceptor units for decades (2012JCS(CC)3039,
2013AM1859, 2013MI1, 2014M13, 2015AM3589).

The synthesis of DPPs has been reviewed recently (2015M1I3). The most
widely studied DPP building blocks are those with identical aryl rings on
both wings. These monomers are synthesized from the condensation
between arylcyanides and succinates, established by Rochat et al. in 1986
(1983EUP). The last alkylation step could also occur on the O-position
(2011TL5769, 2012CM2364) (Scheme 33).

Research on DPP building blocks with asymmetrical wings has just
received attention due to the unique properties from the lack of symmetry
of the acceptor unit (2016AM943). The synthesis of these DPP monomers
with different wings is tedious compared to the symmetrical derivative. The
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Scheme 33 Construction of diketopyrrolopyrrole building blocks from arylcyanides
and succinate derivatives.
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Scheme 34 Construction of diketopyrrolopyrrole with thiophene and pyridine wings in
four steps.

unsaturated ketopyrrole derivatives (2013DP530) with one aromatic ring is
constructed first, followed by condensation with the carbonitrile to give
another aromatic ring (Scheme 34) (2011USP, 2012MI1, 2016 AM943).

An extended analog of DPP, namely benzodipyrroledione (BPD), is tri-
cyclic aromatic with a cyclohexadiene ring fused between two lactam rings.
The synthesis of BPD was first reported in 1980 (1980DP103) and the appli-
cation of BPD in semiconducting polymers in 2011 (2011MM?7869). Synthe-
sis of p-bromophenyl-flanked BPD is shown in Scheme 35 (2011MM?7869).
In the first step, p-phenylenediamine and 4-bromomandelic acid gives the
diimide. Dehydration builds up the tricyclic backbone, which is followed
by oxidation to form the BPD.

Another important tricycle is bithiophene imide (BTT). In BT, two thio-
phene rings are fused to a seven-membered lactam ring. BTT was first syn-
thesized and applied to semiconducting polymers in 2008 (2008JA9679).
Due to the similarity between the structures of BTT and phthalimide, the
synthesis of BTT also exploits the anhydride derivative as the key intermedi-
ate (Scheme 306).

Thienoisoindoledione (TID), another tricyclic acceptor, is a thiophene
fused with isoindoledione at the 3,4-positions. The synthesis of TID was first
reported in 2001 (2001MM1810). A recent modification has been published
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Scheme 35 Synthesis of phenyl-winged benzodipyrroledione in three steps.

HooC R
1 n-BuLi _ A0 _RNH, socl2 O NP
2. C02 | N\ J |
COOH s s

Scheme 36 Synthesis of bithiophene imides from 3,3’-dibromo-2,2’-dithiophene in
three steps.

in 2012, which involves a one-pot Wittig reaction and Knoevenagel
condensation with thiophene-3,4-carboxaldehyde and maleimide (Scheme
37) (2012CM1346).

Isoindigo (IID) consists of two fused lactam rings connected with a dou-
ble bond. The synthesis of IID was published in 1988 (1988HCA1079),

1.CICOCOCI  HO OH OHC  CHO
HOOC
COOH CICH,CH,CI ) PCC

s 2. LiAlH,, THF S DCM s
x R
R o N_o o= N0
= NBS, AcOH
/\ / \
DBU, PBu, CHCI
DCM s 3 Br s Br

Scheme 37 Synthesis of thienoisoindolediones from thiophene-3,4-dicarboxylic acid in
four steps.
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Scheme 38 Synthesis of isoindigo from isosatin and oxindole derivatives in one step.

and the application in polymer semiconductor was reported in 2010
(2010MM8348, 20100L660). The synthesis of IID can be achieved in
one step from aldol condensation between commercially available 6-
bromoisatin and 6-bromooxindole (Scheme 38) (20100L660). The inex-
pensive starting material and the ease of synthesis and purification make
[IDs a promising building block for semiconducting polymers for industrial
and commercial devices. Extensive effort has been made on pursuing high-
performance IID-based semiconducting polymer materials (2014ACR 1117,
2014AM 1801, 2014CM664, 2014MI5).

Based on the structure of IID, a number of related units, such as thienoi-
soindigo (2012JCS(CC)3939) and 3,7-bis(2-oxoindolin-3-ylidene)benzo
[1,2-b:4,5-b'|difuran-2,6(3H,7H)-dione (IBDF) (2013]JCS(CC)3790), can
be constructed. The highly fused IBDF is more electron deficient than
IID, giving rise to examples of ambipolar and n-type semiconducting poly-
mers (2013JA12168). The synthesis of IBDF monomer utilizes the similar
strategy of IID (Scheme 39).

The last category of imide-based building blocks to be discussed here is
rylene diimides (2011AM?268). They are highly electron-deficient units,
often leading to deep LUMO levels and air-stable n-type semiconducting
polymers. The size of the Tt-system is variable, from four fused rings in naph-
thalene diimide (NDI), seven rings in perylene diimide (PDI) to eleven rings
in dithienocoronene diimide (DTCDI), etc. (Figure 2).

Although the structure of NDI is the simplest among this series, the first
report of an NDI-containing semiconducting polymer was published in

R
R N o [0} o
Br N o AcOH, TsOH %
o+ X =™ O
(o] reflux
¢} o~ 0 o

Scheme 39 Synthesis of 3,7-bis(2-oxoindolin-3-ylidene)benzo[1,2-b:4,5-b'
2,6(3H,7H)-dione from isosatin derivatives in one step.
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Figure 2 Structures of naphthalene diimide (left), perylene diimide (center), and dithie-
nocoronene diimide (right).

2008 (2008CSR331, 20080L5333, 2009]JA8, 2014AGE7428). However,
the better solubility and planar backbone of NDI polymers, together with
the ease to purify the monomer, often lead to better performance of the
NDI-containing polymers compared to the PDI-containing congeners.
The synthesis of NDI monomers starts from bromination of naphthalene
dianhydride under strong conditions. The intermediate mixture, which
contains a number of isomers, is reacted with the corresponding amine
and the desired pure product can be obtained from column chromatography
(1937LA1, 2006]JOC8098) (Scheme 40).

The higher extended analog, PDIs are the first diimide family applied to
semiconducting polymers and are currently the most studied unit to build n-
type semiconductors (2011JOC2386, 2013DP160). The synthesis of PDI
is similar to NDI with commercially available pyrelene dianhydride as the
starting material. The desired 1,7-dibrominated species can be obtained
from tedious crystallization (1997GEP, 2003JOC10058, 2004JOC7933,
2007JOC5973).

R
0._0._0 N
(D OO ROl
oleum AcOH Br
reflux
o0~ 0" "O 'T‘
R

Scheme 40 Synthesis of naphthalene diimide derivatives from naphthalene dianhy-
dride in two step.
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Scheme 41 Synthesis of pyrelene diimide derivatives from pyrelene dianhydride in two
steps.

Besides acting as acceptor units in conjugated polymers, PDIs can also be
introduced into the polymer chain via N-positions or serve as side chains. An
early example of PDI side chains was reported in 2004 and the synthesis of
the polymer (Scheme 41) (2004MMS8832).

Although PDI-based semiconducting polymers have proven to have
high performances, the steric hindrance of the PDI backbone serves as a ma-
jor limitation for further improvements. As an alternate, DTCDI, the thio-
phene-fused derivative, is also applied as an acceptor in n-type
semiconducting polymers. DTCDI is synthesized from the dibrominated
PDI (Scheme 42) (2012AM3678) (Scheme 43).

O~ 'N” "0

O N O
C7His™ "CrHis

C7H4s™ "CrHis
Scheme 42 Synthesis of semiconducting polymer with pyrelene diimide moiety in the
side chain.
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Scheme 43 Synthesis of dithienocoronene diimide from 1,7-bromopyrelene diimide in
three steps.

g 4, OTHER BUILDING BLOCKS
4.1 Silole Derivatives

Siloles, or silacyclopenta-2,4-dienes, are the silicon congeners of
cyclopentadiene-based units. By substituting the carbon atom with silicon,
the LUMO orbitals significantly drop as a result of the mixing between
the o* orbital of the silylene scaffold and the m* orbital of the butadiene
moiety (1998JCS(1D)3693). As a consequence, siloles and other fused rela-
tives are popular acceptor building blocks for semiconducting polymers
(2007MI1).

An early example of the synthesis of a silole was reported in 1961 from
tetrachlorosilacyclopentanes (1961JA3716). However, direct functionali-
zation at the 2,5-positions of siloles is very challenging. As a result, alterna-
tive routes are required for the synthesis of silole building blocks for
polymerization. The first strategy is based on the reductive cyclization of
diethynylsilanes, which produces the lithiated 3,4-diarylated silole inter-
mediate (1994JA11715) (Scheme 44).
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Scheme 44 Synthesis of silole monomer from reductive cyclization of diethynylsilane
derivatives.
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Scheme 45 Synthesis of phenyl-winged silole from transmetalation of tellurophene.

The second strategy is based on the transmetalation of other heterocyclo-
pentadienes (Scheme 45). This pathway is able to produce 3,4-unsubstituted
siloles. However, the 2,5-positions are often linked to other aryl groups
(1987AGE1187, 1989JA2870, 1989JA3336, 1995JOMC7, 1996JA10457,
19980M5796). This method was also successful in the synthesis of the
germanium derivative, namely germole (1996JA10457).

Dibenzosilole, which is a silole fused with two benzene rings, is the sili-
con-containing analog to DBT and carbazole. A number of dibenzosilole-
containing polymers have been synthesized and studied due to their potential
applications in  blue light-emitting materials (2005JCS(CC)4925,
2005JCS(CC)5766, 2005JA7662, 2006]MC4133). Polymerization can occur
at both 2,7- and 3,6-positions of dibenzosiloles. Due to the electron-poor na-
ture of silole, direct bromination on the benzene ring is difficult. As an alter-
native, dibromodibenzosiloles are synthesized from dibromodiiodobiphenyl
derivatives. This route relies on the higher reactivity of the iodine atoms at
the 2,2/-positions compared to the bromine atoms. One of the monomers,
2,7-dibromodibenzosilole, can be synthesized with 4,4'-dibromo-2,2'-
diiodobiphenyl as the key intermediate (Scheme 46) (2005]JA7662).

Similarly, 3,6-dibromodibenzosilole can be synthesized with 5,5'-
dibromo-2,2'-diiodobiphenyl as intermediate  (2005]CS(CC)4925,
2005JCS(CC)5766, 2006]MC4133) (Scheme 47).

For the thiophene-fused derivative, dithienosilole, on the other hand,
bromination occurs readily at the electron-rich thiophene rings. The synthe-
sis of dithienosiloles is similar to DTP, which utilizes 3,3'-dibromo-2,2’-
dithiophene as starting material. The dithienosilole skeleton is constructed
from lithiation followed by salt metathesis with silyl dichloride, and the
bromination is accomplished with common bromination reagents (Scheme

48) (19990M1453, 2006JA9034).
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Scheme 46 Synthesis of 2,7-d|bromod|benzosilole in four steps.
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Scheme 47 Synthe5|s of 3,6-d|bromod|ben205|lole in four steps.
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Scheme 48 Synthesis of dithienosilole from 3,3’—d|bromo—2,2’—d|th|ophene.
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Scheme 49 Synthesis of phosphole from transmetalation of zirconocene.

4.2 Phosphole Derivatives

Phospholes, or phosphacyclopentadienes, are a series of electron-poor het-
erocycles with either P or P substituting one carbon atom of cyclopen-
tadiene. Theoretical studies have shown that the phosphorous atom is
highly pyramidalized with the lone pair exhibiting highly s character. As
a consequence, phosphole rings exhibited a low degree of aromaticity and
the pseudoaromaticity is a result of the hyperconjugation between the
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Scheme 50 Synthesis of dithieno[3,2-b:2',3'-dlphosphole derivatives from 3,3'-
dibromo-2,2’-dithiophene.

m-orbital of butadiene and the g-orbital of the P—C bond, giving rise to a
low-lying LUMO level (1988CRV429, 2001CRV1229). Therefore, the
electronic structure of phospholes is similar to siloles rather than to pyrroles,
and phospholes are applied as strong acceptor building blocks and a candi-
date to construct n-type semiconducting polymers (2008 TH).

The synthesis of phosphole building blocks utilizes the transmetalation of
zirconocene, which involves ring formation between diynes and zircorocene
dichloride followed by substitution with the corresponding dibromophos-
phine species (1997MM5566, 2001 CEJ4222).

Ladder-type phosphole derivatives, dithieno[3,2-b:2',3’-d]phosphole,
can be synthesized from 3,3'-dibromo-2,2'-dithiophene, which is similar
to dithienosilole (2004AGE6197) (Scheme 50).

Owing to the reducing nature of phospholes, the electron-withdrawing
character can be further improved by oxidizing the trivalent species to form
a series of pentavalent species (2007E]JI3611, 20100L2675, 2013MI4). For
instance, the phosphole P-imides can be synthesized from the Staudinger
reaction between phospholes and corresponding organic azides (Scheme
49) (20130L932). The high-polarized P—O bond promotes the charge trans-
port from the polymer to an external acceptor, which is beneficial to OPVs. A
recent example by Park et al. demonstrated the application of dithieno(3,2-b:
2’ 3/_d)phosphole oxide as a building block in high-performance solar cells,
which showed PCE as high as 7.08% (2015MI1) (Scheme 51).

4.3 BODIPY

The boron-containing heterocyclic building blocks have attracted increasing
interest due to their rich luminescent properties (2010CL430, 2012MI3,

RSO,N
;/ \i R ;/ \i
BuzSn p SnBuj; BuzSn SnBu3

R
| 7\
Ph Ph NSO,R

(R =Me, 1-C4Hg, 1-CgH17 or 1-C1Hzs)
Scheme 51 Oxidation of phosphole to generate phosphole P-imide.
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2015M1I6). Currently, building blocks with tetracoordinated boron atoms
are more studied than the tricoordinated derivatives due to their improved
stability.

The most important category of boron-containing building block as a
polymer semiconductor is boron dipyrromethanes, or (4-bora-3a,4a-diaza-
s-indacenes) (BODIPY). As a famous and widely studied dye, the synthesis
and application of BODIPYs as luminescence and light-harvesting materials
have been extensively studied and reviewed (2007CRV4891, 2011T3573).
The interest in BODIPY-containing semiconducting polymers is focused
on the potential application in OLEDs and infrared light harvesting. A num-
ber of BHJ-OPVs based on BODIPY with narrow optic band gap (smaller
than 2 eV) and promising PCE values (up to 2%) have been reported
(2010JCS(CC)4148, 2012]MC14119, 2015]MC(A)16279). As to the appli-
cation in transistors, the BODIPY-thiophene copolymer introduced by
Usta et al. showed high hole mobility of 0.17 cm?/V s (2013AM4327).

BODIPY is typically constructed by condensation between aldehydes
and pyrroles, followed by the addition of a boron source, sometimes with
the presence of an oxidant. Both the 2,6- and 3,5-disubstituted derivatives
were synthesized and applied as monomers in BODIPY-based semicon-
ducting polymers. 2,6-Dibromo(BODIPY) species are obtained from direct
bromination of BODIPY cores (Scheme 52) (2001JA100, 2009M1I4).

With 3,5-dichloro(BODIPY) derivatives, the chlorine atoms are intro-
duced to the moiety prior to the addition of borane (Scheme 53)
(2012]MC14119).

NO,

NO,

1. chloranil
= 2 NEt, NBS, AIBN
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N 3. BF 3Ot CCly, 80°C
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Scheme 52 Synthesis of 2,6-dibromo(BODIPY) from pyrrole and benzaldehyde deriva-
tives in two steps.
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Scheme 53 Synthesis of 3,5-dibromo(BODIPY) from pyrrole and benzaldehyde deriva-
tives in two steps.
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Abstract

This chapter covers the synthesis of heterocyclic compounds using heterogeneous
catalysts from the perspective of practicing industrial chemists. Before discussing the
synthesis of various heterocycles using heterogeneous catalysts a brief discussion on
catalyst choice and classification of reaction chemistry is provided. Next, the synthesis
of commercially important heterocycles from acyclic precursors is provided starting
with the three-membered aziridines and epoxides. For the four-membered heterocy-
cles, propiolactone synthesis is discussed followed by the five-membered pyrroles,
furans, and thiophenes. Within the five-membered ring category of heterocycles, the
benz-fused pyrrole, indole and rings with more than one heteroatom such as pyrazoles,
imidazoles, thiazoles, oxa- and thio-diazoles synthesis are also discussed. Similar to the
five-membered ring heterocycles, the six-membered heterocycle syntheses discussed
are pyridines, picolines, quinolines, acridines, pyrimidines, pyrazines, triazines, couma-
rins, etc. Finally a small section on process and economics consideration is provided
along with final comments.
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1. TRIBUTE

One of the authors had the great fortune to study heterocyclic chem-
istry first as a graduate student and then as a postdoctoral fellow with Profes-
sor Alan Katritzky while at the University of Florida. Later, all of the authors,
as industrial chemists at Reilly Industries (now Vertellus Specialties Inc.),
were privileged to have Alan as our chief academic consultant. Always
appreciative of learning heterocyclic chemistry from the greatest practitioner
of the age, we also gained much insight from Alan into our own areas of
expertise that cover inorganic chemistry and heterogeneous catalysis. It is
a great honor for us to contribute this chapter in this Alan Katritzky tribute
volume.

2. INTRODUCTION

Heterogeneous catalysts have been used commercially to make
heterocyclic compounds for over 80 years (1991MI1). This chapter reviews
selected literature from the past 25 years covering the time period of our
collaboration with Alan Katritzky. It is written from the perspective of
industrial chemists who practise heterogeneous catalysis applied to the
formation of heterocyclic compounds. The discussion is restricted to reac-
tions that form a new heterocyclic ring from either acyclic compounds or
the noncyclic fragment of ring-containing compounds. We do not include
reactions that either add or modify existing ring substituents of a heterocyclic
compound. Where possible, emphasis is placed on commercialized chemis-
try, including features of the heterogeneous catalysts employed and
conditions.

Heterocyclic compounds produced directly from heterogeneously
catalyzed processes span commodities through specialties to fine chemicals.
Examples of the former include ethylene oxide (EO), propylene oxide
(PO), phthalic anhydride (PA), and maleic anhydride (MA) whose 2013
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global production was in the region of 26, 8.1, 4.3, and 1.9 million tonnes,
respectively. Significant annual production of 1.2 and 0.2 million tonnes for
melamine and cyanuric chloride, respectively, places these triazine
compounds in the commodity category. The combined global demand
for pyridine, picolines, and lutidines is in the region of 200,000 tonnes
per year of which certain products would constitute a true fine chemical
(e.g., 2,6-lutidine, ca. 100 tonne/year).

3. CATALYST CHOICE

That a catalyst provides an alternative lower activation energy
pathway from reactants to products is of course well known. Incentives to
use a catalyst are primarily economic and include increased yield, savings
in time, improved product quality, minimization of waste, or a combination
of these factors. The choice of catalyst to use for a potentially new chemical
process is usually guided by literature precedent followed by experimenta-
tion. Key advantages touted for heterogeneous over homogeneous catalysis
is the ease of separation of catalyst from products and the subsequent regen-
eration of the recovered catalyst for reuse. This is especially true where het-
erogeneous catalysts are employed for liquid-phase reactions involving
complex high-molecular weight reagents that cannot be vaporized for
gas-phase conversions. The type of reaction in which solid heterogeneous
catalysts find most use in organic synthesis have been classified into five
main categories, including acid catalysis, base catalysis, catalytic hydrogena-
tion and dehydrogenation, catalytic oxidation, and catalytic C—C bond for-
mation (2007MI1). The classes also apply in the synthesis of heterocyclic
compounds while some unique reaction types (e.g., isomerization via the
Benzamine rearrangement) are also found.

The families of heterogeneous catalytic materials commercially available
are diverse and growing. Their classification is not straightforward and a sim-
ple list would include pure elements (e.g., bulk metals, carbon), inorganic
compounds (e.g., oxides, nitrides, carbides, and phosphates), supported
metal/metal oxides (e.g., M/M’'O, MOX/M'Oy, M/M’ alloys), organic
compounds (e.g., polymer resins), inorganic—organic hybrids (e.g., silica-
tethered amines, metal-organic frameworks or MOFs), and biochemical
related materials (e.g., immobilized whole cells, cross-linked enzymes).
Depending on the reactor type and operating conditions, solid catalysts
are usually formed into a required shape (e.g., monolith, tablet, extrudate,
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spheres, microspheres, etc.) although powders and suspended nanoparticles
can be used in the slurry phase. In order to maximize contact with the
reactants, a heterogeneous catalyst typically requires the greatest surface den-
sity of the catalytic entity (whose identity is often unknown) dispersed on a
high surface area support. Most heterogeneously catalyzed reactions can be
considered to take place on a two-dimensional surface in an unconstrained
fashion. Constrained reactions at active sites within pockets/folds of natu-
rally occurring enzymes provide high reaction specificity and this behavior
is mimicked to some degree in inorganic catalysts. The application of
shape-selective zeolite catalysts containing a well-defined micropore chan-
nel structure (i.e., diameters < 20 A) has become commonplace. The use
of zeolites and zeotype materials (e.g., metallosilicates) features heavily in
this review and are described briefly.

S 4. ZEOLITES, METALLOSILICATES, AND CLAYS

The International Zeolite Association (IZA) website provides an
excellent means to visualize the channel arrangements in over 200 micropo-
rous zeolite structures (both synthetic and naturally occurring minerals)—
this includes aluminosilicates and their all-silica variants plus metallosilicates
and metallophosphates (2016MI1). A small minority of these structures
(ca. 20 or less) have found significant commercial application as catalysts
and adsorbents. Microporous zeolites are subdivided into small (<5 A), me-
dium (5—6 A), and large (>6 A) pore channels for those containing <8, 10,
and >12 T-atom rings, respectively (T-atom refers to tetrahedral atoms—
either Si or Al—each connected via O atoms). Replacing a framework
Si"Y atom by Al formally introduces an anionic site on the structure that
must be counterbalanced by a cationic species (e.g., H", NHJ, Na™,
Ni*", etc.) within the zeolite channel. Many zeolite structures can be pre-
pared with a range of Si/Al molar ratio that can lead either to variable
Bronsted acid site (BAS) density (in the case of the H' form) or Lewis
acid site (LAS) density (in the case of metal ion exchanged forms). The
IZA assigns three-letter codes for each zeolite structure and Table 1 presents
key physical properties for selected structures including FAU, MOR, BEA,
and MFI—these large and medium pore zeolites have proven to be useful
catalysts in the synthesis of heterocyclic compounds.

Metallosilicates are formally derived from the all-silica zeolite structure
by substitution of a framework Si'¥ atom by a metal ion (M, typically
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Table 1 Selected microporous zeolites used as catalysts and adsorbents
International

Zeolite Mineral/ Largest  Effective
Ring size  Association commercial channel  channel Comments/
[T-atoms] code name(s) (A) dimensions applications
Small [8] LTA Linde type-A 41x41 3D K-A (3A sieve), NaA
(molecular sieves) (4A), CaA (5A)
CHA Chabazite, SAPO- 3.8x38 3D Methanol to olefins
34, SSZ-13
Medium MFI ZSM-5, silicalite 56 %53 3D Aromatics
[10] (S-1), TS-1 (p-xylene,
(T1iMFI) cumene,
ethylbenzene)
FER Ferrierite, ZSM-35 54x42 2D
Large [12] BEA Zeolite Beta 6.7 X 6.6 3D
MOR Mordenite 7.0 x 6.7 1D Lube oil dewaxing,
cumene
FAU Faujasite, zeolite 74 x74 3D Petroleum cracking
X and Y, USY, catalysts
CSY
LTL Linde type-L 71 x7.1 1D

or zeolite L

n = 2—4) that can lead to either a negatively charged structure (n = 2 and 3)
with charge balancing cations or a neutral structure (n = 4) of which titano-
silicates have proven to be useful catalysts. Most prominent of the titanosi-
licates is T'S-1, derived from the medium-pore MFI structure, which is used
commercially to produce catechol/hydroquinone and cyclohexanone
oxime.

Sulfuric acid-treated montmorillonite clays (e.g., K-10) have been used
as solid-acid catalysts before synthetic zeolites became available. The 2D
layered structure of montmorillonite can be expanded by incorporation of
large cations (e.g., [Aly 3O4(OH)24(H20)12]7+) leading to pillared clays
whose channel openings (interlamellar region) are 12—18 A. Ordered mes-
oporous materials (i.e., diameters 20—500 A) include silicas and zeolites with
structures ranging from stacked tubes/honeycomb arrays (e.g., SBA-15,
MCM-41) to 2D layered sheets (e.g., MCM-22P). As with clays, whole
molecular entities can be anchored within the mesopore channels to enable
a range of catalyzed conversions of large and more complex feeds into high-
value fine chemical products. In general, mesoporous silicas, zeolites, and
clays are useful in liquid-phase reactions but are less hydrothermally stable
than microporous zeolites leading to more rapid loss of activity following
repeated oxidative regeneration cycles.
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A range of solid-base materials (e.g., quaternary ammonium resins,
hydrotalcite, and hydroxyapatite) have found use as catalysts where acidity
is detrimental. As with clays, the layered double hydroxide (LDH) structure
of hydrotalcite can be modified by replacing interlamellar carbonate by hy-
droxide/alkoxide and polyoxometallate anions to catalyze nucleophilic and
redox processes, respectively.

