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(57) Abstract: The present invention provides efficient and economical methods for synthesis of (-)-2-exo-morpholinoisoborne-10-
thiol, its enantiomer, and related chiral catalysts. Novel compounds and methods of asymmetric synthesis are also disclosed.
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A PROCESS FOR THE MANUFACTURE OF CHIRAL CATALYSTSAND
THEIR SALTS

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority to U.S. Provisional Application Ser. No.
61/565,449, filed November 30, 201 1, the entire content of which is incorporated herein by

reference.

STATEMENT ASTO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

[0002] NOT APPLICABLE

REFERENCE TO A "SEQUENCE LISTING,” A TABLE, ORA COMPUTER
PROGRAM LISTING APPENDIX SUBMITTED ON A COMPACT DISK

[0003] NOT APPLICABLE

BACKGROUND OF THE INVENTION

[0004]  ((-)-2-exo-morpholinoisoborne-10-thiol, abbreviated as"(-)-MITH" and classified asa
y-aminothiol ligand, is an efficient catalyst that induces the stereoselective formation of chiral
carbon centers in certain reactions (J. Org. Chem. 2006, 77, 833-835). (-)-MITH (CAS No.
874896-16-9) has the systematic name ((I1#,277?,4tf)-7,7-dimethyl-2-morpholino-

bicyclo[2.2.1] heptan-l-yl)methanethiol and the structure:
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. é’g //\o
N\//
SH

(1)
[0005] The abbreviation MITH is used herein to apply to (-)-MITH and its enantiomer (+)-
MITH ((+)-2-exo-morpholinoisoborne-10-thiol). 1t is particularly useful asachira catalyst in
organozinc addition reactions to et-ketoesters and aldehydes, including methylatioh, ethylation,
vinylation, propargylation, and arylation (seeJ. Org. Chem. 2006, 77, 833-835; Chem. Asian J.
2012, 7, 2921 - 2924; /. Org. Chem. 2007, 72, 5935-5937; Tetrahedron: Asymmetry 2009, 20,
1837-1841 ; / Org. Chem. 2008, 73, 6445-6447; U.S. Patent 8,168,835; U.S. Pat. Appl.
201 1/0269955).

[0006] MITH has demonstrated utility for inducing high stereoselectivity in asymmetric
carbon-carbon bond-forming reactions. However, its physical properties (i.e.,, non-solid oily
form and instability under ambient conditions) and the reported method for its synthesis
significantly limit its manufacture on large enough scales to be useful in the pharmaceutical
industry. The synthesis of MITH that is disclosed in the peer-reviewed literature involves six
formal reaction steps and various work-up and purification steps to access the product from the
commercialy available starting material, camphorsulfonic écid (see Figure 1and J. Org. Chem.
2006, 71, 833-835). Although the synthetic route itself is efficient, giving a 25% overall yield,
the synthetic route is not suitable for scale-up for manufacture. Scale-up is unsuitable for a

number of reasons, including those specified above.

[0007] For instance, triphenylphosphine is required to reduce a sulfonyl chloride intermediate
to the desired thiol (A-2 in Figure 1). The removal of the phosphine oxide byproduct of this
reaction was problematic and multiple recrystalizations of A-2 followed by column

chromatographic purification were required.

[0008] Scale-up isfurther complicated by the need for protection and deprotection steps.
Owing to the high reactivity of the thiol intermediate A-2, the thiol functional group was
protected as a benzyl thioether (A-3 in Figure 1). Benzyl thioethers are difficult to deprotect to
recover the thiol compound, and harsh reaction conditions were required in the final deprotection
step. The use of a Birch reduction reaction in the deprotection step requires the handling of

sodium metal and its dissolution in liquid ammonia. Sodium is flammable upon contact with

2
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moisture, water, acids and protic solvents such as alcohols, making scale-up potentialy
hazardous. Furthermore, ammonia boils at -33 °C, and very low temperatures (-78 °C) are
required to prevent dangerous pressure build-up. The use of such conditions should be avoided

on manufacturing scales for safety concerns.

[0009] In addition, the need for multiple column purification operations limits suitability for
scale-up. The known synthetic route requires the use of six chromatographic purifications steps
(see J. Org. Chem. 2006, 71, 833-835). The product itself is aso an oil and is purified by '
column Achromatography. For manufacturing, purification of organic compounds using column
chromatography typically results in higher production costs due to the increases in required time
and materials as compared to other purificati bn methods. Large volumes of organic solvents
must be recycled or disposed, which has environmental and monetary costs. A chromatography-
free process for the synthesis of MITH and MITH analogs would therefore be highly
advantageous, expanding the utility of MITH as a catalytic or stoichiometri‘c reagent in the

pharmaceutical and chemical industries.

[0,010] U.S. Pat. Appl. 2011/0269955 disclosed a synthetic route including the use of a
morpholino sulfonamide functional group asamasked‘thiol in place of the previously used
benzyl protecting group. This allowed for adirect, one-step conversion of the final intermediate
B-6 to the thiol (i.e.,, MITH) using L1A IH4 as a reducing agent (Figure 2). Although the
synthesis provided improved scalability by removing the dangerous deprotection step in the
original method, the overal yield was lower (20%). Furthermore, the method disclosed in U.S.
Pat. Appl. 201 /0269955 is still problematic from an industrial perspective due to: i) the UV-
transparency of al synthetic intermediates bearing morpholinosulfonamide substituents, which
prevents reaction monitoring by ordinary UV-HPLC. Reaction monitoring is very important

during manufacturing as it allows in-process control which ensures effective control of reaction

. leading to reproducible yields and product quality; ii) the need for purification of several

intermediates by column chromatography; and iii) the large quantity of lithium aluminum
hydride used in the final reduction step, the handling of which is particularly dangerous on

manufacturing scales due to its extremely pyrophoric nature.

[0011] Moreover, organic compounds such as MITH that are oils rather than solids present
certain disadvantages during manufacturing, including: i) they are often less stable than solids

and can therefore require less convenient long-term storage conditions, such asin an inert
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atmosphere and/or at low temperatures, and ii) they are more difficult to transfer from one vessel
to another vessel, such as is required for charging reagents into reactors. MITH is only stable for
a period of days to weeks under ambient conditions. A solid, preferably crystalline, form of
MITH or aMITH analog would be highly advantageous since it would be more stable, easier to

transport and store, and easier to handle in industrial-scale chemical transformations.

[0012] Given the foregoing, it is clear that there is an unmet need for a convenient, safe, and
scalable manufacturing process for MITH and related compounds. The present invention
addresses this and other needs.

BRIEF SUMMARY OF THE INVENTION

[0013] In one aspect, the present invention provides a process for preparing a compound of
formula (1)

The process includes:

i) contacting a sulfonamide of formula (I1)

R3
N
/ R4
S/
70
1’N\ 2
(In

with afirst reducing agent under conditions sufficient to provide a disulfide compound of
formula (111)
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R3 R3
N N
S R4 S R4
(1 ; and

i) contacting the disulfide compound of formula (111) with a second reducing
agent under conditions suitable to form a compound of formula (1); wherein

R' and R2 are independently H, benzyl, substituted benzyl, Ci.|, akyl, C5.|, cycloakyl, c4.9
5 ~ heterocycloakyl, Cg-ioaryl, or 5.9 heteroaryl;

R® and R* are independently H, benzyl, substituted benzyl, C,_,, akyl, c;.,0 cycloalkyl, c4.9
heterocycloalkyl, Cq-ioaryl, or C; 9 heteroaryl; or optionally

R}, R4and N can together form a C,_io heterocycle.

[0014] 1n asecond aspect, the present invention provides a process for preparing a compound
10  of formula (I). The process includes:

i) converting a compound of formula (V)

M)

to acompound of formula (V1)

P}
o

R D

15 (vin ; and
ii) converting the compound of formula (VII) to the compound of formula (),

wherein R, RZ, R3, and R* are defined as above.
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[0015] In athird aspect, the present invention provides novel compounds including:

R3
Nl R3 R3 'R3 R3
R N N N N  *2HX
. . M 4 M 4
SH ehix g— RN R N R0 R

S S
(Is) : (1n : (X1) - and
R3 R3
N N eHX
4 D4
s— R R

(X¥)

wherein R3 and R# are defined as above, and HX is a Brohsted acid where H is aproton and X isa

conj ugate base.

[0016] In afourth aspect, the present invention provides a method of asymmetric synthesis
including contacting a compound of formula (Is), (l11), or (XI) with reactants in an asymmetric

transformation to stereoselectively provide a product.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Figure 1 shows the schematic for MITH synthesis asdisclosed inJ. Org. Chem. 2006,
71, 833-835. '

[0018] Figure 2 shows the schematic for MITH synthesis asdisclosed in U.S. Pat. Appl.
201 1/0269955.

[0019] Figure 3 shows the schematic for synthesis of MITH, MITH+HC1, and analogs

according to the methods of the present invention.

[0020] Figure 4 shows the schematic for synthesis of MITH-type compounds of formula (1)

via enamine compounds of formula (VI1).
[0021] Figure 5 shows a polymer-supported MITH analog.

[0022] Figure 6 shows the X-ray powder diffraction pattern of acrystaline form of
MITH'HCI.
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[0023] Figure 7 shows the stability of M1TH and MITH<HC1 during storage at ambient
temperature, as assessed by HPLC.

[0024] Figure 8 shows the asymmetric conversion of benzaldehyde to addition reaction
products, catalyzed by MITH, MITH'HCI and the disulfide of formula (llia), as assessed by
HPLC.

DETAILED DESCRIPTION OF THE INVENTION

[0025] The present invention provides methods for the synthesis of optically active catalysts
for use in asymmetric synthesis. These catalysts act as ligand of metals. The invention is based
on the surprising discovery that compounds of formula (1) can be accessed via intermediate
compounds (11) and (I11) using mild conditions. Key products and intermediates in the inventive
methods can be isolated and purified without the need for expensive chromatographic steps. In
particular, benzyl sulfonamides, disulfides, and the catalyst salts were unexpectedly found to
have solubility properties that alow for efficient isolation and purificatidn. Furthermore, a novel
method for sulfonamide reduction was unexpectedly found to provide thiol-containing catalysts
with better yield and quality than alternative routes. Accordingly, the inventive methods allow
for scale-up of the catalysts for industrial applications. The present invention also provides

novel compounds and methods for asymmetric synthesis asdisclosed herein.

