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Development of the novel isoxazolo[3,4-d]pyridazinone scaffold, which positively modulates the
metabotropic glutamate receptor subtypes 2 and 4

Chairperson: Dr. Nicholas R. Natale

The seven transmembrane (7TM) superfamily, also known as G-protein coupled receptors
(GPCR), are one of the largest superfamilies in the human genome. With approximately 30% of
marketed drugs targeting the GPCRs, these proteins are among the most successful as therapeutic
targets. Within the GPCR receptor family there is a subgroup called the metabotropic glutamate
receptors (MGIuR). Compounds that target mGIuRs are important for the treatment of a variety
of central nervous system (CNS) disorders, as well as cancer. The mGIuR; subtype is a target for
treatment of anxiety and schizophrenia. Activation of mGIuR,4 helps to ease the symptoms of
Parkinson’s disease and may even slow progress of the disease. Additionally, both of these
receptors have been implicated in the treatment of variety of cancers such as giloma,
medulloblastoma, or colorectal carcinoma, presenting another target to overcome these diseases.
Selectively targeting the mGIluRs are difficult due to the high sequence similarities. This
difficulty can be overcome by targeting the allosteric site, which is located in the 7TM.Our
isoxazolo[3,4-d]pyridazinones compounds were tested and found to have selective activity at
mGIuUR 2 and 4. This selectivity, along with other tests, imply binding may not be at the venus
flytrap domain (where glutamate binds), but rather at the allosteric site as positive allosteric
modulators (PAMSs). Further modifications of our compounds will be developed to optimize
selectivity and activity, based on structural drug design and modeling at the allosteric site.
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Introduction: Selectively targeting mGIuRs with Isoxazolo[3,4-d]Pyridazinones

To selectively target a small molecule to a receptor. The first steps for developing the 3,4-ds was
to better understand the metabotropic glutamate receptors (mGIuR) 3D structural components
and the super family they belong to. Followed by modeling and synthetic strategy development.
mGluR super family-G-protein coupled receptors
G-protein coupled receptors (GPCR) are one of the largest superfamilies in the human genome.*
With approximately 30% of marketed drugs targeting GPCRs, they are among the most
successful therapeutic targets. GPCRs share a common seven transmembrane (7TM) architecture
linked by three extracellular (ECL) and three intracellular (ICL) loops that interact with G-

proteins and modulate production of cAMP through the enzyme adenylyl cyclase. This starts a

signal cascade.? (Intro-Figure 1)

Ligand
" GPCR
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Intro-Figure 1: General signal cascade for GPCRs *

These receptors are responsible for modulating several signaling processes involved in behavior,
blood pressure regulation, cognition, immune response, mood, smell, and taste. There are
currently six known sub-classes within the GPCRs: A-F. Each class is separated based on
structural similarities and functional characteristics. Each has had varied success as drug

targets, as well as degree of molecular level knowledge about them. 3*° The focus of the



this dissertation will be on developing synthetic routes that produce small molecules selectively

targeting the Class C mGIuRs.

MGIuRs
The mGIluRs are members of the class C of GPCRs. These receptors are located on both post and
pre-synaptic neurons and are involved with signal regulation. The class is further broken down
into 3 subgroups: 1, 2, and 3 by sequence homology. Subgroup 1 has excitatory receptors,
mGIuR; and mGIuRs. Subgroup 2, (MGIuR,.3) and Subgroup 3 ( MGIUR,, 6.g) are inhibitory. °
This work will focus on developing small molecules targeting inhibitory receptors mGIluR; and
mMGIuR4. Compounds that target mGIluRs are important for the treatment of a variety of central
nervous system (CNS) disorders, as well as cancer.”®%1%™ The mGIuR; is a target for treatment
of anxiety and schizophrenia. Activation of mGIuR4 helps to ease the symptoms of Parkinson’s
disease and may even slow progress of the disease. "%#1*1* Additionally, both of these receptors
have been implicated in the treatment of variety of cancers such as glioma, medulloblastoma, or

colorectal carcinoma, presenting another target to overcome these diseases.

Structurally mGluRs have a rather unique venus flytrap domain (VFD) for its orthosteric site
which is responsible for binding to glutamate, a cysteine rich linker that connects the VFD to the
7TM which spans the membrane and interacts with the G-protein, this is also where the allosteric
site is located. (Intro-Figure 2). mGIuR receptors can achieve the signaling cascade by either
signaling on their own or more frequently they form homodimers or heterodimers with other
mGIuRs. A curious note is that only one needs to have bound glutamate but both can be

active.1>16:17
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Intro-Figure 2: mGIuRs are structural comprised of a the orthosteric site venus
flytrap domain , the 7TM which contains the allosteric site and cysteine rich linker

between the two.
Once glutamate binds at the VFD a large amount of structural movement must occur for the
signal cascade to start. Even though the allosteric sites in mGIuRs are less conserved structurally
between the different subgroups there are however regions that are conserved in all the mGIuRs,
called the hinge, ionic lock, and water bridge regions. (Intro-Figure 3) Together they help
control and promote the 7TM movement. Once glutamate binds, the VFD closes and interacts
with the cysteine rich linker which then causes movement of the 7TM. In particular, TM6 swings
out 14A to allow for the G-protein to bind. This swing is facilitated by the hinge region, which
contains a crucial residues phenylalanine and tryptophan that act as a strut to help in moving and
holding open TM®6. The ionic lock and water bridge regions are areas that must be disrupted
before the movement of TM6 can occur. These regions are also key areas for small molecule
allosteric modulators to interact with and help to stabilize different conformational states of the

receptor and therefore its activity. 181920:15.2122



Water Bridge

Intro-Figure 3: Homology model of mGIUR, with the hinge, ionic “lock”, and “water-bridge
The structural features of the allosteric site were further elucidated and confirmed with recent x-

ray crystal structures of the 7TM of mGIuR:*® and mGIuR £ and a cryo-EM structure for

mGIuR..?* These crystal and cyro-EM structures available allow for more accurate modeling of
small molecules and help guide synthetic efforts to make small molecules that selectively target
these mGIuRs. Developing synthetic strategies to effectively synthesize this molecule is another

step in the development process.
Synthetic strategies

Developing a molecule that can selectively target the mGIuRs is a challenging test due to their
high sequence homology at both the orthosteric VFD as well as structural similarities with other
GPCRs. Targeting the allosteric sites become more favorable to achieve selective activity within
the mGIuRs as well as avoiding interaction at other GPCRs. While the allosteric site still has

high conservation between the subgroups it does have certain residues and specific structural



shapes that can be exploited. Being able to develop molecules to achieve this is synthetically
challenging. There have been small molecules that have been developed that have successfully
targeted the mGIluRs. Much of this focus, however, has been with subgroup 1, mGIuR; and
mGIuRs. These molecules still help us to further understand the residues necessary for
interaction to achieve allosteric modulation at these particular mGIuRs as well an overall
understanding of the allosteric site, but does not extensively help with understanding molecular
binding necessary for other subgroups. Using the crystal structures and cryo-EM structure
homology models can be generated for the other subgroups. We developed a homology model
for mGlu, and mGIuR4. These along with regions and residues of interest, and scaffold
development will be discussed in more detail in Ch. 2 and 4. The modeling provides structural

insights for the development of small molecules.

Isoxazoles have been used not only as synthons in organic chemistry but included in many
scaffolds for drug development and current drugs on the market. Our isoxazolo[3,4-
d]pyridazinone molecules exploit the residues and structural shape differences to achieve
selective interaction within mGlu, and mGIuR. The first series and part of the second series of
compound were developed using hydrazone chemistry to incorporate different functionalized
rings and provide conformational constraint to hold the molecule in position to interact with the
necessary residues to achieve selectivity as well as activity. For the remainder of the second
series of compounds, further modifications of the scaffold were explored to exploit and access
more regions of the allosteric site and connecting cysteine rich linker region based on structural
drug design and modeling. Synthetically these modifications were achieved through lateral
metalation and electrophillic quenching. This particular synthetic method allows for

development of highly functionalized molecule as well as developments of a chiral center in a



regio and chiral specific manner. By using this method a variety of synthetic analogs can be
produced and used to explore the mGIuR allosteric binding pocket additionally possibly lead to

molecule that has additional therapeutic activity.

It is important to note while the application of lateral metalation to the isoxazolo[3,4-
d]pyridazinones is unique it is a synthetically diverse tool. The lateral metalation and
electrophillic quenching was first introduced by Micetich and Chin ?* in 1960 and then further
developed over the decades. Notables Beak and Meyers® looked at the stereo and region control
that could be achieved though the complexing the metal via the isoxazole in complex-induced
proximity effect (CIPE) rather than a standard electron-metal interaction. Being able to have a
synthetic pathway that allows for more diverse functionalization provides more ready access to a
variety of scaffold from a common intermediate. An overview of the scope and use of lateral
metalation is discussed in Ch. 1 and our efforts to synthesis selective isoxazolo[3,4-

d]pyridazinones to target the mGIuRs are discussed in Ch. 4.
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Chapter 1: Isoxazole Lateral Metalation, the sequel update of an earlier review. The

updated review was invited by the journal Trends in Organic Chemistry on 10 August, 2021
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Chapter 1: Isoxazole Lateral Metalation, the sequel

Christina A. Gates, Joseph R. Mirzaei and Nicholas R. Natale*
Medicinal Chemistry Graduate Program, Department of Biomedical and Pharmaceutical
Sciences, The University of Montana, Missoula MT 59812,
Lateral metalation of heterocycles® has proved to be a useful tool over the years, and particularly
in the case of elaborating the isoxazole scaffold”** Isoxazole have seen useful service as
precursors for 1,3-dicarbonyl synthons, a tactic that can be used in the continued pursuit of

polyketides, which are the base synthons of many fused ring systems found in flavonones and

tetracyclines.” The isoxazole ring can be of interest for its intrinsic biological activity), and often

6,7,8,9,10

serves as an element of conformational constraint.

&
M X
Base:
VS.
O—N

X = H: deprotonation or metalation \
vs. X = Cl, Br, I: halogen metal exchange

M

Figu re 1-1. Lateral metalation (box) can be a useful tool, but is fraught with potential difficulties in functionally complex
examples. When X =H, the isoxazole can be directly ring deprotonated; when X=Halogen, halogen metal exchange leads to a
metalated heterocycle. However, nucleophilic attack at the ring, and electron transfer ring opening are also known alternative

outcomes.

This account represents an up-date of our 1993 review on the lateral metalation topic,® expanded
to encompass the important developments in ring metalation and halogen-metal exchange, with

brief discussions of the uses of the resulting functionalized products. Other aspects of isoxazole
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chemistry have been created in the interim. The literature is reviewed from mid-1992, exceptions
are made for earlier work where citations were missed in our earlier account. Articles are
included to 2020, except for a few cases where we were aware of articles in press in 2020 and
subsequently appeared the next year. Furthermore, we have also included discussion of isoxazole
coordination chemistry where it is deemed relevant, again up-dating our own review* because of
the critical impact of pre-coordination or proximity chelation on the outcome of metalation
processes (vide infra). Essentially any report which requires and/or postulates the involvement of
an isoxazole—metal complex as an intermediate was considered in this present review. Searches
were conducted using both metalation and metallation spellings, and we found that substructure
searches for the laterally metalated ring (Figure 1-1) produced over two thousand hits, including
isoxazoles with ring metalation as well as metal ion complexes elsewhere in the molecule.
Therefore we have decided to include a depiction of the metal ion complexes in the presence of
isoxazoles, where a useful electrophilic quenching or cross coupling is facilitated. This review
focuses on isoxazoles and there lateral metalation and coordination of metals. For more examples
or to explore lateral metalation of other scaffolds see reviews by Hu®, Zhang®, Badenock'® , and

Walunj*, Ali*? and Roger™2.

Why Lateral Metalation is necessary

Direct deprotonation of an isoxazole or benzisoxazole alpha to the ring heteroatom usually gives
rise to ring fragmentation. The Kemp elimination is the deprotonation of the C-3 of a
benzisoxazole (1), through the step illustrated in 2, to give ring opening (3).** (Figure 1-2) The
Kemp elimination has been the subject of recent interest wherein computational enzyme design

was used to develop an enzyme to catalyze the deprotonation (Figure 1-3).%°
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Figure 1-3 (a) Engineered enzyme that promotes the Kemp elimination (b) the amino
acids involved in the reaction.

While synthetically the Kemp elimination and ring opening can present some challenges, it does
have somed therapeutic applications, such as in the case of Leflunomide, an immunsupressive
disease modifying antirheumatic drug (DMARD. The isoxazole of Lefluonimde represents a

prodrug that opens to the active drug Teriflunomide via the Kemp elimination. (Figure 1-4)
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Lellunomide '[LI’If unomide (Z)-teriflunomide

Figure 1-4 Leflunomide Kemp elimination and isoxazole ring opening to active drug
Teriflunomide

Synthetically avoiding Kemp elimination ring opening of the isoxazole and being able to have
the versatility to be able to add a group to a specific position in the presence of a labile groups or
reactive position is has additional synthetic utility. This review will look at the lateral metalation
catalized reaction of lithium as well as early and late transition metals. Each metal in lateral
metalation provides a different synthetic utility and can vary regio- and stereo- control of the
functional groups as well as what synthetic environments are tolerated. This in turn provides
access to a wide variety highly functionalized isoxazole in a regio- and stereo- specific manner
that can minimized or avoid undesired products. First though it is necessary to briefly discuss

how metals are coordinated by isoxazoles and other atoms.

COORDINATION WITH TRANSITION METALS
Our general discussion of interactions will begin with common modes of interaction that have
been observed in coordination chemistry. Isoxazole binding modes observed in metal complexes,

can generalized to interactions with Lewis Acids (delta+). In the Munsey review, conjugated
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amino groups were considered in the coordination chemistry with metals, here generalized to

conjugated Lewis bases (LB).(Chart 1-1)*7,

& o
—> ™=, o—N

Nring Oring

a* a* a*
e > a*
- —
o—r< o—N.~ \O——N
G - a* ot =-=— G
Mode A:
NringOring Mode B: Nyingl B-Bridging Mode C: Oyingl B-Bridging
a a*
/ ~—_ R
o~ % i \
% @)
Mode D: N-Aryl bridging Mode E: O-Aryl bridging

Chart 1-1 General coordination chemistry with metals of isoxazoles

This coordination has been looked at in detail.G. G. Mohamed reported that
hexachlorocyclodiphospho(V)azene of sulfamethoxazole, H,L, reacts with stoichiometric
amounts of transition metal salts such as Fe(l11), Co(l1), Ni(Il), Cu(ll), Zn(11), and UO(1l) to
afford colored complexes in a moderate to high yield. The complexes are found to have the

general formula [(MX,)2(H2L)(H20)m] and H,L behaves as a neutral bidentate ligand

coordinated to the metal ions through enolic sulfonamide OH and isoxazole N atoms. (Figure 1-

5)
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Figure 1-5 -Suggested structures of H2L metal complexes

It is reported that isoxazoles form complexes with various transition metals and behave as
monodentate or bidentate ligands,® in spite of its low basisity.*®

In the reduction of isoxazole by Mo(CO)s, isoxazole forms a complex with Mo(CO)s.%° A similar
intermediate with 1 was suggested in the reductive cleavage of isoxazole by samarium ion. %
Therefore, the reduction of isoxazoles by DHLAm-Fe(Il) might proceed as in Figure 1-6
Isoxazole makes a complex with DHLAm-Fe(I1) through nitrogen and is subjected to one-
electron reduction by DHLAm-Fe(ll) to produce intermediate 1 which is transformed
simultaneously to 2 by isomerization. One-electron reduction of 2 by DHLAm-Fe(l1) then gives

b-amnio enone, LAm, and ferrous ion.
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Figure 1-6 DHLAm-Fe(ll) mechanism

The metal complexes of Cu(Il), Ni(ll) and Co(Il) with Schiff bases of 3-(2-hydroxy-3-
ethoxybenzylideneamino)-5-methyl isoxazole [HEBMI] and 3-(2-hydroxy-5-nitrobenzylidene
amino)-5-methyl isoxazole [HNBMI] which were obtained by the condensation of 3-amino-5-

methyl isoxazole with substituted salicylaldehydes have been synthesized.(Figure 1-7)%

]

C—N

N
r|z IL NH,
R= / \
HaC O/N
M = Cu(Il). Ni(I1). Co(IT)

Figure 1-7 metal complex with Schiff bases
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Pitteri has studied the reactivity of neutral nitrogen donors in square-planar d® metal complexes.
They showed that for the reaction, both forward and reverse reactions obey the usual two-term

rate law observed in square-planar substitution.

[Pt(terpy)CI]" + nu _—= [Pt(terpy)(nu)]*" + CI

Figure 1-8 General platinium exchange with nucleophile
(nu = thiazole, oxazole, isoxazole, imidazole, pyrazole and 3,5-dimethylpyrazole) although these
nucleophiles are ambidents but they bind to Pt(ll) through nitrogen by displacement of chlorine
and binding mostly dependent on basisity of nitrogene hetrocycle. (Figrue 1-8)%
Two new hydrazone chelating ligands, 2-(2-(5-methylisoxazol-3-yl)hydrazono)5,5-
dimethylcyclohexane-1,3-dione (HL') and 2-(2-(5-tert-butylisoxazol-3-yl)hydrazono)5,5-
dimethylcyclohexane-1,3-dione (HL?), and their nickel(11) and copper(Il) coplexes were

synthesized using the procedure ofdiazotization, coupling and metallization.(Scheme 1-1) %

" VA
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{ ~
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e E N
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keto-hydrazone -

J O
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— -
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N s N \
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- N . -—-N
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Scheme 1-1 Syntheis of hydrazone chelating ligand via Copper(ll) and
Nickel(11) complexes)
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In an earlier report Chen and co-workers reported the synthesis of the ligand, 2-(2-(5-tert-
butylisoxazol-3-yl)hydrazono)-N-(2,4-dimethylphenyl)-3-oxobutanamide (HL), and its four

binuclear transition metal complexes, Mz(L)2(1-OCHj3), [M = Ni(ll), Co(Il), Cu(ll),

@ﬁ

Zn(lI1).(Figure 1-9)

M = Ni(I1), Co(1D,Cu(ll), Zn(Il)

Figure 1-9 HL four binuclear transition metal complexes

Four novel tetrafluoropropanol soluble metal(1l) hydrazone complexes [Ni(L)2, Co(L)2, Cu(L)2,

and Zn(L)2] were designed and synthesized in good yields through the reaction between
metal(11) acetate and hydrazone ligand (5-(2-(5-tert-butylisoxazol-3-yl)hydrazono)-1,3-
dimethylpyrimidine-2,4,6-trione, HL) prepared beforehand. They were evaluated as suitable
optical recording materials for the recordable blu-ray disc system. Their structures are proposed

in (Figure 1-10). %
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Figure 1-10 further exploration of HL metal complexes with
different ligands and metals

Fenga reported the preparation of 2, 6-bis-(5-ferrocenylisoxazole-3-yl) pyridine 4 and complex
of Pd(I1) 5 is shown in (Scheme 1-2). They achieved synthesis of complex 5 by reaction of 2,6-
bis-(5-ferrocenylisoxazol-3-yl)pyridine 4 with Pd(OAc), in CH,Cl,. Complex 5 was determined
by spectroscopic analysis. The ligand is bound to palladium in a tridentate fashion via the three
N atoms, forming two five-member chelate rings. They used coupling of iodobenzene with
phenylacetylene Sonogashira cross-coupling catalyzed by 1 mol% of complex 5 in the absence
of Cul as a co-catalyst. Moreover, adding TBAB (tetrabutylammoniumbromide) to the reaction

mixture enhanced the activity of the catalyst.”’

20



‘ NH-OHC] ‘ (1Y NCS
~ - -
= T~ \N (23 BN
OHC N CHO N 5 N B
1 HD/ OH
Z @—_7
’ Fe

ol
i

= j o

Scheme 1-2, preparation of 2, 6-bis-(5-ferrocenylisoxazole-3-yl) pyridine 4 and
complex of Pd(Il) 5 complex of Pd(Il) 5

La Cour and co-workers reported the synthesis Schiff-base complexes of isoxazole and
biologically important 3d metal(Il) ions (M = Ni, Cu or Zn). The crystal structure have been
determined for [N,N9-bis(3-phenyl-5-sulfanylisoxazol-4-ylmethylene)butane-1,4-
diaminato]copper(ll), which shows the metal atom is coordinated to two nitrogen and to two
sulfur atoms which form a flattened tetrahedron with the dihedral angle between the two N-M-S
planes being 48.6(1). (Figure 1-11)The physicochemical properties of these complexes have

been studied in solution.?®
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Figure 1-11 metal atom is coordinated to two nitrogen and to two sulfur atoms which form a
flattened tetrahedron with the dihedral angle between the two N-M-S planes

Lithium

Lithium is used frequently in synthesis as both an additive and a base. Many of these reagents are
commercial available or can be synthesized readily. One such application is in polyketide
biomimetic cyclizations which was proposed by Birch? as illustrated for citromyetin, and an
early demonstration that isoxazoles could be used to assemble polyketide synthons for these
biomimetic cyclizations was the report of Tanaka® (scheme 1-3). The keto-bisisoxazole was

regarded as the equivalent of the penta-acetate.

CoAQC

o °% %@ PO PP
o OCH;

Scheme 1-3 Polyketide synthesis
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Scheme 1-4 Isoxazole synthons to expand polyketides

The fruition of this hypothesis in the realization of subsequent biomimetic cyclizations was
found in the elegant work of Gibreath®, discussed in detail in our previous review.”

The modular nature of polyketides is still a theme of current interest, although the main emphasis
for the use of heterocycles as masked synthons for biomimetic synthesis in this arena has moved
towards isoxazolines. However, given the potential number of new targets of polyketide origin
exemplified in the work of Khosla®, it is entirely plausible that isoxazole synthons are poised for
a renaissance of application. (Scheme 1-4)

One example such example was by Bode et al** (Scheme 1-5) by utilizing C-chloro oximes and
cyclic 1-3 diketones through a base promoted cylcocondensation functionalized isoxazoles were
achieved this then was converted into polyketides derived polycyclic structures. This synthetic
method is direct and allows for the production of highly functionalize isoxazoles by using milder
reaction conditions that accommodate a variety of functional groups. While polyketides are a
good synthetic precusors so are a number of other functional groups that can be obtained with

lateral metalation.
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Scheme 1-5 Conituned expansion of polyketide synthesis using isoxazoles as an intermediate
Krogsgaard-Larsen used lateral metalation of the N-nitroso-isoxazole to accomplish a critical

acylation in his preparation of conformationally restricted ibotenic acid analogs (Scheme 1-6).*

0—N O/N
nBuLl H-.COOC
@O% g5C ocH;  HOOC
(C1-COOCH;

Scheme 1-6 Lateral metalation of N-nitroso-isoxazole to accomplish a critical acylation in the
preparation of conformationally restricted ibotenic acid analogs

In an effort to synthesize 2-Me-Tet-AMPA analogues, Vogensen utilized C-4 lithiation of
isoxazole 1 and a Michael addition of 1 to amino acrylate 2 afforded 3. Treatment of 3 with

sodium azide and triethyamine hydrochloride gave access to tetrazole 4 (Scheme 1-7). %
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Scheme 1-7 Controlled synthesis of isoxazole substituted with tetrazoles using lateral

metalation and sodium azide

Treatment of 3,5-dimethylisoxazole (1) with n-butyllithium3a and thereafter with a-bromoethyl
tetrahydropyranyl ether afforded isoxazole 2a in 73% yield, whose exposure to methanolic acid
furnished alcohol 2b in 94 % yield. Jones oxidation of the latter yielded (85%) acid 3a. Exposure
of acids 3a to oxalyl chloride, vacuum removal of the excess reagent, and slow addition of ether
solution of the remaining acid chloride to an ethereal diazomethane solution led to diazo ketone
3b (67%). Decomposition of diazo ketone 3b was carried out over dirhodium tetraacetate in
methylene chloride solution. Diazo ketone 3b produced bicyclic ketone 6 (61%), indicative of
the outlined reaction mode in (Scheme 1-8).This reaction used two different metals the
coordinated the metal and stabililed the transition state and addition next to the oxygen. The Rh

stabilized and assisted with ring closer to produce the final bicycle ketone products. *
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Scheme 1-8 production bicyclic ketone using various metals

To investigate the potential of small, substituted heterocycles to act as glycine agonists,
Drummond et al evaluated the similarities between glycine and a series of hydroxy- and amino-
substituted pyrazoles and isoxazoles through complementary molecular modeling techniques. By
using a "scorecard” approach to determine the overall similarity of projected agonist structures to
glycine, novel derivatives was synthesized. The 5-phenyl analogue 3 was synthesized by the
method shown in Scheme 1-9. The 1:I mixture of 0- and N-methylated isomers (32 and 33) were
separated by chromatography on silica gel. The 0-methylated compound (33) was converted to
the 4- carboxylic acid derivative by metalation at the 4-position followed by quenching with
crushed dry ice. The 4-amino group was introduced by a Curtius rearrangement following the

method of Poutler and Capson. *’
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Scheme 1-9 synthesis of trisubstituted isoxazoles from alkynes

Myers reported a practical, enantioselective synthetic route to a key precursor to the

tetracyclineantibiotics. Key steps in the route involve enantioselective addition of divinylzinc to

3-benzyloxy-5-isoxazolecarboxaldehyde and an endo-selective intramolecular furan Diels-Alder

cycloaddition reaction. This was able to proceed with a high ee (93%) and in large gram scale
quantities. They developed two procedures to transform 2 into the optically enriched (R)-allylic
alcohol 3.. The configuration of the product 3 (Scheme 1-10) is opposite to that observed in
related additions to non-heteroaromatic aldehydes. Which suggests that 2 may bind to the metal
complex in bidentate fashion during the addition (thus presenting the enantiotopic z-face of the

aldehyde to the nucleophile (Scheme 1-11).
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Scheme 1-10 Synthetic route to products with high ee

The reversal in enantioselectivity they observed with a potentially bis-chelate substrate has not
been documented in the Oppolzer system so far as they are aware. Dinuclear zinc catalysts
apparently do not show such behavior. The lithium cation may prove a key organizational
element, as suggested in Scheme 1-11 and originally proposed by Oppolzer and Radinov. A
convergent coupling was achieved by metalation of the isoxazole ring of the (S)-allylic amine 5
Detailed analysis of the product mixture shows that cycloaddition occurs from a single z-face of
the allylic amine (dienophile) and that the two major products are both endo-diastereomers,
stereochemically homologous with the target 1 at the AB juncture (see Scheme 1-10). While
both of the epimeric substrates 7 undergo endo-selective cycloaddition, the endo/exo ratios are
different (6.2:1 for the (S)-alcohol, and 1.6:1 for the (R)- alcohol), as are the rates of

cycloaddition, with the (S)-alcohol 7 reacting somewhat more rapidly. The endo selectivityof the
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cycloaddition reaction is notable, given that the majority of furan Diels-Alder reactions are exo-

selective, reversible processes. Retro-cycloaddition apparently does not occur in the present

case.®

R R
| H4C |
N N

Oml Ph OmmtLi— 0—N
v v A\
zn o Zn 5 OB
P \\N,_;—’ observed
e
OBn
OH

OH

(o]
g Y
V4
OBn

(5)-3 (R)-3 OBn

Scheme 1-11Dinuclear zinc catalysts apparently do not show such behavior. The lithium
cation may prove a key organizational element

