AMINO ACID ACYLATION REAGENTS AND
METHODS OF USING THE SAME

TECHNICAL FIELD

[1] This application claims priority to, and the benefit of, US Provisional Patent
Application No. 62/134,065, entitled AMINO ACID ACYLATION REAGENTS AND
METHODS OF USING THE SAME, which was filed March 17, 2015. The contents of this
application are herein incorporated by reference in their entirety for all purposes.

[2] The present disclosure relates to amino acid acylation reagents and methods of

acylating nucleophiles with the same.
BACKGROUND

(3] o-Amino acids are the basic structural units of proteins and present in the
chemical structures of many biologically important compounds. The alpha carbon of a-
amino acids, when bonded to a non-hydrogen side chain, is a chiral center. Such amino
acids, e.g., alanine, can be one of two stereoisomers, designated L- and D-. An amino acid’s
stercochemistry can influence a compound’s biclogical properties, including, for example,
maytansinoid’s properties. Maytansinoids are cytotoxic compounds structurally related to the
natural product maytansine. Maytansinoids include C-3 esters of maytansinol, such as C-3
amino acid esters of maytansinol and derivatives of the same. It has been reported that
certain C-3 N-methyl-L-alanine esters of maytansinol are more cytotoxic than those of the
corresponding D- form, Current methods of synthesizing stereomerically pure C-3 amino
acids esters of maytansinol require multiple steps, involve low-yielding reactions, require
hard-to-access reagents, and/or require purification steps to remove undesired stereoisomers.
Thus, there is need for synthetic methods that efficiently install amino acids, e.g., to provide

esters such as C-3 esters of maytansinol, with high stereomeric purity.
SUMMARY

[4] Disclosed herein are compounds of Formula (I):

R! R?



wherein:

R' is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl, heteroalkynyl,
heteroaryl, or an amino acid side chain, and

R’isa hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,
heteroalkenyl, heteroalkynyl, or heteroaryl.

[5] Furthermore, disclosed herein are methods of acylating a nucleophile
comprising contacting said nucleophile with a compound of Formula (I) in the presence of
one or more Lewis acids and one or more bases. In some examples, the compound of

Formula (I) is a compound of Formula (Ia) or (Ib):

R! R? R! R?
N N
oL s g
(Ta) (Ib)

wherein R' and R? are as defined above. In certain examples, the methods provide an amino
acid coupled product that is stereomerically pure. In one aspect, the present invention refers

R R?
/

N

to a compound of Formula (I) © O S (I) wherein R; is methyl and R; is methyl. In

HC,  CHs
S

oA s

another aspect, the present invention refers to a compound of Formula (Iaa) @

(Iaa) wherein the compound is stereomerically pure. In yet another aspect, the present
Nu

comprising contacting a compound of Formula (I) © o S (I) with a nucleophile in
the presence of one or more Lewis acids and one or more bases, wherein R!is methyl, R’ is
methyl, and Nu is an appended portion of the nucleophile, to form the compound of Formula

(ID). In a further aspect, the present invention refers to a method of preparing a compound of



Formula (I) © o S (I) wherein R; is methyl, and R, is methyl, comprising contacting

H OH
R2/ \(&O
a compound of Formula (III) R’ (III) with 1,1'-thiocarbonyldiimidazole in the
presence of one or more bases.
DETAILED DESCRIPTION
[6] Provided herein are compounds of Formula (I):
R! R?
/
by
o) Oks
D

wherein:
R' is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, or an amino acid side chain
containing at least one carbon, and
R’isa hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, or aralkyl.
[7] Furthermore, provided herein are processes for acylating a nucleophile
comprising contacting said nucleophile with a compound of Formula (I) in the presence of

one or more Lewis acids and one or more bases.
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[8] Furthermore, provided herein are processes for acylating a nucleophile
comprising contacting said nucleophile with a compound of Formula (Ia) or a compound of

Formula (Ib) in the presence of one or more Lewis acids and one or more bases.

1. DEFINITIONS

9] As used herein, “alkyl” refers to a monovalent and saturated hydrocarbon
radical moiety. Alkyl is optionally substituted and can be linear, branched, or cyclic, i.e.,
cycloalkyl. Alkyl includes, but is not limited to, those having 1-20 carbon atoms, i.e., C1.50
alkyl; 1-12 carbon atoms, i.e., C;.; alkyl; 1-8 carbon atoms, i.e., Cy5 alkyl; 1-6 carbon atoms,
i.e., Cr¢ alkyl; and 1-3 carbon atoms, i.e., C;; alkyl. Examples of alkyl moieties include, but
are not limited to methyl, ethyl, n-propyl, i-propyl, zn-butyl, s-butyl, #-butyl, i-butyl, a pentyl
moiety, a hexyl moiety, cyclopropyl, cyclobutyl, cyclopentyl, and cyclohexyl.

[10] As used herein, “alkenyl” refers to a monovalent hydrocarbon radical moiety
containing at least two carbon atoms and one or more non-aromatic carbon-carbon double
bonds. Alkenyl is optionally substituted and can be linear, branched, or cyclic. Alkenyl
includes, but is not limited to, those having 2-20 carbon atoms, i.e., C,.59 alkenyl; 2-12 carbon
atoms, i.e., C.1» alkenyl; 2-8 carbon atoms, i.e., C,.g alkenyl; 2-6 carbon atoms, i.e., Cy
alkenyl; and 2-4 carbon atoms, i.e., C24 alkenyl. Examples of alkenyl moieties include, but
are not limited to vinyl, propenyl, butenyl, and cyclohexenyl.

[11] As used herein, “alkynyl” refers to a monovalent hydrocarbon radical moiety
containing at least two carbon atoms and one or more carbon-carbon triple bonds. Alkynyl is
optionally substituted and can be linear, branched, or cyclic. Alkynyl includes, but is not
limited to, those having 2-20 carbon atoms, i.e., C,.59 alkynyl; 2-12 carbon atoms, i.e., Cy.1»
alkynyl; 2-8 carbon atoms, i.e., C,.5 alkynyl; 2-6 carbon atoms, i.e., C,.¢ alkynyl; and 2-4
carbon atoms, i.e., C,4 alkynyl. Examples of alkynyl moieties include, but are not limited to
ethynyl, propynyl, and butynyl.

[12] As use herein, “aryl” refers to a monovalent moiety that is a radical of an
aromatic compound wherein the ring atoms are only carbon atoms. Aryl is optionally
substituted and can be monocyclic or polycyclic, e.g., bicyclic or tricyclic. Examples of aryl
moieties include, but are not limited to those having 6 to 20 ring carbon atoms, i.e., Ce.50 aryl;

6 to 15 ring carbon atoms, i.e., Cs.1saryl, and 6 to 10 ring carbon atoms, i.e., Cs.jo aryl.
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Examples of aryl moieties include, but are limited to phenyl, naphthyl, fluorenyl, azulenyl,
anthryl, phenanthryl, and pyrenyl.

[13] As used herein, “alkaryl” refers to an aryl that is substituted with at least one
alkyl. Alkaryl is optionally substituted.

[14] As used herein, “aralkyl” refers to an alkyl that is substituted with at least one
aryl. Aralkyl is optionally substituted.

[15] As used herein, “heteroalkyl” refers to an alkyl in which one or more carbon
atoms are replaced by heteroatoms. As used herein, “heteroalkenyl” refers to an alkenyl in
which one or more carbon atoms are replaced by heteroatoms. As used herein,
“heteroalkynyl” refers to an alkenyl in which one or more carbon atoms are replaced by
heteroatoms. Suitable heteroatoms include, but are not limited to, nitrogen, oxygen, and
sulfur atoms.

[16] As used herein, “heteroaryl” refers to an aryl in which one or more ring atoms
of the aromatic ring are replaced with an oxygen, sulfur, nitrogen, or phosphorus atom.

[17] As used herein, “optionally substituted,” when used to describe a monovalent
radical moiety, e.g., optionally substituted alkyl, means that such moiety is optionally bonded
to one or more substituents. Examples of such substituents include, but are not limited to

halo, cyano, nitro, haloalkyl, azido, epoxy, optionally substituted heteroaryl, optionally

0 o
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substituted heterocycloalkyl, %

o) 0 N N
—§l|—NRARB —§-NRCJ|—RA —EJJ—NRARB —§-NRCJ|—NRARB -3-5(0)-R*

R

. N o S
_E_S(O)Z_R , "‘%‘:"’” ~¥ or “":":"“ wherein RA, RE, and RC are, independently at each
occurrence, a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroaryl, or
heterocycloalkyl, or R* and R, together with the atoms to which they are bonded, form a
saturated or unsaturated carbocyclic ring, wherein the ring is optionally substituted and
wherein one or more ring atoms is optionally replaced with a heteroatom. In some
embodiments, R*, RE, and R are not hydrogen atoms. In certain embodiments, when a
monovalent radical is optionally substituted with an optionally substituted heteroaryl,
optionally substituted heterocycloalkyl, or optionally substituted saturated or unsaturated

carbocyclic ring, the substituents on the optionally substituted heteroaryl, optionally

substituted heterocycloalkyl, or optionally substituted saturated or unsaturated carbocyclic
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ring, if they are substituted, are not substituted with substituents which are further optionally
substituted with additional substituents.