S 5. CLASSIFICATION OF REACTION CHEMISTRY

Most of the literature describing the formation of heterocyclic com-
pounds using heterogeneous catalysts originates broadly from two direc-
tions: first, organic chemists making either a specific target molecule or
series of desired compounds and will use any catalyst for that goal; second,
chemists and materials engineers who seek any organic reaction to demon-
strate utility of their chosen catalyst system. The latter approach has seen a
significant growth in publications in the last 10—15 years particularly in
the area of biomass conversion into fuels and oxygenate chemicals. For
simplicity, the examples described below are presented in sequence by
increasing ring number. Within each ring size group, single heteroatom
compounds are discussed before those containing two or more heteroatoms.
In all cases, the atom prioritization is N-, O-, and then S-containing
compounds.

S 6. THREE-MEMBERED HETEROCYCLES

Aziridines substituted with fluorine were synthesized from N-alkyl-
N-benzhydrylideneamines with fluorocarbene, generated in situ from
dibromofluoromethane, in the presence of metallic lead powder and
tetrabutylammonium bromide under ultrasonic irradiation (Scheme 1).
The reaction readily occurs at 40 °C and an azomethine ylide intermediate
has been proposed before cyclization to the final aziridine product
(2005TL8337).

R! RS 3
=N~ R
R? R' N
CHFBr, ™ | cHF | N/ x\/H
TBAB /40°C R2 F

Scheme 1
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Epoxides are the most important group of three-membered heterocycles
because of their great versatility as intermediates. Epoxides are typically pre-
pared on a commercial scale via organic hydroperoxides (i.e., ROOH) with
a catalyst under liquid-phase conditions (Scheme 2) but there are key
exceptions.

Vapor-phase EO production from ethylene and oxygen (Scheme 3) is an
exothermic process and uses an Ag-based catalyst in a multitubular fixed-bed
reactor (ca. 250 °C, 15 psig). Incremental improvements to both catalyst and
process conditions suggest EO selectivity has improved from 65% to 70% in
the 1970s to a 3-year 90% average in current plants (2016MI2). Shell Oil
patents from the mid-1990s would suggest an Ag-Cs/a-Al,O3 catalyst is
used together with 1,2-dichloroethane in the feed that reduces EO and
ethylene combustion to CO; and H,O (1988USP4761394).

Eastman Chemical developed a vapor-phase process to oxidize butadiene
to 3,4-epoxy-1-butene (EpB) (Scheme 4) and operated a demonstration unit
(ca. 4 tonnes/day). This fixed-bed process (250 °C, C4Hz/On =1,
GHSV = 1200 h™ ") probably uses low conversion conditions with butane
as inert diluent to achieve optimum EpB selectivity (ca. 91%). Like the EO
process, the EpB catalyst is believed to be Ag-Cs/a-Al,O3 but of a different
composition. A highly versatile platform chemical, EpB can be converted into
range of Cy4 derivatives such as THF (for Spandex), 1,4-butanediol (for poly-
butylene terephthalate), and cyclopropanecarboxaldehyde.

Other nonallylic alkenes that undergo vapor-phase epoxidation with the
EpB catalyst include styrene (95% selectivity), 4-vinylpyridine (86%), and
norbornene (92%) (Scheme 5).

0O
— R'OOH + ROH
Vs * /A
R R
Scheme 2
Ag/A,0, O
— + 0, P /\ * (CO,/H,0)
Scheme 3
Ag/A,O O
., o g/AI,05 ‘/A + (CO,/H,0)
- 250°C

Scheme 4
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Scheme 5

The Ag-catalyzed vapor-phase processes used to make EO and EpB are
not viable for PO production. The challenge to directly oxidize propene
selectively to PO has to address methyl group reactivity and the competing
acrolein formation in route to acrylic acid (MoOs3-based mixed-oxide
catalysts are used in acrolein and acrylic acid production). Alternative cata-
lysts have been evaluated for the propene-to-PO reaction with Ti- and
Mo-loaded silica catalysts showing some promise (Scheme 6, PO selectivity
ca. 35%). The mechanism has been described as a combination of surface
radical generation and a homogeneous chain reaction (2007SSSC389,
2006EJSSN74).

Commercial production of PO uses liquid-phase chemistry, including
the original hypochlorous acid route that suffers from high electricity costs,
poor chlorine utilization, and waste salt by-product formation (NaCl or
CaCly). More cost-effective routes were introduced from the early 1970s
that employed either t-butyl hydroperoxide (TBHP) or ethylbenzene
hydroperoxide leading to PO formation (87—94% selectivity) with
coproduct ~BuOH and phenylmethylcarbinol (PhMeCHOH), respec-
tively. Both homogeneous (e.g., molybdenum naphthenate) and heteroge-
neous (e.g., silylated Ti/SiOp) catalysts are used commercially.
Dehydration of the coproduced alcohols ~BuOH and PhMeCHOH leads
to isobutene (for MTBE production) and styrene monomer, respectively.
Because alcohol is produced in both the organic hydroperoxide and PO
forming steps, the overall tonnage output of coproduct:PO is typically
greater than 2:1.

In the last decade, new propene-to-PO plants have come on stream that
use hydrogen peroxide (H»O,) and TS-1 catalyst suspended in aqueous

— Mo/SiO,
—_—

—
CHy or

TilSiO,

CHj,

Scheme 6
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methanol (Scheme 7). Advantages of using TS-1 include high PO selectivity
(>95%), water as the only significant by-product, and no coproduct chem-
istry to manage. The TS-1-catalyzed reaction was known for some time but
the breakthrough leading to adoption of this technology was significant cost
reductions for HyO, production arising from a combination of yield
improvement and larger capacity plants. The additional capital required
for the HyO, production line is more than offset by eliminating equipment
for making the organic hydroperoxide and separating/recovering the
coproduct.

Spectroscopic and kinetic studies of TS-1 suggest HyO, incorporates to
form Ti(n*>-OOH) and silanol (SiOH) entities (2004JPCB3573) while
oxygen transfers directly to propene forming PO without prior coordination
of propene to titanium (i.e., Eley—Rideal mechanism) (2013CEngJ306).
The tetrahedrally coordinated Ti atom in the MFI framework is not unique
and other larger pore zeolite structures (e.g., BEA, MCM-41) can also incor-
porate titanium to catalyze epoxidation reactions—using H»O» and
TBHP—although they are less effective for PO but can show yield benefits
over TS-1 with larger alkenes.

Synthesis of zeolites containing framework Ti** and AP’* leads to LAS
and BAS, respectively, and can provide novel bifunctional epoxidation
catalysts such as Ti-AIBEA and Ti-AIMCM-41. An example of their use
is the one-pot synthesis of furan and pyran—via an in situ formed
epoxide—from linalool and TBHP (Scheme 8) (2000JCSCC1789). The
pyran-to-furan product ratio remains the same throughout the reaction
indicating initial epoxidation at titanium sites is followed by proton-
catalyzed rearrangement/cyclization at aluminum sites.

_ OH OH OH
Ti-AIBEA/TBHP .

Scheme 8
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Two types of heterogeneous catalyst have been employed in a cascade-
type reaction in the liquid-phase formation of epoxides starting from alkene,
oxygen, and a hydrocarbon having a tertiary hydrogen (e.g., cumene). Use
of Au/CeO; nanoparticles and AIBN promoter generated cumene
hydroperoxide that subsequently transferred oxygen to an alkene within
silylated Ti-MCM41 (Scheme 9) (2009]CAT44).

The Sharpless epoxidation is a named reaction that involves conversion
of an asymmetric allylic alcohol to enantiomerically pure epoxide using a
titanium alkoxide, an optically active tartrate ester, and an alkyl hydroperox-
ide. Although best known in homogeneously catalyzed reactions, the
heterogeneously catalyzed Sharpless epoxidation has been demonstrated
with a wide range of supported titanium materials (e.g., silicas, zeolites,
resins) (2005CRV1603).

§ 7. FOUR-MEMBERED HETEROCYCLES

The strained nature of four-membered heterocycles make them
interesting intermediates in organic synthesis. Oxetanes are such examples
finding use in the synthesis of various heterocyclic compounds via ring
expansion, ring opening, and C-2 functionalization reactions
(2015JOC8489).

Use of heterogeneous catalysis in the synthesis of four-membered
heterocycles is an area worthy of further research based upon the scarcity
of its literature. A rare example is the formation of propiolactones using
solid-acid catalysts based on montmorillonite and amorphous SiO-Al,O3
(Scheme 10). Propiolactone has been produced from ketene and formalde-
hyde at 10°C using mineral acid-activated montmorillonite clay
(1952USP2580714). Pivalolactone (3,3-dimethyloxetan-2-one) has been
produced from isobutyric anhydride and formaldehyde in up to 74% yield
using S10;,-Al,O3 at 235—255 °C (1975USP3915995).



Heterogeneously Catalyzed Synthesis of Heterocyclic Compounds 183

/O

;Bco . :}o ewenenws [

10°C

O

jgo H>: o Si0,-Al,04 %j/
+

Oji 0 H 235-255°C 0

Scheme 10

S 8. FIVE-MEMBERED HETEROCYCLES

Paal—Knorr synthesis of pyrroles from 1,4-diones and a primary amine
(Scheme 11) 1s catalyzed by silica-supported sulfuric acid (SSA). Hexane-2,5-
dione and a primary amine readily form N-substituted-2,5-dimethylpyrroles
in excellent yields of 70—98% at room temperature and solvent-free condi-
tions (2010TL2109).

Amberlyst-15, a macroreticular styrene-based sulfonic acid resin with an
average pore size of 300 A, is a versatile strong acid catalyst (2012ARK570).
An example of'its use is in the final step for the synthesis of a pyrrolidine ring
of the natural product nicotine (Scheme 12) (2002]JCSPT143). The nicotine
forming step involves hydrolysis of an acetal followed by cyclization with
methylamine and reduction with sodium triacetoxy borohydride.

Gold catalysts can be highly selective in hydrogenation reactions. Hydro-
genation (250 °C, 120 bar, 10 h) of succinic anhydride in the presence of
ammonium hydroxide solution and Au/TiO; gave 2-pyrrolidone in 80%
yield (99% selectivity) essentially free of pyrrolidine (Scheme 13)
(2008JCAT403).

MA is mostly produced by the partial oxidation (400—440 °C) of either
butane or benzene using vanadium-based catalysts (Scheme 14). The orig-
inal benzene route is still in use with supported V,Os5 catalysts giving an

SSA
w{%m{ RNH, Q

o J RT CHj ‘
R

CHj,

Scheme 11
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MA selectivity of 70—73% in either fixed- or fluid-bed reactors. The
butane-based routes, introduced during the 1980s, uses VPO catalyst (i.e.,
[(VO),P204] derived from VOHPO,-5H,0) and gives an MA selectivity
of ca. 55%. Butane routes are dominant in North America and Europe
where the lower feedstock price outweighs the selectivity shortfall—the
benzene route remains dominant in China. In the 1990s, DuPont operated
a circulating fluidized bed (CFB) process in which butane and a SiOp-coated
attrition-resistant VPO catalyst are fed to a riser reactor. Transfer of oxygen
from the catalyst forms MA and oxygen-depleted VPO that moves into a
second fluidized vessel where air regeneration occurs to complete the cycle.
The CFB process gave an MA selectivity of ca. 65% together with higher
butane conversion; however, operational difficulties led to the unit being
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idled (2010ACAGH4). A sizeable amount of MA is consumed in 1,4-
butanediol (BDO) production and the butane-to-MA route competes
with other BDO-production chemistries (e.g., acetylene-CH,O, PO-Cy,
and butadiene routes).

PA is produced by the partial oxidation (350—450 °C) of either o-xylene
or naphthalene over supported vanadia (V,Os) catalysts using either fixed-
or fluid-bed reactors (Scheme 15). The PA selectivity is reported to be
ca. 80% (2013MI1) although a value of closer to 70% is thought more likely
(1991MI1). The majority of PA plants use o-xylene but the naphthalene-
based process, which dates back to the 1920s, s still used and actually gives
a slightly higher selectivity. A beneficial byproduct of the PA processes is
MA that can be recovered. A majority of the PA produced is consumed
for making plasticizers especially bis(2-ethylhexyl) phthalate.

Five-membered oxygen-containing ring compounds, especially furan
derivatives, feature heavily in chemistry of biomass-derived fuels and chem-
icals. Key C-6 platform chemicals include 5-hydroxymethylturfural (HMF)
(2013CR V1499, 2014GC2015) and furan-2,5-dicarboxylic acid (FDCA)
(Scheme 16) (2015ACSC6529). An efficient route from C-6 sugars to
HMEF is essential in order for bio-derived specialty chemicals to compete
with their petrochemical derived counterparts. Isomerization of glucose to
fructose is a prerequisite to achieve higher yields of HMF whether homoge-
neous or heterogeneous catalysts are used in aqueous or organic solvent me-
dia. Lewis acidity of the M-BEA (M = Sn, T1i) catalyst systems make them
particularly effective for the isomerization of glucose to fructose in water
(2012PNA9727). Using H"-USY (ultrastabilized zeolite Y, FAU structure)
in methanol in a 2-step conversion leads to improved fructose yields

OH H* CHO 0,/Cat. COOH
OH 0 ‘ / ‘ /

HO

Scheme 16
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(2013JA5246). Dehydration of fructose to HMF can be accomplished in
>70% yield in water with an acid resin (e.g., Dowex type). Higher HMF
yields (>90%) can be obtained in nonaqueous solvents (e.g., DMF,
DMSO) with a range of acid catalysts (e.g., Amberlyst-15, Nafion, and
H'-BEA).

Catalytic oxidation of HMF can form diformylfuran and FDCA but
most attention has been devoted to the latter as it is a potential intermediate
for polymer production such as bio-PET (via terephthalic acid) and polye-
thylenefuranoate (PEF). A range of supported Pt, Pd, and Au catalysts (e.g.,
Pt/Al,O3, Pt/ZrO,, Pd/C, Au/LDH) have led to FDCA yields over 75%
(2013CRV1499).

The vapor-phase reaction of BDO at 250—450 °C in the presence of
oxide catalysts (e.g., CuO, NiO, CoO, CrO3, SiO;, WO;3, ByOs,
H7CoB(W,07)¢, and H7P(Mo0,07)¢) forms y-butyrolactone (GBL) along
with  THF and 2,3-dihydrofuran as coproducts (Scheme 17)
(1978NKKTFES122, 19961JCT237). GBL has also been made starting
from butane-derived MA or succinic anhydride (1997W0O9743234A1),
under vapor-phase conditions (250—270 °C, 0.1—0.5 MPa) using a CuO/
ZnO/AlLOj3 hydrogenation catalyst (1992PL157851B1). The conversion
of diols to lactones also occurs using Au supported on Al-Mg hydrotalcite
(Au/LDH). For example, using Au/LDH catalyst, excellent yields (88—
99%) of lactones have been obtained in one step starting from diols under
atmospheric pressure of oxygen in toluene solvent at 80 °C (2009GC793).

y-Valerolactone has been directly synthesized (52% yield) from C-6
sugars (glucose, fructose) without isolation of the intermediate levulinic
acid (Scheme 18). The cascade catalyst system used for this conversion
was a homogeneous dehydration catalyst (trifluoroacetic acid) combined
with a heterogeneous hydrogenation catalyst (Ru/C, 180 °C, 16 h) with
hydrogen gas or an H-donor such as formic acid (2009GC1247).

Olefinic acids have been converted into y-lactones catalyzed by solid
Bronsted-acid resins, instead of conventional liquid acids, in a tandem isom-
erization and then cyclization reaction (Scheme 19). Amberlyst-15 and
Nafion SAC-13 were found to be the most active catalysts in refluxing

/
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chlorobenzene. With double bonds at the three- and four-chain positions,
there was no isomerization necessary and the y-lactone formed in 95—
100% yield (2007ACAG238).

The current sulfuric acid catalyzed process to convert sorbitol to isosor-
bide (127 °C) gives a yield of 70—77%. Product separation is difficult due to
large amounts of sulfuric acid pitch. Promising isosorbide yields of 72—76%
have been achieved using H"-BEA that were superior to other large pore
zeolites (USY, MOR) that gave yields below 30% (Scheme 20)
(2015GC2732).

The solid-acid SSA has been used as a recyclable catalyst in the synthesis
of pyrazoles. For example, a regio- and chemo-selective condensation
occurs between hydrazines and various 1,3-dicarbonyl compounds to give
pyrazoles under solvent-free conditions (Scheme 21) (2009SC947).

Pyrazole synthesis from a chalcone and a hydrazine involves two consec-
utive steps that are regioselective cyclization and oxidation. A bifunctional
catalyst comprised of Pd- or Pt-supported on carbon and acidic K-10
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montmorillonite is effective under microwave irradiation (30 min) without
any solvent (Scheme 22) (2007SL1600). The K-10 promotes condensation
and cyclization while the PGM facilitates dehydrogenation/oxidation to
form the aromatic product. Supported Pd was more selective than Pt giving
pyrazole yields between 86% and 96%.

The bioactive heterocycles 1,3,4-oxadiazole and 1,3,4-thiadiazole are
usually synthesized in multistep processes. These compounds, however,
can be formed in one step using an ortho-ester and an acid hydrazide using
the solid Bronsted acid catalyst Nafion NR50 under microwave irradiation
(10 min) without needing a solvent (Scheme 23). When the reaction was
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conducted in presence of phosphorus pentasulfide on Al,Oj3 as the sulfur
source, the resulting product was the 1,3,4-thiadiazole (2008TL879).

Copper on amorphous SiO,-Al,O3 was found to be a good catalyst for
the vapor-phase synthesis of 3-methylindole from aniline and glycerol
(Scheme 24). Zinc and potassium oxides have a promoting effect on the
catalyst performance (2012CX1055). Silver on silica has been found to
catalyze an efficient vapor-phase reaction of aniline with 1,2-propanediol
to form 3-methylindole at atmospheric pressures (2008CX1199).

The heterogeneously catalyzed cyclocondensation of cyclohexanone
with monoethanolamine leads to 4,5,6,7-tetrahydroindole under liquid-
and vapor-phase conditions (Scheme 25). In the vapor phase (320—
400 °C) with a reactant 1:1 ratio, use of a polyfunctional catalyst containing
ZnO, AlF;, NiF,, CryO3, and Al,O3 gave the product tetrahydroindole in
30% vyield. The same reaction under liquid-phase conditions (250 °C in
presence of a strong base) gave the product in 40% yield (1992DANRUS57).

Generally, N-acylindoles are prepared in two steps but a novel one-pot
synthesis is possible using 2,5-dimethoxytetrahydrofuran (a succindialde-
hyde synthon) and an amide in presence of the solid-acid K-10 montmoril-
lonite catalyst under microwave irradiation (Scheme 26) (2008SL.410). The
reaction requires two equivalents of 2,5-dimethoxytetrahydrofuran with
1 mole reacting with the amide to form the N-acyl pyrrole followed by
the second mole that forms the N-acylindole derivative. The K-10 generates
succindialdehyde (or 1,4-butanedial) from 2,5-dimethoxytetrahydrofuran.

A Sonogashira coupling followed by cyclization has been used in the
synthesis of 2-phenylindole utilizing a Pd"/C catalyst and Cul as cocatalyst
(Scheme 27). 2-lodoaniline reacts with phenylacetylene in presence of the
catalyst at 120 °C in DMF/HO (1:1) solvent to give 2-phenylindole
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(2004ACAG161). The catalyst on recycle showed some deactivation; how-
ever, the selectivity towards 2-phenylindole was retained.

Imidazole is prepared in 84% yield using a Pd/C catalyst in an aqueous
solution of glyoxal-formaldehyde-NHj (1:1:3 M) (1988USP4719309). 2-
Methylimidazole can be made in a similar way by using acetaldehyde in
place of formaldehyde.

Benzimidazoles are synthesized starting from a 1,2-phenylenediamine
with either an aldehyde or an acid (Scheme 28). With aldehydes, two steps
occur which is condensation to form the cyclic intermediate followed by

NH,
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oxidation to form the aromatic imidazole. A one-pot two-step process for
making 2-phenylbenzimidazole (2010T730) is reported starting from 1,2-
phenylenediamine and benzyl alcohol using Au- and Pd-based catalysts in
trifluorotoluene solvent at 90 °C in the presence of air at elevated pressure.
The benzyl alcohol is first oxidized to form benzaldehyde which in turn
reacts with 1,2-phenylenediamine to form a dihydrobenzimidazole that
oxidizes to form the final product 2-phenylbenzimidazole in 85% yield.

The vapor-phase synthesis of 1,2-methylenedioxybenzene is possible
starting from catechol and diethyoxymethane, a formaldehyde acetal deriv-
ative, using either TS-1 or M-MCM-41 (M = Ti, Sn, Zr) catalysts (Scheme
29). This approach is claimed to be environmentally friendly as no
dihalomethane is used to introduce the methylene group. The initial adduct,
2-(ethoxymethoxy)phenol, was proposed as an intermediate to the final
product 1,2-methylenedixoybenzene (2010ACBE72).

Cyclic carbonates are important fine chemical intermediates and readily
form from epoxides and carbon dioxide. Various catalysts have been
evaluated for the one-step synthesis of cyclic carbonates that combines the
epoxidation and carbonation steps. Gold supported on a basic resin R201,
whose functional group is a quaternary ammonium hydroxide (polystyryl-
methyl-trimethyl ammonium), was found to catalyze both steps in the
conversion of styrene to styrene carbonate using TBHP (Scheme 30)
(2009CATT383). The overall selectivity to styrene carbonate was 51% at
100% styrene conversion. The Au/R201 catalyst was reused in a second
run without any loss of reactivity.
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An investigation into the synthesis of thiophene from butanol and CS;
under vapor-phase conditions made use of a Cr,O3/Al,O3 heterogeneous
catalyst (Scheme 31). The reaction pathway for the formation of thiophene
from butanol involves successive dehydrogenations, oxygen—sulfur ex-
change, and the final dehydroheterocyclization (1998CATL207).

Benzothiazole derivatives containing a substituent at the 2-position are
generally prepared in a coupling reaction using 2-bromobenzothiazole
and the required R-bearing reagent. A simpler method is reported that
uses cyclization of 2-aminobenzenethiol with various aldehydes to form
2-substituted benzothiazole derivatives catalyzed by ZnO-BEA (Scheme
32) (2010CCL421). The aldehyde and 2-aminobenzenethiol in the presence
of ZnO-BEA was refluxed in ethanol for 1—2 h to give benzothiazole in
ca. 90% yield. The catalyst aids both the condensation and oxidation steps
to form the product and was recycled successfully without significant loss
of activity.

S 9. SIX-MEMBERED HETEROCYCLES

The commercial synthesis of pyridine bases began in 1953 and quickly
replaced the coal tar-derived compounds. The vapor-phase production of
pyridine and B-picoline from acetaldehyde, formaldehyde, and NH3 (400—
500 °C) is accomplished using either fixed- or fluid-bed reactors (Scheme
33) (2012KC274). Use of acetaldehyde and NHj under similar process
conditions leads to the formation of a-and y-picoline. Catalysts described
in the patent literature for the formation of pyridine and picolines include
amorphous SiO,-Al,O5 and zeolites with and without metal promotion.
Useful zeolite structures reported in patents include FAU, MOR, MEL,
TON, MEL, MFI, BEA, and MCM-22 (2001MI1) as well as MEL-FER
(2009CN1011485995A) and MFI-MCM-22  (2009CN101485996A)
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intergrowths. The most effective metal promoters include Cd, TI, and Pb
such as Pb/TS-1 (2008USP7365204). A T1-Pd-MFI catalyst is reported to
give pyrdine and picoline yields of 65% and 19%, respectively
(1993USP5237068). Other carbonyl-containing feeds can be used to produce
alkylpyridines with different substitution patterns such as 2,6-lutidine that is
made from acetone, formaldehyde, and NHj.

In addition to the vapor-phase processes that produce picolines as a
coproduct, certain picolines are selectively produced in other heterogeneous-
ly catalyzed reactions (Scheme 34). The conversion of 5-oxohexanenitrile,
derived from acetone and acrylonitrile, over a fixed-bed Pd/Al,O3 catalyst
produces o-picoline (1986CIL129). Since 1990, B-picoline is also been pro-
duced from 2-methyl-1,5-pentanediamine (MPDA) originally in a one-step
fluid-bed process (1992USP5149816) and more recently in a 2-step process,
via 3-methylpiperidine, using fixed-beds of MFI and Pd/AlL,O3 in series
(2005ACAG75). Vanadia-based catalysts have been shown to convert
MPDA under ammoxidation conditions directly to 3-cyanopyridine without
having to isolate B-picoline (2000USP6118003).
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Polyarylpyridines, specifically 2,4,6-triarylpyridines, are an important
class of compounds due to their application as therapeutic agents. They
are typically prepared by multistep synthetic procedures. The one-step syn-
thesis of 2,4,6-triarylpyridines can be achieved by reaction of chalcones with
urea, or its derivatives, in presence of a solid Lewis acid catalyst such as bis-
muth(III) nitrate immobilized on Al,O3 at 130 °C (Scheme 35). The yield
of 2,4,6-triarylpyridines are reported to be in the range of 65—85%
(2006 TL837).

Aniline and phenol in the presence of ammonia and H"-MFI (510 °C,
30—50 barg) undergo the Benzamine rearrangement to form a-picoline
(Scheme 36) (1983USP4395554, 1983USP4388461). This rearrangement
occurs with reasonable selectivity but has not been commercialized owing
to low conversions. Use of H"-MFI also catalyzes the Benzamine rearrange-
ment of 1,3-phenylenediamines to form 2-amino-alkylpyridines
(1986USP4628097).