[0026] As used herein, the term "contacting” refers to the process of bringing into contact at
least two distinct species such that they can react. It should be appreciated, however, the
resulting reaction product can be produced directly from areaction between the added reagents
or from an intermediate from one or more of the added reagents which can be produced in the

reaction mixture.

[0027] Asused herein, the term "reducing agent" refers to an agent capable of reducing
another compound. The reducing agent can be a metal, an organic compound, an inorganic
compound, acomplex of ametal and an inorganic compound or a complex of a metal and an
organic compound. Examples of reducing agents include, but are not limited to, alkali metals,

metal hydrides, thiol- and phosphine-based reducing agents, ascorbic acid, and the like.

[0028] The term "akyl," by itself or as part of another substituent, means, unless otherwise

stated, a straight or branched chain hydrocarbon radical. Alkyl substituents, as well as other

7
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hydrocarbon substituents, may contain number designators indicating the number of carbon
atoms in the substituent (i.e, C,-Cgmeans one to eight carbons), although such designators may
be omitted. Unless otherwise specified, the alkyl groups of the present invention contain 1to 12
carbon atoms. For example, an alkyl group can contain 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 1-9, 1-
10, 1-1 1, 1-12, 2-3, 2-4, 2-5, 2-6, 3-4, 3-5, 3-6, 4-5, 4-6 or 5-6 carbon atoms. Examples of akyl
groups include methyl, ethyl, «-propyl, isopropyl, «-butyl, /-butyl, isobutyl, .sec-butyl, «-pentyl,
«-hexyl, w-heptyl, »-octyl, and the like. ’

[0029] Asused herein, the ;[erm "cycloalkyl" refersto a saturated or partialy unsaturated,
monocyclic, fused bicyclic or bridged polycyclic ring assembly containing from 3to 12 ring
atoms, or the number of atoms indicated. Monocyclic rings include, for example, cyclopropyl,
cyclobutyl, cyclopentyl, cyclohexyl, and cyclooctyl. Bicyclic and polycyclic rings include, for
example, norbornane, decahydronaphthalene, and adamantane. For example, c3s cycloakyl

includes cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cyclooctyl, and norbornane.

[0030] Asused herein, the term "heterocycloalkyl" and "heterocycle" refer to aring system
having from 3 ring members to about 20 ring members and from 1to about 5 heteroatoms such
asN, O and Sasring vertices. Additional heteroatoms can aso be useful, including, but not
limited to, B, Al, Si and P. The heteroatoms can also be oxidized, such as, but not limited to, -
S(0)- and -S(0) ,-. Heterocycloalkyl includes, but is not limited to, tetrahydrofuranyl,
tetrahydrothiophenyl, morpholino, pyrrolidinyl, pyrrolinyl, imidazolidinyl, imidazolinyl,
pyrazolidinyl, pyrazolinyl, piperazinyl, piperidinyl, indolinyl, quinuclidinyl and 1,4-dioxa-8-aza-
spiro[4.5]dec-8-yl. For example, the term C, gheterocycloalkyl refersto a4- to 9-membered
ring (including bicyclic and polycyclic rings) having the indicated number (4-9) of ring vertices

with at least one heteroatom ring member.

[0031] Asused herein, the terms "aryl" and "aromatic ring," by themselves or as part of
another substituent, refer to a polyunsaturated, hydrocarbon group which can be a single ring or
multiple rings (up to three rings) which are fused together or linked covalently. Non-limiting

examples of aryl groups include phenyl, naphthyl and biphenyl.

[0032] Asused herein, the term "arylalkyl" refersto aradical having an alkyl component and
an aryl component, where the alkyl component links the aryl component to the point of
attachment. The alkyl component is as defined above, except that the alkyl component is at least

divalent in order to link to the aryl component to the remainder of the molecule. The aryl

8
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component is as defined above. Examples of arylalkyl groups include, but are not limited to,

benzyl and phenylethyl.

[0033] Asused herein, the term "heteroaryl” refers to a monocyclic or fused bicyclic or
tricyclic aromatic ring assembly containing 5to 16 ring atoms, where from 1to 4 of the ring
atoms are a heteroatom each N, O or S. Heteroaryl includes pyridyl, indolyl, indazolyl,
quinoxalinyl, quinolinyl, isoquinolinyl, benzothienyl, benzofuranyl, furanyl, pyrrolyl, thiazolyl,
benzothiazolyl, oxazolyl, isoxazolyl, triazolyl, tetrazolyl, pyrazolyl, imidazolyl, and thienyl. For
example, theterm cs9 heteroaryl refers to a 5- to 9-membered ring (including bicyclic rings)

having the indicated number (5-9) of ring vertices with at least one heteroatom ring member.

[0034] Asused herein, the term "alkenyl" refers to either a straight chain or branched
hydrocarbon having at least one double bond. Unless otherwise specified, the akenyl groups of
the present invention contain 2 to 8 carbon atoms. Examples of alkenyl groups include, but are
not limited to, vinyl, propenyl, isopropenyl, 1-butenyl, 2-butenyl, isobutenyl, butadienyl, 1-
pentenyl, 2-pentenyl, isopentenyl, 1,3-pentadienyl, 1,4-pentadienyl, 1-hexenyl, 2-hexenyl, 3-
hexenyl, 1,3-hexadienyl, 1,4-hexadienyl, 1,5-hexadienyl, 2,4-hexadienyl, or 1,3,5-hexatrienyl.

[0035] Asused herein, the term "alkynyl" refersto either a straight chain or branched
hydrocarbon having at least one triple bond. Unless otherwise specified, the alkynyl groups of
the present invention contain 2 to 8 carbon atoms. Examples of alkynyl groups include, but are
not limited to, acetylenyl, propynyl, 1-butynyl, 2-butynyl, isobutynyl, sec-butynyl, butadiynyl, 1-
pentynyl, 2-pentynyl, isopentynyl, 1,3-pentadiynyl, 1,4-pentadiynyl, 1-hexynyl, 2-hexynyl, 3-
hexynyl, 1,3-hexadiynyl, 1,4-hexadiynyl, 15-hexadiynyl, 2,4-hexadiynyl, or 1,3,5-hexatriynyl.

[0036] Theterms "sulfide", "thiol," and "mercapto” refer to aradical having the structure -S-
H, where sulfur is the point of attachment to an organic molecule. A sulfide can be oxidized to a
disulfide containing a S-S bond, although one of skill in the art will appreciate that disulfides can
be obtained via other routes in addition to sulfide oxidation. A disulfide can be a mixed
disulfide, having a structure R-S-S-R ", wherein R and R’ may be independently hydrogen, alkyl,
aryl, aralkyl, cycloalkyl, heterocyloalkyi, or heteroaryl asdefined above. Certain highly reactive
thiols can be used as reducing agents sufficient for reducing a disulfide; examples of such thiols
include dithiothreitol, B-mercaptoethanol, and the like.
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[0037] Theterm "sulfonamide” refers to the radical having the structure -SO ,NR'R" where
sulfur is the point of attachment to an organic molecule and R and R" may be independently
hydrogen, alkyl, aryl, aralkyl, cycloakyl, heterocyloakyl, or heteroaryl as defined above. N, R,
and R" together may also form heterocyloalkyl or heteroaryl as defined above.

[0038] Asused herein, the term "polymer support” refers to a polymeric material which can be
derivatized to include a compound of the present invention. Examples of suitable polymer
supports include, but are not limited to, polystyrene, polyurethane, polystyrene-divinylbenzene
copolymer, and derivatives thereof. Except for the reactive sites intended for derivitization,
polymer support materials are generally resistant to the variety of chemical reaction conditions to
which they may be subjected. One of skill in the art will appreciate that other polymer supports

are useful in the present invention.

'[0039] Asused herein, the term "leaving group" refers to a functional group that is displaced

by a nucleophile such as an amine, athiol, or an alcohol. In some embodiments, the leaving
group is displaced by an amine to provide a sulfonamide moiety. Examples of leaving groups
include, but are not limited to, halides (including chloride and fluoride), activated alcohols (as
displaced from sulfonyl esters), sulfonic acids (as displaced from sulfonic anhydrides), and

sulfinic acids (as displaced from a-disulfones).

[0040] Asused herein, the term "salt" refers to acid or base salts of the compounds used in the
methods of the present invention. The term "acid salt,” in particular, refersto the ionic
compound resulting from reaction of a basic organic compound with a suitable acid. Examples
of suitable acids include, but are not limited to, inorganic/mineral acids (hydrochloric acid,
hydrobromic acid, phosphoric acid, and the like), carboxylic acids (acetic acid, propionic acid,
glutamic acid, citric acid, and the like) salts, and organic sulfonic acids (p-toluenesulfonic acid,

trifluoromethanesulfonic acid, and the like).

[0041] Asused herein, the term "asymmetric synthesis' refers to a chemical reaction or
sequence of chemical reactions in which one or more new elements of chirality are formed in a
substrate molecule and which produces enantiomeric or diastereoisomeric products in unequal
amounts. The resulting product distribution can be expressed as stereomeric excess, which is the
absolute difference between the mole fraction of each stereoisomer in a pair of enantiomers or
diastereomers (i.e.,, enantiomeric excess or diastereomeric excess, respectively). The terms
"stereoselective” and "stereoselectively” refer to chemical processes that provide a product, the

10
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majority of which consists of a single enantiomer or diastereomer (see, IUPAC. Compendium d
Chemical Terminology, 2nd ed. Blackwell Scientific Publications, Oxford, 1997).

[0042] Asused herein, the term "ligand" refers to an organic molecule capable of binding to a
functional group, typically ametal atom, to provide a catalyst for use in a chemical
transformation. The ligands of the present invention can be used as "chira ligands' for
asymmetric synthesis. Chiral ligands typically consist of single sterecisomer, and the structure

of the ligand induces formation of a particular enantiomeric or diastereomeric product.