[18] As used herein, “amino acid side chain” refers to a monovalent non-hydrogen
substituent that is bonded to an a.— carbon of an a-amino acid, including, e.g., natural, non-
natural, standard, non-standard, proteinogenic, or non-proteinogenic c.— amino acid.
Examples of amino acid side chains include, but are not limited to the a.-carbon substituent of
alanine, valine, leucine, isoleucine, methionine, tryptophan, phenylalanine, proline, serine,
threonine, cysteine, tyrosine, asparagine, glutamine, aspartic acid, glutamic acid, lysine,
arginine, histidine, and citrulline, and derivatives thereof.

[19] As used herein, “nucleophile” refers to a substance comprising an electron
lone pair that reacts with an electrophilic center, thereby forming a covalent cond.

Exemplary nucleophiles comprise reactive oxygen, sulfur, and/or nitrogen atoms that form
such covalent bond.

[20] As used herein, “Lewis acid” refers to a molecule or ion that accepts an
electron lone pair. The Lewis acids used in the methods described herein are those other than
protons. Lewis acids include, but are not limited to, non-metal acids, metal acids, hard Lewis
acids, and soft Lewis acids. Lewis acids include, but are not limited to, Lewis acids of
aluminum, boron, iron, tin, titanium, magnesium, copper, antimony, phosphorus, silver,
ytterbium, scandium, nickel, and zinc. Illustrative Lewis acids include, but are not limited to,
AlBr;, AICl;, BCl;, boron trichloride methyl sulfide, BF;, boron trifluoride methyl etherate,
boron trifluoride methyl sulfide, boron trifluoride tetrahydrofuran, dicyclohexylboron
trifluoromethanesulfonate, iron (I1I) bromide, iron (I1I) chloride, tin (IV) chloride, titanium
(IV) chloride, titanium (I'V) isopropoxide, Cu(OTf),, CuCl,, CuBr;, zinc chloride,
alkylaluminum halides (R,AlX;.,, wherein R is hydrocarbyl; X is a halide selected from F,
Cl, Br or I; and n is an integer from O to 3), Zn(OTf),, Yb(OTf);, Sc(OTf);, MgBr,, NiCl,,
Sn(OTH),, Ni(OTf),, and Mg(OTf),.

[21] As used herein, “base” refers to a molecule or ion that donates an electron lone
pair. The bases suitable for the methods described herein are non-nucleophilic, i.e., the bases
do not donate an electron pair to and form a bond with electrophiles other than protons.

[22] As used herein, “stereomerically pure” describes a compound wherein, for a
given sample of that compound, the indicated stereoisomer is present in a greater extent than
other stereoisomers of that compound. In some embodiments, the stereomerically pure

compounds described herein comprise 80% or greater, 85% or greater, 90% or greater, 95%
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or greater, or 97% or greater by weight of one stereoisomer of the compound. The extent of
stereomeric purity can be quantified in terms of the compound’s enantiomeric excess, i.e., the
extent to which an enantiomer is present over the other enantiomer. Compounds that are
stereomerically pure have greater than 0% ee, i.e., are not racemic. The term “stereomerically
pure” can also be used to describe compounds having two or more stereocenters, wherein a
single diastereomer is present to a greater extent than other stereoisomers. This extent can be
quantified in terms of the compound’s diastereomeric excess. The term “diastereomeric
excess” refers to the difference between the mole fraction of the desired single diastereomer
as compared to the remaining diastereomers in a composition. Diastereomeric excess is
calculated as follows: (amount of single diastereomer)-(amount of other diastereomers)/1.
For example, a composition that contains 90% of 1 and 10% of 2, 3, 4, or a mixture thereof
has a diastereomeric excess of 80% [(90-10)/1]. A composition that contains 95% of 1 and
5% of 2, 3, 4, or a mixture thereof has a diastereomeric excess of 90% [(95-5)/1]. A
composition that contains 99% of 1 and 1% of 2, 3, 4, or a mixture thereof has a
diastereomeric excess of 98% [(99-1)/1]. The diastereomeric excess can similarly be
calculated for any one of 1, 2, 3, or 4. Methods of determining excess include but are not
limited to NMR, chiral HPLC, and optical rotation.

[23] As used herein, “diluent” refers to a non-aqueous liquid organic
compound/solvent or mixture of organic compounds/solvents in which the reaction
components, e.g., reactants, substrates, and/or reagents are dissolved and/or suspended to
facilitate the desired chemical reaction. Diluents include, but are not limited to, low boiling
diluents, high boiling diluents, polar aprotic diluents, and non-polar diluents.

[24] As used herein, “appended portion of the nucleophile” refers the structural
portion of a referenced nucleophile that is appended to an electrophile following reaction of
said nucleophile with said electrophile.

[25] As used herein, “amide synthesis conditions™ refers to reaction conditions
suitable to effect the formation of an amide, e.g., between the reaction of a carboxylic acid,
activated carboxylic acid, or acyl halide with an amine. Suitable conditions include, but are
not limited to, those utilizing reagents to effect the reaction between a carboxylic acid an
amine, including, but not limited to, dicyclohexylcarbodiimide (DCC),
diisopropylcarbodiimide (DIC), (benzotriazol-1-yloxy )tris(dimethylamino)phosphonium
hexafluorophosphate (BOP), (benzotriazol-1-yloxy )tripyrrolidinophosphonium
hexafluorophosphate (PyBOP), (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate (Py AOP), bromotripyrrolidinophosphonium hexafluorophosphate
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(PyBrOP), O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HBTU), O-(benzotriazol-1-y1)- N.N,N’ N’-tetramethyluronium tetrafluoroborate (TBTU), 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b|pyridinium 3-oxid
hexafluorophosphate (HATU), 2-Ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ), 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 2-Chloro-1,3-
dimethylimidazolidinium hexafluorophosphate (CIP), 2-chloro-4,6-dimethoxy-1,3,5-triazine
(CDMT), and carbonyldiimidazole (CDI).
[26] As used herein, “activated carboxyl” refers to a moiety having the following

0O
structure, _ELA , wherein A is a moiety that renders the carbonyl to which it is bonded
electrophilic, e.g., reactive to an alcohol, amine, or thiol. Activated carboxyl moieties
include, but are not limited to, acid halides, esters, and anhydrides.
[27] As used herein, “amine protecting group” refers to a moiety that is bonded to a
nitrogen atom and attenuates the nucleophilic character of said nitrogen atom. Examples of
amine protecting groups include, but are not limited to, those disclosed in Peter G. M. Wuts
and Theodora W. Greene, “Greene’s Protective Groups in Organic Synthesis,” 4™ ed. 2006,
which is incorporated herein by reference in its entirety. Illustrative groups include, but are
not limited to BOC, Troc, Cbz, and FMOC.
[28] Certain groups, moieties, substituents, and atoms are depicted with a wiggly
line that dissects a bond to indicate the atom through which the groups, moieties, substituents,
atoms are bonded. For example, a phenyl group that is substituted with a propyl group
depicted as:

H;C.__CHs;

whny

A
HsC™ "CHs has the following structure:
2. METHODS

[29] Provided herein are methods of acylating a nucleophile comprising contacting

said nucleophile with a compound of Formula (I):
R! R?

OI LS

O
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)

in the presence of one or more Lewis acids and one or more bases,

wherein:
R'is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain, and
R” is a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,
heteroalkenyl, heteroalkynyl, or heteroaryl.

[30] In some embodiments, the compound of Formula (I) is a compound of
Formula (Ia) or (Ib):
R! R? R! R?
“, / /
N IN
OIO ks 0 o ks
(Ia) (Ib)

wherein R' and R” are as defined above.

[31] In some embodiments, a stereomerically pure compound of Formula (Ia) or
stereomerically pure compound of Formula (Ib) is isolated by chiral chromatography. Chiral
chromatography can be performed using chiral columns and separation conditions deemed
suitable by a practitioner of skill.

[32] Provided herein are also methods of preparing a compound of Formula (II):

Yy
comprising contacting a compound of Formula (I):
R! R?
/
z
0 ()/:§:==ss

)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,
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wherein:
R' is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain,
R’ is a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,
heteroalkenyl, heteroalkynyl, or heteroaryl, and
Nu is an appended portion of the nucleophile,

to form the compound of Formula (II).

[33] Provided herein are also methods of preparing a compound of Formula (ITa):

(I1Ta)
comprising contacting a compound of Formula (Ia):

R! R?
by
0 O\A\S
M
with a nucleophile in the presence of one or more Lewis acids and one or more bases,
wherein:
R' is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain,
R’ is a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,
heteroalkenyl, heteroalkynyl, or heteroaryl, and
Nu is an appended portion of the nucleophile,
to form the compound of Formula (Ila). In some embodiments, a stereomerically
pure compound of formula (I1a) is isolated by chromatography. The chromatography
conditions and methods are any of those deemed suitable by a practitioner of skill.

