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Abstract

The tetracycline class of antibiotics has played a major role in the treatment of
infectious diseases for the past 50 years. However, the increased use of the tetracyclines in
human and veterinary medicine has led to resistance among many organisms previously
susceptible to tetracycline antibiotics. The modular synthesis of tetracyclines and
tetracycline analogs described provides an efficient and enantioselective route to a vartety of
tetracycline analogs and polycyclines previously inaccessible via earlier tetracycline
syntheses and semi-synthetic methods. These analogs may be used as anti-microbial agents
or anti-proliferative agents in the treatment of diseases of humans or other animals. The

present invention relates to compounds of formula

wherein the variables are as defined herein.
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SYNTHESIS OF TETRACYCLINES AND ANALOGUES THEREOF

Government Support

[0001] The work described herein was supported, in part, by grants from the
National Institutes of Health (RO1 AI48825) and the National Science Foundation
(predoctoral fellowship R10964). The United States government may have certain rights in

the invention.

Background of the Invention

[0001] The tetracyclines are broad spectrum anti-microbial agents that are widely

used 1n human and veterinary medicine (Schappinger et al., “Tetracyclines: Antibiotic
Action, Uptake, and Resistance Mechanisms” Arch. Microbiol. 165:359-69, 1996; Mitscher,
Medicinal Research Series, Vol. 9, The Chemistry of the Tetracycline Antibiotics, Marcel
Dekker Inc. New York, 1978). The total production of tetracyclines by fermentation or
semi-synthesis 1s measured in the thousands of metric tons per year. The first tetracycline,
chlorotetracycline (1) (Aureomycin™), was isolated from the soil bacterium Streptomyces
aureofaciens by Lederle Laboratories (Wyeth-Ayerst Research) in the 1945 (Duggar, Ann.
N.Y. Acad. Sci. 51:177-181, 1948; Duggar, Aurecomycin and Preparation of Some, U.S.
Patent 2,482,055, 1949. Oxytetracycline (2) was isolated soon after from S. rimosus by
scientists at Pfizer Laboratories (Finlay et al. Science 111:85, 1950). The structures of
chlorotetracycline and oxytetracycline were elucidated by scientists at Pfizer in collaboration
with R. B. Woodward and co-workers at Harvard University (Hochstein et al. J. Am. Chem.
Soc. 74:3708-3709, 1952; Hochstein et al. J. Am. Chem. Soc. 75:5455-75, 1953; Stephens et
al. J. Am. Chem. Soc. 74:4976-77, 1952; Stephens et al. J Am. Chem. Soc. 76:3568-75,
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1954). Tetracycline (3) was later prepared by the hydrogenolysts of chlorotetracycline and
was found to retain the anti-microbial activity of chlorotetracycline and oxytetracycline and
had increased stability (Boothe et al. J. Am. Chem. Soc. 75:4621, 1953; Conover et al. J. Am.
Chem. Soc. 75:4622-23, 1953). Tetracycline was later found to be a natural product of §.

aureofaciens, S. viridofaciens, and . rimosus.
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[0002] The primary tetracyclines of clinical importance today include tetracycline (3)

(Boothe et al. J. Am. Chem. Soc. 75:4621, 1953), oxytetracycline (2, Terramycin™) (Finlay
et al. Science 111:85, 1950), doxycycline (Stephens et al. J. Am. Chem. Soc. 85:2643, 1963),
and minocycline (Martell et al. J. Med. Chem. 10:44, 1967; Martell et al. J. Med. Chem.
10:359, 1967). The tetracyclines exert their anti-microbial activity by inhibition of bacterial
protein synthesis (Bentley and O’Hanlon, Eds., Anti-Infectives: Recent Advances in
Chemistry and Structure-Activity Relationships The Royal Society of Chemistry:
Cambndge, UK, 1997). Most tetracyclines are bacteriostatic rather than bactericidal
(Rasmussen et al. Antimicrob. Agents Chemother. 35:2306-11, 1991; Primrose and
Wardlaw, Ed. “The Bacteriostatic and Bacteriocidal Action of Antibiotics™ Sourcebook of
Experiments for the Teaching of Microbiology Society for General Microbiology, Academic
Press Ltd., London, 1982). It has been proposed that after tetracycline passes through the
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cytoplasmic membrane of a bacterium it chelates Mg", and this tetracycline-Mg™ complex
binds the 30S subunit of the bactenial ritbosome (Goldman et al. Biochemistry 22:359-368,
1983). Binding of the complex to the ribosome inhibits the binding of aminoacyl-tRNAs,
resulting in inhibition of protein synthesis (Wissmann et al. Forum Mikrobiol. 292-99, 1998;
Epe et al. EMBO J. 3:121-26, 1984). Tetracyclines have also been found to bind to the 40S
subunit of eukaryotic nbosome; however, they do not achieve sufficient concentrations in
eukaryotic cells to affect protein synthesis because they are not actively transported in
eukaryotic cells (Epe et al. FEBS Lett. 213:443-47, 1987).

[0003] Structure-activity relationships for the tetracycline antibiotics have been
determined empirically from 50 years of semi-synthetic modification of the parent structure
(Sum et al. Curr. Pharm. Design 4:119-32, 1998). Permutations with the upper left-hand
portion of the natural product, also known as the hydrophobic domain, have provided new
therapeutically active agents, while modifications of the polar hydrophobic domain result in
a loss of activity. However, semi-synthesis by its very nature has limited the number of

tetracychine analogs that can be prepared and studied.

HiC, | ~CHa

OH

NH,

OH O OH O O
Tetracycline (3)

[0004] The tetracyclines are composed of four linearly fused six-membered rings
with a high density of polar functionality and stereochemical complexity. In 1962,
Woodward and co-workers reported the first total synthesis of racemic 6-desmethyl-6-
deoxytetracycline (sancycline, 4), the simplest biologically active tetracycline (Conover et
al. J. Am. Chem. Soc. 84:3222-24, 1962). The synthetic route was a remarkable achievement
for the time and proceeded by the stepwise construction of the rings in a linear sequence of

22 steps (overall yield ~0.003%). The first enantioselective synthesis of (-)-tetracycline (3)
from the A-ring precursor D-glucosamine (34 steps, 0.002% overall yield) was reported by
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Tatsuda and co-workers 1n 2000 (Tatsuta et al. Chem. Lett. 646-47, 2000). Other approaches
to the synthesis of tetracycline antibiotics, which have also proceeded by the stepwise
assembly of the ABCD ring system beginning with D or CD precursors, include the
Shemyakin synthesis of (%)-12a-deoxy-5a,6-anhydrotetracycline (Gurevich et al
Tetrahedron Lett. 8:131, 1967 and the Muxfeldt synthesis of (%)-5-oxytetracycline
(terramycin, 22 steps, 0.06% yield) (Muxfeldt et al. J. Am. Chem. Soc. 101:689, 1979. Due
to the length and poor etficiency of the few existing routes to tetracyclines, which were

never designed for synthetic vanability, synthesis of tetracycline analogs is still lrmited.

H3C_ _CHs
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H H =
“‘ )
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NN s 2
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OH O OH O O
Sancycline (4)

[0005] There remains a need for a practical and efficient synthetic route to
tetracycline analogs, which 1s amenable to the rapid preparation of specific analogs that can
be tested for improved antibacterial and potentially antitumor activity. Such a route would

allow the preparation of tetracycline analogs which have not been prepared before.

Summary of the Invention

[0006] The present invention centers around novel synthetic approaches for
preparing tetracycline analogs. These synthetic approaches are particularly useful in
preparing 6-deoxytetracyclines, which are more stable towards acid and base than 6-
hydroxytetracyclines. Doxycycline and minocycline, the two most clinically important

tetracyclines, as well as tigecycline, an advanced clinical candidate, are members of the 6-

deoxytetracycline class.
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The approaches are also useful in preparing 6-hydroxytetracyclines, pentacyclines,
hexacyclines, C5-substituted tetracyclines, CS-unsubstituted tetracyclines, tetracyclines with
heterocyclic D-rings, and other tetracycline analogs.

[0007] These novel synthetic approaches to tetracycline analogs involve a
convergent synthesis of the tetracycline ring system using a highly functionalized chiral
enone (5) as a key intermediate. The first approach involves the reaction of the enone with
an anion formed by the deprotonation of a toluate (6) or metallation of a benzylic halide as
shown below. The deprotonation of a toluate is particularly useful in preparing 6-
deoxytetracyclines with or without a C5-substituent. The metallation (e.g., metal-halogen
exchange (e.g., lithium-halogen exchange), metal-metalloid exchange (e.g., lithium-
metalloid exchange)) 1s particularly useful in preparing 6-deoxytetracyclines with or without
a CS5-substituent as well as pentacyclines. Any organometallic reagent may be used in the
cyclization process. Particularly useful reagents may include lithium reagents, Grignard
reagents, zero-valent metal reagents, and ate complexes. In certain embodiments, milder

conditions for the cyclization reaction may be preferred.
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[0008] The second approach involves reacting the enone (5) in a Diels-Alder-type

reaction with a diene (7) or a benzocyclobutenol (8).
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6-deoxytetracycline 5

In both these approaches, the chiral enone provides the functionalized A and B rings of the

tetracycline core, and the D-ring 1s derived from the toluate (6), benzylic halide, or

benzocyclobutenol (8). In bringing these two portions of the molecule together in a
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stereoselective manner the C-ring is formed. These approaches not only allow for the
stereoselective and efficient synthesis of a wide variety of tetracycline analogs never before
prepared, but they also allow for preparation of tetracycline analogs in which the D-ring is
replaced with a heterocycle, 5-membered ring, or other ring system. They also allow the
prepartion of various pentacyclines or higher cyclines containing aromatic and non-aromatic
carbocycles and heterocycles.