Masciadri and co-workers reported highly regioselective (> 90%) MOM-protection of 3-
hydroxy-5-phenyl-isoxazole followed by elaboration in 4 position via directed ortho-metalation

and mild deprotection with cold methanolic HCI provided ready access to a zwitterionic

isoxazole derivatives.(Scheme 1-12)*
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Scheme 1-12 directed ortho-metalation and mild deprotection with cold methanolic HCI
provided ready access to a zwitterionic isoxazole derivatives

Campana et al were able to successfully obtain an x-crystal structure of potential mGIuR
selective a dialkylated isoxazolo[3,4-d]pyridazinones selectively at the C-3 position of the
isoxazole. This was achieved via lateral metalation of the C-3 position versus the C-10 using

LiHMDS as the base and benzyl bromide as the electrophile. (Scheme 1-13)*

N
L
LiHMDS
\ THF -78°C
N o -
N BnBr

Scheme 1-13 Selective C5 functionalization of dialkylated isoxazolo[3,4-d]pyridazinones

Hulubei et al (Scheme 1-14) used lateral metalation on structure 2 to produce a variety of
branched and unbranched IDHP analogues. These analogues exhibited inhibitory activity at

MDR and had a SAR unique from their activity at the voltage gated calcium channel. With a



unique SAR profile and a versatile synthetic methodology provides a route for creating

additional selective compounds. *

O—N \ —N
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b) NaBH, HaC \ CH,COCH,CO,Et
el Hs0+ Se— CH NHy Ar
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4l. Ar = 1-naphthyl- Ar—" \ O, 10011006
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5k. Ar = m-BrCgH,-
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Scheme 1-14 produce a variety of branched and unbranched IDHP analogues

Patel et al developed and tested analogues of AMPA. This was achieved through lateral

metalation and electrophillic quenching of the starting AMPA to generate more liphophilic

analogues to better access and bind System x.. These compounds were evaluated for activity and

SAR insights. Though modeling a pharmacophore model and SAR was developed that illustrated

that there was a liphophilic pocket adjacent to the main binding pocket that could contribute the

increased activity of the more liphophilic analogues.(Scheme 1-15) %2
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Scheme 1-16 lateral metalation and electrophillic quenching of the
starting AMPA to generate more liphophilic analogues

Li et al synthesized and successfully achieved a X-ray crystal structure of a highly functionalized
3-(9’-anthyl)- isoxazolyl sulfonamides for use in exploring binding to the G-4 quadruplex. These

compounds were achieved by selective metalation at the C-5 of the isoxazole and generation of a

single racemic diasteromers (Scheme 1-16). 43

1. base/THF, -78 °C

N/ 2. oxazirdine & or 7
~78°C
6/
?
Ph
2R, = =

1R, = GH,Ph, R, = OCH,CH, Rq = CHoPR. Ry = OCHCHs 35 SRiRS- R, = CH,Ph, R, = OCH,CH,
8R; = H, R, = OCH,CHj 4 Ry = CHzPh, R; = n-Bu

3b SS/RR- Ry = CH,Ph, R, = OCH,CHj
5a SR/RS- R, = CH,Ph, R, = n-Bu

10 R; = H, R; = OCH,CH,

Scheme 1-16 Synthesis highly functionalized 3-(9°-anthyl)- isoxazolyl sulfonamides

9 R, = H, R, = OCH,CH;

Han et al used 3-(10’-halo-9’-anthracenyl)-5-methyl-4-isoxazolcarboxylic acid ethyl esters as a

highly versatile and efficient scaffold for lateral metalation at the C-5 of the isoxazole as well as
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Suzuki-Fu palladium cross-coupling at the C-10 of the anthracene (Scheme 1-17). Being able to
perform a selective lateral metalation or Pd coupling in the presence of an aryl halogen and an
isoxazole, which has known issues in the presence of low valence metals, provides a versatile

reaction route for elaborating the scaffold.**

& Ol &
B—~Ar
0-N 1. Base/THF 0-N Rd 0-N
El \ x 8°C \ X \ A
CH N <« CHN — > CHON
COEt Q 2 Electrophile (EFY)  CO2K O tpg(dt;ab COAE O
- u3

Scheme 1-17 3-(10’-halo-9’-anthracenyl)-5-methyl-4-isoxazolcarboxylic acid ethyl esters as
a highly versatile and efficient scaffold for lateral metalation at the C-5 of the isoxazole as
well as Suzuki-Fu palladium cross-coupling at the C-10 of the anthracene

Mosher et al used lateral metalation to selectively produce anti-cancer agents through the anion
of the 3,5-disubstituted isoxazole-4-carboxylic acid at the C-5 position of the isoxazole followed
by nucleophilic aromatic substitution on a 9-chloroacridine.Varying the amount of base and
what groups were present on the isoxazole additionally helped to direct to the C-5 position and
further the understanding of how different conditions affect the lateral metalation at that position

over other potential sites. (Scheme 1-18)
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Scheme 1-18Varying the amount of base and what groups were present on the
isoxazole additionally helped to direct to the C-5 position and further the
understanding of how different conditions affect the lateral metalation at that

position over other potential sites

Zhou et al generated functionalized AMPA analogs through lateral metalation of ethyl-4-acetyl-

5-methyl-3-isoxazoyl carboxylates using 5,5-dimethyl-1,3-dioxanyl as a directing group. This

synthetic route tolerated a variety of electrophiles and resulted in good to excellent yields (41-

81%).%® (Scheme 1-19)
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Scheme 1-19 generated functionalized AMPA analogs through lateral
metalation of ethyl-4-acetyl-5-methyl-3-isoxazoyl carboxylates using 5,5-
dimethyl-1,3-dioxanyl as a directing group

Nelson et al continued with additional developed a novel synthetic route to produce highly
functionalized isoxazoles. By using a nucleophilic reaction between haloalkylphthalimides and
the isoxazole compounds could be produced the in good yield. This is reaction route provides a

controlled access to the carbonyl which can be challenging due to the competing electrophilic



centers at the carbon with the halogen and the imide carbonyl. This was also additionally verified

with a crystal structure.(Scheme 1-20) ¢/

Li

L mC _ HsC !
Scheme 1-20 Novel synthetic route to produce highly functionalized isoxazoles. By using a
nucleophilic reaction between haloalkylphthalimides and the isoxazole compounds could be
produced the in good yield.
Natale et al developed a series of 4-isoxazolyl-1,4-dihydropyridines (IDHP) that have lipophilic
side chains at the C-5 position of the isoxazole ring and used to target the calcium channel and
evaluate their antagonistic activity. A SAR was developed. The SAR helped to further
understand the tolerance of lipophilic groups on IDHPs and potentially what residues would be

factors affecting them. A crystal structure was also obtained to further view the 3D shape it

takes.(Scheme 1-21)*
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Scheme 1-214-isoxazolyl-1,4-dihydropyridines (IDHP) that have lipophilic side chains
at the C-5 position of the isoxazole ring and used to target the calcium channel and
evaluate their antagonistic activity

Di Nunno investigated the C-4 verses C-5 position lateral metalation of 3-aryl-isoxazoles, and
observed that coordinatively unsaturated alkyl lithium reagents produced ring metalation in
competition with LM, while lithium amide bases gave clean LM. This is similar to results
previously reported for 3,5-dilakyl isoxazoles, and consistent with Beak’s rationale that alkyl
lithium reagents produce proximity directed ortho metalation in a kinetic process, while the

lithium amides lateral metalation is a thermodynamic deprotonation.(Scheme 1-22)*

—N ase " ©
? \ L» L-n-- : \ \N + / O\
e Ph _780C / £ Pt

Ph
Scheme 1-22 alkyl lithium reagents produce proximity directed ortho metalation in a
kinetic process, while the lithium amides lateral metalation is a thermodynamic
deprotonation
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In pursuit of generating heterocyclic analogues of anthracyclines, Alguacil et al investigated the
reactivity of isoxazole-fused furanone 304 with functionalized quinine monoketals, and the
corresponding annulated products could be prepared in moderate yields.

The atypical formation of the Michael adduct 307 is explained in terms of nucleophilic attack of

the resonance stabilized anion through the oxygen at the 4-position.(Scheme 1-23). >* *
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Scheme 1-23 generating heterocyclic analogues of anthracyclines using isoxazole-fused
furanone and functionalized quinine monoketals

Epoxide ring opening
In their continuing search for antiviral analogs of Disoxaril, Diana and co-workers utilized the

ring opening of oxirane (Scheme 1-24)to extend the tether length between key protein coat

binding moieties.>
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Scheme 1-24 ring opening of oxirane to extend the tether length between key protein coat
binding moieties

Diana et al al also synthesizing Disoxaril analogues, by C-5 lateral metalation of isoxazole 1 as
outlined in Scheme 1-25 to obtain (chloropropyl)isoxazole 2. Treatment of 2 with 3,5-dimethyl-

4-hydroxybenzonitrile 3 afforded nitrile 4. Reaction of 4 with sodium azide provided tetrazole 5

53
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Scheme 1-25 Disoxaril analogues, by C-5 lateral metalation of isoxazoles

(CH>)3ClI

Nelson et al looked at the synthetic utility and scope of epoxides for chiral functionalization of
isoxazoles. Through bioisostere replacement of 4-aryl with a substituted isoxazole compounds
were produced with robust activity at the L-type calcium channel. Lateral metalation selectively

generated and anion at the C-5 position which was able to successfully ring open the epoxide
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single regioisomer for aliphatic and a mix for those with a,B-unsaturation. Addition of various
Lewis acids helped to provide control of regiochemical outcomes with limited success, but there

was inversion that occurs at the benzylic carbon, which has potential synthetic utility (Scheme

1-26).>*
HO
O—N 1. BuLi 0N O—N
\ 3
CHan/LCH3 - 5 R\[/\/YCHE . R N CH;
SN 2 HO CN SN
L., " L )
CH. CHj CHs
CHy a.R=Me CHs CHs
2 b. R =Ph 3. a-c 4. a-c

C.R= 'CH=CH2
Scheme 1-26 synthetic utility and scope of epoxides for chiral functionalization of
isoxazoles

Metal catalysts

f-keto nitrile 2 were prepared form isoxazole 1 in high yield using NaH. In light of the obtained
results Dominguez were able to propose only the 4,5-substituted isoxazole, not the 3,4-
disubstituted isoxazole, would be able to react with base to directly produce cyanoketone.
Scheme-1-27. >

CN

NaH, THF.*# Al
/ \ > A

N

Ar'
o/ o}
1 2

Scheme 1-27 Preparation of cyanoketone products from isoxazoles

Jackowski et al developed a novel regioselective, rapid, and simple method to obtain 3,4,5-

trisubstituted isoxazoles in a one pot reaction. This is achieved via a direct synthesis with
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aluminum substituted alkynes. The carbon-aluminum bond is able to react with several

electrophiles without the need for transmetalations therefore minimizing steps. (Scheme 1-28) *°

X
XH —
N/ N - X
| AlMes, Toluene | / R o )
R —— . | R
AlMe, /
R
R! al % R’
RZ NG

Scheme 1-28 carbon-aluminum bond is able to react with several
electrophiles without the need for transmetalations therefore
minimizing steps

Buckner utilized isoxazole ring opening methodology as part of a protocol for synthesizing

Tipifarnib analogues, which are starting material for development of anti-Chagas drug (Scheme

1-29).°’

Scheme 1-29 isoxazole ring opening methodology as part of a protocol for
synthesizing Tipifarnib analogues, which are starting material for
development of anti-Chagas drug
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Singh reported an efficient method for synthesis of substituted 2-pyrrolidinones, 2-pyrrolones,
and pyrrolidines from enaminones of Baylis-Hilman derivatives of 3-isoxazolecarbaldehydes,

Scheme-1-30 °8

R R
0 '{ Raney-Ni, Hy. it Q NH
—b
Ar \
CO,Me Ar F CO,Me
l rt., 48h
0
0 HN
Ar

Scheme 1-30 synthesis of substituted 2-pyrrolidinones, 2-pyrrolones, and pyrrolidines from
enaminones of Baylis-Hilman derivatives of 3-isoxazolecarbaldehydes

COPPER

The copper catalyzed 1,3- dipolar cycloaddition of nitrile oxides with alkynes can now be
performed in a single pot from the precursor aldehyde and gives clean 3,5-regiochemistry in the
reaction with terminal alkynes, and it has been argued that this cycloaddition is useful enough to
be included in the Click category as defined by Sharpless, with the more familiar azide/alkyne
1,3-dipolar cycloaddition. Long® considered a concerted reaction, a recent proposal by Volkin®
suggests that the copper (I) catalyzed version is best explained as a step wise process, and
supports their argument with DFT computations. The proposed mechanism explains the observed
regiochemistry and rate enhancement, and the postulated intermediates at the C-4 of the
isoxozaole, offer several testable hypotheses in terms of copper intermediates, which could be

experimentally intercepted and potentially put to good use (Figure 1-12).
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Figure 1-12 Proposed mechanism of one pot reactions of copper catalyzed 1,3-
dipolar cycloaddition of nitrile oxides with alkynes.

Ueda et al used Cu(OTf); as a catalyst with o-arylmethyl alkynyl oxime ethers giving a
trisubstituted 4-arylmehtylisoxazole in good to excellent yields. This reaction proceeds through
an alkynyl oxime ether in a sequential intramolecular addition of the oxime oxygen to the alkyne
group with subsequent 1,3 migration of the substituted benzyl group. This synthetic route
tolerates a variety of functional group while maintaining a good balance between product and

side reactions (Scheme 1-31). ®

R2
N/O
| R
1 I /
. R
o ~ Cu(OTr),
F ~N R 2 S
R3-—— | PhCI \
g

\ /\R3

Scheme 1-31 Cu(OTf), as a catalyst with o-arylmethyl alkynyl oxime ethers
giving a trisubstituted 4-arylmehtylisoxazole
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Hansen et al used a one pot synthesis with Cu(l) as a catalyst to obtain 3,5 disubstituted
isoxazoles. This was done by generating an nitrile oxide insitu from aldehydes followed by the
addition of a terminal acetylene and Cu(l) catalyst and achieved the 3,5-disubstituted product in
good yield and regioselectivity. Another plus is most functional groups are tolerated in the
reaction and can be performed in aqueous solvents without protecting from oxygen. All reagents
are used in stoichiometric amounts to minimize production of by products. This also allows for

versatility in the scale the reaction can be run on (Scheme 1-32).

1) H,NOH*HCI, NaOH

2) TsN(CHNa*3H,0 0
— e N
H 3) R2
Cu”/CuS0, (cat.) _ | V4

;
R t-BuOH:H,0 (1:1)

Scheme 1-32 one pot synthesis with Cu(l) as anataIyst to obtain 3,5 disubstituted

isoxazoles
Himo et al used DFT studies looking at reactivity and intermediates for Cu(l) catalyzed of azoles
and isoxazoles. By using a Cu(l) catalyst the reaction for forming 3,5-disubstituted isoxazoles is
accelerated greatly and increased yield while minimizing side products and allowing for more

regiospecific control versus uncatalyzed. The process is highly reliable and exhibits an unusually

wide scope with respect to both components (Scheme 1-33). &

CuS0," 5H,0, 2 mol%
sodium ascorbate, 10 mol %o
KHCO;5, 4.3 equiv

OH
N |
| + RZ———H =
)\ Hz().-".rHu(}H._ 1:1,RT, 1-4 h ] /
R! cl R

Scheme 1-33 Cu(l) catalyst the reaction for forming 3,5-disubstituted isoxazoles is
accelerated greatly and increased yield while minimizing side products and allowing for
more regiospecific control versus uncatalyzed

N—C
R2
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Nelson et al achieved catalytic asymmetric addition of alkyl- and aryl-zinc reagents to an
isoxazole aldehyde to generate ACPA analogs targeting GIuR2. This proceeds with high
enantioselectivity (85-95% ee) by nucleophilic addition of an alkyl or aryl-zinc using the amino
catalyst (S)-2-piperidinyl-1,1,2 triphenyl ethanol. A zinc based catalyst was used due to
abundance of it, commercial availability and variety of alkyl and aryl substituted zinc or if they
could be synthesized in a single step, and the rate of the uncatalyzed (racemic) rxn is most often

extremely low to zero(Scheme 1-34). %

O
H o 1) R,7Zn, catalyst, 3h
/ \ solvent =PhMe
Y N (unless otherwise noted)
0o 2)Aq. workup

R

Ta- a Lt
2a-c Me
¢ Ph

Scheme 1-34 catalytic asymmetric addition of alkyl- and aryl-zinc reagents to an isoxazole
aldehyde to generate ACPA analogs targeting GIuR2

PALLADATION AND C-H Activation: Cross-Coupling Reactions on Isoxazoles
Palladium mediated cross-couplings have emerged as one of the most robust synthetic methods
for carbon-carbon bond formation.(Figure 1-13) Even for the well-explored C-4 ring metalation
of isoxazoles, the palladium methodology greatly expands the scope of application, especially in

terms of functional group diversity that can be tolerated in the process.

A O—N ( o—N
O—N - —
\ [Pd] S \ [Pd] “ \
N . 2
+ ArMRn +  ArX
X base Ar base MRBn
-~ "

Figure 1-13 General Palladium mediated cross-couplings
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It is well established that isoxazoles are susceptible to reductive ring opening therefore there is a
concern with direct C-H insertion with low valent metals could possibly lead to cleavage of the
O-N bond. Mechanistically, the only critical difference in the catalytic cycle starting from
halides could be the transformation of the palladium hydride formed on initial insertion to a
better leaving group to produce the critical diaryl palladium intermediate. However, there are at
least five ways for C-H insertion to approach that intermediate. The first is electrophilic aromatic
substitution on the aryl palladium intermediate. Given the electron deficient nature of the
isoxazole as an aromatic entity, this seems unfavorable especially in cases with additional
electron withdrawing groups on the heterocycle. The second and third possibilities involve either
p,ht or p,h? initial coordination. The fourth is a Heck-type addition. The final possibility is a
direct C-H insertion, which should involve a palladium hydride intermediate, and hence should
be facilitated by a Wacker-type cycle, a mechanistic and synthetic detail that might possibly

| % caution that

improve many palladium mediated couplings under study. Finally, Alberico et a
given different conditions of solvents, base and additives, it is entirely possible that different

mechanisms are favored under different sets of conditions. (Figure 1-14)
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Figure 1-14 different palladium catalyzed reaction of isoxazoles and there outcomes

Whether the cross coupling proceeds from isoxazolyl-tin or boronate, or begins with the

isoxazolyl-halide, the mechanism of the reaction proceeds via the critical diaryl palladium

metallated intermediate (Figure 1-15).

[Pd] o-—-—N
\
Ar OP‘N
0—N
\
Reductive Oxidative

Elimination e ‘J addition
Pd

Ar-MRn
e

Ar X-MRn

Figure 1-15 General mechanism of Pd catalysis of isoxazoles
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Nakamura reported the coupling of an aryl iodide to an isoxazole as a key step in the total

synthesis of a liphophilic derivative of the GABA agonist muscimol. (Scheme 1-35)

) Pd(PPhy),Cl,

tﬂ@

2) 33% HBr, HOAc

o)
OCH;

Scheme 1-35 coupling of an aryl iodide to an isoxazole as a key step in the total
synthesis of a liphophilic derivative of the GABA agonist muscimol

While an oxidative coupling strategy was first investigated using benzene and catalytic
Pd(OAc),with Cu(OAc)./oxygen as the oxidant, the authors found that use of almost
stoichiometric palladium was required to obtain synthetically useful yields. Hence, an alternative
strategy using iodobenzene and base was employed, allowing the use of catalytic amounts of

palladium while still obtaining the desired coupled product in low to moderate yields.*® Scheme

1-36 and 1-37
THPO HO
1. PA(OAC), (10 mol®o),
NaHCO,, HMPT,
/ \ 95-100 °C o / \
/N - /N
R R
) 2. HCI, EtOI] (@)
4
Phl R = Me 30%

Ph 43%
p-CIPh 37%

Scheme 1-36 oxidative coupling strategy Pd(OAc),with Cu(OAc),/oxygen as the oxidant

\ N PACOAC) (10 mol?a)
Y, PPhy (1Omol?a)
1

_—
E o FIMPA NallCo,, 757C. 6 h 452
o

Scheme 1-37 iodobenzene and base was employed
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Basolo et al expanded upon Nakamura et by using an intramolecular cyclization of a 3-substiuted
isoxazole. They used Pd(OAc)./PPh; HMPA to form a tricyclic compound with a 45% yield. 5-

substituted isoxazoles have also been cyclized to give tricylclic compound. (Scheme 1-38 and 1-

39)
R, R2 Yield (%)
Me H 44
Ph H 48
R | R. o Me C1 43
4 co, . p
0\ 5% PAC (10mol%) \N
I .
| /N + HMPT NaHCO;. 100°C, 9h J
Ry OTs
OTs
Rz

Scheme 1-38 intramolecular cyclization of a 3-substiuted isoxazole

R
R o o
[ ) N
N Pd(OAC), (10mol%) |
/ + phl L’” y
HMPT NalCO,. 100-120°C, 2-7h - o
OTHP OTHP
R, Yield (%)
Me 30
Ph 43
4-CIC M, 37

Scheme 1-39 intramolecular cyclization of a 5-substiuted isoxazole

/ Y
P
X PA(OAC), (2 mol?a)
R\N/(CH2)n DMAc, KOAe, BuyNCl,
120°C (Jiv). 1 h
= / Ar
O—n

XY

n R Yield[%]
I CH 0 CO.Bu 60
Br N 0 CO-Bu 9
I CH 1 Me 12
Br CH 2 CO-Bu 49

Scheme 1-40 cyclization of a tricyclic isoxozoles
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Basolo et al additionally used cyclization process led to fused heterocyclic with 9-60% yield with
ligand-free Pd(OAC); as catalyst with microwave heating. Biomolecular 4-arylation of isoxazoles
was also found to be possible but required higher temps and longer reaction times. Coupling
iodobenzene or 4-iodotoluene with 3,5 disubstitued isoxazoles resulted in 4-arylated isoxazoles
in 30-48% yield. ®®(Scheme 1-40).

Chiong and Daugulis worked to extended to include aryl chlorides, when 1-chloronaphthalene
was used as a coupling partner (Scheme 1-41). To facilitate the oxidative addition of 1-
chloronaphthalene to palladium, Pd(OAc), was associated to the bulky and electron-rich ligand,
n-butyl-di-1-adamantylphosphine to act as catalyst. The expected product, 3,5-dimethyl-4-

naphthalen-1-ylisoxazole, was obtained in 76% vyield.®’

\ (o} N
/ Pd{OAC), (5 mol%) \

PlaBupAd), (10 mol?a).,
+ -

el NMP, K PO, 125°C, 24 h OO

Scheme 1-41 include aryl chlorides, when 1-chloronaphthalene was used as a coupling

Sahoo et al (Scheme 1-42) report a palladium catalyzed intramolecular cross dehydrogenative
coupling (CDC) that allows for access to the highly n-conjugated benzoindoles[1,2-a] quinoline
fused isoxazoles(BQI) scaffolds. Using a Pd and O2 with a base, co-catalyst, and metal oxidant
free to generate a variety of substituted benzoindoles[1,2-a] qunoline fused isoxazoles. An
interesting note is this synthesis set up allows for C4 functionalization of isoxazoles without the
need for a co-catalyst such as Agl. Using deuterium studies and kinetic studies it was found that

the C-H activation step was not the rate limiting step and that the carbometalation was the rate
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limiting step. Interaction of the Pd interacting with the benzimidazole and shift to the C2 position
between the nitrogens of the imidazole followed by a metallotropism-triggered to the active
intermediate that leads to the intramolecular C-H bond cleavage concerted metalation
deprotonation of the C4 of the isoxazole with the last step of reductive elimination with yields
between 61-84%. With the addition of HOPIv the reaction progressed more smoothly. It was also
observed that substrates with electron-withdrawing groups reacted slightly slower that ones with
electron-donating. BQIs could be further diversified by using Fe powder to cleave the isoxazole
O-N bond and generate benzo[4,5]imidizolo[1,2-a] quinolines. These scaffolds have
implications/utility, such as in pharmaceutical design, but were previously difficult to

synthesis.®®

Pd{OAC) (10 mal®a)

Xylene, Piv-OH (6:1)
0, 120%

Scheme 1-42 palladium catalyzed intramolecular cross dehydrogenative coupling (CDC)
that allows for access to the highly n-conjugated benzoindoles[1,2-a] quinoline fused
isoxazoles(BQI) scaffolds

Galenko et al (Scheme 1-43) used 4-propargylisoxazole as a synthon intermediate to synthesis
new 2,2’-bipyrimindine, symmetrical and unsymmetrical 6,6’ binicotinates, and 2,2’-bipyridine-
5 carboxylates with yields between 20-90%. These compounds are utilized in the design of
metal-organic frameworks (MOFs) which have been used as catalysts but also as fluorescent
probes to measure pH and molecular separations to name a few. To achieve symmetrical 2,2’-

bipyrimindine compounds a Glasser/Eglinton with Cu(OAc), followed by
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Fe(NTf,)/Au(NTf,)tBuXPhos was used. While a copper free Sonogashira coupling followed by
Fe(ID/Au(l) relay catalyst condition to achieve the unsymmetrical product. These reaction
methods present a more general strategy to readily generate a wider variety of diverse

symmetrical and unsymmetrical compounds.®

CO,Me
| PA(PPhy)y/PryNH
.

/ \ + X PhH, 80°C

Br N Ry

-

MeO,C
Scheme 1-434-propargylisoxazole as a synthon intermediate to synthesis new 2,2’-
bipyrimindine, symmetrical and unsymmetrical 6,6’ binicotinates, and 2,2’-bipyridine-5
carboxylates

Shen et al were looking at platinum catalyzed [5 +2] and [4+2] annulations of isoxazoles with
heterosubstituted alkynes. This approach allows for synthesis of valuable 1,3-oxazepines and
2,5-dihydropyridines. This exploration also provided information about novel a-oxo and a-imino
platinum carbenes and the resulting selectivity switch they can provide for synthesis of diverse

intricate scaffolds.(Scheme 1-44) ™

PG R
\N -
R, O\ PLCL, (10 mol%s) J\
\ ‘ N CO(latm) N N0
N——ZWF=—"—R, + /
toluene,60°C. 48h R
PG Ph N\ / 2

Ph
Scheme 1-44 platinum catalyzed [5 +2] and [4+2] annulations of isoxazoles with

heterosubstituted alkynes
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Frglund et al synthesized a series of 4-aryl-5-(4-piperidyl)3-isozolol GABA, antagonists. This
series of compounds had significantly higher potencies than previously reported 4-PIOL
antagonists and standard GABA; antagonists. Using a Suzuki conditions with Pd(PPhs),Cl5,
various aryl boronic acids or ester , and 4-iodo substituted isoxazole to generate the various

substituted analogues (Scheme 1-45)."