[0043] In contrast to methods utilizing other thiol protecting groups in MITH precursors, the
methods of the present invention utilize a protected sulfonamide (Figure 3). This obviates the
need for dangerous, non-scalable deprotection steps involving sodium in liquid ammonia. |
Rather, the sulfonamides in the present methods can be converted to the requisite thiol functional
group by reduction in one reaction step {i.e., from sulfonamide (lI) to thiol (1) in Figure 3), orin
two-reaction steps {i.e., from sulfonamide (I1) to disulfide (I11), then to thiol (1)). In particular,

the two-step reduction process results in improved yields and product quality.

[0044]  Furthermore, the present invention eliminates the need for the chromatographic
purification steps that are required in the methods discussed above. In particular, the benzyl
sulfonamides and related compounds employed in the present methods exhibit good crystal Unity,
allowing for purification of certain intermediates via crystallization. The target compounds can
also be purified without the need for column chromatography by conversion to a crystalline salt
derivative (Is). Eliminating the need for column chromatography isvery advantageous because

it reduces costs in terms of materials and operation time.

[0045]  In one aspect, the present invention provides a process for preparing a compound of

formula (1)

The process includes:

i) contacting a sulfonamide of formula (I1)

11
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R3
N
L R
|~O
N
17 \RZ

(I

with afirst reducing agent under conditions sufficient to provide a disulfide compound of

formula (I11)

R3 R3
N N
4 4
S R g R
("1 - and

ii) contacting said disulfide compound of formula (I11) with a second reducing

agent under conditions suitable to form a compound of formula (I); wherein

R' and R2 are independently H, benzyl, substituted benzyl, C,.,, akyl, c, o
cycloakyl, ca4.9 heterocycloalkyl, C4 ioaryl, or cs5.9 heteroaryl;

R’ and R* are independently H, benzyl, substituted benzyl,.c,.;, akyl, C, o
cycloalkyl, c4.9 heterocycloalkyl, c io aryl, or cs.9 heteroaryl; or optionally

R’, R4, and N can together form ac, o heterocycle.

[0046] The first reducing agent employed in the methods of the present invention can be any
suitable reducing agent. In some embodiments, the first reducing agent is an aluminum hydride
reagent. Examples of aluminum hydride reagents include, but are not limited to, sodium bis(2-
methoxyethoxy)aluminum hydride (Red-AI® or Vitride®), and lithium aluminum hydride

(L1A I1H4), diisobutylaluminium hydride. In particular, sodium bis(2-methoxyethoxy)auminum
hydride is preferred when used on a manufacturing scale as it is non-pyrophoric and less
moisture sensitive and can be used in aromatic organic solvents such astoluene. Accordingly, in
some embodiments, the first reducing agent is sodium bis(2-methoxyethoxy)aluminum hydride.

[0047]  The second reducing agent employed in the methods of present invention can be any
suitable reducing agent. In general, the second reducing agent is a reagent that is capable of
reducing adisulfide to athiol. In-some embodiments, the second reducing agent is a metal

including zerovalent metals, zerovalent metal alloys, and non-zerovalent metals, a metal hydride,

12
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or a highly reactive thiol. Examples of metal hydrides include, but are not limited to, sodium
bis(2-methoxyethoxy)aluminum hydride (Red-AI®), lithium aluminum hydride (LiAIH,), ’
diisobutylaluminium hydride (;-Bu,AlH), sodium cyanoborohydride (NaBH ,CN), and sodium
borohydride (NaBH ;). Examples of zerovalent metal reducing agents include, but are not limited
to, zinc metal, sodium metal, potassum metal, aluminum metal, iron metal and magnesium metal.
Examples of non-zerovalent metal reducing agents include, but are not limited to titanium (I11)
compounds, iron (1) compounds, copper (1) compounds, and samarium (1) compounds.
Examples of highly reactive thiols include, but are not limited to, dithiothreitol, ethyl mercaptan,
glutathione, ethane dithiol, dithiobutylamine, and 3-mercapto-1,2-propanediol. Zinc meta is
non-pyrophoric and is suitable for use as areagent on manufacturing scales. In some

embodiments, the reducing agent is zinc metal.

[0048] Asshown in Figure 3, sulfonamide compounds (I1) may be reduced to provide thiols
(1) in one step or two steps. In certain instances, the overall yield and quality of the thiol product
is better for the two-step reduction process. For example, the reduction of sulfonamide (11a)
using hydride reagents such as sodium bis(2-methoxyethoxy)aluminum hydride was
unexpectedly found to provide disulfide (Ilia) asthe major product rather than thiol (1a).
However, the two-step reduction of sulfonamide (11a) using sodium bis(2-
methoxyethoxy)aluminum hydride in the first step and zinc metal with acetic acid in the second
step provided MITH (la) with an improved overall yield (70%). In addition to this surprising
improvement in efficiency, the two-step reduction method provided other advantages. Unlike
MITH, disulfide (llia) is asolid, for example, and can be readily purified via recrystallization.

Moreover, disulfide (Ilia) can itself be used for-catalysis of asymmetric reactions.

[0049] In contrast, the one-step reduction of sulfonamide (11a) to MITH (la) using metal
hydrides generally occurred more slowly in lower yield. Without wishing to be bound by any
particular theory, one-step reduction of certain sulfonamides with metal hydrides is believed to
be slowed by the formation of disulfides which react slowly under those reduction conditions.
Therefore, it can be more efficient to reduce a sulfonamide compound to the corresponding
disulfide compound in afirst step, and then reduce the disulfide compound to the thiol compound
using more suitable conditions in a second step. This unprecedented discovery led to the
development of the inventive methods for the conversion of sulfonamides to the desired

catalysts. One of skill in the art will appreciate, however, that a one-step reduction or a two-step
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reduction may be suitable depending on the particular sulfonamide employed in the methods of

the invention.

[0050] Asdescribed above, R! and R2 are independently H, benzyl, substituted benzyl, Ci.i,
akyl, cs-10 cycloalkyl, C, o heterocycloalkyl, C;,,aryl, or cs9 heteroaryl. In some
embodiments, at least one of R' and R2 is a benzyl group or a substituted benzyl group. Benzyl
groups may be substituted with one more substituents independently selected from the group
consisting of halogen, akyl, trifluoromethyl, hydroxy, akoxy, trifluoromethoxy, amino,
monoalkylamino, or dialkylamino. In some embodiments, at least one of R' and R2 is hydrogen.
The use of a benzyl sulfonamide functional group in compounds of formula (I1), in particular,
imparts good crystallinity to the compounds and alows for purification of key intermediates via
crystallization, eliminating the need for chromatographic purification. Compound purification
via recrystallization is advantageous, particularly on manufacturing scales, because it is less
wasteful in terms of materials, time, and cost than purification via chromatography.

[0051] Asdescribed above, R3 and R4 are independently H, benzyl, substituted benzyl, Ci-i2
alkyl, Cs io cycloakyl, c 4.9 heterocycloalkyl, Cgioaryl, or cs9 heteroaryl. Optionally R3, R4,
and N can together form aC,., heterocycle. In some embodiments, R3, R%, and N together form
a morpholine group.

[0052] In related embodiments, R3, R4, and N together form part of a polymer support or link
to apolymer support. Polymer-supported catalysts play an important role in fine chemical and
pharmaceutical intermediate synthesis. Polymer-supported catalysts can act as ordinary
catalysts, but after their use they can be easily removed from the reaction by simple filtration and
can therefore be conveniently recycled and reused. An advantage of the use of the polymer-
supported catalysts isthat they can be used at higher catalyst loadings without concern for the

cost of the catalyst since they can be conveniently recycled (for an example of polymer-

‘supported catalysts in organozinc reactions, see Org. Lett. 2012, 14, 1816-1819). For

. organozinc reactions, in particular, high enantioselectivity is often associated with high catalyst

loading. Therefore, a polymer-supported MITH analog provides for efficient and highly

enantioselective transformations. A polymer supported analog of MITH can be prepared as
outlined in Figure 5. By changing the alkylating dibromide used for solution synthesis to a
polymer-bound bis(bromoethyl)amine, polymer-supported MITH is provided using the same
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synthetic strategy for the solution synthesis. This is aso applicable for the synthesis of the
enantiomeric polymer-supported MITH analog.

[0053]  In some embodiments, the compound of formula (11) is the exo-diastereomer 1.

s’(o H
170
N

7N\

R’ R2

(11x)
5 [0054] In some embodiments of the present invention, the process for the preparation of a

compound of formula (1) further includes:

iii) converting the compound of formula (1) to its acid salt (Is)

R3

14

N

‘4
sH R
*HX

(Is)

>

by contacting the compound of formula (1) with an acid (HX); wherein

10 HX is selected from an inorganic/mineral acid, a carboxylic acid, and an brganic

sulfonic acid.

[0055] In some embodiments, the compound of formula (Is) is the exo-diastereomer:

R3
1

~

Ra ¢ HX

SHH

(I's) exo-diastereomer
The acid HX can be any suitable acid. Suitable acids include inorganic/mineral acids such as
15 hydrochloric acid, hydrobromic acid, hydroiodic acid, phosphoric acid and sulfuric acid,
carboxylic acids such as trifluoroacetic acid, and organic sulfonic acids such as methanesulfonic
acid, trifluoromethanesulfonic acid, and p-toluenesulfonic acid. In some embodiments, the acid

HX isHC1 (hydrochloric acid).
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[0056] In some embodiments, the compound of formula (1) is selected from compound (Ia) and

the enantiomer of compound (1)

N\) \\/N
HS
(la) Enantiomer of (la) _
[0057] In some embodiments, the sulfonamide of formula (I1) is selected from compound (I1a)

5  and the enantiomer of compound (l1a)

[0058] In some embodiments, the compound of formula (I11) is selected from compound (111a)

and the enantiomer of compound (llia)

£0 50

(1lia)

10 [0059] In some embodiments, the compound of formula (Is) is selected from compound (Ib)

and the enantiomer of compound (Ib)

(Ib)
One of skill in the art will appreciate that if any of the compounds of formula (1), (Is), (I1), or
(111) is present as a given enantiomer, then the other compounds, if present, will have the same

15  stereochemical configuration.
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[0060] In contrast to MITH, the acid salt (Ib) iscrystalline and is stable under ambient
conditions. Particularly useful acids for salt formation have non-coordinating, non-nucleophilic
conjugate bases and do not interfere with catalysis of asymmetric transformations. In some
embodiments, MITH (1) is contacted with hydrochloric acid to produce the HC1 salt (Ib). Salt
(Ib) is a non-hygroscopic, white powder that can be readily purified by crystallization. The
XRPD pattern of MITH salt (Ib) shows that it is crystalline (Figure 6).

