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BACKGROUND

The catalytic cnantiosclective construction of quaternary stercocenters remains a

challenging problem in synthetic chemistry. Catalviic enantioselective construction of quaternary
stercocenters remains a challenging problem in synthetic chemistry '*? Catalytic cnantioselective
reactions of enclates with ¢lectrophiles are among the most useful processes to construct
quaternary stereocenters.”® In this area, remarkable success has been achieved in the context of
reactions such as enanfiosclective alkylations, conjugate additions, arvlations, and aldol
reactions, bo4

By contrast, there remains a paucity of cnantiosclective C-acylation reactions of enolates
that enable access to P-keto carbonvl compounds. Recently, intramolecular acvl transfer
strategies such as asymmetric Stegich and Black rcarrangements have been developed
However, limited examples are reported for intermolecular enantioselective C-acvlation of
enoclates or enol cthers®’# A challenging issue for C-acylation is competitive U-acylation,
leading to mixtures of C- and O-acylated producis.” Fu has reported an excellent strategy for C-
acviation of silvl ketene acetals utithzing planar-chiral 4-(pyrrolidino}pyridine (PPY) catalvsts,
which allows access to cyclic and acyclic PB-keto esters with excellent enantioselectivity ©
Alternative strategies involve isothiourea or thiourea catalvzed Ceacylation of silyl ketene acstals
as reported by Smith and Jacobsen”® Consequently, there remains a significant need to develop

new reaction protocols that enable access to B-keto carbonyl compounds.
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SUMMARY
This disclosure provides methods for intermolecular enantioselective C-acyvlation of
lactams comprising treating a lactam with a chiral Ni catalyst, an arvl nitrile, and an aryl halide.

The present disclosure provides methods for preparing a compound of formula (I):

RL

or a salt thereof;

with a Ni(0) catalyst comprising a chiral ligand,

an aryi nitrile; and

an arv} halide;

wherein, as valence and stability permait,

R! represents hydrogen or optionally substituted alkvl, cycloalkyl, {cyeloalkvhalkyl, aryl,
aralkyl, heteroaryl, hetercaralkyl, alkenyl, alkyoyl, ~-C{O}alkyl, -C{GYaryl, -C(Olaralkyl, -
C{Obheteroary!l, ~C(Ojheteroaralkyl, ~C{O)O{alkyl), ~-C{O)aryl), -C(OYO(aralkyl), -
C(0)Oheteroaryl), -C(O)Otheteroaralkyl), -S{Oharyl), ~S(Onfalkyl), -S{Ok(haloalkyi),
-OR! -SRI or -NRIVRL

or R! or a substitucnt on ring A taken together with a substituent on ring A and the intervening
atoms, form an optionally spbstituted arvl, heteroaryl, cycloalkyl, cycloalkenyl,
heterocycloalkyl, or heterocycloalkeny] group;

R? represents substituted or unsubstituted alkyl, alkenyl, alkynyl, aralkyl, aralkenyl, arvyl,
heteroaralkyi, heteroaralkenyl, heteroaryl, {cycloalkylialkvi, cycloalkvi,
(heterocvcloalkyvlalkyl, heterocycloalkyl, alkoxy, amino, or halo;

R and RY are independently selected for cach occurrence from hydrogen or substituted or
unsubstituted alkyl, aralkyl arvl, hetercaralkyl, heteroaryl, (cycloatkyhalkyl cycloalkyl,
(heterocyeloalkyhalkyl, heterocycloalkyl, alkenyl, and alkynyl; and

ring A represents an optionally substituted heterocycloalkyl or heterocycloalkenyl group.

2
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows structure of exemplary enantioenriched phosphine higands.

Figure 2 shows a possibie reaction mechanism of enantioselective C-acylation.

BETAILED DESCRIPTION

I Definitions

The definitions for the terms described below are applicable 1o the use of the term by
itself or in combination with another term,

The term “acyl” is art-recognized and refers to a group represented by the general
formula hydrocarbyi-C(0)-, preferably alkyl-C{0)-.

The term “acvlamine” is art-recognized and refers to an amino group substituted with an
acyl group and may be represented, for example, by the formuda hydrocarbyl-C{ONH-.

The term “acvloxy” is art-recognized and refers to a group represented by the general
formula hydrocarbviC(0)0-, preferably alkvIC(OY0-

The term “alkoxy” refers to an alkyl group, preferably a lower alkyl group, having an
oxygen attached theretc. Representative alkoxy groups melude methoxy, ethoxy, propoxy, tert-
butoxy and the like.

The term “alkoxvalky!” refers to an alkyl group substituted with an alkoxy group and
may be represented by the general formula alkvl-G-alkyl

The term “alkenvi™, as used herein, refers io an aliphatic group containing at least one
double bond that is straight chained or branched and has from 1 to about 20 carbon atoms,
preferably from 1 to about 10 unless otherwise defined. The term “alkenyl” 15 intended to
mclade both "unsubstitated alkenyls” and "substituted alkenvls”, the latter of which refers to
alkenyl moictics having substituents replacing a hydrogen on one or more carbons of the alkenyl
group. Such substituents may occur on one or more carbons that are included or not included n
one or more dooble bonds. Moreover, such substituents include all those contemplated for alkyl
groups, as discussed below, except where stability i1s prohibitive. For example, substitution of
alkeny! groups bv one or more alkyl, carbocvelvl, arvl, heterocyelyl, or heteroarvl groups is
contemplated.

An “alkyl” group or “alkane” is a straight chained or branched non-aromatic hydrocarbon
which is completely saturated. Typically, a straight chained or branched alkyl group has from 1}
to about 20 carbon atoms, preferably from 1 to about 10 unless otherwise defined. Examples of
straight chained and branched alkyvl groups include methyl, ethvl, n-propvl, iso-propvl, n-butyl,

3
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sec-butyl, tert-butyi, pentvl, hexyl, pentyi and octyl. A C1~Cs straight chained or branched alkyi
group 18 also referred to as a "lower alkyl” group.

Moreover, the term "alkvi" {or "lower alkyl”} as used throughout the specification,
examples, and claims is mtended to mclude both "unsubstituted alkyls" and "substituted alkyls”,
the latter of which refers to alkyl moieties having substituents replacing a hvdrogen on one or
more carbons of the hvdrocarbon backbone. Such substituents, if not otherwise specified, can
include, for example, a halogen, a hydroxyl, a carbonyl {such as a carboxyl, an alkoxycarbonyl, a
formvl, or an acyl such as an alkylC(()), a thiocarbonvl (such as a thioester, a thioacetate, or a
thioformate), an alkoxyl, a phosphoryvl, a phosphate, a phosphonate, a phosphinate, an amino, an
amido, an anudine, an tmine, a cvano, a nitro, an azido, a silyl ether, a sutfhyvdryl, an alkylthio, a
sulfate, a sulfonate, a sulfamovl, a sulfonanudo, a sulfonyl, a heterocvelyl, an aralkyl, or an
aromatic or heteroaromatic moicty. [t will be understood by those skilled in the art that the
moicties substituted on the hydrocarbon chain can themselves be substitated, if appropriate. For
instance, the substituents of a substituted alkyl may include substituted and vosubstituted forms
of amino, azido, imino, amido, phosphorvl {mcluding phosphonate and phosphinate), sulfonyl
(inciudimg sulfate, sulfonamido, sulfamoyl and sulfonate), and silyl groups, as well as cthers,
alkylthicls, carbonyls {(including ketones, aldehydes, carboxylates, and esters), -CFi, -CN and the
fike. Exemplary substituted alkvis are described below. Cycloalkvls can be further substituted
with alkvls, alkenyls, alkoxys, alkylthios, aminoalkyis, carbonyi-substituted alkyis, ~CFs, ~CN,
and the bke.

The term “Cxy” when used in conjunction with a chemical moiety, such as, acyl, acyloxy,
alkyl, alkenyl, alkynvl, or alkoxv is meant to include groups that contain from x to y carbons in
the cham. For example, the term “Ceyalkyl” refors to substituted or unsubstituted saturated
hydrocarbon groups, incloding straight-chain alkyl and branched-chain alkyl groups that contam
from x to v carbons in the chain, including haloalkyl groups such as trifluoromethy! and 2.2.2-
tirfluorocthyl, ete. Co alkvl indicates a hydrogen where the group is in a terminal position, a
bond if internal. The terms “Covalkenyl” and “Coyalkynyl” refer to substituted or unsubstituted
unsaturated aliphatic groups analogous in length and possible substitution to the altkyls described
above, but that contain at least one double or triple bond respectively.

The term “alkylamino”, as used herem, refers to an amino group substituted with at least
one alkyl group.

The term “alkylthic”, as used herein, refers to a thiol group substituted with an alkyl

group and may be represented by the general formula alkyl-S-.
4
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The term “alkvnyl”, as used herein, reters to an aliphatic group contaiming at least one
triple bond and 1s intended to include both "unsubstituted alkyvoyls” and "substituted alkynyls”,
the latter of which refers to alkvoyl moicties having substituents replacing a hydrogen on one or
more carbons of the alkyvnyl group. Such substituents may occur on one or more carbons that are
included or not included m one or more tniple bonds. Moreover, such substituents include all
those contemplated for alkyl groups, as discussed above, except where stability is prohibitive.

