
SYNTHESIS OF TETRACYCLINES AND ANALOGUES THEREOF
Related Applications [0001] The present application
claims priority under 35 U.S.C.  119(e) to U.S.
provisional patent applications, USSN 60/660,947,
filed March 11, 2005, and USSN 60/573,623, filed May
21, 2004, each of which is incorporated herein by
reference. Government Support [0002] The work
described herein was supported, in part, by grants
from the National Institutes of Health (ROl AI48825)
and the National Science Foundation (predoctoral
fellowship Rl 0964). 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 in
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 is
measured in the thousands of metric tons per year. The
first tetracycline, chlorotetracycline (1)
(Aureomycin(tm)), was isolated from the soil bacterium
Streptomyces aureofaciens by Lederle Laboratories
(Wyeth-Ayerst Research) in the 1945 (Duggar, Ann. KY.
Acad. ScL 51:177-181, 1948; Duggar, Aureomycin and
Preparation of Some, U.S. Patent 2,482,055, 1949;
incorporated herein by reference). 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, 1954). Tetracycline (3) was
later prepared by thehydrogenolysis 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 /. J Am.
Chem. Soc. 75:4622-23, 1953). Tetracycline was later
found to be a natural product of S. aureofaciens, S.
viridofaciens, and S. rimosus. Chlorotetracycline (1)
Oxytetracycline (2) Tetracycline (3) [0002] The
primary tetracyclines of clinical importance today
include tetracycline (3) (Boothe et al. J . Am. Chem.
Soc. 75:4621, 1953), oxytetracycline (2,
Terramycin(tm)) (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: Cambridge, UK, 1997). Most tetracyclines
are bacteriostatic rather than bactericidal (Rasmussen
et al. Antimicrob. Agents Chemother. 35:2306-1 1,
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 cytoplasmic membrane of a bacterium
it chelates Mg+2, and this tetracycline-Mg +2 complex
binds the 3OS subunitof the bacterial ribosome
(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. EMBOJ. 3:121-26, 1984).
Tetracyclines have also been found to bind to the 4OS
subunit of eukaryotic ribosome; 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 4:1 19-32,
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 tetracycline analogs that can be prepared
and studied. 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 enantio selective synthesis
of (-)-tetracycline (3) from the A-ring precursor
Dglucosamine (34 steps, 0.002% overall yield) was
reported by Tatsuda and co-workers in 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 theABCD 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; incorporated herein by
reference) and the Muxfeldt synthesis of ()-5-
oxytetracycline (terramycin, 22 steps, 0.06% yield)
(Muxfeldt et al. J. Am. Chem. Soc. 101 :689, 1979;
incorporated herein by reference). Due to the length
and poor efficiency of the few existing routes to
tetracyclines, which were never designed for synthetic
variability, synthesis of tetracycline analogs is
still limited. Sancycline (4) 



[0005] There remains a need for a practical and
efficient synthetic route to tetracycline analogs,
which is 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.Tigecycline
(5^-doxycycline (5>minocycline The approaches are also
useful in preparing 6-hydroxytetracyclines,
pentacyclines, hexacyclines, C5-substituted
tetracyclines, C5-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)) is particularly
useful in preparing 6- deoxytetracyclines with or
without a C5-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. 6-deoxytetracycl ine [0008] The second
approach involves reacting the enone (5) in a
Diels-Aldertype reaction with a diene (7) or a
benzocyclobutenol (8). In both these approaches, the
chiral enone provides the functionalized A and B rings
ofthe tetracycline core, and the D-ring is derived
from the toluate (6), benzylic halide, or
benzocyclobutenol (8). In bringing these two portions
of the molecule together in a 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 andearlier total syntheses.
For example, certain substitutions about the D-rihg
become accessible using the 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, fourmembered, five-membered,
seven-membered, or larger. In the case of
pentacyclines, the five rings may or may not be linear
in 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.[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,
isomers, tautomers, stereoisomers, salts, and
derivatives thereof. [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 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 theuse 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 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] Definitions 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, 75l Ed., inside cover, and
specific functional groups are generally defined as
described therein. Additionally, general principles of
organic chemistry, as well as specific functional
moieties and reactivity, are described in "Organic
Chemistry", Thomas Sorrell, University Science Books,
Sausalito: 1999, the entire contents of which are
incorporated herein by reference. [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 invention. [0017]
Isomeric 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
isomer ratios are all contemplated by the present
invention. Those of ordinary skill in the art will
readily appreciate that analogous ratiosare
contemplated for more complex isomer mixtures. [0018]
If, for instance, a particular enantiomer of a
compound of the present invention is 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 opticallyactive
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, it is 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 avoid 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), -butylthiomethyl,
(phenyldimethylsilyl)methoxymethyl (SMOM),
benzyloxymethyl (BOM), ;?-methoxybenzyloxymethyl
(PMBM), (4- methoxyphenoxy)methyl (p-AOM),
guaiacolmethyl (GUM), -butoxymethyl, 4-
pentenyloxymethyl (POM), siloxymethyl,
2-methoxyethoxymethyl (MEM), 2,2,2-
trichloroethoxymethyl, bis(2-chloroethoxy)methyl,
2-(trimethylsilyl)ethoxymethyl (SEMOR),
tetrahydropyranyl (THP), 3-bromotetrahydropyranyl,
tetrahydrothiopyranyl, 1-methoxycyclohexyl,
4-methoxytetrahydropyranyl (MTHP), 4-
methoxytetrahydrothiopyranyl,
4-methoxytetrahydrothiopyranyl S,S-dioxide,
l-[(2-chloro-4-methyl)phenyl]-4-methoxypiperidin-4-yl
(CTMP), 1,4-dioxan-2-yl, tetrahydrofiiranyl,
tetrahydrothiofuranyl,
2,3,3a,4,5,6,7,7a-octahydro-7,8,8-trimethyl-
4,7-methanobenzofuran-2-yl, 1-ethoxyethyl,
l-(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, pchlorophenyl, p-methoxyphenyl,
2,4-dinitrophenyl, benzyl, />-methoxybenzyl, 3,4-
dimethoxybenzyl, s-nitrobenzyl, j?-nitrobenzyl,
p-halobenzyl, 2,6-dichlorobenzyl, p - cyanobenzyl,
/7-phenylbenzyl, 2-picolyl, 4-picolyl,
3-methyl-2-picolyl -oxido, diphenylmethyl, p,p
'-dinitrobenzhydryl, 5-dibenzosuberyl,
triphenylmethyl, a- 



naphthyldiphenylmethyl,
/?-methoxyphenyldiphenylmethyl, di(pmethoxyphenyl)
phenylmethyl, tri(p-methoxyphenyl)methyl, 4-(4'-
bromophenacyloxyphenyl)diphenylmethyl,
4,4',4"-tris(4,5- dichlorophthalimidophenyl)methyl,
4,4',4"-tris(levulinoyloxyphenyl)methyl, 4,4',4"-
tris(benzoyloxyphenyl)methyl,
3-(imidazol-l-yl)bis(4',4"-dimethoxyphenyl)methyl,
l,l-bis(4-methoxyphenyl)-l'-pyrenylmethyl, 9-anthryl,
9-(9-phenyl)xanthenyl, 9-(9- phenyl-10-oxo)anthryl,