[0061] An inherent lack of stability frequently complicates the synthesis and application of
typica aminothiol compounds for use as ligands. This instability results from the fact that free
thiols can readily be oxidized to the corresponding disulfides in the presence of oxygen (see
Scheme 1). This can occur upon exposure to th_e air.

air
2 R-SH

» R-SSR

Scheme 1. The oxidation of thiols to disulfides
[0062] MITH and certain related compounds were found to undergo this type of oxidation in
air at ambient temperature. The instability of MITH under ambient conditions requires that it is
stored under inert conditions, but this complicates transport, and reduces its utility for industrial
applications. On the other hand, salt (Ib) and related salts of this invention demonstrate
improved stability. For example, the purity of MITH (la), as assessed by HPLC, decreased from
93% to 81% when stored under ambient conditions for one month. Salt (Ib), however, showed
no significant decrease in purity under the same conditions over the same period of time (Figure
7).

[0063] The facile isolation of the catalyst salts of the compounds of formula (1) constitute an
additional advantage. In particular, crude compounds of formula (1) can be obtained via agueous
work-up and filtration through silica gel. The crude material can then be directly contacted with
HCI in asolvent such as isopropanol to form a solid salt (Is) in pure form that can be easily
isolated by filtration. For example, the purity of MITH salt (Ib) isolated in this fashion was over
95% asjudged by HPLC. Crude MITH (la), on the other hand, was only 24% pure, and would

require isolation via chromatography in the absence of a salt formation operation.

[0064] The salts (Is) can be used directly for catalysis in asymmetric reactions. For example,
the HCI salt (Ib) can be directly used for catalysis of asymmetric transformations without an

impact on the asymmetric selectivity. The free-base compounds of formula (1) can aso be

17
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regenerated prior to use in asymmetric reactions if necessary. Regeneration can be conducted by
contacting a salt (Is) with a suitable base. For example, the HC1 salt (Ib) can be converted to
MITH (Ia) by treatment with agueous base, such as sodium carbonate or sodium bicarbonate, and
partitioned into awater-immiscible solvent such asw-heptane. Accordingly, the invention
provides salt compounds that are not only easier to handle than the free-base compounds but that
also alow for efficient isolation and purification aswell as long-term storage. In contrast with
MITH in particular, the inventive salts are easier to handle; are amenable to long term storage
due to improved stability; alow for isolation of desired material via extraction from the crude
product mixtures without column chromatography; and allow for purification by

recrystallization.

[0065] The sulfonamides useful in.the present invention may be synthesized according to a
number of methods known in the art. In some embodiments, the sulfonamide of formula (I1) is

prepared by:

i) converting a compound of formula (1V)

0
SO,Y

(v)

wherein Y isaleaving group, to acompound of formula (V)

M

18
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ii) converting the compound of formula (V), to a compound of formula (V1)

v ; and

iii) converting the compound of formula (VI), to the sulfonamide of formula (11).
This sulfonamide preparation procedure also applies to the enantiomers of (I1), (1V), (V) and
(VI). In some embodiments, R3, R4, and N together form a morpholine group. In some
embodiments, at least one of R1and R? is a benzyl group or a substituted benzyl group. In some
embodiments, the sulfonamide of formula (I1) is the exo-diastereomer. In some embodiments,
the sulfonamide of formula (I1) is the endo-diastereomer. The sulfonamide of formula (I1) can

also be selected from the enantiomers of the exo- and endo-diastereomers:

R3

U

N\

- R4 H’RS

LOH LON
SS !
I~O
N

o R
R1’ \Rz R’, \Rz
Exo-diaster eomer Endo-diaster eomer

0y

[0066] Compounds of formula (I) can also be accessed via aroute including enamine
intermediates. Accordingly, the present invention provides a process of for preparing a

compound of formula (1)

the process including:
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i) converting a compound of formula (V)

to an enamine compound of formula (V1)

RS

i)

oN
OR
NN

4

/

Z )
/,

RZ
é’") - and
ii) converting the compound of formula (VI1) to the compound of formula (1);

wherein

Rland R? are independently H, benzyl, substituted benzyl, C,.;> akyl, C, 1o

cycloakyl, c 4.9 heterocycloalkyl, ce-ioaryl, or c5.9 heteroaryl;

R3and R* are independently H, benzyl, substituted benzyl, C,.,, akyl, Cs )0
cycloalkyl, C, 9 heterocycloalkyl, Cé—io aryl, or c5.9 heteroaryl; or optionally

RS, R4, and N can together form a C 0 heterocycle.

[0067] This "enamine route" aso applies to the preparation of the enantiomers of (V), (VII)
and (I). The synthetic method is illustrated in Figure 4. The conversion of compound (VII) to
compound (I) can be aone-step operatibn, atwo-step operation, or athree-step operation. The
two-step operation proceeds viaa compound of formula (11). The three-step operation proceeds
via acompound of formula (11) and acompound of formula (I11), as described above. In some
embodiments, the process further includes converting the compound of formula (VI11) to a
sulfonamide of formula (11). For example, enamines can be reduced to tertiary amines using
reducing agents including, but not limited to, formic acid. Enamines can also be converted to
tertiary amines via hydrogenation or transfer hydrogenation. Various methods for asymmetric

enamine hydrogenation are known in the art, utilizing titanium-, rhodium-, and iridium-based
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catalysts aswell asother catalysts. One of skill in the art will appreciate that other methods can

be used to convert enamines of formula (V11) to the sulfonamides of formula (11).

[0068] The enamine route can provide any of the products and intermediates described above

including their enantiomers. In some embodiments, R*, R4, and N together form amorpholine

group. In some embodiments, at least one of R' and R2 isa benzyl group or a substituted benzy!

group. In some embodiments, the sulfonamide of formula (1) is the exo-diastereomer. In some

embodiments, the sulfonamide of formula (1) isthe e«i/o-diastereomer. The sulfonamide of
formula (1) can also be selected from the enantiomers of the exo- and e«i/o-diastéreomers. In
some embodiments, the compound of formula (1) is selected from the group consisting of
compound (la) and the enantiomer of compound (la), and the sulfonamide of formula (1) is
selected from the group consisting of compound (11a) and the enantiomer of compound (11a).
One of skill in the art will appreciate that if either of the compounds of formula (1) or (1) is
present as a given enantidmer, then the other compound will have the same stereochemical

configuration.

[0069] In some embodiments, the present invention provides a compound selected from

compound (Is) and the enantiomer of compound (1s)

R3
N\
sv K
*HX
(Is) ; wherein

R® and R* are independently H, benzyl, substituted benzyl, Cra,akyl, c 310 cycloalkyl, Cas
heterocycloakyl, Ce.ioaryl, or c 5.9 heteroaryl; or optionally

R3, R* and N can together form a C3- 10 heterocycle; and

HX is selected from the group consisting of an inorganic/mineral acid, a carboxylic acid, and

an organic sulfonic acid.

[0070]  In some embodiments, HX is HC1. In some embodiments, the compound of formula

(Is) is selected from compound (Ib) and the enantiomer of (Ib).

21
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[0071] In some embodiments, the inventions provides a compound selected from compound

(111 and the enantiomer of compound (I11)

R3 R3
N N
s— Ry R
(1) - wherein

R3and R*are independently H, benzyl, substituted benzyl, C,.;, alkyl, cs1 0 cycloakyl, C,.g
5 heterocycloalkyl, cs-10 aryl, or Cs e heteroaryl; or optionally

R, R and N can together form a C3-10 heterocycle.

[0072] In some embodiments, the compound of formula (111) is selected from compound (111a)

and the enantiomer of compound (1lia).

[0073] In some embodiments, the invention provides acompound' selected from compound (XI1)

10 and the enantiomer of compound (X1) and compound (X 1') and the enantiomer of compound

RS ' R3 R3 R3
N N *2HX N N ®HX
4 4 o4 n4

(X1) (x1)

(x1)

[0074] In some embodiments, the compound of formula (XI) is selected from compound (I11b)

and the enantiomer of compound (I1lb) and compound (I11b") and the enantiomer of compound

15 (lb)
LoFo-

N\J N\// *2HCI

S S :

(11ib)

[0075] In some embodiments, the present invention provides a method of asymmetric
synthesis. The method including contacting a compound selected from (ls), (Ib), (111), (llia),
(X1), (lllb), and their enantiomers with reactants in an asymmetric transformation to

20  stereoselectively provide a product. In some embodiments, the asymmetric transformation is an
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asymmetric addition reaction. In some embodiments, the reactants include a compound of

formula (VII1)
O
RSJLR'5
(YD)
and a compound of formula (1X)
R7ZnR®
(x) ;and

the products include a compound of formula (X)

RS” “R?
X)  wherein

R’ is aryl, akyl, alkenyl or akynyl;
R6 is H, methyl, trifluoromethyl or CO ,R?, wherein R%is alkyl; and
R’ and R® are independently aryl, alkyl, alkenyl, or alkynyl.

[0076] In general, the asymmetric addition reaction is conducted such that the catalyst
compounds of this invention act as ligands to form coordination complexes with organozinc:
compounds (IX) prior to reaction with carbonyl compounds (VII1). Salts (Is), disulfides (l11),
and salts of disulfides (XI) or (XT) can all be used as catalysts in the asymmetric addition
reactions of the present invention. Any suitable molar ratio of the catalyst to organozinc
compound (IX) can be employed in the asymmetric addition reactions. In some cases, a
stoichiometric amount of the catalyst can be used. In other cases, less than one equivalent of the
catalyst can be used for each equivalent of organozinc compound used. The minimum amount of
the catalyst relative to other reactants may depend on the structure of the catalyst , the specific
carbonyl compound and organozinc compound to be reacted, the reaction conditions, and the
maximum time allowed for completion of the reaction. Appropriate catalyst loading can be
readily determined by one of skill in the art. The chiral alcohol product (X) has, in general, a
stereomeric excess greater than zero. For example, the chiral alcohol can be formed in at least
about 50% stereomeric excess, or at least about 60%, or at least about 70%, or at least about
80%, or at least about 90%. The stereomeric excess refers to the chirality at the hydroxyl-
bearing carbon of the alcohol group generated by the addition reaction. When the carbonyl
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compound (VI1II) is achiral, the chiral alcohol can be one of two enantiomers, and enantiomeric
excess (e.e.) isthe measure of stereomeric excess. When the carbonyl compound (VIII) is
aready chiral, the chiral alcohol product is adiastereomer, and diastereomeric excess (d.e.) isthe

formally appropriate measure of stereomeric excess.