[0009] Through the oxidation at C6 of 6-deoxytetracycline analogs, 6-

oxytetracycline analogs may be prepared as shown in the scheme below:

(-)-Tetracycline (3) 6-deoxytetracycline

The 6-deoxytetracycline is transformed into an aromatic napthol intermediate which
undergoes spontaneous autoxidation to form the hydroperoxide. Hydrogenolysis of the
hydroperoxide results in the 6-oxytetracycline. This oxidation of 6-deoxytetracycline
analogs can be used to prepare tetracyclines in which the D-ring is replaced with a
heterocycle, 5-membered ring, or other ring system as well as pentacyclines and other
polycyclines containing aromatic and non-aromatic carbocycles and heterocycles.

[0010}] The present invention not only provides synthetic methods for preparing these
tetracycline analogs but also the intermediates, including chiral enones (5), toluates (6),
dienes (7), benzylic halides, and benzocyclobutenol (8), used in these syntheses, and novel
derivatives accessed by them.

[0011] Some of the broad classes of compounds available through these new
approaches and considered to be a part of the present invention include tetracyclines and
various analogs. Important subclasses of tetracyclines include 6-deoxytetracyclines with or
without a C5-hydroxyl group, and 6-hydroxytetracyclines with or without a C5-hydroxyl
group. Many of the analogs available through these new approaches have never been
synthesized before given the limitations of semi-synthetic approaches and earlier total

syntheses. For example, certain substitutions about the D-ring become accessible using the

OP OH OH O OP OP O OH O OP
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present invention’s novel methodologies. In certain classes of compounds of the invention,
the D-ring of the tetracyclines analog, which is usually a phenyl ring, is replaced with a
heterocyclic moiety, which may be bicyclic or tricyclic. In other classes, the D-ring is
replaced with a non-aromatic ring. The size of the D-ring is also not limited to six-
membered rings, but instead it may be three-membered, four-membered, five-membered,
seven-membered, or larger. In the case of pentacyclines, the five rings may or may not be
linear 1n arrangement. Each of the D- and E-rings may be heterocyclic or carbocyclic, may
be aromatic or non-aromatic, and may contain any number of atoms ranging from three to
ten atoms. In addition, higher cyclines such as hexacyclines may be prepared. In certain
classes, the C-ring may not be fully formed, leading to dicyclines with the A-B fused ring
system intact. The compounds of the invention include isomers, stereoisomers, enantiomers,

diastereomers, tautomers, protected forms, pro-drugs, salts, and derivatives of any particular

compound.
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[0011a] In another aspect, there is provided a compound which is
H3C CH HiC CH
R, 3 \.N 13 R, ChN -'ll- Fa

1T
et f]| L
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[0011Db] The present invention also includes a pharmaceutical composition comprising
a compound of the present invention, or a salt, isomer, or tautomer thereof, and a

pharmaceutically acceptable excipient.

[0012] The present invention also includes intermediates useful in the synthesis of
compounds of the present invention. These intermediates include chiral enones, toluates,
benzylic halides, and benzocyclobutenol. The intermediates includes various substituted
forms, 1somers, tautomers, stereoisomers, salts, and derivatives thereof.

[0012a] In another aspect, there is provided use of a compound, or a salt, isomer, or
tautomer thereof, of the present invention in the manufacture of a medicament for treating an
infection.

[0012b] In another aspect, there is provided use of a compound of the present invention,

or a salt, isomer, or tautomer thereof, for treating an infection.

[0013] In another aspect, the present invention provides methods of treatment and
pharmaceutical composition including the novel compounds of the present invention. The
pharmaceutical compositions may also include a pharmaceutically acceptable excipient. The
methods and pharmaceutical compositions may be used to treat any infection including
cholera, influenza, bronchitis, acne, malaria, urinary tract infections, sexually transmitted
diseases including syphilis and gonorrhea, Legionnaires’ disease, Lyme disease, Rocky
Mountain spotted fever, Q fever, typhus, bubonic plague, gas gangrene, leptospirosis,

whooping cough, and anthrax. In certain embodiments, the infections are caused by

Qa
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tetracycline-resistant organisms. In certain instances, the compounds of the invention
exhibit anti-neoplastic or anti-proliferative activity, in which case the compounds may be
useful in the treatment of diseases such as cancer, autoimmune diseases, inflammatory
diseases, and diabetic retinopathy. The methods and compositions may be used to treat
disease in humans and other animals including domesticated animals. Any mode of

administration including oral and parenteral administration of the pharmaceutical

composition may be used.

[0014] Given past work in the synthesis of tetracyclines, the present inventive
strategies represent a breakthrough, providing new synthetic routes to tetracyclines and
various analogs. The ability to prepare a wide variety of tetracycline analogs and the use of
some of these compounds in the treatment of diseases such as cancer and infectious diseases
marks an advance not only in synthetic organic chemistry but also in medicine. The

tetracycline class of antibiotics has played a major role in the treatment of infectious diseases

— wo————— e ———————— e ey e —— — . T A ———)— _—
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in human and veterinary medicine for the past 50 years; however, with the high use of these
antibiotics over many years resistance has become a major problem. The present invention
fortunately allows for the development of tetracycline analogs with activity against
tetracycline-resistant organisms. Therefore, the developments described herein will allow
the tetracycline class of antibiotics to remain part of a physician’s armamentarium against

infection diseases.

Definitions

[0015] Defimtions of specific functional groups and chemical terms are described in
more detail below. For purposes of this invention, the chemical elements are identified in
accordance with the Periodic Table of the Elements, CAS version, Handbook of Chemistry
and Physics, 75™ Ed., inside cover, and specific functional groups are generally defined as
described therein. Additionally, general principles of organic chemistry, as well as specific
functional moteties and reactivity, are described in “Organic Chemistry”, Thomas Sorrell,

University Science Books, Sausalito: 1999.

[0016]) Certain compounds of the present invention may exist in particular geometric
or stereoisomeric forms. The present invention contemplates all such compounds, including
cis- and trans-isomers, R- and S-enantiomers, diastereomers, (D)-isomers, (L)-isomers, the
racemic mixtures thereof, and other mixtures thereof, as falling within the scope of the
invention. Additional asymmetric carbon atoms may be present in a substituent such as an

alkyl group. All such isomers, as well as mixtures thereof, are intended to be included in

this tnvention.

[0017] [someric mixtures containing any of a variety of isomer ratios may be utilized
in accordance with the present invention. For example, where only two isomers are
combined, mixtures containing 50:50, 60:40, 70:30, 80:20, 90:10, 95:5, 96:4, 97:3, 98:2.
99:1, or 100:0 1somer ratios are all contemplated by the present invention. Those of ordinary
skill in the art will readily appreciate that analogous ratios are contemplated for more

complex 1somer mixtures.

[0018] If, for instance, a particular enantiomer of a compound of the present

10
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invention 1s desired, it may be prepared by asymmetric synthesis, or by derivation with a
chiral auxiliary, where the resulting diastereomeric mixture is separated and the auxiliary
group cleaved to provide the pure desired enantiomers. Alternatively, where the molecule
contains a basic functional group, such as amino, or an acidic functional group, such as
carboxyl, diastereomeric salts are formed with an appropriate optically-active acid or base,
followed by resolution of the diastereomers thus formed by fractional crystallization or
chromatographic means well known in the art, and subsequent recovery of the pure
enantiomers.