l,3-benzodithiolan-2-yl, benzisothiazolyl S,S-dioxido,
trimethylsilyl (TMS), triethylsilyl (TES),
triisopropylsilyl (TIPS), dimethylisopropylsilyl
(IPDMS), diethylisopropylsilyl (DEIPS),
dimethylthexylsilyl, tbutyldimethylsilyl (TBDMS),
-butyldiphenylsilyl (TBDPS), tribenzylsilyl, X
-pxylylsilyl, triphenylsilyl, diphenylmethylsilyl
(DPMS), /-butylmethoxyphenylsilyl (TBMPS), formate,
benzoylformate, acetate, chloroacetate,
dichloroacetate, trichloroacetate, trifluoroacetate,
methoxyacetate, triphenylmethoxyacetate,
phenoxyacetate, /"-chlorophenoxyacetate,
3-phenylpropionate, 4-oxopentanoate (levulinate),
4,4-(ethylenedithio)pentanoate
(levulinoyldithioacetal), pivaloate, adamantoate,
crotonate, 4-methoxycrotonate, benzoate,
/>-phenylbenzoate, 2,4,6- trimethylbenzoate
(mesitoate), alkyl methyl carbonate, 9-flurenylmethyl
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 /"-nitrophenyl carbonate, alkyl
benzyl carbonate, alkyl />-methoxybenzyl carbonate,
alkyl 3,4-dimethoxybenzyl carbonate, alkyl
onitrobenzyl carbonate, alkyl />-nitrobenzyl
carbonate, alkyl S-benzyl thiocarbonate, Aethoxy-
1-napththyl carbonate, methyl dithiocarbonate,
2-iodobenzoate, Aazidobutyrate,
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,
isobutyrate, monosuccinoate, ()-2-methyl-2-butenoate,
s-(methoxycarbonyl)benzoate, a-naphthoate, nitrate,
alkyl N,N, ', '-tetramethylphosphorodiamidate, alkyl
-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, l-/-butylethylidene ketal, 1-phenylethylidene
ketal, (4-methoxyphenyl)ethylidene acetal, 2,2,2-
trichloroethylidene acetal, acetonide,
cyclopentylidene ketal, cyclohexylidene ketal,
cycloheptylidene ketal, benzylidene acetal,
/?-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,Ndimethylamino) ethylidene
derivative, a-(N N '-dimethylamino)benzylidene
derivative, 2-oxacyclopentylidene ortho ester, di-
-butylsilylene group (DTBS), 1,3-(l, 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-
-butyl-[9-(10,10-
dioxo-10,10,10,10-tetrahydrothioxanthyl)]methyl
carbamate (DBD-Tmoc), Amethoxyphenacyl carbamate
(Phenoc), 2,2,2-trichloroethyl carbamate (Troc), 2-
trimethylsilylethyl carbamate (Teoc), 2-phenylethyl
carbamate (hZ), l-(l-adamantyl)- 1-methylethyl
carbamate (Adpoc), l,l-dimethyl-2-haloethyl carbamate,
1,1-dimethyl- 2,2-dibromoethyl carbamate (DB- -BOC),
l,l-dimethyl-2,2,2-trichloroethyl carbamate(TCBOC),
1-methyl- l-(4-biphenylyl)ethyl carbamate (Bpoc),
l-(3,5-di- -butylphenyl)- 1-methylethyl carbamate (
-Bumeoc), 2-(2'- and 4'-pyridyl)ethyl carbamate
(Pyoc), 2- ( ,N-dicyclohexylcarboxamido)ethyl
carbamate, /-butyl carbamate (BOC), 1- adamantyl
carbamate (Adoc), vinyl carbamate (Voc), allyl
carbamate (Alloc), 1- isopropylallyl carbamate
(Ipaoc), cinnamyl carbamate (Coc), 4-nitrocinnamyl
carbamate (Noc), 8-quinolyl carbamate,
N-hydroxypiperidinyl carbamate, alkyldithio carbamate,
benzyl carbamate (Cbz),/>-methoxybenzyl carbamate
(Moz), p-nitobenzyl carbamate, />-bromobenzyl
carbamate, />-chlorobenzyl carbamate,
2,4-dichlorobenzyl carbamate, 4-methylsulfinylbenzyl
carbamate (Msz), 9-anthrylmethyl carbamate,
diphenylmethyl carbamate, 2-methylthioethyl carbamate,
2-methylsulfonylethyl carbamate,
2-(p-toluenesulfonyl)ethyl carbamate,
[2-(l,3-dithianyl)]methyl carbamate (Dmoc),
4-methylthiophenyl carbamate (Mtpc),
2,4-dimethylthiophenyl carbamate (Bmpc),
2-phosphonioethyl carbamate (Peoc),
2-triphenylphosphonioisopropyl carbamate (Ppoc),
l,l-dimethyl-2-cyanoethyl carbamate,
m-chloro-p-acyloxybenzyl carbamate,
/?-(dihydroxyboryl)benzyl carbamate,
5-benzisoxazolylmethyl carbamate, 2-
(trifluoromethyl)-6-chromonylmethyl carbamate (Tcroc),
m-nitrophenyl carbamate, 3,5-dimethoxybenzyl
carbamate, o-nitrobenzyl carbamate,
3,4-dimethoxy-6-nitrobenzyl carbamate,
phenyl(o-nitrophenyl)methyl carbamate,
phenothiazinyl-(10)-carbonyl derivative,
7V'-/>toluenesulfbnylaminocarbonyl derivative, N'-
phenylaminothiocarbonyl derivative, -amyl carbamate,
S-benzyl thiocarbamate, p - cyanobenzyl carbamate,
cyclobutyl carbamate, cyclohexyl carbamate,
cyclopentyl carbamate, cyclopropylmethyl carbamate,
/>-decyloxybenzyl carbamate, 2,2- dimethoxycarbonyl
vinyl carbamate,
-(/V,iV-dimethylcarboxamido)benzylcarbamate,
1,1-dimethyl-3-( , -dimethylcarboxamido)propyl
carbamate, 1,1-dimethylpropynyl carbamate,
di(2-pyridyl)methyl carbamate, 2-furanylmethyl
carbamate, 2-iodoethyl carbamate, isoborynl carbamate,
isobutyl carbamate, isonicotinyl carbamate, p-(p '-
methoxyphenylazo)benzyl carbamate, 1-methylcyclobutyl
carbamate, 1- methylcyclohexyl carbamate, 1-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- l-(4-pyridyl)ethyl carbamate, phenyl
carbamate, /?-(phenylazo)benzyl carbamate, 2,4,6-tri-
-butylphenyl carbamate,4-(trimethylammonium)benzyl
carbamate, 2,4,6-trimethylbenzyl carbamate, formamide,
acetamide, chloroacetamide, trichloroacetamide,
trifluoroacetamide, phenylacetamide,
3-phenylpropanamide, picolinamide,
3-pyridylcarboxamide, Nbenzoylphenylalanyl derivative,
benzamide, /?-phenylbenzamide, onitophenylacetamide,
o-nitrophenoxyacetamide, acetoacetamide, (N '-
dithiobenzyloxycarbonylamino)acetamide,
3-(p-hydroxyphenyl)propanamide, 3-(nitrophenyl)
propanamide, 2-methyl-2-(o-nitrophenoxy)propanamide,
2-methyl-2-(ophenylazophenoxy) propanamide,
4-chlorobutanamide, 3-methyl-3-nitrobutanamide,
onitrocinnamide, N-acetylmethionine derivative,
-nitrobenzamide, o- (benzoyloxymethyl)benzamide,
4,5-diphenyl-3-oxazolin-2-one, N-phthalimide,
Ndithiasuccinimide (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, 5-substituted
1,3-dibenzyl-l ,3,5-triazacyclohexan-2-one,
1-substituted 3,5-dinitro-4-pyridone, N-methylamine,
N-allylamine, N-[2- (trimethylsilyl)ethoxy]methylamine
(SEM), N-3-acetoxypropylamine, N-(l-isopropyl-
4-nitro-2-oxo-3-pyroolin-3-yl)amine, quaternary
ammonium salts, N-benzylamine, Ndi(
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-l,l-dimethylthiomethyleneamine,
N-benzylideneamine, N- /7-methoxybenzylideneamine,
N-diphenylmethyleneamine, N-[(2-
pyridyl)mesityl]methyleneamine, N-(N ' N
'-dimethylaminomethylene)amine, N N'-
isopropylidenediamine, N-/?-nitrobenzylideneamine,
N-salicylideneamine, N-5- chlorosalicylideneamine,
N-(5-chloro-2-hydroxyphenyl)phenylmethyleneamine,
Ncyclohexylideneamine, N-(5 ,5-dimethyl-3-oxo-
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, Nnitrosoamine, amine N-oxide,
diphenylphosphinamide (Dpp), dimethylthiophosphinamide
(Mpt), diphenylthiophosphinamide (Ppt), dialkyl
phosphoramidates, dibenzyl phosphoramidate, diphenyl
phosphoramidate, benzenesulfenamide,
o-nitrobenzenesulfenamide (Nps),
2,4-dinitrobenzenesulfenamide,
pentachlorobenzenesulfenamide, 2-nitro-4-
methoxybenzenesulfenamide, triphenylmethylsulfenamide,
3-nitropyridinesulfenamide (Npys),
j?-toluenesulfonamide (Ts), benzenesulfonamide,
2,3,6,-trimethyl-4- methoxybenzenesulfonamide (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-
trimethylbenzenesulfonamide (Mts),
2,6-dimethoxy-4-methylbenzenesulfonamide (iMds),
2,2,5,7,8-pentamethylchroman-6-sulfonamide (Pmc),
methanesulfonamide (Ms),
b-trimethylsilylethanesulfonamide (SES),
9-anthracenesulfonamide, 4-(4',8'-
dimethoxynaphthylmethyl)benzenesulfonamide (DNMBS),
benzylsulfonamide, trifluoromethylsulfonamide, 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, the entire contents of which are
hereby incorporated by reference. [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
hereinwhich satisfy the valencies of the heteroatoms.