Hantzsch’s dihydropyridine synthesis, a condensation—cyclization reac-
tion of aldehydes, 1,3-dicarbonyl compounds, and ammonium acetate,
has been achieved under mild and solvent-free conditions using the SSA
catalyst (Scheme 37). The advantages of this approach are that it is
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environmentally benign, gives high yield, and is achieved with short reaction
times (2011CNJC1180). Other heterogeneous catalysts such as silica-
supported 12-tungstophosphoric acid (20091CA3555), perchloric acid sup-
ported on silica (2006JMCAC179), and nanoparticles of zinc oxide
(20121JC101) have also been successfully used in the synthesis of Hantzsch
dihydropyridines.

A majority of commercially produced piperidine is made via the catalytic
hydrogenation of pyridine while a lesser amount is made by the catalyzed
aminocyclization of 1,5-pentanediol (Scheme 38). A Ni-MFI catalyst is
claimed to convert aqueous pentanediol (280 °C) in the present of NHj3
to piperidine in 90% yield (2003USP6528647).

The vapor-phase reaction of one or more aldehydes with arylamines
provides a route to quinoline and a range of alkylquinoline derivatives
without forming large amount of waste salts that are associated with
liquid-phase Doebner—Von Miller—Skraup reactions (1997USP5700942,
2006JCAT362). Evaluation of a range of zeolite structures (e.g., FAU,
MOR, BEA, LTL, MFI) with formaldehyde-acetaldehyde and o-toluidine
feed gave 8-methylquinoline with yields up to 55%. The vapor-phase reac-
tion 2-ethylaniline and ethylene glycol in presence of K-10 montmoril-
lonite, with or without zinc chloride, gave 2-methyl-8-ethylquinoline
(Scheme 39). The same starting materials in the presence of a different cata-
lyst, copper chromite, gave 7-ethylindole as the product (2000CATT289).

A modification of Friedlander quinoline synthesis involves the reaction
of 2-aminobenzyl alcohol and a ketone in the presence of Ru/LDH (Ru/
hydrotalcite) catalyst and oxygen (Scheme 40) (2001JCSCC2576,
2003T7997). The initial reaction step on the catalyst is the oxidation of
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2-aminobenzyl alcohol to 2-aminobenzaldehyde, followed by the conden-
sation of the added ketone with the formed aldehyde to give a chalcone
derivative which immediately cyclizes with the amine group to form the
2-substituted quinoline. The Ru/LDH catalyst can be reused without any
loss of activity and yields of the product quinolines are good to moderate
(74—90%).

Octahydroacridines yields of 75—92% have been produced from
(+)-citronellal and arylamines using the solid Lewis acid catalyst ZnCly/
SiO; combined with microwave heating (Scheme 41). The initial aniline
condensation step to form imine is followed by a hetero-Diels—Alder
reaction involving the imine and the alkene citronellal group to form
1,2,3,4,4a,9,9a,10-octahydroacridines (2003 TL6809).

An aza-Diels—Alder reaction between N-benzylideneaniline and cyclo-
pentadiene is catalyzed by a Sc-USY catalyst at room temperature in aceto-
nitrile (Scheme 42) (2012JPCC13661). The resulting tetrahydroquinoline is
formed quantitatively when the scandium content of Sc-USY is optimized
(ca. 2—5 mol% of S¢>™). Higher loadings of S¢’* led to lower product yield
while the parent H™-USY produced very little tetrahydroquinoline. These

/© ZnCl, / Si0,

. .
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HoN o

N Ph

Scheme 42
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observations suggest that well-dispersed Sc>" ions provide the highest LAS
concentration and are essential for the aza-Diels—Alder reaction.

Pyrazine is a minor by-product formed during the catalyzed vapor-phase
production of pyridine. The most important member of the pyrazine family
is 2-methylpyrazine that is manufactured (up to 1000 tonnes/year) as a pre-
cursor for the production of the anti-TB drug pyrazinamide. The vapor-
phase conversion of ethylenediamine and propylene glycol over Cu/
CryOj3 and related dehydrogenation catalysts produces 2-methylpyrazine
(2001ACAG197). Preparation of 2-methylpyrazine starting from N-(2-
hydroxypropyl)-ethylenediamine (a PO-ethylenediamine adduct) was
achieved under vapor-phase conditions at 360 °C using heterogeneous
catalysts prepared from copper, chromium, and barium oxides (Scheme
43). The best yield achieved for 2-methylpyrazine was 78% (2000XXH1).

A combined oxidation and condensation sequence occurs in a one-pot
synthesis of quinoxalines from o-hydroxyketones and 1,2-diamines cata-
lyzed by the manganese oxide octahedral molecular sieve K-OMS-2
(Scheme 44) (2008GC1029). The K-OMS-2 catalyst was easily recovered
and reused without loss of any activity.

The high temperatures (350—400 °C) that form 2-methylpyrazine and
related alkylpyrazines in the catalyzed conversion of diamine-diol feeds
must rapidly dehydrogenate any piperazine intermediate. Piperazine hetero-
cycles can form in a double N-alkylation reaction of 1,2-diamines by 1,2-
diols using a Pd/MgO catalyst at 160 °C (Scheme 45) (1995CRV661).

Related to the Hantzsch dihydropyridine synthesis is the Biginelli reac-
tion that uses urea or a derivative (in place of ammonium acetate) along with
aldehydes and 1,3-dicarbonyl compounds to form a dihydropyrimidines.
The solid SSA catalyst is effective in the Biginelli reaction which is
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performed under mild conditions (refluxing ethanol) to provide high yields
of the product dihydropyrimidine with a bonus of easy workup and effective
catalyst recycle (Scheme 46) (2003TL2889).

The most important S-triazines are melamine and cyanuric chloride that
serve resin and herbicide markets, respectively. Melamine is produced in
over 95% vyield by cyclocondensation of urea mostly by a noncatalytic
melt process (90—150 bar, 380—450 °C) but a significant amount is
produced in a catalyzed process (350—450 °C) using modified SiO,-
AlyOj catalysts in fixed- or fluid-bed reactors (1983USP4408046). Cyanuric
chloride is produced by the gas-phase trimerization of cyanogen chloride
(CI-CN) over a bed of activated charcoal at 350—450 °C.

Alkyl or aryl s-triazines are also made by treating aliphatic or aromatic
nitriles, along with urea in presence of ammonia, under vapor-phase condi-
tions using heterogeneous catalysts such as Al;O3, amorphous SiO»-Al, O3,
S10,, and boron phosphate (Scheme 47) (1969R 051482).

The Pechmann condensation involves the synthesis of coumarins from
phenols with B-ketoesters in the presence of a Lewis acid catalyst. The
same reaction can be catalyzed by SSA which is predominantly a
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solid-Bronsted acid catalyst (Scheme 48). The approach of using SSA is
cleaner, with high yield, short reaction time, and easy workup (20090C]33).

The current polylactic acid process uses ring opening polymerization of
lactide intermediate which is the cyclic dimer of lactic acid (LA). Lactide
intermediate is formed in a 2-step process involving LA oligomerization
followed by its high-temperature (150—220 °C) vacuum pyrolysis. A poten-
tial 1-step process to convert LA to lactide (ca. 80% yield) using H"-BEA
has been proposed (Scheme 49) (2015SCI16243). Compared to H"-BEA,
mineral acids and solid-acid resins (e.g., Amberlyst-15, nafion) gave inferior
lactide yields (<25%).

g 10. SEVEN-MEMBERED HETEROCYCLES

The vapor-phase synthesis of 1-phenylazepane from aniline and 1,6-
hexanediol is accomplished using a cobalt oxide on SiO,-Al,O3 catalyst
doped with sodium or potassium oxide (Scheme 50). Characterization of
the catalyst revealed the sodium oxide reduced the number of medium
and strong acid sites while actually increasing the number of weak acid sites,
thus improving the selectivity towards 1-phenylazepane (2012FC340).
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e-Caprolactam (CPL) is an important industrial intermediate in the
manufacture of Nylon-6 and is produced from cyclohexanone via Beck-
mann rearrangement of cyclohexanone oxime. The CPL process that uses
hydroxylamine sulfate to form the oxime and sulfuric acid for the rearrange-
ment produces the greatest amount of waste ammonium sulfate; the ammo-
nium sulfate-to-CPL weight ratio is ca. 4. In 2003, Sumitomo introduced a
new process that avoids waste salt formation using two heterogeneous
catalysts (2007BCJ1280). The first step is a liquid-phase ammoximation
using TS-1 that reacts cyclohexanone with NH3 and H,O; to form the
oxime and water. The second step uses a high-silica MFI catalyst in a
fluid-bed reactor (350—400 °C) to isomerize the oxime to CPL. Co-feeding
methanol with the oxime increases the CPL selectivity from ca. 80% to 95%.
The CPL capacity of the Sumitomo plant in Japan was expanded from
65,000 to 85,000 tonnes/year.

Research aimed at using air rather than H»O5 in a one-step process to
convert cyclohexanone through to CPL could provide a significant advan-
tage over the Sumitomo process. One such study reported the solvent-free
liquid-phase transformation of cyclohexanone to CPL using the bifunctional
transition-metal catalyst (M"M")AIPO-36 (M = Co, Mn) (Scheme 51)
(2001JA8153). Hydroxylamine is formed in situ from NHj3; and oxygen
which reacts with cyclohexanone to form the oxime in route to CPL.

The Baeyer—Villiger (BV) oxidation uses peracids in the stoichiometric
conversion of ketones to esters or lactones. Use of H>O, combined with
SnBEA is a particularly effective catalytic system for BV oxidations (Scheme
52) (2001NAT423). The SnBEA catalyst is able to convert cyclohexanone
to caprolactone with greater than 98% selectivity.

N OH
M
M“M'” AIPO-36 N
I 0
Air, NH;

Scheme 51

SnBEA
+ H0,

Scheme 52



Heterogeneously Catalyzed Synthesis of Heterocyclic Compounds 201

H
\
NO N
Q . 2 )K Pt/Tlo2 HMCM-41
1. Hy 55°c
NO N
2.65°C
Scheme 53

Another class of seven-membered heterocycles important for their
bioactivity are 1,5-benzodiazepines which are usually synthesized from
1,2-diaminobenzene and o,B-unsaturated carbonyl compounds. A new
synthetic approach replaces 1,2-phenylenediamine with less expensive
precursor 1,2-dinitrobenzene. Reaction of 1,2-dinitrobenzene and acetone
in the presence of the bifunctional catalyst Pt/ TiO,-HMCM-41 is per-
formed in two stages; initial hydrogenation at 55 °C that reduces the nitro
groups followed by acid catalyzed acetone cyclocondensation at 65 °C in
the absence of hydrogen to form the 1,5-benzodiazepine product (Scheme
53) (2009CE]8834).

11. PROCESS AND ECONOMIC CONSIDERATIONS

Most research activity on the use of heterogeneous catalysts for
making heterocyclic compounds is focused on existing larger volume prod-
ucts. Incremental process improvements through the introduction of new
catalysts that give higher yield and productivity, while using existing equip-
ment and feedstock, usually lead to better financial return in the short term.
Process improvements that involve new chemistry routes (i.e., different
feedstock) and new types of catalyst/reactor entail greater risk and capital
outlay, but in the longer term may derive greater rewards in terms of
competitive advantage through lowest cost. This has been demonstrated
with examples of by-product (e.g., waste salts) and coproduct elimination.

The decision to commercially introduce a new heterocyclic compound
made using a heterogeneous catalyst is not straightforward and is associated
with the risk that market projections are overly optimistic. Risk can be mini-
mized if the new compound is a derivative of a current product and can be
made in existing process equipment (e.g., by changing one feed component
to a higher homolog). Large capital outlays to build new plant to use
unproven technology for a new product introduction carry the greatest risks
(and rewards).
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A catalyst vendor will be keen to derive maximum benefit when supply-
ing a new generation of heterogeneous catalyst to an existing customer. The
resulting catalyst price increase can substantially offset any cost savings for the
customer’s new/improved chemical process. This is especially true if oper-
ational difficulties are encountered that can include excessive sintering, rapid
coke buildup/slow regeneration, high attrition rates (luid-bed reactors), and
catalyst leaching/dissolution (liquid-phase reactors). Ideally the operational
experience meets or exceeds expectations (in terms of yield, productivity,
and catalyst life) to the mutual benefit of customer and catalyst vendor.

Green chemistry principles frequently underpin innovation in heteroge-
neous catalysis and have typically led to lower-cost chemical processes. This
is not always the case in all regions of the world and older chemistries, now
abandoned in the West, are reemerging elsewhere to displace cleaner
technologies; a notable example being the use of calcium carbide-derived
acetylene routes to produce PVC, BDO, and other commodity chemicals.

12. FINAL COMMENTS

This short review on the use of heterogeneous catalysts for making
heterocyclic compounds is by no means comprehensive. It is hoped that it
will encourage synthetic organic chemists to consider reading further on
the topic of catalytic materials and even to pursue their own research in
the area.
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Abstract

Palladium-catalyzed carbonylative coupling reactions have been a powerful method in
organic synthesis. The importance and significance have been described abundantly.
Moreover, with the rapid development of palladium-catalyzed coupling reactions,
various elegant methodologies for palladium-catalyzed carbonylative synthesis of
heterocycles have been developed. In this chapter, the main achievements from
2013 to the middle 2015 are discussed.

Keywords: Carbonylation; Coupling; Heterocycles; Organic synthesis; Palladium catalyst

1. INTRODUCTION

Palladium-catalyzed carbonylative transformations have experienced
impressive progress during the past decades. Numerous novel methodolo-
gies have been developed and applied. Because of the importance of hetero-
cyclic compounds, the applications of carbonylations in heterocyclic
synthesis are even more interesting. At the beginning of 2013, some of us
published a general review on palladium-catalyzed carbonylative synthesis
of heterocycles (2013CR(113)1). Hence, in this chapter, only work that
has appeared since is covered.

Advances in Heterocyclic Chemistry, Volume 121
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g 2. SYNTHESIS OF FIVE-MEMBERED HETEROCYCLES

In 2013 (2013ASC(355)3581), Wu and coworkers reported a
convenient and mild procedure to synthesize phthalimides from 1,2-
dibromoarenes, which was conducted in the presence of a palladium
catalyst and with molybdenum hexacarbonyl as the carbon monoxide
source (Scheme 1). Various functional groups were tolerated and the pro-
cedure gave phthalimides in good to excellent yields. However, during the
optimization process, a drastically decreased conversion was observed when
the amount of Mo(CO)¢ was decreased or the reaction temperature was
lowered below 100 °C. DBU was a superior base because of its ability to
undergo a ligand exchange with the carbonyl complex to promote the
release of CO (2012SN(23)685). In addition, Fe(CO)s, Cor(CO)g, and
W(CO)¢ were also investigated, and 16%, 2%, and 56% vyields of the
corresponding products were obtained, respectively. Even Cr(CO)q gave
the desired phthalimide in 86% yield which seemed to be applicable as
an alternative CO source but its toxicity limited its application.
Subsequently, primary amines were investigated and gave corresponding
phthalimides in moderate to good yields. The aliphatic amines with short
chains gave better yields while f~butylamine and unsubstituted aniline just
afforded the amides, which were considered to be due to the steric
hindrance of t-butylamine and the low nucleophilicity of the aniline
derivative.

The mechanism of this domino reaction can be regarded as a Heck-type
amidation. The reaction was initiated by oxidative addition to the C—Br
bond which was followed by insertion of carbon monoxide into the
Pd—C bond. Then, the amine acting as a nucleophile attacked the newly
formed acyl species to give the corresponding amide. Finally, a second
catalytic step gave the phthalimides (Scheme 2).

Similarly, a double aminocarbonylation of o-diiodobenzenes with ani-
lines which gave the corresponding phthalimides under atmospheric CO
pressure was reported by Tu and collaborators (Scheme 3) (20140CE(1)
1261). For high catalytic activity, an acenaphthoimidazolylidene palladium

e}

Br Pd(OAC); (3 mol %)
d ,  CataCXium A (6 mol %) d
Ry + HoN-R N Ry N-R'
Pz Mo(CO)g (1 equiv.) Pz
Br DBU (2 equiv) Y

toluene, 100 °C, 16 h
Scheme 1 Synthesis of phthalimides via Pd-catalyzed carbonylation.
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Scheme 2 Reaction mechanism for Pd—catalyzed carbonylative phthalimide synthesis.

NH,R + DBU

o

| Pd-NHC (0.5 mol%)
X B CO (1 atm) N B
R17‘@ * HN"Re 58O, o-xylene Ri \/;/ZU«N R
! 110°C, 24 h Y

’: %Pd NC§ Ar = Dipp )\é/k

Scheme 3 Pd-catalyzed aminocarbonylation of o-diiodobenzene.

complex was employed as the catalyst in Pd-catalyzed cross-coupling reac-
tions, which was considered as a stronger 6-donor and weaker 7t-acceptor
(20130L(15)3678). Under optimal reaction conditions, full conversion and
over 99% isolated yield of corresponding product was observed. However,
only 47% isolated yield was obtained when it was replaced by Pd(OAc),/
PPhs, which indicated that the reaction rejects the ligand with a strong
Tt-acceptor. Then, various primary amines were tested under the standard
reaction conditions. Results obtained indicated that anilines with both elec-
tron-donating groups and electron-withdrawing groups were all well toler-
ated. Moreover, aniline derivatives with halogen atoms, e.g., Cl and Br
could be tolerated and gave the desired products in excellent yields, which
offer the possibilities for further functionalization.

Furthermore, a novel and convenient strategy to the phthalimide and
amide scaffold via Pd-catalyzed aminocarbonylation of dibromobenzenes
was found by Wu and coworkers more recently (Scheme 4)
(2015THL(56)342). In this protocol, DBU and DBN can be applied as
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Br [Pd(cinnamyl)Cl]2 (1.5 mol %)
| = N DBU dppp (3 mol %), HyO _\_\
< (4 equiv.) CO (10 atm)

d

Scheme 4 Pd-catalyzed aminocarbonylation of dibromobenzene to phthalimide.

the nitrogen source after hydrolysis and ring opening. After careful optimi-
zation, good yields can be obtained with [Pd(cinnamyl)Cl],/dppp as the
catalyst and toluene as the solvent. It should be noted that water played a
crucial role in this reaction. In the presence of water, 96% of the desired
product can be isolated while only 31% of the product can be obtained
without addition of water. However, when the reaction was performed un-
der lower pressure of carbon monoxide (1 bar), the yield decreased
dramatically.

In the mechanism, it was considered that Pd(Il) was reduced by the
ligand to generate Pd(0) and then oxidative addition of dibromobenzene
to Pd(0) gave the corresponding organopalladium species A. Then, the in-
termediate B was formed by the CO insertion into A. Subsequently, attack
of DBU on B took place resulting in the formation of intermediate C and
the regeneration of Pd(0). Finally, the intermediate D was formed by the
hydrolysis of C, followed by an intramolecular aminocarbonylation in the
presence of Pd(0) to generate the product (Scheme 5).

o
0 0
N
CL0 e
. Pd] o &
ol
o ( O PA(O)L @:Br
Cr o N
LJ PA(II)L
Br
¢ PdL
©[ “Br
N\
@, /
DBU CﬁLPdL
Br

Scheme 5 Mechanism of Pd-catalyzed amlnocarbonylatlon of dibromobenzene to
phthalimide.
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Br
o) X
g Pd(OAc), (2 mol%) |
—_— - N\
»  CO(2atm), NHz (2atm) = Cul/lDMEDA/ K,CO, R N
R Dioxane, 100 °C R
Scheme 6 Sequential one-pot synthesis of benzoxazole from aryl bromide.

In 2013, Wu, Beller, and coworkers reported a sequential one-pot
synthesis of benzoxazoles from aryl bromides employing catalytic systems
of Pd and Cu (Scheme 6) (2013THL(54)3040). Initially, bromobenzene
was aminocarbonylated with 2 bar of NH3 and 2 bar of CO in 1,4-dioxane
in the presence of 2 mol% of Pd(OAc), and 6 mol% of BuPAd; at 100 °C.
Next, the addition of 1,2-dibromobenzene to this reaction mixture and
heating at the same temperature for another 16 h gave the desired products.
Notably, no desired product was obtained with different bases like K,CO3,
K3POy, NEt;, and DBU or the additional amount of palladium catalyst.
Inspired by the report on copper catalysts from Glorius and coworkers
(2004ASC(346)1661), a Cul/DMEDA/K,CO3 system was added to the
mixture, and 71% of corresponding product was isolated. Moreover, both
electron-donating and electron-withdrawing functional groups on the 2-
aryl-substituent were tolerated, which provided a convenient procedure
for the synthesis of 2-aryl-substituted benzoxazoles from commercial aryl
bromides and 1,2-dihalobenzenes.

The activation of aryl chlorides is considered an interesting and chal-
lenging topic in organic synthesis (2002AGE(41)4176). Recently, Hua
and coworkers published several PdCly(PCys3),-catalyzed Sonogashira and
Heck cross-coupling reactions of aryl chlorides (2006JOC(71)2532,
2007ASC(349)1738). They also developed an alternative strategy for the
synthesis of 3-methyleneisoindolin-1-one derivatives via palladium-cata-
lyzed cyclocarbonylation of o-chloroketimines (Scheme 7) (2013THL(54)
5159). In this report, various catalysts and bases were tested in detail. As a
result, the Pd(II) catalyst with trialkylphosphine ligand PCy3 was proven
to be more efficient compared with the previous reports. With the
PdCl(PCy3)2/CspCO3 catalytic system under the pressure of CO, different

NS
R_:: N - Pc(:iSCIé(gC)?:; lr::m Cif /S

cl (5 atm) 2toljene 8?1
Scheme 7 Pd-catalyzed cyclocarbonylation of ortho-chloroketimines to isoindolin-
1-ones.
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Scheme 8 Mechanism of Pd-catalyzed carbonylatlon of o-chloroketimines to
isoindolin-1-ones.

substrate-substituted ketimines were examined and gave the corresponding
products in moderate to good vyields. It should be noted when the chloro
group was not in the ortho position, it was inert in the system. The selectivity
was considered as the C—Cl bond activation facilitated by the coordination
of N atom in the ketimine to Pd.

With regard to the mechanism, firstly, the o-chloroketimine undergoes
an oxidative addition to the Pd catalyst and gives a five-membered interme-
diate. Subsequently, a six-membered palladacyclic intermediate formed after
the insertion of CO. Finally, reductive elimination of the intermediate gives
the desired product and regenerates the catalytic species (Scheme 8).

Use of the N atom as a directing group was also applied in the synthesis
of benzolactams by cyclopalladation of amino esters was reported by Granell
and coworkers (Scheme 9) (20130M(32)649). This transformation to give
five-membered rings was considered as a stoichiometric process; all the
experimental results indicated that the complete substitution of the carbon
in the a position of the amino esters plays an important role in cyclopalla-
dation and there was a strong bias toward six-membered lactams over the
five-membered analogs. This will be discussed further in the section on
synthesis of six-membered heterocycles.

6- members 5 members
NH2
47 +>
CO,Me CO Me COZMe

Scheme 9 Pd-catalyzed carbonylation of N-unprotected arylethylamines to five-
membered benzolactams.
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PdCl, (3 mol%)
CuCl, « 2H,0 (2 equiv.
X ) + A0H 2 * 21,0 (2 equiv.)
RN o— [C20,mim]CI (1 mL)
CO/O,(1 atm), rt

Scheme 10 Pd-catalyzed carbonylative annulation to y-lactones in ionic liquids.

In 2014, Jiang and coworkers published a novel palladium-catalyzed
cascade carbonylative annulation to construct functionalized y-lactones in
ionic liquids with high regio- and stereoselectivity (Scheme 10)
(2014CC(50)1381). Initially, ethyl 3-phenyl propiolate and homoallyl
alcohol were treated with PdCl, (3 mol%) and CuCl,-2H,O (2 equiv.)
under 1 atm of CO/O; in [Bmim]Cl. However, none of the desired prod-
uct was found. Subsequently, ionic liquids such as [CrOHmim]|Cl,
[C,OHmim|Cl, and [CO,mim]Cl also were investigated. Interestingly,
[C20,mim]Cl seemed to be the most suitable medium for this reaction
and the oxygen was considered to play a crucial role. It was found that ethyl,
allyl, and phenyl alkynoates and substituted phenylpropiolic acid can be
transformed into the corresponding products in good to excellent yields,
and both electron-withdrawing and electron-donating functional groups
on the aromatic ring were tolerated. Unfortunately, alkynes like alkynone
and alkynamide failed to undergo this reaction.

In the reaction mechanism proposed, a Pd complex was considered to be
formed in situ in ionic liquids (2008TH(64)2930) and vinylpalladium
intermediate A was formed by trans-chloropalladation of the alkyne in a
polar solvent in the presence of excess chloride ions. Then, the insertion
of alkene into A generated a Pd-alkyl intermediate B. Next, the insertion
of CO into the palladium—carbon ¢ bond produced intermediate C
(1995JACS(117)3422). Finally, reductive elimination gave the desired
product and Pd(Il) was regenerated in the presence of an oxidant for the
next cycle (Scheme 11).