For example, substitution of alkynyl groups by one or more alkvl, carbocvelyl, aryl,

heterocyelvl, or heteroaryl groups is conternplated.
The term “amide”, as used herein, refers to a group

O

—

N
R“]
wherein each R!Y independently represent a hydrogen or hydrocarbyl group, or two R are taken
together with the N atom to which they are attached complete a heterocvele having from 4 to 8
atoms in the ring structure.
The terms “amine” and “amino” are art-recognized and refer to both unsubstituted and

substituted amines and salts thereof, ¢.g., a moiety that can be represented by

R?O R'io
-—-—N/ MN{-Rm
A\ \

R10 or RFQ

wherein each R'Y independently represents a hydrogen or a hydrocarbyl group, or two R'C are
taken fogether with the N atom to which they are attached complete a heterocyele having from 4
to 8 atoms in the ring structure.

The term “aminoalkyl” as used herem, refers to an alkyl group substituted with an amino
group.

The term “aralkyl”,

, as used herein, refers to an alkyl group substituted with an aryl
group. An aralkyl group is connected to the rest of the molecule through the alkvl component of
the aralivi group.

The term “aralkenyl”, as used herein, refers to an alkenyl group substituted with an arvl
group.

The term “arvl” as used herein include substituted or unsubstituted single-ring aromatic

groups in which cach atom of the ring is carbon. Preferably the ring is a 5- to 10-membered ring,
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more preferably a 6- to 10-membered ning or a 6-membered ring. The term “aryl” also includes
polvevclic ring systems having two or more cyclic rings in which two or more carbons are
common to two adjoining rings wherein at least one of the nings 1s aromatic, ¢.g., the other cychic
rings can be cycloalkyis, cycloalkenyls, cycloalkynvls, arvils, heteroaryls, and/or heterocyclyls,
Arvl groups include benzene, naphthalene, phenanthrene, phenol, aniline, and the like.
Exemplary substitution on an ary] group can include, for example, a halogen, a haloalkyl such as
trifluoromethyl, a hydroxyl, a carbony! {such as a carboxyl, an alkoxycarbonyi, a formyl, or an
acvl such as an alkylC(0)), a thiocarbonyl (such as a thioester, a thicacetate, or a thiotormate),
an alkoxyl, a phosphoryl, a phosphate, a phosphonate, a phosphinate, an amino, an amido, an
amidine, an tmine, a oyano, a nitro, an azido, a silvl ether, a sulfhyvdryl, an alkylthio, a sulfate, a
sulfonate, a sulfamovl, a sulfonamido, a sulfonyl, a heterocvelyl, an aralkyl, or an aromatic or
heteroaromatic moiety.

The term “carbamate” 15 art-recognized and refers to a group

O O
f\ofjj\?}jyﬁm or :"s\?ﬁjl\o,ﬁm
RS RS
wherein R? and R independently represent hvdrogen or a hydrocarbyl group, such as an alkyl
group, or R® and R taken together with the intervening atom{s) complete a heterocycle having
from 4 to 8 atoms in the ring structure.

The terms “carbocycle”, and “carbocvelic”, as used herein, refers to a saturated or
unsaturated ring i which each atom of the ring 1s carbon. The term carbocvele meludes both
aromatic carbocycles and nos-aromatic carbocyeles. Non-aromatic carbocveles include both
cycloalkane rings, in which all carbon atoms are saturated, and cvcloalkene rings, which contain
at least one double bond. “Carbocyele” includes 5-7 membered monocyclic and 8-12 membered
bicyclic rings. Each ring of a bicyclic carbooycele may be selected from saturated, unsaturated
and aromatic rings. Carbocycle includes hicyclic molecules 10 which one, two or three or more
atoms are shared between the two rings. The term “fused carbocyele”™ refers to a bicvelic
carbocyele in which each of the rings shares two adjacent atoms with the other ning. Each ring of
a fused carbocyele may be selected from saturated, wnsaturated and aromatic rings. In an
exemplary embodiment, an aromatic ring, ¢.g., phenvi, mav be fused to a saturated or
unsaturated ning, ¢.g., cvclohexane, cvclopentane, or cyvclohexene. Any combination of saturated,
unsaturated and aromatic bicyelic rings, as valence permits, 1s mchuded in the definition of
carbocyclic. Excmplary “carbocycles” mclude cyclopentane, cyciohexane,

)
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bicvclo]2.2 tiheptane, 1,5-cyclooctadiene, 1,23 4-tetrabvdronaphthalene, bicvelo]4.2 Ojoct-3-~
eng, naphthalene and adamantane. Exemplary fused carbocycles melude decalin, naphthalene,
1,2.3 4-tetrahvdronaphthalens,  bicyclo[4.2 0joctane,  4.5,67-tetrahydro-1H-indene  and

bicyclo[4.1.0}hept-3-ene. “Carbocvcles” may be substituted at any one or more positions capable

Y

of bearing a hydrogen atom.

A “cycloalkyl” group 18 a cyclic hvdrocarbon which 15 completely  saturated.
“Cycloalkyl” includes monoeyclic and bicyelic rings. Typically, a monocyclic cveloalkyi group
has from 3 to about 10 carbon atoms, more typically 3 to 8 carbon atoms unless otherwise
defined. The second nng of a bicvelic cycloalkyl may be selected from saturated, unsaturated
10 and aromatic rings. Cveloalkyl mnclades bicyehic molecules in which one, two or three or more

159

atoms are shared between the two rings. The term “fused cveloalkyl” refers o a bicychc
cycloalkyl m which each of the rings shares two adjacent atoms with the other ring. The second
ring of a fused bicvclic cyvcloatkyl may be selected from saturated, unsaturated and aromatic
rings. A “cycloalkenvl” group is a cvclic hydrocarbon containing one or more double bonds.
15 The term “cycloalkvialkyl”, as used herein, refers to an alkyl group substituted with a
cycloalkyt group.
The term “carbonate” is art-recognized and refers to a group -0CQ:-R'°, wherein R
represents a hydrocarbyl group.
The term “carboxyi”, as used herein, refers to a group represenied by the formuia ~-COH.
20 The term “ester”, as used herein, refers to a group ~C(OYOR!Y wherein R represents a
hydrocarbyl group.
The term “cther”, as used herein, refers to a hydrocarbyl group linked through an oxvgen
to another hydrocarbvl group. Accordingly, an ether substituent of a hydrocarbvl group may be

hydrocarbvl-0O-.  Ethers may be cither svimmetrical or unsymmetrical. Examples of cthers

)
A

include, but are not hmited to, heterocycle-O-heterocyele and aryi-O-heterocycle. Ethers include
“alkoxvalkyl” groups, which may be represented by the general formula alkyl-GO-alkyl.

The terms “halo” and “halogen” as used herein means halogen and meludes chloro,
fluoro. bromo, and iodo.

The terms “hetaralkvl” and “heteroaralkvl”, as used hercin, refors to an alkyl group
30 substituted with a heteroaryl group.
The terms “hetaralkenyl” and “heteroaralkenyl”, as used herein, refers to an alkenyl

group substituted with a heteroary! group.
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The term "heteroalkyl”, as used herein, refers to a saturated or unsaturated chain of
carbon atoms and at least one hetercatom, wherein no two heteroatoms are adjacent.

The terms “heteroaryl” and “hetaryl” include substituted or unsubstitited aromatic single
ring structures, preferably 5- to 7-membered rings, more preferably 5- to 6-membered rings,
whose ring structures include at least one heteroatom, preferably one to four heteroatoms, more
preferably one or two heteroatoms. The terms “hetercaryl” and “hetarvl” also include polveyehic
ring systems having two or more cvelic rings in which two or more carbons are common to two
adjoining rings wherein at least one of the rings 1s heteroaromatic, ¢.g.. the other cyclic rings can
be cycloalkyls, cycloalkenyls, eyvcloalkynyls, aryis, heteroarvls, and/or heterocyelvls. Heteroaryl
groups include 3- to 10-membered cyclic or polycvelic ring svstems, mehuiding, for example,
pyrrole, furan, thiophene, inudazole, oxazole, thiazole, pyrazole, pynidine, pvrazine, pyridazine,
and pvrimidine, and the like. Exemplary optional substituents on heteroaryl groups include those
sabstituents put forth as exemplary substituents on arvl groups, above.

The term “heteroatom” as used heorein means an atom of any element other than carbon or
hydrogen. Preferred hetoroatoms are nitrogen, oxygen, and sulfur,

The terms “heterocycloalkyl”, “heterocyele”, and “heterocychic” refer to substituted or
unsubstituted non-aromatic ring structures, preferably 3- to 10-membered rings, more preforably
3-10 7-membered rings, whose ring structures include at least one heteroatom, preferably one to
four heteroatoms, more preferably one or two heteroatoms. The terms “heterocycloalkyl” and
“heterocvelic” also include polyeycelic ning systems having two or more cyclic rings in which
two or more carbons are commoen to two adjoining rings wherein at least one of the rings is
heterocvelic, ¢.g., the other cychic rings can be cveloalkyls, cycloalkenyls, cycloalkynyls, arvis,
heteroarvls, and/or heterocycloalkyls. Heterocveloalky! groups mclude, for example, pipenidine,
piperazine, pyrrolidine, morpholine, lactones, lactams, and the like.