Furthermore, this invention is not intended to be
limited in 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 integrity 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 is
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 herein, "lower alkyl"
is 



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, -CH2-cyclopropyl, vinyl, allyl, n-butyl,
sec-butyl, isobutyl, tertbutyl, cyclobutyl,
-CH2-cyclobutyl, n-pentyl, sec-pentyl, isopentyl,
tert-pentyl, cyclopentyl, -CH2-cyclopentyl, n-hexyl,
sec-hexyl, cyclohexyl, -CF^-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,
l-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,
tertbutoxy, 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 -NHR1, wherein R' is
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, npropylamino,
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 or different in an dialkyamino moiety. In
certain embodiments, the aliphaticgroups 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(isopropyl) 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,
aziridinyl, pyrrolidinyl, piperidinyl, morpholinyl,
pyrrolyl, imidazolyl, 1,3,4-trianolyl, and tetrazolyl.
[0026] Some examples of substituents of the
above-described aliphatic (and other) moieties 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; -NO2; -CN; -CF3; -CH2CF3; -CHCl2; -CH2OH;
-CH2CH2OH; -CH2NH2; - CH2SO2CH3; -C(O)Rx; -CO2(Rx);
-CON(RX)2; -OC(O)Rx; -OCO2Rx; -0C0N(R x)2; - N(RX)2;
-S(O)2Rx; -NRx(CO)Rx wherein each occurrence of Rx
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. Substituents include,
but are not limited to, any of the previouslymentioned
substitutents, i.e., the substituents recited for
aliphatic moieties, or for other moieties as disclosed
herein, resulting in 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 is 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, isoquinolinyl, 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; -NO2; -CN; -
CF3; -CH2CF3; -CHCl2; -CH2OH; -CH2CH2OH; -CH2NH2;
-CH2SO2CH3; -C(O)Rx; - CO2(Rx); -CON(RX)2; -OC(O)Rx;
-OCO2Rx; -0C0N(R x)2; -N(RX)2; -S(O)2Rx; - NRx(CO)Rx,
wherein each occurrence of Rx 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 three to seven,
preferably three to ten carbon atoms. Suitable
cycloalkylsinclude, 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; -NO2; -CN;
-CF3; -CH2CF3; -CHCl2; -CH2OH; - CH2CH2OH; -CH2NH2;
-CH2SO2CH3; -C(O)Rx; -CO2(Rx); -C0N(R x)2; -OC(O)Rx; -
OCO2Rx; -0C0N(R x)2; -N(RX)2; -S(O)2Rx; -NRx(CO)Rx,
wherein each occurrence of Rx 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. [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; -NO2; -CN; -CF3; - CH2CF3; -CHCl2;
-CH2OH; -CH2CH2OH; -CH2NH2; -CH2SO2CH3; -C(O)Rx; -
CO2(Rx); -C0N(R x)2; -OC(O)Rx; -OCO2Rx; -0C0N(R x)2;
-N(Rx)2; -S(O)2Rx; - NRx(CO)Rx, wherein each
occurrence of Rx 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
andherein 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, (ii) 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,
isothiazolidinyl, and tetrahydrofuryl. In certain
embodiments, a "substituted heterocycloalkyl or
heterocycle" group is utilized and as used herein,
refers to a heterocycloalkyl or heterocycle group, as
defined 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; -NO2; -CN;
-CF3; -CH2CF3; - CHCl2; -CH2OH; -CH2CH2OH; -CH2NH2;
-CH2SO2CH3; -C(O)Rx; -CO2(Rx); - CON(RX)2; -OC(O)Rx;
-OCO2Rx; -0C0N(R x)2; -N(Rx)2; -S(O)2Rx; -NRx(CO)Rx,
wherein each occurrence of Rx 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 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, isotope, 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, 2H, 3H, 32P, 35S, 67Ga,
99mTc (Tc-99m), 111 In, 123I, 125 I, 169Yb and 186Re;
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. It will be appreciated that the
labels may be incorporated into the compound at any
position that does not interfere 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 halflife of the compound in vivo. In
certain embodiments of the invention, photoaffnity
labeling is 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.), the
entire contents of which are hereby incorporated by
reference. 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-tetrafiuorobenzoic acid. [0037]
"Tautomers": As used herein, the term "tautomers" are
particularisomers 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, -nitroso-hydroxyazo
forms, nitroc/- 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. Preferably, the association is covalent.
Desirable non-covalent interactions include hydrogen
bonding, van der Waals interactions, hydrophobic
interactions, magnetic interactions, electrostatic
interactions, etc. [0041] "Effective 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.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
isoxazole 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 is a scheme
showing the synthesis of a pyridone/hydroxypyridine
analog of sancycline.[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 ISA
shows the synthesis of a pyridine analog of
sancycline, 7- aza-10-deoxysancycline. Figure ISB
shows the synthesis of 10-deoxysancycline. [0055]
Figure 14A and 14B 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 is now produced by fermentation
(M. Nelson, W. Hillen, R. A. Greenwald, Eds.,
Tetracyclines in Biology, Chemistry and Medicine
(Birkhauser Verlag, Boston, 2001); incorporated herein
by reference). (-)- Doxycycline (2) and minocycline
(3) are clinically important non-natural antibiotics
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);
incorporated herein by reference). 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]
Figure 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.[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 (mg/mL) are also shown for whole-cell
antibacterial testing of each analog against 5
Gram-positive and 5-Gramnegative 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] Figure 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
15',2i?-cw-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 R3 is 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 orunbranched acyl; substituted
or unsubstitued, branched or unbranched aryl;
substituted or unsubstituted, branched or unbranched
heteroaryl; -ORc; =0; -C(=O)Rc; -CO2Rc; - CN; -SCN;
-SR ; -SORC; -SO2Rc; -NO2; -N(RC)2; -NHC(0)R c ; 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 is 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; -OR D; =0; -C(=0)R
D; -CO RD; - CN; -SCN; -SR ; -SOR ; -SO2R ; -NO2;
-N(RD)2; -NHC(O)R ; or -C(RO)3; wherein each
occurrence of R0 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; R5 is
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; -OR E; -CN; -SCN; -SR E; or -
N(R E)2; wherein each occurrence of RE 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;
R6 is 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, -NO2, amino, alkyl amino,
and dialkyl amino groups;P is independently selected
from the group consisting of hydrogen or a protecting
group. 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
tetracyclinesensitive 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 antiproliferative
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 bacteria, of less than 50 mg/mL,
preferably less than 25 mg/mL, more preferably less
than 5 mg/mL, and most preferably less than 1 mg/mL.
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, Bacteroidesfragilis,
other Bacteroides; and Others-Mycoplasma pneumoniae,
Treponemapallidum, Rickettsia, and Chlamydia. In other
embodiments, the compounds of the invention exhibit
antiproliferative activity. [0067] In certain
embodiments, the tetracycline analogs of the present
invention are represented by the formula: The D-ring
of 10 may include one, two, or three double bonds. In
certain embodiments, the D-ring is aromatic. In other
embodiments, the D-ring includes only one double bond,
and in yet other embodiments, the D-ring includes two
double bonds which may or may not be in conjugation.
The D-ring may be substituted with various groups R ,
R6, and R as defined below. In 10, R1 can be 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; -OR A; =O; -C(=O)R A; -CO 2RA;
-CN; -SCN; -SR A; -SOR A; -SO 2RA; -NO2; -N(RA) 2;
-NHC(O)R A; or -C(RA) 3; wherein each occurrence of RA
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.
In certain embodiments, Ri is hydrogen, In othe
embodiments, Ri is lower alkyl, alkenyl, or alkynyl.
In yet other embodiments, Ri is methyl, ethyl,
n-propyl, cyclopropyl, or isopropyl. In still other
embodiments Ri is methyl. R2 may be 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;
substitutedor unsubstituted, branched or unbranched
heteroaryl; -ORB; 0 ; -C(=0)R B; -CO 2RB; - CN; -SCN;
-SR ; -SOR ; -S0 2RB; -NO2; -N(RB) 2; -NHC(0)R B; or
-C(R B)3; wherein each occurrence of RB 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.