[0077] For example, MITH (Ia) and M1TH salt (Ib) catalyze the asymmetric 1,2-addition of
ethane from diethylzinc to benzaldehyde (Table 1). Both MITH and MITH+HC1 showed
comparable catalytic activity and provided products with identical optical purity (compare Table
1, entries 1and 3, with Table 1, entries 2 and 4). The apparent retention of selectivity upon
catalyst salt formation was unexpected, given that the chloride counter ion has been shown to
interfere with asymmetric catalysis using aminothiol compounds as ligands in certain situations
(see, for example Hof, R. P. Ph.D. Dissertation, University of Groningen, The Netherlands,
1995). MITH and related compounds can be regenerated from salts by treatment with agqueous
base, such as sodium carbonate or sodium bicarbonate, and partitioned into a water immiscible
solvent such as »-heptane. Regenerated MITH (la), for example, provides addition products with
the same optical purity asthose provided by free-base MITH (without salt formation) and the
MITH salt (Table 1, entries 5, 3, and 4, respectively).

[0078] Asdiscussed above, the disulfides of formula (111) or their sats (XI) and (X T) can also
be employed as catalysts or stoichiometric reagents in asymmetric C-C bond forming reactions.
Such transformations are useful for the manufacture of drugs and drug intermediates, amohg
other industrially relevant compounds. Disulfide (ilia), for example, is aso an asymmetric
catalyst. Disulfide (Ilia) catalysed the asymmetric 1,2-addition of an ethyl group from
diethylzinc to benzaldehyde (Table 1, entry 6). This catalyst provided produ;:ts with optical
purity comparable to those provided by free-base MITH and its HC1 salt (Table 1, entries 3 and
4, respectively). The novel disulfides of formula (I11) can aso be converted to salts (XI) and

(Xv) using suitable acids. Examples of suitable acids including carboxylic acids (trifluoroacetic
acid and the like), organic sulfonic acids (methanesulfonic acid, trifluoromethanesulfonic acid; p-

toluenesulfonic acid and the like), and inorganic/mineral acids (hydrochloric acid, hydrobromic

" acid, hydroiodic acid, phosphoric acid, sulfuric acid, and the like). These salts can aso be

employed in the asymmetric reactions of the invention.

[0079] The catalytic activity of disulfide (liia) was confirmed using NMR spectroscopy. A
1,2-addition reaction of ethyl group from diethylzinc to benzaldehyde using 20 mol% of (llia) as
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the catalyst was conducted. ‘HNMR spectroscopic analysis of the crude reaction product
revealed a binary mixture of 1-phenyl-propanol and disulfide (llia), containing no detectable
MITH. Moreover, the catalyst (Ilia) was recovered in 98% yield after isolation by column
chromatography. Together, these results indicate that disulfide (1lia) is the catalytic species,
ruling out the possibility that the disulfide was converted to a free zinc thiolate upon contact with
diethylzinc. The new disulfide compounds of formula (111a) can also be used for arylzinc
addition reactions (see, for example, Table 1, entry 7). Benzaldehyde was smoothly converted
to diarylmethanol in 96% e.e.; the same optical purity was observed for MITH catalysis as
reported inJ. Org. Chem. 2006, 71, 833-835.
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Table 1. Asymmetric organozinc addition to aldehydes

O (=)H
H + ERzn catalyst® - /@/’\R
X X
Entry X Catalyst" R EtRZn Temp. Time Yield Optical Purity©
1 H MITH Et* 15 eq. rt. 4 h 82% 93.6% ee.
2 H MITH'HCI Et 16 eq. rt. 4 h 89% . 92.3% ee.
3 | H MITH Et 15 eq. 0°C 17 h 87% 96.2% ee.
4 H MITH-HCI Et 1.6 eq. 0°C 17 h 80% 96.3% ee.
5 H MITH" Et 1.5eg. 0°C 16 h 85% 96.3% ee.
6 H 5 mol % (llia) Et 1.6 eg. 0°C 17 h 81% 95.2% ee.

Et,Zn (2.0 eq.)
7 Me (llia) Ph¢ 0°C 24 h 74% 95.9% ee.
. PhEtZn (2.0 eq.)

" Unless otherwise specified, 10 mol % catalyst was used. * Et,Zn was used as a 10 m solution in hexanes. " The ee.
values were determined by normal phase chiral HPLC. * The catalyst was prepared in Situ from MITH-HCI: The
.MITH'HCI was extracted between /;-heptane and 1m ag. Na,C0O; (10 mL) to regenerate MITH free base. The organic
solution was washed with 10% aq. NaCl (5 mL), concentrated and co-evaporated once with n-heptane (10 mL) to give a
colorless ail directly for the catalytic reaction. " The mixed zinc reagent was prepared according to literature procedures (J.

Org. Chem. 2006, 71, 833-835); see example 10 for details.
EXAMPLES

[0080] The symbols, conventions and abbreviations used in the above specification and in the
following examples are consistent with those used in the contemporary scientific literature, for
example, Journal d the American Chemical Society and The ACS Style Guide: effective
communication d scientific information, 3rd ed.; Coghill, A.M. and Garson, L. R. ed,;
Washington, DC, Oxford University Press, New York Oxford, 2006.

[0081] /-Bu - /<?r/-butyl
[0082] Me- methyl
[0083] Et- ethyl

[0084] Pr- propyl

[0085]  Ph-phenyl (C.Hy)
[0086] g- gram(s)

[0087] mg- milligram(s)
[0088] mL - milliliters)
[0089] ™ - molarity
[0090] N - normality
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[0091] MHz - megahertz

[0092] mol - mole(s)

[0093] mmol - millimole(s)

[0094] min - minute(s)

[0095] h- hour(s)

[0096] TLC - thin layer chromatography

[0097] [PA - isopropanol

[0098] DCM - dichloromethane

[0099] DMAC - N,N-dimethylacetamide

[0100] THF - tetrahydrofuran

[0101] brine- saturated aqueous sodium chloride solution
[0102] ACOH - acetic acid

[0103] HPLC - High performance liquid chromatography

[0104] The following examples are provided to further illustrate, but not to limit this invention.

Example 1- Synthesis of the disulfide of formula (llia)

[0105] (15,4R)-A”™-Benzyl-10-camphorsulfonamide (Va).

[0106] A solution of camphorsulfonyl chloride (80. 1g, 0.32 mal) in dichloromethane (DCM,
160 mL) was added dropwise to a solution of benzylamine (87.5 mL, 0.80 mol) in DCM (240
mL). The addition was conducted at <20 °C, and the mixture was subsequently stirred at
ambient temperature. Following reaction completion asjudged by HPLC analysis, the mixture
was diluted with DCM (240 mL) and 3N ag. HCI (640 mL). After stirring for 0.5 h the layers
were separated and the organic layer was washed with 1m ag. Na,CO 5 (400 mL) and brine (400
mL). DCM was evaporated to yield an orange oil. The oil was used without further purification.
The proton and carbon NMR spectra were identical to reported data { Tetrahedron: Asymmetry
1997, 8, 2479-2496).

[0107] (15,4R)-7V-Benzyl-2-hydroxyimino-7,7-dimethylbicyclo[2.2.1]hept-I-

ylmethanesulfonamide (1Xa).
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[0108] To asolution of (IS,4R)-N—benzyI—IO—camphor'squonamide (Va) in ethanol (320 mL)
was added sodium acetate (39.4 g, 480 mmol) and NH,OH<HCI (33.4 g, 481 mmol). The
reaction mixture was heated under gentle reflux until the reaction was complete asjudged by
TLC. The hot solution was filtered and the solids were washed with ethanol (80 mL). After the
filtrate was cooled to ambient temperature, water (800 mL) was added dropwise to the combined
filtrates. After stirring at ambient temperature for an hour, the product mixture was filtered and
the filter cake was washed with an ethanol/water mixture (1:2, 240 mL) and dried in vacuo to
give awhite powder (105.9 g, 315 mmol, 98% for two steps, >99.9% HPLC purity). The proton
and carbon NMR spectra were identical to reported data { Tetrahedron: Asymmetry 2000, 11,
1629-1644).

[0109] (15,2R,4R)-7V-Benzyl-2-amino-7,7-dimethylbicyclo[2.2.1]hept-I-

ylmethanesulfonamide (Via).

~ NH,

NHBn

(Via)
[0110] A solution of (IS,4R)-N-benzyl-2-hydroxyimino-7,7-dimethylbicyclo[2.2. 1]hept-1-
ylmethanesulfonamide (1Xa) (45.0 g, 134 mmol) in ethanol (360 mL) was added dropwise to a
solution of sodium acetate (94.5 g, 1150 mmol) and TiCl ; (460 mmol) in 10.5% wt. ag. HC1 (320
mL) at -20 to-10 °C. The addition was conducted below 0 °C, and the reaction mixture was
then stirred at 0 °C for an hour prior to addition of neat /-BiiNH,-BH; (29.1 g, 335 mmoal) in
portions. The mixture was stirred at 0-10 °C for 30 minutes and then at ambient temperature.
After the reaction was completed, the solution was diluted with ethyl acetate (675 mL) and was
extracted with water (450 mL). Following separation of the layers, the organic layer was washed
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with sat. ag. NH4Cc 1(675 mL), 1M ag. Na,CO3 (900 mL) and finaly with 10% ag. NaCl (450
mL). The organic solution was concentrated to give the crude amine product (\S2R,4R)-N-
benzyl-2-amino-7,7-dimethylbicyclo[2.2.1] hept-I-yImethanesul fonamide (Via) aslight yellow
powder. The crude product was dissolved in ethanol (180 mL) at 70-75 °C and was hot-filtered.
The filter cake was washed with hot ethanol (45 mL), and the filtrate was slowly cooled allowing
recrystallization to occur at about 50 °C. After stirring for an hour at 0 °C, the white suspension
was filtered and washed with cold ethanol (45 mL) to give pure (1S,27,4/?)-./V -benzyl-2-arnino-
7,7-dimethylbicyclo[2.2.1] hept-I-ylmethanesulfonamide  (Via) asawhite powder (23.5 g; 54%;
>99.9% pure as assessed by HPLC).