Inspired by the palladium-catalyzed intramolecular oxidative aminocar-
bonylation of aryl C(sp?)-H bonds with amines and CO, Li and coworkers
considered that the vinylic C(sp®)-Pd"«N complex might be readily
formed under similar conditions and vinylic C(sp®)-H bond is more reactive
than aryl C(sp”)-H bond (2014EJOC616). Hence, a novel oxidative amino-
carbonylation of vinylic C(sp”)-H bonds via palladium-catalyzed intramo-
lecular aminocarbonylation of alkenes with amines and CO was
developed (Scheme 12). PivOH (5 equiv.) can improve the reaction, by
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PdCl,
ionic liquids
'/‘CU(l)PdL Cl
X COOR I 2
2 cully L=ClorBr R,—==—COOR,
Pd(0) i
V X X =ClorBr
X COOR
X O 0 L L 2A
— Il
Pd R1 Pdllx
R4
‘o\ %/MOH
P!

Scheme 11 Mechanism of Pd-catalyzed carbonylative annulation to y-lactones in ionic
liquids.

NHMe Pd(OAc); (5 mol%)

X ; N
Ry . Ag,CO5 (2 equiv.) g o
— H o —
PivOH (5 equiv.), MeCN
| (bubbled) 1. CO (bubbled) b

Scheme 12 Pd-catalyzed aminocarbonylation of vinylic C(sp?)-H bond with amines.

acting as a promoter. In addition, oxidants like CuCl,, AgOAc, and
AgrCOj3 were tested as well. AgOAc and AgrCO3 also gave good yields.
However, CuCl, just gave a trace of product, in contrast to previous reports
that CuCl, proved an efficient oxidant for amination-carbonylation. Under
the best conditions, a variety of 2-vinylanilines were tested and most of them
gave the corresponding products in moderate to good yields except the free
NH>- and N-Ac-substituted substrates.

A possible reaction mechanism was proposed: MeCN coordinated with
Pd(OAc); to form the PdL,(OAc), complex (L =MeCN) and then
exchange with the acid HY (PivOH) gives a more active species
PdL,Y>». Next the nitrogen atom of the substrate can complex with the
palladium species to afford the intermediate A. Subsequently, two
pathways involving B and C may take place, respectively. Finally, by
reductive elimination either B or C can form the desired product and
the Pd’L species (Scheme 13).

In 2014, Wu and coworkers developed a convenient procedure for the
synthesis of isoindoloquinazolinones, which employed 1,2-dibromoarenes
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Scheme 13 Mechanism of Pd-catalyzed intramolecular oxidative aminocarbonylation
of vinylic C(sp?)-H bond with amines and CO.

and 2-aminobenzylamines as the substrates (Scheme 14) (20140BC(12)
5835). It was the first example of carbonylative synthesis of batracylin
analogs that with two molecules of carbon monoxide installed. A variety
of ligands, bases, and solvents were tested; Pd(OAc),/BuPAd, was proven
to be the best catalytic system with the NEt; as the base in DMAc. Under
optimal reaction conditions, moderate to good yields can be obtained for
all substrates.

Pd(0) was considered oxidized initially with 1,2-dibromobenzene to
give the organopalladium species A, followed by the coordination and the
CO insertion to afford the acylpalladium complex B. Subsequently, it was
attacked by 2-aminobenzylamine formed intermediate C. After that the
N-(2-aminobenzyl)-2-bromobenzamide undergoes an oxidative addition
with Pd(0) and the installation of CO to provide the intermediate D.
Certainly, there were two possible pathways to give the final product by
an intramolecular condensation (Scheme 15).

Considering the importance of 1,2,4- and 1,3,4-oxadiazole in drug dis-
covery research, few carbonylative approaches to them exist with aryl

Pd(OAC), (2 mol%) o

R‘—(j\/\NHZ . co Br B BUPAd, (6 mol%) LTSN

[l —_— _ '
Z>NH (10 atm) ¢ NEts (3 equiv.), DMAc AP~ 3R
2 Br R N

Scheme 14 Pd-catalyzed synthesis of isoindoloquinazolinones from 1,2-
dibromoarenes.
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Scheme 15 The mechanism of Pd-catalyzed synthesis of isoindoloquinazolinones.

BrPd

iodides or iodonium salts as substrates. Recently, Skrydstrup and coworkers
developed a procedure with aryl bromides and hydrazide as the starting
materials for the production of 1,2,4- and 1,3,4-oxadiazole (Scheme 16)
(2014ASC(356)3074). From the results obtained, a broad scope of substrates
with various functional groups were well tolerated with good to excellent
yields.

H
N_ _Ph Ar Ph
B s Ny AW
o)

Pd(dba);, (1 mol%)
XantPhos (1 mol%) PPh; (2.0 equiv.)
CO (1.2 equiv.) ) I, (2.0 equiv.)
Cy,NMe (1.5 equiv.) NEt; (4.0 equiv.)

dioxane, 95°C, 16 h  Ar H \[O]/ dioxane, 95 °C, 16 h

[Pd(allyl)CI], (1.5 mol%)
HBF 4#P(‘Bu); (6 mol%)
n-oH CO (1.4 equiv.)

N

| K,COj3 (3 equiv.) | )—(het)aryl
b + (hetjaryl-Br ——22=3 00 5 (het)ary
/©/LNH2 (hetjary toluene, 105 °C, 16 h N

Scheme 16 Pd-catalyzed synthesis of 1,2,4- and 1,3,4-oxadiazole from aryl and hetero-
aryl bromides.
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Moreover, a straightforward method to synthesize 1,3,4-oxadiazol-
2(3H)-one via Pd-catalyzed oxidative cyclocarbonylation of hydrazide was
presented by Chen and coworkers (2015CC(51)1905). In this procedure,
CO insertion took place between the amine and the carbonyl group, which
is different from the previous reports that employed the amino group or the
carbonyl group as the sole nucleophile. Various difterent palladium catalysts,
ligands and oxidants were tested, PA(OAc),/dppt/ Cu(OAc),-HO seemed
to be the most efficient catalytic system (Scheme 17). In addition, the effect
of additives were investigated while only NaOAc could accelerate and
improve this reaction (2010JACS(132)686). Subsequently, the range of
substrates was extended. Benzoyl 2-phenylhydrazides with electron-
withdrawing groups were transformed into the corresponding products in
good to excellent yields. However, with hydrazides substituted by
electron-donating groups, the reaction turned out to be smooth, but only
46—74% yields of the desired products could be obtained. Moreover, N-
acetylbenzoylhyrazide and benzoyl hydrazine failed to give the desired
products.

The mechanism was considered to involve assistance of the carbonyl
group of the starting material, its N—H activated by Pd(OAc), could
form the intermediate A (20140L(16)2342). Then the insertion of CO
into the N—Pd bond gave intermediate B and then release of HOAc to
afford C. Subsequently, the reductive elimination of C provided the desired
product and the Pd®” species. Then Pd"™) was regenerated in the presence of
oxidant for the next catalytic cycle (Scheme 18).

Similarly, Jiang and coworkers employed hydrazides as the starting
materials and treated them with CO under the Pd(TFA)/CuO/TFA
catalytic system (Scheme 19) (2015]JOC(80)5713). A variety of substituted
hydrazides were tested and the target products were obtained in moderate
to good yields regardless of the nature of their substituents. However,
when N'-phenylbenzohydrazide was subjected to the standard reaction
conditions, only 15% of the corresponding product was obtained. Later,
different oxidants were added and only AgrCO3 was found to be a suitable
oxidant while others were inactive. Also, under optimal reaction conditions,
various substituents were tolerated and gave the corresponding products in

CO (balloon)
o Pd(OAc), (10 mol % ) o
)J\ H dppf (20 mol %), Cu(OAc), (1 equiv.) O//<
-N- N-R,
Ri H Ry NaOAc, toluene, 80 °C R )QN'
1

Scheme 17 Pd-catalyzed oxidative carbonylation of hydrazides.
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Scheme 18 Reaction mechanism for Pd-catalyzed oxidative carbonylation of
hydrazides.
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Scheme 19 Pd-catalyzed oxidative O—H/N—H carbonylation of hydrazides.

H

good to excellent yields. It should be noted that all the halide substituents
could survive in this reaction which can provide pathways for the further
functionalization.

Compared to the transition metal-catalyzed Heck-type carbonylation
that the insertion of CO into an aryl—palladium bond followed by the
formation of an acylpalladium complex. Subsequently, various nucleophiles
are employed to form the corresponding aryl carbonyl compounds
(1996JACS(118)5904), 1996JACS(118)5919). Recently, Yang and co-
workers considered that the direct Pd-catalyzed carbonylative cyclization
of a carbon nucleophile and a carbonyl group across the C=C double
bond of an unactivated olefin would be an atom economy efticient way
to make functionalized polycyclic aryl derivatives from simple alkenyl arenes
(20150L(17)1240). Meanwhile, encouraged by their previous work on Pd-
catalyzed alkoxycarbonylative cyclization reaction (2011AGE(50)7373),
nine electron-rich aryl alkenols were prepared and annulated under optimal
reaction conditions to synthesize chromane lactones (Scheme 20). The
allylic alcohol was considered to react with the palladium carbonyl complex
A and generated the complex B (2013AGE(52)10598), then an intramolec-
ular nucleopalladation of B could afford a cs-configured palladocyclic
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Scheme 20 Pd-catalyzed carbonylative cyclization of aryl alkenols.

intermediate C. Subsequently, the migratory insertion of CO into the
alkyl—Pd bond gave the resultant complex D, which would undergo reduc-
tive elimination to stereoselectively produce lactone and palladium(0). In
the presence of CuCly, palladium(0) would be oxidized and give palladiu-
m(Il) complex A for the next catalytic cycle.

In 2015, Ohe and coworkers synthesized 3-acyl-2-aminobenzofurans
and 3-acyl-2-(N-acylamino)benzofurans from 2-(cyanomethyl)phenol,
aryl halides, and carbon monoxide by switching the base, which took place
in the presence of Pd and via a three-component coupling (Scheme 21)
(2015TH(71)4432). Initially, when the reaction was conducted under

Pd(PPhj3), (2 mol%) X o}

Pd(PC 8 mol% R NH
(PCys), ( mc? o) L Y/ 2
Et3N (1.5 equiv.)

DMF, 100 °C, CO 1(atm) Ar (0]

Pd(OAc), (10 mol%) Ar
PPh; (20 mol%) R0 by

K,COj3 (3.0 equiv.) N~
DMF, 100 °C, CO 1(atm) o
Ar
Scheme 21 Pd-catalyzed three-component coupling reactions to 3-acyl-2-aminoben-
zofurans and 3-acyl-2-(N-acylamino)benzofurans.
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Pd(PPh3)4/Pd(PCys3),/Et3N reaction system with 1 bar of CO in DMF, 3-
acyl-2-aminobenzofuran and its derivatives were transformed in moderate
to good yields. However, when the reaction was treated with K,COj3 or
NaOEt in the presence of Pd(OAc),/PPhj, the corresponding 3-acyl-2-
(N-acylamino)benzofuran and derivatives can also be obtained in moderate
to good vyields. Interestingly, under this catalytic system, no 3-acyl-2-
aminobenzofurans could be detected, which indicated these two products
may be produced in difterent pathways.

In the control experiments, the 3-acyl-2-aminobenzofuran was treated
with excess of 4-bromotoluene under (b) reaction condition. Unfortu-
nately, no desired 2-(N-acylamino)benzofuran was found, which indicated
that the reaction did not proceed via 3-acyl-2-aminobenzofuran as an
intermediate. It was considered that these two different pathways were
determined by the different nature of the base. Two corresponding plausible
reaction mechanisms were proposed in detail (Scheme 22).

Recently, Wang and coworkers developed a direct carbonylation of
alkylamides for synthesizing the y-lactams and y-amino acids, via Pd-
catalyzed C(sp’)-H bond activation under 1 atm of CO with TEMPO as

a 120
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n —N
AX + CO o PdL2; = A 0
-/‘ o pd<
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Scheme 22 Mechanism of Pd-catalyzed three-component coupling reaction to 3-acyl-
2-aminobenzofuran and 3-acyl-2-(N-acylamino)benzofuran.
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Scheme 23 Pd-catalyzed C(sp*)-H carbonylation of alkylamines.
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Scheme 24 Pd-catalyzed synthesis of pyrrolidones via carbonylation of y-C(sp*)-H
bonds of aliphatic amines.

the sole oxidant (Scheme 23) (20150L(17)3698). In the optimization pro-
cess, various oxidants such as Cu(II), Ag(I), PhI(OAc),, DDQ, NFESI, CAN,
and K»S,0g were tested. Unfortunately, there was no reactivity in the trans-
formation until TEMPO was used as the sole oxidant and gave 38% of the
target product. After further optimizations, the scope of N-alkylpicolina-
mide was examined and the corresponding pyrrolidones were isolated in
good to excellent yields including a number of chiral substrates. Moreover,
it was applied in the total synthesis of rac-Pregbalin and an 86% yield was
obtained after the deprotection of the corresponding pyrrolidone with
6 N HCIL.

In addition, Zhao and coworkers developed a Pd-catalyzed regioselective
Y-carbonylation of oxalyl amide-protected aliphatic amines with carbon
monoxide to afford pyrrolidones as well (2015CS(6)4610). In this reaction,
C—H bonds of both y-methyl and cyclopropyl methylenes were activated
and gave the corresponding products in moderate to excellent yields (Scheme
24). For the 3-(trifluoromethyl)benzoic acid, it was considered to make the
palladium intermediate stable during the catalytic cycle. Based on the results
obtained, it was shown that the substrates scope could be further extended to
oxalyl amide protected benzyl amine and allyl amine derivatives.

S 3. SYNTHESIS OF SIX-MEMBERED HETEROCYCLES

As previously mentioned, Santos and coworkers reported the cyclo-
palladation of amino esters to benzolactams by Pd-catalyzed carbonylation
of N-unprotected arylethylamines. It should be noted that there is a strong
bias toward six-membered lactams over the five-membered analogs, which
was attributed to the greater reactivity of the six-membered palladacycles
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Scheme 25 Pd-catalyzed cyclopalladation of amino esters to six-membered
benzolactams.

which reacted with CO faster (Scheme 25). Under optimal reaction condi-
tions, various phenylethylamines were transformed into the corresponding
lactams. From the results obtained, it is obvious that steric hindrance plays
a crucial role. Interestingly, in this reaction, the ester group is not necessary
for the carbonylation which is different from the case of formation of five-
membered ring product.

In 2013, a novel and efficient synthetic route to dibenzopyranones via
Pd-catalyzed directed C—H activation/carbonylation of 2-arylphenols in
the presence of CO was developed by Shi and collaborators (Scheme 26)
(2013AGE(52)10598). It was the first example that employed a phenolic hy-
droxyl group as a directing group for synthesis of lactones. The challenge of
this transformation is considered to be the incompatibility of phenols under
the oxidative reaction conditions.

In the presence of Pd(OAc),, various bases, solvents, and additives were
tested. Subsequently, with optimal reaction conditions in hand, a variety of
2-arylphenols were converted into the corresponding products in moderate
to good yields. The electron-withdrawing and electron-donating groups
were tolerated, while the ortho position was unfavorable for the transforma-
tion of the target product which might be due to steric hindrance. Obvi-
ously, from the results obtained, the regioselectivity of this reaction
favored the less sterically hindered products. Moreover, the aromatic ring
of phenol seemed more sensitive to electronic effects. Generally, phenols
bearing electron-donating substituents always gave higher yields than those
with electron-withdrawing groups. A series of deuterium labeling experi-
ments was conducted and based on the kinetic results; all these indicated
that the C—H activation step might go through an SgAr mechanism rather
than the metalation—deprotonation (CMD) process. Moreover, it was

OH Pd(OA), (5 mol%)
7\ — Cu(OAc), (10 mol%), Na,CO3 (2 equiv.)
R \ ’\/R' PivOH (0.5 equiv.), CO (1 atm)

mesitylene, air, 120 °C, 6 h
Scheme 26 Pd-catalyzed directed C—H activation/carbonylation of 2-arylphenols.
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considered that the intermediate A was formed by the chelation of the hy-
droxy group with the CO-ligated palladium(II) complex. Then the C—H
activation occurred through the electrophilic cyclopalladation on the non-
phenol ring which generated the six-membered palladacycle B. The migra-
tion of coordinated CO into the aryl—Pd bond forms the seven-membered
palladacycle C. Subsequently, the reductive elimination of C affords the
lactone and Pd(0) species, which can be oxidized to the active Pd(Il) by
Cu(OAc);, together with Oy (Scheme 27).

In addition, Chuang and coworkers also presented a palladium-catalyzed
C—H activation and CO insertion into 2-arylphenols process to afford a
one-pot synthesis of benzopyranones (2013CC(49)11797). The reaction
conditions are milder here and a variety of desired products can be produced
in moderate to good yields. Notably, difluoro-substituted arylphenols did
not give the corresponding products, which might be due to the instability
of the intermediates with electron-withdrawing groups on the ring in the
catalytic process.

Jiang and coworkers developed a Pd-catalyzed oxidative carbonylation
for the synthesis of polycyclic aromatic hydrocarbons, which occurred via
a direct and facile Pd-catalyzed C—H bond oxidative carbonylation proce-
dure (Scheme 28) (2014JOC(79)11246). 3-Phenylquinolin-4(1 H)-one was
employed as the substrate, different palladium catalysts, oxidants, and addi-
tives were screened with various solvents. Under optimal reaction condi-
tions, the scopes of the substrates were investigated in detail. From the

«’
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(CO)
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Scheme 27 Pd-catalyzed directed C—H actlvatlon/carbonylatlon of 2-arylphenols.
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Scheme 28 Pd-catalyzed carbonylation for the synthesis of polycyclic aromatic
hydrocarbons.
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Scheme 29 Pd-catalyzed aminocarbonylation of o-arylanilines to phenanthridinones.

results obtained, good functional group tolerances were exhibited and
moderate to excellent yields were obtained.

Zhu and coworkers used o-arylaniline as the starting material for the syn-
thesis of phenanthridinones under an atmospheric pressure of CO in the
presence of Pd(OAc),, which occurred via a Pd-catalyzed C(sp®)-H amino-
carbonylation procedure (Scheme 29) (2013CC(49)173). Under the
Pd(MeCN),Cl,/Cu(TFA), catalytic system, with the addition of TFA, a
variety of different functional groups on both phenyl rings were investigated
in detail. Based on the obtained results, most of them with varied electronic
substituents were well tolerated and gave the corresponding products in
moderate to good vyield. However, o-arylanilines with electron-
withdrawing groups attached to the nonaniline ring gave higher yields
than electron-donating groups, which indicated that there may be an
SgAr mechanism involved in C—H bond activation. Also, in this procedure,
steric hindrance played an important role; the carbonylation process took
place on the less sterically hindered C—H bond.

Finally, a plausible reaction mechanism was presented that the aniline
NH, with CO-ligated palladium(Il) complex formed the intermediate A
firstly. Subsequently, the electrophilic cyclopalladation on the nonaniline
ring resulted in intermediate B followed by migratory insertion of coordi-
nated CO into the aryl—Pd bond. Next, the reductive elimination from
the seven-membered palladacycle C leading to the aminocarbonylation
product, regenerated a Pd(0) species, which would be oxidized to the
Pd(Il) complex by Cu(TFA); in the presence of TFA and CO (Scheme 30).

Similarly, another access to phenanthridinone was reported by Chuang
and coworkers (Scheme 31) (20130L(15)1468). With Pd(OAc), as the
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Scheme 30 Mechanism of Pd-catalyzed aminocarbonylation of o-arylanilines.
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Scheme 31 Pd-catalyzed carbonylation of  N-sulfonyl-2-aminobiaryls  to
phenanthridinones.

catalyst and 5 equivalents of AgOAc as oxidant in CH3CN at 80 °C for
24 h, various substrates were tested and gave the corresponding products
in good to excellent yields.

Based on previous work on the synthesis of chromenones, Wu, Beller,
and coworkers developed a direct strategy of the carbonylation of salicylic
aldehyde and benzyl chlorides to form coumarins. Initially, the salicylic alde-
hyde and benzyl chloride were found to react under the Pd(OAc),/PPhs/
NEt;3 catalytic system in DMSO, to form 3-phenyl-2H-chromen-2-one
in 61% yield (Scheme 32) (2013CEJ(19)12245).

When a variety of ligands, solvents, and other factors were screened, a
good yield of the target product was isolated under lower pressure (5 bar)
of CO at 100 °C. Good to excellent yields of the corresponding products
were formed. For the reaction mechanism, initially Pd” was reduced from

OH Pd(OAc), (2 mol%) o. .o

RS v CO + Aol 2rPP@molh) gl D
- (10 atm) NEt; (2 mmol), Dioxane PN A
CHO 100°C '

Scheme 32 Pd-catalyzed carbonylation of salicylic aldehyde and benzyl chlorides to
chromenones.
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Scheme 33 Mechanism for Pd-catalyzed carbonylation of salicylic aldehyde and benzyl
chloride to chromenone.

Pd" by the phosphine ligand. Subsequently, oxidative addition of benzyl
chloride to Pd” to give the organopalladium species occurred; the coordi-
nation and insertion of CO then generated the acylpalladium complex.
After that, elimination occurred after the nucleophilic attack to the salicylic
aldehyde on the acylpalladium complex and formed 2-formylphenyl-2-
phenylacetate. Finally, the terminal product was generated by intramolec-
ular condensation (Scheme 33).

Pd-catalyzed oxidative carbonylation of the alkenyl C—H bond of
enamides to synthesize 1,3-oxazin-6-ones was reported by Guan and co-
workers in 2013 (2013AGE(52)14196). Initially, the enamide was reacted
with CO and ethanol. However, the 1,3-oxazin-6-one was formed rather
than ethoxycarbonylation taking place (Scheme 34). In the presence of
the Pd(OAc),/Cu(OAc);, catalytic system, KI seemed a good additive to
improve the efficiency. Various bases were investigated and DABCO was
found to be the most effective one for this carbonylation reaction. Different
solvents were also tested, but DMF still remained the most effective solvent.
Hence, with optimal reaction condition in hand, the scope and limitations of
this reaction were tested. From the results obtained, this carbonylation
reaction displayed high functional group tolerance and gave products in
excellent yields.

CO (1 atm)
HN X0 Pd(OAc), (5 mol%)
H Cu(OAc),(1 equiv.) KI (1 equiv.)
A
A Ac,0 (3.0 equiv.) 7N o

R
= DABCO (1.5 equiv.),DMF, 80 °C =

N~ 0

R

Scheme 34 Pd-catalyzed carbonylation of alkenyl C—H bond of enamides to 1,3-oxa-
zin-6-ones.
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A tentative mechanism was proposed. It was considered that the alkenyl
C—H bond was initially activated by Pd(OAc), and formed the vinylpalla-
dium intermediate A. Coordination and insertion of CO into A afforded
acylpalladium intermediate B, which with assistance by DABCO, generated
C. Then the reductive elimination of C gave the target product 1,3-oxazin-
6-one and Pd". Subsequently, Pd" was oxidized by Cu(OAc), and gave
Pd(OAC),, which entered the next catalytic cycle (Scheme 35).

In 2014, Wu’s group developed a Pd-catalyzed carbonylative synthesis of
oxazinones from N-(o-bromoaryl)amides with paraformaldehyde as the
carbonyl source (Scheme 36) (2014JOC(79)10410). Under optimal reaction
conditions, various N-(o-bromoaryl)amides were tested and gave the corre-
sponding products in moderate to good yields. However, it should be noted
is that the acyl groups played an important role in the selectivity of the
reaction. When R = t-butyl instead of methyl, the corresponding product
was decreased drastically. Otherwise, a longer alkyl chain gave the target
product in much higher yield. Generally, the substrates with electron-
withdrawing groups increased the level of debromination and then gave
low yields of the desired products.

Cyclocarbonylation of 2-vinylanilines by a Pd-catalyzed oxidative
process to 2(1H)-quinolinones was reported by Alper and coworkers

~OAc
PhMO PP
)N At
HN R
Pd” co
Ph N\ L /Lo
o ~
(¢ DABCO HN by OAC
H0a. PhM L
L = Solvent or CO o B

Scheme 35 Mechanism of Pd-catalyzed carbonylation of enamides to 1,3-oxazin-
6-ones.
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Scheme 36 Pd-catalyzed carbonylation of N-(o-bromoaryl)amides to benzoxazinones.
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Scheme 37 Pd-catalyzed oxidative cyclocarbonylation of 2-vinylanilines to 2(1H)-
quinolinones.

(Scheme 37) (20130L(15)1998). It turned out to be more attractive from an
environmental point of view and operational simplicity. In this report,
different ligands, co-oxidants, and bases were tested. The simple combina-
tion of Pd(OAc),/Cu(OAc), in CH3CN was found to be the best catalytic
system. With further optimization, a variety of 2-vinylanilines were tested
and the corresponding products could be obtained in good to excellent
yields.

Notably, a multinuclear cluster of Cu,;,Pd,(OAC)s, + ny With acetate
bridges between Cu and Pd was considered (20061CA(359)2072). Hence,
Cu(OAc); could act as both an oxidant and a ligand. Thus, the aniline ni-
trogen was added to the active Pd" species and formed a Pd—N bond
with elimination of acetic acid. Then the coordination and insertion of
CO generated a Pd-carbamoyl species. Alkene insertion of the vinyl into
the Pd—CO bond gave an alkylpalladium intermediate. Subsequently,
2(1H)-quinolinone and Pd"™ hydride were formed by the B-hydride elim-
ination while the Pd"" hydride species may be reduced to a Pd” species
through the loss of acetic acid. At the end, Pd’ was oxidized by Cu"
O; to Pd" and entered the next catalytic cycle (Scheme 38).