In certain embodiments, R2 is hydrogen. In other
embodiments, R2 is hydroxyl or a protected hydroxyl
group. In certain embodiments, R2 is alkoxy. In yet
other embodiments, R2 is a lower alkyl, alkenyl, or
alkynyl group. In certain embodiments, Ri is methyl,
and R2 is hydroxyl. In other embodiments, Ri is
methyl, and R2 is hydrogen. In certain embodiments, Ri
and R2 are taken together to form a carbocyclic or
heterocyclic ring system spiro-linked to 10. R3 is
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; -ORc; =0; -C(=0)Rc; -CO2Rc; -
CN; -SCN; -SRc; -SORC; -SO2R ; -NO2; -N(Rc)2;
-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. In certain
embodiments, R3 is hydrogen. In other embodiments, R3
is a hydroxyl group or a protected hydroxyl group. In
yet other embodiments, R3 is alkoxy. In still further
embodiments, R3 is lower alkyl, alkenyl, or alkynyl.
R4 is 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; -OR D; =0; -C(K))R
0 ; -CO 2RD; - CN; -SCN; -SR0 ; -SOR ; -SO2R ; -NO2;
-N(RD)2; -NHC(O)R ; or -C(RD)3; wherein each
occurrence of RD is independently a hydrogen, a
protecting group, an aliphaticmoiety, a
heteroaliphatic moiety, an acyl moiety; an aryl
moiety; a heteroaryl moiety; alkoxy; aryloxy;
alkylthio; arylthio; amino, alkylamino, dialkylamino,
heteroaryloxy; or heteroarylthio moiety. In certain
embodiments, R4 is hydrogen. In other embodiments, R4
is a hydroxyl group or a protected hydroxyl group. In
yet other embodiments, R4 is alkoxy. In still further
embodiments, R4 is lower alkyl, alkenyl, or alkynyl.
In certain embodiments, both R3 and R4 are hydrogen.
In other embodiments, R3 and R4 are taken together to
form a carbocyclic or heterocyclic ring system
spirolinked to the B-ring of 10. R5 may be 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; -OR E; -CN; -SCN; -SR E; or -
N(R E)2; wherein each occurrence of RE 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.
In certain embodiments, R5 is amino, alkylamino, or
dialkylamino; preferably dimethylamino, diethylamino,
methyl(ethyl)amino, dipropylamino,
methyl(propyl)amino, or ethyl(propyl)amino. In other
embodiments, R5 is hydroxyl, protected hydroxyl, or
alkoxy. In yet other embodiments, R5 is sulfhydryl,
protected sulhydryl, or alkylthioxy. R7 is 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; -ORQ; =0; -C(=O)RO; -CO 2RG; -
CN; -SCN; -SR0 ; -SOR0 ; -SO2R0 ; -NO2; -N(RG)2;
-NHC(O)R0 ; or -C(RQ) 3; wherein each occurrence of RG
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.
In certain embodiments, R7 is hydroxyl, protected
hydroxyl,alkoxy, lower alkyl, lower alkenyl, lower
alkynyl, or halogen. R6 and R are absent if the dashed
line between the carbon atoms which R and R8 are
attached to represents a bond, or are each selected
independently from the group consisting of hydrogen,
halogen, substituted or unsubstitued aliphatic,
substituted or unsubstituted heteroaliphatic,
substituted or unsubstituted alkoxy, -OH, -CN, -SCN, -
SH, alkylthio, -NO2, amino, alkyl amino, and dialkyl
amino groups. In certain embodiments, R6 and R8 are
absent. In other embodiments, R6 or R8 is absent.
[0068] The variable n is an integer in the range of 0
to 8, inclusive. As will be appreciated by one of
skill in the art, when the D-ring is aromatic n is an
integer between 0 and 4, preferably between 1 and 3,
more preferable between 1 and 2. In certain
embodiments, when n is 2, the substituents R7 are in
the ortho configuration. In other embodiments, when n
is 2, the substituents R7 are in the para
configuration. And in yet other embodiments, when n is
2, the substituents R7 are in the meta configuration.
[0069] A dashed line in formula 10 may represent a
bond or the absence of a bond. [0070] As will be
appreciated by one of skill in this art, compounds of
formula 10 include derivatives, labeled forms, salts,
pro-drugs, isomers, and tautomers thereof. Derivatives
include protected forms. Salts include any
pharmaceutically acceptable salts including HCl, HBr,
HI, acetate, and fatty acid (e.g., lactate, citrate,
myristoleate, oleate, valerate) salts. In certain
embodiments, the inventive compound exists in
zwitterionic form at neutral pH with the R5 being a
protonated amino group and the C-3 hydroxy1group
deprotonated as shown in formula 10a. Isomers include
geometric isomers, diastereomers, and enantiomers.
Tautomers include both keto and enol forms of carbonyl
moieties as well as various tautomeric forms of
substituted and unsubstituted heterocycles. For
example, the B-ring as shownin formula 10 includes an
enol moiety as drawn, but the enol may exist as the
keto form in certain compounds as shown below in
formula 10b and 10c: Other tautomeric forms will be
appreciated by one of skill in the art and will depend
on the substitution pattern of the core ring
structure. The formulae drawn are only given as
examples and do not in any way represent the full
range of tautomers that may exist for a particular
compound. [0071] Various subclasses of compounds of
the formula 10 which include a substituted or
unsubstituted aromatic D-ring are shown below. These
subclasses include unsustituted, monosubstituted,
disubstituted, and trisubstituted D-ring.FEEDER
INDEPENDENT EXTENDED CULTURE OF EMBRYONIC STEM CELLS
CROSS-REFERENCE TO RELATED APPLICATIONS [0001] This
application claims priority from U.S. provisional
patent application Ser. No. 60/573,545 filed May 21,
2004. 



STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT [0002] To be determined. BACKGROUND OF THE
INVENTION [0003] Stem cells are defined as cells that
are capable of a differentiation into many other
differentiated cell types. Embryonic stem cells are
stem cells from embryos which are capable of
differentiation into most, if not all, of the
differentiated cell types of a mature body. Stem cells
are referred to as pluripotent, which describes this
capability of differentiating into many cell types. A
category of pluripotent stem cell of high interest to
the research community is the human embryonic stem
cell, abbreviated here as hES cell, which is an
embryonic stem cell derived from a human embryonic
source. Human embryonic stem cells are of great
scientific interest because they are capable of
indefinite proliferation in culture and are thus
capable, at least in principle, of supplying cells and
tissues for replacement of failing or defective human
tissue. The existence in culture of human embryonic
stem cells offers the potential of unlimited amounts
of human cells and tissues for use in a variety of
therapeutic protocols to assist in human health. It is
envisioned in the future human embryonic stem cells
will be proliferated and directed to differentiate
into specific lineages so as to develop differentiated
cells or tissues which can be transplanted into human
bodies for therapeutic purposes. [0004] One of most
significant features of human embryonic stem cells is
the attribute of being capable of self-renewal. By
that, it is meant that the hES cells are capable of
proliferating into multiple progeny stem cells, each
of which seems to have the full potential of its
ancestor cell. In other words, the progeny are renewed
to have all the developmental and proliferative
capacity of the parental cell. This attribute,
combined with the pluripotency, are the traits that
make hES cells candidates for many potential uses,
since, the theory, hES cells can be reproduced
indefinitely and in large numbers and then induced to
become any cell type in the human body. The attribute
of ability to self-renew appears closely linked tothe
attribute of being undifferentiated in the sense that
at least given present knowledge, only
undifferentiated hES cells are capable of indefinite
self-renewal and as soon as the cells differentiate,
the attribute of self-renewal capability is lost.
Since human embryonic stem cells will spontaneously
differentiate, care must be taken in culture
conditions to maintain the cells in an
undifferentiated state. [0005] Basic techniques to
create and culture human embryonic stem cells to
maintain the cells in an undifferentiated state have
been described. The existing techniques do work, but
there are limitations and drawbacks to some of the
procedures currently used to culture human embryonic
stem cells. One limitation is of particular concern.
Most existing human embryonic stem cell lines have
been, to one degree or another, exposed directly to
mouse cells or to a medium in which mouse cells have
been cultured previously. The original techniques for
the generation and culture of human embryonic stem
cells described the use of mouse embryonic fibroblast
(MEF) feeder cells as a feeder layer on which human
embryonic stem cells could be cultured. The fibroblast
feeder layer acts, through some as yet incompletely
understood mechanism, to enable the stem cells to
remain in an undifferentiated state. Later, it was
discovered that the same phenomenon could be achieved
if the stem cells were exposed to "conditioned media."