[34] Provided herein are also methods of preparing a compound of Formula (ITa):
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(I1Ta)
comprising contacting a compound of Formula (Ia):

R! R2
“, /

cD::ﬁZ:_j}E==s

0
(Ia)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,
wherein:
R'is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain,
R” is a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,
heteroalkenyl, heteroalkynyl, or heteroaryl, and
Nu is an appended portion of the nucleophile,
to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is
stereomerically pure.

[35] Provided herein are also methods of preparing compound of Formula (IIb):

(IIb)

comprising contacting a compound of Formula (Ib):

10
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(Ib)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,
wherein:

R'is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,

heteroalkynyl, heteroaryl, or an amino acid side chain,

R” is a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,

heteroalkenyl, heteroalkynyl, or heteroaryl, and

Nu is an appended portion of the nucleophile,
to form the compound of Formula (IIb), wherein the compound of Formula II(b) is
stereomerically pure.
[36] In some embodiments, the methods are performed in a diluent, wherein said
diluent is or comprises one or more polar aprotic solvents.
[37] In some embodiments, the methods are performed at a temperature of 0 to
100 °C, 10 to 80 “C, 15 to 70 °C, 15 to 60 *C, 20 to 60 °C, or 40 to 60 °C. In some
embodiments, the methods are performed at a temperature of 45 to 55 °C. In some
embodiments, the reaction is mixed for at least 2, 4, 6, 8, 10, 12, 24, 36, 48, 60, 72, 84, 96,
108, or 120 hours. In some embodiments, the reaction is performed for 2-50 hours, wherein
the reaction is performed initially at room temperature and subsequently at 40 to 60 *C. In
certain embodiments, the methods are performed at a temperature of 15 to 60 °C for at least
24 hours. In certain embodiments, the methods are performed at a temperature of 20 to 60 °C
for at least 24 hours. In some embodiments, the methods are performed at 40 to 60 “C for 4-8
hours in a diluent comprising DMF. In some embodiments, the methods are performed at 50
C for 6 hours in a diluent comprising DMF.
[38] In some embodiments, the compound of Formula (I), (Ia), or (Ib) is contacted
with the nucleophile as described herein under anhydrous conditions. In certain
embodiments, the compound of Formula (I), (Ia), or (Ib) is contacted with the nucleophile as
described herein in an anhydrous diluent. In certain embodiments, the compound of Formula
(D, (Ia), or (Ib) is contacted with the nucleophile in a diluent in the presence of activated

molecular sieves.
(a) Compounds of Formula (I)

[39] Provided herein are compounds of Formula (I):

11
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R! R?
g
0 O/&S
()

wherein:
R'is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain, and
R” is a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,
heteroalkenyl, heteroalkynyl, or heteroaryl.

[40] In some embodiments, the compound of Formula (I) is a compound of
Formula (Ia) or (Ib):
R! R? R! R?
/ /
N IN
OIO ks o) o ks
(Ia) (Ib).
i  R'moieties
[41] In some embodiments, R" is C; alkyl, Co0 alkenyl, C;0 alkynyl, C7.29

alkaryl, C7.p aralkyl, or Ce0 aryl. In some embodiments, R'is Cy.¢ alkyl, C». alkenyl, Ca
alkynyl, or Cg.10 aryl. In some embodiments, R' is Cy.1; alkyl. In some embodiments, R' is
Ci5 alkyl. In some embodiments R'is Ci; alkyl. In certain embodiments, the alkyl, alkenyl,
alkynyl, or aryl is not substituted. In some embodiments, R' is methyl.

[42] In some embodiments, R is an amino acid side chain. In some embodiments,

Rlis:

CH3 H3C H3

$-CHj _§_<CH3 ‘%‘)_CHS _§_<—CH

3

>

or

12
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0

:"{\/\HJ\NHZ
[43] In some embodiments, R’ is
§_<CH3 Hs_C)_CH % CHj
_ 3 -
-§-CHj CH, -4 CHy

> > > >

or .
CH, 5
-$-CH E
[44] In some embodiments, R’ is 3. CHs o .

[45] In some embodiments, R' is an amino acid side chain that does not contain a

heteroatom.
(ii) R’ moieties

[46] In some embodiments, R is a hydrogen atom, Ci.5 alkyl, C.5 alkenyl, Cs.50
alkynyl, C7. alkaryl, C7.5 aralkyl, or Cg.50 aryl. In some embodiments, R*is C1.¢ alkyl, C.
alkenyl, Ca. alkynyl, or Ce.10 aryl. In some embodiments, R” is not a hydrogen atom. In
some embodiments, R is C1.;» alkyl. In some embodiments, R is C .6 alkyl. In some
embodiments R is Cy.; alkyl. In certain embodiments, the alkyl, alkenyl, alkynyl, or aryl is

not substituted.
(iv)  Amounts

[47] In some embodiments, the compound of Formula (1), (Ia), or (Ib) is present at
a reaction concentration of 0.05 to 1.00 M. In some embodiment, the compound of Formula
(D, (Ia), or (Ib) is present at 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, or 1.0 M. In some
embodiments, the compound of Formula (I), (Ia), or (Ib) is present at a concentration of 0.3 —
0.5 M.

[48] In some embodiments, a stoichiometric amount of the compound of Formula
(D, (Ia), or (Ib) is used relative to the nucleophile. In some embodiments, an excess amount

of the compound of Formula (I), (Ia), or (Ib) is utilized relative to the nucleophile. In some

13
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embodiments, 1.0 to 20 eq., 2.0to 15 eq., 5to 15 eq., or 8 to 12 eq. of Lewis acid is utilized

relative to nucleophile.
(v) Illustrative Embodiments

[49] In some embodiments:

R' is an amino acid side chain; and

R’ is a hydrogen atom, C .5 alkyl, Ca.0 alkenyl, Co0 alkynyl, C7.5 alkaryl, C7.5 aralkyl, or
Ce0 aryl.

[50] In some embodiments:

R'is unsubstituted C, alkyl, or benzyl; and

R? is a hydrogen atom or unsubstituted C.¢ alkyl.

[51] In some embodiments:

R' is unsubstituted C 1 alkyl or benzyl, and

R’ is unsubstituted Cy. alkyl.

[52] In some embodiments:

R'is C10 alkyl, Cao0 alkenyl, Co. alkynyl, C7 alkaryl, Co aralkyl, or Ce. aryl, and
R?is Cia0 alkyl, C,.9 alkenyl, C,0 alkynyl, C7.0 alkaryl, C;. aralkyl, or Ce.x aryl; wherein
said alkyl, alkenyl, alkynyl, alkaryl, aralkyl, and aryl of R' and R? are not substituted.

[53] In some embodiments:

R'is C 1. alkyl, Ca alkenyl, Cs.¢ alkynyl, or Ce.10 aryl, and

R” is C16 alkyl, Ca. alkenyl, Cas alkynyl, or Ce.10 aryl;

wherein said alkyl, alkenyl, alkynyl, and aryl of R' and R? are not substituted.

[54] In some embodiments, R' and R? are each, independently, C, alkyl.

[55] In some embodiments, the compound of the Formula (I) is a compound of

Formula (Ia):

(Ia).

[56] In some embodiments, the compound has the Formula (Ia), wherein:
R' is unsubstituted Cy. alkyl, or benzyl; and
R’ is unsubstituted C . alkyl.

14
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[57] In some embodiments, the compound is:
HoC(  CHs HiC,  CHs CH3
Dy g SPis
S
o) (),/)t===s;’ o) ()//1*:==s;’ cjfl:;()
,CH3 CH; ?H3 CH; PH3
N N )”l,, N
Y=s HsC Y=s H;C ; Y=s
O 0] O
O , o , or o) .
(vi)  Preparation of Compounds of Formula (I)
[58] Compounds of Formula (I) are accessible directly in one step from their

corresponding amino acid. In some embodiments, compounds of Formula (I) are prepared

from by contacting the corresponding amino acid, i.e., compound of Formula (I11):

H OH
R2/ @]
R']
(1)

or a salt thereof. For example, compounds of Formula (I) can be prepared by contacting a
compound of Formula (ITT) with 1,1'-thiocarbonyldiimidazole or an O,S-dimethyl ester, e.g.,
according to US 4,411,925, which is incorporated herein by reference in its entirety.
Compounds of Formula (Ia) and (Ib) can be directly obtained from their corresponding chiral
L- or D- amino acid.

[59] In some examples, a stereomerically pure compound of Formula (Ia) and (Ib)
can isolated using chromatography techniques known to persons having ordinary skill in the
art. In some embodiments, a stereomerically pure compound of Formula (Ia) or
stereomerically pure compound of Formula (Ib) is obtained by subjecting a mixture of
isomers to a chiral column. The chiral column and separation conditions can be any of those
deemed suitable by a practitioner of skill. In some examples, the chiral column is a
Phenomenex Luc 5 pum Amylose-1 column. In some examples, the chiral column is a Chiral
Technologies CHIRALPAK® 5u AD-H column.