(e}

PR

PA(PPhy)Cla. ag KoCO5. RBOH), O N

T
-

N
\ /

0OBn
Scheme 1-45 4-aryl-5-(4-piperidyl)3-isozolol GABA, antagonists. This series of
compoundshad significantly higher potencies than previously reported 4-PIOL antagonists
and standardGABA, antagonists

R

Banerjee et al (Scheme 1-46) expanded further explored the higher directing ability of nitrogen

versus oxygen in a 3,5-diaryl isoxazole in the relationship to the construction of C-C and C-O

bonds. Using Pd(OAC); as the catalysts they found that regioselective aroylation and

acetoxylation takes place at the ortho-CHs neighboring the nitrogen atom. The substitution at the

ortho position occurred via chelated assisted approach rather than the more acidic isoxazole C4

position. 2
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Deactivated H Activated

Ring ring

Pd(OAc),. PhI(OAC),

110°C -
Toluene/AcOH
(1:3)

R, o H
Ry
X/ ’ | AN PdiOAC),, DCE \
TS N () R
| |

Scheme 1-46 higher directing ability of nitrogen versus oxygen in a 3,5-diaryl isoxazole in
the relationship to the construction of C-C and C-O bonds

Fall et al (Scheme 1-47 ) generated 4-arylisoxazoles with a variety of functional groups tolerated
using a palladium-catalyzed activation/arylation of 3,5-disubstituted isoxazoles using aryl or
heteroaryl bromides. This reaction is attractive since there is no need for preparation of the
organometallic derivatives and only HX associated with the base as a by-product. The presented
proceed allowed for product formation with electronically and sterically diverse aryl bromides
and 3,5-disubstituted isoxazoles at low catalyst loading in ligand-free palladium conditions.
They found that though this reaction was able to tolerate a variety of groups were tolerated on
the aryl bromide better results were obtained when it was electron-deficient. Examples included
acetyl, formyl, fluoro, nitro, trifluoromethyl or nitrile. Other heterocyclic bromides could be
cross coupled to the isoxazole, including pyridine, 1- or 2- quinoline, and diazenes.
Additionally, isoxazoles with electron-withdrawing groups on the C-3 position to be less reactive

and proceeded sluggishly. ">
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‘ /\N 4+ ArBr PACT, (0.2 or 0.5 mol-Yo)

DMAe, AcOK, 130°C, 20h

O—nN O——N

U \ q\/omp . S \ OH

L. Pd{OAC), 10 mol™s
+ NaHCO, HMPT, 95-100°C

©\ 2, HCI, FIOH
|
R—me. Ph. p-CIPh

Scheme 1-47 4-arylisoxazoles with a variety of functional groups tolerated using a palladium-
catalyzed activation/arylation of 3,5-disubstituted isoxazoles using aryl or heteroaryl bromides

Piller et al reported preparation of polyfunctional arylmagnesium, arylzinc, and benzylic zinc
reagents by using magnesium in the presence of LiCl, and subsequent utilizing them Pd catyzed
cross-coupling reaction. The presence of LiCl considerably facilitates the insertion of magnesium
into various aromatic and heterocyclic bromides. Several functional groups, such as -OBoc, -
OTs, -ClI, -F,-CF3, -OMe, were well tolerated. Five-membered rings incorporating two
heteroatoms often require mild conditions for their metalation, since these metalated ring
systems often display a tendency to undergo fragmentation reactions. Thus, 4-bromo-3,5-
dimethylisoxazole (3v) was smoothly converted to the corresponding zinc reagent within 15 min
at 25 °C by treatment with Mg/LiCl/ZnCl,. After a Negishi cross-coupling reaction with 3-

bromoanisole, the arylated isoxazole 5x was isolated in 90% yield (entry 4). (Scheme 1-48) "
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OMe OMe N/ \
Br MgBr LiCI OMe No TMe
e _2nCh MgCl.LiClI 2
THE o
Pd-catalyzed
cross-coupling
Me 1
oMe =N
A
Me

Scheme 1-48 preparation of polyfunctional arylmagnesium, arylzinc, and benzylic zinc

reagents by using magnesium in the presence of LiCl, and subsequent utilizing them Pd

catyzed cross-coupling reaction

The Pd(TFA)./SPRIX catalyst system was applied to an alkoxy alkylative desymmetrization

reaction initiated by oxypalladation of an alkene, followed by trapping of the Pd-alkyl

intermediate by a pendant alkene. ® This reaction gave high levels of enantioselectivity (up to

97% ee) with 20 mol % Pd. Subsequent reports investigated the use of spiro bis- (isoxazole) 154

" and hybrid spiro (isoxazole-isoxazoline) 155 ligands.”® Although 154 was not as effective as
the SPRIX ligand class, hybrid spiro (isoxazole-isoxazoline) ligands 155 were more promising,

affording a catalyst with increased reactivity without compromising enantiocontrol (Scheme 1-

49).

56
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155a" H 11 I 34 6t
1550 Me Me Me 54 87
155¢¢ H i-Pr -Pr 59 7
155d" t-Bu i-Ir i-Pr 74 a3

“72h "21h “17h

R =i-Pr

SPRIX: spirocyclic bis(isoxazoline) ligand
Scheme 1-49 Pd(TFA)./SPRIX catalyst system was applied to an alkoxy alkylative

desymmetrization reaction initiated by oxypalladation of an alkene, followed by
trapping of the Pd-alkyl intermediate by a pendant alkene

The Suzuki—Miyaura Reaction is a commonly employed synthetic strategies for cross coupling
functional groups by using Pd and various functionalized boranes.

McDaniel et al used microwave condition with a Suzuki-Miyaura cross-coupling of benzylic
bromides to produce a library of structurally diverse compounds as potential System X.. Up until
this work there were few examples of Suzuki cross-couplings at benzylic positions and even
fewer of heteroaromatic rings. This protocol gives better access to these scaffolds and provides a

useful method synthesis of water sensitive compounds with a commercially available
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catalyst.(Scheme 1-50)"

Pd(PPhs),. 1407C
+ B —

B
Ho o
0 o
EtO

Scheme 1-50 microwave condition with a Suzuki-Miyaura cross-coupling of
benzylic bromides

Davies et al used a Suzuki—Miyaura where the organoboranes were not synthesized by a
metalation-quenching strategy but directly introduced through cyclization of nitrile oxides 228
and alkynylboronic acid esters. In the cyclization reaction, two regioisomers bearing the boronic
acid ester in the 4- or 5- position (229 or 230) can be formed. Methods were reported with good
control of the regiochemistry in the final product depending on the substituents in the starting
material. Subsequent cross-coupling of the isoxazole-4-boronic acid ester gave the products 231

in up to 97% vield; however, only few examples were reported (Scheme 1-51).%°
T f >< V
R’ \rAg/ \/g_} B/O ﬁé

(10 mol®a)
Br PACT(dppf)
K POy, dioxane

BSYC. 16 h

R3

Scheme 1-51 Suzuki—Miyaura with direct cylation of nitrile oxides and alkynylboronic acid esters

58



Moreover, isoxazolyl 4- and isoxazolyl-5-boronic esters have also been obtained by 1,3-dipolar
cycloaddition reactions between alkynyl boronates ® and nitrile oxides, which can also be
generated in situ from the oxime 218 (Scheme 1-52) for the synthesis of the bromoisoxazole
boronic ester 219, being used in palladium-catalyzed cross-coupling reactions to afford the
isoxazole 220.%

nBu————— B< f O\>é}/
\

(@]
/OH B—
|
)\ KHCO, \ nBu
Br Br (44%%) N
— 21«
218 o 219
Ph
Phi Br
> \ nBu
PdCI,(dpph) \
98% N
(98%) —

Scheme 1-52 synthesis of the bromoisoxazole boronic ester 219, being used in palladium-
catalyzed cross-coupling reactions to afford the isoxazole

Larock reported synthesis of 4-iodoisoxazole products. To demonstrate the value of the

generated in this methodology, they carried out a number of reactions utilizing the iodine handle.

They reasoned that they could approach the highly potent COX-2 inhibitor 4-(5-methyl-
3-phenyl-4-isoxazolyl)benzenesulfonamide (Valdecoxib) (46) by a Suzuki-Miyaura cross-
coupling of isoxazole 4 with the appropriate boronic acid ester. Using their isoxazole

methodology to prepare 4 and a Suzuki-Miyaura coupling with the commercially available
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benzenesulfonamide-4-boronic acid pinacol ester, they were able to develop a very efficient
route to valdecoxib (Scheme 1-53). After several protocols were screened, Suzuki cross-
coupling was best accomplished using 5 mol % PdCI, catalyst, 1.4 equiv of KHCO3 in 4:1

DMF:H,0 at 85 °C for 3 h to provide valdecoxib (46).2?

N
NH,OMe. HC1 / o
1.21C]
MeOH. pyridine
—_— = _— _—
(174
\\ MeSO,, 920% CH,Cl5, 99% -
'y
45 % N—0
N Ph Y CHs

V4 ™o O / 5% PdCl,, PhyP
_—
— 1.4 equiv KHCO,
4:1 DMF:H-0
85°C. 3 h.
81% (74% overall)
46
SO,NH,
SO,NH,
Valdecoxib

Scheme 1-53 synthesis of 4-iodoisoxazole products

Wada reported switchable synthesis of Valdecoxib (9) (Scheme 1-54). Valdecoxib is a
cyclooxigenase-2 (COX-2) selective inhibitor and was used for a nonsteroidal antiinflammatory
drug (NSAID) to treat osteoarthritis, rheumatoid it was accessed from N-isopropyloxycarbonyl-
O-propargylic hydroxylamine 1ae in two steps; NIS/BF;.OEt,-mediated tandem
iodocyclization/oxidation process of 1ae produced isoxazole 3ae in 96% yield, and subsequent
Suzuki-Miyaura cross coupling with commercially available 4-sulphamoylbenzeneboronic acid

afforded valdecoxib (9) in 54% yield. Their methodology allowed not only the substituent
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diversity but also the choice of skeleton, a wide variety of analogs of valdecoxib (9) could be

: 83
provided.
B(OH),
CO,i-Pr
HN
NIS, BF..0Et, N<_
o M,Cly, 0°C 0
Cich, 00 V4 HoND,S
Ph — _— Pd(dba)s, PhyP
Me 15 min. 96% -
\ Me 20% NayCO,4 aq
lae 3ae THE, reflux
P 13 h, 54%,
==
H,NO,S \ o]

Me
Valdecoxib (9)

Scheme 1-54 switchable synthesis of VValdecoxib

A number of monoligated Pd—N-heterocyclic carbene (Pd-NHC) complexes have been prepared
and show high levels of activity in a variety of Pd-catalyzed cross-coupling reactions as reported
by Organ and co-workers. Whereas ortho-substituted biaryls are important substructures of many
biologically active compounds and organic materials, the formation of tetra-ortho-substituted
biaryls under mild conditions remains a challenge. The need for significantly elevated
temperatures is a major drawback for these systems and the development of a catalyst that could
affect such conversions at much lower temperatures would be a considerable advancement in the
production of sterically congested biaryls.The Suzuki—Miyaura coupling to explore the effect of
catalyst bulk on biaryl formation. That phenol formation is base dependent suggests that
transmetalation is rate limiting. Additional investigation of hindered aryl chlorides was

particularly productive. Chlorides, which are sluggish toward oxidative addition, coupled not
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only with higher yields than the corresponding bromides, but the product mixtures were also
generally much cleaner. By using 16 at 65°C and the KOtBu/tBuOH system, with few exceptions
they were able to synthesize a striking array of hindered biaryls from aryl chlorides under very

mild reaction conditions.(Scheme 1-55)%*

e Pd cat (2 mol%) N=—
Br + (HO).B _— = \ /
/ 65°C. 24 h o

o0—Z

(0.25 mmol) (0.5 mmol)
Pd cat 14 (87%)
Pd cat 15 (69%)
NHC
Cl cl 13: NIHIC ="Mesap
14: NHC - rAr
=N 15: NHC = PBuar
‘ 16: NIIC = Pentar
e 17: NHC — <Pemtar
cl

iMes AT .'I’r_;\l.
iBu AT iPent AT ePent AT

Monaligated palladium-N-heterocyclic carbene (NHC) complexes used in
palladium-catalyzed cross-coupling reactions.

Scheme 1-55 synthesize a striking array of hindered biaryls from aryl chlorides under very
mild reaction conditions

Addtionally Organ et al used a Suzuki—Miyaura coupling reaction of N-protected 4-iodopheyl

alanine isoxazoles with arylboronic acids, catalyzed by palladium, efficiently produced benzyl-

N-(4-bipheyl)-2-(3-methyl-5(E)-2-aryl-1-ethenyl-4-isoxazolyl)-amino-2-oxoethyl) carbamates in
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good yields. This process is first of its kind to construct carbon—carbon bond formation having

biaryl motif on amino acid linked isoxazole moiety.(Scheme 1-56)%

H,N CHj,
* (i)
-
CH, / \N
: o}
z _ /
= A —_—
Z—HN—HC% 5§ 0
2 OH 1
Ar = CsHg, 4-CH;CgH,, 4-CHLOC H,, 2-CHLC Hy, 2-CHLOCH,
Ar'
(ii)
R
CH, CH;
E ) i o)
Z——HN—HC CH, Z—HN—HC—< CH,
HN HN
/O /O
— y - y
A c=—=c¢ —
r—G—§ , o) A —C=—C \ o

Ar = CiH, 4-CH;CgH . 4-CH,OCH ;. 2-CHLCgH ., 4-CIC H,

(i) DMAP, HOBt, DCC: (1i) ArB(OH),. Pd(PPh;),, Na,CO,, dioxane-H,0
Scheme 1-56 Suzuki—Miyaura coupling reaction of N-protected 4-iodopheyl alanine

isoxazoles with arylboronic acids, catalyzed by palladium, efficiently produced benzyl-N-(4-
bipheyl)-2-(3-methyl-5(E)-2-aryl-1-ethenyl-4-isoxazolyl)-amino-2-oxoethyl) carbamates

Another way of diversifying isoxazole rings is through Heck, Naghishi or Sonogashira cross-
couplings. Waldo and Larock reported that other palladium-catalyzed methodology has also
proven useful for further elaboration of iodoisoxazoles. For example, they were able to convert
4-iodo-3,5-diphenylisoxazole (2) to the corresponding methyl ester by allowing 2 to react in the
presence of catalytic amounts of Pd(OAc), plus a ferrocene ligand, carbon monoxide, and

methanol to afford methyl ester 47 in a 51% vyield (eq 3). Reduction of compound 2 to 3,5-

63



diphenylisoxazole was an observed minor side product. In addition, we were able to convert 4-
iodo-5-methyl-3-phenylisoxazole (4) to the corresponding phenethylamide by a similar approach
using a modified Heck’s procedure. By allowing compound 4 to react in the presence of catalytic
amounts of PdCl,(PPhs),, carbon monoxide, and 2-phenethyl amine, we were able to obtain 48

cleanly in good yield (Scheme 1-57).2

—0 —0
7 3% PA(OAC),, CO N
6% DPPF / (€q 3)
/ Ph ° / Ph
Ph Ph
4:1 DMF:MeOH
i 519%
2 o OCHj
47
N N—"%
/ o /
Ph 5% PACI(PhsP), . CO / CHg
— Ph
T e (eq 4)
CHs DMF, PhCH-CH,NH,
79%
4 ! o) N

48
Ph

Scheme 1-57 palladium-catalyzed further elaboration of iodoisoxazoles

These molecules could be further modified by using a Heck and Sonogashira cross-couplings on
a 4-iodo-5-methyl-3-phenylisoxazole (4) (Scheme 1-58). Compound 4 reacted under standard
Sonogashira conditions in the presence of 1.2 equivalents of phenyl acetylene, alkyne 49 was
obtained in a good yield. Also, allowing compound 4 to react under Heck reaction conditions in
the presence of N-acryloylmorpholine provided the desired o, 5-unsaturated amide 50 in excellent

yield.®
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Scheme 1-58 Heck and Sonogashira cross-couplings on a 4-iodo-5-methyl-3-
phenylisoxazole

Crossley et al reported the thermally promoted cycloaddition between alkynyliodides and nitrile
oxides. The process offers excellent regioselectivity and a broad scope with respect to both the

iodoalkynes and chloro-oximes. Further functionalization of the highly decorated iodoisoxazole
motifs were achieved via Suzuki cross-coupling. With the halogenated isoxazoles in hand, they

looked to demonstrate their functionalization via Suzuki cross-coupling. (Scheme 1-59).%
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Scheme 1-59 thermally promoted cycloaddition between alkynyliodides and
nitrile oxides

C-H insertion

Chu et al (Scheme 1-60) developed a method for stoichiometric C-H activation of 3,5-
diphenylisoxazoles using Pd(OAc), in acetic acid to allow for arylation and alkylations with
boronic acids via C-H activation. This reaction proceeds through a stepwise C-H activation/C-C
bond forming reaction pathway. The boronic acids with electron-withdrawing groups on the
phenyl ring gave better yields than those with donating groups. Two interesting things were
found in the palladacycle: the phenyl and the isoxazole rings on the metal center are parallel in
space and located in opposite directions in a head-to-tail structure. Second, the -7 interaction

between these two aromatic rings appear to play a critical role in reducing Pd-Pd distance.®’
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Scheme 1-60 stoichiometric C-H activation of 3,5-diphenylisoxazoles using Pd(OAC); in
acetic acid to allow for arylation and alkylations with boronic acids via C-H activation

Gao et al (Scheme 1-61) used a Rh(Ill)-catalyst directed oxidizing-directed-group assisted
activation to achieve a redox-neutral [4+1] annulations of N-phenoxy amides with a,0-
difluoromethylene alkynes to give direct access to Z-configured monofluoroalkenyl

dihydrobenozo[d]isoxazole frameworks that have a variety of functional groups. This method

helps to avoid the need for prefunctionalization and stoichiometric amounts of external oxidants

and with it being regioselective in nature allow for access to a variety of privileged

monoheterocyclic rings. To understand the reaction mechanism DFT was implemented and

revealed that B-F elimination involving an allene species played a crucial role in determining the

reaction out come and Z-configuration. The propargyl fluorination effect is essential in

controlling the observed chemoselectivity by fine tuning the p-F elimination process.®

0]
o} y ]
)J\ F TN\,
o o
| \ \H R2 R3;k cat, [Cp*Rh(111)] - R! e
—
" | / + F

Redox-Neutral

H

Scheme 1-61 Rh(llI)-catalyst directed oxidizing-directed-group assisted activation to
achieve a redox-neutral [4+1] annulations of N-phenoxy amides with a,0-
difluoromethylene alkynes to give direct access to Z-configured monofluoroalkenyl
dihydrobenozo[d]isoxazole
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When isoxazole 47 was subjected to the standard Rh(ll) cyclization conditions , the resulting
rhodium carbenoid preferred to insert into the available CH bond producing 48 in modest yield.
These observations suggest that the low basicity of the isoxazole nitrogen lone pair precludes
cyclization to the azomethine ylide dipole (Scheme 1-62).%°

Ph

= Ph
/o

== Rh(11) =

—_— QO
CHN. DMAD ~ /
2 N
o
o)
47 48

Scheme 1-62 Cylzation of azomethine isoxazole under Rh(ll) conditions

Kumar and Kapur looked the selective C-H alkenylation of 3,5-diaryl substituted isoxazoles.
Using a cationic rhodium or palladium catalysts they were able to achieve selective
functionalization at either the ortho-position the aryl ring that was lateral to the isoxazole
nitrogen or to the 4 position directly on the isoxazole ring. It was found that the Rh-catalyst was
better at coordinating to the isoxazole nitrogen and resulting in more direct metalation lateral
ortho-position on the aryl lateral to the nitrogen. Interestingly if the Pd-product was carried
forward to produce a pyrrole via Ruthenium catalyst, the proposed mechanism proceeded
through coordination with the isoxazole nitrogen followed by ring opening and subsequent

coordinated attack on the olefin to produce the pyrrole. (Scheme 1-63)
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Rh(111)

Scheme 1-63 selective C-H alkenylation of 3,5-diaryl substituted isoxazoles

GOLD

Yamamoto has reported AuBr;-catalyzed cyclization of o-alkylnitrobenzens 1 (Scheme 1-

64).This reaction afforded isatogens 2 or anthranils 3, depending on the nature of R*.%

el
N* N
NO, 3 mol % AuBr; \ — \
—_— [e)
toluene, 4 °C RSN
% o R’
(e}
2 3

R1

Scheme 1-64 AuBrs-catalyzed cyclization of o-alkylnitrobenzens

Sahani et al further developed Au(l) catalyzed for the [4+1] and [2+2+1]/[4+2] annulations of
propiolates with substituted and unsubstituted isoxazoles and their reaction mechanism. This
reaction proceeded through a seven membered heterocyclic ring intermediate via an initial N-
attack of the isoxazole followed by the unusual formation of a 2H-azirine containing
intermediate, 67 electrons, then ring expansion. Ogunlana et al further verified and expanded on

this reaction mechanism using DFT (Scheme 1-65) %
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Scheme 1-65 Au(l) catalyzed for the [4+1] and [2+2+1]/[4+2] annulatlons of
propiolates with substituted and unsubstituted isoxazoles and their reaction
mechanism

Bimetallics

Lithium examples
In their continuing studies of 3-acetyl-4-hydroxy- pyridones and pyrones (Scheme 1-66), Jones

and co-workers required a facile entry into unsaturated a-alkoxy-R3-diketones, which they
achieved via the metalation of diethylphosphono isoxazole with LDA to produce the 3-alkenyl
isoxazoles in excellent yields (91-99%), subsequent reduction with hexacarbonylmolybdenum in
moist acetonitrile efficiently produced their target a-alkoxy-R-diketones, again in excellent
yields. These a-alkoxy-R-diketones provide a versatile sython that can be carried readily into

future reactions. %
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Scheme 1-66 unsaturated a-alkoxy-B-diketones, which they achieved via the metalation of
diethylphosphono isoxazole with LDA to produce the 3-alkenyl isoxazoles

Hahnvajanawon et al laterally metalated 3,5-dimethyl isoxazoles and further did a condensation
reactions with various aromatic aldehydes sequentially at the C-3 and C-5 positions of the
isoxazole to generate curcumin derivatives in good yields (48-80%). The isoxazole ring could be
further transformed by using [Mo(CO)¢] to generate a B-ketone group via a ring opening of the

isoxazole followed by acid hydrolysis (Scheme 1-67). *°

@]
| \N 1. n-BuLi, 78“C [Mo(CO)q]
/ N —=== Beta-ketone group
2. Ar'CHO

Scheme 1-67 3,5-dimethyl isoxazoles and further did a condensation reactions with various
aromaticaldehydes sequentially at the C-3 and C-5 positions of the isoxazole to generate curcumin
derivatives

Nitta and Higuchi expanded their previous studies of the reductive ring opening of isoxazoles
with hexacarbonylmolybdenum to 5-(2-oxoalkyl) isoxazoles which served as useful precursors to

pyridinones (Scheme 1-68).%
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Scheme 1-68 3,5-dimethyl isoxazoles and further did a condensation reactions with
various aromatic aldehydes sequentially at the C-3 and C-5 positions of the isoxazole to
generate curcumin derivatives

Lateral metalation was employed by Burkhart et al to incorporate lipophilic groups at the C-5
position of putative glutamate neurotransmitter analogs (Scheme 1-69 and Scheme 1-70), which
were elaborated using Jacobsen’s asymmetric Strecker synthesis). It found the best base for the
lateral lithiation was LDA while a variety of electrophiles could be utilized with good yield. This
further strengthen the transition step proposed Zhou et al (Scheme 1-19) that the reaction
proceeds through a stabilizing interaction between the Li and the acetal protecting group leading
to the addition of the El at the C-5.The aryl ethyl analogs exhibited selective activity at the
System Xc- over the glutamate receptors, with the best example possessing binding affinity

97,98

comparable to the endogenous substrate.

O—N 0—N

1. LDA/THF SN \ -
——CO.Et
-78°C CHE/ \ =
—
2. Electrophile H.C 0/
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— 3
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Scheme 1-69 Part 1 of incorporating lipophilic groups at the C-5 position of putative
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o CO,Et
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Entry Electrophile Product Yield (%)
1 Mel 11 (Me) 81
2 BnBr 12 (Bn) 72
3 Acetone 13 [C(OH)Me,] 68
4 TMSCI 14 (SiMe;) 66
5 Me;SnCl 15 (SnMe;) 42
6 MeSSMe 16 (SMe) 61
7 PhNCO 17 (CONHPh) 68
Entry Electrophile Additive Product (%)
| PhCHO None 18 (72)
2 PhCHO 6 equiv. LiCl 18 (95)
3 PhCHO 20% HMPA 18 (<10)
4 p-CIC¢H,CHO None 19 (67)
5 p-CICgH,CHO 6 equiv. LiCl 19 (83)
6 Me,CHCH,CHO 6 equiv. LiCl 20 (79)
7 trans-Cinnamaldehyde 6 equiv. LiCl 21 (82)
8 EtBr None 22 (65)
9 EtBr 1.5 equiv. LiCl 22 (83)
10 EtBr 6 equiv. LiCl 22 (0)

Scheme 1-70 Part 2 of incorporating lipophilic groups at the C-5 position of putative
glutamate neurotransmitter analogs

Early transition metal examples
Calle has reported the synthesis of 3,5-Dimethyl-4-(tributylstannyl)isoxazole (243, M = Sn) by

lithiation and subsequent quenching with BuzSnCl (72 %), which upon cross-coupling with
benzoyl chloride afforded 244 ( 45%).(Scheme 1-71)*° A similar set of examples was reported
for 5-iodo-3-(2-pyridinyl)-isoxazole and a comparative study of Sonogashira, Suzuki-Miyarua,

Negishi, and Stille protocols gave generally high yields (80-94%).*®

o
N R D) aBuLi, TMEDA _° " o)
2) R;MCI N o R
\ / R'COCI
—_———
Me or Ry;M(Me)CuCl Pd(PPh;)-Cl,
! 780C == 0 °C Mé MR, Me
M — Si. Sn R' = Ph R
R — Bu o
242 243 244

Scheme 1-71 Synthesis of 3,5-Dimethyl-4-(tributylstannyl)isoxazol by lithiation and
subsequent quenching with BuzSnCl followed by cross coupling with benzoyl chloride
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Since the C-Si bond is less polarized than the carbon—metal bonds of other metal organyls, fewer

cross-coupling examples with silicon organyls were reported until now. Denmark reported the

cycloaddition of aryl and alkyl-substituted alkynyldimethylsilyl ethers with aryl and alkyl nitrile

oxides to generate a variety of differently functionalized 3,5-disubstituted 4-silylisoxazoles. A

silicon-based cross-coupling reaction with aryl iodides creates a point for further diversification

to afford 3,4,5-trisubstituted isoxazoles. The starting material 258 was prepared by a

[3+2]cycloaddition from 257, in which the compound bearing the silicon group in the 4-position

was predominantly formed and was accompanied by considerable amounts of the 5-isomer.