A conditioned medium is nothing more than the stem
cell culture medium which had previously been cultured
on feeder cells such as MEF. Either the feeder cells
impart some factor to the medium or remove some factor
from the medium, but the result is that the
conditioned medium can be used to culture stem cells
without differentiation. Either culture condition, the
direct growth on feeder cells, or the use of condition
media, raises the concern that one or more agents such
as a virus could transmit from the mouse cells to the
human ES cells. If one of the objectives of human
embryonic stem cell cultures is to create tissues
which can ultimately be transplanted into a human
body, it is highly desirable that the stem cells never
have been exposed to cells of another species or to
media which have been used to culture cells of another
species. Also, the need for feeder cells of any
species represents an unneeded biological variable in
the culture of stem cells that is best avoided if
possible. Accordingly, defining a culture condition,
which will permit the proliferation and culture of
human embryonic stem cells without a fibroblast feeder
layer and without conditioned medium, is of great
interest in the continued development of techniques
for the use of human embryonic stem cells. [0006]
Several medium formulations will permit human ES cells
to remain undifferentiated for some time, but that
state often fails to maintain itself over long term
culture. In particular, we define a passage as the
growth of human ES cells from an initialseed culture
in a culture plate to growth to cell confluence in the
same culture plate as a "passage." We have found
several medium formulations that permit the
cultivation of human ES cells for one or two passages
without severe differentiation, but then the cells
differentiate gradually or rapidly upon subsequent
passages. We have come to believe that in order for a
medium to truly support the indefinite proliferation
of human ES cells without differentiation, without
feeder cells or feeder conditioned medium, the medium
must be demonstrated to support culture of human ES
cells in a substantially uniform and undifferentiated
state for at least five passages. BRIEF SUMMARY OF THE
INVENTION [0007] The present invention is summarized
as a method for culturing human embryonic stem cells
without the need for feeder cells or conditioned
medium of any kind, the method including the step of
culturing the human embryonic stem cells in a medium
including salts, vitamins, amino acids, glucose, a
fibroblast growth factor and a bone morphogenic
protein antagonist in sufficient amount to maintain
the stem cells in an undifferentiated state. [0008]
The present invention is also directed to an in vitro
cell culture of human embryonic stem cells cultured in
a medium including a bone morphogenic protein
antagonist so that the stem cells can be cultured
indefinitely in an undifferentiated state without the
need for fibroblast feeder cells or conditioned
medium. [0009] It is an object of the present
invention to define long term culture conditions for
human embryonic stem cells that avoid the use of
feeder cells, including both culture on 



feeder cells and culture in feeder-conditioned medium.
[00010] It is another object of the present invention
to define culture conditions for human embryonic stem
cells that are as defined as possible while being
completely independent of feeder cells. [00011] Other
objects, features and advantages of the present
invention will become apparent from the following
specification.BRIEF DESCRIPTION OF THE SEVERAL VIEWS
OF THE DRAWINGS [00012] Not applicable. DETAILED
DESCRIPTION OF THE INVENTION [00013] The observation
that human embryonic stem (ES) cell cultures have
previously been maintained in an undifferentiated
state only when cultured in the presence of fibroblast
feeder cells or in conditioned medium has led to
speculation that the fibroblasts release into the
medium a factor which acts to inhibit differentiation
of the ES cells. This speculation is also based on the
parallel observations of murine ES cell lines, which,
when cultured with fibroblast feeder cells, respond to
leukemia inhibitory factor (LIF) secreted by the
fibroblasts to remain undifferentiated. The LIF
activates a signal pathway in the murine ES cells that
triggers self-renewal. However, human ES cells are
unresponsive to LIF and indeed do not seem to possess
LIF receptors on their cell surface. Since no single
factor has been isolated from conditioned medium that
seemed to cause the effect of preventing
differentiation in human ES cells, we developed a new
hypothesis. We hypothesized that instead the
fibroblast cells inactivate differentiation factors
present in unconditioned medium. [00014] Various
research groups have investigated factors that
initiate differentiation of human ES cells into
progeny cell cultures that are enriched in cells of
one or more particular lineage. One of these
differentiation factors is a category of protein
factor known as bone morphogenic protein (BMP). BMPs
are members of the transforming growth factor- b
(TGFb) superfamily of secreted signaling molecules.
They play an extensive role in almost all aspects of
embryonic development. BMP 4 and other BMP family
members, such as BMP2, -5, and -7, bind BMP type II
receptor BRII, which recruits type I receptor BRlA
(ALK3) or BRlB. Upon ligand activation, the
intracellular kinase domain of the type I receptors
phosphorylates Smadl, -5, and -8, which are then
escorted by a common Smad to enter the nucleus and
activate target genes. The relative expression level
of BMPs, receptors, and Smads within the cell is an
important determinant of BMP-induced responses.
Costimulation of other signaling pathways also alters
the nature of BMP effect. A typical example is the
change of BMP action by a co-activated LIF signal in
mouse ES cells: BMP signal alone induces non-neural
epithelial differentiation, whereas BMP and LIF
signals together inhibit differentiation to any
lineage. The extracellular BMP antagonists such as
noggin, gremlin, chordin, inhibin, follistatin,
twisted gastrulation and members of the DAN family,
etc. can modify, diminish or totally nullify BMP
activities. On the other hand, some signaling pathways
can interrupt the BMP signaling intracellularly. For
example, the MAPKsignaling activated by fibroblast
growth factor (FGF) can inhibit the BMP signaling by
preventing the Smads from nuclear translocation via
phosphorylation of the linker domain of the Smads.
Activation of the transforming growth factor beta
(TGFb), Nodal, or Activin signaling pathways may
antagonize the BMP signaling via intracellular
cross-talk, such as competition for Smad4 to enter the
nucleus. It is anticipated that all of these molecules
can be used to antagonize BMP signaling to achieve the
effects reported here. [00015] It was also observed
that the levels of bone morphogenic protein (BMP)
stimulated intracellular signal is low is human ES
cells grown in conditioned medium, whereas the level
of this same signal is high in human ES cells grown
out in unconditioned medium (and without fibroblast
feeder cells). Perhaps the effect of the conditioning
of the medium was due to inhibition of the effects of
BMP inducing signals present in the unconditioned
medium. We therefore explored the possibility that
antagonists of BMP activity could act to enable the
cultivation of human ES cells in culture and in an
undifferentiated state without the need for feeder
cells or conditioned medium. It was discovered, and is
reported here, that this possibility was found to be
correct. By antagonizing the activity of BMP, it has
become possible to culture human ES cells
indefinitely, while the cells retain all of the
identifying characteristics of embryonic stem cells.
[00016] There are a number of antagonists of BMP that
can be used in this invention. The most potent known
such antagonist is the protein noggin. Other proteins
known to function as antagonists of BMPs include
gremlin, chordin, inhibin, follistatin, twisted
gastrulation and members of the DAN family. As
mentioned above, other proteins include TFGb and
activin and other molecules which activate the
signaling pathway for MAPK. It is not required that
the antagonist protein be the human form of the
protein. It is only required that it be effective in
culture to allow unconditioned medium to maintain ES
cells without differentiation. It is also possible to
use as an antagonist antibodies specific to all BMPs
or a specific BMP. The particular protein chosen as
the BMP antagonist is less important than that the
desired effect is achieved in that BMP signaling
activity is inhibited by the molecule added to the
medium. The simplest and most straightforward way to
accomplish this is to add the BMP antagonist to the
medium in which the human ES cells are
cultured.[00017] The most potent BMP inhibitor
identified so far, the protein noggin, was originally
cloned based on its dorsalizing activity in Xenopus
embryos. Mouse noggin cDNA encodes a 232 amino acid
(aa) residue precursor protein with 19 aa residue
putative signal peptide that is cleaved to generate
the 213 aa residue mature protein which is secreted as
a homodimeric glycoprotein. Noggin is a highly
conserved molecule. Mature mouse noggin shares 99% and
83% aa sequence identity with human d Xenopus noggin,
respectively. Noggin has a complex pattern of
expression during embryogenesis. hi the adult, noggin
is expressed in the central nervous system and in
several adult peripheral tissues such as lung,
skeletal muscle and skin. Noggin has been shown to be
a high-affinity BMP binding protein that antagonizes
almost all BMP bioactivities. [00018] It has also been
found that high levels of fibroblast growth factor
(FGF) are also useful in the culture of stem cells
with or without conditioned medium. While it has been
previously reported that the addition of FGF is a
useful additive to stem cell culture conditions, as in
WO 01/66697, in that work, the FGF in the medium in
the work reported 



was basic FGF (bFGF or FGF2) at concentration of 4
ng/ml. Here it is reported that culture with FGF at
levels approximately ten-fold higher produces better
results. The preferred concentration of bFGF in the
work reported here is 40 ng/ml. While others of the
various FGF variants also work for this purpose, the
concentrations of other FGFs would need to be adjusted
to correspond to the efficacy of this level of bFGF,
which has been shown by us to also inhibit the
intracellular BMP activity. [00019] There appears to
be a synergistic relationship between the effect
caused by a BMP antagonist and that caused by high
levels of FGF in the culture medium, hi other words,
the use of a high level of bFGF, e.g. at 100 ng/ml,
will support cultures of hES cells in an
undifferentiated state without feeder cells or
conditioned medium, but so will a lesser level of
bFGF, e.g. 40 ng/ml when combined with the use of a
BMP antagonist such as noggin. Either combination
makes the culture not just "feeder free", which is a
term used for cultures which make use of conditioned
medium (conditioned with feeder cells) but completely
"feeder independent," meaning entirely independent of
the need for feeder cells of any kind at all. [00020]
As the date presented below will demonstrate, this
hypothesis has proven to be correct. By adding noggin,
or other inhibitor of BMP signaling, and by
stimulating the fibroblast growth factor (FGF) signal,
human ES cells can be grown indefinitely in an
undifferentiated state without either feeder cells or
conditioned medium. This permits ahuman ES cell
culture to be initiated and maintained without
exposure to feeder cells or medium exposed to feeder
cells, thus enabling animal cell-free proliferation of
human ES cell lines in a well defined medium. [00021]
A related concern in the culture of human ES cells is
to remove, to the extent possible, undefined
constituents and constituents of animal origin from ES
cell culture conditions. This is done for two reasons.