[0111] 'HNMR & (400 MHz, CDC13) 7.39-7.3 1(m, 5H), 5.05 (br, 1H), 4.37 (d, J= 14.2 Hz,
1H), 4.32 (d, J= 14.2 Hz, 1H), 3.49 (d, J= 13.6 Hz, 1H), 3.27 (dd, J= 8.8, 5.2 Hz, 1H), 2.76 (d,
J= 14.0 Hz, 1H), 1.82-1.70 (m, 4H), 155-1 .46 (m, 4H), 119-1.15(m, 1H), 0.98 (s, 3H), 0.76 (s,
3H). ESI MS Calculated for [C ;H,6N>0,SNa+]= 345.1607, found: 345.161 1

[0112] (I S,2R,4R)-N -Benzyl-2-morpholino -7,7-dimethylbicyclo[2.2.1]hept-I-

ylmethanesulfonamide (Ha).
%30
e
| o

NHBn
(1)

[0113] Bis(2-bromoethyl) ether (18.3 mL, 146 mmol) was added to a solution of (1S 2RAR)-
N-benzyl-2-amino-7,7-dimethylbicyclo[2.2.  1hept-| -yImethanéwaonamide (Via) (235 g, 72.9
mmol) and N N-Diisopropylethylamine '(DIPEA) (55.8 mL, 320 mmoal) in N,N-
dimethylacetamide (DMAC) (470 mL). The solution was heated at 120 °C until the amine
(1S,2R ,AF?)-N-benzyl-2-amino-7,7-dimethylbicyclo[2.2.  1]hept- I -ylmethanesulfonamide (Via)
was <2% by HPLC analysis. The mixture was cooled to ambient temperature and diluted with
toluene (470 mL) and was extracted with water (470 mL). After layer separation, the toluene
layer was washed twice with 10% ag. NaCl (230 mL each) and concentrated to give the crude
product as a brown solid. The sulfonamide (KS,2/?,4"?)-N-benzyl-2-morpholino-7,7-
dimethylbicyclo[2.2. 1]hept-I -ylmethanesulfonamide (l1a) was crystallized from a mixture of
toluene (23 mL) and w-heptane (47 mL) by slowly cooling from 75 °C to 60 °C, stirring at 60 °C
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for an hour and then cooling to ambient temperature, followed by the addition of w-heptane (70
mL) and stirring for an hour. The suspension was filtered and the powder was washed with a
mixture of toluene and r-heptane (1:5, 47 mL) to give ( 1S,2F?4F?)-N-benzyl-2-morpholino-7,7-
dimethylbicyclo[2.2.1]hept-l-yImethanesulfonamide  (I1a) asan orange to light brown powder
(22.2 g; 78%; 98.9% pure as assessed by HPLC).

[0114] 'H NMR 3 (400 MHz, CDCl;) 7.41-7.3 1(m, 5H), 4.99 (t, J= 6.2 Hz, 1H), 4.36 (dd, J=
13.8, 6.2 Hz, 1H), 4.30 (dd, J= 13.8, 5.8 Hz, 1H), 3.78 (d, J= 14.8 Hz, 1H), 3.65 (ddd, J= 112,
6.4, 2.8 Hz, 2H), 3.58 (ddd, J= 112, 6.0, 3.2 Hz, 2H), 2.88 (d, J= 14.8 Hz, 1H), 2.7 1-2.57 (m,
5H), 2.15 (ddd, J= 12.3, 12.3, 4.9 Hz, IH), 1.98-1 .91 (m, IH), 1.83-1.74 (m ,IH), 17 1(dd, J=
4.4 Hz, 1H), 156 (ddd, J= 12.8, 9.5, 3.5 Hz, I H), 1.46 (dd, J= 13.0, 9.4 Hz, IH), 120 (ddd, /=
125, 9.3, 49 Hz, 1H), 0.87 (s, 3H), 0.78 (s, 3H). ESI M S Calculated for [C,,H.,N,0 ;SNa*]=
415.2026, found: 4 15.2028

[0115] (15,2R,4R)-1,2-bis((7,7-dimethyl-2-mor pholinobicyclo[2.2.1]heptan-I-

%% o %& o
N\// N\J
S S

(Ilia)

yl)methyl)disulfane (llia).

[0116] To asolution of (1S,2R,4R)-N -Benzyl-2-morpholino-7,7-dimethylbicyclo[2.2.1] hept-1-
ylmethanesulfonamide (lla) (10.07 g, 25.7 mmol) in toluene (70 mL) was added sodium bis(2-
methoxyethoxy)aluminum hydride (73 mL, 70% wt. in toluene, 256 mmol) and the resulting
solution was heated to reflux. After the reaction was complete asjudged by HPLC, the mixture
was cooled to 0 °C and THF (140 mL), water (10 mL), diatomaceous earth, 15% ag. NaOH (10
mL), water (26 mL) and Na,S0 , were added sequentially. The suspenéion was stirred at ambient
temperature for about one hour. The mixture was filtered through diatomaceous earth and the
filter cake was washed twice with THF (140 mL each). The filtrate was concentrated and the
residue was diluted with ethyl acetate (200 mL) and was washed with 10% ag. NaCl (100 mL
x3) and brine (50 mL) and concentrated to give the crude disulfide as a light brown semi-solid,

which was used directly in the next step.
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[0117] 'HNMR 5 (400 MHz, cDC1,) 3.76 (ddd, J= 110, 6.6, 2.6 Hz, 4H), 3.63 (ddd, J= 110,
6.6, 3.0 Hz, 4H), 3.25 (d, J= 12.0 Hz, 2H), 2.80 (d, J= 116 Hz, 2H), 2.73-2.69 (m, 4H), 2.58-
2.54 (m, 4H), 2.32 (dd, J= 9.2, 6.0 Hz, 2H), 1.94-1 .90 (m, 2H), 1.72-1.64 (m, 4H), 136 (dd,J=
12.8, 9.2 Hz, 2H), 1.25-1 .16 (m, 4H), 1.09-1 .05 (m, 2H), 0.874 (s, 6H), 0.866 (s, 6H). ESI MS
Calculated for [C,gH,sN,0,S,Na‘]= 531.3049, found: 531.3058. MS/MS (m/e): 254.2, 509.5.

Example 2 - Synthesis of MITH -HCI (Ib)

[0118] (15,2R ,4R)-(7,7-dimethyl-2-mor pholinobicyclo[2.2.1]heptan-I-yl)methanethiol, (-)-
2-evo-mor pholinoisoborne-10-thiol  (MITH; (la)).

é\E/z o
N\)
SH

(12)

[0119] Toasolution of the crude disulfide (1S,2R,4R)-1,2-bis((7,7-dimethyl-2-
morpholinobicyclo[2.2. 1Jheptan-I-yl)methyl)disulfane (llia) in acetic acid (20 mL) and THF
(40 mL) was added zinc dust (8.4 g, 128 mmol). The mixture was heated at 60 °C until the
reaction was complete asjudged by HPLC. The mixture was then cooled to ambient temperature
and diluted with ethyl acetate (60 mL). The pH of the suspension was increased to about 6-7
with 20% ag. N&CO0 3 (50 mL), and diatomaceous earth was added and the mixture was filtered
through further diatomaceous earth. The filter cake was washed with ethyl acetate (100 mL).
The filtrate was mixed with water (100 mL), and the organic layer was washed with 10% ag.
Na,CO 5 (100 mL), 10% ag. NaCl (100 mL), and brine (50 mL). The organic layer was
concentrated to give crude (15',2/,4"?)-(7,7-dimethyl-2-morpholinobicyclo[2.2.  1]heptan-I -
yl)methanethiol, (-)-2-exo-morpholinoisoborne-l  O-thiol (MITH; (la)) asayellow oil that was
used directly in the next step. The proton NMR spectrum was identical to reported data (J. Org.
Chem. 2006, 71, 833-835).

[01201 'HNMR & (400 MHz, CDCl ) 3.73 (ddd, J= 111, 6.3, 31 Hz, 2H), 3.65 (ddd, J= 112,
6.0, 3.2 Hz, 2H), 2.88 (dd, J= 13.4, 7.8 Hz, 1H), 2.68-257 (m, 5H), 2.46 (dd, J= 9.2, 6.0 Hz,
IH), 197-1.90 (m, 1H), 176-1 .67 (m, 2H), 161-1 .53 (m, 2H), 1.44-1.32 (m, 2H), 1.14-1.07
(m, 1H), 0.92 (s, 3H), 0.88 (s, 3H).

31



10

20

25

WO 2013/080049 PCT/1IB2012/002910

[0121] (I S,2R,4R)-(7,7-dimethyl-2-mor pholinobicyclo[2.2.1]heptan-I-yl)methanethiol
hydrochloride (MITH -HCI; (Ib)).

o
N_J *HC
SH
(Ib)

[0122] A solution of crude (1S,27?,4i7?)-(7,7-dimethyl-2-morpholinobicyclo[2.2.  1]heptan-I-
yl)methanethiol, (-)-2-exo-morpholinoisoborne-l  O-thiol (MITH; (la)) in ethyl acetate (50 mL)
was filtered through a 1-cm pad of silica gel, and the pad of silica gel was washed once with
ethyl acetate (100 mL). The filtrate was concentrated and the resulting oil (4.34 g, 24.0% HPLC
purity) was diluted with isopropanol (IPA) (13 mL) and r-heptane (22 mL). A solution of HC1
in IPA (22 mL, 73 mmol) was added dropwise to the solution and the resulting suspension was
dissolved by heating to 69-71 °C. The solution was gently cooled to 35 °C, then kept at this
temperature for an hour, after which time w-heptane (13 mL, 3 vol.) was added. The suspension
was then cooled to ambient temperature and was stirred for about 1hour. The mixture was
filtered and the filter cake was washed with a mixture of IPA and w-heptane (1:2, 13 mL)
providing (1S,2/?,4i?)-(7,7-dimethyl-2-morpholinobicyclo[2.2.  Tlheptan- 1-yl)methanethiol
hydrochloride (Ib) as awhite powder (1.65 g; 22%; 95.5% pure as assessed by HPLC).