The term “heterocvcioalkylatkyl”, as used herein, refers to an alkyl group substituted
with a heterocycle group.

The term “hydrocarbyl”, as used herein, refers 1o a group that is bonded through a carbon
atom that does not have a =0 or =5 substituent, and typically has at least one carbon-hydrogen
bond and a primanly carbon backbone, but may optionally include heteroatomas. Thus, groups
like methyl, ethoxyethyl, 2-pyndyl, and trifluoromethyl are considered to be hydrocarbyl for the
purposces of this application, but substituents such as acetyl {(which has a =0 substituent on the

linking carbon} and ethoxy (which is linked through oxygen, not carbon) are not. Hydrocarbyl
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groups include, but are not himited to aryl, heteroaryl, carbocycle, heterocvelyl, alkyl, alkenyl,
alkynyl, and combinations thereof,

The term “hydroxyalkvl™, as used herein, refers to an alkyl group substituted with a
hydroxy group.

The term “lower” when used i compunction with a chemical moiety, such as, acyl,
acyloxy, alkyl, alkenyl, alkynvl, or alkoxy is meant to include groups where there are ten or
fewer non-hydrogen atoms in the substituent, preferably six or fewer. A “lower alkyl”, for
example, refers to an alkyl group that contains ten or fewer carbon atoms, preferably six or
fewer. In certain embodiments, acvl, acvioxy, alkvl alkenvl, alkynyl, or alkoxy substituents
defined herein are respectively lower acyl, lower acvloxy, lower alkvl lower alkenyl, lower
alkynvl, or lower alkoxy, whether they appear alone or i combmation with other substituents,
such as in the recifations hyvdroxyalkyl and aralkyl (in which case, for example, the atoms within
the aryl group are not counted when counting the carbon atoms in the alkyl substituent).

The term “carbamate™ is art-recognized and refers to a group ~CN.

The terms “polyeyelyl”, “polyevele”, and “polyevelic” refer to two or more nings {c.g.,
cycloalkyls, cvcloalkenyls, eycloalkynyls, aryls, heteroaryls, and/or heterocycelyls) mn which two
Or more gtoms are common o two adjoining rings, ¢.g., the nings are “fused rings”. Each of the
rings of the polveycle can be substituted or unsubstituted.  In certain embodiments, cach ring of
the polyeycle contains from 3 to 10 atoms in the ring, preferably from 5 to 7.

The term “siyl” refers to a silicon moiety with three hydrocarbyl moieties attached
thereto. A “silyl ether” refers to a silyi group linked through an oxygen to a hydrocarbyl group.
Exemplary silyl ethers include -O81(CHs)s (-OTMS), ~OS:¢{CHs)r-Bu (-OTBS), -O81(Php-Bu (-
OTBDPS), and -O8i(fPr): (-OTIPS).

The term “substituted” refers to moieties having substituents replacing a hyvdrogen on ong
or more carbons of the backbone. It will be understood that “substitution™ or “substituted with™
mncludes the implicit proviso that such substitution is in accordance with permitited valenee of the
substituted atom and the substituent, and that the substitution results in a stable compound, ¢.g.,
which does not spontancousty undergo transformation such as by rearrangement, cyclization,
elimination, e¢tc. As used hercin, the term “substituted” is contemplated to include all
permissible substituents of organic compounds. In a broad aspect, the pernissible substituents
mchude acyclic and cyclie, branched and unbranched, carboevelic and heterocyelic, aromatic and
non-aromatic substituents of organic compounds. The permissible substituents can be one or

more and the same or differcnt for appropriate orgamic compounds.  For purposes of this
9
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disclosure, the heteroatoms such as nitrogen may have hydrogen substituents and/or any
permissible substituents of organic compounds described herein which satisfy the valences of the
heteroatoms. Substituents can include any substituents described herein, for example, a halogen,
a haloalkyl, a hvdroxvl, a carbonyl (such as a carboxyl, an alkoxycarbonyl, a formyl, or an acyl),
a thiocarbonyl (such as a thioester, a thioacetate, or a thioformate), an alkoxyl, a phosphorvl, a
phosphate, a phosphonate, a phosphinate, an alkyvl, an amino, an amido, an amidine, an imine, a
cyano, a nitro, an azido, a sulthvdeyl, an alkylthio, a sulfate, a solfonate, a selfamovl a
sulfonamido, a sulfonyl, a heterocyelyl, an aralkyl, or an aromatic or heteroaromatic moicty. It
will be understood by those skilled in the art that substituents can themselves be substituted, if
appropriate. Unless specifically stated as “unsubstituted,” references to chemical moicties herein
are understood to include substituted varants. For example, reference to an “aryl” group or
moiety mplicitly includes both substituted and unsubstituted variants.

The term “sulfate” is art-recognized and refers to the group -05G:H, or a
pharmaceutically acceptable salt thereof.

The term “sulfonanude” is art-recognized and refers to the group ropresented by the

general formulae

=10
NN,
—S-N  Of P
noor Y
O Rg é ‘R9

wherein R% and R independently represents hydrogen or hydrocarbyl, such as alkyl, or R% and
R taken together with the intervening atom(s) complete a heterocyele having from 4 to 8 atoms
m the ring structure.

The term “sulfoxide” is art-recognized and refers to the group -8(03-R°, wherein R
represents a hydrocarbyl.

The term “sulfonate” is ar-recogmized and refors to the group SOsH, or a
pharmaceutically acceptable salt thereof In some embodiments, a sulfonate can mean an
alkylated sulfonate of the formula 50s(alkyl).

I3

The term “sulfone” is art-recognized and refers to the group -S{0)-R'%, wherein RY
represents a hydrocarbyl.
The term “thicalkyl”, as used herein, refers to an alkyl group substituted with a thiol
group.
The term “thioester”, as used herein, refers to a group ~-C{O)SRY or ~-SC(OR!Y wherein
R represents a hydrocarbyl.
io
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The term “thioether”, as used herein, 1s equivalent to an ether, wherein the oxygen is
replaced with a sulfur.
The term “urea” is art-recognized and may be represented by the general formula

O

“srv\y\;g’i‘“aq”Rm
R® R

wherein R” and RY independently represent hydrogen or a hydrocarbyl, such as alkyl, or cither
occurrence of RY taken together with R and the intervening atom{s) compleic a heterocyele
having from 4 to 8 atoms in the ning structure.

“Protecting group” refers to a group of atoms that, when attached to a reactive functional
group in a molecule, mask, reduce or prevent the reactivity of the fimctional group. Typically, a
protecting group may be selectively removed as desired during the course of a synthesis.
Examples of protecting groups can be found in Greene and Wuts, Profective Groups in Organic
Chemistry, 3 Ed., 1999, John Wiley & Sons, NY and Harrison et al., Compendium of Synthetic
Organic Methods, Vols, 1-8, 1971-1996, John Wiley & Sons, NY. Representative nitrogen
protecting groups include, but are not himited to, formyl, acetyl, tnfluorcacetyl, benzyl,
benzyloxyearbonyl  ("CBZ™), tert-butoxyecarbonyl {("Boc™), trimethylsilyl (“TMS™),  2-
trimethylsitvl-ethanesubfonyl ("TES™), trityl and substituted trityl groups, allyvloxycarbonyl, 9-
fluorenvimethyloxycarbonyl ("FMOC”), anitro-veratrvioxycarbonyl (“NVOC”) and the like.
Representative hvdroxyl protecting groups include, but are not himited to, those where the
hydroxyl group 1s gither acviated {(estenfied) or alkylated such as benzyl and trityl ethers, as well
as alkyl ethers, tetrahydropyranyl ethers, tnalkylsilyl ethers (e, TMS or TIPS groups), glveeol

cthers, such as ethylene glycol and propylene glveol derivatives and allvl ethers.

Il Description.

This disclosure 18 based on the discoverv of a novel C-acylation reaction that generates
an g-quaternary substituted lactam. The methods comprise treating a lactam with a chural Ni
catalyst, an aryl niirile, and an aryl halide. For example, the Ni-catalvzed three-component
coupling of lactam enolates, benzomirides, and arvl haldes produce B-keto lactams afier
treatment with acid. Use of a ligand, preferably a chiral ligand, and the addition of LiBr enables
the construction of quaternary siereocenters on a-substituted lactams to form B-keto lactams.