Compounds 258 were cross-coupled with iodobenzenes to give the cross-coupling products 259

in 55-69% vield (Scheme 1-72).1

OEt N—20 N—O

T / /
Me——Si——Me R2 / R’ Pd, base R? / R’

1) heat
) ‘ ‘

Si
2) AcOll TN
Me C‘)H Me I—@—Ra
R.'}

R = NO,, CHy, OCH, R?

257 258 259
Scheme 1-72 cycloaddition of aryl and alkyl-substituted alkynyldimethylsilyl ethers with aryl

and alkyl nitrile oxides to generate a variety of differently functionalized 3,5-disubstituted 4-
silylisoxazoles

Organozinc halides, which are prepared either by direct zinc insertion or halogen-magnesium

exchange and subsequent transmetalation with ZnCl,, react smoothly with commercially

available trichloroacetyl isocyanate to give, after hydrolysis, the corresponding primary amides.

This method is compatible with a variety of functional groups such as an ester or a cyano group.
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Also heterocyclic-, alkenyl, and acetylenic zinc reagents are converted to the corresponding

primary amides under these conditions (Scheme 1-73).1%

CH; CH, o
Br Mg, ZnCl, znCl )J\
NCO

J LiCl J/ cle
N ‘ B~ N\ |
AN THF, 23°C o 20°C1023°C, 1 h
© CH CHs
35 1.25h
_ 5 _
)J\ K,CO,, McOH NH,
N CCly
23°C, 12h
ZnCl,
98%

Scheme 1-73 Zinc catalyzed prepartion of primary amide substituted isoxazoles

Stenzel et al used lateral metalation with lower-order cuprate reagents lithium
thienylcyanocuprate (Li[ ThCuCN]) to allow for easier access to conjugated addition to a.,p3-

unsaturated carbonyls with substitution occurring regio-selectively at the C-4 of the isoxazole.

This occurred with good yields and under sterically prohibitive conditions. If samarium was used

via Sm(HMDS) was used then the reaction conditions could give access to carbonyl

addition.(Scheme 1-74) 3
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Scheme 1-74 lateral metalation with lower-order cuprate reagents lithium
thienylcyanocuprate (Li[ThCuCN]) to allow for easier access to conjugated addition to
a,B-unsaturated carbonyls with substitution occurring regio-selectively at the C-4 of the
isoxazole

Pd and Rh examples

Kumar introduced boronic acid in the 4-position of 232 by a lithiation strategy; however, no
isolated yields were reported. The crude boronic acids 233 were used successfully in Suzuki—
Miyaura reactions under standard conditions for the synthesis of cyclooxygenase-

2 (COX-2) inhibitors and some isomers in moderate to good yields (234: 30-75%)(Scheme 1-

75) 104
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Scheme 1-75 synthesis of cyclooxygenase-2 (COX-2) inhibitors

Zhang et al expands on Kumar and Kapur’s study of Rh and Pd catalyzed C-H alkenylation of
3,5-diarylisoxazole to help further understand rate determining step, clarify the steps that
determine the regioselectivity, why a they hydroarylation product was not obtained in the Rh
catalyzed reaction, and further understand the regioselectivity that is required of the role of co-
catalysts in the production of varied products. To further understand the mechanism by which
these systems proceeded they used density function theory (DFT). They further supported that
Rh preferred the N-directed C7-H alkenylation due to the stronger interaction energy that the
nitrogen provided. The overall rate limiting step for the reaction is insertion of the olefin. The
palladium catalyst, on the hand, was depend on the co-catalysts that was present. When Ag,CO3
was used a switch in regioselectivity to C4-H alkenylation of the isoxazole ring was observed.
This occurred due to the strong structural distortion in the competing C7-olenfin transition state
resulting in a decrease in N-directed C7-H alkenylation. However this is not the rate determining
step but rather a B-hydride elimination. For Cu(OTf), the N-directed C-H alkenylation was
preferred due to the strong coordination of the N to the Cu center in the Pd-Cu-cat.(Reaction A)

The mechanism associated with the Cu and Ag helped to understand and design relevant
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heterometallic catalysts.(Reaction B) For the cationic Rh-cat and Pd-Cu-cat can strongly
coordinate with the isoxazole nitrogen directing to the C7-H for functionalization.(Reaction C).
The stronger structural distortion in the C4-H activation overcomes the coordination with the

isoxazole nitrogen in the Pd-Ag-cat resulting in more C4-H olefination. (Scheme 1-76)'%
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Scheme 1-76 Rh and Pd catalyzed C-H alkenylation of 3,5-diarylisoxazole

Player developed an efficient and versatile method for stereoselective synthesis

of asymmetric diarylmethylidenyl indolinones by a palladium-catalyzed tandem Heck-
carbocyclization/Suzuki coupling sequence. Factors influencing yield and selectivity, namely
catalyst, coordinating ligand, and solvent, were optimized. Subjecting 3,5-dimethylisoxazole-4-

boronic acid, copper(l) thiophene-2-carboxylate (CuTC) with Pd(PPh3)4, THF:DMF; 4:1 they

obtained E:Z; 12:1 selectivity. (Scheme 1-77)'%
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Scheme 1-77 stereoselective synthesis of asymmetric diarylmethylidenyl indolinones by a
palladium-catalyzed tandem Heck-carbocyclization/Suzuki coupling sequence

A regioselective, simple and versatile copper(l)-catalyzed procedure for preparation of a series of
liquid crystals based on unsymmetrical 3,5-disubstituted isoxazole was developed. Using
different substituted chloro oximes and phenyl acetylenes, 1,3-dipolar cycloaddition reaction was
carried out. A second series containing the isoxazole ring and a triple bond in the rigid core was
also synthesized. From the 3-(4-bromophenyl)-5-(4-(decyloxy)phenyl)isoxazole, new liquid-

crystalline compounds were prepared by Sonogashira cross-coupling.(Scheme 1-78)*%’

CHO N \
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vield 66-939,

Scheme 1-78 copper(l)-catalyzed series of liquid crystals via unsymmetrical 3,5-disubstituted isoxazole

79



Yang et al expanded on sonogashira cross-coupling reactions of 3,5-disubstituted-4-
iodoisoxazoles with terminal alkynes, which affords 3,5-disubstituted-4-alkynylisoxazole. They
found that groups at the C3 and C5 of the isoxazole with C3 having the greatest influence due in

large part to steric hindrance versus an electronic effect (Scheme 1-79).1%
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I R~ HF.CH,
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Scheme 1-79 3,5-disubstituted-4-alkynylisoxazole

Sn examples:

Labadie et al used bimetallic palladium-catalyzed coupling reactions in the formation of 4-aryl-

3,5-dimethylisoxazole from 3,5-dimethyl-4-iodo isoxazole'® (Scheme 1-80)

Ar
/O
. Raney Ni/H,
All\’lX N | ) ,

—_— - AN
{PPh;) PdCl, \ A2- Acid

;
MX,, = B(OH),. SnBuy e} OH

A B
Scheme 1-80 bimetallic palladium-catalyzed coupling reactions in the formation of 4-aryl-3,5-
dimethylisoxazole from 3,5-dimethyl-4-iodo isoxazole

Kromann et al reported a palladium catalyzed coupling reaction affording 4-aryl and 4-heteroaryl

substituted 3-alkoyisoxazole compounds. (Scheme 1-81)**
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Scheme 1-81 palladium catalyzed coupling reaction affording 4-aryl and 4-heteroaryl substituted 3-

alkoyisoxazole compounds

They additionally reported a cross-coupling of isoxazole halides 251 with various stannanes or

other organometallic compounds. 4-Bromo and 4-iodoisoxazoles were successfully used in

Sonogashira (to 253), Heck (to 254), Negishi (to 256), Stille, and Suzuki—Miyaura reactions (to

252). 0 As predicted the iodo reagents gave better results (Scheme 1-82)1,3-dipolar

cycloaddition of bis(tributylstannyl)acetylene (235) with nitrile oxides formed

(Tributylstannyl)isoxazole 237.1%°
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Scheme 1-82cross-coupling of isoxazole halides with various stannanes or other organometallic
compound

A mixture of 4- and 5-(tributylstannyl)isoxazole (246 and 247) was obtained by cyclization of
tributyl(ethynyl)stannane and various substituted chlorooximes 245. Subsequent cross-coupling
with triflate 248 gave novel antibacterial agents 249 (52-93%) (Scheme 1-83)'*!
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Scheme 1-83 4- and 5-(tributylstannyl)isoxazole via cyclization of tributyl(ethynyl)stannane and
various substituted chlorooximes
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Treatment of tributyl(3,3,3-trifluoro-1-propynyl)stannane 1 with acetonitrile oxide afforded the
corresponding trifluoromethylated tributylstannyisoxazole (6) as an inseparable mixture of
regioisomers in 77% combined yield. The cross-coupling reaction of 6 with 4-iodoacetophenone
was also examined under various conditions. Either of the isomers (6a and 6b) underwent
arylation giving the corresponding aryl(trifluoromethyl)isoxazole (7) with essentially the same
regioisomeric ratio in 90% yield under the optimum conditions (Scheme 1-84). Regioisomers of
arylated isoxazole could be cleanly separated to each other. These coupling reactions required
Cu(l) salt as a co-catalyst, and the use of Cu(l) thiophene-2-carboxylate (CuTC) under these

conditions offered advantage over Cul.**?
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\ [ ™
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Scheme 1-84 Generation of trifluoromethylated tributylstannyisoxazole followed

by palladation

Sakamoto and Uchiyama looked at the formation of 4-aryl-3-methylisoxazole from 4-
(tributylstannyl)-3-methylisoxazole. To initially obtain the 4,5-distannane (236) addition at the

C-4 and C-5 positions of the isoxazole occurs first. Then 236 is further transformed to the 4-
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stannyl compound 237 by basic hydrolysis and subsequently used in the Stille reaction with

benzoyl chloride (85%) or aryl halides (58-74%) (Scheme 1-85). *** 114

- SnBu; o
Me N*—O N ? N
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235 236 237
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fe) R-X
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238

Scheme 1-85 4-aryl-3-methylisoxazole from 4-(tributylstannyl)-3-methylisoxazole

Alternatively, 4-(trialkylstannyl)isoxazoles 240 were prepared by a Grignard reaction from 3,5-

dimethyl-4-iodoisoxazole (239). The subsequent cross-coupling with dibromoanthraquinone and

-anthracene to 241 proceeded in moderate yields (30-47%) (Scheme 1-86). *°
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Scheme 1-86 4-(trialkylstannyl)isoxazoles synthesized via Grignard reaction from 3,5-

dimethyl-4-iodoisoxazole followed by cross coupling

Conclusion

The isoxazole is an important synthetic intermediate in organic synthesis. In this review, we
discussed the various applications of lateral metalation of isoxazoles and its utility in synthetic
development of pharmaceuticals and access to new routes to previously difficult to access
chemical scaffolds. Illustrated additionally was the variety of metals and co-catalysts that could
be used to vary the synthetic method to accommodate a number of reaction conditions and
functional groups. This synthetic versatility is crucial for stream lining the development of small
molecules and exploring new targets and applications. We will take these ideas and principles
and apply them to our small molecule isoxazole 3,4-d pyridazinones and further expand upon our

synthetic library of compound that were found to be active at mGIuRs.
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List of Abbreviations

Ac acetyl

Ad adamantyl

acac acetylacetonate

AIBN azobisisobutyronitrile

aq aqueous

9-BBN 9-borabicyclo[3.3.1]nonane
Bn/Bz benzyl

BINAP 2,2(1-bis(diphenylphosphino)-1,1[1-
binaphthalene

BINOL 1,1(1-bi(2-naphthol)

Boc tert-butoxycarbamoyl
BOC-ON 2-(tert-
butoxycarbonyloxyimino)-2-
phenylacetonitrile

BOM benzyloxymethyl

(b)rsm (based on) recovered starting
material

BQ benzoquinone

CAN cerium(IV) ammonium nitrate
CBS Corey-Bakshi-Shibata

Cbz carboxybenzyl

CBz benzyloxycarbonyl

cHex cyclohexyl

CMD concerted
metalation/deprotonation

cod 1,4-cyclooctadiene

coe cyclooctene

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl
CSA camphorsulfonic acid

CuTC Cu(l) thiophene-2-
carboxylate

Cy cyclohexyl

DABCO 1,4-diazabicyclo[2.2.2]octane
DAST (diethylamino)sulfur
trifluoride

Dba trans,trans-dibenzylideneacetone
DBAD di-tert-butyl azodicarboxylate
DBU 1,8-
diazabicyclo[5.4.0Jundec-7-ene

DCB 2,4-dichlorobenzoyl

DCC dicyclohexyl carbodiimide
DCE 1,2-dichloroethane
DDQ 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone

DEAD diethyl azodicarboxylate
DET diethyl tartrate
DFT density functional theory

(DHDQ) 2PYR hydroquinidine-2,5-
diphenyl-4,6-pyrimidinediyl diether

DIAD diisopropyl azodicarboxylate
DIBALH diisobutylaluminum hydride
DIPT diisopropyl tartrate

DMA N,N’-dimethylacetamide
DMB 3,4-dimethoxybenzyl

DMAD dimethyl
acetylenedicarboxylate

DMAP 4-(N,N-

dimethylamino)pyridine

DMDO dimethyldioxirane

DME 1,2-dimethoxyethane
DMEDA N,N’-
dimethylethylenediamine

DMF N,N’-dimethylformamide
DMSO dimethyl sulfoxide

DMP 3,4-dimethoxyphenyl
DMS dimethyl sulfide

dr diastereomeric ratio
DPPA diphenyl phosphorazidate

dppb 1,4-bis(diphenylphosphanyl)butane
dppf 1,1’-bis(diphenylphosphanyl)ferrocene
dppm bis(diphenylphosphanyl)methane
DMPU 1,3-dimethyl-3,4,5,6 tetrahydro-
2(1H)-pyrimidone

dtbpy di-tert-butyl-2,2’-bipyridine
ee enantiomeric excess

EE 1-ethoxyethyl

HOBt 1-hydroxy benzotriazole
(HA)SPO (heteroatom-substituted)

secondary phosphine oxide
HMDS hexamethyldisilazane

HMPA hexamethylphosphoramide

HMPT hexamethylphosphoric
triamide

HWE Horner-Wadsworth-Emmons

iBu isobutyl

ipc isopinocampheyl

i-Pr isopropyl

KHMDS potassium

hexamethyldisilazide
KIE Kinetic isotope effect

95



KTB potassium tert-butoxide

L ligand

LDA Lithium diisopropylamide
LiIHMDS lithium hexamethyldisilazide
LiTMP lithium 2,2,5,5-
tetramethylpiperidide

LiTMP lithium 2,2,6,6-
tetramethylpiperidine

LM Lateral metalation

LTB lithium tert-butoxide

MCPBA m-chloroperoxybenzoic acid
Mes mesityl

MeS 2,4,6-trimethylphenyl
MOM methoxymethyl ether

Ms methanesulfonyl

MS molecular sieves

MW microwave irradiation
NaHMDS sodium hexamethyldisilylamide
NHC N-heterocyclic carbine

NIS N-iodosuccinimide

NMO N-methylmorpholine-N-
oxide

NMP 1-methyl-2-pyrrolidinone
Np 2-naphthyl

oTf trifluoromethanesulfonate
PAH polycyclic aromatic
hydrocarbon

PBQ p-benzoquinone

PCC pyridinium chlorochromate

PDC pyridinium dichromate

PhBox 2.2[-isopropylidene-bis(4-phenyl-2-
oxazoline)

PhPyBox 2.2[1-(2,6-pyridinediyl)-bis(4-
phenyl-2-oxazoline)

PIDA phenyliodonium diacetate
Piv 2,2-dimethylpropanoyl
(pivaloyl)

PMB 4-methoxybenzyl

PNB 4-nitrobenzyl
P(nBu)(ad), n-butyl-di-1-adamantyl
phosphine

PPTS pyridinium p-
toluenesulfonate

PTSA 4-toluenesulfonic acid
Py pyridine

Xp (4S)-benzyl-2-oxazolidinone

SEAr electrophilic aromatic
substitution

SPRIX spirocyclic bis(isoxazoline)
ligand
tBu tert-butyl
TEMPO 2,2°,6,6’-
tetramethylpiperidine-1-oxyl
Tf trifluoromethanesulfonyl
TFA trifluoroacetic acid
TBAB

(tetrabutylammoniumbromide)
TBAC

(tetrabutylammoniumchloride)
TBAF tetrabutylammonium
fluoride
TBAI tetrabutylammonium iodide
TBSOTf tert-butyldimethylsilyl triflate
TBDMS tert-butyldimethyisilyl
TBDPS tert-butyldiphenylsilyl
TBHP tert-butyl hydroperoxide
TBS tert-butyldimethylsilyl
TC thiophene-2-carboxylate
TCE 2,2,2-trichloroethyl
TEMPO 2,2,6,6-tetramethyl-1-

piperidinyl-oxy free radical

TES triethylsilyl

Tf trifluoromethansulfonyl
TFA trifluoroacetic acid
TFAA trifluoroacetic anhydride
THF tetrahydrofuran

THP tetrahydropyranyl

TIPPSeBr 2,4,6-triisopropylphenylselenyl
bromide
TIPS triisopropylsilyl

TMEDA N,N,N’,N’-
tetramethylethylenediamine
TMS trimethylsilyl

Tol-BINAP  2,217-bis(di-p-tolyl-
phosphino)-1,1L1-binaphthalene

TON turnover number

Tr triphenylmethyl

Tris 2,4,6-
triisopropylbenzenesulfonyl

TROC trichloroethoxycarbonyl
Ts 4-toluenesulfonyl

TsO para-toluenesulfonate
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Chapter 2 Isoxazolo[3,4-d]pyridazinones positively modulate themetabotropicglutamate
subtypes 2 and 4

Introduction
The G-protein coupled receptors (GPCRs) are important targets for drug design,*? with about

30% of currently marketed drugs targeting these receptors.®* Within the GPCR family of
receptors are the meta- botropic glutamate receptors (mGIuRs), which are activated by the
neurotransmitter glutamate and are of interest as targets for the treatment of variety of CNS and
non-CNS disorders.” The mGIuR family is divided into three subgroups, which are further
divided into eight subtypes, each having the conserved venus flytrap domain (VFD) and seven

transmembrane domain (7TM).

The VFD, which is a large bilobed extracellular domain, represents the orthosteric site for this
family of GPCRs,”® while the 7TM, common to all GPCRs, is the site for allosteric binding.
The orthosteric site is modulated by chloride ions, and is an important area to explore as a
potential target for small molecules.**® Due to the high degree of conservation at the VFD
throughout the mGIuR subgroups, selective targeting at this site is difficult.' Incontrast, the
allosteric site is less conserved allowing for the potential for greater selectivity within the
subgroups. Finding small molecules that not only bind to one of the subgroups is important,
but even more so is finding molecules that bind selectively within a subgroup. Many small
molecules have been found to bind to mGluR’s allosteric site, eliciting a positive or negative
effect, also known as positive allosteric modulators (PAM) or negative allosteric modulators
(NAM).>° Within these groups, there are compounds that may activate the receptor without
the endogenous ligand being present, ago-PAM, potentiallyleading to toxicity.'* Taking this
all into consideration, small molecules that target the allosteric site of various mGIuRs have
been found to selectively helpto treat different disease state. PAM activation at mGIuR, is one

such targetin the treatment of Parkinson’s disease.”'® When activated, mGIuR;, helps to
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ease the symptoms of Parkinson’s disease in animal models and may even slow progress of the

12,13

disease. (representative lead compounds are shown in Figure. 2-1) Positive allosteric

modulators of mGIuR,4 have also been found to have activity against brain tumors.****
Activation of mGIuR; has been implicated in the treatment of anxiety and schizophrenia.
This type of selective activation allows for fewer off- target side effects." We were intrigued
by the similarity of the aniline moiety of isoxazolo[3,4-d]pyridazinones ([3,4-d]

compounds) to VU0155041, and postulated that the isoxazole group could represent a useful

bioisostere for the carboxylate group. Data provided by the Psychoactive Drug Screening

Program (PDSP) reported herein indicate that the [3,4-d] compounds possess selective
functional activity at mGIuR 4 and 2. To help further understand the selectivity and activity,
computer generated homology models of the receptors were used to develop a structure- based

approach as a working hypothesis.
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Figure 2-1: Representative allosteric modulators of mGIuR, with activity against in vitro modelof
Parkinson’s disease!!>!3
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Figure 2-2: Structures of isoxazolo [3,4-d] pyridazinones used in the present study, the
PDSP reference numbers is given in parentheses, substitutents not otherwise specified areH

Chemistry

The [3,4-d]s scaffold, as exemplified by the first practical synthesis reported by Renzi and Dal
Piaz,'® has been found to both possess interesting biological activity,*” and serve as a useful
and versatile pre- cursor in medicinal chemistry synthesis.'® Most recently the isoxazolo [3,4-
d] pyridazinone scaffold has served as an entry into the preparation of a newclass of orally
active antinociceptive agents.'® The synthesis of the isoxazolo[3,4-d] pyridazinones (1-9,
Figure 2-2) used for this study were carried out by the condensation of 4-acetyl-3-carbox-
yethyl-5-methyl isoxazole with the corresponding hydrazine to produce E-hydrazones 10, and
ring closure was performed by continued heating according to the procedure of Dal Piaz.*¢*°

This likely proceeds by tautomerization to the diazene 11,which allows for Z-12 which can

further ring close to 1-9. Full characterization has been previously described.?
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Assays PDSP primary functional one-dose protocol

For Gi-coupled targets the inhibition of forskolin-stimulated cCAMP accumulation was assayed
for glutamate mGIluR,, mGIluR,4, and mGIluRg. This assay measured the cCAMP formation for
receptors which are negatively coupled to adenylyl cyclase.?! Activity of these receptors is
determined by measurements of their ability to decrease forskolin- inducedelevated cCAMP
formation. All assays were performed in the presence or absences of agonists relevant for the
different mGIuRs and in concentrations equivalent to their ECs, values. The following were the
ECso concentrations: mGIluR; atlpM glutamate 0.5 uM at mGIluR4, and 1 uM 4-
aminophosphonobutyrate (AP4) for mGluRg, For the primary assays, a single concentration of
the ligand to be tested is used, usually 10 uM unless otherwise agreed upon, and secondary
assays are dose-response assays. Testing for antagonism is performed in the presence of ECsg
concentration of agonist. In the primary assays, compounds are tested in duplicate via two
separate experiments performed on different cell passages. Each contains points for the
determination of basal activity, maximal agonist stimulation, agonist ECsy concentrations and
the ICs concentrations of a known antagonistas a comparative positive control and activity
calculations. Reported results are calculated for agonists as the percent of maximal activity and
antagonists as the percent inhibition of receptor activity. Compounds found tobe active as
agonists or antagonists may be tested for potency via the secondary assays. Six-point dose-
response curves are performed and duplicated twice on two separate passages of cells,
sometimes on a thirdif the first is outsideof the concentrations of the active range. Each
compound has four replications which are averaged, and then either the ECsg or the 1Csy values
are calculated by non-linear regression using the 4-parameter logistics equations, and reported
along with their receptor and comparison values of ECsg or ICso of known agonist or antagonists

for comparison. The experimental details of the protocols can be found on the PDSP web site.?
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Secondary concentration response assays for Gi coupled GPCRS - split
luciferase CAMP assays

PDSP protocol uses Promega’s GloSensor cCAMP construct and Luciferin. For the G;-
coupled mGIuRs, in this case mGIuR,; and mGIuRy, the assay buffer was modified Locke’s
buffer containing 125 mM NaCl, 31 mM NaGluconate, 5.6 mM KCI, 3.6 mM NaHCO3, 1 mM
MgCl,, 1.3 mM CaCl,, 5.6 mM glucose, and 20 mM HEPES, pH 7.4. Thereceptors were
expressed in CHO cells that are stably express the Glosensor CAMP biosensor. Present switch
to past Agonist activity was accessed by looking at the ability to decrease forskolin-induced
elevaion of CAMP. The cells were incubated for 1 h at room temperature in 100 pl of the
modified lock buffer and 6% w/v D-Luciferin, which is a substrate for the Glosensor enzyme.
After 1 h, the basal relative luminescence units (RLU) were measured 5 times, every two
minutes. Next, 1 uM forskolin and 6% wi/v D-Luciferin was added with or without mGIuR
agonists, and the incubation was continued for 16 min. Glutamate was used for the agonist with
a concentration of 4 uM for mGIluR, and 3 uM for mGIuR,. After incubation the RLUs were
measured. For secondary assays which were the concentration-response assays, eight-point
concentration-response curves were performed induplicate twice on two separate passages of
cells (a third curve may be needed if the first range of concentrations used is outside of the
activity range. For antagonists, these curves were evaluated in the presence of ECs
concentrations of agonists. The results for each of the compounds from four replicates were
averaged and then either the ECs or 1Cs values and also included the ECsg or ICsg values of
known agonists or antagonists for comparison purposes for each receptor. For allosteric
evaluation, the allosteric operational model was used to analyze functional results. Functional
assays were carried out in the same way as forSchild plot analysis, where the orthosteric agent
concentration-response curve were measured in the absence and presence of increasing
concentrations of a potential allosteric modulators. Refer to PDSP protocol page 176-178 for

more information on the equation used along withmore information about the parameters
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considered.?

Homology model: general experimental

The mGIluRs consist of a venus flytrap domain (VFD) which contains the orthosteric
glutamate binding site, and the seven transmembrane (7TM) domain which contains
the allosteric site. Homology models were constructed of the orthosteric binding site
from thecrystal structure coordinates of rat mGIluR;, PDB accession nhumber 1IEWK,
using Discovery Studio 2017. For the allosteric binding site the crystal coordinates of
mGIuR;, PDB accession number 40R2,% were used, the calculations were performed

usingAutodock Vina for mGIluR; and Discovery Studio for mGIuR;.

For Discovery Studio the protein structures were typed with the CHARMm forcefield®® and
energy was minimized with the smart minimizer protocol within Discovery Studio?’ using the
Generalized- Born with simple switching implicit solvent model to a root mean squaregradient
(RMS) convergence < 0.001 kcal/mol prior to use in the docking studies. Docking was

performed using the flexible docking protocol,?

which allows for flexibility in both theligand
and the binding site residues. The amino acid residues within the allosteric site were allowed to
attain an optimum conformation using flexible docking, for example in mGluRseleven
residues were selected based on Feng’s model of allosteric activation,*? and with numbering
according to Isberg®®: Leu659>%°, Met663>“°, Leu 753°%, Leu756>*, Leu757>**, Thr794%4¢
Trp798%%°, Phe801%%3, Phe805%°’, Leu822"%, and Val826"3¢. The

final ranking of the docked poses was performed via consensus scoring, combining the

predicted binding energy with the Jain,?® PLP2,%° and Ludi3* scoring functions. The best poses

for each compound in the training set uses a weighted consensus for each of the several scoring

functions compared. More or less as expected, while docking poses could begenerated for both

potential binding sites, as typified for control VU155041, the allosteric binding energies were
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over 30 kcal/mol better than those obtained for the orthosteric site (Vide infra).