[60] For example, the compound of Formula (Ia):
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(Ia)

can be prepared in a method comprising contacting a compound of Formula (Il1a):

(1lla)

with 1,1’-thiocarbonyldiimidazole in the presence of one or more bases,

wherein:
R'is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain, and
R” is a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,
heteroalkenyl, heteroalkynyl, or heteroaryl,

to form the compound of Formula (Ia).

[61] Furthermore, the compound of Formula (Ib):
R! R?

OI Ls

0
(Ib)

can be prepared in a method comprising contacting a compound of Formula (I1Ib):

(11Ib)

with 1,1’-thiocarbonyldiimidazole in the presence of one or more bases.

wherein:
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R' is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain, and
R’ is a hydrogen atom, alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl,
heteroalkenyl, heteroalkynyl, or heteroaryl,
to form the compound of Formula (Ib).
[62] In some embodiments, R' and R? are both alkyl. In some embodiments, R'
and R” are both unsubstituted Cy.¢ alkyl. In some embodiments, R' and R* are both methyl.
[63] In some embodiments, a stereomerically pure compound of Formula (Ia) or
stereomerically pure compound of Formula (Ib) is obtained by subjecting a compound of
Formula (I) to a chiral column. The chiral column and separation conditions can be any of
those deemed suitable by a practitioner of skill.
[64] In certain embodiments, the reaction is mixed for 2 to 72 hours. In certain
embodiments, the reaction is mixed for at least 2, 4, 6, 8, 10, 12, 24, or 36 hours. In some
embodiments, the compounds of Formula (IIT), (I1Ta) or (IIIb) are contacted with the 1,1'-
thiocarbonyldiimidazole and one of more bases at -100 — to 60 “C; -80 to 30 °C; -50 to 20 °C,
-20t0 10 °C, or 0 “C. In some embodiments, the 1,1’ —thiocarbonyldiimidazole is added in
portions to a mixture of the compound of Formula (IIT), (I1Ta) or (IIIb) and base over 1, 2, 3,
4,5,6,7,8,9o0r 10 hours. In certain embodiments, the addition is performed at about 0 *C.
In certain embodiments, the reaction is mixed for an additional 2, 4, 6, 8, 10, 12, or 24 hours
after addition of the 1,1' —thiocarbonyldiimidazole. In particular embodiments, the
1,1 '-thiocarbonyldiimidazole is added over 4 hours at 0 *C and subsequently warmed to
room temperature.
[65] In certain embodiments, a stoichiometric or excess amount of 1,1'-
thiocarbonyldiimidazole (with respect to the compound of Formula (I1I), (ITla) or (ITIb)) is
utilized. In some embodiments, 1.0to 4.0eq., 1.05t03.0eq., or 1.1 t0 2.0 eq. of
1,1' —thiocarbonyldiimidazole is utilized. In some embodiments, at least 1.1 eq. of
1,1'-thiocarbonyldiimidazole is utilized.
[66] Suitable bases include, but are not limited to, tertiary amine and pyridine
bases. In certain embodiments, the base is N,N-diisopropylethylamine (DIPEA), 1,8-
diazabicycloundec-7-ene, 2,6-di-tertbutylpyridine, or triethylamine. In certain embodiments,
the base is diisopropylethyl amine.
[67] In some embodiments, an excess amount of base is utilized, relative to the

compound of Formula (IIT), (IlTa), or (I1Tb). In some embodiments, 1.01 to 20 eq., 1.1 to 10
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eq..l.1to5eq., 1.5t03eq., 1.5t02.5eq., or 2.0 eq. base is utilized relative to the
compound of Formula (IIT), (IT1a), or (IIIb).

[68] In some embodiments, the compound of Formula (II1), (I1Ta) or (IlIb) is
contacted with the 1,1'-thiocarbonyldiimidazole in the presence of one or more bases in a
diluent, wherein the diluent is or comprises one or more polar aprotic solvents. In some
embodiments, the diluent is dichloromethane, tetrahydrofuran, dimethylformamide,
dimethylsulfoxide, chloroform, or acetone. In some embodiments, the diluent is
dichloromethane. In some embodiments, the compound of Formula (I1I), (I1la) or (I1Ib) is
present in the diluent at a concentration of 0.001 M to 0.5 M. In some embodiments, the
compound of Formula (III), (IlTa) or (ITIb) is present in the diluent at a concentration of 0.01
10 0.10 M. In some embodiments, the compound of Formula (IIT), (IlTa) or (I1Ib) is present in
the diluent at a concentration of 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.11, 0.12,
0.13,0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.3, 0.4, 0.5 M.

[69] In some embodiments, the method of preparing the compound of Formula (1),
(Ia) or (Ib) further comprises isolating the compound of Formula (I), (Ia) or (Ib) by filtering
the reaction mixture through silica gel and eluting the compound of Formula (Ia) or (Ib). In
certain embodiments, the eluting is performed with dichloromethane. In certain
embodiments, the eluting is performed with a mixture of ethyl acetate and hexanes. In
particular embodiments, the eluting is performed using gradient elution with 0 — 50 percent
ethyl acetate in hexanes.

[70] In some embodiments, the compound of Formula (Ia) or (Ib) is obtained in at

least 40, at least 50, at least 60, at least 70, at least 80 percent yield, or at least 90 percent

yield.
[71] In certain embodiments, the compound of Formula (Ia):
R! R?
“z, /
—N
oA
(Ia)

is prepared in a method comprising contacting a compound of Formula (I1la):
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(1lla)

wherein R' and R” is methyl, with 1,1'-thiocarbonyldiimidazole in the presence of a tertiary

amine base to form the compound of Formula (Ia).
(b) Nucleophiles

[72] Suitable nucleophiles include, but are not limited to alcohols, amines, and
thiols. In some embodiments, the nucleophile is a compound of formula R-SH or R-OH,
wherein R is alkyl, alkenyl, alkynyl, alkaryl, aralkyl, aryl, heteroaryl, or heterocycloalkyl. In
some embodiments, the nucleophile is a compound of formula R*RY-NH, wherein R™ is
alkyl, alkenyl, alkynyl, alkaryl, aralkyl, aryl, heteroaryl, or heterocycloalkyl and R is a
hydrogen atom, alkyl, alkenyl, alkynyl, alkaryl, aralkyl, aryl, heteroaryl, or heterocycloalkyl.
In certain embodiments, R is a hydrogen atom.

[73] In certain embodiments, the nucleophile is a primary or secondary alcohol. In
some embodiments, the nucleophile is a maytansinoid having a C-3 hydroxyl group. In some

embodiments, the nucleophile is a compound having the Formula (IV):

or a stereoisomer, salt, or solvate thereof.

[74] In some embodiments, the compound of Formula (I), (Ia), or (Ib) is contacted
with the nucleophile, Lewis acid, and base in a diluent, wherein the concentration of
nucleophile in said diluent is 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.10,
0.15,0.20 M.

(¢) Lewis Acids

[75] The methods provided herein are performed in the presence of one or more
Lewis acids other those generating a proton. In some embodiments, the Lewis acid is

Zn(O0Tf),, AgOTH, Sc(OTH);, Cu(OTHL),, Fe(OTf),, Ni(OTf),, Sn(OTf),, Ni(acac),, Cu(acac),,
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Zn(acac),, TiCly, and ZnCl,, or Mg(OTf),. In certain embodiments, the Lewis acid is a Lewis
acid of zinc. In some embodiments, the Lewis acid is Zn(OTf),.

[76] In some embodiments, the compound of Formula (I), (Ia), or (Ib) is contacted
with the nucleophile, Lewis acid, and base in a diluent, wherein the concentration of Lewis
acid in said diluent is 0.05 to 1 M. In some embodiments, the concentration of the Lewis acid
in said diluent is 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.50,
0.60, 0.70, 0.80, 0.90, or 1 M.

177] In some embodiments, an excess amount of Lewis acid is utilized relative to
the nucleophile. In some embodiments, 1.01 to 20 eq., 1.1to 10eq., 1.1t0 5.0 eq., or 2.0 to

4.0 eq., or 2.0 to 3.0 eq. of Lewis acid is utilized relative to nucleophile.
(d) Bases

[78] The methods provided herein are performed in the presence of one or more
bases that are non-nucleophilic. Illustrative bases include, but are not limited to, sterically
hindered amines, e.g., secondary and tertiary amines and pyridines. In some embodiments,
the base is a tertiary amine. In some embodiments, the base is triethylamine, tributylamine,
diisopropylethylamine, 1,8-diazabicycloundec-7-ene, or 2,6-di-tert-butylpyridine. In certain
embodiments, the base is diisopropylethylamine.

[79] In some embodiments, the compound of Formula (I), (Ia), or (Ib) is contacted
with the nucleophile, Lewis acid, and base in a diluent, wherein the concentration of base in
said diluent is 0.1, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, or 0.50 M.