According to embodiments of the present disclosure, a wide range of structurally-diverse,

functionalized products arc prepared by a stercoselective method of nickel-catalyzed

1}
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enantioselective enolate acylation. This chemustry 1s useful in the synthesis of lactams, such as
B-lactam antibiotics, and for the construction of novel building blocks for medicinal and polymer
chemistry.
111 Methods of the Disclosure

In certain aspects, the present disclosure provides for the preparation of a compound of

formula (1)

\‘? (0.

comprising treating a compound of formula (IF):

O

RL J\f R?
()
(b

with a Ni{0} catalvst comprising a chural ligand;

or a salt thereof;

an aryl nitrife; and

an aryl halide;

wherein, as vaience and stability permit,

R! represents hydrogen or optionally substituted alkyl, cyeloalkyl, (cycloalkyDalkyl, arvl,
aralkyl, heteroarvl, heteroaralkyl, alkenvi alkynyl, -C(Oalkyvl, -C(Oarvl, -C{Olaratkyl, -
C{Obeteroarvl, ~-C{Oheteroaralkyl, -C(O)0@lkyD, -C(OyOarvl), -C{O)Karalkyl), -
C{OO(heteroaryl), ~-C{OYOheteroaralkyl), -S{Ok{aryl), -S{O){alkyl}, ~-S{O):{haloalkyl),
ORI -SRI or -NRVR),

or R! or a substituent on ring A taken together with a substituent on ring A and the intervening
atoms, form an optionally substituted aryl, hetcroaryl, cvcloalkyl, cycloalkenyl,
heterocycloalkyl, or heterocyeloalkeny! group;

R? represents substituted or unsubstituted alkyl, alkenvl, alkynvl, aralkvl, aralkenvl, arvl,
heteroaralkyl, heteroaratkenyl, heteroaryl, (eycioalkvDalkyl, cycloalkyl,

(heterocycloalkvljalkyi, heterocveloalkyl, alkoxy, amino, or halo;

12
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R and RY are independently selected for each occurrence from hydrogen or substituted or
unsubstituted alkyl, aralkyl, arvl, hetercaralkyl, heteroarvl, (cycloalkyDalkyl, cycloalkyl,
(heterocycloalkyDalkyl, heterocyeloalkyl, alkenvl, and alkvayl; and

ring A represents an optionally substituted heterocvcloalky! or heterocycloalkenyl group.

In certain embodiments, the compound of formula (F) 1s represented by formula (Ia):

(B E
(D {Ia); and

the compound of formula (II) 1s represented by formula (fia):
RL MR

jﬁ\(me (a);

wherein:

R* represents hydrogen or optionally substituted atkvl, cycloalkyl, (cycloalkvljalkyl, arvl,
aralkyl, heteroarvl, heteroaralkyl, alkenyi, alkynyl, ~-C{Ojalkvl, -C(Q)arvl, ~-C(Olaralkyl, -
C{Oheteroaryl, -C(Odheteroaralkyvl, -C(OYOalkyly, -C(OYMaryD), -C{O}O{aralkyl), -
C{O¥Oheteroaryl), -C{O)Otheteroaralkyl}y, -S{Oklarvly, ~-S{Opfalkyl}, -S{Ok{haloalky}),
ORI SR or -NRIVR!L:

R’ and R® cach independently represent hvdrogen, hydroxyl, halogen, nitro, alkyl, cycloalkyl,
{cycloalkylalkyl, aryl, aralkvl, heteroaryl, hetercaralkyl, (heterocycloalkvhalkyl,
heterocycloalkyl, alkenvl, alkvnyl, cvano, carboxyl, sulfate, amino, alkoxy, arvioxy,
arvialkoxy, alkylamino, alkvlthio, hydroxyalkvl, alkoxyalkyl, aminoalkyl, thicalkyl,
haloalkyl, ether, thicether, ester, amido, thiogster, carbonate, carbamate, urea, sulfonate,
sulfone, salfoxide, sulfonamide, acvl, acvloxy, or acylaming;

B, B, and F mdependently for cach occurrence represent, as valence permits, O, S, NR*, CRRS,
C(0), CR’, or N; provided that no two adjacent occurrences of N, B, D, and ¥ are NR®,
0,8, or N;

or any two occurrences of R, R% R>, and R® on adjacent N, B. D, or E groups, taken together
with the intervening atoms, form an optionally substituted arvl, heteroaryl, cycloalkyl,

cveloalkenyl, heterocycloalkyl, or heterocycloalkenyi group;
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each occurrence of === independently represents a double bond or a single bond as permitted by
valence; and

m and » are integers cach independently selected from 0, 1, and 2.

In certain embodiments, the sum of m and » 15 0, 1, 2, or 3; that is, nng A 15 a 4-7
membered ring.
In certain embodiments, ring A is a heterocyclic ring.
5 In certain such embodiments, cach occurrence of B, I3, and E is independently - CROR®-,
or -CR-, or -C{0}-. In certain embodiments, E is -CR>-; and the sum of i and » 15 0; that is, ring
A is a 4 membered ring. In certain embodiments, R> is selected from hydrogen, hydroxyl,
halogen, alkvi, cycloalkvl, ({cycloalkyvlaltkyl, arvl, aralkvl heteroarvl, heteroaralkvl,
(heterocyeloalkylialkyl, heterocyceloalkyl, alkenyl, alkynyl, anuno, alkoxy, arvioxy, alkylamino,
10 amido, and acylaming.
In certain embodiments, ring A contains one or more double bonds, eg., one or more

carbon-carbon double bonds.

In certain embodiments, the compound of formula (I} is represented by formula (Ib):

v (? 2%
RL M R
N RS
RS—}——ITRﬁ
RE R®  (Ib): and

the compound of formula (I} 1s represented by formula (Iib):

In some embodiments of the compounds disclosed herein,

R!is selected from optionally substituted alkyl, arvl, aralkyl, heteroaryl, heteroaratkvl, alkenyl, -
C{Galkyl, ~-C{OYarvl, ~-C{Graralkyi, -C(Oheteroaryl, -C{Mheteroaralkyi, -C{O)YOalkyl),
CMHOarvh), -C{O¥{aralkyl), -C(O)Otheteroaryl), -C(0O(hetercaralkyl), and -
S{Ohfaryl},

R’ is selected from hydrogen, hydroxyl, halogen, alkyl, cycloatkyl, {cveloalkyijalkyl, arvl,
aralkyl, heteroarvl, heteroaralkyl, (heterocycloalkybalkyl, heterocycloalkyvi, alkenyl,

alkvnyl, amino, alkoxy, arvloxy, altkvlamino, amido, and acylamino; or

14
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R! and the occurrence of R’ on E are taken together to form an optionally substituted heteroaryl,

heterocveloalkyl, or heterocveloatkenyl group.

In some embodiments,

R’ is selected from optionally substituted alkyl, aryl, aralkyl, hetercaryl, hetercaralkyl, alkenyl, -
C{Oalkyl, -C{OYary], -C{Oaralkyl, -C(Mheteroaryl, -C{(hetercaralkyl, -C(O)O(alkyvl),
COYOarvh,  -C{O¥{aralkyly, -C(O)Ofheteroaryl), -C(O)0(hetercaratkyl), and -
S{O)z(aryly; and

R’ is selected from hydrogen, hydroxyl, halogen, alkyl, cycloalkyl, {(cvcloalkylalkyl, arvl,
aralkyl, heteroaryl, heteroaralkyl, (heterocycloalkybalkyl, heterocycloalkyi, alkenyl,

alkvnyl, amino, alkoxy, arvioxy, alkviamino, amido, and acvianuno.

In some embodiments, R' is selected from optionally substituted alkyl, arvl, aralkyl,
alkenyl, -C{Oalkyl -C(O0ELYD, -C{OY O arvh), -C(O¥KHaralkyl), and -5(O¥{arvl). In some
embodiments, R' is substituted arvl.

Tn some embodiments, R! is a protecting group. In some embodiments, R! is optionally
substituted  arallyl, alkenvl, -C{Qlalkyl, -C{O}O(alkyl), and -C(O)O(aralkyd). In some
cmbodiments, R! is selected from acetyl, trifluorcacetvl, benzyl, benzyloxycarbonyl (“CBZ”),
tert-butoxyearbonyl  (“Boc¢™), trityl (e.g., trphenviaming) and substifuted trityl groups,
alvloxycarbonyl,  9-fluorenvimethvioxyearbonyl  ("FMOC™),  nitro-veratrvloxycarbonyl
("NVOC”), and benzyhidencnamine.

In certain embodiments, R! and the occurrence of B3 on E are taken together to form an
optionally substituted heteroarvl, heterocycloalkyl, or heterocveloalkenyl group. In certain
embodiments, R and the occurrence of R® on E are taken together fo form an optionally
substituted heterocycloalkyl or heterocycloalkenyl group. For example, a 4-membered lactam can
be fused to an optionally substituted heterocveloalky! or heterocycloalkenvl group. For example,
a penicillin, a cephalosporin, or a penem can be formed.

In certain embodiments, R? represents substituted or unsubstituted alkyl, alkenvl, alkynyl,
aralkyl, aralkenvl, arvl, heteroaralkyl, heteroaralkenyl, heteroaryl, (cycloalkvlatkyl, cycloalkvl,
{(heterocveloatkylalkyl, heterocycloalkyl, or halo. In certain embodiments, R? is selected from
alkyl, alkenyl, aryl, aralkyl, aralkenvl, or hetercaralkenyl, optionally substituted with hale, alkyl,
haloalkyl, hydroxy, alkoxy, arvloxy. arvialkoxy, cvano, nitro, azido, -COxH, -C{O)O(alkyl),

amino, alkylamino, arvlamino, aralkyviamino, or amido. In certain embodiments, R? is selected
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from alkvl, alkenyl, arvl, aralkyl, aralkenvi, or heteroaralkenyl, optionally substituted with halo,
alkyl, haloalkyl, alkoxy, aryloxy, or arvialkoxy.