One reason is to standardize culture conditions so as
to minimize the normal variations in biological
materials to the extent possible. The other objective
is to avoid the use of materials, cells, exudates or
constituents of animal origin so as to avoid any
possible cross-species viral transmission through the
culture system. Thus it is an objective to define a
culture condition that avoids the use of products of
animal origin. [00022] So a defined medium for human
ES cells begins with a basal medium containing salts,
vitamins, glucose and amino acids. The basal medium
can be any of a number of commercially available
media. We prefer combination of Dulbecco's Modified
Eagle Medium and Hams F12 medium, sold as a
combination (DMEM/F12). To that basal medium is added
glutamine, b-mercaptoethanol, and non-essential amino
acids. Other possible additives include antioxidants
and lipids. A protein constituent of the medium is a
serum substitute product. Albumin or purified albumin
products, like the commercial product AlbuMax(tm),
will work, but we prefer a defined protein product
made up of albumin, insulin and transferrin. Human
proteins are preferred but not essential so long as
uncharacterized animal products are excluded. [00023]
It is worthy of mention that the observations here
indicate a fundamental difference between the
mechanisms of self-renewal among stem cells of
mammalian species. The conditions which support the
maintenance of murine stem cells, including the
addition of LIF and BMP to the medium, are
insufficient to maintain hES cells in an
undifferentiated state. We have been unable to
maintain undifferentiated hES cells in serum-free
medium supplemented with LIF and BMP4. BMPs cause
human ES cells to differentiate into trophoblast
cells. In fact, the data presented here teach that BMP
signaling must be antagonized to foster human stem
cell self-renewal. Thus it is clear that, at a
minimum, the cellular mechanisms for self-renewal are
very different between the mouse and human cell
systems.EXAMPLES [00024] Methods and materials [00025]
Media and cell culture. Unconditioned medium (UM)
contained 80% DMEM/F12 and 20% KNOCKOUT serum
replacement, and was supplemented with 1mM
L-glutamine, 1% Nonessential Amino Acids (all from
Invitrogen), and 0.1 mM b- mercaptoethanol (Sigma).
Conditioned medium (CM) is prepared by incubating
unconditioned medium with mouse embryonic fibroblasts
overnight and collecting the medium afterwards, which
is then supplemented with 4 ng/ml bFGF and
refrigerated to be used within 2 weeks. hESCs were
cultured on plates coated with Matrigel (BD
Scientific) in CM or UM with or without either 0.5
mg/ml mouse noggin (R&D Systems), or 40 ng/ml human
bFGF (Invitrogen), or both, and propagated by using 2
mg/ml Dispase (Invitrogen) to loosen the cell
colonies. For evaluation of Oct4 cell number,
suspended colonies containing 35,000 cells were added
to each medium in multiple wells and cultured for 7
days. Cells were harvested and counted on days 1 and
7, and Oct4+ cells on day 7 were detected by
fluorescence-activated cell sorting (FACS, see below).
Embryoid bodies (Ebs) were formed by suspending hESCs
that had been cultured in CM or UM/bFGF/noggin (UMFN),
as cell clumps in UM on a non-coated plate, and
culturing them on a rocker for 7 days. The EB cells
were then re-plated in DMEM medium supplemented with
10% fetal bovine serum on gelatin-coated plate and
cultured for 5 days followed by harvesting and reverse
transcription- PCR (RT-PCR) analysis. Experiments were
repeated multiple times and ANOVA was used for
statistic analysis throughout the studies. [00026]
Immunoprecipitation and western blotting. 15 ml of
DMEM/F12 medium was conditioned on 2.12 x 105/ml
irradiated mouse embryonic fibroblast cells in a T75
flask overnight. The medium was collected and
concentrated to about 0.7 ml with a 5 kD molecular
weight cut-off filter (Millipore) and
immunoprecipiated with goat anti-mouse noggin and
gremlin antibodies (R&D Systems) (5 mg each) or 10 mg
goat IgG as a negative control. The precipitated
proteins or cell lysates (Fig. 2A) were
electrophoresized on a 4%- 20% linear gradient
Polyacrylamide Tris-HCl Precast Gel (BioRad) for
western blotting. The antibodies against mouse noggin
and gremlin were used for the immunoprecipitated
proteins, and antibodies against human Smadl/5/8,
phosphorylated Smadl/5/8 (Cell Signaling Technology),
BMP2/4 (R&D Systems), and b-Actin (Abeam) were used
for the cell lysates.The blots were treated with the
ECL substitute solutions 1 and 2 (Amersham
Biosciences) and exposed in a Fuji Imager for
chemiluminescence. [00027] BMP/Smad-Luciferase
Reporter Assay. hESCs cultured in CM were 



transfected with a BMP/Smad-responsive firefly
luciferase reporter plasmid, pID120-Lux, together with
trace amount of pRL-tk plasmid (Promega) to express
Renilla luciferase as an internal control. One day
post-transfection, the cells were treated variously
for 24 h. Cell lysates were extracted and both the
firefly and Renilla luciferase activities tested by
using the Dual-Luciferase Reporter Assay System
(Promega) on a 3010 Luminometer (BD Biosciences).
Results were recorded as the firefly luciferase
activity normalized by the Renilla luciferase
activity. [00028] Quantitative-PCR and RT-PCR. Total
cellular RNA was extracted by RNeasy kit (Qiagen), and
treated with RNase-free DNase according to the
manufacturer's instructions. One mg RNA was reverse
transcribed to cDNA with Improm-II Reverse
Transcription System (Promega). Quantitative-PCR was
performed by using the SYBR green Q-PCR Mastermix
(Stratagene) on the AB 7500 Real Time PCR System
(Applied Biosystems) under the following conditions:
10 min at 950C, 40 cycles of 30 sec at 950C, 1 min at
6O0C, and 1min at 720C, and 3 min extension at 720C.
GAPDHtranscript was tested as an endogenous reference
to calculate the relative expression levels of target
genes according to Applied Biosystems' instructions.