Results and discussion

Glutamate is the most abundant neurotransmitter in the human central nervous system.
During the neuronal action potential, binding occurs at ionotropic and metabotropic receptors,
as well as transpor- ters, and thus the design of ligands that selectively bind is a complicated
and challenging endeavor. We had previously observed in a study of the system Xc-glutamate-
cystine antiporter, that ring closure of active 3- carboxy-isoxazole-4- hydrazones (10) to the
corresponding [3,4-d] analogs were accompanied by marked loss of activity at the
transporter.’ Radioligand binding was studied for GABAA using the psychoactive ligand
muscimol,? and at the ionotropic, NMDA(iGIuR) receptor using MK-801,%° and at mGIuRs
using the allosteric ligand MPEP,* which is displaced by the potent allosteric ligand
fenobam. The results are summarized in Table 2-1. No hits were detected for GABAAa or
NMDA (Table 2-1). Two moderate hits for compounds (1) and (8) were observed at
mGIuRs, shown in Table 2-1 and Fig. 2-3. It is important to note that in neither case was
the single digit micromolar affinity at mGIuRs suffi- cient to translate into a functional
effect.

The [3,4-d] compounds were first examined in a single dose func- tional assay.
Functional data indicated that there were six compounds determined as hits, using the
PDSP criteria of 25% modulation, Compounds (3), (5) and (9) at mGIurR,, and
Compounds (8), (2) and (1) at mGIluR4. All of the single dose functional hits at mGIuR;

were compounds which contained fluorine on the N(6) aryl (Table 2-1, highlighted).
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Structure | GABAA, % | NMDA, | mGluRs, mGluR2 mGluR4
dlsplacglnent nM nM AGO- | ANT- | AGO- | ANT-
(museimol) | Q0hy | M7 | %MAX: | %INH: | %MAX: | %INH:

1 -13.4 >10,000 [ 1,883 -12 -37 37 -9
2 -21.5 >10,000 | >10,000 20 -55 26 9

3 -6.0 >10,000 | >10,000 26 23 21 3

4 -6.0 >10,000 [ >10,000 -4 -33 -1 -5
5 -10.0 >10,000 | >10,000 35 -48 11 -7
6 -4.7 >10,000 | >10,000 19 5 21 -3

7 -15.5 >10,000 | >10,000 17 48 24 -10
8 -7.8 >10,000 | 3,077 -3 11

9 7.2 >10,000 [ ND 36.56 0 | o9 11

Table 2 - 1 Functional data for mGIuRs, courtesy of the Psychoactive Drug Screening Program (Screen capture
from the PDSP web site). The most significant hit was observed for PDSP 21318 (8) at mGluR,. Datafor mGIuR
sub- types 1a, 5 and 8 (for which there were no hits) are found in the Supporting Data. Legend: Green represents
25-49 percent activation and blue represents 50-100 percent activation.
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Figure. 2-3. Compound 8 (PDSP 21318) exhibits modest allosteric binding at the mGIluRs. It is worthy of note that this modest
binding does not translate into a functional effect.

The most robust positive modulation of 77% at mGIuR, was ob- served for compound (8),
which was reproducible (n = 12) with a narrow standard error (5%) (Table 2-1). In light ofa
similar 3,5-di- chloroaniline functional group in VU015541, we considered that com- pound (8)

represents a type of conformational constraint in its inter- action with the receptor.
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We then examined a homology model of the mGIuR, in order to develop a workinghypothesis
for the observed experimental functional activity. A closer look at experimentalbinding was
then undertaken to determine which of the docking models was more realistic.

Homology model: orthosteric site

The orthosteric binding of ligands to the VFD of mGIuR has been studied extensively by
Kunishima,® Tsuchiya,” Muto® and co-workers. Logical docking poses could be generated
for the [3,4-d] series, illu- strated for ligand 8, in Figure 2-4. At the orthosteric site Ligand

8 and VUO015541 adopt essentially identical poses where the 3,5-dichloro

phenyl moiety of either interacts with Tyr230 (Compare Figure 2-4B to the that of VU155041
in the Supporting Data, Table 2-SD-2). However, the binding energy at the allosteric site
(vide infra) was calculated to be over 30 kcal/mol superior to that of the glutamate binding site.
Thus, the computational predicted binding energies provide an explanation forthe lack of
observed orthosteric binding. Supplementary data associated with this article can be found, in

the online version, at https://doi.org/10.1016/j.bmc.2018.08.012

Orthosteric site secondary binding assay: little or no evidence of binding

Using the PDSP protocol, comparison to both antagonists and ago- nists were examined at the
orthosteric site. It was observed that the binding isotherm effect of the [3,4-d] ligands 18 was
flat, and thus ti appeared that little or no indication of orthosteric interaction was obvious at
either mGIuR2 or mGIuR4 (Figure 2-5). A similar  experimental result was obtained

for antagonist activity at the orthosteric site (Figure 2-SD-11 ).

Allosteric binding secondary assay

In the secondary assay, the concentration response curves in some cases were observed
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to emerge within experimental error (Figure 2- 6), although the magnitude of the response
was consistent with the single dose functional data of approximately 10 uM. This effect is
modest in comparison to the ligands used as positive controls (Figure 2- 6, BINA at mGIuRy,

and TCN22A at mGIluR4, respectively

Homology model: allosteric site
All of the ligands for which single dose functional hits were ob- served at mGIuR, contained

fluorine substituents on the N-6 aryl. The computation indicated a possible explanation for
selectivity, in which the fluorinated aniline moiety was oriented facing in the extracellular
direction within the allosteric vetibule. Among the residues unique to the mGIuR; subtype,
Met728 and Met794 have n-alkyl and z-sulfur interactions, respectively, with the fluorine
containing electron deficient N-6 aryl (Figure 2-7). Thepose with the best Binding Energy
calculation at mGIuR, is shown in the Figure 2 - 8 for (8), a robust computational interaction
of=70 kcal/mol. An overview of the allosteric binding of metabotropic glutamate receptors has
been provided by Gloriam and co- workers,** who identified unique residues as hot spots for
selectivity among the different sub-types. An extensive modeling and site directed mutagenesis
study of mGIuR,4 has been reported by Rovira and co-workers.®® Our modeling results are in
reasonable general agreement with these studies in relation to the location of the ligands in the
allosteric site (Figure 2-8A). Compound 8 occupies the region previously suggested by
Rovira for allosteric agonist binding. For the pose with the best binding energy, the carbonyl of
the pyridazinone is anchored by a hydrogen bond to Ser760, the dichlorobenzene ring forms a

T-shaped pi interaction with Phe 801, and the isoxazole moiety interacts via both a
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lipophilic interaction with the C-3 methyl of the isoxazole moiety with Leucines 753 and 659,
as well as a & interaction with the backbone amide of Leu756 (see LigPlot in Figure 2-8B).
The latter is unique to mGIluR,4 and is consistent with the observation of selectivity for this sub-
type. The LigPlot summarizes the salient intermolecular drug-receptor interactions (Figure
2- 8B). In general the energy difference of the best calculated pose does not differ by a
large amount (3-4 kcal/mol) from poses for the same ligand which adopts the opposite
orientation, or that has “tumbled” downward in the allosteric cavity (Figure 2-8C). A
similar result ensemble was observed for VU015541, where the best scores were found for an
intermediate position towards the middle of the allosteric site (Figure 2-8D and
Supporting Data). An overlay of VU0155041 (green), TCN22A* (cyan) and two poses for 8
(Figure 2-8D), illustrates this point. The highest scoring pose for 8 (grey) occupies the deep
allosteric pocket, however a close scoring pose 8 (yellow) co-locates with the two other potent
ligands in the middle vestibule. The highest calculated binding energies for the [3,4-d] set were
close in value to VUQ15541, and derivatives substituted with lipophilic groups at the 3-position
of the [3,4-d] series gave binding energies calculated to be significantly better and also anchor
the ligand in the middle of the allosteric site (Table 2-SD-2), whether this hypothesis will give

rise to ligands with improved potency which retain selectivity will be tested in future studies.
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Figure 2-4: Orthosteric docking of [3.4-d] ligand 8 at the complete in the center panel, and asummary of binding
interactions.
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Figure 2-5. Binding isotherms at the orthosteric mGIuR sites. Little or no orthosteric binding is evidenced in the agonist
assay
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Figure 2-6. Allosteric binding isotherms for [3,4-d]s at mGIuR, and mGIuR,, with controls.
Conclusion

Robust and selective positive functional modulation of metabotropic glutamate receptors has been
observed for isoxazolo [3,4-d]pyridazinones, suggesting this scaffold as a promising avenue for further
development. No significant functional effect was found for mGIuR subtypes 1a, 5 or 8; and no activity
at GABAA, NMDA, or the System Xc- antiporter was observed. Especially intriguing forour future
studies is the tactic of lateral metalation and electrophilic quenching,* which can be used to
incorporate functional groups to rationally target plausible interactions near the allosteric pocket,’ as
suggested by our current computational working hypothesis. We are actively pursuing this strategy, and

will report on our progress in due course.
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Figure 2 - 7. Possible explanation for selectivity at mGIuR,, the electron deficient, fluorine containing ring interacts with the
residues unique to this sub-type in theallosteric site, notably Met728 and Met 794.
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human mGIuR, receptor, consisting of the Venus Flytrap domain (VFD) and seven transmembrane (7TM) domain containing
the allosteric binding site. Inset depicts binding site specific residues and their predicted interactions with 8. B.Schematic
representation of the close contacts shown in A. C. Homology model showing the path that the [3,4-d] poses occupy high
(magenta) and middle (yellow) vestibule areas, as well as a deep allosteric pocket (cyan). D. Overlay of VU0155041 (green),
TCN22A%* (cyan) and two poses for 8, the highest scoring pose for 8 (grey) and a close scoring pose 8 (yellow), which co-
locates with the two other potent ligands in the middle vestibule
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Figure 2-SD -1. Orthosteric homology model illustrating [3,4-d] 8 (PDSP 21318) binding at mGIuR,, Glutamate

binding site in the Venus Flytrap Domain (VFD, orthosteric site), using pdb 1IEWK as a template. Note that this utilizedthe

intact VFD. Both compounds dock with the 3,5-dichlorophenylmoiety interacting with Tyr230 of the VFD.

Figure 2-SD-2. VU015541 at the Glutamate binding site in the VFD, orthosteric glutamate site.
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Table 2-SD-1. Discovery Studio Binding Energy Scores for VU015541 at the allosteric mGIluR4 site.

Ligand Position in allosteric Binding
pocket (kcal/mol)
VU0155041 Deep pocket (bottom) | -52.5
VU0155041 Vestibule 2 (middle) -83.8
VU0155041 Vestibule 1 (Top) -73.7

Figure 2-SD-3. Allosteric binding pose with VU015541, second best calculated binding energy,

at the top ofthe allosteric binding cavity, referred to as Vestibule 1

LEU
A753

SER
AB09

BE: -73.7 kcal/mol g

Figure 2-SD-4. Allosteric binding pose with VU015541, best calculated binding energy,
towards the middleof the allosteric binding cavity, referred to as Vestibule 2.

BE: -83.8 kcal/mol o ,h
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Figure 2-SD-5. Allosteric binding pose of VU015541, illustrating binding in the deep pocket.

BE: -52.5 kcal/mol
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Table 2-SD-2. Discovery Studio binding Energy scores for Compounds 1-9, and hypothetical
[3,4-d]s 10-14 containing lipophilic groups, at the mGIluR, allosteric site. The ligand FITM was
the ligand crystallized in the mGIuR used for constructing our homology model, pdb accession

number 40R2.
Binding

Ligand (kcal/mol) | Pose
* | FITM -138.878 11
1 | Tol -65.364 15
2 | p-OCH3 -62.2072 6
3 | p-F -56.0582 6
4 | H -83.2094 3
5 |24F, -61.1928 3
6 | p-NO; -75.655 8
7 | m-NO, -73.1841 3
8 |35Cl -70.7011 8
9 | 35CF; -76.0328 8
10 | 4-Ph-Tol -70.1691 5
11 | Mono Bn-Tol -79.2557 5
12 | diBn Tol -97.1876 4
13 | (R) - PhPr Tol -77.8074 4
14 | (S) - PhPr Tol -85.1114 6
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Figure 2-SD-6. Allosteric binding of Ligand 8.
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Figure 2-SD-7. Top five binding scores for 13, illustrating vestibule 1, vestibule 2, and deep
pocket binding,analogous to results obtained for VU015541.
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(R)-4-methyl-3-(1-phenylpropan-2-yl)-6-(p- (5)-4-methyl-3-(1-phenylpropan-2-yl)-6-(p-
tolyl)isoxazolo[3,4-d]pyridazin-7(6 H)-one tolyl)isoxazolo[3 4-d]pyridazin-7(6 H)-one
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Chart 2-SD-2. Structures of BINA and TCN-22A used in PDSP assay, and FITM (pdb accession

number
40R2).
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Table 2-SD-8. Binding interaction computational study of 8 with the allosteric residues of

mGIuR,, anddegree of conservation among mGIuR sub-types.

3,5 dichloro phenylring
centroid(Re face), 3,5 dichloro
phenyl Chloro

Residue Binding interaction Conserved in mGluRs
Arg 656 all
Leu 659 pyridazinone methyl 2,3,4,6,7,8

Met 663 Isoxazole ring centroid 4,7,8
Isoxazole and pyridazinone
methyls
Gly 660 Carboxyl group all
Ser 760 Isoxazole ring N 4,6,7,8
Leu 753 3,5 dichloro phenyl ring centroid | 4,6,8
(Siface)
Leu 756 Chloro on 3,5 dichloro phenyl 4
ring

pyridazinone methyl

Leu 757 Isoxazole ring centroid all
Pyridazinone ring centroid
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Table 2-SD-9. Summary of mGIuR, residues determining allosteric shallow or deep

pocketbinding.

Shallow allosteric residues of pocket

Deep allosteric residues of pocket

Arg 655 (mutated no activity-GlIn)- potential Glu 646
interaction at carboxyl group

Arg 656 (promoted shift more than 10-fold-Ala) Thr 639
Met 663 Ala638
Ser 664 Ser 664
Thr 639 (mutated more potent-lle) lle 665
Glu 646 (mutated more potent -Ala) Ser 752
Ser 723 Typ 798

Leu 756 (promoted shift more than 10-fold —Ser or | Val826 (signature of deep pocket binding)

Lys) (signature of shallow pocket binding)

Trp798(promoted shift more than 10-fold -Ala) Val829
Phe801 Phe 801
Ala 830

R655Q, L756S, and L756K did not affect the deep binding PAMs

Figure 2-SD-10. Complete one dose functional data, including mGIluR;, 5 and 8.
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Figure 2-SD-11 (A). Agonist and antagonist binding isotherms at the Orthosteric Glutamate site.
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Figure 2-SD-11(B) . Binding isotherms for agonist and antagonist activity at the Allosteric mGIuR

site.
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Figure 2-SD-8. Isoxazolo[3,4-d]pyridazinones have no significant interaction (all >10,000 nM) at the
NMDA receptor as studied by radioligand binding with MK-801.
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Chapter 3: Crystal Structure of 3-(1,3-Diphenylpropan-2-Y1)-4-Methyl-6-
Phenylisoxazolo[3,4-d] Pyridazin-7(6H)-One

Introduction
In the title compound, C,7H23N30,, the geminal benzyl groups branching out from the methine

adjacent to the isoxazole group are both syn-oriented to the methyl group of the

pyridazinone moiety, as reflected by C—C distances of 3.812 (2) and 4.369 (2) A between
the methyl carbon and the nearest ring carbon of each benzyl group. This kind of
conformation is retained in CDClj3 solution, as evidenced by distinct phenyl-shielding effects on

the *H NMR signals of themethyl H atoms. The isoxazolo[3,4-d]pyridazin ring system is

virtually planar (r.m.s. deviation from planarity = 0.031 A), but the N-bonded phenyl group is
inclined to the former by an ring-ring angle of 55.05 (3) . In the crystal, the T-shaped
molecules are arranged in an interlocked fashion, forming rod-like assemblies along [101]. The
molecules are held together by unremarkable weak C—H""N, C—H"Oand C—H..nt
interactions (C—O,N,C > 3.4 A), while significant =—z-stacking interactions are absent.

Related literature

For chemistry of isoxazolo[3,4-d]pyridazinone preparation, see: Renzi & Dal Piaz (1965)*. For
deprotonation with sodium alkoxides, see: Dal Piaz et al. (1975)*; Chimichi et al. (1986)%. For
the rearrangement of the isoxazolo[3,4-d]pyridazinone ring system to pyrazole, see: Dal Piaz et
al. (1985)°. For isoxazole lateral metalation, see: Natale & Niou (1984)™°: Natale et al. (1985)%;
Niou & Natale (1986)':; Schlicksupp & Natale (1987). For recent applications of lateral
metalation and electrophilic quenching of isoxazoles to targets of biological interest, see:
Nakamura et al. (2010)"; Hulubei et al. (2012)°. For a review of the lateral metalation and

electrophilic quenching of isoxazoles, see: Natale & Mirzaei (1993)°.
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Experimental

Crystal data

C.‘."IH.BNBOZ
M, = 421.48
Triclinic, PT
a=75163 (4) A

b =96774 (5) A
c = 159053 (8) A
o = 86.798 (1)°
B = 83.512 (1)°

Data collection

Bruker D8 Venture PHOTON 100
CMOS diffractometer
Absorption correction: numerical
(SADABS: Bruker, 2012)
Thin = 0.80, T...ix = 0.89

Refinement

R|F? > 20(F?)] = 0.032
wR(F~) = 0.078
S$=103

3714 reflections

313 parameters

69.385 (1)

1075.75 (10) A*

2

"u Ko radiation

066 mm™'

100 K

x 0.22 x 0.19 mm

NEONSR

(

o~
C

4

12012 measured reflections
3714 independent reflections
3597 reflections with 7 > 2a (/)
Rine = 0.017

86 restraints

Only H-atom displacement para-
meters refined

AP =022 ¢ A3

ApPmin = —0.14 e A

Table 1

Hydrogen-bond geometry (A, ).

D—H---A D—H H---A D---A D—H---A
C26—H26---O1' 0.95 2.61 3.4159 (13) 143
C24—H24---N1" 095 2.73 3.5407 (15) 143
Cl11—H11-..C18" 0.95 2.78 3.6182 (15) 148

Symmetry codes:
—x,—v+ 1, —z+ 2

(1)

—x,—=y+1, —z+1:

(1) —x<+ 1, —y+ 1, —z+1: (m)
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Data collection

SMART (Bruker, 2012); cell refinement: SAINT (Bruker, 2012)1; data reduction: SAINT;
program(s) used to solve structure: SHELXS97 (Sheldrick, 2008)™*; program(s) used to
refine structure: SHELXL97 (Sheldrick, 2008)**: molecular graphics: Mercury (Macrae et

al., 2008);software used to prepare material for publication: pubICIF (Westrip, 2010)*.

Comment
The title compound (Figure 3-1) was prepared by lateral metalation with lithium

hexamethyldisilazide and electrophilic quenching with benzyl bromide (Natale & Mirzaei,
1993)°, under thermodynamic conditions (Niou & Natale, 1986; Schlicksupp & Natale,
1987)***3 during which a facile second deprotonation and quenching leads to double
incorporation (Nataleet al., 1985, Natale & Niou, 1984)*'°. Mono-alkylation and recovered
starting material account forsufficient material balance to rule out substantial rearrangement
under these conditions. The present study unambiguously establishes the regiochemistry of
double alkylation. Previous reports on analogous deprotonation with sodium alkoxides (Dal
Piaz, et al., 1975; Chimichi, et al., 1986)**, reported rearrangement to pyrazoles with longer
reaction times (Dal Piaz et al., 1985)°. The lateral metalation and electrophilic quenching of
isoxazoles continues to lead to candidates with promising biological activity (Nakamura, et al.,
2010; Hulubei et al., 2012)>" and is the subject of active investigation, to be reported in due
course. The conformation observed inthe solid state (Figure 3-1) would be expected to result in
magnetic anisotropy if maintained in solution, and this is indeed observed, as the *H NMR
resonance of the C(4) methyl is observed at ¢ 2.55 in the starting material, ¢ 2.21 in the
monoalkylated product, and ¢ 1.86 in the title compound. Furtherchemistry and pharmacology

studies based upon this reaction are underway and will be reported in due course.
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Experimental
Starting material, 3-methyl-4-methyl-6-phenylisoxazolo[3,4-d]pyridazin-7(6H)-one (Figure 3-2)

was prepared according to Renzi and Dal Piaz (1965). To starting material (88 mg, 0.36 mmol)
was added freshly distilled tetrahydrofuran (THF, 25 ml), under an argon atmosphere. The
temperature was lowered to 195 K, and a solution of lithium hexamethyldisilazide (1 ml, 1.0M
in THF, Aldrich, 28% excess) was added dropwise over five minutes. After stirring for 1 h,
benzyl bromide was added via syringe (0.1 ml, 0.84 mmol, 14% excess). The reaction was
allowed to come to room temperature with stirring overnight, after which time the solvent was
removed in vacuo by rotary evaporator, and the residue chromatographed on an 80 x 35 cm
silica gel column. Gradient chromatogrpahy was performed beginning with chloro- form-hexane
(1:1), and the gradient slowly increased in polarity to ethyl acetate (EtOAc)-hexane-chloroform
(1:2:1). The product 3-(1,3-diphenylpropan-2-yl)-4-methyl-6-phenylisoxazolo[3,4-d]pyridazin-
7(6H)-one was obtained from the column fraction with Rf 0.6 (SiO2, EtOAc-hexane-chloroform
2:1:1) as asolid (57.1 mg, 38% yield), and was recrystallized by slow evaporation from
EtOAc/hexanes to which a small amount of heptane had been added. The resulting crystals were
used in the single crystal X-ray study. A clear light yellow prism-like specimen was selected for
the X-ray data collection with a Bruker D8 Venture PHOTON 100 CMOS system equipped with
a Cu Ko INCOATEC micro-focus source (A = 1.54178 A).

3. Refinement

A DELU restraint (Sheldrick, 2008) was used for the U;; of all non-H atoms. Hydrogen atoms
were positioned geometrically and refined as riding atoms, with C—H = 0.96-0.99 A and Uis,(H)
= 1.5U¢q(C) for methyl H atoms, and Uiso(H) = 1.2Ueq(C) for all other H atoms.

Computing details

Data collection: SMART (Bruker, 2012); cell refinement: SAINT (Bruker, 2012); data reduction:
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SAINT (Bruker, 2012)*: program(s) used to solve structure: SHELXS97 (Sheldrick, 2008)**;
program(s) used to refine structure: SHELXL97 (Sheldrick, 2008)'*; molecular graphics:

Mercury(Macrae et al., 2008)°; software used to prepare material for publication: pubICIF
(Westrip, 2010)".

-
Figure 3-1:Molecular structure of the title compound, with H atoms represented by small spheres
of arbitrary radius and displacement ellipsoids at the 50% probability level.

Figure 3- 2: Benzylation of 3-methyl-4-methyl-6-phenylisoxazolo[3,4-d]pyridazin-7(6H)-one as precursor to give the
title compound
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Figure 3-3: The unit cell of the title compound.

3-(1,3-Diphenylpropan-2-yl)-4-methyl-6-phenylisoxazolo[3,4-d]pyridazin-7 (6 H)-one

Crystal data

Cy7H:N;0; Z=2

M,=421.48 F(000) =444

Triclinic, Pl calculated from global refinement
Hall symbol: -P 1 D,=1301 Mgm

a=75163 (4) A Cu Ka radiation, 2 = 1.54178 A
h=9.6774 (5) A Cell parameters from 9923 reflections
c=15.9053 (8) A 6=2.8-68.4°

a=86.798 (1)° 1 =0.66 mm'

B =83.512 (1)° T=100K

y=69.385 (1)° Prism, clear light yellow
V=1075.75 (10) A® 0.40 x 0.22 x 0.19 mm
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Data collection

Bruker D8 Venture PHOTON 100 CMOS
diffractometer

Radiation source: Cu Ka

Mirrors monochromator

Detector resolution: 10.4167 pixels mm’!

 and phi scans

Absorption correction: numerical
(SADABS; Bruker, 2012)

Tin= 0.80; Tivax = 0.89

Refinement

Refinement on F*
Least-squares matrix: full
R[F? > 2a(F?)] = 0.032
wR(F*) =0.078

S$=1.03

3714 reflections

313 parameters

86 restraints

0 constraints

Primary atom site location: structure-invariant

direct methods

Special details

12012 measured reflections
3714 independent reflections
3597 reflections with 7> 2a(])

Rw=0.017

Opax = 66.6°, O = 2.8°
h=-8-3

k=-11—11
[=—18—18

Secondary atom site location: difference Fourier
map

Hydrogen site location: inferred from
neighbouring sites

Only H-atom displacement parameters refined

w=1/[a*(F;}) + (0.0352P) + 0.337P)]
where P =(F.2 + 2F2)/3

(A/0)ma < 0.001

AP =022¢ A

Apin=-0.14 ¢ A3

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two Ls. planes) are estimated using the full

covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry.
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating ¢.s.d.'s involving Ls. planes.