In certain embodiments, the aryl nitrike is an optionally substituted benzomitrile or a
napthoniirile. In certain embodiments, the benzonitrile or the napthonitride is optionally
substituted with halo, alkvl, haloalkvl, hydroxy, alkoxy, aryvioxy, arviatkoxy, cvano, nitro, azido,
-CO:H, -C(OHYOalkyl}, amino, alkylamino, arviamine, aralkylamine, or amido. In certam
ermbodiments, the benzonitrile or the napthonitrile is optionally substituted with halo, alkyl,
haloalkvl, or alkoxy.

In certain embodiments, the aryl halide is a phenyl halide. In certain embodiments, the
aryl halide 1s selected from bromobenzene, chlorobenzene, iodobenzene, phenyl triflate, and
chiorotoluenc.

In certain embodiments, the method for preparng a compound of formula (I) comprises
treating a compound of formula (I} with a Ni0) catalyst comprising a chiral ligand; an arvl
nitrile; and an ary! halide under acylation conditions.

In cortain embodiments, the acylation conditions under which the compound of formula
{11} reacts to form a compound of formula (I} further comprise a base, such as hexamethyi-
distlazane sodium salt (NaHMDS), KHMDS, LiHMDS, and hithium tert-butoxade (tBuQLi}. In
certam embodiments, the base is LiHMDS.

In certain embodiments, the acylation conditions under which the compound of formula
() reacts to form a compound of formula (1) further comprise a lithium salt, such as LiBr,

In certain embodiments, the acylation conditions under which the compound of formula
(1) reacts to form a compound of formula (1) further comprise adding an acidic solution.

In certain embodiments, the method vields a compound of formula (I} that is

enantioenriched.

Traasition Metal Catalysis

Preferred transition metal catalysts of the disclosure arc complexes of nickel (0}
comprising a chiral higand.

It should be appreciated that typical transition metal catalysts having a low oxidation
state {(c.g., () or {I}) suffer from air- and moisture-sensitivity, such that these complexes of
transition metals necessitate appropriate handling precautions. This may include the following
precautions without inutation: nunimizing exposure of the reactants to air and water prior to

16
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reaction; maintaining an mert atmosphere within the reaction vessel; properly purifving all
reagents; and removing water from reaction vessels prior to use. In certain embodiments, the
Ni{0} catalyst is a precatalyst.

Excraplary Ni(0) catalvsts that may be used in the methods of the disclosure include

Y

Nif{1,5-cvclooctadiene):|, which s also referred to herein as Niy(COD).

In certain embodiments, the transition metal catalvsts of the disclosure are complexes of
N0} or Ni(l}, such as N{CODY, Nills, and NiBro.

In certain embodiments, the transition metal catalysts of the disclosure are complexes of
Pd(0) or PA(ID). In certain embodiments, palladunm (1) catalysts are typically robust, and are less
10 sensitive to air and moisture than their lower-oxidation state counterparts.

Excraplary Pd (If) catalvsts that may be used in the methods of the invention include
PA{OC(OR"):, wherein R® is optionally substituted alkyl, alkenyl, alkynvl, aryl, heteroaryl,
aralky], heteroaratkyl, cveloalkyl, heterocycloalkyl, {cycloalkyDalkyl, or (heterocyeloalkyvBalkyl,
Further exemplary Pd (1} catalysts include PAOCOIR"):, PUOCEGICHs): (e, PA(CAch),

15 PA(TFA)2, Pdfacac), PACh, PdBr, PACL{RPCN): (e.g., PA(PhCNRCL and PHCH:CNRCL),
PACL(PRYRPR™ ), [Pdn -allyhCl]z, and pre-formed Pd{II)-ligand complex, wherein R* R,
R% and R* are independently selected from hydrocarbyl, substituted hydrocarbyl, heteroatom-
contaiming hydrocarbyl, and substituted heteroatom-contamning hvdrocarbyl.  In preferred
embodiments, the transition metal catalyst is Pd{(OAc). Alternatively, the transition metal

20 catalyst s PA(OC(OIR®:, wherein R 1s defined above. For example, R® may be alkyl,
substitted by one or more halo or cyvano groups.

To tmprove the effectiveness of the catalysts discussed hercin, additional reagents may be
emploved, including, without himitation, salts, solvents, and other small molecules, such as a
chiral higand (see below). Preferred additives include a hithium salt, such as LiBr. These additives

25 are preferably used in an amount that is in the range of about 0.1 equivalents tc about 15
cquivalents relative to the amount of the rcactant, more preferably in the range of about 0.5
cquivalents to about 10 equivalents relative to the reactant, and most preferably in the range of
about 2 equivalents to about 7 equivalents relative to the reactant.

In certain cmbodiments, additives mclude AgBFy, AgOS0CF;, AgOC(=0)CHs, and

30 bipyndine. These additives are preferably used in an amount that is i the range of about i

equitvalent to about 5 equivalents relative to the amount of the catalvst,
A low oxadation state of a transition metal, ie, an oxidation state sufficiently low to

undergo oxidative addition, can be obtained i situ, bv the reduction of tramsition metal
17
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complexes that have a high oxidation state. Reduction of the transition metal complex can
optionally be achieved by adding nucleophibic reagents including, without limitation,
tetrabutylammoniom  hydroxade,  tetrabutylammoniom  difluorctriphenyisihicate  (TBAT),
tetrabutyianumonium fluonide (TBAF), 4-dimethylaminopyridine (DMAP),
tetramethylammonium  hydroxide  {e.g, as the pentahydrate), KOH/1,4,7,10,13,16-
hexaoxacyelooctadecane, sodiom  cthoxide, TBAT/nmethyl-(Z-methyl-cyclohex-1-enyloxy}-
stlane, and combinations thereof. When a nucleophilic reagent is needed for the reduction of the
metal complex, the nucleophilic reagent is used m an amount in the range of about 1 mol % to
about 20 mol % relative to the reactant, more preferably 1 the range of about T mol % to about
10 mol % relative to the substrate, and most preferably i the range of about 5 mol % to about 8
mol % relative to the substrate.

For example, a Pd(I}) complex can be reduced in situ to form a Pd{0) catalyst.
Exemplary transition metal complexes that may be reduced in site, include, without hmitation,
allyichloro}l,3-bis(2,6-di-iso-propylphenyl inudazol-2-vhdene jpalladivmdil}, {128,35}-
bisfdiphenviphosphino|butane}(n’-allylpalladium(ll) perchiorate, [S}-4-tert-butvl-2-(2-
diphenylphosphanyl-pheny1}-4,5-dihydro-oxazole(w-allyDpalladium(Il}  hexafluorophosphate
(i.e., [PA(S-tBu-PHOX }allvhIPFs), and cyclopentadienyl(v’-alliyl) palladiom(Il).

The effectivencss of the catalysis discussed hercin can be improved by adding
nucleophilic reagents including, without hmutation, NaHMDS, KHMDS, LiHMDS, tBuOLa,
tetrabutylammonium  hydroxide,  tetrabutylammonium  difluorotriphenyisilicate  (TBAT),
tetrabutylammonium fluonde {(TBAF), 4-dimethylaminopyridine {DMAP),
tetramethylamomoniwn bydroxide  {cg., as the pentahydrate), KOH/1.4,7,10.13.16-
hexaoxacyelooctadecane, sodivm  ethoxide, TBAT/Arimethyl-(2-methyi-cvclohex-1-cuvioxy)-
stlane, and combinations thereof. When a nucleophilic reagent i1s added, the nucleophilic reagent
is used in an amount in the range of about range of about 8.1 equivalents to about 10 equivalents
relative to the amount of the reactant, more preferably in the range of about 0.1 equivalents to
about 5 equivalents relative to the reactant, and most preferably i the range of about 0.5
equivalents to about 2 equivalents relative to the reactant.

Accordingly, when describing the amount of transition metal catalvst used in the methods
of the disclosure, the following terminology applies. The amount of transition metal catalyst
present in a reaction is alternatively referred to herein as “catalyst loading”. Catalyst loading
may be expressed as a percentage that is calculated by dividing the moles of catalyst complex by

the moles of the substrate present in a given reaction. Catalyst loading is altematively expressed
i8
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as a percentage that is calculated by dividing the moles of fofal fransition metal {for example,
nickel) by the moles of the substrate present in a given reaction,

In certain cmbodiments, the transition metal catalyst is present under the conditions of
the reaction from an amount of about 0.1 mol% to about 20 mol®% total nickel relative to the
substrate, which 1s the compound of formula (I}, In certain embodiments, the catalyst loading is
from about 1 mol% to about 15 mol% total mickel relative to the substrate. In certain
embodiments, the catalyst loading is from about 1 mol% to about 14 mol%, about 1 mol% to
about 12%, about 1 mol% to about 10%. about 2 mol% to about 9 mol%, about 2.5 mol% to
about 8 mol%, about 3 mol% to about 7 mol%%, about 3.5 mol% to about 6.5 mol%, or about 4
mol% to about 6 mol% total mckel relative to the substrate. For example, in certain
embodiments, the catalyst loading is about 3 mol%, about 4 mol%, about 5 mol%, about 6
mol%, about 7 mol%, about 8 mol%, about 9 moi%. about 10 mol%, about 11 mol%, about 12
mol%, about 13 moi%, or about 14 mol% total mckel In certain embodiments, the catalyst
loading 15 about 2 mol%, about 2.5 mol%, about 3 mol%, about 3.5 mol%, about 4 mol%, about
4.25 mol%, about 4.5 mol%, about 4.75 mol%, about 5 mol%, about 5.25 mol%, about 5.5
mot%s, about 5 75 mol®4, about 6 mol®s, about 6.5 mol%, about 7 mol%, about 7.5 mol%, about
& mol%, about 8.5 mol%, or about 9% total nickel.