[80] In some embodiments, an excess amount of base is utilized, relative to the
nucleophile. In some embodiments 1.01 to 20 eq., 1.5t0 15eq., 2t0 10.0 eq., 3.0t0 8.0 eq.,

or 4.0 t0 6.0 eq. of base is utilized relative to the nucleophile.

(e) Diluents

[81] In some embodiments, nucleophile acylation methods described herein are
performed in a diluent that is or comprises one or more polar aprotic solvents. Suitable
diluents include, but are not limited to, diethyl ether, tetrahydrofuran, N,N-
dimethylformamide, 2-methyltetrahydrofuran, 1,4-dioxane, or N,N-dimethylacetamide. In
some embodiments, the diluent is N,N-dimethylformamide. In some embodiments, the

diluent is or comprises N,N-dimethylformamide or 2-methyltetrahydrofuran. In some
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embodiments, the diluent comprises N N-dimethylformamide and 2-methyltetrahydrofuran.
In certain embodiments, the diluent comprises N,N-dimethylformamide and 2-
methyltetrahydrofuran, wherein the ratio of the volume of N,N-dimethylformamide to the
volume of 2-methyltetrahydrofuran is from 1:1 to about 1:10. In certain embodiments, the

ratio is 1:2. In some embodiments, the diluent consists of DMF.
® Illustrative Embodiments

[82] In some embodiments, the compound of Formula (ITa):

(1Ia)

is prepared in a method comprising contacting a compound of Formula (Ta):

(Ia)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R” are each, independently, C;.0 alkyl, C,.0 alkenyl, C».5 alkynyl, C7
alkaryl, C; aralkyl, or Cs.59 aryl, and
Nu is an appended portion of the nucleophile,

to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is

stereomerically pure.

[83] In some embodiments, the compound of Formula (ITa):
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is prepared in a method comprising contacting a compound of Formula (Ta):

R! R?
/
gt
0] o S
@
with a nucleophile in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R” are each, independently, C;.0 alkyl, C,.0 alkenyl, Cs.5 alkynyl, C70

alkaryl, C; aralkyl, or Cs.59 aryl, and

Nu is an appended portion of the nucleophile.
In some embodiments, the compound of Formula (ITa):

[84]
Nu

(1Ia)

is prepared in a method comprising contacting a compound of Formula (I):

R! R?
/
Dy
o O)Qs
@
with a nucleophile in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R are each, independently, C}.50 alkyl, C,.50 alkenyl, C2.5 alkynyl, C7.5
alkaryl, C;5 aralkyl, or Cs.59 aryl, and Nu is an appended portion of the nucleophile,

to form a compound of formula (II):
Nu
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and subsequently isolating the compound of Formula (Ila), wherein the compound of

Formula (I1a) is stereomerically pure.
In some embodiments, the compound of Formula (ITa):

[85]
Nu

(I1Ta)
is prepared in a method comprising contacting a compound of Formula (Ta):

R! R?
~, /

N
oI
(Ia)
with a nucleophile in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R? are each, independently C alkyl, C,. alkenyl, Ca. alkynyl, or Ce.10 aryl,

and
Nu is an appended portion of the nucleophile,

to form the compound of Formula (Ila), wherein the compound of Formula (Ila) is

stereomerically pure.
In some embodiments, the compound of Formula (ITa):

[86]
Nu

(1Ia)

is prepared in a method comprising contacting a compound of Formula (Ta):

/
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(Ia)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R? are each, independently, C alkyl, and
Nu is an appended portion of the nucleophile,

to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is

stereomerically pure.

[87] In some embodiments, the compound of Formula (ITaa):

(Ilaa)

is prepared in a method comprising contacting a compound of Formula (Taa):

HG,  CHg

N
oA s
(Iaa)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,
wherein Nu isan appended portion of the nucleophile,

to form the compound of Formula (ITaa), wherein the compound of Formula (Ilaa) is

stereomerically pure.

[88] In some embodiments, the compound of Formula (ITa):

(1Ia)

is prepared in a method comprising contacting a compound of Formula (Ta):
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(Ia)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,
wherein:
R' is an amino acid side chain,
R? is C1.p0 alkyl, Capp alkenyl, Ca0 alkynyl, C7.0 alkaryl, C.p aralkyl, or Ce.p0 aryl,
and
Nu is an appended portion of the nucleophile,
to form the compound of Formula (Ila), wherein the compound of Formula (Ila) is
stereomerically pure.

[89] In some embodiments, the compound of Formula (ITa):

(I1Ta)
is prepared in a method comprising contacting a compound of Formula (Ta):

R! R?
z, /

OI Ls

o
(Ia)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,
wherein:
R'is
CHy H3C, CH,

-§-CH, _§_<CH3 -§-)_ o _§_<—CH3

> > > >
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R is C 1.6 alkyl, Ca.6 alkenyl, Cs. alkynyl, or Ce.10 aryl, and

Nu is an appended portion of the nucleophile,
to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is

stereomerically pure.
In some embodiments, the compound of Formula (ITa):

[90]
Nu

(I1Ta)
is prepared in a method comprising contacting a compound of Formula (Ta):

R! R?

% /
—N
O/A/:\A\s

(Ia)

with a nucleophile in the presence of one or more Lewis acids and one or more bases,

wherein:
R!is
CH3 H3G Hs
o K
CH

or
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R’ is unsubstituted C alkyl, and

Nu is an appended portion of the nucleophile,
to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is

stereomerically pure.
In some embodiments, the compound of Formula (ITa):

[91]
Nu

(I1Ta)
is prepared in a method comprising contacting a compound of Formula (Ta)

R! R?
/

~, N
O/A/:\A\s

(Ia)
with an alcohol in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R? are each, independently, C alkyl, C.5 alkenyl, Cs.5 alkynyl, C7.50

alkaryl, C;40 aralkyl, or Ces.20 aryl, and

Nu is an appended portion of the alcohol,
to form the compound of Formula (Ila), wherein the compound of Formula (Ila) is

stereomerically pure.
In some embodiments, the compound of Formula (ITa):

[92]
Nu

(1Ia)

is prepared in a method comprising contacting a compound of Formula (Ta)
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(Ia)

with an alcohol in the presence of one or more Lewis acids and one or more bases,
wherein:
R' and R? are each, independently C. alkyl, Cs. alkenyl, Co. alkynyl, or Ce.1o aryl,
and
Nu is an appended portion of the alcohol,
to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is
stereomerically pure.

[93] In some embodiments, the compound of Formula (ITa):

(I1Ta)
is prepared in a method comprising contacting a compound of Formula (Ia):

R! R?
~, /

c):=:2z:_iti:=?s

0
(Ia)

with an alcohol in the presence of one or more Lewis acids and one or more bases,
wherein:
R! is an amino acid side chain,
R is C10 alkyl, Ca.a0 alkenyl, Cs.5 alkynyl, C7.5 alkaryl, C7.5 aralkyl, or Ce.p0 aryl,
and
Nu is an appended portion of the alcohol,
to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is

stereomerically pure.
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In some embodiments, the compound of Formula (ITaaa):

[94]
ORA

AR,

(I1laaa)

is prepared in a method comprising contacting a compound of Formula (Ta):

R! R?
Z, /
L
O o S
(Ia)
with a nucleophile in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R? are each, independently, alkyl, alkenyl, alkynyl, alkaryl, aralkyl, or aryl,

R* is alkyl, alkenyl, alkynyl, alkaryl, aralkyl, aryl, heteroalkyl, heteroalkenyl,

heteroalkynyl, or heterocycloalkyl, and
the nucleophile is a compound having the formula R*-OH,

to form the compound of Formula (Ilaaa), wherein the compound of Formula (ITaaa) is

stereomerically pure.
In some embodiments, the compound of Formula (ITa):

[95]
Nu

(1Ia)

is prepared in a method comprising contacting a compound of Formula (Ia):

R! R?
“, /
e} Oks

(Ia)
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with an alcohol in the presence of:
) one or more Lewis acids,
(i1) one or more bases, and
(iii)  adiluent comprising one or more polar aprotic solvents,
wherein:
R' and R? are each, independently C. alkyl, Cs. alkenyl, Co. alkynyl, or Ce.1o aryl,
and
Nu is an appended portion of the alcohol,
to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is
stereomerically pure.