Refinement. Refinement of /7 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F?,
conventional R-factors R are based on F, with F set to zero for negative F2, The threshold expression of 7 > a(F7) is used
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F*

are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement

parameters (A%

X y z Uiso*/Ueq
o1 0.00502 (11) 0.47448 (8) 0.64153 (5) 0.02756 (18)
N1 0.15001 (13) 0.33590 (10) 0.65000 (6) 0.0270 (2)
C1 0.25346 (14) 0.36020 (11) 0.70485 (6) 0.0222 (2)
C2 0.42780 (15) 0.24940 (11) 0.73381 (6) 0.0226 (2)
02 0.49243 (11) 0.11970 (8) 0.71482 (5) 0.02828 (18)
N2 0.51293 (12) 0.31237 (9) 0.78613 (5) 0.02217 (19)
N3 0.44085 (12) 0.45480 (9) 0.81882 (5) 0.0235 (2)
C3 0.28457 (14) 0.54911 (11) 0.79389 (6) 0.0224 (2)
C4 0.18507 (14) 0.50724 (11) 0.73305 (6) 0.0217 (2)
C5 0.02762 (15) 0.57547 (12) 0.69057 (6) 0.0232 (2)
C6 0.69832 (14) 0.22965 (11) 0.81342 (7) 0.0224 (2)
C7 0.85159 (15) 0.16976 (11) 0.75336 (7) 0.0260 (2)
H7 0.8334 0.1771 0.6949 0.030 (3)*
C8 1.03243 (15) 0.09880 (12) 0.77969 (7) 0.0278 (2)
H8 1.1385 0.0572 0.739 0.034 (3)*
C9 1.05866 (16) 0.08840 (12) 0.86484 (7) 0.0284 (2)
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H9 1.1823 0.0391 0.8826 0.033 (3)*
C10 0.90441 (16) 0.15001 (12) 0.92425 (7) 0.0273 (2)
H10 0.9229 0.1434 0.9827 0.032 (3)*
cl11 0.72289 (15) 0.22140 (11) 0.89891 (7) 0.0248 (2)
H11 0.6171 0.264 0.9396 0.025 (3)*
C12 0.21729 (16) 0.69938 (12) 0.83066 (8) 0.0295 (2)
H12A 0.3036 0.7028 0.8717 0.039 (4)*
H12B 0.0879 0.7216 0.8591 0.039 (4)*
H12C 0.2161 0.7725 0.7854 0.043 (4)*
C13 —0.11611 (15) 0.72853 (12)  0.68583 (7) 0.0255 (2)
H13 —0.0688 0.7945 0.7162 0.019 (3)*
Cl4 —0.31156 (15) 0.73629 (12)  0.73267 (7) 0.0279 (2)
H14A —0.4109 0.831 0.7186 0.032 (3)*
H14B —0.3481 0.6549 0.7141 0.029 (3)*
C15 —0.29925 (14) 0.72404 (12)  0.82684 (7) 0.0256 (2)
C16 —0.24282 (15) 0.58718 (12) 0.86891 (7) 0.0280 (2)
H16 —0.222 0.5 0.8387 0.028 (3)*
C17 —0.21682 (16) 0.57717 (13)  0.95421(7) 0.0306 (3)
H17 —0.1802 0.4835 0.9822 0.038 (4)*
C18 —0.24399 (15) 0.70303 (13) 0.99886 (7) 0.0302 (3)
H18 —0.2237 0.6958 1.0571 0.034 (3)*
C19 —0.30114 (15) 0.83994 (13) 0.95784 (7) 0.0296 (2)
H19 —0.3209 0.9268 0.9882 0.032 (3)*
C20 —0.32932 (15) 0.85002 (12) 0.87290 (7) 0.0278 (2)
H20 —0.3697 0.9442 0.8456 0.034 (3)*
c21 —0.12730 (16) 0.78383 (13) 0.59301 (7) 0.0302 (3)
H21A —0.1683 0.7183 0.5602 0.029 (3)*
H21B —0.2235 0.8846 0.5907 0.038 (4)*
c22 0.13242 (17) 0.89367 (13)  0.57720 (7) 0.0308 (3)
H22 0.0532 0.9691 0.6146 0.037 (4)*
C23 0.31273 (18) 0.89326 (13) 0.54685 (7) 0.0336 (3)
H23 0.357 0.9668 0.5641 0.039 (4)*
C24 0.42832 (17) 0.78538 (14) 0.49126 (7) 0.0343 (3)
H24 0.5519 0.7848 0.47 0.039 (4)*
C25 0.36233 (18) 0.67858 (14) 0.46702 (7) 0.0355 (3)
H25 0.4407 0.6048 0.4285 0.046 (4)*
C26 0.18236 (18) 0.67824 (13) 0.49847 (7) 0.0322 (3)
H26 0.1394 0.6036 0.4817 0.036 (3)*
c27 0.06465 (16) 0.78583 (12) 0.55409 (7) 0.0271 (2)
Atomic displacement parameters (A?%)
UZZ U33 U13 U23
01 0.0275 (4)  0.0247 (4) 0.0302 (4) —0.0066 (3) —0.0104 (3) 0.0004 (3)
N1 0.0273 (5)  0.0231 (5) 0.0295 (5) -0.0062 (4) —0.0071 (4) 0.0001 (4)
C1 0.0238 (5) 0.0218 (5)  0.0219 (5) —0.0093 (4)  —0.0024 (4) 0.0019 (4)
c2 0.0245 (5)  0.0203 (5) 0.0230 (5) —0.0085 (4) —0.0019 (4) 0.0013 (4)
02 0.0309 (4)  0.0197 (4) 0.0334 (4) —0.0068 (3) —0.0064 (3) —0.0008 (3)
N2 0.0219 (4) 0.0175 (4) 0.0257 (4) —0.0045 (3)  —0.0044 (3) 0.0001 (3)
N3 0.0227 (4)  0.0194 (4) 0.0273 (5)  —0.0057 (3) —0.0033 (3) —0.0016 (3)
ox! 0.0203 (5)  0.0218 (5) 0.0249 (5)  —0.0074 (4) —0.0030 (4) 0.0017 (4)
C4 0.0218 (5)  0.0200 (5) 0.0229 (5)  —0.0075 (4) -0.0013 (4) 0.0021 (4)
C5 0.0232 (5)  0.0241 (5) 0.0236 (5)  —0.0094 (4) —0.0042 (4) 0.0017 (4)
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C6 0.0216 (5)  0.0163 (5) 0.0296 (5)  —0.0063 (4) —0.0059 (4) 0.0031 (4)

c7 0.0282 (6)  0.0219 (5) 0.0261 (5)  —0.0065 (4) —0.0039 (4) 0.0013 (4)
c8 0.0244 (5)  0.0222 (5) 0.0336 (6)  —0.0045 (4) —0.0011 (4) —0.0012 (4)
C9 0.0241 (5)  0.0215 (5) 0.0383 (6)  —0.0049 (4) —0.0097 (4) 0.0030 (4)
C10 0.0300 (6)  0.0238 (5) 0.0283 (6)  —0.0083 (4) —0.0089 (4) 0.0037 (4)
cl11 0.0249 (5)  0.0219 (5) 0.0273 (5)  —0.0081 (4) —0.0027 (4) 0.0013 (4)
C12 0.0243 (5)  0.0244 (6) 0.0389 (6)  —0.0051 (4) —0.0086 (5) —0.0052 (5)
C13 0.0237 (5)  0.0230 (5) 0.0295 (6)  —0.0065 (4) —0.0082 (4) 0.0033 (4)
Cl4 0.0224 (5)  0.0244 (6) 0.0363 (6)  —0.0064 (4) —0.0080 (4) 0.0026 (4)
C15 0.0171 (5)  0.0251 (5) 0.0349 (6)  —0.0078 (4) —0.0035 (4) 0.0023 (4)
C16 0.0235 (5)  0.0232 (5) 0.0387 (6)  —0.0097 (4) —0.0046 (4) 0.0010 (5)
C17 0.0270 (6)  0.0267 (6) 0.0391 (6) —0.0116 (4) —0.0044 (5) 0.0081 (5)
C18 0.0246 (5)  0.0354 (6) 0.0303 (6) —0.0111 (5) —0.0002 (4) 0.0022 (5)
C19 0.0230 (5)  0.0274 (6) 0.0365 (6)  —0.0072 (4) 0.0013 (4) —0.0040 (5)
C20 0.0210 (5)  0.0214 (5) 0.0384 (6)  —0.0050 (4) —0.0018 (4) 0.0033 (4)
c21 0.0293 (6)  0.0295 (6) 0.0318 (6)  —0.0084 (5) —0.0124 (5) 0.0076 (5)
c22 0.0362 (6)  0.0266 (6) 0.0277 (6)  —0.0081 (5) —0.0059 (5) 0.0013 (4)
c23 0.0416 (7)  0.0345 (6) 0.0302 (6) —0.0188 (5) —0.0100 (5) 0.0050 (5)
C24 0.0332 (6)  0.0421(7) 0.0279 (6)  —0.0138 (5) —0.0056 (5) 0.0075 (5)
C25 0.0425 (7)  0.0348 (7) 0.0256 (6)  —0.0099 (5) —0.0003 (5) —0.0002 (5)
C26 0.0437 (7)  0.0307 (6) 0.0251 (5) —0.0153 (5) —0.0088 (5) 0.0018 (4)
c27 0.0304 (6)  0.0271 (6) 0.0235(5)  —0.0081 (4) —0.0116 (4) 0.0078 (4)
(?eometric parameters (A,

0

01-C5 1.3506 (13) C13—H13 1.0

01—N1 1.4100 (11) C14—C15 1.5067 (16)
N1—C1 1.3138 (14) C14—H14A 0.99

Ccl1—C4 1.4122 (14) C14—H14B 0.99

C1—C2 1.4734 (14) C15—C20 1.3937 (16)
C2—02 1.2176 (13) C15—C16 1.3968 (15)
C2—N2 1.3873 (13) C16—C17 1.3857 (17)
N2—N3 1.3979 (12) C16—H16 0.95

N2—C6 1.4434 (13) C17—C18 1.3851 (17)
N3—C3 1.2961 (13) C17—H17 0.95

C3—C4 1.4425 (15) C18—C19 1.3898 (16)
C3—C12 1.4909 (15) C18—H18 0.95

C4—C5 1.3688 (15) C19—C20 1.3839 (17)
C5—C13 1.4986 (14) C19—H19 0.95

C6—C7 1.3851 (15) C20—H20 0.95

C6—Cl11 1.3869 (15) c21—C27 1.5105 (16)
c7—cC8 1.3906 (16) C21—H21A 0.99

C7—H7 0.95 C21—H21B 0.99

Cc8—C9 1.3835 (16) C22—C23 1.3850 (17)
C8—HS8 0.95 Cc22—C27 1.3940 (16)
C9—C10 1.3861 (16) C22—H22 0.95

C9—H9 0.95 C23—C24 1.3847 (18)
C10—C11 1.3895 (15) C23—H23 0.95
C10—H10 0.95 C24—C25 1.3825 (18)
C11—H11 0.95 C24—H24 0.95
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C12—H12A
Cl12—H12B
Cl2—H12C
Ci3—C21
C13—C14

C5—01—N1
Cl1—N1—o01
N1—C1—C4
N1—C1—C2
C4—C1—C2
02—C2—N2
02—C2—C1
N2—C2—C1
C2—N2—N3
C2—N2—C6
N3—N2—C6
C3—N3—N2
N3—C3—C4
N3—C3—C12
C4—C3—C12
C5—C4—C1
C5—C4—C3
C1—C4—C3
01—C5—C4
01—C5—C13
C4—C5—C13
C7—C6—Cl11
C7—C6—N2
C11—C6—N2
C6—C7—C8
C6—C7—H7
C8—C7—H7
c9—C8—C7
C9—C8—HS8
C7—C8—HS8
C8—C9—C10
C8—C9—H9
C10—C9—H9
C9—C10—C11
C9—C10—H10
C11—C10—H10
C6—C11—C10
C6—C11—H11
C10—C11—H11
C3—C12—H12A
C3—C12—H12B

H12A—C12—H12B

C3—Cl12—H12C

H12A—C12—H12C

0.98
0.98
0.98
15431 (15)
1.5492 (15)

110.86 (8)
103.37 (8)
113.41 (9)
124.88 (9)
121.68 (9)
123.36 (9)
125.71 (10)
110.93 (9)
127.80 (8)
120.74 (8)
111.46 (8)
119.61 (9)
120.23 (9)
116.70 (9)
123.07 (9)
104.21 (9)
136.51 (10)
119.28 (9)
108.15 (9)
115.96 (9)
135.89 (10)
121.11 (10)
119.36 (9)
119.33 (9)
119.17 (10)
120.4
120.4
120.33 (10)
119.8
119.8
119.94 (10)
120.0
120.0
120.40 (10)
119.8
119.8
119.05 (10)
1205
120.5
109.5
109.5
109.5

109.5
109.5

C25—C26
C25—H25
C26—C27
C26—H26

C14—C13—H13
C15—C14—C13
C15—C14—H14A
C13—C14—H14A
C15—C14—H14B
C13—C14—H14B
H14A—C14—H14B
C20—C15—C16
C20—C15—C14
Cl16—C15—C14
C17—C16—C15
C17—C16—H16
C15—C16—H16
C18—C17—C16
C18—C17—H17
Cl6—C17—H17
C17—C18—C19
C17—C18—H18
C19—C18—H18
C20—C19—C18
C20—C19—H19
C18—C19—H19
C19—C20—C15
C19—C20—H20
C15—C20—H20
C27—C21—C13
C27—C21—H21A
C13—C21—H21A
C27—C21—H21B
C13—C21—H21B
H21A—C21—H21B
C23—C22—C27
C23—C22—H22
C27—C22—H22
C24—C23—C22
C24—C23—H23
C22—C23—H23
C25—C24—C23
C25—C24—H24
C23—C24—H24
C24—C25—C26
C24—C25—H25

C26—C25—H25
C27—C26—C25

1.3893 (18)
0.95
1.3881 (16)
0.95

107.2
109.92 (8)
109.7
109.7
109.7
109.7
108.2
118.33 (10)
119.92 (10)
121.55 (10)
120.73 (10)
119.6
119.6
120.33 (10)
119.8
119.8
119.48 (11)
120.3
120.3
120.14 (11)
119.9
119.9
120.97 (10)
119.5
1195
110.58 (9)
109.5
109.5
109.5
109.5
108.1
121.42 (11)
119.3
119.3
119.85 (11)
120.1
120.1
119.42 (11)
120.3
120.3
120.56 (11)
119.7

119.7
120.70 (11)
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H12B—C12—H12C 109.5 C27—C26—H26 119.6
C5—C13—C21 110.34 (9) C25—C26—H?26 119.6
C5—C13—Cl14 110.96 (9) C26—C27—C22 118.05 (11)
C21—C13—C14 113.70 (9) C26—C27—C21 121.96 (10)
C5—C13—H13 107.2 C22—C27—C21 119.91 (10)
C21—C13—H13 107.2
C5—01—N1—C1 0.42 (11) C6—C7—C8—C9 —0.07 (16)
01—N1—C1—C4 —0.08 (11) C7—C8—C9—C10 —0.54 (16)
01—N1—C1—C2 -178.31 (9) C8—C9—C10—C11 0.47 (16)
N1—C1—C2—02 —4.53 (17) C7—C6—C11—C10 —0.83 (16)
C4—C1—C2—02 177.38 (10) N2—C6—C11—C10 -175.73 (9)
N1—C1—C2—N2 174.91 (10) C9—C10—C11—C6 0.20 (16)
C4—C1—C2—N2 -3.18 (13) 01—C5—C13—C21 -53.31 (12)
02—C2—N2—N3 —172.66 (9) C4—C5—C13—C21 125.98 (13)
C1—C2—N2—N3 7.88 (14) 01—C5—C13—Cl14 73.63 (11)
02—C2—N2—C6 7.42 (15) C4—C5—C13—Cl14 (40)7.07
14

C1—C2—N2—C6 ~172.03 (8) C5—C13—C14—C15 71.49 (11)
C2—N2—N3—C3 —6.84 (15) C21—C13—C14—C15 -163.44 (9)
C6—N2—N3—C3 173.09 (9) C13—C14—C15—C20 86.05 (12)
N2—N3—C3—C4 0.28 (14) C13—C14—C15—C16 —88.63 (12)
N2—N3—C3—C12 -179.32 (9) C20—C15—C16—C17 —0.22 (15)
N1—C1—C4—C5 —0.26 (12) C14—C15—C16—C17 174.54 (10)
C2—C1—C4—C5 178.03 (9) C15—C16—C17—C18 —0.90 (16)
N1—C1—C4—C3 179.63 (9) C16—C17—C18—C19 1.23 (16)
C2—C1—C4—C3 —2.08 (15) C17—C18—C19—C20 —0.44 (16)
N3—C3—C4—C5 ~176.42 (11) C18—C19—C20—C15 —0.69 (16)
C12—C3—C4—C5 3.15 (19) C16—C15—C20—C19 1.01 (15)
N3—C3—C4—C1 3.73 (15) C14—C15—C20—C19 (—11 07)3.84
Cl12—C3—C4—C1 ~176.70 (10) C5—C13—C21—C27 -59.69 (12)
N1—01—C5—C4 —0.60 (11) C14—C13—C21—C27 174.90 (9)
N1—01—C5—C13 178.88 (8) C27—C22—C23—C24 1.06 (17)
C1—C4—C5—01 0.51 (11) C22—C23—C24—C25 —0.34 (17)
C3—C4—C5—01 -179.35 (11) C23—C24—C25—C26 ~0.50 (17)
Cl1—C4—C5—C13 -178.82 (11) C24—C25—C26—C27 0.65 (17)
C3—C4—C5—C13 1.3(2) C25—C26—C27—C22 0.05 (16)
C2—N2—C6—C7 56.43 (13) C25—C26—C27—C21 Ell 07)6.67
N3—N2—C6—C7 —123.50 (10) C23—C22—C27—C26 —0.90 (16)
C2—N2—C6—C11 —128.58 (10) C23—C22—C27—C21 175.88 (10)
N3—N2—C6—C11 51.49 (12) C13—C21—C27—C26 103.38 (12)
C11—C6—C7—C8 0.76 (16) C13—C21—C27—C22 —73.27 (12)
N2—C6—C7—C8 175.67 (9)

Hydrogen-bond geometry (A, °)

D—H---A D—H H---A D---A D—H---A

C26—H26---01' 0.95 2.61 3.4159 (13) 143

C24—H24---N1" 0.95 2.73 3.5407 (15) 143

C11—H11.--c18" 0.95 2.78 3.6182 (15) 148

Symmetry codes: (i) —x, —y+1, —z+1; (ii) —x+1, =y+1, —z+1; (iii) —x, —y+1, —z+2

137



Acknowledgements

NRN, JM, CG and CK thank the National Institutes of

Health for grants NINDS P20RR015583 Center for Structural and Functional
Neuroscience (CSFN) and P20 RR017670 Center for Environmental Health Sciences
(CEHS), We also thankNINDS P30 (NN and JM), and the University of Montana Grant
Program (NN).

1)
()

(3)

(4)

()

(6)

(")

(8)

(9)

(10)

References

Bruker. No Title. SMART, SAINT SADABS. Bruker AXS Inc. 2012.

Chimichi, S.; Ciciani, G.; Piaz, V. D.; De Sio, F.; Sarti-Fantoni, P.; Torroba, T. Solid State
Photodimerization Reaction of Some 3-Styrylisoxazolo-[3,4-d]Pyridazin-7(6h)-Ones.
Heterocycles 1986, 24 (12), 3467—-3471 DOI: 10.3987/R-1986-12-3467.

Dal Piaz, V., Ciciani, G. and C. New Functionalized Pyrazoles from
Isoxazolopyridazinones. S. Heterocycles 1985, 23, 365-369.

Dal Piaz, V.; Pinzauti, S.; Lacrimini, P. J. Condensation of Some 3-Methylisoxazolo[3,4-
d]Pyridazin-7(6H)Ones with Aromatic Aldehydes. Heterocycl. Chem. 1975, 13, 409-410.

Hulubei, V.; Meikrantz, S. B.; Quincy, D. A.; Houle, T.; McKenna, J. I.; Rogers, M. E.;
Steiger, S.; Natale, N. R. 4-Isoxazolyl-1,4-Dihydropyridines Exhibit Binding at the
Multidrug-Resistance Transporter. Bioorganic Med. Chem. 2012, 20 (22), 6613-6620
DOI: 10.1016/j.bmc.2012.09.022.

Macrae, C. F.; Bruno, 1. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.;
Rodriguez-Monge, L.; Taylor, R.; Van De Streek, J.; Wood, P. A. Mercury CSD 2.0 —
New Features for the Visualization and Investigation of Crystal Structures. urn:issn:0021-
8898 2008, 41 (2), 466470 DOI: 10.1107/S0021889807067908.

Nakamura, M.; Kurihara, H.; Suzuki, G.; Mitsuya, M.; Ohkubo, M.; Ohta, H.
Isoxazolopyridone Derivatives as Allosteric Metabotropic Glutamate Receptor 7
Antagonists. Bioorganic Med. Chem. Lett. 2010, 20 (2), 726729 DOI:
10.1016/j.bmcl.2009.11.070.

Natale, N. R.; McKenna, J. I.; Niou, C. S.; Borth, M.; Hope, H. Metalation of
Isoxazolyloxazolines, a Facile Route to Functionally Complex Isoxazoles: Utility, Scope,
and Comparison to Dianion Methodology. J. Org. Chem. 1985, 50 (26), 5660-5666 DOI:
10.1021/jo00350a047.

Natale, N. R.; Mirzaei, Y. R. The Lateral Metalation of Isoxazoles. A Review. Org. Prep.
Proced. Int. 1993, 25 (5), 515-556 DOI: 10.1080/00304949309457997.

Natale, N. R.; Niou, C. S. A Facile Synthesis of Functionally Complex Isoxazole
Derivatives. Tetrahedron Lett. 1984, 25 (36), 3943-3946 DOI: 10.1016/0040-
4039(84)80036-2.

138



(11)

(12)

(13)

(14)

(15)

R. Natale, N.; Niou, C.-S. Synthesis, Metalation and Electrophilic Quenching of Alkyl-
Isoxazole-4-Tertiary Carboxamides. A Critical Comparison of Three Isoxazole Lateral
Metalation Methods. Heterocycles 1986, 24 (2), 401 DOI: 10.3987/r-1986-02-0401.

Renzi, G. and Dal Piaz, V. Ricerche Su Alcuni 3-Carbetossi-Isossazoli-4,5-Disostituiti.
Gazz. Chim. It. 1965, 95, 1478-1491.

Schlicksupp, L.; Natale, N. R. Regioselectivity in Lateral Deprotonation of an
Isoxazolecarboxamide of (S)-Prolinol. Conformational Correlation by Crystal Structure
Solid State Solution 13C NMR. J. Heterocycl. Chem. 1987, 24 (5), 1345-1348 DOI:
10.1002/JHET.5570240522.

Sheldrick, G. M.; IUCr. A Short History of SHELX. urn:issn:0108-7673 2007, 64 (1),
112-122 DOI: 10.1107/S0108767307043930.

Westrip, S. P.; IUCr. PubICIF: Software for Editing, Validating and Formatting
Crystallographic Information Files. urn:issn:0021-8898 2010, 43 (4), 920-925 DOI:
10.1107/S0021889810022120.

139



Ch. 4 The lateral metalation of isoxazolo[3,4-d]pyridazinones and development of a hit-to-
lead series of selective positive modulators of metabotropic glutamate receptors

Introduction
The mGIluRs are members of the class C of g-protein coupled receptors (GPCR). The mGIuRs
consist of a venus flytrap domain (VFD) which contains the orthosteric glutamate binding site,
and the seven transmembrane (7TM) domain which contain the allosteric site. The mGIuRs are
located on both post- and pre-synaptic neurons and are involved with signal regulation.
Compounds that target mGIluRs are important for the treatment of a variety of central nervous
system (CNS) disorders, as well as cancer."***° The class is further broken down into 3
subgroups by sequence homology. Subgroup 1 has the excitatory receptors, mGIluR; and
mGIuRs. Subgroup 2, (MGIuR,.5) and Subgroup 3 ( MGIURy, 6.5) are inhibitory. ® Each has
therapeutic application associated with them. In particular, nGIuR; is a target for treatment of
anxiety and schizophrenia, while activation of mGIluR,4 helps to ease the symptoms of
Parkinson’s disease and may even slow progress of the disease. “*"® Although there is high
sequence homology between the subgroups as well as within, the allosteric sites are less
conserved and present a better opportunity to develop novel small molecules to selectively target
them. We developed a first series of isoxazolo[3,4-d] pyridazinones (3,4-ds) using synthetic

methods by Renzi and Dal Piaz®™*°

. We found that they had selective activity at mGIuR; and
mGIuR,. We want to further elaborate this series with liphophilic groups and further explore the

allosteric site.

Structure active development

Homology model: general experimental

For the allosteric binding site the crystal coordinates of mGIuR;, PDB accession number 40R2,*
were used, the calculation were performed using Autodock Vina for mGIluR; and Discovery Studio

for mGlu For Discovery Studio the protein structures were typed with the CHARMm forcefield*’
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and energy was minimized with the smart minimizer protocol within Discovery Studio®® using the
Generalized-Born with simple switching implicit solvent model to a root mean square gradient
(RMS) convergence <0.001 kcal/mol prior to use in the docking studies. Docking was performed

using the flexible docking protocol,*®

which allows for flexibility in both the ligand and the binding
site residues. The amino acid residues within the allosteric site were allowed to attain anoptimum
conformation using flexible docking. For example in mGIuR, eleven residues were

selected based on Feng’s model of allosteric activation,'® and with numbering according to
Isberg:*® Leu659>%, Met663>“°, Leu 753>, Leu756°*, Leu757>*, Thr794%®, Trp798°*°,
Phe801%°%, Phe805%°7, Leu 82272 and Val826"3°. (Figure 4-2)

v\)

g

Figure 4-2: allosteric site of mGIuR, with all allosteric residues highlighted. In yellow is the hinge
region made up of Phe 801 and Trp 798 and in light purple is Leu 756 which is unique to mGIuR,.

The final ranking of the docked poses was performed via consensus scoring, combining the
predicted binding energy with the Jain,"® PLP2,% and Ludi3?! scoring functions. The best poses
for each compound in the training set uses a weighted consensus for each of the several scoring

functions compared.
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Homology model: allosteric site

We moved forward with modeling of the second series, based on the most activity from our
previous study of the 1% series of 3,4-ds. Using information from the 1% series modeling, in
additional to information provided from the literature about unique residues in the allosteric site
as well as hot spots for selectivity among the different sub-types, 2223425262728, 29, 302 \ 15 de|ing

of the known allosteric ligands shown in Figure 4-3 were used as reference, and provided critical

understanding of crucial interactions and potential functional groups tolerated.

[0}
Q\ )\ \ NH

TCN-22A

EYY@ / (;JH/ !
Y N ) \g:/
0o
AN 0
- VUOLA60E]

F I g U re 4'3 Overlay of VU0155041 (green), TCN22A (cyan) and the first series highest activity

Predictions using the Discovery Studio platform

With the above information and the observed “tumbling” motion that was observed in the 1%
series, modeling was intriguing. (Figure 4-4). For the 3-position substituted analogs are more
extending in their conformation and could possibly have room to enter the allosteric site and

occupy this area observed in the 1% series.*
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Figure 4-4 All modeling binding poses of [3,4-d] 3,5-Cl,
overlayed

The second series of compounds with liphophilic groups at the C3 and C4 position on the 3,4-ds
modeling results were in general agreement with the literature and reference ligands in relation to
overall topology being similar in the allosteric site, but also bearing functional group interacting
with the same region to other known mGIuR ligands.

Our modeling showed that not only did the 2" series of molecules follow this same

“tumbling” path, as highlighted in the 1%

series modeling, but also gained more interactions with
the Phe 801 and Trp 498 at the hinge region as well as at Leu 756 (Figure 4-4 and 4-5) in mGIuR4
and the Mets in mGIuR,. We also observed some interesting interaction with the cysteine linker
and the potential that a chiral center could have in providing key interactions. (Table 4-1) The
binding energy scores overall were better than those from the 1% series. Two notable substitutions
were found to have predicted higher binding energies than VU0155041, with disubstitution of
benzyl groups, and unsymmetrical substitution which produces a chiral center which has a
significant computational eudismic ratio. The highest binding energy was predicted for the
dibenzyl substitution. Two notable features are encouraging in this calculation (1) the ligand

occupies the allosteric middle vestibule position associated with higher potency, and (2) an

interaction with
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the unique Leu756 gives a realistic anticipation for selectivity (Figure 4-5).

We selected a training set of ligands accessible by our synthetic methodology for study.