[0019] One of ordinary skill in the art will appreciate that the synthetic methods, as
described herein, utilize a variety of protecting groups. By the term “protecting group”, as
used herein, 1t 1s meant that a particular functional moiety, e.g., O, S, or N, is temporarily
blocked so that a reaction can be carried out selectively at another reactive site in a
multifunctional compound. In preferred embodiments, a protecting group reacts selectively
in good yield to give a protected substrate that is stable to the projected reactions; the
protecting group should be selectively removable in good yield by readily available,
preferably non-toxic reagents that do not attack the other functional groups; the protecting
group forms an easily separable derivative (more preferably without the generation of new
stereogenic centers); and the protecting group has a minimum of additional functionality to
avold further sites of reaction. As detailed herein, oxygen, sulfur, nitrogen, and carbon
protecting groups may be utilized. Hydroxyl protecting groups include methyl,
methoxylmethyl (MOM), methylthiomethyl (MTM), t-butylthiomethyl,
(phenyldimethylsilyl)methoxymethyl (SMOM), benzyloxymethyl (BOM), p-
methoxybenzyloxymethyl (PMBM), (4-methoxyphenoxy)methyl (p-AOM), guaiacolmethyl
(GUM), -butoxymethyl, 4-pentenyloxymethyl (POM), stloxymethyl, 2-
methoxyethoxymethyl (MEM), 2,2,2-trichloroethoxymethyl, bis(2-chloroethoxy)methyl, 2-
(tnmethylsilyl)ethoxymethyl (SEMOR), tetrahydropyranyl (THP), 3-bromotetra-
hydropyranyl, tetrahydrothiopyranyl, 1-methoxycyclohexyl, 4-methoxytetrahydropyranyl
(MTHP), 4-methoxytetrahydrothiopyranyl, 4-methoxytetrahydrothiopyranyl S,S-dioxide, 1-
|(2-chloro-4-methyl)phenyl}-4-methoxypiperidin-4-yl (CTMP), 1,4-dioxan-2-yl, tetrahydro-

11
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furanyl, tetrahydrothioturanyl, 2,3,3a,4,5,6,7,7a-octahydro-7,8,8-trimethyl-4,7-methano-
benzofuran-2-yl, 1-ethoxyethyl, 1-(2-chloroethoxy)ethyl; 1-methyl-1-methoxyethyl, 1-
methyl-1-benzyloxyethyl, 1-methyl-1-benzyloxy-2-fluoroethyl, 2,2,2-trichloroethyl, 2-
trimethylsilylethyl, 2-(phenylselenyl)ethyl, ¢-butyl, allyl, p-chlorophenyl, p-methoxyphenyl,
2,4-dinitrophenyl, benzyl, p-methoxybenzyl, 3,4-dimethoxybenzyl, o-nitrobenzyl, p-
nitrobenzyl, p-halobenzyl, 2,6-dichlorobenzyl, p-cyanobenzyl, p-phenylbenzyl, 2-picolyl, 4-
picolyl, 3-methyl-2-picolyl N-oxido, diphenylmethyl, p,p’-dinitrobenzhydryl, S5-
dibenzosuberyl, triphenylmethyl, a-naphthyldiphenylmethyl, p-methoxyphenyl-
diphenylmethyl, di(p-methoxyphenyl) phenylmethyl, tri(p-methoxyphenyl)methyl, 4-(4’-
bromophenacyloxyphenyl) diphenylmethyl, 4.4’ 4’ -tris(4,5-dichlorophthalimido-
phenyl)methyl, 4,4’ 4"’ -tnis(levulinoyloxyphenyl)methyl, 4,4’ 4>’ -tris(benzoyloxy-
phenyl)methyl, 3-(1midazol-1-yl)bis(4’,4’’-dimethoxyphenyl)methyl, 1,1-bis(4-
methoxyphenyl)-1’-pyrenylmethyl, 9-anthryl, 9-(9-phenyl)xanthenyl, 9-(9-phenyl-10-
oxo)anthryl, 1,3-benzodithiolan-2-yl, benzisothiazolyl S,S-dioxido, trimethylsilyl (TMS),
triethylsilyl ~ (TES), triisopropylsilyl  (TIPS), dimethylisopropylsilyl  (IPDMS),
diethylisopropylsilyl (DEIPS), dimethylthexylsilyl, -butyldimethylsilyl (TBDMS), -
butyldiphenylsilyl (TBDPS), tribenzylsilyl, tri-p-xylylsilyl, triphenylsilyl,
diphenylmethylsilyl (DPMYS), t-butylmethoxyphenylsilyl (TBMPS), formate,
benzoylformate, acetate, chloroacetate, dichloroacetate, trichloroacetate, trifluoroacetate,
methoxyacetate, triphenyl-methoxyacetate, phenoxyacetate, p-chlorophenoxyacetate, 3-
phenylpropionate, 4-oxopentanoate (levulinate), 4,4-(ethylenedithio)pentanoate
(levulinoyldithioacetal), pivaloate, adamantoate, crotonate, 4-methoxycrotonate, benzoate, p-
phenylbenzoate, 2,4,6-trimethylbenzoate (mesitoate), alkyl methyl carbonate, 9-
fluorenylmethyl carbonate (Fmoc), alkyl ethyl carbonate, alkyl 2,2,2-trichloroethyl
carbonate (Troc), 2-(trimethylsilyl)ethyl carbonate (TMSEC), 2-(phenylsulfonyl) ethyl
carbonate (Psec), 2-(triphenylphosphonio) ethyl carbonate (Peoc), alkyl isobutyl carbonate,
alkyl vinyl carbonate alkyl allyl carbonate, alkyl p-nitrophenyl carbonate, alkyl benzyl
carbonate, alkyl p-methoxybenzyl carbonate, alkyl 3,4-dimethoxybenzyl carbonate, alkyl o-

nitrobenzyl carbonate, alkyl p-nitrobenzyl carbonate, alkyl S-benzyl thiocarbonate, 4-ethoxy-