In certain cmbodiments, the transition metal catalvst is present under the conditions of
the reaction from an amount of about .01 mol% to about 10 mol% total palladivm relative to the
substrate, which is the compound of formuda (I1). In certain embodiments, the catalyst loading i3
from about 0.05 mol% to about 5 mol% total palladivm relative to the substrate. In certain
crabodiments, the catalyst loading is from about 0.05 mol% to about 2.5 mol%, about (.05 mol%
to about 2%, about 0.05 mol% to about 1%, about 8.02 mol% to about 5 mol%, about 0.02 mol®
{0 about 2.5 mol%. about 8.02 mol% to about 1 mol%, about 0.1 mol% to about 5 mol%, about
0.1 mol% to about 2.5 mol%, or about 0.1 mol% to about 1 mol% total palladium relative to the
substratc. For example, in certain embodiments, the catalyst loading is about 0.01 mol%, about
(.05 mol%, about 0.1 moi%, about 8.15 mol%, about 0.2 mol%, about 8.25 mol%%, about 0.3
mol%, about 0.4 mol%, about 0.5 mol%. about 0.6 mol%, about 0.7 mol%. about 0.8 mol?
about 0.9 mol%, about 1 mol%, about 1.5 mol%, about 2 mol%, about 3 mol%, or about 5 mol%

total palladivm.

Ligands
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In certain embodiments, the methods disclosed herein use a Ni(0) catalvst compnising a
chiral igand.

In certain embodiments, the Pd (11} catalyst further comprises a chiral ligand.

Onc aspect of the disclosure relates to the ecnantiosclectivity of the methods.
Enantioselectivity results from the use of chural ligands dunng the acvlation reaction. Without
being bound by theory, the asymmetric environment that is created around the metal center by
the presence of chiral ligands produces an enantioselective reaction. The chiral ligand forms a
complex with the transition metal (¢g. nickel), thercby occupving onc or more of the
coordination sites on the metal and creating an asymmetric environment around the metal center.
This complesation may or may not involve the displacement of achiral ligands already
complexed to the metal. When displacement of one or more achiral ligands occurs, the
displacement mav proceed in a concerted fashion, 1.¢., with both the achiral hgand decomplexing
from the metal and the chiral ligand complexing to the metal m a single step. Alternatively, the
displacement may proceed in a stepwise fashion, 1.e.. with decomplexing of the achiral ligand
and complexing of the chiral ligand occurring 1 distinet steps. Complexation of the chiral higand
to the transition metal may be allowed to occur in situ, i.¢., by admixing the higand and metal
before adding the substrate. Alternatively, the hgand-metal complex can be formed separately,
and the complex isolated before use in the alkylation reactions of the present disclosure.

Once coordinated to the transiion metal center, the chiral ligand influences the
ortentation of other molecules as they interact with the transition metal catalvst. Coordination of
the metal center with an aryl halide and reaction of the substrate with the arvl halide-metal
complex are dictated by the presence of the chiral ligand. The orientation of the reacting species
determings the stereochemistry of the products.

Chiral ligands of the disclosure may be bidentate or monodentate or, alternatively,
ligands with higher denticity {c.g., tridentate, tetradentate, ¢tc.} can be used. Preferably, the
figand will be substantially cnantiopure. By "enantiopurc” is meant that only a single cnantiomer
is present. In many cases, substantially enantiopure higands (e.g., ee >99%, preferably >99 5%,
gven more preferably >99.9%) can be purchased from commercial sources, obtained by
successive recrystallizations of an cnantioennched substance, or by other suitable means for
separating enantionmers.

Exemplary chiral ligands may be found in U.S. Patent No. 7,235,698, the entirety of
which is incorporated herein by reference. In certain embodiments, the chiral ligand is an

enantiocnriched phosphine ligand. In certain cmbodiments, the enantioenriched phosphine
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ligand 1s a ferrocenyl ligand such as a Mandvphos-type hgand, a Josiphos-type higand, a
Taniaphos-tyvpe ligand, or a Walphos-type higand. Preferred chiral ligands of the disclosure
iclade a Mandyphos-type ligand or a Josiphos-type ligand. In certain embodiments, the
Mandvyphos-type ligand or the Josiphos-type ligand is selected from SL-MO03-Z, SL-M004-1,
SL-MO04-2, SL-M009-1, SL-M009-2, SL-~J001-1, SL-J002-1, SL-J003-1, SL-J004-1, SL-J006-
I, SL-J007-1, 8L-J013-1, §L-J212-1, and SL-J418-1. In some embodiments, the enantioenriched
phosphine Hgand is selected from (R)-BINAP, (R)-DM-BINAP, (§-DTBM-SEGPHOS, (7)-
BTFM-Garphos, (8)-Cs-TunePhos, (8)-P-Phos, (25.58)-Me-ferocelane, (25.55)-Et-ferocelane,
(25,58)-Me-f-Ketalphos, SL-M001-2, SL-M003-2, SL-M004-1, SL-M004-2, SL-M009-1, SL-
M009-2, SL-J001-1, SL-J002-1, SL-J003-1, SL-J004-1, SL-J006-1, SL-J007-1, SL-J013-1, 8L~
J212-1, SL~J418-1, SL-WO001-1, SL-W002-1, SL-W005-1, SL-W006-1, SL-W008-1, SL-W009-
I, and SL-W022-1. In some embodiments, the enantioenriched phosphine ligand is selected from
(R)-BINAP, (Ry-DM-BINAP, {($)-Cs-TuncPhos, SL-MO01-2, SL-M003-2, SL-MO004-1, SL-
M004-2, SL-M009-1, SL-M(009-2, SL-J001-1, SL-J002-1, SL-J003-1, SL~J004-1, SL-J006-1,
SL-J013-1, SL-J212~1, SL-W001-1, SL-W002-1, SL-W005-1, SL-W006-1, SL-W008-1, and
SL-W009-1. In some embodiments, the enantioenriched phosphine higand is selected from (8)-
DTBM-SEGPHOS, (R)-BTFM-Garphos, (#3-P-Phos,  (25,58)-Me-ferocelane,  (25,58)-Et-
ferocelane, (25,55)-Mo-f-Ketalphos, SL-J007-1, SL-J418-1, and SL-W022Z-1. The ligand
structures are depicted m Figure 1.

Generally, the chiral heand s present in an amount in the range of about 0.1 equivalents
to about 10 equivalents relative to the amount of total metal from the catalyst, preferably in the
range of about 0.1 to about 6 equivalents relative to the amount of total metal from the catalyst,
and most preferably m the range of about 0.5 to about 4.5 equivalents relative to the amount of
total metal from the catalvst. Alternatively, the amount of the chiral ligand can be measured
relative to the amount of the substrate.

In certain crubodiments, the ligand is present under the conditions of the reaction from an
amount of about 8.1 mol% to about 100 mol% relative to the substrate, which is the compound
of formula (11}, The amount of Hgand present in the reaction is altematively referred to heren as
“ligand loading” and is expressed as a percentage that is calculated by dividing the moles of
ligand by the moles of the substrate present in a given reaction. In certain embodiments, the
ligand loading 1s from about 0.5 mol% to about 50 mel%. For example, in certain embodiments,
the higand loading is about 9 mol%, about 10 mol%. about 11 mol%. about 12 mol%, about 13

mol%, about 14 mol%, or about 15 mol%. In certain embodiments, the higand is in excess of the
21
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transiion metal catalyst.  In certain embodiments, the ligand loading is about 10 times the
transition metal catalvst loading.

Where a chiral ligand is used, the reactions of the disclosure mayv enrich the stereocenter
bearing R? in the product relative to the enrichment at this center, if any, of the starting material.
In certain embodiments, the chiral higand used in the methods of the disclosure vields a
compound of formula (1} that is enantioenriched. The level of enantioenrichment of a compound
may be expressed as enantiomeric excess {e¢}. The ee of a compound may be measured by
dividing the difference i the fractions of the enantiomers by the sum of the fractions of the
enantiomers. For example, if a compound is found to comprise 98% (S)-enantiomer, and 2% (&)
enantiomer, then the ee of the compound s (98-2}(98+2), or 96%. In certain embodiments, the
compound of formula (I} has about 5% ce or greater, 10% ee or greater, 15% ee or greater, 20%
ee or greater, 25% ee or greater, 30% ee or greater, 40% ee or greater, 30% vee or greater, 60% ee
or greater, 70% ee or greater, about 809 ee, about 85% ee, about 88% ee, about 90% ee, about
1% ee, about 92% ee, about 939 ee, about 94% ee, about 95% ee, about 96% ee, about 97% ee,
about 98% ee, about 99% ee, o1 above about 99% ee, even where this % ee is greater than the %
ee of the starting material, such as 0% ee (racenmic). In certain embodiments, the compound of
formula (I} is enantigenniched. In certamm embodiments, the compound of formula (I) is
cnanfiopure. In cmbodiments where the starting material bhas more than one stereocenter,
reactions of the disclosure may enrich the stereocenter bearing R? relative to the enrichment at
this center, if any, of the starting material, and sobstantially independently of the stergochenncal
disposition/enrichment {de) of any cther stereocenters of the molecule. For example. a product
of the methods described herein may have 5% de or greater, 10% de or greater, 153% de or
greater, 20% de or greater, 25% de or greater, 30% de or greater, 40% de or greater, 30% de or
greater, 60% de or greater, 70% de or greater, 80% de or greater, 90% de or greater, 95% de or