In 2014, Wu and collaborators developed a concise and highly versatile
method of the synthesis of functionalized isoindolinones via Pd-catalyzed
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Scheme 38 Mechanism of Pd-catalyzed oxidative cyclocarbonylation of 2-vinylanilines.
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Scheme 39 Pd-catalyzed carbonylation of 2-bromoanilines with 2-formylbenzoic acid
and 2-halobenzaldehydes to isoindolinones.

carbonylation of 2-bromoanilines with 2-formylbenzoic acid or 2-
halobenzaldehydes (Scheme 39) (2014CEJ(20)14184). Initially, the target
isoindolinones were transformed from corresponding 2-bromoanilines and
2-formylbenzoic acids in a convenient and mild procedure in good to excel-
lent yields. Additionally, 2-halobenzaldehydes were used as substrates under
the same conditions and gave identical compounds in moderate to good
yields. However, when 2-chloroaniline was treated under optimal reaction
conditions, a low yield of the target product was formed while iodo/bromo
anilines gave 88% and 86% yields, respectively. In general, 2-bromoanilines
with electron-withdrawing substituents gave better yields.

They also developed a Pd-catalyzed carbonylative synthesis of quinazo-
linedione from 2-bromoanilines and 2-bromobenzonitriles (2014CE]J(20)
8541). In this reaction, more than five different C—C and/or C—N bonds
were selectively formed. The reaction proceeded through sequential
carbonylation—cyclization—isomerization—carbonylation steps. Each indi-
vidual reaction step occurred with high selectivity and excellent yield.
The first aminocarbonylation formed amide from 2-bromoaniline and 2-
bromobenzonitrile (cycle A). It should be noted that the oxidative insertion
of the active palladium species favored 2-bromobenzonitrile due to the
higher activity. Then the base-catalyzed isomerization—cyclization gave
iminoisoindolinone. Interestingly, it did not undergo another carbonylation
reaction but formed the unexpected isomerization product, which was
considered for the reason of steric effects. Subsequently, an intramolecular
carbonylative coupling gave the target product (Scheme 40).

Another procedure to synthesize tetracyclic heterocycles was also
presented by Wu and coworkers, via a Pd-catalyzed dicarbonylation of 2-
brombenzyl amine and 2-bromoaniline with CO in DMAc (Scheme 41)
(20150BC(13)4422). Various bases and solvents were tested in the presence
of PA(OACc)>/BuPAd;; NayCOj3 gave the best yield. Under optimal reaction
conditions, a variety of substituents was tested and gave the corresponding
products in good yields. Unfortunately, 2-bromopyridin-3-amine failed to
give the corresponding product with 2-bromoaniline. It should be noted
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Scheme 40 Pd—catalyzed double carbonylative synthesis of quinazolinediones.
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Scheme 41 Pd-catalyzed dicarbonylative synthesis of tetracyclic quinazolinones.

that when 2-bromobenzylamine reacted with 2-iodoaniline, an excellent
yield of the identical product was obtained as well.

Very recently, a carbonylative Sonogashira cross-coupling process that
afforded 4-quinolone and its derivatives was reported by Larhed and
collaborators. There were two different protocols used to study the reaction
of 2-iodoaniline and alkyne under CO gas-free conditions (2015JOC(80)
1464). The first one was conducted under microwave heating at 120 °C
for 20 min. The second was a gas-free one-pot and two-steps sequence at
room temperature (Scheme 42). Both of these methods have a broad scope;
corresponding quinolones can be obtained in moderate to good yields from
various 2-iodoanilines and alkynes with varying electronic substituents.

During the past years, Wu and coworkers developed several methods to
synthesize quinazolinone and its derivatives via Pd-catalyzed carbonylation.
Initially, 2-aminobenzamide and aryl bromides were employed in the
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Scheme 42 Pd-catalyzed carbonylative Sonogashira cross-coupling to 4-quinolones.

presence of PA(OAc),/BuPAd; with CO in DMF at 120 °C (Scheme 43(a))
(2013CEJ(19)12635). Generally, the corresponding quinazolinones were
formed in good to excellent yields. However, the yields of corresponding
products were decreased dramatically when the aryl bromides had
electron-withdrawing substituents. It was similar to a later report for the syn-
thesis of the quinazolinones from 2-aminobenzonitrile and aryl bromide
with the addition of K;COj while the solvent used above was replaced
by DMSO/H,O (Scheme 43(b)) (2014GC(16)1336). The addition of the
base was considered to assist by promoting the nitrile hydration.

A possible reaction mechanism was also given (Scheme 44). It started with
the reduction of Pd" to Pd” and followed by the oxidative addition of
bromobenzene to Pd” and generated the organopalladium species. Then
the coordination and insertion of CO formed the acylpalladium complex;
subsequently, the nucleophilic attack of 2-aminobenzamide on the
acylpalladium complex followed by elimination to N-(2-carbamoylphenyl)
benzamide. Finally, the target product was obtained after the intramolecular
condensation. Pd” was regenerated with the assistance of the base and
returned to the next catalytic cycle. The 2-aminobenzonitrile can be easily
turned into 2-aminobenzamide in the presence of base and water while the
intramolecular condensation is responsible for the relatively high temperature.

0 o)
Br Pd(OAC), (2 mol%)
RO NHy o S BuPAd, (6 mol%) N
> UL CO (10 atm), DBU (2 equiv.) ‘ _ a
NH = N
2 DMF,16 h N | g
=
Pd(OAC), (2 mol%) 2
CN Br C)2 (2 MOI7o
N RIS BUPAG, (6 mol%) NH )
L NH > CO (10 atm), K,COj3 (2 equiv.) P N
2 DMSO (1 mLYH,0 (1 mL) N | !
SR

Scheme 43 Pd-catalyzed carbonylation of aryl bromides to quinazolines. (a) From
2-aminobenzamides. (b) From 2-aminobenzonitriles.
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Scheme 44 Mechanism of Pd-catalyzed carbonylatlon of aryl bromide to quinazoline.

At the same time, they also presented a Pd-catalyzed carbonylative synthesis of
N-(2-cyanoaryl)benzamide from 2-aminobenzonitrile and bromobenzene.
Later, the intramolecular condensation generated quinazolinones in the
presence of water by a sequential process (2014TH(70)23).

Another facile synthesis of quinolinones was presented by Wu and
collaborators in 2014, which involves a procedure of Pd-catalyzed carbon-
ylative [3 + 2 + 1] annulation of N-arylpyridine-2-amines with internal
alkynes by C—H activation (Scheme 45) (2014CEJ(20)14189). In this
approach, [Mo(CO)¢] was employed as a solid CO source that avoided
the particular equipment demand for CO gas and decreased the limitation
of the application of the carbonylation reaction. Moreover, the C—H
activation was also considered as an atom economic process.

Initially, N-phenylpyridine-2-amine was reacted with diphenylacetylene
in the presence of Pd(OAc); and [Cu(tfa),]- xHO. With various oxidants
and CO sources tested, BQ/AgOAc were considered as the best oxidative
combination and [Mo(CO)¢] were showed to be more efficient than
[Cox(CO)s] or [Fes(CO)qp]. Different substituents were tested that gave
the corresponding products in moderate to good vyields. Electron-
withdrawing groups, such as fluoro, bromo, acetyl, and trifluoromethyl

Pd(OAc (10 mol%)

H
R
R TPy L co Zatm R / L-Proline (20 mol%z

BQ/AgOAc, HOAc T A~
[Mo(CO)g (1 2 equiv. )]

Scheme 45 Pd-catalyzed carbonylation of N-arylpyridine-2-amines W|th mternal al-
kynes to 2-quinolinones.
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were tolerated well. In addition, the kinetic isotope effect experiment
indicated that the C—H activation step was reversible and might not be
the rate-determining step. Hence, initially the coordination of Pd" with
pyridine followed by C—H activation formed the intermediate A. The
insertion of alkyne to A generated intermediate B and then the insertion
of CO released from [Mo(CO)g] to B generated intermediate C or C'.
Finally, the reductive elimination of C or C’ gave the target product and
Pd’, which was re-oxidized by BQ and/or AgOAc to Pd" and closed the
catalytic cycle (Scheme 46).

Apart from these, Zhu and coworkers disclosed an efficient method to
synthesize ~ 11H-pyrido[2,1-b]quninazolin-11-one  via  Pd-catalyzed
C(sp)-H carbonylation of N-phenylpyridine-2-amines (Scheme 47)
(20140L(16)2748). In this report the difference is the pyridyl group which
acted as an intramolecular nucleophile and also a coordinating group. Under
optimal reaction conditions, various functional groups with varied electronic
properties were well tolerated and gave the corresponding products in

BQ and/or Ag' Pd”L

Sou Nij e

Py Py
N- Rd''L, N
I
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[Mo(CO)g] —> CO
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Scheme 46 Pd-catalyzed carbonylation of N-arylpyridine-2-amine with internal alkyne
to 2-quinolinone.
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Scheme 47 Pd-catalyzed carbonylation of N-phenylpyrldlne-z-amlne to 11H-pyrido
[2,1-blquninazolin-11-one.
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moderate to good yields. Generally, when the substrates are in the ortho
position, it is usually unfavorable, owing to steric hindrance. For the
m-substituted N-phenylpyridine-2-amine, the regioselectivity between the
two C—H bonds was based on the size of the substituent.

Recently, Alper’s group reported the synthesis of pyrido[2,1-b]qunina-
zolin-11-ones and dipyrido[1,2-a:2’,3'-d|pyrimidin-5-ones by Pd/
DIBPP-catalyzed dearomatizing carbonylation of N-(2-bromophenyl)
pyridine-2-amines (Scheme 48) (20150L(17)1569). Under optimal
reaction conditions, pyrido[2,1-b]quinazolin-11-one and its derivatives
were transformed in nearly quantitative yields. However, from the results
obtained, it was found that when there was an electron-withdrawing group
on the pyridyl moiety, the corresponding product was given smoothly.
Additionally, the desired dipyrido[1,2-a:2",3'-d]pyrimidin-5-ones were
also obtained in up to 84% yield.

At the same year, Zeng and coworkers reported a novel Pd-catalyzed
pyridine-directed carbonylation for rapid assembly of pyrido[1,2-4a]-
pyrimidin-4-ones (PPO) (Scheme 49) (2015CC(51)9377). A variety of ba-
ses, Pd catalysts, and oxidants were screened. It should be noted that when
the reaction was conducted in the absence of KI, the yield of desired product
was decreased significantly. Both electron-withdrawing and electron-
donating groups were tolerated in this catalytic system and gave the corre-
sponding products in moderate to excellent yields. However, meta- and
ortho-substituted benzene rings afforded lower yields, which was considered
to be due to the steric hindrance around the ketoimine (1997JMCAC(122)
103). Considering the pyridine ring, electron-rich ketoimines gave higher
yields than electron-deficient groups. Unfortunately, under these condi-
tions, bromine-containing substrates were sensitive and removed.

B Pd(OAC), (3 mol%) 0
NP DIBPP (3 mol%) ~
R5H -R N
! @NJ\) 2 GO (5 atm), K5PO, (3 equiv.) Rytre) /)\/_Rz
H THF, 100 °C N

Scheme 48 Pd/DIBPP-catalyzed carbonylation of N-(2-bromophenyl)pyridine-2-
amines.

X
R1—; Pd(OAc), (10 mol %) R3
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Rs  DMF, 100 °C, 24h
Ry

Scheme 49 Pd-catalyzed carbonylative cycloamidation of ketoimines.
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Finally, based on several controlled experiments, a Pd(Il)/Pd(0) redox
process was found. Firstly, the enamine A derived from imine—enamine
isomerization can be electrophilically attacked by Pd(II) to generate a palla-
dacycle intermediate B, which could be isomerized to form a palladacycle
intermediate C. Then, the coordination and the migration of CO into
the N—Pd bond afforded a seven-membered palladacycle D. Subsequently,
the reductive elimination of D gave the target product and the Pd(0) species
which can be oxidized to Pd(Il) species by Cu(lI) and enter the next catalytic
recycle (Scheme 50).

Wu and coworkers reported a base-controlled synthesis of linear and
angular fused quinazolinones via Pd-catalyzed carbonylation and a nucleo-
philic substitution process (Scheme 51) (2014AGE(53)7579).

X X

B 0

N ‘N N~ "NH N
)\Ar A Ar | =
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Scheme 50 Pd-catalyzed carbonylative cycloamidation of ketoimines.
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Scheme 51 Pd-catalyzed carbonylation of 2-aminopyridine and 2-fluorobromoben-
zene to quinazolinone.
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As described in the proposed mechanism, the base served as a key modu-
lator, whereas DBU gave rise to the linear isomers and Et3N afforded the
angular products. The reaction starts with the reduction of Pd" to Pd".
Then, the oxidative addition of 2-fluorobromobenzene to Pd" led to the
corresponding organopalladium species A. The coordination and insertion
of CO generated the intermediate palladium complex B. In the presence
of DBU, 2-imino-2H-pyridin-1-ide attacked the acylpalladium complex
with the elimination gave C. Similar to the NEt;, the nucleophilic reaction
gave C. At the end, intramolecular nucleophilic substitution of intermediate
C and C’ afforded the linear and angular products, respectively. The Pd’
catalyst was regenerated with the assistance of the base as well and entered
the next catalytic cycle (Scheme 52). All the target products were produced
in moderate to good vyields and various functional groups were well
tolerated.

Meanwhile, they found that when the DBU was used as the base, an
unexpected product isoquinolinone was formed too (2014CEJ(20)16107).
In this case, DBU acted as both reagent and base. Firstly, the nucleophilic
attack of the less hindered nitrogen atom of DBU to the acylpalladium
complex and rearrangement of the C=N bond to a C=C bond, and
then nucleophilic substitution of C—F with RHC=C to give the product
(Scheme 53). Under optimal reaction condition, 68% of it was isolated and
its derivatives were transformed in moderate to good yields. At the same
time, they extended this concept to synthesize quinazolinones that 2-fluo-
robromobenzene reacted with amidines under the Pd-catalytic system.

Pd(OAc),/ BuPAd,
a
T l Br
X
0 F
@)J\N N
HNZ —b
PdL

Fc

“Br

|: A

o)
H,N HN co
RdL
Br
F B

Scheme 52 Mechanism of Pd-catalyzed carbonylation to linear and angular fused
quinazolinones.
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Scheme 53 Mechanism of Pd-catalyzed carbonylation of 2-fluorobromobenzene with
DBU.

Moderate to excellent yields of the corresponding quinazolinones were
formed with high selectivity and various functional groups were tolerated.

Another convenient method to quinazolinones was also presented by
Wu and coworkers. With 2-bromoaniline, aniline, CO, and triethyl ortho-
formate as the substrates in the presence of PA(OAc),/BuPAd; at 120 °C for
16 h, desired products were formed with high selectivity (Scheme 54)
(2014AGE(53)1420). Both anilines and 2-bromoanilines with electron-
withdrawing and electron-donating groups were well tolerated and gave
the corresponding products in good to excellent yields.

Under a heterogeneous catalytic system, Wu and collaborators reported
another four-component carbonylative reaction in which various amines, 2-
iodoanilines, trimethylorthoformate and CO in the presence of Pd/C as an
efficient catalytic system gave quinazolinone and its derivatives (Scheme 55)
(2015CST(5)4474). When 2-bromoaniline was applied as the substrate,
unfortunately, there was no corresponding product transformed. Both
electron-withdrawing and electron-donating groups were tolerated, and
gave the corresponding quinazolinones in excellent yields. It should be
noted is that this heterogeneous catalyst can be recycled efficiently for
four consecutive cycles, which was considered as a relatively mild,

Pd(OAc)»(2 mol%) o
o
X Br RC(OMe); %Jllgéiz(zt‘)mo%) R,
R + or + RyNH, + CO _DIPEA (2 equiv.) R N
& NH, RC(OMe)3 (10 atm) 1,4-dioxane 1 -+ P /)\
100°C, 16 h N R

Scheme 54 Pd-catalyzed carbonylative coupling of 2-bromoaniline with trimethylor-
thoformate, aniline, and CO.

N ) Toluene, 110°C N1

o
! NH, 10 % Pd/C (1 mol%) /@Rz
Rr P + CH(OMe); + | N+ co DIPEA (3 equiv. {tﬁj\)’\‘
H, e (10 atm N/
Ry

Scheme 55 Pd-catalyzed carbonylative coupling of 2-iodoaniline with trimethylortho-
formate, aniline, and CO.
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operationally simple, phosphine-free and recyclable catalytic system for the
carbonylative synthesis of quinazolinones.

The double carbonylation of o-iodoanilines for direct synthesis of isatoic
anhydrides was presented by Guan and coworkers, which was considered as
a class of valuable chemicals and versatile blocks (Scheme 56) (2014]JOC(79)
4196). In the presence of Pd(OAc),, various oxidants, bases, and additives
were tested. As a result, Pd(OAc),/CuCl, was considered as an efficient
catalytic system with K3POy as the base in CH3CN. Moreover, the addition
of the combination of KI/CaCl,/PivOH increased the eftect drastically.
Subsequently, a series of o-iodoanilines were investigated and high func-
tional groups were well tolerated with moderate to good yields. However,
electron-withdrawing group substituted o-iodoanilines were less active and
gave low yields compared to electron-donating group.

[satoic anhydride was formed in nearly quantitative yield. Hence, a
tentative reaction mechanism was proposed. Firstly, the oxidative addition
of o-iodoaniline to Pd(0) followed by insertion of CO gave intermediate
B. In the presence of KsPOy and PivOH, it was transformed into interme-
diate C. The reductive elimination of C generated Pd(0) species and inter-
mediate D. Then the reaction of D with PivOH provided anthranilic acid E
by the expulsion of (Piv),O. Meanwhile, Pd(0) was oxidized by Cu(Il) to
generate Pd(II)X,. After that, the reaction of Pd(II)X, and E gave the inter-
mediate F, which with CO insertion afforded intermediate G. Finally, in the
presence of KsPOy, the reductive elimination of G gave the desired product
and the Pd(0) species (Scheme 57).

As previously mentioned, Wu and coworkers developed a Pd-catalyzed
synthesis of isoindoloquinazolinones by dicarbonylation of 1,2-dibromoar-
enes with 2-aminobenzylamines. Various quinazolines were obtained
when 2-aminobenzylamines and bromobenzene were used under the
Pd(OAc),/BuPAd; catalytic system (Scheme 58). With a variety of bases
and solvents tested, DBU seemed to be more efficient among all the bases
and DMSO as solvent gave the best result. DMSO also acted as an oxidant
in this catalytic system. Subsequently, different substituents were tested;
most of them were well tolerated and gave products in moderate to good

| Pd(OAc), (5 mol%)
R X colo Kl (0.2 equiv.),CuCl, (2.0 equiv.)
o +
L NH, 3 atmz) K3POy4 (1 equiv.), PivOH (3.0 equiv.) ,&

CaCl, (2.0 equiv.), CH3CN, 100 °C

Scheme 56 Pd-catalyzed carbonylation of o-iodoanilines to isatoic anhydrides.



Palladium-Catalyzed Carbonylative Synthesis of Heterocycles 239

|
E:ENHZ Pd

E | coO
Pd(0) " \Q
2

oy, A
C(Q(m S
o]

K4PO,, PivOH

KZHPO4, KI

Cu(ll

@f‘\o '/_\ Pd OPiv
IN:Pdum)Xz Pd(0)

F H H \—7

@ @ow

(Piv),0 PivOH

Scheme 57 Mechanism of Pd-catalyzed carbonylatlon of o-iodoanilines to isatoic
anhydrides.

Pd(OAc), (5 mol %)
NH 9 X
©\/\ 2 . co v ABr BuPAd, (10 mol %) )N\
NH, (10 atm) DBU, DMSO, 140 °C NT Ar
Scheme 58 Pd-catalyzed carbonylative synthesis of quinazolines from 2-aminobenzyl-
amine and aryl bromides.

yields. Unfortunately, it was unfavorable for multifluoro-substituted bro-
mobenzene and more sterically hindered substrates.

Recently, Troisi and coworkers reported a Pd-catalyzed carbonylation
of o~chloroketones to synthesize 3-acyl-4-hydroxy-2-pyranone and its
derivatives (2015THL(56)2773). From the results obtained, it was found
that the methodology can be applied to a variety of aromatic and aliphatic
substrates. For the mechanism, it was considered that the first step should
be the carbonylation of the a-chloroketones to form a dicarbonylpalladium
intermediate B. Obviously, B has a couple of hydrogens in the B-position
with respect to the palladium atom. Therefore, it should spontaneously
lead to the acylketene C through o, B-hydride elimination, and subse-
quently, a [4 4 2] cycloaddition of C leading to the heterocycle D followed
by tautomerization to give a 2-pyranone (Scheme 59).

Later, Troist and coworkers reported a multicomponent synthesis of
uracil analogs by Pd-catalyzed carbonylation of a-chloroketones in the
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Scheme 59 Pd-catalyzed carbonylation of a-chloroketones to 3-acyl-4-hydroxy-2-
pyranone.

presence of isocyanates and amines (Scheme 60) (2015JOC(80)8189).
Under optimal reaction conditions, various aliphatic groups and aromatic
functional groups substituted o-chloroketones, isocyanates, and amines
were tested, and moderate to excellent yields of corresponding products
were generated. Moreover, functional groups like hydroxyl were also well
tolerated in this reaction. It is noteworthy that the carbonylative coupling
occurred smoothly with both a bulky aliphatic group and aromatic ring
on the a-chloroketones.

It was hypothesized that the unsymmetrical urea formed in situ from o~
chloroketone and amine. Due to the differences in nucleophilicity, the acyl-
ation only occurred at alkyl-substituted nitrogen reacted with the Pd com-
plex gave the intermediate. Subsequently, intramolecular nucleophilic
attack of the aryl-substituted nitrogen followed by the elimination of water
and gave the product (Scheme 61).

Pd(OAc), (4 mol%)
o o PhsP (32 mol%) \\/\f T/Y
Ri—N=C=0 + R,NH, + )K/q N
Rz Et3N (2 equiv.), CO (27 atm) R{ \n/ Rz \n/ R
THF, 110 °C

Scheme 60 Pd-catalyzed multicomponent synthesis of uracil analogs.
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Scheme 61 Mechanism of Pd-catalyzed carbonylation of a-chloroketones with isocya-
nates and amines.
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4. SYNTHESIS OF OTHER HETEROCYCLES

Seven-, eight- or more than nine-membered heterocycles were also
obtained excellently by Pd-catalyzed carbonylation. In 2013, Vicente
et al. synthesized different Pd complexes to synthesize seven- and nine-
membered palladacycles, and benzazepine- and benzazonine-based
heterocycles (Scheme 62(a)) (20130M(32)1892). Also, they developed a
palladium organocarbonyl intermediate to synthesize eight-membered
lactams  with alkyne/CO  sequential insertion (Scheme  62(b))
(20130M(32)1094). All of these have attracted increasing interest for their
pharmacological properties.

Y’

0« _NHXy
cN II\}
AN 7 dij pd NH ﬁ@%*
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X ; Pd X __No
a : R R

Scheme 62 Pd complex mediate in the synthesis of heterocycles ) 7-membered pal-
ladacycle. (b) 8-membered palladacycle.
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Scheme 63 Pd-catalyzed carbonylative synthesis of 2,3-dihydrobenzodioxepinones.
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In 2014, Beller, Wu, and coworkers developed a Pd-catalyzed carbon-
ylative synthesis of 2,3-dihydrobenzodioxepinones from epoxides and 2-
bromophenols. The epoxide underwent nucleophilic ring-opening and
subsequent Pd-catalyzed intramolecular alkoxylcarbonylation (Scheme 63)
(2014CC(50)2114). Under optimal reaction conditions, different epoxides
and various 2-bromophenols were tested and highly regioselective products
were formed in good to excellent yields.

A Pd-catalyzed cascade alkoxycarbonylative macrolactonization from
alkendiols to tetrahydropyran/tetrahydrofuran-containing macrolactones
bridge in one step was presented by Dai and collaborators (Scheme 64)
(2014AGE(126)6637). Various ring sizes of the corresponding products
were obtained in moderate to good yields. Subsequently, it was applied
to the synthesis of the potent anticancer compound 9-demethylneopelto-
lide which was obtained in 56% yield in three steps. It should be noted
that tertiary alcohols were also well tolerated and the corresponding ter-
tiary macrolactones were produced in good yields with diastereoselectivity.

In summary, there are numerous of elegant works on the Pd-catalyzed
carbonylative synthesis of heterocycles that have been developed. Based
on the existing reviews, the main achievements from 2013 to the middle
of 2015 have been summarized and discussed here.
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Abstract

The dwindling supply of fossil resources makes it interesting to find renewable re-
sources for our everyday chemicals. 5-Hydroxymethylfurfural (HMF) is easily produced
from fructose, although its isolation is not easy in view of its poor stability. More stable
equivalents are its ethers or esters or 5-chloromethylfurfural. In this review, we discuss
all products that have been made from HMF in the period 2013—2016. Practically in all
transformations, catalysis played a major role. One major product obtained by catalyzed
oxidation of HMF is 2,5-furandicarboxylic acid, that is touted as a replacement of
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phthalic acid in polymers. Other compounds that have been made from HMF via hy-
drogenation and that could find use as monomers are 2,5-furandimethanol, 2,5-tetra-
hydrofurandimethanol, 1,2,6-hexanetriol, 1,6-hexanediol, 5-hydroxymethyl-2-furanoic
acid, and 2,5-diaminomethylfuran. Another interesting oxidation product is 2,5-difor-
mylfuran. Also the nylon intermediates caprolactam, adipic acid, and hexamethylenedi-
amine have been made from HMF. Hydrogenation of HMF in water under slightly acidic
conditions gives 1-hydroxy-2,5-hexanedione, which can be cyclized to a cyclopente-
none derivative. Acyloin condensation gives the dimeric product, which can be hydro-
genated to a diesel fuel substitute. Carbon—carbon bond formation has been
performed both by Diels—Alder reaction on the furan as well as by condensation on
the aldehyde and/or alcohol functionalities. Hydrogenolysis of the side chains leads
to formation of 2,5-dimethylfuran, which has been proposed as fuel additive. Oxidation
of HMF to butenolides, maleic acid, and anhydride as well as succinic acid has been
reported. Various other transformations are also described. It is expected that HMF
will be increasingly important in the direct future and, indeed, commercial production
of HMF and some of its derivatives has already commenced.