12
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I-napththyl carbonate, methyl dithiocarbonate, 2-10dobenzoate, 4-azidobutyrate, 4-nitro-4-
methylpentanoate, o-(dibromomethyl)benzoate, 2-formylbenzenesulfonate, 2-
(methylthiomethoxy)ethyl, 4-(methylthiomethoxy)butyrate, 2-(methylthiomethoxymethyl)
benzoate, 2,6-dichloro-4-methylphenoxyacetate, 2,6-dichloro-4-(1,1,3,3-tetramethylbutyl)
phenoxyacetate, 2,4-bis(1,1-dimethylpropyl)phenoxyacetate, chlorodiphenylacetate,
1sobutyrate, monosuccinoate, (£)-2-methyl-2-butenoate, o-(methoxycarbonyl)benzoate, o-
naphthoate, nitrate, alkyl N,N,N’ ,N’-tetramethylphosphorodiamidate, alkyl N-
phenylcarbamate, borate, dimethylphosphinothioyl, alkyl 2,4-dinitrophenylsulfenate, sulfate,
methanesulfonate (mesylate), benzylsulfonate, and tosylate (Ts). For protecting 1,2- or 1,3-
diols, the protecting groups include methylene acetal, ethylidene acetal, 1-t-butylethylidene
ketal, |-phenylethylidene  ketal,  (4-methoxyphenyl)ethylidene  acetal, 2,2,2-
trichloroethylidene acetal, acetonide, cyclopentylidene ketal, cyclohexylidene ketal,
cycloheptyhidene ketal, benzylidene acetal, p-methoxybenzylidene acetal, 2,4-
dimethoxybenzylidene ketal, 3,4-dimethoxybenzylidene acetal, 2-nitrobenzylidene acetal,
methoxymethylene acetal, ethoxymethylene acetal, dimethoxymethylene ortho ester, 1-
methoxyethylidene ortho ester, 1-ethoxyethylidine ortho ester, 1,2-dimethoxyethylidene
ortho ester, a-methoxybenzylidene ortho ester, 1-(N, N-dimethylamino)ethylidene derivative,
a-(N,N’-dimethylamino)benzylidene derivative, 2-oxacyclopentylidene ortho ester, di--
butylsilylene group (DTBS), 1,3-(1,1,3,3-tetraisopropyldisiloxanylidene) derivative
(TIPDS), tetra-#-butoxydisiloxane-1,3-diylidene derivative (TBDS), cyclic carbonates, cyclic
boronates, ethyl boronate, and phenyl boronate. Amino-protecting groups include methyl
carbamate, ethyl carbamante, 9-fluorenylmethyl carbamate (Fmoc), 9-(2-
sulfo)fluorenylmethyl carbamate, 9-(2,7-dibromo)fluoroenylmethyl carbamate, 2,7-di-z-
butyl-{9-(10,10-d10x0-10,10,10,10-tetrahydrothioxanthyl)jmethyl carbamate (DBD-Tmoc),
4-methoxyphenacyl carbamate (Phenoc), 2,2,2-trichloroethyl carbamate (Troc), 2-
trimethylsilylethyl carbamate (Teoc), 2-phenylethyl carbamate (hZ), 1-(1-adamantyl)-1-
methylethyl carbamate (Adpoc), 1,1-dimethyl-2-haloethyl carbamate, 1,1-dimethyl-2,2-
dibromoethyl carbamate (DB--BOC), 1,1-dimethyl-2,2,2-trichloroethyl carbamate
(TCBOC), 1-methyl-1-(4-biphenylyl)ethyl carbamate (Bpoc), 1-(3,5-di-z-butylphenyl)-1-
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methylethyl carbamate (.-Bumeoc), 2-(2°- and 4’-pynidyl)ethyl carbamate (Pyoc), 2-(N,N-
dicyclohexylcarboxamido)ethyl carbamate, ¢-butyl carbamate (BOC), 1-adamantyl
carbamate (Adoc), vinyl carbamate (Voc), allyl carbamate (Alloc), 1-1sopropylallyl
carbamate (Ipaoc), cinnamyl carbamate (Coc), 4-nitrocinnamyl carbamate (Noc), 8-quinolyl
carbamate, N-hydroxypiperidinyl carbamate, alkyldithio carbamate, benzyl carbamate (Cbz),
p-methoxybenzyl carbamate (Moz), p-nitobenzyl carbamate, p-bromobenzyl carbamate, p-
chlorobenzyl carbamate, 2,4-dichlorobenzyl carbamate, 4-methylsulfinylbenzyl carbamate
(Msz), 9-anthrylmethyl carbamate, diphenylmethyl carbamate, 2-methylthioethyl carbamate,
2-methylsulfonylethyl  carbamate, 2-(p-toluenesulfonyl)éthyl carbamate, [2-(1,3-
dithianyl)|methyl carbamate (Dmoc), 4-methylthiophenyl carbamate (Mtpc), 2,4-
dimethylthiophenyl carbamate (Bmpc), 2-phosphonioethyl carbamate (Peoc), 2-
triphenylphosphonioisopropyl carbamate (Ppoc), 1,1-dimethyl-2-cyanoethyl carbamate, m-
chloro-p-acyloxybenzyl carbamate, = p-(dihydroxyboryl)benzyl carbamate, 5-
benzisoxazolylmethyl carbamate, 2-(trifluoromethyl)-6-chromonylmethyl  carbamate
(Tcroc), m-mtrophenyl carbamate, 3,5-dimethoxybenzyl carbamate, o-nitrobenzyl
carbamate, 3,4-dimethoxy-6-nitrobenzyl carbamate, phenyl(o-nitrophenyl)methyl carbamate,
phenothiazinyl-(10)-carbonyl derivative, N’-p-toluenesulfonylaminocarbonyl derivative, N -
phenylaminothiocarbonyl derivative, t-amyl carbamate, S-benzyl thiocarbamate, p-
cyanobenzyl carbamate, cyclobutyl carbamate, cyclohexyl carbamate, cyclopentyl
carbamate, cyclopropylmethyl  carbamate, p-decyloxybenzyl carbamate, 2,2-
dimethoxycarbonylvinyl carbamate, o-(N,N-dimethylcarboxamido)benzyl carbamate, 1,1-
dimethyl-3-(N, N-dimethyl-carboxamido)propyl carbamate, 1,1-dimethylpropynyl carbamate,
di(2-pyndyl)methyl carbamate, 2-furanylmethyl carbamate, 2-iodoethyl carbamate,
i1soborynl  carbamate, isobutyl  carbamate, isohicotinyl carbamate, p-(p -
methoxyphenylazo)benzyl carbamate, 1-methylcyclobutyl carbamate, 1-methylcyclohexyl
carbamate, I-methyl-1-cyclopropylmethyl carbamate, 1-methyl-1-(3,5-
dimethoxyphenyl)ethyl carbamate, 1-methyl-1-(p-phenylazophenyl)ethyl carbamate, 1-
methyl-1-phenylethyl carbamate, 1-methyl-1-(4-pyridyl)ethyl carbamate, phenyl carbamate,
p-(phenylazo)benzyl  carbamate, 2,4,6-tni--butylphenyl  carbamate,  4-(trimethyl-
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ammonium)benzyl carbamate, 2,4,6-trimethylbenzyl carbamate, formamide, acetamide,
chloroacetamide,  trichloroacetamide,  trifluoroacetamide,  phenylacetamide,  3-
phenylpropanamide,  picolinamide,  3-pyndylcarboxamide, @ N-benzoylphenylalanyl
derivative, benzamide, p-phenylbenzamide, o-nitophenylacetamide, 0-
nitrophenoxyacetamide, acetoacetamide, (N’-dithiobenzyloxycarbonylamino)acetamide, 3-
(p-hydroxyphenyl)propanamide, 3-(o-nitrophenyl)propanamide, 2-methyl-2-(o-
nitrophenoxy)propanamide, 2-methyl-2-(o-phenylazophenoxy)propanamide, 4-
chlorobutanamide, 3-methyl-3-nitrobutanamide, o-nitrocinnamide, N-acetylmethionine
derivative, o-nitrobenzamide, o-(benzoyloxymethyl)benzamide, 4,5-diphenyl-3-oxazolin-2-
one, N-phthalimide, N-dithiasuccinimide (Dts), N-2,3-diphenylmaleimide, N-2,5-
dimethylpyrrole, N-1,1,4,4-tetramethyldisilylazacyclopentane adduct (STABASE), 5-
substituted 1,3-dimethyl-1,3,5-triazacyclohexan-2-one, S5-substituted 1,3-dibenzyl-1,3,5-
triazacyclohexan-2-one, 1-substituted 3,5-dinitro-4-pyridone, N-methylamine, N-allylamine,
N-[2-(tnmethylsilyl)ethoxy]methylamine (SEM), N-3-acetoxypropylamine, N-(1-isopropyl-
4-nitro-2-0x0-3-pyroolin-3-yl)amine, quaternary ammonium salts, N-benzylamine, N-di(4-
methoxyphenyl)methylamine, N-5-dibenzosuberylamine, N-triphenylmethylamine (Tr), N-
[(4-methoxyphenyl)diphenylmethyl]amine (MMTr), N-9-phenylfluorenylamine (PhF), N-
2,7-dichloro-9-fluorenylmethyleneamine, N-ferrocenylmethylamino (Fcm), N-2-
picolylamino N'-oxide, N-1,1-dimethylthiomethyleneamine, N-benzylideneamine, N-p-
methoxybenzylideneamine, N-diphenylmethyleneamine, N-[(2-pyridyl)mesityl] methylene-
amine, N-(N',N’-dimethylaminomethylene)amine, N,N’-isopropylidenediamine, N-p-
nitrobenzylideneamine, N-salicylideneamine, N-5-chlorosalicylideneamine, N-(5-chloro-2-
hydroxyphenyl)phenylmethyleneamine, N-cyclohexylideneamine, N-(5,5-dimethyl-3-0xo-1-
cyclohexenyl)amine, N-borane derivative, N-diphenylborinic acid derivative, N-
[phenyl(pentacarbonylchromium- or tungsten)carbonyl]amine, N-copper chelate, N-zinc
chelate, N-nitroamine, N-nitrosoamine, amine N-oxide, diphenylphosphinamide (Dpp),
dimethylthiophosphinamide ~ (Mpt), diphenylthiophosphinamide = (Ppt),  dialkyl
phosphoramidates, dibenzyl phosphoramidate, diphenyl phosphoramidate,

benzenesulfenamide, o-nitrobenzenesulfenamide (Nps), 2,4-dinitrobenzenesulfenamide,
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pentachlorobenzenesulfenamide, 2-nitro-4-methoxy-benzenesulfenamide, triphenylmethyl-
sulfenamide, 3-nitropyridinesulfenamide (Npys),  p-toluenesulfonamide (Ts),
benzenesulfonamide, 2,3,6,-tnnmethyl-4-methoxybenzene-sulfonamide  (Mtr), 2,4,6-
trimethoxybenzenesulfonamide (Mtb), 2,6-dimethyl-4-methoxybenzenesulfonamide (Pme),
2,3,5,6-tetramethyl-4-methoxybenzenesulfonamide (Mte), 4-methoxybenzenesulfonamide
(Mbs), 2,4,6-tnmethylbenzenesulfonamide  (Mts), 2,6-dimethoxy-4-methylbenzene-
sulfonamide (1Mds), 2,2,5,7,8-pentamethylchroman-6-sulfonamide (Pmc), methane-
sulfonamide (Ms), B-trimethylsilylethanesulfonamide (SES), 9-anthracenesulfonamide, 4-
(4°,8’-dimethoxynaphthylmethyl)benzenesulfonamide = (DNMBS), benzylsulfonamide,
trifluoromethylsultonamide, and phenacylsulfonamide. Exemplary protecting groups are
detailed herein, however, it will be appreciated that the present invention is not intended to
be limited to these protecting groups; rather, a variety of additional equivalent protecting
groups can be readily identified using the above criteria and utilized in the method of the

present invention. Additionally, a variety of protecting groups are described in Protective
Groups in Organic Synthesis, Third Ed. Greene, T.-W. and Wuts, P.G., Eds., John Wiley &
Sons, New York: 1999,

[0020] It will be appreciated that the compounds, as described herein, may be
substituted with any number of substituents or functional moieties. In general, the term
“substituted” whether preceded by the term “optionally” or not, and substituents contained in
formulas of this invention, refer to the replacement of hydrogen radicals in a given structure
with the radical of a specified substituent. When more than one position in any given
structure may be substituted with more than one substituent selected from a specified group,
the substituent may be either the same or different at every position. As used herein, the
term “substituted” is contemplated to include all permissible substituents of organic
compounds. In a broad aspect, the permissible substituents include acyclic and cyclic,
branched and unbranched, carbocyclic and heterocyclic, aromatic and nonaromatic
substituents of organic compounds. For purposes of this invention, heteroatoms such as
nitrogen may have hydrogen substituents and/or any permissible substituents of organic

compounds described herein which satisfy the valencies of the heteroatoms. Furthermore,
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this invention is not intended to be limited 1n any manner by the permissible substituents of
organic compounds. Combinations of substituents and variables envisioned by this
invention are preferably those that result in the formation of stable compounds useful in the
treatment, for example, of infectious diseases or proliferative disorders. The term “stable”,
as used herein, preferably refers to compounds which possess stability sufficient to allow
manufacture and which maintain the integnty of the compound for a sufficient period of
time to be detected and preferably for a sufficient period of time to be useful for the purposes
detailed herein.