greater, or even 98% de or greater at the stereocenter of the product bearing R,

Acylation Conditions

In certain embodiments, the methods of the disclosure include treating a compound of
formula (I} with a Ni(0} catalyst comprnsing a chiral ligand; an aryl nitrile; and an aryl halide
under acvlation conditions. In cerfain embodiments, acvlation conditions further comprise a
base, such as NgHMDS, KHMDS, LiHMDS, and tBuQLi. In certain embodiments, the base i
LiHMDS. In certain embodiments, acvlation conditions further comprise a lithium salt. In certain

embodiments, the Inthium salt is LiBr.
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In certain embodiments, acvlation conditions of the reaction include one or more organic
solvents. In certain embodiments, organic sclvents mclude aromatic or non-aromatic
hydrocarbons, ethers, alkylacetates, nitriles, or combinations thereof.  In certain embodiments,
organic solvents include hexane, pentane, benzene, toluene, xvlene, cyclic cthers such as
optionally substituted tetrahvdrofuran and dioxane, acvelic ethers such as dimethoxyethane,
diethy] ether, methyl rerfbutyl ether, and cvclopentyl methyl ether, acetonitrile, isobutyl acetate,
cthyl acetate, isopropyl acetate, or combinations thereof. In certain preferred embodiments, the
solvent is toluene, tetrahydrofuran, dioxane, methyl ferr-butyl cther, dimethoxyethane, or a
nuxture of toluene and tetrahydrofuran. In certan other preferred embodiments, the solvent 1s a
mixture of toluene and tetriahydrofuran. In certain embodiments, the mixture of tohiene and
tetrahydrofuran is inaratic of 1:5, 1:2, 11, 2:1, 321, 4.1, 5.1, 61, 71, 81, 901, 1G4, 1000, 120,
13:1, 14:1, or 15:1. In certain embodiments, the mixture of toluene and tetrabvdrofuran is in a
ratio of 5.1 or 10: 1.

In certain embodiments, acylation conditions further comprise adding an acidic sohution.
In certain embodiments, the acidic solution comprises an acid selected from acctic acid, boric
acid, carbonic acid, citric acid, hyvdrochlonce acid, hydrofluoric acid, minc acid, oxalic acid,
phosphoric acid, sulfuric acid, and trifluoracetic acid. In certain embodiments, the acidic solution
comprises HCL

In certain embodiments, acylation conditions of the reaction mclude a reaction
temperature. In certain embodiments, the reaction temperature is ambient temperature (about 20
°C to about 26 °C). In certain crbodiments. the reaction temperature is higher than ambient
temperature, such as, for example, about 30 °C, about 35 °C, about 40 °C, about 45 °C, about 30
°C, about 53 °C, or about 60 °C. Reaction temperature may be optimized per each substrate.

In certain embodiments, instruments such as a microwave reactor may be used to
accelerate the reaction time. Pressures range fron: atmospheric to prossures typically used in

conjunction with supercritical fluids, with the preferred pressure being atmospheric.

EXEMPLIFICATION

The disclosure descnibed generally herein will be more readily understood by reference to
the following examples, which are included merely for purposes of llustration of certain aspects

and embodiments of the present disclosure, and are not intended to limit the disclosure.

List of Abbreviations:

[



W

10

[V,
(]

20

WO 2017/156239 PCT/US2017/021528

¢e — enantiomeric excess, de — stereochemical disposition/enrichment dr — diastereomeric
ratioc, HPLC -~ high-performance hiquid, chromatography, SFC ~ supereritical fluid
chromatography, TLC -~ thin-layver chromatography, AcOEt ~ eothyl acetate, THF
tetrahydrofuran, MeOH — methanol, MeCUN — acctonitrile, 1PA — isopropanol, Ni{CODY: -
Nif(1,5-cvclooctadiene)], BINAP - (2,2-bis(diphenviphosphino)-1, '-binaphthyl), LiIHMDS or
LHMDS ~ lithnan hexamethyldisilazide, NaHMDBS - sodium hexamethyldisilazide, KHMDS -
potasium hexamethyldisilazide, lithium tert-butoxide — tBuOLi, PMP — p-methoxyphenyl, CAN

— ceric ammonium nitrate, TFA — trifluoroacetic acid, m~-CPBA — m-chloroperoxvbenzoic acid,

Example 1. Discovery of Ni-catalyzed C-Acplation

An a-acyvlated product (4a} 18 produced by the reaction of the lithium enolate derived
from lactam 1a n the presence of benzonitrile (2a), chlorobenzene (3a), and a Ny0) precatalyst
(Table 1, entry 13.Y° Initially, we imagined that 4a could be formed by direct nucleophilic
addition of the lithium enolate of lactam 1a to benzomtrile 2a followed by bydrolysis of the
resulting imine. Theretfore, we conducted a series of control experiments to confirm the reaction
pathway. Contrary to our expectations, in the absence of Ni(COD); and BINAP the reaction did
not produce the product 4a, and only trace amount of product was obtamed from the reaction
the absence of ligand {(entrics 2 and 3). Most interestingly, the reaction did not proceed without
aryi chlonde 3a {(entrv 4). Notably, Pd{0) and NI} did not promote the reaction {entries 5 and
6} onder these reaction conditions. Finally, as we cobserved product 4a when substituting
chiorotoluene for chlorobenzene in the reaction, we clucidated that the source of the a~benzoyl

group present in the product 1s indeed benzonitrile (2a} and not the corresponding chloroarene.

Table 1. Discovery of a Ni-catalvzed cnolate acylation

“sigadard conditions®
BINAPR {12 moi %}

o HEQOHS, &8 mol %) g O
o LHMDS 1.1 sguivy :
PR . e F PHON « Phid Eae PRIP £y
L toluene-THEF (511}, 23 °C, 20 R N
Haary TAE HOT ay
ia 2a 3a 45
Entry Deviation from Standard Conditions Yield [%]
1 nong 99
2 No Ni(COD): or (R}-BINAP 99

24



10

15

WO 2017/156239 PCT/US2017/021528

3 No (R}-BINAP 99
4 No Ph{l 90
3 Pd{dba), mstead of Ni{COD) 99
) Mi(lz instead of N{COD): 99
7 p-toluoylCl instead of Ph(l 14

D HPLC conversion.

The standard reaction conditions werg lactam (1 equiv), PhCN (2 equiv}, aryl chlonde (2
equivy, EHMDS (1.1 equiv), Ny{COD):2 (10 mol %), hgand (12 mol %), in 3:1 toluene~THF (0.2
M)at23°Cfor20h, then 1 MHClagat 23 °Cfor 0.5 h

Example 2. Expioration of Chiral Ligand and Solvent

The C-acylation of lactam 1a using a variety of chiral ligands (12 mol %) with Ni{COD)
(10 mol %) and LHMDS (1.1 equiv) (Table 2) in a range of solvents at 23 °C (Tabie 3). The
ligands of Table 2 are shown in Figure 1. As a result of this study, Mandyphos-type ligands {¢.g.,
L2 and L3) emerged as promising candidates, displayving good enantioselectivity and reactivity,
Further examination revealed that a Josiphos-type ligand (1., L4) in TBME promotes the
reaction with greater enantiosclectivity (-60% e¢) and conversion (74%6).

General Procedure A for Ligand and Solvent Screen: To a solution of Ny{(CODY: (1.10
myg, 4.00 umol, 8,100 equivy and ligand (4.80 umol, 0.120 equiv} in solvent (0.1 mL) was added
a solution of lactam 1a (821 mg, 40.0 umol, 1.00 equivy, benzonitnile 2a (8.24 ul, 20.0 wmecl,
2.00 equiv), chlorobenzene 3a (8.13 ul, 20.0 pmol, 2.00 cquiv) and LHMDS (7.36 mg, 44.0
wmol, 110 equuv) in solvent (0.1 mb} and the reaction mixture was stirred at 25 °C for 20 h. 1M
HCI aqueous solution (0.5 mL) was added and the mixture was stirred at ambient temperature for
0.5 h. AcOEt (0.5 mL) was added and the mixture was stirred for 1 min. The organic layer {10
pl) was sampled and diluted to a mixture of hexanes and IPA (8/2, 1 mL). This solution was
analyzed for conversion and cnantiomeric excess (see Methods for the Determination of

Enantiomeric Excess).