For RT-PCR, following conditions were used: 3 min at
940C, various cycles (see below) of 20 sec at 94 0C,
30 sec at 55 0C, and 1min at 72 0C. The PCR reactions
were separated on gel by electrophoresis and the DNA
bands were visualized under ultraviolet light for
photography. The primer sequences and PCR cycle
numbers are listed below. [00029] Table 1. Primers and
cycle numbers for Q-PCR and RT-PCR PCR Gene name Test
Forward primer Reverse primer # IdI Q-PCR 5'-GGT GCG
CTGTCT GTC TGA G 5'-CTGATC TCG CCGTTGAGG 40 f < H2
Q-PCR 5'-GCAGCA CCT CAT CGA CTA CA 5'-AAT TCA GAA GCC
TGC AAG GA 40 f < Id3 Q-PCR 5'-CTG GAC GAC ATGAAC CAC
TG 5'-GTAGTC GAT GAC GCG CTGTA 40 fi H4 Q-PCR 5'-ATG
AAG GCG GTG AGC CCG GTG CGC C5'-TGT GGC CGT GCT CGG
CCA GGC AGC G40 fi GAPDH Q-PCR 5'-GAGTCC ACT GGC
GTCTTCAC 5'-CTC AGT GTA GCC CAGGAT GC 40 fi Oct4
RT-PCR5'-GGGAAGGTATTCAGCCAAACG 5'-GGTTCGCTTTCTCTTTCGGG
35 Nanog RT-PCR5'-AATACCTCA GCC TCCAGCAGATG
5'-CAAAGCAGC CTC CAAGTCACT G 35 Rexl RT-PCR5'-CCT GGA
GGAATA CCT GGCATTG 5'-TCT GAG GACAAG CGATTG CG 35 CGb
RT-PCR5'-TGA GAT CACTTCACC GTG GTCTCC 5'-TTT ATA CCT
CGG GGT TGT GGG G 30 Pax6 RT-PCR5'-CGT CCATCTTTG CTT
GGGAAATC 5'-GAG CCT CAT CTGAAT CTT CTC CG 30 NeuroDl
RT-PCR5'-AAG CCATGA ACGCAGAGG AGG ACT 5'-AGC TGT
CCATGGTAC CGTAA 30Brachyury RT-PCR5'-AACCCA ACT GTG
GAGATGATGCAG 5'-AGG GGC TTC ACTAATAAC TGG ACG 35 HNF3a
RT-PCR5'-CCAAGC CGC CTTACTCCTACA 5'-CGC AGA TGA AGA
CGC TGG AGA 30 b-Actin RT-PCR5'-TGG CAC CAC ACC TTC
TACAATGAG C 5'-GCA CAG CTT CTC CTT AATGTC ACG C 25
[00030] FACS and immunocytochemistry. hESCs cultured
in various media were processed for FACS analysis to
detect Oct4+ cells. Mouse anti-human Oct4 antibody
(Santa Cruz Biotechnology) at 2 mg/ml and fluorescent
isothiocyanate-labeled rabbit anti-mouse secondary
antibody (Molecular Probes) at 1:1 000 dilution were
used. Statistic analysis was performed on Arcsine
numbers converted from the percentages of Oct4+ cells.
For immunocytochemistry, the mouse anti-Oct4 antibody
(at 0.2 mg/ml) was used and followed by Alexa Fluor
488-labeled anti-mouse IgG secondary antibody
(Molecular Probes) at 1:1000 dilution. [00031]
Immunoassay of HCG in the culture medium. hESCs
cultured in UMFN (unconditioned medium with bFGF and
noggin) for multiple passages were subsequently
cultured in CM plus 100 ng/ml BMP4 up to 7 days with
daily refreshment of the medium and BMP4. The spent
media were collected on days 3, 5, and 7, and assayed
for HCG as described. [00032] G-banding and
fluorescence in situ hybridization. hESCs cultured in
UMFN for various passages were processed for G-banding
and fluorescence in situ hybridization. From all the
dispersed and fixed cells, 20 cells at metaphase were
analyzed for G-banding, and 100-200 nuclei were
assayed for fluorescence in situ hybridization using
probes to detect marker genes in chromosomes of
interest. Representative images captured by the
CytoVysion(r) digital imaging system (Applied Imaging)
were reviewed. [00033] Results [00034] UM contains
BMP-like differentiation-inducing activity. UM
contained 20% KNOCKOUT (tm) serum replacement
(Invitrogen), which includes a proprietary lipidrich
bovine albumin component, ALBUMAX (tm). UM was
conditioned on fibroblasts overnight and then
supplemented with 4 ng/ml human bFGF to obtain CM. We
cultured hESCs (Hl) in CM, UM, a 1:1 mixture of CM
with UM5or a 1:1 mixture of CM with DMEM/F12. The
cells in CM or the 1:1 CM-DMEM/F12 mixture remained
undifferentiated, and were characterized by typical
hESC morphology. However, the cells in UM or the 1:1
CM-UM mixture both rapidly differentiated within 48 h.
We next substituted purified fetal bovine serum
albumin (16.6 g/L, Fisher Scientific) for the serum
replacement to determine whether albumin caused the
differentiation. This medium allowed hESCs to maintain
anundifferentiated morphology for about 7 days;
however, the cells had a reduced proliferation rate
and eventually differentiated into a mixed population
of cells. These results suggest that components other
than albumin contained in the serum replacement are
responsible for the rapid differentiation of
UM-cultured cells. CM reduces this
differentiation-inducing activity, but also provides
positive factors to sustain hESC self-renewal. In
addition to albumin, serum replacement also contains
other components that are required for hESC culture,
so serum replacement rather than albumin was used in
all subsequent studies. [00035] To examine whether the
differentiation-inducing activity in UM stimulates BMP
signaling in hESCs, we assessed by western blotting
the level of phosphorylated Smadl, an immediate
effector downstream of BMP receptors. Smadl
phosphorylation (the antibody used here could also
detect phosphorylation of other BMP effectors Smad5
and -8) was low in Hl cells cultured in CM, but was
high in cells cultured for 24 h in UM, or in CM +
BMP4. The addition of noggin to UM reduced the level
of Smadl phosphorylation, but the addition of 40 ng/ml
bFGF to UM left the level of Smadl phosphorylation
unchanged. BMP signaling can induce expression of BMP
ligands, forming a positive feedback loop in cells 



from various species, including hESCs. BMP2/4 proteins
were, indeed, detected at an increased level in
UM-cultured hESCs compared to cells cultured in CM or
in UM plus noggin. It is at present unclear whether
there are BMPs in UM that directly stimulate BMP
signaling in hESCs, or other differentiation-inducing
molecules that indirectly stimulate BMP signaling by
inducing BMP secretion. Noggin and another BMP
antagonist gremlin were both detected in medium
conditioned by the fibroblast. These data demonstrate
that an elevated, but repressible, BMP signaling
activity is present in UM-cultured hESCs, and that
both BMP agonists and antagonists are present in
fibroblast-supported culture of hESCs. [00036] We
further assessed BMP signaling in hESCs (H14) cultured
in various media in the presence or absence of protein
factors, by using a luciferase reporter plasmid
specifically responsive to BMP/Smads. The reporter
activity increased with an increasing concentration of
the serum replacement or BMP4, and decreased with an
increasing concentration of noggin or bFGF. 500 ng/ml
Noggin and 40 ng/ml bFGF had synergistic effect in
reducing the reporter activity to the level similar to
that achieved by CM. Somewhat surprisingly, even
higher levels of bFGF (100 ng/ml) reduced BMP
signaling to a level comparable to that found in CM
without the addition of noggin. These results suggest
that serum replacement indeed contains BMP-like
activity, which can be reduced by noggin and/or
bFGF.[00037] The IdI promoter contains BMP responsive
elements, and IdI was previously shown to be a target
of BMP4 signaling in both human and mouse ESCs. We
therefore examined the expression of Id genes as a
second indicator of BMP signaling activity in hESCs
cultured in various media. IdI -4 transcripts were
higher in hESCs (H9) cultured for 24 h in UM or CM +
BMP4 than in cells cultured in CM, and addition of
noggin to UM reduced expression of the Id genes.
[00038] UM/bFGF/noggin sustains undifferentiated
proliferation of hESCs. UM supplemented with 0.5 mg/ml
noggin and 40 ng/ml bFGF sustained undifferentiated
proliferation of hESCs. Hl cells were plated at an
equal number and cultured for 7 days in CM, UM, UM
plus bFGF, UM plus noggin, or UM plus bFGF and noggin.
Oct4+ cell numbers were significantly higher after 7
days in CM and UM/bFGF/noggin than in UM, UM/bFGF, or
UM/noggin. Intermediate Oct4+ cell numbers were
detected in UM/bFGF and UM/noggin, suggesting a
synergistic effect between noggin and bFGF. hESCs
cultured in UM/bFGF or UM/noggin could be propagated
for multiple passages, but differentiated cells
accumulated in either the middle (in UM/bFGF) or edge
(in UM/noggin) of the hESC colonies. Increased
differentiation also occurred in cells cultured in
UM/bFGF/noggin if the noggin concentration was reduced
to 0.1 mg/ml and the bFGF concentration was reduced to
10 ng/ml. The noggin in UM/bFGF/noggin could be
substituted by gremlin (5 mg/ml) or a soluble BMP
receptor IA (0.5 mg/ml) (data not shown), supporting
that noggin's effects are indeed through the
interruption of BMP receptor activation by BMPs.