[0021] The term *‘aliphatic”, as used herein, includes both saturated and unsaturated,
straight chain (i.e.,, unbranched), branched, acyclic, cyclic, or polycyclic aliphatic
hydrocarbons, which are optionally substituted with one or more functional groups. As will
be appreciated by one of ordinary skill in the art, “aliphatic” is intended herein to include,
but 1s not limited to, alkyl, alkenyl, alkynyl, cycloalkyl, cycloalkenyl, and cycloalkynyl
moieties. Thus, as used herein, the term “alkyl” includes straight, branched and cyclic alkyl
groups. An analogous convention applies to other generic terms such as “alkenyl”,
“alkynyl”, and the like. Furthermore, as used herein, the terms “alkyl”, “alkenyl”, “alkynyl”,
and the like encompass both substituted and unsubstituted groups. In certain embodiments,
as used heremn, “lower alkyl” i1s used to indicate those alkyl groups (cyclic, acyclic,
substituted, unsubstituted, branched or unbranched) having 1-6 carbon atoms.

[0022] In certain embodiments, the alkyl, alkenyl, and alkynyl groups employed in
the invention contain 1-20 aliphatic carbon atoms. In certain other embodiments, the alkyl,
alkenyl, and alkynyl groups employed in the invention contain 1-10 aliphatic carbon atoms.
In yet other embodiments, the alkyl, alkenyl, and alkynyl groups employed in the invention
contain 1-8 aliphatic carbon atoms. In still other embodiments, the alkyl, alkenyl, and
alkynyl groups employed in the invention contain 1-6 aliphatic carbon atoms. In yet other
embodiments, the alkyl, alkenyl, and alkynyl groups employed in the invention contain 1-4
carbon atoms. Illustrative aliphatic groups thus include, but are not limited to, for example,
methyl, ethyl, n-propyl, isopropyl, cyclopropyl, -CH,-cyclopropyl, vinyl, allyl, n-butyl, sec-
butyl, isobutyl, tert-butyl, cyclobutyl, -CH,-cyclobutyl, n-pentyl, sec-pentyl, isopentyl, tert-
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pentyl, cyclopentyl, -CH;-cyclopentyl, n-hexyl, sec-hexyl, cyclohexyl, -CH,-cyclohexyl
moieties and the like, which again, may bear one or more substituents. Alkenyl groups

include, but are not limited to, for example, ethenyl, propenyl, butenyl, 1-methyl-2-buten-1-

*yl, and the like. Representative alkynyl groups include, but are not limited to, ethynyl, 2-

propynyl (propargyl), 1-propynyl, and the like.
[0023] The term *alkoxy”, or “thioalkyl” as used herein refers to an alkyl group, as

previously defined, attached to the parent molecule through an oxygen atom or through a
sulfur atom. In certain embodiments, the alkyl, alkenyl, and alkynyl groups contain 1-20
alipahtic carbon atoms. In certain other embodiments, the alkyl, alkenyl, and alkynyl groups
contain 1-10 aliphatic carbon atoms. In yet other embodiments, the alkyl, alkenyl, and
alkynyl groups employed in the invention contain 1-8 aliphatic carbon atoms. In still other
embodiments, the alkyl, alkenyl, and alkynyl groups contain 1-6 aliphatic carbon atoms. In
yet other embodiments, the alkyl, alkenyl, and alkynyl groups contain 1-4 aliphatic carbon
atoms. Examples of alkoxy, include but are not limited to, methoxy, ethoxy, propoxy,
ISOpropoxy, n-butoxy, tert-butoxy, neopentoxy, and n-hexoxy. Examples of thioalkyl
include, but are not limited to, methylthio, ethylthio, propylthio, isopropylthio, n-butylthio,
and the like.

[0024] The term “‘alkylamino” refers to a group having the structure -NHR', wherein
R' 1s aliphatic, as defined herein. In certain embodiments, the aliphatic group contains 1-20
aliphatic carbon atoms. In certain other embodiments, the aliphatic group contains 1-10
aliphatic carbon atoms. In yet other embodiments, the aliphatic group employed in the
invention contain 1-8 aliphatic carbon atoms. In still other embodiments, the aliphatic group
contains 1-6 aliphatic carbon atoms. In yet other embodiments, the aliphatic group contains
1-4 aliphatic carbon atoms. Examples of alkylamino groups include, but are not limited to,
methylamino, ethylamino, n-propylamino, iso-propylamino, cyclopropylamino, n-
butylamino, tert-butylamino, neopentylamino, n-pentylamino, hexylamino,
cyclohexylamino, and the like.

[0025] The term “dialkylamino” refers to a group having the structure -NRR',

wherein R and R' are each an aliphatic group, as defined herein. R and R’ may be the same
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or different in an dialkyamino moiety. In certain embodiments, the aliphatic groups contains
1-20 aliphatic carbon atoms. In certain other embodiments, the aliphatic groups contains 1-
10 aliphatic carbon atoms. In yet other embodiments, the aliphatic groups employed in the
invention contain 1-8 aliphatic carbon atoms. In still other embodiments, the aliphatic
groups contains 1-6 aliphatic carbon atoms. In yet other embodiments, the aliphatic groups
contains 1-4 aliphatic carbon atoms. Examples of dialkylamino groups include, but are not
limited to, dimethylamino, methyl ethylamino, diethylamino, methylpropylamino, di(n-
propyl)amino, di(iso-propyl)amino, di(cyclopropyl)amino, di(n-butyl)amino, di(tert-
butyl)amino, di(neopentyl)amino, di(n-pentyl)amino, di(hexyl)amino, di(cyclohexyl)amino,
and the like. In certain embodiments, R and R’ are linked to form a cyclic structure. The
resulting cyclic structure may be aromatic or non-aromatic. Examples of cyclic
diaminoalkyl groups include, but are not limted to, azindinyl, pyrrolidinyl, piperidinyl,
morpholinyl, pyrrolyl, imidazolyl, 1,3,4-trianolyl, and tetrazolyl.

[0026] Some examples of substituents of the above-described aliphatic (and other)
moleties of compounds of the invention include, but are not limited to aliphatic;
heteroaliphatic; aryl; heteroaryl; arylalkyl; heteroarylalkyl; alkoxy; aryloxy; heteroalkoxy;
heteroaryloxy; alkylthio; arylthio; heteroalkylthio; heteroarylthio; F; Cl; Br; I; -OH; -NO»;
-CN; -CF;; -CH,CF3; -CHCl,; -CH,0H; -CH,;CH,0OH; -CH,;NH,; -CH,SO,CHj; -C(O)Ry;
-CO2(Ry); -CON(Ry)2; -OC(O)Ry; -OCO2Ry; -OCON(R)2; -N(Ry)2; -S(O)2Ry; -NR(CO)R,
wherein each occurrence of Ry independently includes, but is not limited to, aliphatic,
heteroaliphatic, aryl, heteroaryl, arylalkyl, or heteroarylalkyl, wherein any of the aliphatic,

heteroaliphatic, arylalkyl, or heteroarylalkyl substituents described above and herein may be

substituted or unsubstituted, branched or unbranched, cyclic or acyclic, and wherein any of
the aryl or heteroaryl substituents described above and herein may be substituted or
unsubstituted. Additional examples of generally applicable substituents are illustrated by the
specific embodiments shown in the Examples that are described herein.

[0027] In general, the terms *“aryl” and “heteroaryl”, as used herein, refer to stable
mono- or polycyclic, heterocyclic, polycyclic, and polyheterocyclic unsaturated moieties

having preferably 3-14 carbon atoms, each of which may be substituted or unsubstituted.
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Substituents include, but are not limited to, any of the previously mentioned substitutents,
l.e., the substituents recited for aliphatic moieties, or for other moieties as disclosed herein,
resulting 1n the formation of a stable compound. In certain embodiments of the present
invention, “aryl” refers to a mono- or bicyclic carbocyclic ring system having one or two
aromatic rings including, but not limited to, phenyl, naphthyl, tetrahydronaphthyl, indanyl,
indenyl, and the like. In certain embodiments of the present invention, the term
“heteroaryl”, as used herein, refers to a cyclic aromatic radical having from five to ten ring
atoms of which one ring atom 1s selected from S, O, and N; zero, one, or two ring atoms are
additional heteroatoms independently selected from S, O, and N; and the remaining ring
atoms are carbon, the radical being joined to the rest of the molecule via any of the ring
atoms, such as, for example, pyridyl, pyrazinyl, pyrimidinyl, pyrrolyl, pyrazolyl, imidazolyl,
thiazolyl, oxazolyl, isooxazolyl, thiadiazolyl,oxadiazolyl, thiophenyl, furanyl, quinolinyl,
1soquinolinyl, and the like.