[96] In some embodiments, the compound of Formula (ITa):

(I1Ta)

is prepared in a method comprising contacting a compound of Formula (Ta):

R! R2
“, /
—N
o<
(Ia)
with an alcohol in the presence of
) one or more Lewis acids,

(i1) one or more bases, and

(iii)  adiluent comprising one or more polar aprotic solvents,

wherein:
R' is an amino acid side chain,
R2 1S C1_20 alkyl, C2_20 alkenyl, C2_20 alkynyl, C7_20 alkaryl, C7.20 aralkyl, or C6.20 aryl,
and

Nu is an appended portion of the alcohol,
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to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is

stereomerically pure.
In some embodiments, the compound of Formula (ITaaa):

[97]
ORA

(I1laaa)

is prepared in a method comprising contacting a compound of Formula (Ta):
R! R?
“, /
L
o (3/:&::=s

(Ia)

with a nucleophile in the presence of:
) one or more Lewis acids,
(i)
(iii)
R' and R? are each, independently, alkyl, alkenyl, alkynyl, alkaryl, aralkyl, or aryl,

one or more bases, and
a diluent comprising one or more polar aprotic solvents,

wherein:
R* is alkyl, alkenyl, alkynyl, alkaryl, aralkyl, aryl, heteroalkyl, heteroalkenyl,

heteroalkynyl, or heterocycloalkyl, and
the nucleophile is a compound having the formula R*-OH,

to form the compound of Formula (Ilaaa), wherein the compound of Formula (ITaaa) is

stereomerically pure.
In some embodiments, the compound of Formula (ITa):

[98]
H Nu
N\/go

(1Ia)

is prepared in a method comprising contacting a compound of Formula (Ta):
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(Ia)

with an alcohol in the presence of one or more Lewis acids and one or more bases,
wherein:
R' is an amino acid side chain,
R? is C1.p0 alkyl, Capp alkenyl, Ca0 alkynyl, C7.0 alkaryl, C.p aralkyl, or Ce.p0 aryl,
and
Nu is an appended portion of the alcohol,
to form the compound of Formula (Ila), wherein the compound of Formula (I1a) is
stereomerically pure and wherein the alcohol is a maytansinoid having a C-3 hydroxyl group.

[99] In some embodiments, the compound of Formula (ITa):

(I1Ta)
is prepared in a method comprising contacting a compound of Formula (I):

R! R2

OI Ls

0
)

with an alcohol in the presence of one or more Lewis acids and one or more bases,
wherein:
R! is an amino acid side chain,
R is C10 alkyl, Ca.a0 alkenyl, Cs.5 alkynyl, C7.5 alkaryl, C7.5 aralkyl, or Ce.p0 aryl,
and
Nu is an appended portion of the alcohol,

to form the compound of Formula (ITa).
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[100] In some embodiments, the compound of Formula (V):

V)
is prepared in a method comprising contacting a compound of Formula (Ta):

R} R2

oL s

av)

in the presence of one or more Lewis acids and one or more bases,

wherein:
R' is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain, and
R” is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, or heteroaryl,

to form the compound of Formula (V), wherein the compound of Formula (V) is

stereomerically pure.

[101] In some embodiments, the compound of Formula (V):
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V)
is prepared in a method comprising contacting a compound of Formula (I):
R! R?
/
Dy
o) O/&s

)

with a compound of Formula (IV):

av)

in the presence of one or more Lewis acids and one or more bases,

wherein:
R'is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain, and
R” is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, or heteroaryl,

to form the compound of Formula (V).

[102] In some embodiments, the compound of Formula (V):
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V)
is prepared in a method comprising contacting a compound of Formula (Ta):

R! R2

g

av)

in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R” are each, independently, C;. alkyl, C,.50 alkenyl, Cs.s alkynyl, C70
alkaryl, C;5 aralkyl, or Cg. aryl,

to form the compound of Formula (V), wherein the compound of Formula (V) is

stereomerically pure.

[103] In some embodiments, the compound of Formula (V):
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V)
is prepared in a method comprising contacting a compound of Formula (Ta):

R} R?

OI Ls

av)

in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R? are each, independently, C alkyl,
to form the compound of Formula (V), wherein the compound of Formula (V) is

stereomerically pure.

[104] In some embodiments, the compound of Formula (V):
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V)
is prepared in a method comprising contacting a compound of Formula (Ta):

R} R?

OI Ls

av)

in the presence of one or more Lewis acids and one or more bases,

wherein:
R' and R? are each, independently, unsubstituted C . alkyl or benzyl,
to form the compound of Formula (V), wherein the compound of Formula (V) is

stereomerically pure.

[105] In some embodiments, the compound of Formula (V):
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V)
is prepared in a method comprising contacting a compound of Formula (Ta):

R! R2
~Z, /

OI Ls

av)

in the presence of one or more Lewis acids and one or more bases,

wherein:

R! is an amino acid side chain,

R is C10 alkyl, Ca.a0 alkenyl, Cs.5 alkynyl, C7.5 alkaryl, C7.5 aralkyl, or Ce.p0 aryl,
to form the compound of Formula (V), wherein the compound of Formula (V) is

stereomerically pure.

[106] In some embodiments, the compound of Formula (V):
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V)
is prepared in a method comprising contacting a compound of Formula (Ta):

R! R2
“, /

OI Ls

av)

in the presence of one or more Lewis acids and one or more bases,
wherein:

R'is

CHj H3GC CHg
+ ) :
-§-CH, CH, -4 CH,
ks ®
—§—\_ CHs N
S H or

> > >
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0O

j%_’\/\NJ\NH

H 2

>

R’ is C16 alkyl, Ca. alkenyl, Ca alkynyl, or Ce.10 aryl,
to form the compound of Formula (V), wherein the compound of Formula (V) is
stereomerically pure.

[107] In some embodiments, the compound of Formula (V):

on OCHs CHs

0
HaC™ : OCH;
H O o CHscl
re Mo
R’

V)

is prepared in a method comprising contacting a compound of Formula (Ta):

R’ R2
“, /

07( Ls

av)
in the presence of one or more Lewis acids and one or more bases,
wherein:
R'is
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CH, H3C, CHs

4CH, -§_<CH3 ‘5)7 i _§<—CH3
Ra)

R’ is unsubstituted C alkyl,
to form the compound of Formula (V), wherein the compound of Formula (V) is
stereomerically pure.

[108] In some embodiments, the compound of Formula (Va):

(Va)
is prepared in a method comprising contacting a compound of Formula (Taa):

HG,  CHs

OI Ls

av)
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in the presence of one or more Lewis acids and one or more bases,

to form the compound of Formula (Va), wherein the compound of Formula (Va) is

stereomerically pure.

[109] In some embodiments, the compound of Formula (Va):

(Va)

is prepared in a method comprising contacting a compound of Formula 2:

CHs
HsC N
L=
o O
2

with a compound of Formula (IV):

i |
HO © CHsCl
av)
in the presence of one or more Lewis acids and one or more bases,

to form the compound of Formula (Va).

[110] In some embodiments, the compound of Formula (Va):
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(Va)

is prepared in a method comprising contacting a compound of Formula (Taa):

HsC CHy

oL s

0

Q
l\\\

(Iaa)

with a compound of Formula (IV):

in the presence of:

) one or more Lewis acids,

(i1) one or more bases, and

(i) a diluent comprising one or more polar aprotic solvents,
to form the compound of Formula (Va), wherein the compound of Formula (Va) is
stereomerically pure.

[111] In some embodiments, the compound of Formula (Va):
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(Va)

is prepared in a method comprising contacting a compound of Formula (2):
CH,
HsC N
Lo
o ©O
2

with a compound of Formula (IV):

in the presence of:

) one or more Lewis acids,

(i1) one or more bases, and

(i) a diluent comprising one or more polar aprotic solvents,
to form the compound of Formula (Va).

[112] In some embodiments, the compound of Formula (Va):
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(Va)
is prepared in a method comprising contacting a compound of Formula (Taa):

HeG,  CHs

oL

av)

in the presence of:

) one or more Lewis acids, wherein the one or more Lewis acids is
selected from the group consisting of Zn(OTf),, Ag(OTH),, Sc(OTf),,
Cu(OTf),, Fe(OTf),, Ni(OTT),, Mg(OTTf),, Ni(acac),, Cu(acac),,
Zn(acac),, TiCly, and ZnCl,, and BF5*Et,0

(i1) one or more bases, wherein the one or more bases is selected from the
group consisting of triethylamine, tributylamine,
diisopropylethylamine, 1,8-diazabicycloundec-7-ene, and 2,6-di-tert-
butylpyridine and

(i) a diluent comprising one or more polar aprotic solvents, wherein the

one of more polar aprotic solvents is selected from the group

45



WO 2016/149464 PCT/US2016/022797

consisting of diethyl ether, tetrahydrofuran, N,N-dimethylformamide,

2-methyltetrahydrofuran, 1,4-dioxane, and N N-dimethylacetamide. ,
to form the compound of Formula (Va), wherein the compound of Formula (Va) is
stereomerically pure.

[113] In some embodiments, the compound of Formula (Va):

(Va)
is prepared in a method comprising contacting a compound of Formula (Taa):

HeG,  CHs

OIN\A\S

av)

in the presence of zinc triflate, N N,-diisopropylethylamine, dimethylformamide, and 2-

methyl-tetrahydrofuran to form the compound of Formula (Va), wherein the compound of
Formula (Va) is stereomerically pure.

[114] In some embodiments, the compound of Formula (Va):

46



WO 2016/149464 PCT/US2016/022797

(Va)

is prepared in a method comprising contacting a compound of Formula 2:
CH,
HsC N
Lo
o ©O
2

with a compound of Formula (IV):

av)

in the presence of zinc triflate, N N,-diisopropylethylamine, dimethylformamide, and 2-

methyl-tetrahydrofuran to form the compound of Formula (Va).