Table 4-1: 2™ series top scoring poses for mGIuR,

Ry R Binding (kcal/mol)

* | FITM -138.878
1 | 3,5CI2 | Mono-Bn Me -42.4299
2 | 35Cl, | diBn Me -24.6093
3 | 3,5Cl; | 1-napthyl Me -39.5892
4 | Tol Me 4-Ph -70.1691
5 | Tol Mono- Bn Me -79.2557
6 | Tol diBn Me -97.1876
7 | Tol (R) - PhPr Me -77.8074
8 | Tol (S) - PhPr Me -85.1114

3,5-
9 | Ck; Mono-Bn Me -38.3177

p_
10 | OCH; | Mono-Bn Me -39.8292
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Figu re 4-5 Highest binding energy for the 3,5-Cl, llustrates not only additional potential interactions with the hinge
region residues Trp498 and Phe801 and the selective residue Leu756. There are additional interesting interactions as well as
an interesting one between the dibn and the cysteine linker.

Chemistry, Results, and Discussion

The lipohphillic phenyl group was incorporated at the C4 in the [3,4-d] ring via the
condensation of 4-phenylacetyl-3-carbox-yethyl-5-methyl isoxazole with the corresponding
hydrazine to generate the 3,4-ds. (Scheme 4-1) With this substitution the previously observed E

to Z converse that was necessary for the 3,4-d ring closure was observed, but more frequently
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the reaction would be stopped at the open ring. To try to push the reaction toward ring closure, a
strerically hindered non-nucleophillic base was introduced. This helped to improve reaction
times but not necessarily yield, and also led to the kemp elimination product being

observed.(Scheme 4-1)

. . A\ N
N\ . =< W W
/ \_/
o, k\ + b CO,Et

HOLL T N TN

" / /

R R

R= p-OCH . p-CHyp-Fop-ClL 24-F.35-CLASCF,

Scheme 4-1 formation of the [3,4-d] from the phenyl isoxazole ester

For the selective addition of functional group at the C3 of the isoxazole, lateral metalation
was explored. We are continuing our interest in lateral metalation of isoxazoles.***3* This route
would provide more direct access to functionalize the C3 of the isoxazole more readily in fewer
steps. This was first done by Renzi and Dal Piaz*®, with the first practical syntheses of the
isoxazolo[3,4-d] pyridazinones 1, which was found to both possess interesting biological

36,37,38,39

activity, and serve as useful and versatile precursors in medicinal chemistry

$5.4041:4243444546 ' An jnteresting note by earlier reports was that deprotonation of this

synthesis
system occurs with very short reaction times - on the order of 2 minutes - and allowed for
isolation of beta hydroxyl adduct 2. Just slightly longer reaction times (5 minutes) gave
elimination to the styrl products 3.***’(Scheme 4-2)

A drawback is that under the strongly basic conditions employed, extended reflux times

lead to a rise in the observation of structural rearrangements.*®
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Scheme 4-2. Isoxazolo[3,4-d] pyridazinone numbering, and previous studies by the dal Piaz

group.

One such example is the [3,4-d] 3 shown in Figure 4-2. When warmed with sodium hydroxide

or alkoxide, attack at the 7-carbonyl gave rise to presumed tetrahedral intermediate, (i) which

decarboxylates (ii) giving rise to the isoxazolyl-anion 4, and rapid Kemp elimination proceeds to

ring opening.” Two pathways for intramolecular ring closure have been described: (1) bond

rotation and ring closure on the carbonyl of 6, followed by ring closure to cyano-pyrazole 7, or

alternatively gong from 2 through ring closure on the nitrile of 5, which after tautomerization to

the keto-pyrazole 8. In our hands, we observed only 8 for the examples examined. (Figure 4-6)

N Y P
o O~N HO O~
— N—Ar2 el g N >
A L — \ [e}
H/\)—ij % N\ O \ | ’/—
——
HsC v -y
3.a. Ary = p-CICgH,4-; Arp = p-CH3CgHy. e B T
i

3.b. Ary = p-CICgH4-; Ar> = p-CH30CgH4.

i
3.c. Ary = p-CH30; CeHa-: Arp = 3,5-Cl,CeHa. 'Coi/

N
40 N o 2
z ’O\\ ¥ “~
371 bond R\' <\ "
— rofation <~—= o —_— el o F —Ar,
N= )/ CHs 2. N = HaC N
~ N 3 s
Ars
” l . H+ ¢ i tautomerization
Kemp Elimination
4 o NH,
Ara_ _N ) Ara
\)N\\Z/CH:« AN e Taaiie
— !
AT S CN 2
H5C
7 .
ot observed 8.a. Ar; = p-CICgHa-; Arz = p-CH3CgHa.

8b. Ary = p-CICgH,—; Ary = p-CH30CgH,.
8.c. Arq = p-CH30; CgHa-; Ara = 3,5-CloCgl

Figu re 4-6. Extended reflux in aqueous ethanol produces rearrangement products arising from ring

opening of the isoxazole. While two pathways had previously been reported, in our hands only the keto-
pyrazole 8 was observed.
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For our 3,4-d system we found that LIHMDs or LDA were sufficiently basic enough and sterically
hinder enough to produce the desired functionalized products selectively at 3-positionisoxazole
from the acetal protected ester using methodology we have previously reported.*®*® Deprotection of
the acetal, followed by reaction with substituted hydrazines produced authentic monosubstituted
isoxazolo [3,4-d] pyridazinones. However, the presence of large aromatic groups in the C3 position
also remarkably slows the rate of ring closure to the [3,4-d] product. Whereas C4 methyl analogs
ring close - with acid catalysis - from the intermediate hydrazone almost completely in a few hours,
in contrast, the C3 arylethyl derivatives gave only partial ringclosure after reaction times an order of

magnitude longer. (Scheme 4-3)

0
| N .0
o Dleq LDA, THF @ -78-100°C \'” NHAIR
o 71 o0 Blectontile
>Z/ O\\O EJ)WT:%]'IILL‘rL‘I)"'{L o 11(1 ELOH, ref lux

\,/ \\

Scheme 4-3. Multi-step synthesis of the mono-benzyl of the [3,4-d]s

Directly laterally metalating the 3,4-ds would provide monosubstituted product in fewer steps as
well as avoiding the ring closure issues to finish forming the 3,4-d. This method did present
interesting synthteic challenge. Due to the N6-aryl groups being present already, some with
halogens, there is the potential for halogen/metal exchange or benzyne formation with strong

base (i.e, the 3,5-dichloro, vide infra) Figure 4-7.
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Figure 4-7: buring the lateral metalation reaction of the 3,5-dichloro there is the possibility of anion formation at either
the C3 or between the Cls which can lead to a benzyne formation and subsequent addition by the base or the electrophile

Direct metalation of the 3,4-ds produced both mono- and dialkylated products at the C3 when
conducted at -78°C. In contrast, at -20 °C, monoalkylation predominated. (Scheme 4-4) This
outcome appears to be complicated as a function of solubility of the lithio-intermediate, which
appears to have at best sparing solubility at lower temperatures. This direct metalation was not
limited to non-halogenated analogue. The N6-phenyl 3,5-Cl, 11 successfully generated both the
mono- and dialkylation at the C3 without observing benzyne formation with LIHMDS. For
optimum results, the lithium amide base is added slowly dropwise to the [3,4-d], as rapid

addition produced a temperature spike leading to considerable decomposition. (Table 4-2)
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Scheme 4-4- Direct lateral metalation of 3,4-ds

Table 4-2- Experimental conditions and yields for direct lateral metalation of the 3,4-ds. Times
noted is the time the base was allowed to react with starting material before introducing the
electrophile. All reaction were allowed to come to room temperature with stirring overnight.

o
‘\I‘\ \
he,
¢
"\
Base Temperature | time R1 Electrophile Yield
(°C) Ra2/R3(%)
Mono | Double
LiIHMDS -78 2h H BnBr 36 23
LiIHMDS -40 30m H BnBr trace
LiHMDS -25 30m H BnBr 18 22
2 eq LIHMDS -78 30m H 2eq BnBr | trace 38
2 eq LIHMDS -20 1h H BnBr major
5,6 LiIHMDS -20 30m | p-CH3 BnBr 29
LiHMDS -78t0-25 | 30m | p-CH3 PhCHO 8
LDA 0 15m | p-CH3 CIPhCHO 8
LIHMDS -20 30m | p-CH3 CIPhCHO | trace
10 LiHMDS -80 30m | p-OCH3 BnBr 27 ?
LiIHMDS -40 30m | p-OCH3 BnBr 18 5
2 eq LIHMDS -25 30m | p-OCH3 | 2eqBnBr 9 58
9 2 eqLiHMDS -50 30m | 3,5-CF3 | 2eqBnBr 12
11 2 eq LIHMDS -78 30m | 3,5-Cl2 2 eq BnBr 5 16
1eq LIHMDS -78 30m | 3,5-Cl2 leqBnBr | trace

150




Although the yields in the table are mixed, it does show that the reaction will proceed and
provide mono or double alkylation selectively at the C3. These reactions will need to be further
explored and optimized,due to both solubility issues at the low temperature required for the

reaction condition to proceed while minimizing decomposition and other side products.

Conclusion

The present report is an illustration of how new chemical synthetic methodology can drive the
discovery and exploration of novel biology. With mono-substituted product in hand we can
proceed to further expand the series with double substituted analogues at the C3 position. We are
actively pursuing the synthesis of ligands for glutamate receptors and transporters and will report

on our progress in due course.
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General direct lateral metalation conditions:

Argon gas was passed through tubes with indicator Drierite for reactions which required an inert
atmosphere. THF was dried over activated sieves then distilled from sodium and benzophenone.
NMR spectra were recorded at 400 MHz, unless otherwise specified, in CDCl3 solution and are
reported in ppm. The mass spectra were obtained using chemical ionization unless otherwise
noted and are reported as m/z (relative intensity). Starting materials for the lateral metalation
was prepared via Dal piaz’s method for 4-phenyl and 4-methyl 3,4-ds.*’

All steps were performed under inert atmosphere unless otherwise noted. To pre-dried round
bottom cooled under argon the 3,4-d was added. After which dry THF was added in sufficient
amount to reach a concentration of 50mM. The reaction was then placed and stirred in a cooling
bath at the desired reaction temperature or based on solubility for 5min. Then add 1 or 2 eq of
the amine base via syringe dropwise over 5 min. The reaction mixture was then allowed to react
for 30min, during which time the solution is usually observed to darken. Then add 1 or 2eq of a
1.7M solution of the electrophile in dry THF that has been cooled to 0°C or -78°C (done for 3,5-
Cly) dropwise slowly. Allow to warm to room temperature, adding saturated ammonium chloride
at about -20°C and allow to finish warming to room temperature. Rotovap down, bring up in
dichloromethane(DCM) and wash with water and brine. DCM layer dried over sodium sulfate
overnight. Filter and rotovap down and use either PTLC or column to purify with 6:1:1 hexanes,

ethylacetate, DCM.

Analytical data for new compounds.
Kemp Rearrangement products, General Experimental: To 25 mL of anhydrous ethanol was

added sodium metal (82 mg, 3.5 mol). After reaction to the alkoxide was complete, 1 mmol of
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isoxazolo [3,4-d] pyridazinone, followed by aldehyde (in slight excess of 1 mmol) was added in
one portion and the reaction heated to reflux overnight. The reaction was cooled, the ethanol
concentrated by rotary evaporator, and the residue chromatographed on silica gel, using 4:1:1
hexane-DCM-ethylacetate.

1-p-Tolyl-3-methyl-(4-p-Chlorocinnamyl)-5-amino-pyrazole, 8.a. Ar; = p-CICgHg; Arp = p-
CH3CsHg; CooH19CIN3O MW 352.8, ESI-MS: m/Z 352.1 (100, M+)); 354.1 (M+2+, 35)
1-p-Anisyl-3- methyl -(4-p-Chlorocinnamyl)-5-amino-pyrazole, 8.b. Ar; = p-CIC¢H4; Ar, = p-
CH30C6H4; C20H19C|N302 MW 368.8, m/Z 368.1 (100, |\/|+); 370.1 (|\/|+2+, 35)
1-3,5-Dichlorophenyl-3-methyl-(4-p-Methoxycinnamyl)-5-amino-pyrazole, 8.c. Ar; = p-
CH3OC6H4; Ar, = 3,5-C|2C6H3; ConmC'zNgOz MW: 40328, ESI-MS 402 (100% rel. |.), 404
(M+2, 65.5); 406 (M+4, 11).

4-methyl-3-phenethyl-6-phenylisoxazolo[3,4-d]pyridazin-7(6H)-one. *H NMR (500 MHz,
CDCly): 6 7.57 (d, 1H); 7.46 (t, 2H); 7.32 (t, 1H); 7.30 (t, 2H), 7.28 (t, 1H); 7.12 (d, 2H); 3.47 (t,
J=75Hz, 2H); 3.18 (t, J = 7.5 Hz, 2H), 2.29 (s, 3H). °C NMR: 172.63, 152.90, 152.39,
140.78, 140.02, 138.85, 128.93, 128.88, 128.37, 127.95, 127.12, 125.81, 112.52, 34.28, 29.63,
19.36. CoH17N30, MW 331.13; ESI-MS m/z 332.0971 (M+H", 90% rel. I.). HRMS calc'd for
C20H1gN30, (M+H"): 332.1399, found: 332.1396. -0.9 ppm.

3-(1,3-diphenylpropan-2-yl)-4-methyl-6-phenylisoxazolo[3,4-d]pyridazin-7(6H)-one. 'H
NMR (500 MHz, CDCls): 6 7.51 (d, 2H); 7.43 (t, 2H); 7.36 (t, 1H); 7.21 (m, 8H); 7.01 (d, 2H);
3.796 (pentet, J = 7.5 Hz, 1H); 3.268 (d, J = 8 Hz, 4H); 1.86 (s, 3H). *C NMR: 174.49, 152.82,
151.91, 140.61, 139.77, 137.97, 128.78, 128.54, 127.81, 127.06,125.64, 113.37, 45.00, 40.78,
18.92. C7H23N30, MW 421.18; ESI-MS m/z 422.1432 (M+H", 61% rel. 1.). HRMS calc'd for
Ca7H24N30;, (M+H™): 422.1869, found: 422.1871. 0.5 ppm.

3-(2-(4-chIorophenyl)-2-hydroxyethyl)-4-methyl-6-gp-tolyl)isoxazolo[3,4-d]pyridazin-7(6H)-
one. TLC (SiO; 4:4:1 hexane-EtOAc-DCM) R; 0.16. "H NMR (500 MHz, CDCl,): 6 7.42 (d, J =
8.5 Hz, 2H); 7.259 (m, 4H); 7.08 (d, J=8.5 Hz, 2H); 5.1 (br. m., 1H); 4.04 (dd, J= 7Hz); 3.69
(dd, J = 15, 7THz, 1H); 3.62 (dd, J= 7, 15 Hz); 2.40 (s, 3H); 2.386 (s, 3H). *C NMR: IP
C21H18CIN3O3 MW 395.1; ESI-MS m/z 378.0079 (*°Cl, M-OH*, 47% rel. 1.), 379.9991 (*’CI, M-
OH", 15% rel. 1.). HRMS IP

4-methyl-3-phenethyl-6-(p-tolyl)isoxazolo[3,4-d]pyridazin-7(6H)-one. *H NMR (400 MHz,
CDCl3): 6 7.29 (d, J=8 Hz, 2H); 7.12 (m, 5H); 6.97 (d, J=8Hz, 2H); 3.32 (t, J=8Hz, 2H); 3.03 (t,
J=8Hz, 2H); 2.24 (s, 3H); 2.14 (s, 3H). *C NMR: 172.44, 152.86, 152.35, 139.73, 138.79,
138.23, 137.91, 129.46, 128.88, 128.30, 127.06, 125.58, 112.49, 34.25, 29.58, 21.13, 19.30.
C21H19N30, MW 345.39; ESI-MS m/z 346.1176 (M+1", 100% rel. I.). HRMS: calc'd for
Cy1HyoN30, (M+H+): 346.1556, found: 346.1558. 0.6 ppm.

6-(p-methoxyphenyl)-4-methyl-3-phenethyl-isoxazolo[3,4-d]pyridazin-7(6H)-one. *H NMR
(400 MHz, CDCl5): 6 7.385 (d, J = 8Hz, 2H); 7.16-7.22 (m, 3H); 7.7.65 (d, J+8Hz, d); 6.89 (d, J
= 8Hz, 2H); 3.73 (s, 3H); 3.38 (t, J=8Hz, 2H); 3.11 (t, J=8Hz, 2H); 2.20 (s, 3H). *C NMR:
172.57, 159.03, 152.95, 152.37, 139.80, 138.86, 133.77, 128.91, 127.05,114.13, 55.58, 34.27,
29.62, 19.35. Cp;H19N303 MW: 361.3. HRMS calc'd for C,;H2oN303 (M+H™): 362.1505, found:
362.1506. 0.3 ppm.
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6-(p-methoxyphenyl)-3-(1,3-diphenylpropan-2-yl)-4-methyl-isoxazolo[3,4-d]pyridazin-
7(6H)-one. *H NMR (400 MHz, CDCls): 6 7.41 (d, J=8Hz, 2H); 7.19-7.25 (m, 6H); 7.19 (d,
J=8Hz, 4H); 6.94 (d, J=8Hz, 2H); 3.83 (s, 3H); 3.81 (pentet, J = 8Hz, 1H); 3.28 (d, J=8Hz, 4H);
1.85 (s, 3H). *C NMR: 174.46, 158.96, 152.91, 151.94, 139.62, 138.03, 133.65, 128.82, 128.59,
126.93, 114.06, 113.43, 55.55, 45.01, 40.82, 18.96. C5H2sN303 MW: 451.5. HRMS calc'd for
CogH26N303 (M+H+): 452.1974, Found: 452.1975. 0.2 ppm.

(E)-ethyl 4-(1-(2-(3,5-dichlorophenyl)hydrazono)ethyl)-5-phenethylisoxazole-3-carboxylate.
'H NMR (400 MHz, CDCl5): 6 4.34 (g, J = 8 Hz, 2H); 3.17 (t, 2H); 2.98 (t, 2H); 1.80 (s, 3H);
1.32 (t, J = 8 Hz, 3H). C2H21Cl,N303 MW: 446.3; ESI-MS m/z 446 (M+1", 100% rel. 1.), 448
(M+37, 67.4).

6-(3,5-dichlorophenyl)-4-methyl-3-phenethylisoxazolo[3,4-d]pyridazin-7(6H)-one.

'H NMR (400 MHz, CDCls): 6 7.515 (d, J = 4 Hz, 2H); 7.18-7.27 (m, 5H); 7.04 (d, 1H); 3.41 (t,
3J=8Hz, 2H); 3.12 (t, 3J = 8Hz, 2H); 2.2 (s, 3H). *C NMR: 173.01, 152.72; 151.99; 142.12;
140.88; 138.62; 134.81; 128.91; 128.28; 127.15; 124.20; 112.29; 34.20; 29.61; 19.26.
C2oH15C1N30, MW: 400.26; ESI-MS m/z 400 (M+H, 100%% rel. 1.); 402 (M+H+2, 67.7); 404
(M+H+4, 12.2). HRMS Calc'd for C»H16Cl:N30, 400.0620, Found: 400.0622. 0.5 ppm.

6-(3,5-dichlorophenyl)-4-methyl-3--(1,3-diphenylpropan-2-yl)-isoxazolo[3,4-d]pyridazin-
7(6H)-one.*H NMR (400 MHz, CDCls): 6 7.532 (d, J = 1.7 Hz, 2H); 7.32 (t, J=1.7(x2),1H);
7.25-7.19 (m, 6H); 7.01-6.99 (d, J = 6.4Hz, 4H); 3.81-3.77 (t, 3 J = 8Hz (x2), 1H); 3.30 (s, 2H);
3.28 (s,2H);1.85(s,3H);1.59(s,1H). *C NMR: 174.99; 140.68; 137.87; 134.75; 128.84; 128.50;
127.16; 124.11; 45.15; 40.83; 18.88 C2;H21CI,N30, MW: 490.39; HRMS 489 (M-H, 100%% rel.
1.); 491 (M+H). Calc'd for C»7H21CI,N30, 490.3805, Found: 490.1226.

6-(3,5-dichlorophenyl)-4-methyl-3-(2-(naphthalen-1-yl)ethyl)isoxazolo[3,4-d]pyridazin-
7(6H)-one. *H NMR (400 MHz, CDCls): 6 7.96 (d, J = 8 Hz, 1H); 7.90 (d, J = 8 Hz, 1H); 7.79
(d, J =8 Hz, 1H); 7.37-7.61 (m, H); 7.56 (d, J = 2Hz, 2H); 7.35 (t, 1H); 7.35 (d, J = 2Hz, 1H);
7.21 (d, J = 8 Hz, 1H), 3.675 (dd, 2H): 3.64 (dd, 2H); 2.00 (s, 3H). **C NMR: ¢ 172.98, 152.67,
152.0, 142.11, 140.73, 134.83, 134.57, 131.20; 129.26, 127.0, 126.65, 125.57. 124.22, 122.62,
112.46, 31.42, 28.65, 18.92. C4H17CI;N30, MW: 450.32; ESI-MS m/z 450 (M+H, 100% rel. .);
452 (M+H+2, 68.9); 452 (M+H+4, 13.1). HRMS Calc'd for C24H15CI,N30, 450.0776, Found:
450.0775. -0.2 ppm.

6-(3,5-dichlorophenyl)-3-methyl-4-phenylisoxazolo[3,4-d]pyridazin-7(6H)-one. *H NMR
(400 MHz, CDCls): 6 7. 68 (2H); 7.57 (5H); 7.38 (1H); 5.59 (s, 3H). *C NMR: ¢
208.20,194.33,181.58,170.91,164.94 152.67, 152.0, 142.11, 140.73, 134.83, 134.57, 131.20;
129.26, 127.0, 126.65, 125.57. 124.22, 122.62, 112.46, 31.42, 28.65, 18.92.HRMS Calc'd for
C1sH11*°CloN30,+H 372.0307, Found: 372.0309. 0.5 ppm.
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6-(3,5-bistrifluoromethylphenyl)-4-methyl-3--(1,3-diphenylpropan-2-yl)-isoxazolo[3,4-
d]pyridazin-7(6H)-one."H NMR (400 MHz, CDCls): & 8.13 (s, 2H);7.82(s, 1H); 7.04 (d, 1H);
7.25-7.18 (m, J = 8Hz, 6H); 7.02-7.00 (d, J = 8Hz, 4H); 3.82-3.79 (m,1H); 3.31 (s 2H); 3.29
(s,2H);1.88(s,3H); 1.6 (s,1H). **C NMR: 6 175.27,
137.82,128.86,128.48,127.17,113.23,45.23.40.86,18.90 ; CygH,;FsN30, MW: 557.49; HRMS
m/z 558 (M+H, 100%% rel. 1.); 559 (M+H+2); Calc'd for Co9H,;1FsN30, 557.49, Found:
557.1153

6-(3,5-dichlorophenyl)-3-methyl-4-phenyl-6H,7H-[1,2]oxazolo[3,4-d]pyridazin-7-one.

'H NMR (400 MHz, CDCls): 6 7.57-7.56 (d, 5H);7.37(t, 1H); 2.58 (s, 3H).2*C NMR
170.95;152.59:143.74;142.24:134.92:133.17;130.53;128.96;128.37;127.98;124.33;111.24;13.95
C1sH11CloN30, MW: 372.205; HRMS m/z 372.0309 (100%% rel. 1.); 374.0289 (M+H+2):
Calc'd for C1gH11CI,N30, 372.20538, Found: 372.0309.

6-(4-methoxyphenyl)-3-methyl-4-phenyl-6H,7H-[1,2]oxazolo[3,4-d]|pyridazin-7-one

'H NMR (400 MHz, CDCl3): ¢ 7.58-7.53 (t, J=8,7H);7.00-6.98(d, J=8,2H); 3.85(s,3H);2.58 (s,
3H).13C NMR 170.38; 159.0; 152.82; 152.73; 142.63; 133.77; 130.11; 28.76; 128.40; 127.02;
114.03;111.37;55.52;13.92 C19H15N303 MW: 333.35; HRMS m/z: 333.1113 (100.0%), 334.1147
(20.5%), 335.1181 (2.0%), 334.1084 (1.1%); Calc'd for C19H15N303 333.3407, Found: 333.1113.

3-methyl-6-(4-methylphenyl)-4-phenyl-6H,7H-[1,2]oxazolo[3,4-d]|pyridazin-7-one

'H NMR (400 MHz, CDCl3): 6 7.60-7.58 (m, J=4 ,2H);7.55-7.53(t, J=4,5H); 2.59 (s,
3H);2.40(s,3H).13C NMR 170.58; 152.75; 133.48; 130.30; 128.87; 128.38; 127.68; 115.82;
115.60; 111.40;13.95 C19H15N30, MW: 317.34; HRMS m/z 372.0309 (100%% rel. 1.); 374.0289
(M+H+2); Calc'd for C19H15N30, 317.3413, Found: 317.1164.

155



References

(1) Conn, P. J.; Christopoulos, A.; Lindsley, C. W. Allosteric Modulators of GPCRs: A Novel
Approach for the Treatment of CNS Disorders. Nat. Rev. drug Discov. 2010, 8 (1), 41-54
DOI: 10.1038/nrd2760.Allosteric.

(2) Conn, P.J.; Lindsley, C. W.; Meiler, J.; Niswender, C. M. Opportunities and Challenges inthe
Discovery of Allosteric Modulators of GPCRs for Treating CNS Disorders. Nat. Rev. Drug
Discov. 2014, 13 (9), 692—708 DOI: 10.1038/nrd4308.

(3) Engers, J. L.; Rodriguez, A. L.; Konkol, L. C.; Morrison, R. D.; Thompson, A. D.; Byers,

F. W.; Blobaum, A. L.; Chang, S.; Venable, D. F.; Loch, M. T.; Niswender, C. M.; Daniels,
J. S.; Jones, C. K.; Conn, P. J.; Lindsley, C. W.; Emmitte, K. A. Discovery of aSelective and
CNS Penetrant Negative Allosteric Modulator of Metabotropic GlutamateReceptor Subtype
3 with Antidepressant and Anxiolytic Activity in Rodents. J. Med. Chem. 2015, 58 (18)
DOI: 10.1021/acs.jmedchem.5b01005.

(4) Volpi, C.; Fallarino, F.; Mondanelli, G.; Macchiarulo, A.; Grohmann, U. Opportunities and
Challenges in Drug Discovery Targeting Metabotropic Glutamate Receptor 4. Expert Opinion
on Drug Discovery. Taylor and Francis Ltd May 4, 2018, pp 411-423.

(5)  Crupi, R.; Impellizzeri, D.; Cuzzocrea, S. Role of Metabotropic Glutamate Receptors in
Neurological Disorders. Frontiers in Molecular Neuroscience. Frontiers Media S.A.
February 12, 20109.

(6) Bai, M. Dimerization of G-Protein-Coupled Receptors: Roles in Signal Transduction. Cell.
Signal. 2004, 16 (2), 175-186 DOI: 10.1016/S0898-6568(03)00128-1.

(7)  De Filippis, B.; Lyon, L.; Taylor, A.; Lane, T.; Burnet, P. W. J.; Harrison, P. J.; Bannerman,
D. M. The Role of Group Il Metabotropic Glutamate Receptors in Cognition and Anxiety:
Comparative Studies in GRM2-/-, GRM3-/- and GRM2/3-/- Knockout Mice.
Neuropharmacology 2015, 89, 19-32 DOI: 10.1016/j.neuropharm.2014.08.010.