[0028] It will be appreciated that aryl and heteroaryl groups can be unsubstituted or
substituted, wherein substitution includes replacement of one, two, three, or more of the
hydrogen atoms thereon independently with any one or more of the following moieties
including, but not limited to: aliphatic; heteroaliphatic; aryl; heteroaryl; arylalkyl:
heteroarylalkyl; alkoxy; aryloxy; heteroalkoxy; heteroaryloxy; alkylthio; arylthio;
heteroalkylthio; heteroarylthio; -F; -Cl; -Br; -I; -OH; -NO,; -CN; -CF;; -CH,CF;; -CHCl,:
-CH,OH; -CH,CH,OH; -CH;NH,; -CH,SO,CHj;; -C(O)Ry; -COz2(Ry); -CON(Ry);
-OC(O)R,; -OCORy; -OCON(Ry)2; -N(Ry)2 -S(0O):R,; -NR,(CO)R,, wherein each
occurrence ot Ry independently includes, but is not limited to, aliphatic, heteroaliphatic, aryl,
heteroaryl, arylalkyl, or heteroarylalkyl, wherein any of the aliphatic, heteroaliphatic,
arylalkyl, or heteroarylalkyl substituents described above and herein may be substituted or

unsubstituted, branched or unbranched, cyclic or acyclic, and wherein any of the aryl or
heteroaryl substituents described above and herein may be substituted or unsubstituted.
Additional examples of generally applicable substitutents are illustrated by the specific

embodiments shown in the Examples that are described herein.

[0029]} The term “cycloalkyl”, as used herein, refers specifically to groups having
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three to seven, preferably three to ten carbon atoms. Suitable cycloalkyls include, but are
not limited to cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl and the like,
which, as in the case of other aliphatic, heteroaliphatic, or hetercyclic moieties, may
optionally be substituted with substituents including, but not limited to aliphatic;
heteroaliphatic; aryl; heteroaryl; arylalkyl; heteroarylalkyl; alkoxy; aryloxy; heteroalkoxy;
heteroaryloxy; alkylthio; arylthio; heteroalkylthio; heteroarylthio; -F; -Cl; -Br; -I; -OH;
-NO,; -CN; -CF;; -CH,CF;; -CHCl,; -CH,0H; -CH,CH,;OH; -CH;NH,; -CH,SO,CHj;
-C(O)Ry; -CO2(Ry); -CON(Ry)2; -OC(O)Ry; -OCORy; -OCON(Ry)2; -N(Ry)2; -S(O)2R;
-NR,(CO)R,, wherein each occurrence of R, independently includes, but 1s not limited to,
aliphatic, heteroaliphatic, aryl, heteroaryl, arylalkyl, or heteroarylalkyl, wherein any of the
aliphatic, heteroaliphatic, arylalkyl, or heteroarylalkyl substituents described above and
herein may be substituted or unsubstituted, branched or unbranched, cyclic or acyclic, and
wherein any of the aryl or heteroaryl substituents described above and herein may be
substituted or unsubstituted. Additional examples of generally applicable substitutents are
illustrated by the specific embodiments shown in the Examples that are described herein.

[0030] The term “heteroaliphatic”, as used herein, refers to aliphatic moieties that
contain one or more oxygen, sulfur, nitrogen, phosphorus, or silicon atoms, e.g., in place of
carbon atoms. Heteroaliphatic moieties may be branched, unbranched, cyclic or acyclic and
include saturated and unsaturated heterocycles such as morpholino, pyrrolidinyl, etc. In
certain embodiments, heteroaliphatic moieties are substituted by independent replacement of
one or more of the hydrogen atoms thereon with one or more moieties including, but not
limited to aliphatic; heteroaliphatic; aryl; heteroaryl; arylalkyl; heteroarylalkyl; alkoxy;
aryloxy; heteroalkoxy; heteroaryloxy; alkylthio; arylthio; heteroalkylthio; heteroarylthio; -F;
-Cl; -Br; -I; -OH; -NO;; -CN; -CF3; -CH,CF5; -CHCl,; -CH,OH; -CH,CH,OH: -CH,NH-;
-CH>50,CH3; -C(O)Ry; -CO2(Ry); -CON(Ry)2; -OC(O)Ry; -OCO2Ry; -OCON(Ry)2; -N(Ry):2;
-5(0)2Ry; -NR4(CO)R,, wherein each occurrence of Ry independently includes, but is not
limited to, aliphatic, heteroaliphatic, aryl, heteroaryl, arylalkyl, or heteroarylalkyl, wherein
any of the aliphatic, heteroaliphatic, arylalkyl, or heteroarylalkyl substituents described

above and herein may be substituted or unsubstituted, branched or unbranched, cyclic or
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acyclic, and wherein any of the aryl or heteroaryl substituents described above and herein

may be substituted or unsubstituted.  Additional examples of generally applicable
substitutents are illustrated by the specific embodiments shown in the Examples that are
described herein.

[0031] The terms “halo™ and “halogen” as used herein refer to an atom selected from
fluorine, chlorine, bromine, and iodine.

[0032] The term “haloalkyl” denotes an alkyl group, as defined above, having one,
two, or three halogen atoms attached thereto and is exemplified by such groups as
chloromethyl, bromoethyl, trifluoromethyl, and the like.

[0033] The term “heterocycloalkyl” or “heterocycle”, as used herein, refers to a non-
aromatic 5-, 6-, or 7- membered ring or a polycyclic group, including, but not limited to a bi-
or tri-cyclic group comprising fused six-membered rings having between one and three
heteroatoms independently selected from oxygen, sulfur and nitrogen, wherein (i) each 5-
membered ring has 0 to 1 double bonds and each 6-membered ring has 0 to 2 double bonds,
(1) the nitrogen and sulfur heteroatoms may be optionally be oxidized, (iii) the nitrogen
heteroatom may optionally be quaternized, and (iv) any of the above heterocyclic rings may
be fused to a benzene ring. Representative heterocycles include, but are not limited to,
pyrrolidinyl, pyrazolinyl, pyrazolidinyl, imidazolinyl, imidazolidinyl, piperidinyl,
piperazinyl, oxazolidinyl, isoxazolidinyl, morpholinyl, thiazolidinyl, isothiazolidiny!l, and
tetrahydrofuryl. In certain embodiments, a “substituted heterocycloalkyl or heterocycle”

group 1s utilized and as used herein, refers to a heterocycloalkyl or heterocycle group, as

detined above, substituted by the independent replacement of one, two or three of the
hydrogen atoms thereon with but are not limited to aliphatic; heteroaliphatic; aryl;
heteroaryl; arylalkyl; heteroarylalkyl; alkoxy; aryloxy; heteroalkoxy; heteroaryloxy;
alkylthio; arylthio; heteroalkylthio; heteroarylthio; -F; -Cl; -Br; -I; -OH; -NO,; -CN: -CFj;
-CH,CF3; -CHCLp; -CH,;OH; -CH,CH,0H; -CH,NH,; -CH,SO,CHj; -C(O)Ry; -COx(R,):
-CON(Ry)2; -OC(O)Ry; -OCOzR,; -OCON(Ry)2; -N(Ry)2; -S(O);Ry; -NR,(CO)R,, wherein
each occurrence of Ry independently includes, but is not limited to, aliphatic, heteroaliphatic,

aryl, heteroaryl, arylalkyl, or heteroarylalkyl, wherein any of the aliphatic, heteroaliphatic,
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arylalkyl, or heteroarylalkyl substituents described above and herein may be substituted or
unsubstituted, branched or unbranched, cyclic or acyclic, and wherein any of the aryl or
heteroaryl substituents described above and herein may be substituted or unsubstituted.
Additional examples of generally applicable substitutents are illustrated by the specific

embodiments shown 1n the Examples which are described herein.

[0034] “Carbocycle”: The term "carbocycle", as used herein, refers to an aromatic or
non-aromatic ring in which each atom of the ring is a carbon atom.

[0035] “Independently selected”: The term “independently selected” is used herein
to indicate that the R groups can be identical or different.