Keywords: Alcohol; Aldehyde; Amine; Biomass; Building blocks; Carboxylic acid; Catalysis;
Dehydration; Fructose; Furan; Glucose; Monomers; Renewable; Sugar

1. INTRODUCTION

In view of the dwindling supply of fossil resources and the growing use
of energy and chemicals, there is an increasing need to tap into renewable
resources. Of the available resources, lignocellulose is by far the most abun-
dant, and thus much eftort is currently aimed at converting lignocellulose or
its constituents, cellulose, hemicellulose, and lignin into useful chemicals. A
number of difterent strategies have been developed. One particular attractive
strategy is to focus on the so-called platform chemicals. These are chemicals
that are easily produced in high yield from renewable resources and that are
sufficiently versatile to allow their conversion into a variety of useful chem-
icals. A report made for the US Department of Energy discusses 12 groups of
platform chemicals. In the meantime some more compounds can be added
to this list (Scheme 1) (2004MIO1).

The next challenge is to invent short and economic synthetic routes to
existing or novel chemicals. Here catalysis plays a very large role
(2014CST1174) (2009EES68).

One of the more interesting platform chemicals is 5-hydroxymethyl-
furfural (HMF) (2013CRV 1499). HMF can be obtained via acid-catalyzed
dehydration of fructose at elevated temperatures (Scheme 2). However,
if this reaction is performed in water a rapid rehydration of HMF takes
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place, leading to formation of levulinic acid and formic acid. If the dehy-
dration is performed in a dipolar nonprotic solvent such as dimethyl
sulfoxide (DMSO), very high yields of HMF up to 97% can be obtained.
Unfortunately, it is very hard to separate HMF from this solution as it de-
composes upon distillation. In addition, DMSO is not entirely stable under
the reaction conditions. For its large-scale production, different solutions
have been developed. The most advanced of these is Avantium’s process,
which performs the dehydration in the presence of methanol to form
the HMF methyl ether (Scheme 3) (2012MI02). This compound is
much more stable than HMF, and, indeed, recent research has confirmed
that the initial instability of HMF is linked to the presence of the free
hydroxyl group (2016AGE8338). Recently, it was announced that BASF
and Avantium will build the first large-scale plant for the production of
2,5-furandicarboxylic acid (FDCA) presumably via the intermediate ether.

Dumesic and coworkers, on the other hand, have developed a two-phase
process (2006SCI(312)1933). Here, HMF is protected from further rehydra-
tion through its extraction into the organic phase (MIBK). A yield of HMF
of up to 72% (80% HMEF selectivity at 90% fructose conversion) has been
obtained in this way. However, even from this solution it has not been
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possible to isolate HMF in good yields and usually a further transformation is
performed on the crude solution to obtain a stable product. In addition the
solvent system used is complicated and not easily recycled.

An entirely different approach has been developed by Mascal and
coworkers (2008AGE7924). They dehydrate fructose, glucose, and even
cellulose in a mixture of concentrated HCI containing a high concentration
of LiCl and a chlorinated solvent (Scheme 4). Here, the product they obtain
in good vyield is 5-chloromethylfurfural (CMF), another very interesting
platform chemical. CMF can be hydrolyzed in high yield to HMF.

Fructose is a relatively expensive raw material as it is made by enzymatic
isomerization from glucose. This results in a 55:45 equilibrium mixture and
for this reason simulated moving bed is used for the separation of fructose
from glucose. The main product is high fructose corn syrup, which contains
about 95% of fructose. It would indeed be highly interesting to be able to
produce HMF from glucose and eventually also from cellulose or lignocel-
lulose. Yields of HMF obtained from these raw materials are rather low. The
bottleneck in these processes is the isomerization of glucose to fructose.
Thus, much research has been performed on the isomerization of glucose
to fructose using chemical catalysts that can survive the conditions of the
thermal dehydration process. Thus far best results have been obtained

LiCl (5 wt%) added fresh

in conc. HCI  LiCl in HCI A\
Cellulose H
CICH,CH,CI 12h O
65 °C, 18h cl 0
CMF 71%

Scheme 4 Preparation of 5-chloromethylfurfural (CMF) from cellulose.



252 Johannes G. de Vries

with CrCl, or CrCls (2007SCI(316)1597). However, these reactions work
best in ionic liquids that in addition contain a high amount of halide salt.
In this chapter the recent uses of HMF as raw material for the production
of several classes of products will be reviewed. In our recent review
(2013CRV1499), all reactions up to 2012 were described and thus, here
only the results reported in 2013—2016 will be described. Nevertheless,
this field has exploded recently and over 150 publications were covered.

S 2. MONOMERS FOR POLYMERS

2.1 Oxidation Products

2.1.1 2,5-Furandicarboxylic Acid

HMEF can be oxidized to 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-
furanoic acid, but first and foremost to FDCA. This latter compound has
attracted a lot of attention in view of its similarity to terephthalic acid.
Terephthalic acid is one of the largest bulk chemical products and finds
application in polyesters, such as polyethylene terephthalate, which is the
raw material for soda bottles. A similar polyester, based on FDCA and ethyl-
eneglycol, is polyethylene furandioate (PEF) that has been developed by
Avantium (Scheme 3). This material can be used to make bottles, sheets,
and fibers. Other potential applications of FDCA are in the polyamide
and plasticizer fields. Several groups and companies have patented and/or
published methods to oxidize HMF to FDCA. In our previous review
best results in terms of selectivity to FDCA (95—99%) were obtained with
platinum-based heterogeneous catalysts and oxygen. However, this system
needs the presence of stoichiometric amounts of base. Such a process would
be impossible to scale up. Avantium has patented the use of the catalyst sys-
tem that was developed for the oxidation of xylene to phthalic acid: a
mixture of cobalt, manganese, and bromide salts. With this catalyst the re-
ported selectivity is lower, but no base is needed.

In the reported period, many more metal-catalyzed oxidations of
HMEF in the presence of base were reported (Table 1). Indeed, very high
selectivities were obtained using air or oxygen as oxidant. Most reactions
were carried out at relatively low concentrations of HMF (10—
100 mmol/1) in water using a mineral base. Metals used are platinum, often
promoted with Bi (Entries 1, 20). The assumption is that addition of bismuth
prevents the poisoning of the surface with oxygen. The carrier material is
also important since platinum on active carbon, Al,O3, or ZrO; leads to



Table 1 Oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid using base

Catalyst
]\ H Ojorair HO, I\ OH
0 Base o
HO o]
HMF FDCA
Oxidant
(pressure, Temperature Time Conversion Selectivity Yield
Entry bar) Catalyst (mol%) Base (°Q) (h) (%) (%) (%) References
1. Air (40)  5.1% Ptpup 1% Bi/ 2 eq. Na,CO5 120 6 100 98 98  2013GC2240
AC* (0.01)
2 O, (3) AugPdy/AC* (0.5)  2eq. NaOH 60 4 >99 >99 >99 2013CSC609
3 O, (3) AugPd,/AC (0.5) 2 eq. NaOH 60 2 >99 >99 >99 2013CSC609
4 O, (3) AugPty/AC (0.5) 2 eq. NaOH 60 4 >99 94 94  2013CSC609
5 O, (3) AugPt,/AC (0.5) 2 eq. NaOH 60 4 >99 97 94  2013CSC609
6 O, (3) Au/HY® (Cage; 4 eq. NaOH 60 6 >99 >99 >99 2013CEJ14215
1.2 nm) (0.9)
7. O, (6.9) Au/CNE-NY 2 eq. NaOH 22 24 100 62 62  2014JMCA(388-389)
(HME/ 123
AuSurf:\cc‘ = 1400)
8.  O,(1) Pd-NP'(0.9nm)/ 8.75 eq. 90 7 >99 90 90  2014CL(144)498
PVP)” (1) NaOH
(dosed over
7 h)
9. O, (1) Au/HT** (2.5) 1 eq. Na,CO3 95 7 99  2014CSC2131
10.  O5 (1) Pt/C (10) 1.25 eq. 50 4.25 98  2014CSC2131
NaOH
11. Oy (1) Pt/Al,O3 (100 wt%) 1 eq. Na,COj3 140 12 96 100 96  2014RKMC(112)173
12. Oy (1) Pt/ZrO, (100 wt%) 1 eq. Na,CO5; 140 12 100 94 94  2014RKMC(112)173
13. Oy (1) Pt/AC (100 wt%) 1 eq. Na,CO3 140 12 100 89 89  2014RKMC(112)173
14. Oy (1) Pt/TiO; (100 wt%) 1 eq. Na,CO5; 140 12 96 2 2 2014RKMC(112)173
15. Oy (1) Pt/CeO, (100 wt%) 1 eq. Na,CO5; 140 12 100 8 8 2014RKMC(112)173

(Continued)
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Table 1 Oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid using base—cont'd

Catalyst
/" \\  H O,orair HO_ / N\ OH
HO S o) Base 0
HMF FDCA
Oxidant
(pressure, Temperature Time Conversion Selectivity Yield
Entry bar) Catalyst (mol%) Base (°CQ) (h) (%) (%) (%) References
16. Oy (1) v-Fe,O3@HAP- 0.5 eq. K,CO;5 100 6 97 96 93  2015GC1308
Pd(0)"" (80 wt%)
17. Oy (1) PdBig 35Teg03 (1) 3 eq. KOH 50 6 100 95 95  2015USP0314272
18. Oy (1) Pd/C@Fe;04 0.5 eq. K,CO;5 80 6 98 89 87  2015GC1610
80 wt%) 1" 2015CST3194
19. O, (10)  Au/CeO, (1) 4 eq. NaOH 70 6 100 92 92  2015ACBE520
20. O, (40)  PtBig/TiO5 (1) 2 eq. Na,CO3 100 6 100 99 99  2015CSC1206
21. O, (10)  PdiAue (1) 2 eq. NaOH 70 4 100 80 80  2015ACAG(504)408
22. O, (40) Ru/AC (1) 4 eq. 100 48 100 93 93  2015ACAG(506)206
NQ.HCO3
23. O, (10)  Au/Cep9Bip 1055 4eq. NaOH 65 2 100 >99 2015CST1314

(0.67 mol%),

* AC = activated carbon.

SHY = Zeolite HY.

YCNF-N = amine-functionalized carbon nanofibers.

INp = nanoparticles.

#pVp = polyvinyl pyrrolidinone.

**HT = Zeolite HT.

E“‘éy—FeZO3@HAP = hydroxyapatite-encapsulated y-Fe,O5.

wC@Fe304 core—shell microspheres (carbon-coated iron oxide particles).
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Scheme 5 Pathways for the oxidation of 5-hydroxymethylfurfural to 2,5-furandicarbox-
ylic acid.

the formation of FDCA in good yields (Entries 10—13), whereas use of Pt on
TiO; or CeO; resulted in the formation of only traces of FDCA (Entries 14,
15). Palladium can also be used, either as stabilized nanoparticles (Entry 8) or
as heterogeneous catalyst on a support (Entries 16, 18), promoted with Bi
and Te (Entry 17) or as a mixed catalyst with gold (Entries 2—5, 21). Mono-
metallic gold catalysts have also been used. Here again the supporting mate-
rial is important. A gold catalyst supported on Zeolite HY (Entry 6),
hydrotalcite (HT) (Entry 9) or CeO, (Entry 19) performed very well
whereas gold supported on carbon nanofibers (Entry 7) was much slower.
Use of ruthenium on carbon also allows oxidation with good selectivities,
although the reaction is rather slow (Entry 22).

The pathway by which HMF is oxidized to FDCA is shown in Scheme 5.
In effect two different transformations take place: the oxidation of an alcohol
to an aldehyde and the oxidation of both aldehyde groups to the carboxylic
acids. These are fundamentally different reactions. The oxidation of an
alcohol to an aldehyde often is a dehydrogenation reaction, whereas an oxida-
tion of an aldehyde to an acid may be a radical-type reaction. Hence the suc-
cess of the double metal catalysts is that they may each catalyze one of the two
transformations. Parvalescu and coworkers discovered that it is rather easy to
oxidize HMF to 5-formyl-2-furancarboxylic acid (FFCA) in base without
any added metal (although there may have been trace amounts of transition
metals in the base). Yields up to 95% were obtained in aqueous NaOH using
air as oxidant at 90 °C during 24 h. Using a Mn/Fe-mixed oxide catalyst,
FFCA could be oxidized in virtually quantitative yield to FDCA at a temper-
ature of 90 °C and a pressure of 8 bar oxygen (2016ACBE(180)751).

It is also possible to subject HMF to an oxidative esterification reaction.
Fu and coworkers were able to obtain mixtures of monomethyl (53%) and
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dimethyl 2,5-furandicarboxylate (41%) upon oxidation of HMF in the pres-
ence of methanol containing 0.2 eq. of KoCO3 (2014CSC3334). For this
they used the cobalt catalyst earlier developed by Beller and coworkers,
that is, obtained via pyrolysis at 800 °C of a cobalt/1,10-phenanthroline
complex in the presence of active carbon.

In the past few years, tremendous progress has been made with the
development of oxidation reactions of HMF to FDCA that proceed without
any added base. These results have been summarized in Table 2. In general,
yields are lower than those obtained with base. Nevertheless, a number of
catalyst systems have been reported were yields of FDCA exceeding 90%
were obtained.

Signoretto and coworkers reported a base-free oxidative esterification of
HMEF in MeOH using a gold on sulfated zirconia catalyst (3 bar O,, 130 °C,
5 h) (2015]C(326)1) The reaction was followed with GC only. The authors
report a yield of dimethyl ester of 32%. It seems highly likely that also a large
amount of the monomethyl ester was formed that escaped detection by GC.
In an earlier paper on a similar reaction, the authors did report the interme-
diacy of the monomethyl ester (2014JC(319)61).

In addition to oxygen or air, other oxidants have been used. Although it
is unlikely that these reactions will ever be used for the large-scale produc-
tion of FDCA, they still may have value as synthetic methods and hence they
have been summarized in Table 3 below.

Another method that can be used for the production of FDCA from
HMEF is enzymatic oxidation. These reactions have the advantage of very
mild conditions and often high selectivity. However, serious drawbacks
are the low concentrations and the very long reaction times. Often days
are necessary for completion of the reaction. For these reasons, it is deemed
unlikely that these methods will ever be used on industrial scale. The best
reported method from our previous review is the work from Koopman
and coworkers, who used whole cells to oxidize HMF to FDCA
(2010BT6291). However, these cells only function well at pH 7. Thus,
the pH was kept constant during the fermentation by addition of an
ammonia solution. For the isolation of FDCA this solution needs to be acid-
ified to pH 0.5 resulting in the formation of 2 moles of ammonium sulfate
per mole of FDCA.

Not many enzymes are capable of oxidizing HMF all the way to FDCA.
In particular, the last step from FFCA to FDCA is problematic. This is un-
derstandable for enzymes that function via a dehydrogenase mechanism.
The aldehyde can only be dehydrogenated to the acid once it is hydrated.



Table 2 Catalyzed oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid without base

Catalyst
I\ H Oporair Ho_ / N\ OH
o - = o
HO O O 0}
HMF FDCA
Oxidant
Pressure Time Conversion Selectivity Yield
Entry (bar) Catalyst (solvent) Temperature (h) (%) (%) (%) References
1. Air (9) Co(OACc)>/Mn(OAc),, NaBr (HOAc) 110—160 89 2014USP0142326
2. Air (10) Immobilized Fe-porphyrin (H,O) 100 10 100 79 79 2013JC(299)316
3. O, (5) Au-Pd (1:1) NP on CNT (H,O) 100 12 100 94 94 2014ACSC2175
4. O, (1) Pt-PVP-GLY NP* 80 24 100 95 95 2014JC(315)67
5. O3 (2) Ru-OMS-1° 110 8 93 2015USP0336090
6. O, (20) Co00,/ZrO4/NaBr (HOAC) 130 24 65 2015W0O155784
7. O, (20) Co00,/LayO53/NaBr (HOAC) 120 20 64 2015W0O155784
8. 05 (20) Co0O,/MnO,/NaBr (HOAC) 130 24 57 2015W0O155784
9. O, (20) Co00,/NiO,/NaBr (HOAC) 130 20 63 2015W0O155784
10.  Air (9) Co(OAc)2/Mn(OAc),, NaBr/HBr 132 2 92 2015USP0051412
(HOAC)
11. O3 (20) Ru/triazine polymer (H,O) 140 1 100 78 787 2015CSC3832
12. O, (56) Li,CoMn;0g (HOAC) 150 8 100 80/! 2015CC(58)179
13. O, (5) Pt-NP/CNT” (H,0) 95 14 100 98 98 2015CCC2853
14. O, (1) Cu”t/VO®" on SBA-15%* (4- 130 12 100 44 2016CEJ(238)
CIC¢H,CH3) 1315
15. O, (20) Ru/C (H,0O) 120 10 100 88 88 2016GC979

* Palladium nanoparticles prepared via reduction of Pd(II) with glycerol and stabilized with polyvinylpyrrolidone.
5OMS-1 = octahedral molecular sieves.

IThe product needs to be extracted from the catalyst using dimethyl sulfoxide.

Isolated yield.

#Platinum nanoparticles supported on carbon nanotubes.

** SBA-15 = Mesoporous silica nanoparticles.
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Table 3 Oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid using other oxidants

Temperature Time Conversion Selectivity Yield
Entry Oxidant Catalyst (Solvent) (°Q) (h) (%) (%) (%) References
1. ~BuOOH CuCl (CH;CN) Room 48 100 45 45 2013ACAG(456)44
temperature
2. Electrocatalysis Pd;Au,/C (0.1 M 25 1 100 83 83 2014GC3778
KOH in H;O)
3. 1. Ac,O (None in step 1; H,O 71 2015W0O056270
2. NaClO,/H,0O, in steps 1 and 2)
3. KMnO,/NaOH
4. t~-BuOOH (70% aq. Fe;04-CoO, NP 80 12 97 71 69 2015ACSSCE406
Sol) (dimethyl sulfoxide)
5. ~BuOOH (70% aq. Co-porphyrin 100—110 24 96 94 90 2015CE]J(270)444

Sol)

immobilized on
merrifield resin

(CH;CN)

8G¢C
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Table 4 Enzymatic oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid

Entry  Oxidant  Enzyme HMF concentration  Time (h) Yield (%) Reference
1. H,O» 1. TEMPO oxidation to 2,5- 100 mM 6 96* 2013CSC826
diformylfuran
2. Lipase/H,O,
2. O, HMF oxidase/FAD (both 20 pM) 4 mM 24 95 2014AGE6515
(phosphate bufter pH 7) 2014AEM1082
3, Air 1. AAO' (5 uM) 10 mM 4 98! 2014FEBS](282)3218
2. UPOY (0.65 pM) 120 917"
4, Air 1. GO** + catalase + HRP™ 30 mM 96 9271 2015GC3718
2. Lipase/H,0O, 24 88*
5. Air 1. GO + catalase 10 mM 10 74 2015GC3271
2. PaoABC!! + catalase 5

*Yield of 2,5-diformylfuran to 2,5-furandicarboxylic acid.
§Fungal aryl alcohol oxidase.

ﬂFungal unspecific heme peroxygenase.

IHMF to 5-formyl-2-furancarboxylic acid.
#5—formyl-2-furancarboxylic acid to 2,5-furandicarboxylic acid.

** Galactose oxidase.

%Horse radish peroxidase.

Mvield of HMF to 2,5-diformylfuran.
NE, Coli periplasmic aldehyde oxidase.
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J'\ H OMS2NHy  Meo /N ome NHC_ nnN. /N NH,

o 02 (5 bar) o 71% O
HO ¢} MeOH, 30 °C HN NH +NH,CI +NH,CI

88%

Scheme 6 Bis-imidate and bis-amidinium salt from 5-hydroxymethylfurfural.

Fraaije and coworkers showed that hydration of FFCA is problematic,
caused by the presence of the anionic carboxylate (2014AGE6515). A num-
ber of different solutions have been found Table 4. Oxidation of HMF using
the Anelli TEMPO system yields DFF which can be oxidized to FDCA us-
ing a combination of lipase and HyO, (Entry 1). Fraaije and coworkers
discovered an FAD-dependent oxidase enzyme, which is capable of
oxidizing HMF directly to FDCA albeit at low concentrations (Entry 2).
Use of an aryl alcohol oxidase allows oxidation of HMF to FFCA. In this
process HyO» is produced, which is utilized in the next step, the oxidation
of FFCA to FDCA catalyzed by an unspecific heme peroxygenase (Entry 3).
Turner and coworkers used a similar system with a galactose oxidase for the
first step and an aldehyde oxidase for the second step (Entry 4).

Oxidation of HMF in the presence of ammonia and methanol, catalyzed
by MnO; or better by OMS-2 (molecular sieves based on manganese diox-
ide, KMngOg) gives good yields of the bis-imidate ester (Scheme 6).
Further reaction of this with NH4Cl gives the bisamidinium salt
(2016GC974).

2.1.2 5-Hydroxymethyl-2-Furanoic Acid
5-Hydroxymethyl-2-furancarboxylic acid (HMFCA) is an interesting
monomer for polymers in its own right and a number of groups have pub-
lished solutions for the direct conversion of HMF into HMFCA. These
methods have been collected in Table 5.

Another method to produce HMFCA is via the Cannizzaro reaction
(Scheme 7). Afonso and coworkers were able to achieve good yields of
both HMFCA (82% as the sodium salt) as well as 2,5-furandimethanol
(FDM) (85%) by treatment of HMF with aqueous NaOH first at 0 °C
and then at room temperature (2015GC2849).

2.1.3 2,5-Diformylfuran

HME can also be selectively oxidized to DFF. DFF can be used as a mono-
mer for polymers as intermediate for drugs and agrochemicals and for li-
gands. The best previous result reported in our previous review was



Table 5 Conversion of 5-hydroxymethylfurfural to 5-Hydroxymethyl-2-furancarboxylic acid
Catalyst

//@\\(H Oxidant //@
o —_— o~ ~CO,H
HO (0} Solvent HO
Temperature Time  Conversion Selectivity  Yield

Entry Oxidant Catalyst (°Q) (h) (%) (%) (%) References

1. O, (1) NHC* (2 mol%), DBU RT 16 70° 2013BJOC602
(1.1 eq.), H>O (2 eq.),
(MeCN)

2. O, (1) MoOs(acac), immobilized 110 2 93 82 2014GC2762
on K-10 clay (210 wt%)

3. O, (10)  Au/Cey9Bip.1O0s5 65 0.16 100 95 2015CST1314
(0.67 mol%), NaOH
(4 eq.)

4. Air (1) Xanthine oxidase (buffer 37 14 94 2015GC3718
pH 7.5)

* 1-(2,6-dimethylphenyl)-3-mesityl-4,5-dihydro-1H-imidazol-3-ium chloride.
5Yield of methyl 5-hydroxymethyl-2-furancarboxylate.
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/' \_ H  NaOH /A + 7\ ‘Na*
o - o o
HO 0 H20 HO OH HO o
FDM HMFCA sodium salt

Scheme 7 Cannizzaro reaction of 5-hydroxymethylfurfural.

obtained with the 4-acetamido variant of TEMPO and HNOj; as
catalyst and was claimed to proceed in 100% yield. The reader is cautioned
that many of the very high yields reported in this and other papers on the
subject were measured with GC only (often without internal standard) or
HPLC. In the rare cases were the product was isolated, this is marked in
the tables. The reactions with DMSO as oxidant (Entries 1, 13) are Korn-
blum oxidations, all other ones are dehydrogenations with oxygen as termi-
nal oxidant (Table 6).

NOTE: Many reactions of 2,5-diformylfuran have been reported. We
will not discuss these here. DMSO, dimethyl sulfoxide; DMEF,
dimethylfuran

2.2 Hydrogenation Products

2.2.1 Diols and Triols

HMEF can be hydrogenated and depending on the catalyst, the temperature
and the pressure of different products can be formed, such as FDM, 2,5-
tetrahydrofurandimethanol, 1,2,6-hexanetriol (1,2,6-HT), 1,6-hexanediol
(1,6-HD), and 1,5-hexanediol(1,5-HD) (Scheme 8). In particular, the diols
are interesting as monomers for renewable polyesters. In the previous
review, methods have been reported to produce all these diols and triols
with good selectivity, with the exception of 1,5-hexanediol. In this period
a number of new and improved methodologies have been reported. In
Table 7 we summarize the recent hydrogenation processes.

It is clear from the results displayed in the Table that hydrogenation of
HMF to FDM can be achieved quite easily with excellent selectivities
(Entries 1—9). The hydrogenation of HMF to THFDM requires somewhat
more forcing conditions and hence, here the selectivity is somewhat lower,
although still very high (Entries 10—13). The reported catalyst for the
formation of 1,2,6-HT is not very selective (Entry 14). Here the two-step
process reported in our earlier review is still preferred.