(8)  Niswender, C. M.; Conn, P. J. Metabotropic Glutamate Receptors: Physiology,
Pharmacology, and Disease. Annu Rev Pharmacol Toxicol 2010, 50 (1), 295-322 DOI:
10.1146/annurev.pharmtox.011008.145533.

(9) Renzi, G. and Dal Piaz, V. Ricerche Su Alcuni 3-Carbetossi-1sossazoli-4,5-Disostituiti.

Gazz. Chim. It. 1965, 95, 1478-1491.

(10) Renzi, G. and Pinzauti, S. Nuovi Derivati Del Systema Isossazolo-[3,4-d]Piridazin-7-One.
Farm. Ed. Sci 1969, 24, 885-892.

(11) Micetich, R. G.; Chin, C. G. Studies in Isoxazole Chemistry. 111.” The Preparation and
Lithiation of 3,5-Disubstituted Isoxazoles. Can. J. Chem. 1970, 48, 1371.

(12) Casey, M. L.; Kemp, D. S.; Paul, K. G.; Cox, D. D. The Physical Organic Chemistry of
Benzisoxazoles. I. The Mechanism of the Base-Catalyzed Decomposition of
Benzisoxazoles. J. Org. Chem. 1973, 38 (13), 2294-2301 DOI:
10.1021/J000953A006/SUPPL_FILE/JO00953A006_SI_001.PDF.

(13) Sayer, J. M.; Peskin, M.; Jencks, W. P. Imine-Forming Elimination Reactions. I. General Base
and Acid Catalysis and Influence of the Nitrogen Substituent on Rates and Equilibriafor
Carbinolamine Dehydration. J. Am. Chem. Soc. 1973, 95 (13), 42774287 DOI:
10.1021/ja00794a600.

(14) Dal Piaz, V.; Pinzauti, S.; Lacrimini, P. J. Condensation of Some 3-Methylisoxazolo[3,4-
d]Pyridazin-7(6H)Ones with Aromatic Aldehydes. Heterocycl. Chem. 1975, 13, 409-410.

(15) Piaz, V. D.; Pinzauti, S.; Lacrimini, P. Condensation of Some 3-Methylisoxazolo[3,4-

156



(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

d]Pyridazin-7(6H)Ones with Aromatic Aldehydes. J. Heterocycl. Chem. 1976, 13 (2),
409-410 DOI: 10.1002/JHET.5570130245.
Wu, H.; Wang, C.; Gregory, K. J.; Han, G. W.; Cho, H. P.; Xia, Y.; Niswender, C. M.;
Katritch, V.; Meiler, J.; Cherezov, V.; Conn, P. J.; Stevens, R. C. Structure of a Class C
GPCR Metabotropic Glutamate Receptor 1 Bound to an Allosteric Modulator. Science (80-
.). 2014, 344 (6179), 58-64 DOI: 10.1126/science.12494809.
Brooks, B. R.; Brooks, C. L.; Mackerell, A. D.; Nilsson, L.; Petrella, R. J.; Roux, B.; Won,Y;
Archontis, G.; Bartels, C.; Boresch, S.; Caflisch, A.; Caves, L.; Cui, Q.; Dinner, A. R.;Feig,
M.; Fischer, S.; Gao, J.; Hodoscek, M.; Im, W.; Kuczera, K.; Lazaridis, T.; Ma, J.;
Ovchinnikov, V.; Paci, E.; Pastor, R. W.; Post, C. B.; Pu, J. Z.; Schaefer, M.; Tidor, B.;
Venable, R. M.; Woodcock, H. L.; Wu, X.; Yang, W.; York, D. M.; Karplus, M. CHARMM:
The Biomolecular Simulation Program. J. Comput. Chem. 2009, 30 (10), 1545-1614 DOI:
10.1002/jcc.21287.
Onufriev, A.; Case, D. A.; Bashford, D. Effective Born Radii in the Generalized Born
Approximation: The Importance of Being Perfect. J. Comput. Chem. 2002, 23 (14), 1297
1304 DOI: 10.1002/jcc.10126.
Koska, J.; Spassov, V. Z.; Maynard, A. J.; Yan, L.; Austin, N.; Flook, P. K.; Venkatachalam,
C. M. Fully Automated Molecular Mechanics Based Induced Fit Protein -Ligand Docking
Method. J. Chem. Inf. Model. 2008, 48 (10), 1965-1973 DOI: 10.1021/ci800081s.
Gehlhaar, D. K.; Bouzida, D.; Rejto, P. A. Reduced Dimensionality in Ligand-Protein
Structure Prediction: Covalent Inhibitors of Serine Proteases and Design of Site-Directed
Combinatorial Libraries. ACS Symp. Ser. 1999, 719, 292-311 DOI: 10.1021/bk-1999-
0719.ch019.
Bohm, H. J. On the Use of LUDI to Search the Fine Chemicals Directory for Ligands of
Proteins of Known Three-Dimensional Structure. J. Comput. Aided. Mol. Des. 1994, 8 (5),
623-632 DOI: 10.1007/BF001236609.
Amalric, M.; Lopez, S.; Goudet, C.; Fisone, G.; Battaglia, G.; Nicoletti, F.; Pin, J. P.;
Acher, F. C. Group Il and Subtype 4 Metabotropic Glutamate Receptor Agonists:
Discovery and Pathophysiological Applications in Parkinson’s Disease.
Neuropharmacology 2013, 66, 53-64 DOI: 10.1016/j.neuropharm.2012.05.026.
Leach, K.; Gregory, K. J. Molecular Insights into Allosteric Modulation of Class C G
Protein-Coupled Receptors. Pharmacological Research. 2017.
Panarese, J. D.; W. Engers, D.; Wu, Y.-J.; J. Bronson, J.; E. Macor, J.; Chun, A.; L.
Rodriguez, A.; S. Felts, A.; L. Engers, J.; T. Loch, M.; A. Emmitte, K.; L. Castelhano, A.;
J. Kates, M.; A. Nader, M.; K. Jones, C.; L. Blobaum, A.; Jeffrey Conn, P.; M. Niswender,
C.; R. Hopkins, C.; W. Lindsley, C. Discovery of VU2957 (Valiglurax): An MGlu4
Positive Allosteric Modulator Evaluated as a Preclinical Candidate for the Treatment of
Parkinson’s Disease. ACS Med. Chem. Lett. 2018, 10 (3), 255-260 DOI:
10.1021/acsmedchemlett.8b00426.
Yang, D.; Zhou, Q.; Labroska, V.; Qin, S.; Darbalaei, S.; Wu, Y.; Yuliantie, E.; Xie, L.;
Tao, H.; Cheng, J.; Liu, Q.; Zhao, S.; Shui, W.; Jiang, Y.; Wang, M.-W. G Protein-
Coupled Receptors: Structure- and Function-Based Drug Discovery. Signal Transduct.
Target. Ther. 2020 61 2021, 6 (1), 1-27 DOI: 10.1038/s41392-020-00435-w.
Harpsge, K.; Boesgaard, M. W.; Munk, C.; Brauner-Osborne, H.; Gloriam, D. E. Structural
Insight to Mutation Effects Uncover a Common Allosteric Site in Class C GPCRs.

157



(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

Bioinformatics 2017, 33 (8) DOI: 10.1093/bioinformatics/btw784.
Robichaud, A. J.; Engers, D. W.; Lindsley, C. W.; Hopkins, C. R. Recent Progress on the
Identification of Metabotropic Glutamate 4 Receptor Ligands and Their Potential Utilityas
CNS Therapeutics. ACS Chem. Neurosci. 2011, 2 (8), 433-449 DOI: 10.1021/cn200043e.
Lindsley, C. W.; Emmitte, K. A.; Hopkins, C. R.; Bridges, T. M.; Gregory, K. J.;
Niswender, C. M.; Conn, P. J. Practical Strategies and Concepts in GPCR Allosteric
Modulator Discovery: Recent Advances with Metabotropic Glutamate Receptors. Chem.
Rev. 2016, 116 (11), 6707-6741 DOI: 10.1021/acs.chemrev.5b00656.
Rovira, X.; Malhaire, F.; Scholler, P.; Rodrigo, J.; Gonzalez-Bulnes, P.; Llebaria, A.; Pin,J.-
P. P.; Giraldo, J.; Goudet, C. Overlapping Binding Sites Drive Allosteric Agonism and
Positive Cooperativity in Type 4 Metabotropic Glutamate Receptors. FASEB J. 2015, 29(1),
116-130 DOI: 10.1096/fj.14-257287.
Ferreira, L. G.; Lamba, D.; Consiglio, N.; Delle, R.; Dharmendra, I.; Yadav, K.; Kang, S.;
Choi, S.; Basith, S.; Cui, M.; Macalino, S. J. Y.; Park, J.; Clavio, N. A. B.; Kang, S.; Choi,
S. Exploring G Protein-Coupled Receptors (GPCRs) Ligand Space via Cheminformatics
Approaches: Impact on Rational Drug Design. 2018, No. MAR, 128.
Gates, C.; Backos, D. S.; Reigan, P.; Kang, H. J.; Koerner, C.; Mirzaei, J.; Natale, N. R.
Isoxazolo[3,4-d]Pyridazinones Positively Modulate the Metabotropic Glutamate Subtypes?2
and 4. Bioorganic Med. Chem. 2018, 26 (17), 4797-4803 DOI: 10.1016/j.bmc.2018.08.012.
R. Natale, N.; Niou, C.-S. Synthesis, Metalation and Electrophilic Quenching of Alkyl-
Isoxazole-4-Tertiary Carboxamides. A Critical Comparison of Three Isoxazole Lateral
Metalation Methods. Heterocycles 1986, 24 (2), 401 DOI: 10.3987/R-1986-02-0401.
Natale, N. R.; Mirzaei, Y. R. The Lateral Metalation of Isoxazoles. A Review. Org. Prep.
Proced. Int. 1993, 25 (5), 515-556 DOI: 10.1080/00304949309457997.
Natale, N. R.; McKenna, J. I.; Niou, C. S.; Borth, M.; Hope, H. Metalation of
Isoxazolyloxazolines, a Facile Route to Functionally Complex Isoxazoles: Utility, Scope,and
Comparison to Dianion Methodology. J. Org. Chem. 1985, 50 (26), 5660-5666 DOI:
10.1021/J000350A047/SUPPL_FILE/JO00350A047_SI_001.PDF.
Dal Piaz, V., Ciciani, G. and C. New Functionalized Pyrazoles from
Isoxazolopyridazinones. S. Heterocycles 1985, 23, 365-369.
Montesano, F.; Barlocco, D.; Piaz, V. D.; Leonardi, A.; Poggesi, E.; Fanelli, F.; De
Benedetti, P. G. Isoxazolo-[3,4-d]-Pyridazin-7-(6H)-Ones and Their Corresponding 4,5-
Disubstituted-3-(2H)-Pyridazinone Analogues as New Substrates for A1-Adrenoceptor
Selective Antagonists: Synthesis, Modeling, and Binding Studies. Bioorg. Med. Chem.
1998, 6 (7), 925-935 DOI: 10.1016/S0968-0896(98)00056-X.
Costantino, L.; Rastelli, G.; Gamberini, M. C.; Giovannoni, M. P.; Piaz, V. D.; Vianello,P.;
Barlocco, D.; L, C.; G, R.; MC, G.; MP, G.; V, D. P.; P, V.; D, B. Isoxazolo-[3,4-d]-
Pyridazin-7-(6H)-One as a Potential Substrate for New Aldose Reductase Inhibitors. J.
Med. Chem. 1999, 42 (11), 1894-1900 DOI: 10.1021/JM9811070.
Dal Piaz, V.; Rascon, A.; Dubra, M. E.; Giovannoni, M. P.; Vergelli, C.; Castellana, M. C.
Isoxazolo[3,4-d]Pyridazinones and Analogues as Leishmania Mexicana PDE Inhibitors.
Farm. 2002, 57 (2), 89-96 DOI: 10.1016/S0014-827X(01)01188-0.

39 V,D.P,;MC,C,;C,V.;MP,G.; A G.;V,S.;J,B.;H R.;IM,P.; Piaz, V. D.; Castellana,

M. C.; Vergelli, C.; Giovannoni, M. P.; Gavalda, A.; Segarra, V.; Beleta, J.; Ryder, H.;

158



(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

Palacios, J. M. Synthesis and Evaluation of Some Pyrazolo[3,4-d]Pyridazinones
and Analogues as PDE 5 Inhibitors Potentially Useful as Peripheral VVasodilator
Agents. 2002,17 (4), 227-233 DOI: 10.1080/1475636021000008494.
Dal Piaz, V.; Giovannoni, M. P.; Ciciani, G.; Barlocco, D.; Giardina, G.; Petrone,
G.; Clarke, G. D. 4,5-Functionalized 6-Phenyl-3(2H)-Pyridazinones: Synthesis
and Evaluation of Antinociceptive Activity. Eur. J. Med. Chem. 1996, 31 (1), 65—
70 DOI:10.1016/S0223-5234(96)80008-0.
Barlocco, D.; Cignarella, G.; Dal Piaz, V.; Giovannoni, M. P.; De Benedetti, P. G.;
Fanelli,F.; Montesano, F.; Poggesi, E.; Leonardi, A. Phenylpiperazinylalkylamino
Substituted Pyridazinones as Potent A1 Adrenoceptor Antagonists. J. Med. Chem.
2001, 44 (15), 2403-2410 DOI: 10.1021/jm0009336.
Giovannoni, M. P.; Vergelli, C.; Ghelardini, C.; Galeotti, N.; Bartolini, A.; Dal
Piaz, V.[(3-Chlorophenyl)Piperazinylpropyl]Pyridazinones and Analogues as
Potent Antinociceptive Agents. J. Med. Chem. 2003, 46 (6), 1055-1059 DOI:
10.1021/IM021057U.
Dal Piaz, V.; Vergelli, C.; Giovannoni, M. P.; Scheideler, M. A.; Petrone, G.; Zaratin,
P. 4-Amino-3(2H)-Pyridazinones Bearing Arylpiperazinylalkyl Groups and Related
Compounds: Synthesis and Antinociceptive Activity. Farmaco 2003, 58 (11), 1063—
1071 DOI: 10.1016/S0014-827X(03)00162-9.
Giovannoni, M. P.; Vergelli, C.; Biancalani, C.; Cesari, N.; Graziano, A.; Biagini,
P.; Gracia, J.; Gavalda, A.; Dal Piaz, V. Novel Pyrazolopyrimidopyridazinones with
Potentand Selective Phosphodiesterase 5 (PDES) Inhibitory Activity as Potential
Agents for Treatment of Erectile Dysfunction. J. Med. Chem. 2006, 49 (17), 5363—
5371 DOI: 10.1021/jm060265+.
Giovannoni, M. P.; Cesari, N.; Vergelli, C.; Graziano, A.; Biancalani, C.; Biagini,
P.; Ghelardini, C.; Vivoli, E.; Dal Piaz, V. 4-Amino-5-Substituted-3(2H)-
Pyridazinones asOrally Active Antinociceptive Agents: Synthesis and Studies on
the Mechanism of Action. J. Med. Chem. 2007, 50 (16), 3945-3953 DOI:
10.1021/IM070161E/SUPPL_FILE/JM070161ESI20070608_091707.PDF.
Biancalani, C.; Giovannoni, M. P.; Pieretti, S.; Cesari, N.; Graziano, A.; Vergelli, C.;

Cilibrizzi, A.; Di Gianuario, A.; Colucci, M.; Mangano, G.; Garrone, B.; Polenzani, L.;

Dal Piaz, V. Further Studies on Arylpiperazinyl Alkyl Pyridazinones: Discovery of an
Exceptionally Potent, Orally Active, Antinociceptive Agent in Thermally Induced
Pain. J.Med. Chem. 2009, 52 (23), 7397-7409 DOI:
10.1021/JM900458R/SUPPL_FILE/JM900458R_SI_001.PDF.

Chimichi, S.; Ciciani, G.; Piaz, V. D.; De Sio, F.; Sarti-Fantoni, P.; Torroba, T. Solid
StatePhotodimerization Reaction of Some 3-Styrylisoxazolo-[3,4-d]Pyridazin-7(6h)-
Ones. Heterocycles 1986, 24 (12), 3467-3471 DOI: 10.3987/R-1986-12-3467.
Burkhart, D. J.; Zhou, P.; Blumenfeld, A.; Twamley, B.; Natale, N. R. An Improved
Procedure for the Lateral Lithiation of Ethyl 4-Acetyl-5-Methyl-3-1soxazolyl
Carboxylate.Tetrahedron 2001, 57 (38), 8039-8046 DOI: 10.1016/S0040-
4020(01)00781-5.

Zhou,Peiwen; Natale, N. R. Lateral Lithiation of Ethyl 4-Acetyl-5-Methyl-3-
IsoxazolylCarboxylate with 5,5-Dimethyl-1,3-Dioxanyi as a Directing Group.
Tetrahedron Lett. 1998, 39, 8249-8252.

159



Ch.5: Future directions: Asymmetric synthesis, Metabolism, and the blood brain barrier

Although there has been progress in our efforts to understand the 3,4-ds potential as selective
modulators of mGIuRs as shown in the previous chapters,there are many areas that still need to
be explored and addressed. A few examples are:(1) homology modeling suggested chiral
molecules will have better binding scores to access these asymmetric synthesis condition must be
explored,(2) metabolism is key to understanding if any potential toxicities exist and if the they
could be metabolized to extensively before reaching their target,(3) developing molecules that
are able to cross the blood brain barrier through either synthetic functional group modification or

carrier mediated routes.
Asymmetric synthesis:

Asymmetric synthesis is still an area that more thoroughly needs to be explored. The Nobel
Prize in Chemistry for 2021 was awarded to Benjamin List and David W.C. MacMillan for their
work in asymmetric organocatalysis.® Asymmetric molecules could provide a unique interaction
and allow for an understanding of how the eudismic ratio would affect the mGIuR activity. The
difference in enatiomers has been observed for many drugs currently on the market, some such
as S-Naproxen needing to be sold as a single enatiomer due to the different activity of its
enatiomers® and accessibility for activity.> Being able to selectively place a chiral center and

control R or S configuration is necessary.

We have previously shown that it is possible to lateral metalate selectively and add an achiral
center at the C3 position of the isoxazole (by 3,4-d numbering).*®> Applying this to the 3,4-ds

would be a new direction. Previous work in our group and in the literature showed that
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solvent had a large effect on the outcome of the reaction. It has been noted in theliterature

about better enantiomeric excess (ee) achieved depending on the solvent.®’

Table 5-1: Previously tried catalysts and solvent used. N.R.= no reaction

N o \]><[/o oH
N § ﬂ/L N|\> o
g
e

{-) Spurteine Bis oxazoline S () BINOL.

N
‘ <_§Oc';|O:/ \)

Solvent Catalyst Yield(%) ee(%)
THF TMEDA 8.1
THF LiCl 0
THF (R)-4-Phenyl-Bisoxazoline 73 6
Toluene (R)-4-Phenyl-Bisoxazoline 75 19
THF (S)-4-Phenyl-Bisoxazoline-Cu Triflate N.R.
THF (S)-4-Phenyl-Bisoxazoline- Cu Triflate N.R.

+BF3;0Et,

THF (S)-Potassium Lanthanide BINOL complex N.R
THF (S)-Jacobsen’s catalyst React w/Cat
Toluene (R)-4-1sopropyl-2-Oxazolinyl-Pyridine 4 0
Toluene (-) Spartiene <1
THF (-) Spartiene in Ratio 0.8:1 w/base 93% 0
Tol:THF (5:1) | (R)-4-1sopropyl-2-Oxazolinyl-Pyridine 27 0
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A good starting point would be to do a more comprehensive investigation of the asymmetric
synthesis of the 3,4-ds using THF or toluene. This may help to address some of the previous
solubilityissues observed in the lateral metalation step. Along with choosing the solvent a
catalyst must be explored that will help us direct to the C3 position as well as control R or S.
Previously, we have used several different catalyst in our group with varying success in yield and
ee. (Table 5-1) We noted that in some cases the more extended catalysts did better for yield but
not necessarily ee.

Another promising catalyst that has an extended structure is the 3a, 8aR inda-pybox catalyst

that was used with success by Hanhan et al® to prepare substituted 3-hydroxy-2-oxindole analogs
with controlled stereo-chemistry. They showed that by using this catalyst and various lanthanides
they could alter yield and ee as well as incorporate a variety of functional groups. We
hypothesize in our 3,4-d system that this catalyst may help to direct the electrophile to the C3
position and this, along with a metal coordination with the isoxazole, will help control R

or S formation and provide a good ee. (Figure 5-1)

Figure 5-1 — proposed coordination transition state between the 3,4-D,inda-
pybox, stabilization of the metal, and the electrophile
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As reviewed in chapter one, with lateral metalation different metals can affect how groups
add. Using the inda-py catalyst and the synthetic scheme in Figure 5-2 it is possible to readily
exchange out metals and assess their effect on the reaction. As a note chirality can also be
introduced in the latera metalation step via aldehyde as an electrophile. We showed this
during lateral metalation studies with beta hydroxyl substitutions at the C3 position, but this

does not allow for stereochemical control.

&R

PEATIMIDS o LIA e -20°C
2y M(OTH),
{5 mol%)

3y El+

Rz

Rz
R Methyl or Pheny

Ra-CHGOCH  35-Cly, 3.5-CF L H

Scheme 5-1: General synthetic scheme for asymmetric synthesis of
the 3,4-ds using

Our modeling suggests that a methyl group would allow for a greater potential for the 3,4-d to
anchor in the hinge region of mGIluRs and interact with the crucial phenylalanine and tryptophan
that assist the TM 6 large movement during activation. For both asymmetric and lateral
metalation there are other groups that have potential for interacting favorably with other residues
in the hinge region, such as groups with hydrogen bonding groups to interact with the salt bridge
or water lock that are deeper in the allosteric site that must be disrupted to initiate the TM 6

movement. (Figure 5-2)
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Figure 5-2: chiral 3,4-d modeling illustrating the additional interaction that can be achieved with

both the hinge Phen801 and Trp798 as well as providing the interaction with the unique residue
Leu756 in mGIuR4
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Metabolism predictions

In considering novel small molecules in drug development it is important to consider what
metabolites will be produced and if they will cause any harm. This can be done in silico but
ultimately will need to be verified with liver microsomes or another in vitro study and followed
by animal studies. Starting with in silico allows for quick determination of where a molecule
will be metabolized and if any unusual metabolic activities arise that were not previously
predict or if there is synthetic variation substitution that can be done to help control metabolism.
There are several software programs that can be used to make these predictions. We chose the
web software program called Smart Cyp® which allows the prediction of major metabolites for
user entered molecules for three of themajor CYPs: 3A4/5, 2D6, and 2C9. For all of the 3,4-ds
for CYP 3A4 the among the top three were predicted to be the C3 position of the isoxazole or
Rs. The last highest scoring would vary depending on the substitution pattern, but frequently it
would be the N6, p-OCH3/CHg, or one of the branches off the C3 position when substituted

with a mono- or di-Bn.(Figure 5-3)
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For CYP 2D6 and 2C9, the predictions for the top two positions are the same as for CYP 3A4/5
but did predict that the less substituted 3,5-Cl, and 3,5-CF; of the initial series could be
metabolized in the para-position of the N6-aryl, potentially producing a toxic intermediate.
However, this was not predicted with the more substituted second series as well as with the

chiral molecules.

R,=bnorll
R>=bn, H, or Me
Ry-Mcor Ph

R = p-CHs. p-OCH,, p-F, p-CL 3.5-C1.3.5-Cl.2 441

Figure 5-3: General 3,4-scaffold. The top three
ranked position for metabolism for 3A4/5 is
C3, R3, and N6.

Blood brain barrier (BBB)-Getting through

Drug molecules must traverse many membranes as well as first and second pass metabolism to
get to their targets while maintaining activity and reducing the number of metabolites that could
cause toxicity or undesired side effects. Drugs that need to work on receptors in the brain must
overcome all of these hurdles as well as additional hurdle of the blood brain barrier (BBB). Drug
molecules may not cross or may become hung up in the barrier, or if molecules do get across,
they can be metabolized (there are high amounts of CYPs in the BBB) and effluxed by the p-
glycoprotein (ABCB1, aka multidrug resistance(MDR)) transporter.’® There are a number of

parameters for small molecules to fit within to try to avoid these issues of reaching their
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target in the brain. This initial set of guiding parameters is called Lipenski’s rules or the Rule of
5.1 The Rule of 5 predicts that poor absorption or permeation is more likely when there are
more than 5 H-bond donors, 10 H-bond acceptors, the molecular weight is greater than 500, and
the calculated Log P (CLog P) is greater than 5. However, Lipinski does acknowledge that the
Rule of 5 only holds for compounds that are not substrates for active transporters. These
parameters are meant to be guidelines and since publications have both expanded upon and
violated these while still producing drugs that reach their respective targets. **** As noted the

Rule of 5 is for membranes in general not specifically the BBB, the parameters still apply.

Looking at the 3,4-D series their logPs range from about 3-7, molecular weights are between
250- 500, with 4-5 H-bond acceptors and no donors. Comparing these characterists to the
published parameters, logP is the only criterion where the parameters are outside of the range.
There are also software programs that can be used to predict BBB permeability with a high
degree of accuracy. In silico machine learning softwares can be further used to evaluate the

BBB permeability molecules.

By using large sets of compounds that are both BBB permeable and BBB non-permeable along
with the chemical properties above programs have able to accurately predicted BBB
permeability. Creating an accurate prediction of BBB access for CNS drugs has been an ongoing
area of research while applying machine learning to gain better insight.***> One such program

is lightBBB™®. This program was able to analyze known drugs to predict which would be able to
permeate the BBB with 90% accuracy. When the 3,4-ds are entered into the lightBBB software it
was predicted that all of them would be BBB permeable. Up to this point ,we have really only
been considering passive transport via diffusion through the BBB. For molecules that are not
passively BBB permeable or are substrates for MDR there are couple of different stratagies that

could be applied to help them cross the BBB and not be affected by MDR. A MDR an inhibitor
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could be introduced and this approach has been successful in treatment of some cancers."*8

Also, by using antibodies, other proteins, or making synthetic modification to make a drug
molecule into a prodrug that later can be metabolized by CYP or other enzymes could be
employed to act as a sort of Trojan horse for BBB transporters to carry the drugs across the
BBB."*?° This adds a level of complexity due to the need to understand how the modified
drug molecule will behave within the body and whether it binds to other receptors compared to

the target.

Conclusion

Each new scaffold or modification proposed to be done to a drug molecule or potential drug
molecule must undergo an iterative evaluation. This starts with the potential for targeting a
specific receptor through modeling, followed by synthesis, testing, and lead optimization, and
finally understandin metabolic transformation and receptor targeting and binding. Using both
in silico simulations and laboratory methods to test and retest these parameters are necessary

to provide the most information about the potential of the molecules as a drug candidate.
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