[0036] “Labeled”: As used herein, the term “labeled” is intended to mean that a
compound has at least one element, 1sotope, or chemical compound attached to enable the
detection of the compound. In general, labels typically fall into three classes: a) isotopic
labels, which may be radioactive or heavy isotopes, including, but not limited to, “H, °H, **P,
S, *'Ga, ™Tc (Tc-99m), ''In, 2L °1, 1°Yb and '*Re: b) immune labels, which may be
antibodies or antigens,which may be bound to enzymes (such as horseradish peroxidase) that
produce detectable agents; and c) colored, luminescent, phosphorescent, or fluorescent dyes.
[t will be appreciated that the labels may be incorporated into the compound at any position
that does not imnterfere with the biological activity or characteristic of the compound that is
being detected. In certain embodiments, hydrogen atoms in the compound are replaced with
deuterium atoms (“H) to slow the degradation of compound in vivo. Due to isotope effects,
enzymatic degradation of the deuterated tetracyclines may be slowed thereby increasing the
half-life of the compound in vivo. In certain embodiments of the invention, photoaffinity
labeling 1s utilized for the direct elucidation of intermolecular interactions in biological
systems. A variety of known photophores can be employed, most relying on

photoconversion of diazo compounds, azides, or diazirines to nitrenes or carbenes (See,

Bayley, H., Photogenerated Reagents in Biochemistry and Molecular Biology (1983),
Elsevier, Amsterdam). In certain embodiments of the invention, the photoaffinity labels
employed are o-, m- and p-azidobenzoyls, substituted with one or more halogen moieties,

including, but not limited to 4-azido-2,3,5,6-tetrafluorobenzoic acid.
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[0037] “Tautomers”: As used herein, the term “tautomers” are particular isomers of

a compound in which a hydrogen and double bond have changed position with respect to the
other atoms of the molecule. For a pair of tautomers to exist there must be a mechanism for
interconversion. Examples of tautomers include keto-enol forms, imine-enamine forms,
amide-imino alcohol forms, amidine-aminidine forms, nitroso-oxime forms, thio ketone-

enethiol forms, N-nitroso-hydroxyazo forms, nitro-aci-nitro forms, and pyridione-

hydroxypyridine forms.
[0038] Definitions of non-chemical terms used throughout the specification include:
[0039] “Animal”: The term animal, as used herein, refers to humans as well as non-

human animals, including, for example, mammals, birds, reptiles, amphibians, and fish.
Preferably, the non-human animal is a mammal (e.g., a rodent, a mouse, a rat, a rabbit, a
monkey, a dog, a cat; a primate, or a pig). A non-human animal may be a transgenic animal.
[0040] “Associated with”: When two entities are “associated with” one another as
described herein, they are linked by a direct or indirect covalent or non-covalent interaction.
Preterably, the association is covalent. Desirable non-covalent interactions include hydrogen
bonding, van der Waals interactions, hydrophobic interactions, magnetic 1nteractions,
electrostatic interactions, etc.

[0041] “Ettective amount”: In general, the “effective amount” of an active agent or
the microparticles refers to an amount sufficient to elicit the desired biological response. As
will be appreciated by those of ordinary skill in this art, the effective amount of a compound
of the invention may vary depending on such factors as the desired biological endpoint, the
pharmacokinetics of the compound, the disease being treated, the mode of administration,

and the patient. For example, the effective amount of a tetracycline analog antibiotic is the

amount that results in a sufficient concentration at the site of the infection to kill the
microorganism causing the infection (bacteriocidal) or to inhibit the reproduction of such
microorganisms (bacteriostatic). In another example, the effective amount of tetracycline
analog antibiotic is the amount sufficient to reverse clinicals signs and symptoms of the

infection, including fever, redness, warmth, pain, chills, cultures, and pus production.
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Brief Description of the Drawing

[0042] Figure 1 shows the modular synthesis of tetracycline and tetracycline analogs
starting from benzoic acid.

[0043] Figure 2 depicts the total synthesis of (-)-tetracycline starting from benzoic
acid and involving an o-quinone dimethide Diels-Alder reaction between the chiral enone 10
and the benzocyclobutenol 11. The overall yield for the 17 step syntheis was 1.1%.

[0044] Figure 3 is the total synthesis of (-)-doxycycline in 18 steps (overall yield
8.2%). The synthesis includes the reaction of the chiral enone 23 with the anion 24 to yield
the tetracycline core. The first seven steps are identical to the first seven steps in the
synthesis of (-)-tetracycline shown in Figure 2.

[0045] Figure 4 shows a first and second generation synthesis of 1soxazole 4 used In
the synthesis of (-)-tetracycline and (-)-doxycycline as shown in Figure 2.

[0046] Figure 5 shows the synthesis of benzocyclobutenol 11 used in the synthesis
of (-)-tetracycline as shown in Figure 2.

(0047] Figure 6 shows the synthesis of dicyclines. Dicyclines preserve the
hydrophilic region thought to be important for the antimicrobial activity of tetracyclines.
[0048] Figure 7 depicts the synthesis of tricyclines via a Diels-Alder reaction with
the chiral enone 10 and a diene (41). Tricyclines preserve the hydrophobic region thought to
be important for antimicrobial activity.

[0049] Figure 8 shows the synthesis of pentacyclines.

[0050] Figure 9 shows the synthesis of bridge pentacyclines by reacting anion 47
with a chiral enone.

[0051] Figure 10 shows five compounds that may be used as analog platforms for
the synthesis of tetracycline analogs.

[0052] Figure 11 1s a scheme showing the synthesis of a pyridone/hydroxypyridine

analog of sancycline.
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[0053] Figure 12 shows the total synthesis of 6-deoxytetracycline from benzoic acid
In 14 steps (overall yield 8%). The first ten steps are identical to the first 10 steps in the

synthesis of (-)-tetracycline shown in Figure 2.

[0054] Figure [3A shows the synthesis of a pyridine analog of sancycline, 7-aza-10-
deoxysancycline. Figure 13B shows the synthesis of 10-deoxysancycline.

[0055] Figure 144 and [4B show a number of examples of heterocyclines,
tetracycline analogs, pentacyclines, and polycyclines potentially accessible via the inventive
method.

[0056] Figure 15 shows the chemical structures of various tetracycline antibiotics.

(—)-Tetracycline (1) was first produced semi-synthetically, by hydrogenolysis of the
fermentation product aureomycin (7-chlorotetracycline), but later was discovered to be a
natural product and i1s now produced by fermentation (M. Nelson, W. Hillen, R. A.
Greenwald, Eds., Tetracyclines in Biology, Chemistry and Medicine (Birkhauser Verlag,
Boston, 2001). (-)-Doxycycline (2) and minocycline (3) are clinically important non-natural
antiblotics and are both manufactured by multi-step chemical transformations of
fermentation products (semi-synthesis) (M. Nelson, W. Hillen, R. A. Greenwald, Eds.,
Tetracyclines in Biology, Chemistry and Medicine (Birkhauser Verlag, Boston, 2001).
Structures 4-6 are representative of tetracycline-like molecules that cannot be prepared by
any known semi-synthetic pathway, but which are now accessible by the convergent
assembly depicted in Figure 15B. Figure 15B depicts a generalized Michael-Dieckmann
reaction sequence that forms the C-ring of tetracyclines from the coupling of structurally
varied carbanionic D-ring precursors with either of the AB precursors 7 or 8.

[0057] Figure 16 shows the transformation of benzoic acid in 7 steps to the key
bicyclic intermediate 14. This product is then used to prepare the AB precursor enone 7 by
the 4-step sequence shown, or to enone 8, AB precursor to 6-deoxy-5-hydroxytetracycline
derivatives, by the 8-step sequence shown.

[0058] rigure 17 shows the synthesis of the clinically important antibiotic (-)-

doxycycline (2) by the convergent coupling of the o-toluate anion derived from 18 and the

AB precursor enone 8.
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[0059] Figure 18 shows the synthesis of structurally diverse 6-deoxytetracyclines by
coupling of structurally diverse D-ring precursors and AB precursors 7 or 8. The number of

steps and overall yields from benzoic acid are shown in parentheses below each structure

synthesized. MIC values (ug/mL) are also shown for whole-cell antibacterial testing of each
analog against 5 Gram-positive and 5-Gram-negative microorganisms. Corresponding MICs
for tetracycline (1), a testing control, appear at bottom.

[0060] Figure 19 shows a crystalline Michael adduct as the product of a lithium

anion and a chiral enone.

[0061] Figure 20 shows the synthesis of a pentacycline via a Michael-Dieckman
reaction sequence.

[0062] igure 21 shows the synthesis of various novel tetracycline analogs and their
corresponding D-ring precursor. These compounds represent significant gaps in the
tetracycline fields, likely missing from the literature for lack of a viable synthesis.

[0063] Figure 22 shows alternative sequences to AB enone precursors from 1S5,2R-
cis-dihydroxybenzoic acid.

[0064] Figure 23 shows novel routes to AB precursors. These routes do not involve

the microbial dihydroxylation of benzoic acid.