[0123] 'HNMR & (400 MHz, DM SO-d) 9.80 (s, 1H, br), 4.28-4. 12 (m, 2H), 3.91-3.81 (m,
3H), 3.54-349 (m, 2H), 3.37-328 (m, 2H), 3.15-3.06 (m, 1H), 2.84-2.77 (m, 2H), 2.25-2.22
(m, 1H), 180-1 .65 (m, 4H), 1.40-1.35 (m, 1H), 1.17-1.09 (m, 1H), 0.98 (s, 3H), 0.89 (s, 3H).

Example 3 - Synthesis of MITH (Ia)

[0124] (IS,2R,4R)-(7,7-dimethyl-2-mor pholinobicyclo[2.2.1[heptan-I-yl)methanethiol,  (-)-
2-eNo-mor pholinoisobor ne-10-thiol (MITH; (la)). Crude (1S,2R,4R)-(7,7-dimethy 1-2-
morpholinobicyclo[2.2. 1Jheptan- 1-yl)methanethiol, (-)-2-exo-morphol inoisoborne- 10-thiol
(MITH; (la)) was prepared asin example 2 (from 5.04 g, 12.8 mmol, of (1S,2R,4R)-N -Benzyl-2-
morpholino-7,7-dimethylbicyclo[2.2.  1]hept-I-ylmethanesulfonamide  (l1a) and was purified by
silica gel column chromatography using ethyl acetate/«-heptane (1:20) asthe eluent to give a
colorless ail (2.32 g; 71% yield for two steps). (1S,23?,4tf)-(7,7-Dimethyl-2-
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morpholinobicyclo[2.2. I]heptan-1-yl)methanethiol, (-)-2-exo-morpholinoisoborne-l -0-thiol
(MITH) was substantially pure as assessed by NMR.

Example 4 - Synthesis of (IHb)

[0125] (152R ,4R)—I,2—bis((7,7—dimethyl—2—morpho|inobicycl 0[2.2.1]heptan-I-
yhmethyl)disulfane  hydrochloride (IHb).

NGO NCO *2HCI

(111b)

[0126] Toasolution (15,2%,4%)-1 ,2-bis((7,7-dimethyl-2-morpholinobicyclo[2.2.1 Jheptan-I-
yl)methyl)disulfane (llia) (111mg, 0.22 mmol) in IPA (1 mL) and n-heptane (2 mL) was added
asolution of HCl in IPA (1 mL, 4.9 mmol). The resulting mixture was concentrated in vacuo to

‘give thetitle product (1S2R,4R)- 1,2-bis((7,7-dimethyl-2-morpholinobicyclo[2.2. L heptan-| -

yl)methyl)disulfane hydrochloride (IHb) as awhite powder.

[0127] 'HNMR & (400 MHz, CD,OD) 4.50-4.45 (m, 2H), 4.29°1.24 (m, 1H), 4.05-3.96 (m,
3H), 3.70-3.67 (m, 1H), 3.59-3.55 (m, 2H), 3.29-3.20 (m, 2H), 2.40-2.36 (m, 1H), 1.96-1 .83
(m, 4H), 1.49-1 .44 (m, 1H), 1.34-1 .24 (m, IH), 108 (s, 3H), 103 (s, 3H).

Example 5 - Synthesis of morpholino-(I S, 4/?)-(7,7-dimethyl-2-mor pholinobicvclo-

[2.2.11 heptan-I-vOmethanesulfonamide (I1e)

[0128] Morpholino-il R HV-dimethyl™-morpholinobicyclo™” .1 Jhept”-en-I-

yl)methanesulfonamide  (VIlc).



10

20

25

WO 2013/080049 PCT/1IB2012/002910

" [0129] A reaction vessel was charged with morpholino-(1S,4")-10-camphorsulfonamide  (10.0

g, 33.2 mmol), toluene (130 mL), and morpholine (28.6 mL, 332 mmol). The mixture was
heated to 60 °C and a solution of TiCl, (7.3 mL, 66.6 mmol) in toluene (70 mL) was added
dropwise over a 10 minute period. The mixture was then stirred under gentle reflux for 22 hours
and was then cooled to ambient temperature. The suspension was filtered through diatomaceous
earth, and the filter cake was washed twice with toluene (100 mL each) providing the pure
enamine morpholino-(15',4/?)-(7,7-dimethyl-2-morpholinobicyclo[ 2.2.1] hept-2-en-I-
yl)methanesulfonamide (V11c) asa solution in toluene. The enamine was used directly in the

next reduction step.

[0130] 'HNMR 5 (400 MHz, CDCl ), 5.12 (d, J= 3.6 Hz, 1 H), 3.83 (dd, J= 4.6, 4.6 Hz, 4H),
3.76 (dd, J= 4.8, 4.8 Hz, 4H), 3.52 (d, J= 15.2 Hz, 1H), 3.36-3.26 (m, 4 H), 3.08-3.02 (m, 2H),
2.75 (d,J= 14.8 Hz, 1H), 2.52-2.47 (m, 3H), 2.28 (dd, J= 3.6, 3.6 Hz, 1H), 2.01-1 .94 (m, 1H),
153 (ddd, J= 12.3, 9.1, 3.5 Hz, 1H), 123-1.17 (m, 1H), 0.923 (s, 3H), 0.861 (s, 3H).

[0131] Morpholino-(15, 4R)-(7,7-dimethyl-2-morpholinobicyclo[2.2.1]heptan-I-

yl)methanesulfonamide (lie).

N
OO‘,E Lo

)

0
(lie)

[0132] A solution of formic acid (5.2 g, 113 rhmol) in DCM (50 mL) was slowly added to a
solution of enamine morpholino-(15,4")-(7,7-dimethyl-2-morpholinobicyclo[2.2.  []hept-2-en-I-
yl)methanesulfonamide (Vl1Ic) (32 g, 86.4 mmol) in DCM (160 mL) at O to 10 °C. The reaction
mixture was stirred at ambient temperature for 4 hours and was quenched by addition of 0.4 N
ag. HC1 (250 mL). After separation of layers, the aqueous layer was brought to pH 8-9 by 30%
aq. NaOH. The solution was extracted with DCM (300 mL), and the DCM solution was
collected, dried over anhydrous MgS0 ,, and concentrated to give the crude product morpholino-
(15, 4/?)-(7,7-dimethyl-2-morpholinobicyclo[2.2.  I]heptan-I-yl)methanesulfonamide  (lie) asa
solid (20.4 g, 63%; 95.7% pure as assessed by GC).
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Example 6 - Representative diethylzinc addition reaction catalyzed by (15,2R,4R)-(7,7-

dimethyl-2-mor pholinobicyclo[2.2.11heptan-I-yl)methanethiol hydrochloride (MITH'HCI;
(1b))

[0133] After stirring a mixture of (15,2",4y?)-(7,7-dimethyl-2-

morpholinobicyclo[2.2.1] heptan-I-yl)methanethiol  hydrochloride (MITHHCI; (Ib)) (58 mg,

0.20 mmol) and diethylzinc solution (3.2 mmol, 10 m in hexanes) at ambient temperature for 30
minutes, neat benzaldehyde (200 uL, 2.0 mmol) was added in one portion at 0 °C. Upon
completion of the reaction (asjudged by TLC analysis), sat. ag. NHsc 1(3 mL) was slowly added
to the reaction product mixture followed by ethyl acetate (20 mL). The mixture was washed
twice with 1N ag. HCI (20 mL each) and brine (5 mL), dried over solid N&a,S04, and
concentrated to give a colorless oil which was purified by silicagel column chromatography
(1:10 ethyl acetate/n-heptane) tb give (/?)-1-phenyl-propanol as a colorless oil (217 mg; 80%;
96.3% e.e)). The optica purity was determined by normal phase HPLC using a Chiralcel OD-H
chiral column (eluted with isocratic IPA/Hexane= 2:98, with 1.0 mL/minute flow rate;

monitoring at 254 nm).

Example 7 - Representative diethylzinc addition reaction catalyzed by (I S,2R,47?)-(7,7-

dimethyl-2-mor pholinobicyclo[2.2.11heptan-I-yl)methanethiol, (-)-2-exo-
mor pholinoisoborne-10-thiol (MITH; (la)) prepared from (I S,2R.4R)-(7,7-dimethyl-2-
mor pholinobicyclo[2.2.11heptan-1-ylYmethanethiol hydrochloride (MITH »HC1: (b))

[0134] A solution of (1.5,2RMJ-dimethyl”-morpholinobicycloP™.Ilheptan-I -
yl)methanethiol hydrochloride (MITH'HCI; (Ib)) (58 mg, 0.20 mmol) in *-heptane (10 mL) was
extracted with I M N&CO 5 (10 mL). After separation of layers, the -heptane layer was washed
with 10% ag. NaCl (5 mL) and concentrated. The residual oil was co-evaporated with ~-heptane
(10 mL) to give MITH free base asa colorless oil. To the oil was added diethylzinc (3.0 mmol,
1.0 m in hexanes) at ambient temperature, and the mixture was stirred for 10 minutes. Neat
benzaldehyde (200 nL, 2.0 mmol) was added in one portion at 0 °C. Upon complete
consumption of benzaldehyde asjudged by TLC, sat. ag. NH4CI (3 mL) was slowly added to the
reaction product mixture followed by ethyl acetate (20 mL). The mixture was washed twice with

I N ag. HCI (20 mL each) and brine (5 mL), dried over solid Na,S0 , and concentrated to give a
35



20

25

WO 2013/080049 PCT/1IB2012/002910

colorless oil which was purified by silica gel column chromatography (1:10 ethyl acetate/«-
heptane) to give (7?)-l1-phenyl-propanol as a colorless oil (232 mg; 85%; 96.3% e.e.).