[115] In some embodiments of the acylation reactions described herein, the
nucleophile is maytansinol, wherein unreacted maytansinol is recovered. In some
embodiments, said unreacted maytansinol is recovered and re-subjected to the acylation
conditions described herein.

[116] Provided herein are also methods of preparing a compound of Formula (VI):
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(VD)

comprising contacting a compound of Formula (Va)

OCH;  CHs

0)
HaC" : OCHj
H o 0O CHscl
N
HaC” Y&O
CHs
(Va)
with a compound of Formula (VII):
R3S g-by
(VID)

under amide synthesis conditions,
wherein:
R' is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, heteroaryl, or an amino acid side chain,
R” is alkyl, alkenyl, alkynyl, aryl, alkaryl, aralkyl, heteroalkyl, heteroalkenyl,
heteroalkynyl, or heteroaryl,
R’ is methy],
CHs HsC CHs
L is ethylene, n-propylene, = J"i, or :%Q/\sfi,

Y is carboxyl or activated carboxyl, and
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wherein the compound of Formula (V) is prepared in a method comprising contacting a

compound of Formula (Iaa):

av)
in the presence of one or more Lewis acids and one or more bases.

[117] In some embodiments, the compound of Formula (VI) is

[118]

(VL)

wherein R? is a hydrogen atom or methyl and n is 2 or 3, comprising the steps of

® contacting a compound of Formula (Va)
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(Va)
with a compound of Formula (IX)

PG,
N=(CHa)s-Y
Ra

(IX)

wherein PG is an amine protecting group, Y is carboxyl or activated carboxyl,
and R” and n are as defined above,

under amide synthesis conditions to form a compound of Formula (X):

X)

wherein PG, R*, and n are as defined above, and

(i) removing the amine protecting group of the compound of Formula (X) to
provide the compound of Formula (VIII),
wherein the compound of Formula (Va) is obtain by is prepared in a method comprising

contacting a compound of Formula (Iaa):
HC, — CHs

oA

0
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(Iaa)

with a compound of Formula (IV):

|
HO CHsCl
av).

in the presence of one or more Lewis acids and one or more bases.

i

[119] In some embodiments, the compound of Formula (VIII) is:

[120] Provided herein are also methods of preparing a compound of Formula (XI):
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(XI)

wherein

\ ¥
", O,

comprising the steps of

VAR

>

® contacting the compound of Formula (Va):

(Va)

with a compound of Formula (XII):
PG-Z'-Y
(XII)
wherein:
7' is as defined above,
PG is an amine protecting group capping the nitrogen of Z', and
Y is carboxyl or activated carboxyl,

under amide synthesis conditions to form a compound of Formula (XIII):

H on OCHs CHs
EAS

(XTID),

wherein PG and Z' is as defined above, and

(1)  removing the amine protecting group of the compound of Formula (XIII) to

form the compound of Formula (XI),
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wherein the compound of Formula (Va) is prepared in a method comprising contacting a

compound of Formula (Iaa):

p
Z,

av)
in the presence of one or more Lewis acids and one or more bases.

[121] In some embodiments, the compound of Formula (XI) is:

HN

3. EXAMPLES

[122] Certain embodiments of the invention are illustrated by the following non-
limiting examples.

[123] Proton NMR spectra were acquired on a Varian Inova 300 MHz or Bruker 500
MHz instrument, while mass spectra were collected on an Agilent 1100 or 1200 series
LC/MSD with electrospray ionization source and quadrupole or ion trap analyzer. Solvents
were dried over activated molecular sieves. Lewis acids were dried in a vacuum desiccator

over phosphorus pentoxide.
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Example 1
);rlm o j;N/>=s
o7 ~OH o7 0
1 2
[124] 3, 4-Dimethyl-2-thioxo-oxazolidin-5-one (compound 2). To a1 L 3-neck

round bottom flask equipped with a magnetic stirrer, condenser, thermocouple and nitrogen
inlet was charged N-methyl-L-alanine (compound 1, 1.0 g; 9.70 mmol) and DCM (600 mL)
followed by DIEA (3.7 mL; 21.4 mmol; 2.2 eq). This solution was chilled to 0 °C via an ice
bath. The 1,1'-thiocarbonyldiimidazole (TDI, 1.82 g; 10.2 mmol, 1.05 eq) was added to the
reaction mixture in portions over 4 hours. The reaction was stirred in an ice bath and slowly
warmed to room temperature overnight. The reaction was filtered through a plug of silica gel
with DCM then eluted with ethyl acetate/hexanes. The filtrate was concentrated to dryness
giving the title compound as an orange oil (1.29 g, 91% yield). MS (ESI, pos.): calc’d for
CsH7NO,S, 145.18; found 146.00 (M+H), 168.2 (M+Na). 'H-NMR (300 MHz, CDCl;): &
4.02 - 4.14 (g, 1H), 3.05 (s, 3H), 1.52 - 1.50 (d, 3H). *C-NMR (300 MHz, CDCl;): &
198.1, 164.2, 67.7, 29.5, 16.7.

[125] 3.4-Dimethyl-2-thioxo-oxazolidin-5-one (compound 2, alternative

Qregarationzs

To a1 L 3-neck round bottom flask equipped with a magnetic stirrer, addition/dropping

funnel, thermocouple and nitrogen inlet was charged N-methyl-L-alanine (compound 1, 2.0 g;
19.40 mmol) and DCM (400 mL) followed by DIEA (7.4 mL; 42.8 mmol; 2.2 eq). This
solution was stirred for 5-10 min at room temperature and then chilled to 0 °C via an ice bath.
To the ice cold solution, a solution of 1,1'-thiocarbonyldiimidazole (TDI, 3.45 g; 19.40
mmol, 1.0 eq) in DCM (200 mL) was added to the reaction mixture dropwise via addition
funnel over a period of 5 hours at 0 °C. The reaction mixture was pale brown in color during
the addition of TDI and was allowed to warm slowly to room temperature overnight. The
reaction was filtered through a plug of silica gel and washed with DCM. The combined
filtrate was evaporated to give a yellow colored oil, which was then purified by normal phase
column chromatography eluting with a gradient of EtOAc (0% v/v to 70% v/v) in hexanes.
Fractions that contained the desired product were then pooled and concentrated to dryness to

give the title compound as an orange oil (2.3 g, 82% yield).
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Example 2

pas

/ /

N “._N

S s +
T — Y

(o
2
3 4
[126] (S) 3.4-Dimethyl-2-thioxo-oxazolidin-5-one (3) and (R) 3.4-Dimethyl-2-
thioxo-oxazolidin-5-one (4)
[127] Method 1: The product 2 from Example 1 was injected onto a 4.6 X 100 mm

Phenomenex Lux 5 pm Amylose-1 (Torrence, CA) column and eluented with a 80:20
mixture of hexanes:ethanol with 0.1% v/v TFA mobile phase over 10 min at 1 ml/min with
UV detection at 230 nm. The retention times were 4.1 min and 5.4 min.

[128] Method 2: The product 2 from Example 1 was injected onto a 30 X 250 mm
Chiral Technologies CHIRALPAK® 5um AD-H (West Chester, PA) and eluted with a 80:20
mixture of hexanes:ethanol with 0.1% v/v TFA mobile phase at 40.0 mL/min over 15 min
with UV detection at 230 nm. The retention times were 10.0 min [a]ssonm = -0.1

(c =0.65, CDCl;) and 13.2 min [0]*ssonm = +0.1 (¢ = 0.4, CDCl5).

(-) 3.4-Dimethyl-2-thioxo-oxazolidin-5-one): MS (ESI, pos.): calc’d for CsH,NO,S, 145.18;
found 146.00 (M+H). 'H-NMR (300 MHz, CDCL): § 4.02 — 4.14 (q, 1H), 3.05 (s, 3H), 1.52
~1.50 (d, 3H).

(1) 3,4-Dimethyl-2-thioxo-oxazolidin-5-one: MS (ESI, pos.): calc’d for CsH/NO,S, 145.18;
found 146.00 (M+H). 'H-NMR (300 MHz, CDCLs): 6 4.02 — 4.14 (q, 1H), 3.05 (s, 3H), 1.52
~1.50 (d, 3H).