In addition to hydrogenation, it is also possible to reduce the functional
groups in HMF via transfer hydrogenation. The recent results have been
collected in Table 8.



Table 6 Oxidation of 5-hydroxymethylfurfural to 2,5-diformylfuran

//@\«H Oxidation  H ]\ H
O O

HO o o (0]
Oxidant
pressure Temperature Time Conversion Selectivity Yield
Entry (bar) Catalyst (Solvent) (°Q) (h) (%) (%) (%) References
1. DMSO HBr 150 18 100 2013FR 3008409
. 05 (3) Ru/vy-Alumina (toluene) 130 4 99 97 96  2013JIEC(19)1056

3. O, (5) TEMPO on SiO, HNO; 55 0.033 97 98 2013GC1975
(5 mol%)
(CICH,CH,CI)

4. 0O, (3) 4-CH;CONH-TEMPO 85 100 95 2013W0093322
(1.25 mol%), HNO3
(5 mol%) (HOAC)

5. V,05/H-beta (1 mol%) 125 3 84 98 2013CCC284
(DMSO)

6. O, (20) Ru/C (1.25 mol%) 110 0.5 100 96 2013JC(301)83
(toluene)

7. Air (40) Cu®t/VO*" on 140 4 100 98  2013ACAG(464-465)
sulfonated carbon 305
(100 wt%) (CH;CN)

8 O, (1) Fe;04@SiO,-NH,- 120 16 100 87 87  2014IECR5820
Ru(II) (150 wt%)
(toluene)

9. O, (1) Fe;04/Mn3;Oy4 (127 wt%) 120 4 100 82 82  2014ACAG(472)64

(DMF)

(Continued)
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Table 6 Oxidation of 5-hydroxymethylfurfural to 2,5-diformylfuran—cont'd

//@\WH Oxidation H 7\ H
O O

HO o o (0]
Oxidant
pressure Temperature Time Conversion Selectivity Yield

Entry (bar) Catalyst (Solvent) (°Q) (h) (%) (%) (%) References

10. O, (1) VOSO,/Cu(NO3), 80 15 99 99 2014ACAG(482)231
(2 mol%) (MeCN)

11.  Air (15) Ag(15%)-OMS-2* 165 4 99 100 2014ACBE(147)293
(100 wt%) (i-PrOH)

12. O, (5) OMS-2* (DMF) 110 1 100 97 2014JC(316)57

13.  DMSO NaBr or HBr (30 mol%) 150 18 85° 2014CCC1195

4. 0, (1) Cu(NO3),/NHPI" (2 and 50 71 2014CC(57)60.
10 mol%) (MeCN) (53)"

15. O, (1) Mesostructured VOHPO, 110 6 99 82  2014W0O122142
(81 wt%) (toluene)

16. O, (1) Fe;0,@Si0,-TEMPO 50 18 100 99 2014CCC758
(2 mol%) ~BuONO
(5 mol%) (toluene)

17. O, (1) RuCo(OH),CeO, 120 12 97 83  2014IECR1313
(127 wt%) (MIBK)

18.  BAIB! (1.5 4-Hydroxy-TEMPO 30 0.75 66  2014KJCE1362

eq.) (20 mol%) HOAc

(10 mol%) (EtOAc)

19. 0, (2.8) V,05/AC (10 mol%) 100 4 95 96 2014CC(57)64
(MIBK)

¥9¢
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20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

29.

O (1)
_%%k
Air (20)
BAIB (15
eq.)
and O5(1)

Air (1)
Air

Oz (%)

Oz (1)

Oz (1)

Cs,yH,PMo11VOy,
(m + n = 4) (120 wt%)
(DMSO)
V-g-C3N,” (80 wt%)
(DMSO)
Cu(0)Cr,05" (12.5 wt%)
(DMF)
Ru-on triazine polymer
(2.5 mol%) (MTBE)
TEMPO on SBA-15
(15 mol%) AcOH
95 mol%) (EtOAc)
GO/catalase/HRP (H,O)
FC(NO3)39H20/
TEMPO/NaCl
(5/5/2.5 mol%)
(CICH,CH,)CI)
TEMPO/pr-GO1Y
(100 mol%/80 wt%)
(CH3;CN)
TEMPO-4-NHCOCH;
(1.25 eq.)/silica
(CH2Cl,)
Ru-6C-1 N7 (36 wt%)
(MIBK)
Au-NP/MnO, (16 wt%)

120

130

120

80

40

RT

100

105

120

6

6 >99

6 84

3 97

1

96

4

9 100

3

8 94 89
8 82 99

99

82
93
73
73
92

92
(88)"

99

928

(SZ)HH

2014CPC1448

2014CCC3174
2015A0G152.
2015CSC672

2015]MCAC(404-
405)106

2015GC3718
2015CCL1265

2015ACSC5636

2015RCBIE1069

2015CC(63)21

2015CC(63)37

(Continued)
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Table 6 Oxidation of 5-hydroxymethylfurfural to 2,5-diformylfuran—cont'd

//@\WH Oxidaion H / W\ H
o) o

HO o O (0]
Oxidant
pressure Temperature Time Conversion Selectivity Yield
Entry (bar) Catalyst (Solvent) (°Q) (h) (%) (%) (%) References
30. O, (1) Grapheneoxide (16 wt%) 140 24 100 90  2016GC2302
(DMSO)
3. O, (1) v-Fe,O3@HAP-Mo 120 12 96 68  2016JTICE92
(150 wt%) (4-
CIC¢H,4CH,)

* OMS-2 = octahedral molecular sieve, KMngO4.n1H,O.
$Isolated yield.

INHPI = N-hydroxyphthalimide.

HBis—au:toxy—iodo‘benzc:ne.

#Vanadium doped graphitic carbon nitride.

** Dehydrogenation.

3}3Copper nanoparticles on chromium oxide.

WPat‘tially reduced grapheneoxide.

N Crystallized, pure product.

#Ru-NP supported on mesoporous lipophilic core—shell shuttle.

99¢
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//O\«H Catalyst_ KO\\ KO\\ M

THFOM © L \

HO on
1,6-HD OH 45HD

OH

Scheme 8 Hydrogenation of 5-hydroxymethylfurfural.

A transfer hydrogenation of HMF with formic acid catalyzed by palladium
on zirconium phosphate gave a 43% yield of 1,6-hexanediol (Entry 1). This is
the highest yield obtained in this conversion thus far, although a two-step
hydrogenation method has been reported before that achieves much higher
yields (2011TAGE7083). An enzymatic reduction of HMF to FDM was also
highly successtul using pyruvate dehydrogenase (Entry 2). The NADH coen-
zyme needs to be regenerated by another dehydrogenase enzyme and glucose
is the final reductant. MgO could be used as catalyst in a transfer hydrogena-
tion with methanol to give FDM in excellent yield (Entry 3). 1,4-Butanediol
has been used successtully as reductant in transter hydrogenations. The advan-
tage is that it forms butyrolactone (after dehydrogenation of the intermediate
lactol) making this reaction irreversible. This particular reaction was per-
formed in flow at very high temperatures making the reaction extremely
fast (Entry 4).

2.2.2 1-Hydroxy-2,6-Hexanedione

If HMF is hydrogenated in water under slightly acidic conditions, an entirely
different product may be formed. The furan ring of FDM is much more
reactive toward electrophiles than the one in HMF. For this reason it is easily
protonated which sets it up for attack of water, leading to formation of the
ring-opened product 1-hydroxy-3-hexene-2,6-dione (the configuration of
the double bond has so far not been ascertained, although it seems likely that
it is ¢is) which is hydrogenated to 1-hydroxy-2,6-hexanedione (HHD)
(Scheme 9).

Quite a number of papers have recently appeared on this topic. Initially,
this product was mostly formed as a side product in the formation of FDM
by hydrogenating HMF in water. More recently the synthesis of HHD has
been more thoroughly researched and both catalysts as well as conditions for
the hydrogenation leading to HHD have been optimized (Table 9). Thus
now a 92% yield has been obtained using a tailored homogeneous iridium
catalyst at a pH of around 2.5. Both hydrogenation as well as transfer



Table 7 Hydrogenation of 5-hydroxymethylfurfural

H, pressure  Temperature Time Conversion Yield  Selectivity

Entry Catalyst (Solvent) (bar) (°Q) (h) Product (%) (%) (%) References

1. Au-NP on ALLO; 65 120 2 FDM 96 2013RSCA1033
(20 wt%) (H,O)

2. [Ru(cymene)L*(Cl] 50 70 2 FDM 99 2013CSC1737
BF,, KOBu
(0.5/4 mol%)
(THEF)

3. Cu-PMO" (20wt 50 100 3 FDM 100 99 2014CSC2266
%) (EtOH)

4. Ir/TiO, (1.3 mol%) 60 50 3 FDM 991 95 2014CATO(234)
(H,0) 59

5. Pt/MCM-41' 8 35 2 FDM 100 99 2014GC4734
(20 wt%) (H,O)

6. Shvo—catalyst# 10 90 1 FDM 99 2014JCS(D)
(0.1 mol%) 10224
(toluene)

7. Pt3Sn/SnO,/ 20 70 0.5 FDM >99 >99 2015CST3108
rGO** (0.15 mol
%) (EtOH)

89¢
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8.  Ir-ReO./SiO, 8 30 6 FDM 99 99
(13 wt%) H,O
9. Niy-Fe;/CNT™ 30 10 18 FDM 100
(10 wt%)
(n-BuOH)
10 Ra-Co (20 wt%) 40 120 4 THFDM 100 9
(MeOH)
11.  Pd-It/SiO, 80 2 4 THFDM 99
(0.56 mol
%)(H20)
12.  Ni-AlHT'l 450) 60 60 6 THFDM 100
(13 wt
%)(dioxane)
13.  Ni-Al LDH" 20 80 12 THFEDM
14.  Nip5Cos5Al 40 120 12 1,2,6- 100
(20 wt%) HT
(MeOH)

96

95

96

>99
65

2013JCSCC7034

2014CCC1701

2014ACSSCE173

2014ACSC2718

2015GC2504

2016CSC521
2014ACSSCE173

*L = 1-(2-aminophenyl)-3-butyl-1H-imidazol-3-ium-2-ide.
§Copper = doped porous metal oxides.
Reaction on crude unpurified HMF.
”Mesoporous silica (Mobil Composition of Matter no 41).
#For the structure see Figure 1.
** Reduced grapheneoxide.
1solated yield.
TCarbon nanotubes.
U ‘Hydrotalcite.
##Layered double hydroxides. FDM, 2,5-furandimethanol, THFDM, tetrahydro-2,5-furandimethanol.
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Figure 1 The Shvo catalyst (Table 7, Entry 6).

hydrogenation can be used. HHD is an interesting six-carbon building block
containing three functional groups. Research on its application is expected
to bloom as a result of its improved availability.

2.2.3 Diamines and Aminoalcohols Made From
5-Hydroxymethylfurfural

Thus far we have covered polymer building blocks containing alcohol and

carboxylic acid functions, which are highly suitable to produce polyesters or

polyols for polyurethanes. Renewable polyamides is another topic of great

interest and for this reason monoamines and diamines based on HMF

have been synthesized by various methods.

Rhodia has patented the direct reductive amination of HMF using trans-
fer hydrogenation catalyzed by a homogeneous iridium catalyst
(2014WO198057). In one example from their patent, HMF is converted
into the bis N-benzylamino compound (Scheme 10). Note that the reaction
on the alcohol is the borrowing hydrogen type, where the alcohol is first
converted into the aldehyde and subsequently undergoes reductive
amination.

A number of papers have appeared on the selective reductive amination
of the aldehyde functionality only. Zhang and coworkers performed reduc-
tive aminations of HMF with a range of anilines and secondary amines
(Scheme 11(a)) (2014RSCA59083). The amino alcohols based on the ani-
lines were obtained in excellent yields (>90%), whereas those based on
the secondary amines were obtained with yields from 67% to 87%. Surpris-
ingly, no product was obtained with n-butylamine.

The reductive amination of HMF with ammonia was reported using
Rh/Al,O3 as catalyst; the amino alcohol was obtained in 86% vyield
(2016GC487).

Barta and coworkers reacted DFEM with 0.25 eq. of N-methyl-benzyl-
amine in a borrowing hydrogen-type reaction catalyzed by the Knolker
catalyst to give the monoamination product in 60% yield (Scheme 11(b))
(2016ACSC381).



Table 8 Transfer hydrogenation of 5-hydroxymethylfurfural

Entry Reductant Catalyst Temperature (°C) Time (h) Product Conversion Yield Selectivity References

1. HCO,H Pd/ZrP* (40 wt%) 140 21 1,6-HD 97 43 2014CSC96
(EtOH)

2. Glucose PDH/GDH’ (Buffer 30 7 FDM >99 2014W 0086702
pH 6.5)

3. MeOH MgO (33 wt%) 160 3 FDM 95 >99 2014JC(317)206
(MeOH)

4. 1,4-Butanediol Cu-NP on Al,O; 250 0.01 FDM 93 2014CST2326

* Palladium on zirconium phosphate.
SPDH = pyruvate dehydrogenase, GDH = glucose dehydrogenase, FDM = 2,5-furandimethanol.
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Scheme 9 Hydrolytic hydrogenation of 5-hydroxymethylfurfural to 1-hydroxy-2,6-
hexanedione.

Interestingly, a Rhodia patent claims that direct reductive amination of
DFF with ammonia and hydrogen is impossible leading to the formation
of polymers. Surprisingly reductive amination with ammonia in the pres-
ence of primary amines, such as butylamines gave good yields of the primary
diamine (2016 WO004867). Nevertheless, Kawanami and coworkers were
able to perform the direct reductive amination to form the amino alcohol
in 86% yield using a Rh/Al,O3 catalyst (2016GC487).

Eposito and coworkers reported the reductive amination of HMF with
the sodium salt of alanine using FeNi/carbon as catalyst in excellent yield
(99%) (2015CSC3590).

2.2.4 Nylon Intermediates Via Hydrogenation of
5-Hydroxymethylfurfural

The number of carbon atoms in HMF is 6, which coincides nicely with the
number of carbon atoms in the nylon intermediates caprolactam, adipic acid,
and hexamethylenediamine. Not surprisingly this connection has been made
a number of times.

Heeres, de Vries, and coworkers were capable of reducing HMF to 1,6-
hexanediol in a two-step process in 86% overall yield (Scheme 12)
(2011AGE7083). This diol could be converted in a highly selective Oppe-
nauer oxidation with MIBK to caprolactone using a homogeneous ruthe-
nium catalyst. Conversion of caprolactone to caprolactam has been an
industrial process in the early years of nylon and hence, this constitutes a
direct, high-yielding connection between HMF and caprolactam.

Ebitani and coworkers achieved the oxidation of 1,6-hexanediol to 6-
hydroxycaproic acid by oxidation with hydrogen peroxide under basic
conditions catalyzed by Au-Pd nanoparticles in 81% yield (2015CSC1862).

Beller and coworkers have converted 1,6-hexanediol into adiponitrile
using their newly developed low-temperature ammoxidation process
(Scheme 13) (2014NATC4123). Adiponitrile is hydrogenated to form hex-
amethylenediamine, one of the monomers for Nylon-6,6.



Table 9 Conversion of 5-hydroxymethylfurfural into 1-hydroxy-2,6-hexanedione

Pressure Temperature  Time  Conversion  Selectivity = TOF*
Entry Catalyst (solvent) Acid (bar) Q) (h) (%) (%) (h™"") References
1. Ru/C (1 mol%) Oxalic acid 30 100 2 100 71 50 1991BSF704
(pH 2.0)
2. 10% Pd/C (50 wt%) HCl pH 1 60 6 97 68 027  2009H1037
H,0O/toluene (2:1) 2.5)
3. Rh-Re/SiO; (10 mol%) - 80 120 17 100 81 <1 2011AGE7083
4. Pd/C (THEF) Amberlyst- 50 80 15 100 77 16 2014GC4110
15
5. Pd/C (H,O) CO, 10 120 15 100 77 12 2014CSC2089
(30 bar)
6. [Ru(CeHe)(H,NCH, HCOOH - 100 8 >99 41 2 2015CCC4050
CH,NH,)CI|PF,
(H20O)
7. [Ru(cymene)()CIPE;’ HCOOH - 100 30 >99 54 2015GC4618
(H>0)
8. [Ir(Cp*)(BiPy) . 7 120 2 >99 86 173 2015ACSC788
(OHL)**(OTH),"
(0.26 mol%) (H,O)
9. [I(Cp*)(2-HO- . 10 120 2 >99 81 162 2016ACSC3784

BiPy)(OH,)** (OT),
(0.26 mol%) (H,O)

(Continued)
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Table 9 Conversion of 5-hydroxymethylfurfural into 1-hydroxy-2,6-hexanedione—cont'd

Pressure Temperature  Time  Conversion  Selectivity = TOF*
Entry Catalyst (solvent) Acid (bar) (°Q) (h) (%) (%) (h™"") References
10.  [Ix(Cp*) - 10 120 2 43 71 6100 2016ACSC3784
(2-HO-4’-Me,N-BiPy)
(OHL)]*"(OTH),
(0.0025 mol%) (F,O)
11.  [Ir(Cp*)(2-HO-4-Me,N- HCOOH - 120 2 99 61 6140 2016ACSC3784
BiPy) (OH,)]** (0T,
(0.0025 mol%) (H,O)
12, [Ir(Cp*)(4,4-bishydroxy- HCOOH - 130 2 100 92.85)| 5000 2016CSC1209

BiPy)(OH,)[*"(OTH),
(formate bufter pH 2.5)
(0.01 mol%)

* Turnover frequency (mol/mol h).
= 8-aminoquinoline.

IBiPy = 2,2"-Bipyridine.

Isolated yield.
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Scheme 10 Reductive amination and borrowing hydrogen type amination of
5-hydroxymethylfurfural.
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Scheme 11 Reductive amination of 5-Hydroxymethylfurfural and dimethylfuran.
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Scheme 12 Caprolactam from 5-Hydroxymethylfurfural.
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Scheme 13 1,6-Hexanediol to adiponitrile.
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Scheme 14 2,5-Furandicarboxylic acid to adipic acid.
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Researchers at Rennovia were able to convert FDCA to adipic acid in
high yield by hydrogenation over Pd/silica in the presence of a high concen-
tration of HI (Scheme 14) (2011WO144873).

S 3. 5-HYDROXYMETHYLFURFURAL TO CARBOCYCLES

We have previously seen that hydrogenation of HMF from an aqueous
solution, particularly under mildly acidic conditions leads to formation of
HHD. Surprisingly Ohyama, Satsuma, and coworkers found that another re-
action can occur if HMF is hydrogenated with Au, Pt, Pd, or Ru on NbyOs5
(80 bar Hy, 140 °C, 12 h). They found good yields of 3-hydroxymethyl-
cyclopentanone (HMC) in particular with the gold catalyst (86%)
(Scheme 15). After hydrogenation of HMF to FDM, acid-catalyzed hydro-
lytic ring opening takes place to form 1-hydroxy-3-hexene-2,5-dione. From
here two pathways are possible: either via aldol condensation to the unsatu-
rated cyclopentenone, which is hydrogenated to HMC, or via hydrogenation
to HHD, followed by its aldol condensation to HMC (Scheme 14)
(2014JCSCC5633). The authors present evidence that the aldol reaction is
the result of the Lewis acidity of the catalyst support.

In a later publication, they further investigated the role of the support by
testing a range of platinum catalysts on various metal oxide carrier materials
(T3205, ZrOz, Nb205, TiOg, AlgOg, SiOz/A1203, CeOz, La203, and
hydrotalcite.). Best results (82%) were obtained with Pt/ TayOs5. The authors
were again able to correlate the Lewis acidity (as measured by pyridine bind-
ing) with the yield of HMC (2016GC676). Rosseinsky and coworkers were
also able to convert HMF to HMC in good yields using a Ni/Al,O3 catalyst

o
K@WH Cat, f@\\ H*/H,0 _ Cat, Y\)\
— —Ho Y Y L. HO
O H, (6] H,
HO o HO OH o o o
HMF FDM

l l HHD
(o] (o]
Cat.
—_—
HO Hy HO
OH
HMC 86%

Scheme 15 Formation of  3-hydroxymethyl cyclopentanone from  5-
Hydroxymethylfurfural.
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that was obtained from nickel—aluminum double-layered hydroxides. At
140°C and 20 bar of H; they obtained an 81% yield of HMC
(2016CSC521).

S 4. C—C BOND FORMATION TO
5-HYDROXYMETHYLFURFURAL

Further conversion of HMF into useful building blocks can be
achieved by carbon—carbon bond formation. This has been an active field
right from the start and activity is still continuing. Many groups have
worked at methodology to convert HMF via a Diels—Alder approach
into benzene derivatives, in particular phthalic acid. The furan ring in
FDCA is deactivated for Diels—Alder reaction, but the cycloaddition is
possible for 2,5-dimethylfuran (2013CRV1499). Recently, Davis and co-
workers reported the Diels—Alder reaction of a number of intermediate
HMF derivatives (Scheme 16) (2014PNA8363, 2015ACSC5904).
Although the yields are obviously higher than with FDCA, selectivities
are still too low for large-scale production in most reactions, with the excep-
tion of methyl 5-methyl-2-furancarboxylate.

Sheppard, Hailes, and coworkers were able to achieve the DA in high
yield (87%) between the dimethylhydrazone of HMF and maleimide in wa-

ter at 80 °C (Scheme 17) (2016GC1855).
Conv. Yield Sel.
(%) (%) (%)
I\
K&cozH " coH 61 19 31
OH
I\
KO\COZH g CO,H 52 9 17
Y Lewis Acid
Mol Sieve
K@com _ (SnBeta) ~< >—cone 12 5 31
9 M€ p,c=CH, (70bar)  HO
OH Dioxan, 190 °C, 6h
I\ 50 24 48
0
I\
/O\COZMe CO,H 12 12 100

Scheme 16 Diels—Alder reaction of 5-Hydroxymethylfurfural derivatives with ethylene.
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Scheme 17 Diels—Alder reaction of 5-Hydroxymethylfurfural hydrazine with
maleimide.

Feringa, de Vries, and coworkers used the technology developed by
Krische for the double coupling of HMF with isoprene (Scheme 18)
(2013CSC1631). In this reaction it is assumed that the ruthenium hydride
complex reacts with the isoprene to form an allyl complex, which reacts
with the aldehyde. The alcohol function is dehydrogenated by the same
catalyst to the aldehyde under the reaction conditions.

Many researchers have developed methodology to increase the molecu-
lar weight of HMF by C-C bond formation. Hydrogenation of the product
delivers a hydrocarbon with the right properties for a diesel substitute.
Coupling with acetone has been a much-used method in the past. Another
more recent approach is the use of the benzoin condensation reaction to
create the C12 hydroxy ketone, or furoin. Chen and Liu used catalysis by
an NHC (Scheme 19(a)) and achieved a yield of 99% (2012GC2738,
2013CSC2236). Abu-Omar screened 10 difterent NHC’s for the same re-
action and obtained a maximum 88% vyield of furoin (2014CSC2742).
Chen immobilized an NHC catalyst and was able to achieve a constant
96—97% yield of furoin over 10 recycles (2015ACSC6907). Chuck, Dom-
inguez de Maria, and coworkers used a benzaldehyde lyase to effect this
benzoin condensation. Although the reaction worked well, the enzyme
was deactivated after 70% conversion. In addition, the majority of furoin
that was formed underwent an autoxidation to the diketone (2015GC2714).

Afonso and coworkers developed a conceptually novel way to couple
two alcohol-protected HMF units (Scheme 19(b)). Reaction with a second-
ary amine gives rise to the iminium compound, which can lose a proton to
form the trieneamine, which is now nicely set up for a nucleophilic attack on

OH 0 o) 0
o CHO + /\[( RUHch(PPh3)3 (5m0| /0) o
\ CF3CO,H (5mol%), Tol, 110°C \ /)

48%

Scheme 18 Coupling of 5-Hydroxymethylfurfural to isoprene.
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Ph
R /N>:NN\ HQ  ,  OH Pyc+Ta0PO,
. ]\ H Ph 0 Ph 7\ W H, (35 bar) 96% of Cqq, Cq1 and Cy,
HO 0 o 1 Mol%, 60 °C, 1h HO o o 300 °C, 3h linear alkanes
Solvent-free 99%
b. / \__H  HNR'R? /7 \_ H H* —\__H
) —_— o - =~ o

TBDMSO o} TBDMSO +NR'R? TBDMSO NR'R?

a. R, R? = (CH,CH,0OCH,CH,)- 88% l

1-R2 =

b. R'=R?=CH,Ph 86% TBDMSO o

c.R'=R?=Et 78% A\ o

d.R"=Et, R?=n-Bu 60% o \ / H

e.R', R? = -(CHy)s- 48% TBDMSO NR'R2

f. R', R? = -(CH,CH,N(CH3)CH,CH,)- 37% 1:1 mixture of diastereomers

29-86 % yield

Scheme 19 Benzoin condensation of 5-Hydroxymethylfurfural.

the iminium compound leading to the formation of the protected amino al-
cohols. A range of Lewis acids was tested as catalyst and Dy(OTf); turned
out to give the highest yields of products (20140BC9324).