Detailed Description of Certain Preferred Embodiments of the Invention
[0065] The present invention provides a strategy for the synthesis of tetracycline

analogs via a convergent synthesis using as an intermediate, the highly functionalized chiral

enone 9 as shown below:

wherein Rj 1s hydrogen; halogen; cyclic or acyclic, substituted or unsubstituted, branched or

unbranched aliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched
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heteroaliphatic; substituted or unsubstituted, branched or unbranched acyl; substituted or
unsubstitued, branched or unbranched aryl; substituted or unsubstituted, branched or
unbranched heteroaryl; -OR¢; =0; -C(=0)R¢; -CO;Rc; -CN; -SCN; -SRc; -SOR¢; -SOsR;
-NO2; -N(R¢)z; -NHC(O)Rc; or -C(Rc)3; wherein each occurrence of Rc is independently a
hydrogen, a protecting group, an aliphatic moiety, a heteroaliphatic moiety, an acyl moiety;
an aryl moiety; a heteroaryl moiety; alkoxy; aryloxy; alkylthio; arylthio; amino, alkylamino,
dialkylamino, heteroaryloxy; or heteroarylthio moiety;

R4 1s hydrogen; halogen; cyclic or acyclic, substituted or unsubstituted, branched or
unbranched aliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched
heteroaliphatic; substituted or unsubstituted, branched or unbranched acyl; substituted or
unsubstitued, branched or unbranched aryl; substituted or unsubstituted, branched or
unbranched heteroaryl; -ORp; =0; -C(=O)Rp; -CO;Rp; -CN:; -SCN: -SRp: -SORp: -SO;Rp;
-NO3; -N(Rp),; -NHC(O)Rp; or -C(Rp)3; wherein each occurrence of Rp is independently a
hydrogen, a protecting group, an aliphatic moiety, a heteroaliphatic moiety, an acyl moiety;
an aryl moiety; a heteroaryl moiety; alkoxy; aryloxy; alkylthio; arylthio; amino, alkylamino,
dialkylamino, heteroaryloxy; or heteroarylthio moiety;

Rs 1s hydrogen; halogen; cyclic or acyclic, substituted or unsubstituted, branched or
unbranched aliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched
heteroaliphatic; substituted or unsubstituted, branched or unbranched acyl; substituted or
unsubstitued, branched or unbranched aryl; substituted or unsubstituted, branched or
unbranched heteroaryl; -ORg; -CN; -SCN; -SRE; or -N(Rg),; wherein each occurrence of Rg.
1s independently a hydrogen, a protecting group, an aliphatic moiety, a heteroaliphatic
moiety, an acyl moiety; an aryl moiety; a heteroaryl moiety; alkoxy; aryloxy; alkylthio;
arylthio; amino, alkylamino, dialkylamino, heteroaryloxy; or heteroarylthio moiety;

Re¢ 1s selected from the group consisting of hydrogen, halogen, substituted or
unsubstitued aliphatic, substituted or unsubstituted heteroaliphatic, substituted or
unsubstituted alkoxy, -OH, -CN, -SCN, -SH, alkylthio, arylthio, -NO,, amino, alkyl amino,
and dialkyl amino groups;
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P is independently selected from the group consisting of hydrogen or a protecting
ogroup. The chiral enone 9 can be reacted with anions of phthalides, anions of toluates,
benzocyclobutenole, or dienes to yield tetracycline analogs including heterocyclic
tetracyclines, dicyclines, tricyclines, pentacyclines, heterocyclic pentacyclines, polycyclines,
and heterocyclic polycyclines. These new compounds are tested for anti-microbial activity
against microbes including traditionally tetracycline-sensitive organisms as well as
organisms known to be tetracycline-resistant. Compounds found to be bacteriocidal or
bacteriostatic are used in formulating pharmaceutical for the treatment of infections in
human and veterinary medicine. The compounds are also tested for anti-proliferative
activity. Such compounds are useful in the treatment of antiproliferative diseases including
cancer, anti-inflammatory diseases, autoimmune diseases, benign neoplasms, and diabetic
retinopathy. The inventive approach to the synthesis of tetracycline analogs allows for the

efficient synthesis of many compounds never before prepared or available using earlier

routes and semi-synthetic techniques.

Compounds

[0066] Compounds of the present invention include tetracycline analogs,
heterocyclic tetracycline analogs, dicyclines, tricyclines, pentacyclines, heterocylic
pentatcyclines, bridged pentacyclines, heterocyclic polycyclines, bridged polycyclines, and
other polycyclines. Particularly useful compounds of the present invention include those
with biological activity. In certain embodiments, the compounds of the invention exhibit
antimicrobial activity. For example, the compound may have a mean inhibitory
concentration, with respect to a particular bactena, of less than 50 pg/mL, preferably less
than 25 pg/mL, more preferably less than 5 ug/mL, and most preferably less than 1 pg/mlL.
For example, infection caused by the following organisms may be treated with antimicrobial
compounds of the invention: Gram-positivives—Staphylocococcus aureus, Streptococcus
Group A, Streptococcus viridans, Streptococcus pneumoniae; Gram-negatives—~Neisseria

meningitidis, Neisseria gonorrhoeae, Haemophilus influenzae, Escherichia coli, Bacteroides

fragilis, other Bacteroides, and Others—Mycoplasma pneumoniae, Treponema pallidum,
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Rickettsia, and Chlamydia. In other embodiments, the compounds of the invention exhibit
antiproliferative activity.
In certain embodiments, the compounds of the invention are represented by a

compound of Formula:

OH O OH O O

or a salt, iIsomer, or tautomer thereof;
wherein:
each instance of R, R,, R3, and R4 1s hydrogen;

Rs 1s —N(Rg),, wherein each occurrence of Rg is independently hydrogen, a
protecting group, or lower (C;-Cq) alkyl;

each occurrence of Ry 1s independently halogen; cyclic substituted or unsubstituted
heteroaliphatic; substituted or unsubstituted heteroaryl; -ORg; -CO;Rg; -CN; -SCN; -SRg; -
SORg; -SO;Rg; or -NHC(O)Rg; wherein each occurrence of Rg is independently hydrogen,
a protecting group, aliphatic, heteroaliphatic, acyl; aryl; heteroaryl; alkoxy; aryloxy;
alkylthio; arylthio; amino, alkylamino, dialkylamino, heteroaryloxy; or heteroarylthio; and

nis 2;

wherein each instance of alkyl, aliphatic, heteroaliphatic, aryl, and heteroaryl, alone
or part of another group, 1s optionally and independently substituted with one or more
substituents selected from the group consisting of aliphatic; heteroaliphatic; aryl; heteroaryl;
arylalkyl; heteroarylalkyl; alkoxy; aryloxy; heteroalkoxy; heteroaryloxy; alkylthio; arylthio;
heteroalkylthio; heteroarylthio; F; CI; Br; I; -OH; -NO,; -CN; -CF3; -CH,CF3; -CHCl,; -
CH,0H; -CH,CH,0H; -CH;NH;; -CH,SO,CH3;; -C(O)Ry; -CO2(Ry); -CON(R,),; ~OC(O)R,;
-OCO,Ry; -OCON(Ry)2; -N(Ry)2; -S(O)2R,; and -NR,(CO)R,; wherein each instance of R, is
independently selected from the group consisting of aliphatic, heteroaliphatic, aryl,

heteroaryl, arylalkyl, and heteroarylalkyl.

In certain embodiments, the compounds of the invention are represented by a

compound of Formula:
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or a salt, isomer, or tautomer thereof:
wherein:

R, 1s hydrogen; halogen; cyclic or acyclic, substituted or unsubstituted, branched or
unbranched aliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched
heteroaliphatic; acyl; substituted or unsubstitued aryl; substituted or unsubstituted heteroaryl;
-ORA; -C(=0O)Ra; -CO2R,; -CN; -SCN; -SRa; -SOR4; -SO2R4; -NO;7; -N(Ra)2; -NHC(O)RA;
or -C(Ra)3; wherein each occurrence of Ra is independently hydrogen, a protecting group,
aliphatic, heteroaliphatic, acyl, aryl, heteroaryl, alkoxy, aryloxy, alkylthio, arylthio, amino,
alkylamino, dialkylamino, heteroaryloxy, or heteroarylthio;

R; 1s hydrogen; halogen; cyclic or acyclic, substituted or unsubstituted, branched or
unbranched aliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched
heteroaliphatic; acyl; substituted or unsubstitued aryl; substituted or unsubstituted heteroaryl;
-ORg; -C(=0)Rp; -CO,Rp; -CN; -SCN; -SRpg; -SORp; -SO2Rp; -NO2; -N(Rg)z; -NHC(O)Rg;
or -C(Rp)3; wherein each occurrence of Rg 1s independently hydrogen, a protecting group,
aliphatic, heteroaliphatic, acyl, aryl, heteroaryl, alkoxy, aryloxy, alkylthio, arylthio, amino,
alkylamino, dialkylamino, heteroaryloxy, or heteroarylthio;

R; hydrogen; halogen; cyclic or acyclic, substituted or unsubstituted, branched or
unbranched aliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched
heteroaliphatic; acyl; substituted or unsubstitued aryl; substituted or unsubstituted heteroaryl;
-ORc; -C(=0)Rc; -COzRc; -CN; -SCN; -SR¢; -SORc; -SO2Rc; -NO3; -N(Rc)2; -NHC(O)Rc;
or -C(Rc)3; wherein each occurrence of Rc is independently hydrogen, a protecting group,
aliphatic, heteroaliphatic, acyl, aryl, heteroaryl, alkoxy, aryloxy, alkylthio, arylthio, amino,
alkylamino, dialkylamino, heteroaryloxy, or heteroarylthio;

R4 15 hydrogen; halogen; cyclic or acyclic, substituted or unsubstituted, branched or

unbranched aliphatic; cyclic or acyclic, substituted or unsubstituted, branched or unbranched

30a



10

20

CA 02767912 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>