Example 3

N/ DIEA, Zn(OTf),
+ j; >=s .
o ALY
2
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[129] Maytansin-3-N-methyl-L-alanine (compound 6): Maytansinol (compound 5,

45 mg, 0.0796 mmol) was weighed into a dry vial containing a stir flea, treated with a
solution of compound 2 (102 mg, 0.703 mmol) in 2-MeTHF (1.2 mL), then with
diisopropylethylamine (DIEA, 0.080 mL, 0.459 mmol), zinc triflate (86 mg, 0.237 mmol),
and finally dry DMF (0.60 mL). The vial was sealed with a PTFE-lined cap and the reaction
stirred at ambient temperature for 20 h. The vial was removed from the glovebox and heated
in a sand bath at 50 °C with stirring for another 24 h. The reaction was cooled to ambient
temperature, treated with brine, and stirred for 1 h. The crude mixture was extracted thrice
with ethyl acetate, the combined organic layers dried over Na,SOy, and filtered over fluted
paper. The concentrated filtrate was purified on a 20x20 cm, 1000 um silica gel preparatory
plate (eluting with 9:1 dichloromethane/methanol), and the major product band triturated,
filtered, and filtrate evaporated and dried in vacuo giving the title compound as a gold solid
(11 mg, 21%). Maytansinol is recoverable from this reaction. MS (ESI, pos.): calc’d for
C3,HusN306ClL, 649.28; found 650.4 (M+H), 672.3 (M+Na). 'H-NMR (500 MHz, CDCl5): §
6.86 (s, 1H), 6.84 (s, 1H), 6.44 (dd, 1H), 6.28 (s, 1H), 6.17 (d, 1H), 5.51 (dd, 1H), 4.97 (d,
1H), 4.27 (t, 1H), 3.99 (s, 3H), 3.85 (s, 1H), 3.49 (m, 3H), 3.41 (m, 1H), 3.36 (s, 3H), 3.20
(m, 2H), 2.86 (m, 2H), 2.58 (m, 1H), 2.49 (br s, 2H), 2.44 (m, 1H), 2.26 (br d, 1H), 1.69 (s,
3H), 1.62 (m, 2H), 1.36 — 1.26 (m, 10H), 0.85 (s, 3H). Diasterecomeric excess of the desired
May tansin-3-N-methyl-L-alanine was determined to be > 95% based on 'H NMR (based on
comparison of integration of the H'-NMR peaks at 5.44 ppm (undesired) vs 5.51 ppm
(desired) and limit of detection of 5% ).

[130] Maytansin-3-N-methyl-L-alanine (compound 6, alternative preparation 1):

All weighing and dissolutions were carried out in a glove box, which was backfilled multiple
times with inert gas. Maytansinol (compound 5, 28.1 mg, 0.05 mmol) was weighed into a dry
vial containing a stir flea, treated with a solution of compound 2 (102 mg, 0.703 mmol, 14
eq.) in dry DMF (0.3-0.5 mL), then with anhydrous diisopropylethylamine (DIEA, 0.052 mL,
39 mg, 0.3 mmol, 6 eq), zinc triflate (127 mg, 0.35 mmol, 7 eq), and finally rinsed with
additional amount of dry DMF (0.3-0.5 mL). The vial was sealed with a PTFE-lined cap,
removed from the glove box, and the reaction was stirred at 50 "C for 4 h in a preheated oil
bath. [Note: The reaction was monitored both by TLC (2%v/v NH,OH + 5% v/v MeOH in
EtOAc) and LC-MS]. LC-MS analysis of an aliquot of the reaction mixture indicated a 43%
conversion to the product mixture along with ca. 50% of compound 3 and some impurity.

The reaction was cooled to ambient temperature, treated with brine, and stirred for 1 h. The
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crude mixture was extracted thrice with ethyl acetate, the combined organic layers dried over
Na,SO,, and filtered over fluted paper. The concentrated filtrate was purified on a 20x20 cm,
1000 um silica gel preparatory plate (eluting with 2% NH4OH + 6% MeOH in EtOAc), and
the desired product band (slow running band) triturated, filtered, and filtrate evaporated and
dried in vacuo giving the title compound as a gold solid (12 mg, 21%). Maytansinol and ca.
20% of the other epimer were also recovered from this reaction. MS (ESI, pos.): calc’d for
C3HsN306CL 649.28; found 650.4 (M+H), 672.3 (M+Na). 'H-NMR (500 MHz, CDCl;): §
6.86 (s, 1H), 6.84 (s, 1H), 6.44 (dd, 1H), 6.28 (s, 1H), 6.17 (d, 1H), 5.51 (dd, 1H), 4.97 (d,
1H), 4.27 (t, 1H), 3.99 (s, 3H), 3.85 (s, 1H), 3.49 (m, 3H), 3.41 (m, 1H), 3.36 (s, 3H), 3.20
(m, 2H), 2.86 (m, 2H), 2.58 (m, 1H), 2.49 (br s, 2H), 2.44 (m, 1H), 2.26 (br d, 1H), 1.69 (s,
3H), 1.62 (m, 2H), 1.36 — 1.26 (m, 10H), 0.85 (s, 3H). Diastereomeric excess of the desired
Maytansin-3-N-methyl-L-alanine was determined to be > 95% based on "H NMR (based on
comparison of integration of the '"H-NMR peaks at 5.44 ppm (undesired) vs 5.51 ppm
(desired) and limit of detection of 5% ). Analytical Data for the other epimer: MS (ESI,
pos.): calc’d for C3HygN3OsCl, 649.28; found 650.3 (M+H), 672.3 (M+Na). 'H-NMR (500
MHz, CDCls): & 6.85 (d, 1H), 6.72 (d, 1H), 6.46 (dd, 1H), 6.30 (s, 1H), 6.15 (d, 1H), 5.44
(dd, 1H), 4.82 (dd, 1H), 4.27 (app. t, 1H), 3.99 (app. s, 4H), 3.50 (m, 3H), 3.34 (app. s, 4H),
3.10-3.26 (m, 5H), 3.0 (d, 1H), 2.40-2.60 (m, 4H), 2.23 (dd, 2H), 2.10 (app. s, 1H), 1.40-1.70
(m, 17H), 0.85 (app. s, 3H).

Example 4
HOHY™
OYN? ' N DIEA, Zn(OTi),
o + s
OJ; °>:
Y N o~
HO | ¢
4
5
6
[131] Maytansin-3-N-methyl-L-alanine (compound 6): Maytansinol (compound 5)

is reacted with compound 4 in a similar manner to Example 3 to obtain compound 6.
[132] The embodiments and examples described above are intended to be merely
illustrative and non-limiting. Those skilled in the art will recognize or will be able to

ascertain using no more than routine experimentation, numerous equivalents of specific
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compounds, materials and procedures. All such equivalents are considered to be within the

scope and are encompassed by the appended claims.
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CLAIMS
We claim:

1. A compound of Formula (I):

R R2
/
b
o O)ss
@
wherein:
R' is methyl and
R? is methyl.
2. A compound of Formula (Iaa):
H3C/2 /CH3
L
o (3//>t:::ss
(Taa)

wherein the compound is stereomerically pure.

3. A method of preparing a compound of Formula (II):

H Nu

N
Ry 0

R1

(1)

comprising contacting a compound of Formula (I):
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R! R?

@)

with a nucleophile in the presence of one or more Lewis acids and one or more
bases,
wherein:

R'is methyl,

R’ is methyl, and

Nu is an appended portion of the nucleophile,

to form the compound of Formula (II).

The method of claim 3, wherein nucleophile is an alcohol.

The method of claim 3, wherein the nucleophile is a compound having the
formula R*-OH, wherein R" is alkyl, alkenyl, alkynyl, alkaryl, aralkyl, aryl,
heteroalkyl, heteroalkenyl, heteroalkynyl, or heterocycloalkyl.

The method of any of claims 3-4, wherein the nucleophile is a maytansinoid

having a C-3 hydroxyl group.

The method of any of claims 3-4, wherein the nucleophile is a compound of

Formula (IV):
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av).

8. The method of any of claims 3-7, wherein the compound of Formula (II) is a

compound of Formula (ITa):

(ITa)
and the compound of Formula (I) is a compound of Formula (Ia):

R! R?
. /

oA s

(@)

(Ia),

wherein the compounds of Formula (Ia) and (I1a) are stereomerically pure.

9. The method of any of claims 3-8, wherein the one or more Lewis acids are selected

from the group consisting of Zn(OTf),, AgOTf, Sc(OTf)3, Cu(OTf),, Fe(OTf),,

Ni(OTf),, or Mg(OTH),.

10. The method of any of claims 3-9, wherein the one or more bases are selected from the

group consisting of triethylamine, tributylamine, diisopropylethylamine, 1,8-

diazabicycloundec-7-ene, and 2,6-di-tert-butylpyridine.

11. The method of any of claims 3-10, wherein the method is performed in a diluent

comprising one or more polar aprotic solvents selected from the group consisting

of diethyl ether, tetrahydrofuran, N,N-dimethylformamide, 2-

methyltetrahydrofuran, 1,4-dioxane, and N,N-dimethylacetamide.
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12. The method of any of claims 8-11, wherein the compound of Formula (Ia) prepared

has an enantiomeric excess of at least 95%.

13. A method of preparing a compound of Formula (I):

R! R?

wherein:

R, is methyl, and

R, is methyl,
comprising contacting a compound of Formula (III):
H OH
R% 0
R1
(1I0)

with 1,1'-thiocarbonyldiimidazole in the presence of one or more bases.

14. The method of claim 13, wherein the compound of Formula (I) is a compound of

Formula (Ia):

R! R2
“, /
S
(Ia)

and the compound of Formula (III) is a compound of Formula (I1la):

(IIa)

wherein the compound of Formula (IIla) is stereomerically pure.
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