Rauchfuss and Zhou used the methodology developed by Beller for
Friedel—Crafts alkylation of electron-rich arenes with the benzylic alcohol
function of HMF (2013CSC383). Using FeCly as catalyst in MeNO> or
DCM as solvent, they were able to isolate good yields of the arylated prod-
ucts with toluene, xylene, and mesitylene (Scheme 20(a)). Interestingly, if
the alcohol function of HMF is protected as its TBDMS ether, it is possible
to perform a double arylation with electron-rich N-alkylanilines on the
aldehyde, catalyzed by Yb(OTf); in acetonitrile (Scheme 20(b))
(2015JOC10404). Surprisingly, the reaction also worked on the unpro-
tected HMF and gave the product in 91% yield.

The aldol condensation has been used many times to effect CC bond
formation to HMF. Reaction between HMF and levulinic acid in water
catalyzed by NaOH gave the two expected aldol condensation products
in 59% and 23% yields (Scheme 21(a)) (2015ICP546). Palkovits and co-
workers performed the aldol condensation of HMF with acetone catalyzed
by MgAl,O,4 and obtained the mono-condensation product (81%) together
with a smaller amount of the bis-adduct (11%) (Scheme 21(b)). By using the
same material loaded with copper, they could perform the aldol condensa-
tion and the subsequent hydrogenation in one pot with the same catalyst
(2013CSC2103). The main hydrogenation product was 2-(2-hydroxybut-
4-yl)-5-methylfuran. Gong, Wang, and coworkers were able to convert
the acetone monoadduct into octane with excellent selectivity (96%) using
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Scheme 20 Arylations of 5-Hydroxymethylfurfural.
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Scheme 21 Aldol condensation reactions on 5-Hydroxymethylfurfural.

Pd/NbOPOy as catalyst at 170 °C and 20 bar Hy (2014AGE9755). Since
the formation of the double adduct necessitates an extra separation step, a
more selective aldol condensation is highly desired. Romdn-Leshkov and
coworkers found that use of Hf-beta, a Lewis acidic zeolite, was capable
of catalyzing the aldol condensation between HMF and acetone to the
monoadduct with >99 selectivity at 73% conversion (90 °C, 5h)
(2015AGE9837). Martichonok and coworkers found that reaction between
HMEF and acetylacetone catalyzed by (MeO);B/B>O3/n-BulNH, led to the
formation of the Knoevenagel product (Scheme 21(c)), whereas the same
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Scheme 22 Baylis—Hillman reaction of 5-Hydroxymethylfurfural and ethyl acrylate.

reaction with benzaldehyde led to formation of the terminal aldol conden-
sation product (2016SC1245).

The Baylis—Hillman reaction is another method to establish a carbon—
carbon bond to an aldehyde. The Baylis—Hillman reaction of HMF with
ethyl acrylate was catalyzed by DABCO (2015RSCA69238). The yield of
the reaction was highly dependent on the solvent system used. In the end,
mixtures of various alcohol solvents and water (1:1) gave the highest yield
of adduct (Scheme 22).

g 5. 5-HYDROXYMETHYLFURFURAL TO
DIMETHYLFURAN

One method to make fuels out of HMF is condensation with other
cheap and renewable building blocks, such as acetone, followed by hydro-
genation as we have seen in the preceding part. However, there is another
conceptually simpler way to turn HMF into a fuel. Dumesic has developed
the conversion of fructose via HMF to dimethylfuran (DMF) with the
objective to develop this compound as a fuel (2007NAT(447)982). And
indeed, the properties of DMF are somewhere in between gasoline and
ethanol, when it comes to combustion and octane number. In addition,
DMEF is very stable and not hygroscopic, which simplifies its purification.
For the hydrogenation step he used a Cu-Ru/C catalyst. This catalyst is
not inhibited by chloride as were other copper catalysts, which is important
as the yield of HMF is increased by the presence of high concentrations
of chloride. Nevertheless, the yield of DMF was only 71%, so there is
clearly room for improvement. Since this paper, many more hydrogena-
tions of HMF to DMF have been published. These have been collected
in Table 10. It is clear that several different heterogeneous hydrogenation
catalysts, including cheap metal-based catalysts, are capable of catalyzing
this reaction with high selectivity. Surprisingly, higher temperatures seem
to correlate with higher yields.



Table 10 Hydrogenation of 5-Hydroxymethylfurfural to 2,5-dimethylfuran

/ \_ H  Catalyst, H 7\
HO//Q\g Sol\)/lent ; MG/Q\ME
Temp. DMF
H, pressure Temperature  Time  Conversion Yield Selectivity

Entry Catalyst (Solvent) (bar) (°Q) (h) (%) (%) (%) References

1. 7Ni-30W,C/AC (100 wt 40 180 3 100 96 96 2014CSC1068
%) (THF)

2. Pd/C (20 mol%) 10 80 2 100 100 100 2014GC1543
H>O/scCO, (100 bar)

3. Pd/C-ZnCl, (10 wt%) 8 150 8 >99 85 84 2014CSC3095
(THEF)

4. Ra-Ni (33 wt%) (dioxane) 15 180 15 100 89 89 2014RSCA60469

5. CuZn nanoalloy (7 wt%) 20 200 100 94° 2015CSC1323
(CPME)*

6. Pt/C (10 wt%) (EtOH, 33 180 2 100 48—63 2015AICEJ590
PrOH, or toluene)

7. Niy-Fe;/CNT (10 wt%) 30 200 3 100 91 2015CCC1701
(n-BuOH)

8. NiAL-850" (7 wt%) 12 180 4 100 92 2015GC2504

9. Ru-Sn/ZnO, (flow) 1 240 100 99 2015GC3310
(n-BuOH)

10.  CuO/ZnO (33 wt%) 15 220 5 100 92 2015CST4208

11.  Ni/Co304 (40 wt%) 10 130 24 >99 76 2015CC(66)55
(THF)

12.  Pt/rGO (1 mol%) 30 120 2 100 73 2016F(163)74
(n-BuOH)

* Cyclopentyl methyl ether.

$Yield refers to mixture of DMF and DMTHF (18:1).
INickel on hydrotalcite calcined at 850 °C.
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Table 11 Transfer hydrogenation of 5-Hydroxymethylfurfural to 2,5-dimethylfuran

Entry Catalyst Reductant Temperature (°C) Time (h) Conversion (%) Yield (%) Selectivity (%) References
1. Pd/Fe,O5 iPrOH 180 Flow (0.4 h) 100 72 2014CSC268
. Cu-NP on HT 1,4-Butanediol 220 Flow (0.5 h) 100 72 2014CST2326
3. Ru/C (3 mol%) iPrOH 190 6 100 80 2013CSC1158
)

2014CCC8438
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In addition to a classical hydrogenation reaction, it is also possible to use
transfer hydrogenation to convert HMF to DMEF. This option is less desir-
able for large-scale production as it is more expensive and/or leads to a sec-
ond product, such as acetone (from isopropanol) or butyrolactone (from
1,4-butanediol). Nevertheless, in the lab, this may be a useful reaction.
The published examples have been summarized in Table 11. In general,
yields are lower as compared to the hydrogenation.

S 6. OXIDATIONS OF 5-HYDROXYMETHYLFURFURAL

In addition to the side chain oxidations of HMF, leading to DFF and
FDCA, it is also possible to oxidize the furan ring. In particular, reactions
with bromine and with singlet oxygen were reported in our previous re-
view. Kappe and coworkers subjected HMF to reaction with singlet oxygen
in a flow reactor (Scheme 23). The singlet oxygen was generated photo-
chemically using Rose Bengal as photosensitizer. The products depended
on the solvent system used. In this reaction, the initial Diels—Alder adduct
reacts with the alcohol or water to form the butenolides and the formate.
Use of dioxane/water or iPrOH/water gave the butenolide with R = H
in >99% selectivity. Use of methanol, on the other hand led to a 14:86
mixture of butenolides R =Me vs R =H, respectively)
(2015CSC1648). The butenolide could be reacted at 70 °C to give 5-hy-
droxy-4-keto-2-pentenoic acid, which partially polymerized.

Another reaction on the furan ring is the metal-catalyzed oxidation to
maleic anhydride and acid (Scheme 24). Using polyoxometallates as cata-
lysts, a mixture of maleic anhydride and maleic acid was obtained
(2015ACSC2035). Vanadium oxide, with or without carrier material, was
an even better catalyst allowing the formation of maleic anhydride in up
to 75% yield (2016GC643).

0
1 (0] (@]
Y ' 2H Ron PGS RSP
—_— 0
o iPrOH-H,0 / 0" © 0”70 RO H
HO (0] (1:1) o HO HO
70°C
OH 24h

O
HO\H/\)J\/OH + oligomers
o

Scheme 23 Butenolides from 5-Hydroxymethylfurfural.
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Scheme 24 Maleic acid and anhydride from 5-Hydroxymethylfurfural.

Ebitani and coworkers oxidized HMF with H,O5 in the presence of the
solid acid Amberlyst-15 and were able to achieve a 19% yield of succinic
acid. Higher yields of 2-oxoglutaric acid were achieved up to 31%. The au-
thors were able to show that 2-oxo-glutaric acid is a precursor of succinic
acid (2013ACAG(458)55).

g 7. VARIOUS TRANSFORMATIONS OF 5-
HYDROXYMETHYLFURFURAL

The formation of the anion of N-alkyl 2-hydroxymethyl 5-hydroxy-
pyridinium salts from HMF via reaction with alkylamines or amino acids has
been reported a number of times (2013CRV1499). Afonso and coworkers
have rejuvenated this chemistry, improved the yields (30—82%), and
expanded the scope to include diamines (Scheme 25) (2015015244).
With the latter substrates the aminoalkyl pyridinium salts are formed (59—
80%) and not the bis-pyridinium compounds.

Corma and coworkers reacted nitrobenzene with HMF under
catalytic hydrogenation conditions and obtained the nitrone in 76% yield
(Scheme 26) (2014AGE9306).

Koh and Loh revisited the Achmatowicz rearrangement on a derivative
obtained from HMF. The hemiacetal in the product could be reduced to the
ether by hydrosilylation (Scheme 27) (2015GC3746).

RNH,, HCO,H Sz
[\ H .
o) EtOH/H,0 (1:1), 80°C N
I
HO o} oH i

R= -alkyl, -(CH,),NH,

Scheme 25 Pyridines from 5-Hydroxymethylfurfural.
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Scheme 26 Nitrone from 5-Hydroxymethylfurfural.
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Scheme 27 Achmatowicz rearrangement of a 5-Hydroxymethylfurfural derivative.
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HO 120-130 °C HO

Scheme 28 Decarbonylation of 5-Hydroxymethylfurfural to furfuryl alcohol.

The decarbonylation of HMF leads to the formation of furfuryl alcohol.
This product can also be obtained via reduction of furfural, but it is expected
that HMF will be cheaper than furfural in the near future and hence this re-
action could make sense for a large-scale production process. Two groups
have reported upon the palladium-catalyzed decarbonylation of HMF in
excellent yields around 95% (Scheme 28) (2013CSC1348, 2015GC307).

Topics that have not been treated in this review for lack of space are as
follows: (1) Etherification of the hydroxymethylgroup, mostly catalyzed by
solid acid catalysts; (2) Esterification catalyzed by lipases; (3) Acetalization of
the aldehyde catalyzed by solid acids or In(OTf)3; and (4) Conversion of the
alcohol group into a bromide (HBr) or chloride (HCl) in halogenated
solvents.

S 8. CONCLUSIONS

It is clear from the above that HMF is a most versatile platform chem-
ical that can be converted into a plethora of different compounds. Many of
these are potential monomers for polymers, both for existing as well as for
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novel polymers, such as PEF. Thus it is clear that the importance of HMF
goes far beyond the bench and indeed HMF is already produced on ton scale
in very high purity by AVA-Biochem in Switzerland. Avantium has run a
pilot plant for the production of FDCA and PEF for many years and at
the moment of writing the building of a large-scale plant for the production
of FDCA in Antwerp has commenced. The largest problem in HMF chem-
istry is its instability. This has been combatted by the development of stable
derivatives such as its ethers, esters as well as the chloro-compound. A
turther accelerated growth of HMF chemistry is expected to take place in

the next decade.
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nylon intermediates, 272-276 International Zeolite Association (IZA),
oxidation products, 284-285 176
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transformations, 285-286 138-139
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| discovery, 66—67

Imidazole-based energetic materials, structure-activity relationships,
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1-nitramino-2,4-dinitroimidazole, 105,
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N-nitrobenzyl imidazole derivatives, Janus kinases (JAKs), 16
108-109
N, N'-nitroamino 4,4’,5,5-tetranitro- L
2,2’ -biimidazole, 107108 v-Lactones, 213
N-trinitroethylamination, 105-106 Lewis acidity, 276
nucleophilic aromatic substitution, Lignocellulose, 248
108-109
Imide-based building blocks, 155f M
benzodipyrroledione (BPD), 152 Maleic anhydride (MA), 183-185
3,7-bis(2-oxoindolin-3-ylidene)benzo MDDR database, 3
[1,2-b:4,5-b"|difuran-2,6(3H,7 H)- Mefenacet, 73f, 74
dione, 154 discovery, 7475, 74f
diketopyrrolopyrrole (DPP), 151-152 structure-activity relationships, 75—77, 76f
with thiophene and pyridine wings, synthesis, 73, 75
151-152 Metallosilicates, 176—177
dithienocoronene diimide from 1,7- Methabenzthiazuron, 71-73, 73f
bromopyrelene diimide, 156—157 discovery, 73
isoindigo (IID), 153—154 structure-activity relationships, 74
N-alkylated phthalimides from phthalic synthesis, 73—74

anhydride, 150 Microporous zeolites, 176, 177t
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Naphthodithiophenes (NDTs), 143-145, (HMFCA), 260, 261t

144 Oxone®, 94-95

Nematicides, 77
benclothiaz, 78—80
fluensulfone, 77-78
Nitrogen-containing building blocks,
145-146
benzodiazoles, 146—148
benzotriazole, 148
carbazoles, 148—149
dithieno[3,2-5:20,3'-d]pyrrole (DTP),
149
imide-based building blocks,
150-156
quinoxaline, 146
thieno(3,4-b]pyrazines (TPZs), 146
Nitroglycerine, 90-91
N,N'-ethylene-bridged 4,4'-
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N,N’-ethylene-bridged 5,5’-
diaminobis(pyrazole), 97-98
N,N'-ethylene-bridged 4,4'-
diazidobis(pyrazole), 97-98
N, N'-nitroamino 4,4’,5,5’-tetranitro-
2,2’ -biimidazole, 107-108

0]
Octahydroacridines, 196
Octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX), 90-91
Octanitrocubane (ONC), 91
Olefinic acids, 186—187
Organic semiconductors. See Heterocyclic
building blocks
Oxathiapiprolin, 59f, 68
discovery, 68, 68f
structure-activity relationships,
69, 72f
synthesis, 69-71
Oxetanes, 1617, 17f
Oxidation products
2,5-diformylfuran, 260-262
FDCA, See-also 2,5-Furandicarboxylic
acid (FDCA)
palladium, 252-255
terephthalic acid, 252

P
Paal-Knorr synthesis, 183
Palladium-catalyzed carbonylative
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alkoxycarbonylative macrolactonization,
242-243
2,3-dihydrobenzodioxepinones, 241, 243
five-membered heterocycles
acenaphthoimidazolylidene palladium,
208-209
3-acyl-2-aminobenzofurans, 219-220
3-acyl-2-(N-acylamino)benzofurans,
219-220
1,2,4- and 1,3,4-oxadiazole, 215-216
aryl chlorides, 211-212
t-butylamine, 208
carbonylative annulation to y-lactones,
213-214
o-chloroketimines to isoindolin-1-
ones, 212
1,2-dibromobenzene, 211
isoindoloquinazolinones, 214-216
Y-lactones, 213
N-unprotected arylethylamines to
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212
oxidative carbonylation of hydrazides,
217218
oxidative O-H/N-H carbonylation of
hydrazides, 217218
sequential one-pot synthesis, 211
vinylic C(sp?)-H bond, 213215
six-membered heterocycles, 232, 237,
240
amino esters to six-membered
benzolactams, 221-222
2-aminopyridine to quinazolinone,
235
o-arylaniline, 224-225
aryl bromides to quinazolines, 230-232
2-bromoanilines, 228229
carbonylative cycloamidation of
ketoimines, 234-235
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Palladium-catalyzed carbonylative synthesis
(Continued)
carbonylative Sonogashira cross-
coupling to 4-quinolones, 230-231
C-H activation/carbonylation,
2-arylphenols, 222-223

a~chloroketones to 3-acyl-4-hydroxy-

2-pyranone, 239-240
double carbonylative synthesis,
quinazolinediones, 229-230
enamides to 1,3-oxazin-6-ones, 226
2-fluorobromobenzene to
quinazolinone, 235
2-fluorobromobenzene with DBU,
236-237
icarbonylative synthesis, tetracyclic
quinazolinones, 229-230
o-iodoanilines to isatoic anhydrides,
238-239
isatoic anhydride, 238
linear and angular fused
quinazolinones, 236
multicomponent synthesis of uracil
analogs, 239-240
N-arylpyridine-2-amine to 11H-
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233-234
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alkyne to 2-quinolinone, 232-233
N-(2-bromophenyl)pyridine-2-
amines, 234
N-(o-bromoaryl)amides to
benzoxazinones, 227
N-sulfonyl-2-aminobiaryls to
phenanthridinones, 224-225
3-phenylquinolin-4(1 H)-one, 223—
224
quinazolines, 238-239
salicylic aldehyde and benzyl chloride
to chromenone, 225-226
2-vinylanilines to 2(1H)-quinolinones,
227-228
Pechmann condensation, 198—199
Pentaerythritol tetranitrate (PETN), 90-91
Phenylmethylcarbinol (PhMeCHOH),
180
Phosphole derivatives, 159—-160

Phthalic anhydride (PA), 185
B—Picoline, 193
Picric acid, 90-91
Piperidines, 20-21, 21f
Platform chemicals, 248—249
Polyhydroxylated piperidines, 21
Pyrazole-based energetic materials
amination, 95-96
4-(4'-amino-3,’5’-dinitro-1’-pyrazol)-
3,5-dinitro-1H-pyrazolate, 101-103
4-amino-3,7,8-trinitropyrazolo-[5,1-c|
[1,2,4]triazine, 100-101
bis(heterocyle), 101-102
3,4-dinitro- and 3,5-dinitro-1-
(trinitromethyl)pyrazoles, 101
hexanitrobenzene, 92-93
monocationic 5-nitramino 3,4-
dinitropyrazolates, 98—100
multifunctionalized nitraminopyrazoles,
98-100
4-nitramino-3,5-dinitropyrazole, 97-99
1,4-nitramino 3,5-dinitropyrazole-based
salts, 98—100
N,N’-azo-bridged bispyrazoles, 104
N,N’-ethylene-bridged 4,4'-
diaminobis(pyrazole), 96-97
N, N’-ethylene-bridged 5,5'-
diaminobis(pyrazole), 97-98
N, N’-ethylene-bridged 4,4'-
diazidobis(pyrazole), 97-98
N, N'-2-nitrazapropyl-bridged
bis(pyrazoles), 102-104
Oxone®, 94-95
polynitro-substituted bispyrazoles,
101-102
3,4,5-trinitro-1H pyrazole (TNP),
92-93
3,4,5-trinitro-1 H-pyrazol-1-ol, 94-95
Pyrrolidines, 17-19, 18f

Q

Quinoxaline, 146

R

RDX. See Cyclotrimethylenetrinitramine
RDX)

ROUTINE"™, 66
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Saturated heterocycles, 14
heterobicyclo systems, 24—27
one heteroatom ring systems, 15-22
spirocyclic heterocyclic ring systems,
22-24
Scirpus juncoides, 75
Seven-membered heterocycles, 199-201
SGLT. See Sodium-dependent glucose
transporter (SGLT)
SHARID"™, 66
Sharpless epoxidation, 182
Silole derivatives, 157—159
Six-membered heterocycles
Friedlander quinoline synthesis, 195-196
Hantzsch dihydropyridine synthesis, 194—
195, 197-198
lactic acid (LA), 199
octahydroacridines, 196
Pechmann condensation, 198—199
picolines, 193
polyarylpyridines, 194
pyrazine, 197
Sc-USY catalyst, 196-197
s-triazines, 198
T1-Pd-MFI catalyst, 192-193
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(SGLT), 21
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spirooxetanes, 22
spiropiperidines, 2324, 23f
spiropyrrolidines, 22-23, 23f
Spirooxetanes, 22
Spiropiperidines, 23—24, 23f
Spiropyrrolidines, 22-23, 23f
Sulfuric acid-treated montmorillonite
clays, 177
Suzuki couplings, 10-11
Synthetic accessibility, 10-11

T
Tetrahydrofurans, 19-20, 19f
Tetrahydropyrans, 21-22, 21f
Tetrazole-based energetic materials
5-aminotetrazole-1-ol, 125-127
5,5'-bistetrazole-1,1’-diol dihydrate,
125-126

1,5-di(nitramino)tetrazole, 124
5-nitro-2-nitratomethyl-tetrazole, 127
N,N'-ether-bridged tetrazoles, 123
potassium 1,1 ’_dinitramino-5,5'-
bistetrazolate, 124—125
Terephthalic acid, 252
Thiabendazole, 58-59, 59f
discovery, 59
structure-activity relationships, 60
synthesis, 59—60
Thiamethoxam, 49f
discovery, 50, 51f
neonicotinoids, 50
structure-activity relationships, 5253, 52f
synthesis, 51-52
Thiazole/isothiazole ring containing
compounds, 80-81
benzothiazoles and benzisothiazoles, 37f, 38
bioisosteric replacement, 42—44, 43f
in crop protection, 40f
aromatic heterocyclic rings, 39, 42f
occurrence, 39, 41t
fungicides, 58, 59f
benthiavalicarb, 64—66
ethaboxam, 63-64
isotianil, 66—67
oxathiapiprolin, 6869
thiabendazole, 58—60
thifluzamide, 60—62
generic structures, 37, 37f
herbicides, 69-71, 73f
mefenacet, 74-77
methabenzthiazuron, 71-74
hoiamide A, 38
insecticides, 49, 49f
clothianidin, 53-55
dicloromezotiaz, 5558
thiamethoxam, 50-53
nematicides, 77
benclothiaz, 78-80
fluensulfone, 77-78
synthesis
benzisothiazoles, 48—49
benzothiazoles, 47—48
isothiazoles, 45—47
thiazoles, 44—45
thiazole moiety, 38
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Thieno(3,4-b|pyrazines (TPZs), 146 azo-bridged trinitromethyl 1,2,4-
Thienoisoindoledione (TID), 152-153 triazoles, 110-111
Thienothiophenes (TTs), 139-140 4,4’ -bis(5-nitro-1,2,3-2 H-triazole),
Thifluzamide, 59f 120-122
discovery, 61, 61f 3,3’ _diamino-4,4’-azobis-1,2,4-triazole,
structure-activity relationships, 61-62, 62f 117

succinate dehydrogenase inhibitors
(SDHI), 60-61
synthesis, 61-62
Thiophene-related building blocks
fused thiophenes, 138-145
benzodithiophenes, 142-144
cyclopenta[1,2-b:5,4-b']dithiophenes
(CPDT), 142
cyclopenta[1,2-b:5,4-b"]dithiophen-4-
one (CDT), 141-142
dibenzothiophene (DBT), 140-141
isothianaphthene (ITN), 138-139
naphthodithiophenes (NDTs), 143—
145, 144f
thienothiophenes (TTs), 139-140
selenophenes, 135-138
tellurophenes, 135138
thiophenes, 135-138
Thiophenes, 135-138
Three-membered heterocycles
Ag-catalyzed vapor-phase processes, 180
aziridines, 175-176
bifunctional epoxidation catalysts, 181
epoxides, 179
3,4-epoxy-1-butene (EpB), 179
H,O,; production, 180-181
sharpless epoxidation, 182
t-BuOH and PhMeCHOH, 180
TS-1 catalyst, 180-181
vapor-phase EO production, 179
TNT. See 2,4,6-Trinitrotoluene (TNT)
2,4,6-Triamino-1,3,5-trinitrobenzene
(TATB), 91
2,4,6-Triarylpyridines, 194
Triazole-based energetic materials, 109
ammonium perchlorate (AP), 109-110

5,5’-diamino-4,4’-dinitramino-3,3’-bi-
1,2,4-triazole, 119-120
1,3-dichloro-2-nitrazapropane, 111-112
dinitro-bis-1,2,4-triazole-1,1'-diol,
113114
3-dinitromethyl-1,2,4-triazolone, 120
energetic bis(1,2,4-triazole) derivatives,
112-113
high-dense 5,5'—dinitromethyl bis(1,2,4-
triazole), 112-113
1-methyl-5-nitramino- 3-nitro-1,2,4-
triazole, 111-112
N-functionalized 1,2,4-triazoles, 113—-115
3-nitro-1-(2H-tetrazol-5-yl)-1H-1,2,4-
triazol-5-amine, 114, 116
5-nitro-1,2,3-2H-triazole, 120-121
3-nitro-5-nitramino-1H-1,2,4-triazole,
111-112
polysubstituted derivatives, 115-116
4,4’ 55" tetraamino-3,3’-bi-2,4-
triazolium cation, 118119
3,6,7-triamino-[1,2,4]triazolo[4,3-b]
[1,2,4]triazole, 117-118
1,2,3-triazole to 1,2,3,4-tetrazine, 121,
123
trinitromethyl and dinitromethyl 1,2,4-
triazoles, 110
3,4,5-Trinitro-1H pyrazole (TNP), 92-93
2,4,6-Trinitrotoluene (TNT), 90-91
TTs. See Thienothiophenes (TTs)

V'
y-Valerolactone, 186

w
WNT signaling, 23
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