Example 8 - Representative diethylzinc addition reaction catalyzed by (15,2R ,4/?)-1,2-

bis((7,7-dimethyl-2-mor pholinobicvclof2.2.11heptan-1-ylYmethyldisulfane (llia)

[0135] After stirring a mixture of (\S 2R 4R)- 1,2-bis((7,7-dimethyl-2-

morpholinobicyclo[2.2.1] heptan-I-yl)methyl)disulfane  (Ilia) (51mg, 0.20 mmol) and
diethylzinc (3.2 mmol, 10 Min hexanes) at ambient temperature for 30 minutes, neat
benzaldehyde (200 pL., 2.0 mmol) was added in one portion. Upon complete consumption of
benzaldehyde asjudged by TLC, sat. ag. NH,c1(3 mL) was slowly added to the reaction product
mixture followed by ethyl acetate (20 mL). The mixture was washed twice with 1Nag. HCI (20
mL each) and brine (5 mL), dried over solid Na,S0, and concentrated to give acolorless oil
which was purified by silica gel column chromatography ( 1:10 ethyl acetate/n-heptane) to give
(7?)-1-phenyl-propanol as a colorless oil (221 mg; 81%; 95.2% e.e.).

Example 9 - Representative propargylzinc addition reaction catalyzed by (15,28?4R)-1,2-

bis((7,7-dimethyl-2-mor pholinobicvclof2.2.1Jheptan-I-yl ) methyldisulfane (llia)

. [0136] To asolution of (15',2i?,4/?)-|,2—bis((7,7-dimethyl-2;morpholinobicyclo[2.2. 1] heptan-I-

yl)methyl)disulfane (Ilia) (51mg, 0.10 mmol) and THF (0.66 mL) was added dimethylzinc (3.3
mL, 4.0 mmol, 12 Min toluene) and phenylacetylene (0.44 mL, 4.0 mmol). After stirring at
ambient temperature for two hours, the solution was cooled to 0 °C. Neat benzaldehyde (0.10
mL, 10 mmol) was added in one portion and the reaction was stirred at O °C for 2 days. The
reaction was quenched by addition of sat. ag. NH,CI (3 mL) slowly and then diluted with DCM
(20 mL) and 1Nag. HCI (15 mL). After separation of layers, the aqueous solution was washed
twice with DCM (10 mL). The DCM layers were combined, dried over solid Na,S0,4, and
concentrated to give a light yellow oil which was purified by silica gel column chromatography
(1:5 ethyl acetate:«-heptane) to give (15)-1 ,3-diphenyl-prop-2-yn-I-ol asa pale yellow oil (80
mg; 38%; 18.2% e.e.). The optical purity was determined by normal phase HPLC using a
Chiralcel OD-H chiral column (eluted with isocratic 10:90 IPA/hexane, with 10 mL/minute flow
rate; monitoring at 254 nm).
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Example 10 - Representative phenylzinc addition reaction catalyzed by (1S,2R ,4R)-1,2-

bis((7,7-ditnethyl-2-mor pholinobicvclo[2.2.11heptan-I-yl)methyl)disulfane (llia)

[0137] To atoluene (4.0 mL) solution of phenylboronic acid (0.24 g, 2 mmol) was added
diethylzinc (6.0 mL, 6 mmol 10 Min hexanes). The mixture was heated at 60 °C overnight and
was then cooled to ambient temperature. The mixed zinc solution was transferred to another
flask containing (\S2R4R)- |,2-bis((7,7-dimethyl-2-morpholinobicyclo[2. 2.1]heptan-I-
yl)methyl)disulfane (Ilia) (51mg, 0.1 mmol) via syringe. After 10 minutes at ambient
temperature, the mixture was cooled to 0 °C and neat p-tolualdehyde (108 pL, | mmol) was
added dropwise. The reaction was stirred at 0 °C for 24 hours and was quenched by slow
addition of sat. ag. NH,ClI (3 mL) and subsequent dilution with DCM (25 mL) and 1N ag. HC1
(30 mL). After layer separation, the agueous solution was washed twice with DCM (20 mL).
The DCM layers were combined, dried over Na, SO, and concentrated to give ayellow ail
which was purified by silicagel column chromatography (1:6 ethyl acetate:/?-heptane) to give
(7?)-phenyl-/>-tolyl-methanol as awhite solid (0.147 g; 74% yield; 95.9% e.e.). The optical
purity was determined by normal phase HPLC using a Chiralcei OD-H chiral column (eluted
with isocratic 10:90 IPA/hexane, with 0.5 mL/minute flow rate; monitoring at 254 nm).

[0138] Although the foregoing invention has been described in some detail by way of
illustration and example for purposes of clarity of understanding, one of skill in the art will
appreciate that certain changes and modifications may be practiced within the scope of the
appended claims. In addition, each reference provided herein is incorporated by reference in its
entirety to the same extent as if each reference was individually incorporated by reference.
Where a conflict exists between the instant application and areference provided herein, the

instant application shall dominate.
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WHAT ISCLAIMED IS

1. A process for preparing a compound of formula (1)
R3
N
: 4
SH R

the process comprising:
i) contacting a sulfonamide of formula (I1)

R3
3N
Z R4
S
[0
N
' \R2

(In
with afirst reducing agent under conditions sufficient to provide a disulfide

compound of formula (I11)

R3 R3
N N
S RE_ s R*
(l [1))] . - and

ii) contacting the disulfide compound of formula (111) with a second reducing
agent under conditions suitable to form a compound of formula (1); wherein
R' and R2 are independently H, benzyl, substituted benzyl, C,.,, alkyl, C5 o
cycloalkyl, C, 4 heterocycloakyl, Cg.ioaryl, orb C5.9 heteroaryl;
R and R* are independently H, benzyl, substituted benzyl, C,.i, alkyl, c3.10
cycloakyl, C4 heterocycloalkyl, C ioaryl, or C; 9 heteroaryl; or optionally

R}, R4, and N can together form ac3.10 heterocycle.

2. A process according to claim 1, wherein the first reducing agent is an

aluminum hydride reagent.
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3. A process according to claim 2, wherein the aluminum hydride reagent is

sodium bis(2-methoxyethoxy)aluminum  hydride.

4. A process according to claim 1, wherein the second reducing agent is
selected from the group consisting of ameta including zerovalent metals, zerovalent meta

alloys, and non-zerovalent metals, a metal hydride and a highly reactive thiol.

5. A process according to claim 1, wherein R*, R4, and N together form a

morpholine group.

6. A process according to claim 1, wherein the sulfonamide of formula (1) is

the <?xo-diastereomer |1,

7. A process according to claim 1, the process further comprising:

iii) converting the compound of formula (I) to its acid salt (Is)

(.8)
by contacting the compound of formula (I) with an acid (HX); wherein
HX is selected from the group consisting of an inorganic/mineral acid, a

carboxylic acid, and an organic sulfonic acid.

8. A process according to clam 7, wherein the compound of formula (Is) is

the exo-diastereomer.

9. A process according to claim 7, wherein the acid is HCL.
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10. A compound selected from the group consisting of compound (Is) and the

enantiomer of compound (1s)

R3
N
sn R
*HX
(i) : wherein

R3and R*are independently H, benzyl, substituted benzyl, C,.,, alkyl, C;.,, cycloakyl, C, s
heterocycloalkyl, c¢.io aryl, or c 5.9 heteroaryl; or optionally

R3, R4, and N can together form a c 30 heterocycle; and

HX is selected from the group consisting of an inorganic/mineral acid, a carboxylic acid, and

an organic sulfonic acid.
11. A compound according to claim 10, wherein HX is HCL.

12. A compound according to claim 10, selected from the group consisting of

compound (Ib) and the enantiomer of compound (Ib)

N\J
SH

e HCI

(Ib)

13. A compound selected from the group consisting of compound (111) and the

enantiomer of compound (I11)

R3 R3

N N
4 4
g—R g R

(1 - wherein
R3and R* are independently H, benzyl, substituted benzyl, C,-, akyl, C;.|, cycloalkyl, C,.9
heterocycloalkyl, Cq.14 aryl, or Cs.9 heteroaryl; or optionally

R3, R4, and N can together form aC;.io heterocycle.
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14. A compound according to claim 13, selected from the group consisting of

compound (Ilia) and the enantiomer of compound (llia)

%I% o %Ig o
N N
S S

(Ilia)

15. A compound selected from the group consisting of acompound (XI) and

enantiomer of (XI)

R3 R3
N N ®2HX
o4 M4
s— R R
(XD : wherein

R® and R* are independently H, benzyl, substituted benzyl, C,.,, akyl, C, io cycloakyl, cag
heterocycloalkyl, C;-io aryl, or cs.9 heteroaryl; or optionally

R3, R4, and N can together form a C, ;0 heterocycle; and

HX is selected from the group consisting of an inorganic/mineral acid, acarboxylic acid, and

an organic sulfonic acid.

16. A compound according to claim 15, selected from the group consisting of

compound (I11b) and the enantiomer of (111b)

£0Bo
N\J N\) *2HC!
S S

(1Mb)

17. A method of asymmetric synthesis comprising contacting a compound
according to any one of claims 10-16 with reactants in an asymmetric transformation to

stereoselectively provide a product.

18. The method according to claim 17, wherein the asymmetric transformation

is an asymmetric addition reaction.
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19. The method of claim 18, wherein the reactants comprise a compound of

formula (VII1)
o)
RSlLRG
(VHI)
and a compound of formula (1X)
R7ZnR®

the product comprises a compound of formula (X)

Roisaryl, akyl, alkenyl or alkynyl;

R6isH or CO ,R®, wherein R is alkyl;

R7, and R8 are independently aryl, alkyl, alkenyl, or alkynyl; and
the asterisk indicates a chira center.

20. A process according to any of claims 1-6, wherein:
the compound of formula (1) is selected from the group consisting of compound

(Ia) and the enantiomer of compound (I1a)

o
;é :7 N/
SH

(Ia)

the sulfonamide of formula (1) is selected from the group consisting of compound

(11a) and the enantiomer of compound (11a)
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; and
the compound of formula (111) is selected from the group consisting of compound-

(Ilia) and the enantiomer of compound (llia)

N N
s s

(-0 >

with the proviso that if any one of the compounds of formula (1), (11), or (111) is

present as a given enantiomer, then the other compounds have the same stereochemical

configuration.

21. A process according to any of claims 7-9, wherein the compound of

formula (Is) is selected from the group consisting of (Ib) and the enantiomer of compound (Ib)
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Figure 5
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Figure 7
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Figure 8
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