[00039] Three different hESC lines (Hl, H9, and H14)
that had been expanded in UM/bFGF/noggin for more than
40 days (7, 6, and 6 passages, respectively) remained
positive for Oct4, but subsequently differentiated if
switched to UM lacking bFGF and noggin.
UM/bFGF/noggin-cultured hESCs continued to express
other ES cell markers, including Nanog and Rexl, and
the cell surface markers SSEA4 and TRA-1-60 (data not
shown). Even in the best cultures, hESCs are mixed
with a small percentage of spontaneously
differentiated cells. For example, low levels of the
trophoblast marker chorionic gonadotropin b-subunit
(CGb) can be detected in CM-cultured ES cells,
indicating the existence of small populations of
trophoblast. This marker, however, was not detectable
in UM/bFGF/noggin-cultured cells. The neural
progenitor markers Pax6 and NeuroDl, the mesodermal
marker brachyury, and the endodermal marker HNF3a were
all negative in CMand UM/bFGF/noggin-cultured hESCs.
Thus, ES cells propagated in UM/bFGF/noggin maintained
characteristic ES cell markers following extended
culture.[00040] We further examined hESCs after
long-term culture in UM/bFGF/noggin. H9 cells were
continuously cultured in UM/bFGF/noggin for 32
passages. Hl and H14 cells cultured in UM/bFGF/noggin
were frozen after passages 20 and 16, respectively.
H14 cells were subsequently thawed directly into
UM/bFGF/noggin and cultured to passage 18. The
population doubling time and percentage of Oct4+ cells
of both H9 and Hl 4 cells cultured in UM/bFGF/noggin
for 27 and 18 passages, respectively, were similar to
those for CMcultured control hESCs. [00041]
UM/bFGF/noggin maintains the developmental potential
of hESCs. When treated with BMP4 in CM for 3-7 days,
hESCs that had been previously cultured in
UM/bFGF/noggin for 10 passages differentiated into a
flattened epithelium and secreted human chorionic
gonadotropin (HCG) into the medium, indicating
trophoblast differentiation. Embryoid bodies (EBs)
derived from Hl cells cultured in UM/bFGF/noggin for 5
passages, and from control CM-cultured cells,
expressed the trophoblast marker CGb and markers of
the three germ layers, including Pax6, NeuroDl,
brachyury, and HNF3a. EB cells also had reduced
expression of the ES cell markers Oct4, Nanog, and
Rexl. Hl and H9 cells cultured in UM/bFGF/noggin for 7
and 6 passages, respectively, were injected into
SCID-beige mice. Teratomas exhibiting complex
differentiation developed in the mice 5-6 weeks
post-inoculation. [00042] UM/bFGF/noggin-cultured ES
cells are karyotypically normal. Hl cells cultured in
UM/bFGF/noggin for 5 passages, H9 for 33 passages, and
H14 for 19 passages were karyotyped by standard
G-banding, and chromosomes 12 and 17 were examined by
fluorescence in situ hybridization. The cells retained
normal karyotypes. [00043] ES cells cultured in
defined and humanized system remain undifferentiated.
Although replacement of the CM with UMFN has
eliminated the need for mouse-derived feeder cells,
the UM still contained fetal bovine serum-derived
albumin extract - an incompletely defined component,
and the plate-coating material Matrigel is a
solubilized basement membrane matrix extracted from a
mouse tumor. Thus, further removing these animal
materials was thought to be appropriate to define a
humanized culture system for human ES cells. We first
searched for a defined and humanized serum replacement
to substitute for the KNOCKOUT SR product previously
used, and Sigma's 50x Serai Replacement 3 (SR3) which
is composed of three human proteins: albumin, insulin,
and 



transferrin was considered. It has been shown that
laminin can substitute for Matrigel to coat plates for
human ES cell culture in the CM. We then established a
system where human EScells were cultured on
laminin-coated plates and in a UM containing 5 X SR3
instead of KNOCKOUT SR3plus 40 ng/ml FGF2 and 0.5
mg/ml noggin. ES cells in this system also retained ES
cell identity after multiple weekly passages.
Therefore, this combination makes up a defined and
humanized culture system suitable for human ES cells.
[00044] These sets of data, taken together,
demonstrate that feeder cells and conditioned medium
can be avoided by the use of culture conditions
including a bone morphogenic protein antagonist, like
noggin, together with an FGF. The other constituents
of the culture medium can then be selected to avoid
animal products. The result is a highly defined medium
that permits the long term culture and proliferation
of human embryonic stem cells while retaining all of
the potential of those cells,CLAIM OR CLAIMS I/WE
CLAIM: 1. A method for culturing human embryonic stem
cells in a feeder independent culture, the method
comprising the step of culturing the human embryonic
stem cells in a medium including salts, vitamins,
amino acids, glucose, a fibroblast growth factor and a
bone morphogenic protein antagonist in sufficient
amount to maintain the stem cells in an
undifferentiated state. 2. The method of claim 1
wherein the medium includes the fibroblast growth
factor in a concentration of at least 4 ng/ml. 3. The
method of claim 1 wherein the bone morphogenic protein
antagonist is noggin. 4. The method of claim 1 wherein
the fibroblast growth factor is bFGF at a
concentration of 40 ng/ml. 5. In a method of culturing
human embryonic stem cells in a medium including
salts, vitamins, amino acids, and a fibroblast growth
factor, the improvement comprising adding to the
medium an amount of an antagonist of bone morphogenic
protein signaling in an amount sufficient to maintain
the cells in an undifferentiated state without
exposure of the stem cells or the medium to feeder
cells. 6. In a method of culturing human embryonic
stem cells in a medium including salts, vitamins,
amino acids, and a fibroblast growth factor, the
improvement comprising inhibiting the action of bone
morphogenic protein signaling such that the stem cells
can be maintained in an undifferentiated state without
exposure to feeder cells or to medium exposed to
feeder cells.7. An in vitro cell culture comprising in
a culture vessel: human embryonic stem cells and a
culture medium, the culture medium comprising salts,
vitamins, amino acids, glucose, a fibroblast growth
factor and a bone morphogenic protein signaling
antagonist in sufficient amount to maintain the stem
cells in an undifferentiated feeder independent state,
the medium being free of feeder cells and never having
been exposed to feeder cells. 8. A cell culture as
claimed in claim 7 wherein the bone morphogenic
protein antagonist is selected from the group
consisting of factors inhibiting BMP signaling
extracellularly by physical interaction including
noggin, gremlin, chordin, inhibin, follistatin,
twisted gastrulation, and members of the DAN family.
9. A cell culture as claimed in claim 8 wherein the
bone morphogenic protein signaling antagonist is
noggin. 10. A cell culture as claimed in claim 7
wherein the bone morphogenic protein antagonist is
selected from the group consisting of factors
inhibiting BMP signaling factors inhibiting BMP
signaling intracellularly, including FGF, TGF/3,
Nodal, and Activin. 11. A cell culture as claimed in
claim 7 wherein the medium includes the fibroblast
growth factor in a concentration of at least 4 ng/ml
of bFGF. 12. A cell culture as claimed in claim 7
wherein the medium further comprises proteins selected
from the group consisting of albumin, insulin and
transferrin. 13. A cell culture as claimed in claim 12
wherein the proteins are human. 14. A cell culture as
claimed in claim 12 wherein the proteins are
recombinant proteins.15. A medium for culturing
embryonic stem cells in a feeder independent culture,
the medium comprising salts, vitamins, amino acids,
glucose, a fibroblast growth factor and a bone
morphogenic protein antagonist in sufficient amount to
maintain stem cells grown in the medium in an
undifferentiated state without exposure to feeder
cells or medium exposed to feeder cells. 16. The
medium of claim 15 wherein the bone morphogenic
protein antagonist is selected from the group
consisting of factors inhibiting BMP signaling
extracellularly by physical interaction including
noggin, gremlin, chordin, inhibin, follistatin,
twisted gastrulation, and members of the DAN family.
17. The medium of claim 15 wherein the bone
morphogenic protein antagonist is selected from the
group consisting of factors inhibiting BMP signaling
factors inhibiting BMP signaling intracellularly,
including FGF, TGF/3, Nodal, and Activin 18. The
medium of claim 15 wherein the bone protein antagonist
is noggin. 19. The medium of claim 15, wherein the
medium further comprises proteins selected from the
group consisting of albumin, insulin and transferrin.
20. The medium of claim 15 wherein the fibroblast
growth factor is bFGF present in the medium at a
concentration of at least 4 ng/ml. 