Table 2. Assessment of the chiral ligand for the lactam acylation.
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figand {12 mol %}
NHCOD}; 110 mo 1% a ©
- \5/ - - LHMOS {11 aquiv} 7 | JL N
PP~ « PhON s PRI ‘ - Pup \5\ o
» toluene, rt, 20 h N '
then 1 M HCH ‘
23 3a 43

Entry Ligand Conversion { Y] ee {4}

1 (R»-BINAP 31 7

2 {(R}-T-BINAP 61 3

3 {R)-DM-BINAP %7 7

4 {R)-H8-BINAP 73 -2

3 (R}-SEGPHOS i 31

6 (”R-DM-SEGPHOS 59 -1

7 (”)-DTEBM-SEGPHOS 26 -32

8 (Ry-DIFLUQORPHOS 2 g

9 (5-Xyl-MeBIHEP 66 2

10 {R}-BTFM-Garphos 22 -10

11 {R-SYNPHOS 45 -1

12 (R}-SOLPHOS 33 -3

13 (8$)-Cs-TuncPhos 53 6

14 {R)-P-Phos 19 -3

15 (#)-Phanephos 15 -2

16 (Ry-SDP 16 3

17 {S)-Monophos 74 I

1% {S}-BINAPINE % i

19 CatASiumMN Xvli(R) 4 13

20 CatASiumMN XyIF(R) 6 2

21 (R Ry-Chiraphos 0 -

22 (R R)-DIOP 0 -

23 (25,55)-McBPE { -

24 (2R SR)-McDUPHOS { -

25 {Ry-MOP { -

26 (R}-QUINAP 0 -

26
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DATCH-Phenvi
{($3tBuPHOX
{5)-tBu-Mebox
{S)-1Pr-ptbox
tangphos
(25,58)-Me-Ferocelane
(28,58)-Et-Ferocelane
{25,55)-1Pr-Ferocelane
{25,55)-Me-t-Ketalphos
SE-J001-1

SL-J002-1

SL-J003-1

SE-3004-1

SL-}005-1

SL-3006-1

SE-3007-1

SE-J008-1

SL-J009-1

SE-J313-1

SE-3015-1

SE-i212-1

SL-J2i6-1

SE-3404-1

SE-J418-1

SE-§502-1

SL~§505-1
SL-WO0I-1
SL-W002-1
SL-W003-1
SE-W00S-1
SL-W006-1
SL-W008-1

PCT/US2017/021528
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59 SL-W009-1 64 7

60 SL-W022-1 7 -14

61 SL-MO01-2 39 35

62 SL-MO02-2 0 -

63 SL-MOO3-2 25 I3

64 SL-MO04-2 70 59

65 SL-MO09-2 71 62

66 SL-M012-2 0 -

67 SL-T001-1 7 34

68 SL-T002-1 { -

69 Chenphos & -

fHgand (12 ;mad %
a NICOD), (10 mol %) o 9
PMP .., i\j/ + FRON 4 ppoy  HUOS U sauig PP -, I -

‘ sodvend, 23 °0, 30k g g
| then 1M HC! ag Yt

ia o] 3z 48

Shown above is the scheme for the chiral ligand and solvent screen of Table 3.
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Table 3. Asscssment of the chiral ligand and solvent for the lactam acylation.

Entry Ligand Solvent Conversion {%] ¥ ee [%] P
1 L1, {R)-BINAP Toluene 31 7
2 L2, SL-M004-1 Toluene 70 59
3 L2, SL-MO004-1 THF 32 5
4 L2, SL-M004-1 Dhoxane 52 47
5 L2, SL-M004-1 TBME 72 31
6 L2, SL-M004-1 DME 53 25
7 L2, SL-M0O04-~1 Toluene~-THF (5:1) 33 52
3 SL-M004-2 Toluene 70 59
9 SL-MOG4-2 THF 32 15
10 SL-MO04-2 Dioxane 52 47
11 SL-M004-2 TBME 72 51
12 SL-M004-2 DME 53 25
13 SL-M004-2 Toluene-THF (3:1) 33 32
14 L3, SL-M0O09-1 Toluene 71 62
15 L3, SL-M0O09-1 THF pAY 13
16 L3, SL-M009-1 Dioxane 42 47
17 L3, SL-M009-1 TBMHE 42 31
18 L3, SL-MO00%-1 DME 47 21
19 L3, SL-M009-1 Toluene-THF (5:1) 45 33
20 SL-M009-2 Toluene 71 62
21 SL-M009-2 THF 29 13
22 SL-M009-2 Dioxane 42 47
23 SL-MOG9-2 TBME 42 61
24 SL-MO09-2 DME 47 21
25 SL-M009-2 Toluene-THF (5:1) 45 33
26 SL-MO009-2 Methylevclohexane 48 13
27 SL-M009-2 nBw( 0 -
28 SL-M009-2 DMF 0 -
25 L4, SL-J006-1 Toluene 79 30

29
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30 L4, SL-J006-1 THF 26 2
31 L4, SL-J006-1 Dhoxane 52 30
32 L4, SL-J006-1 TBME 74 60
33 L4, SL-J006-1 DME 37 6
34 L4, SL-J006-1 Toluene-THF (5:1) 54 41
35 L4, SL-J006-1 Methvlcyclohexane 96 25
36 L4, SL-1006-1 0B 0 -
37 L4, SL-J006-1 DMF 0 -

A ‘1 B8R,
\L\Qﬁg e,

§ y e £87 SLM008-1
£27 BLSRNRET (R m e, S 50, Lo SLdogg-f
L¥: (RMRINAR L8 SL-BGORT iiks.eﬁﬁ-&ss@?f} i R = JSEFHPH
S H0E2 {RMeDe, Phy
SEM000.2 [ReXyh)

Example 3. Exploration of Bases, Arpl Halides, and Additives

Further studies aimed toward optimization of bases, aryl halides, and additives arg
sumnmanzed in Table 4. Surprisinglv, no cnantioselectivity was observed m reactions using
NaHMDS or KHMDS instead of LHMDS {(entrnies 2-4), indicating that hthium cations are
essential for cnantioselectivity. Bromobenzene (3b) exhibited superior enantiosglectivity and
reactivity compared to chlorobenzene (3a, cf entries 2 and 3), iodobenzene (3¢, ¢f entrigs 6 and
5}, and phenyl triflate (3d, cf. entrics 7 and 5). Encouraged by these results, we examined
lithium salt additives.  To our dehlight, reactivity and enantioselectivity were improved
dramatically by adding LiBy, especially using the Mandyphos-type ligands (entries 9 and 10). It
is conceivable that the size and Lewis acidity of the lithium cation 1s well suited to coordinate the
dimethyl amino groups on the Mandyphos-type ligand 10 a productive manner {(cf entries 9 and

10 vs. 11}.



10

WO 2017/156239 PCT/US2017/021528

Table 4. Assessment of bases, arvl halides, and additives for the lactam acviation.
G figansd {12 mul %}
i RHCOOY (15 wead 55
Pﬁi?‘ NN - \rxr"“ b
', PRON ¢ PRE ot o
e ‘ * sadvent, 3358, 30 &
Ta ] 3 e TR HOE 8y

Eotry  Ligand Base PhX Solvent Additive Conversion  ee
%o} [9%]

1 L4 tBu(Li PhC13a  TBME - 0 -

2 L4 LHMDS  Ph(Cl3a  TBME - 74 -54

3 L4 NaHMDS PhCl3a  TBME - 42 -

4 L4 KHMDS PhCl3a  TBME - 31 -

5 L4 LHMDS PhBr3b TBME - 83 ~61

6 L4 LHMDS  Phi3e TBME - 63 -58

7 L4 LHMDS  PhOTf3d TBME - 73 -28

8 L2 LHMDS PhBr3b Toluene-THF I0:1 - 355 68

G L2 LHMDS  PhBr3b  Toluene-THF 16:1  LiBr 98 89

i0 L3 LHMDS  PhBr3b  Toluene-THF 10:1  LiBr 92 89

il L4 LHMDS  PhBr3b  Toluene-THF 10:1  LiBr 28 -46

The lactams 4a of entnies 1-7 were prepared according to the general procedure A with
lactam {1 equiv}, PRCN (2 equiv), PhX (2 equiv), base {1.1 equiv), N{{(CODY: (10 mol %), ligand
(12 mol %6}, in TBME (0.2 M) at 23 °C for 20 h, then 1 M HCl aq at 23 °C for 6.5 h. The lactams
4a of entries 8-11 were prepared according to the general procedure A with lactam (2 equiv),
PhON (1 equivy, PhX (1 equivy, base (1.2 equivy, Ny(COBh (10 mol %), ligand (12 mol %), in
toluene-THF (10: 13 (0.2 My at 23 °C for 20 h, then 1 M HCl agq. 05 hat 23 °C.

Example 4. Survey of the N-Protecting Group

The effect of substitucnts on the V-arvl fragment of the lactam substrate was examined.
Several lactams (1a~d) were prepared and subjected to the optimized acvlation conditions (Table
5. Lactam 1b displaved slightly superior enantioselectivity to 1a, although acvlated product 4b
was produced in moderate vield at ambient temperature. Gratifyvingly, reaction at 0 °C led to

imaproved vield of lactam 4b. Denvatives Ie and 1d had similar enantioselectivity as the parent

3
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PMP-lactam 1a. In general, a fair amount of substitution around the N-arvi group 18 tolerated 1n
the reaction process affording acylated lactams i good yields and with high ce.
Conversion of allyl 1-methyi-2-oxocyclohexane-carboxyiate (1a) in TBME resulted in a

high vield and good cnantiosclectivity (Table 4, entrv 1), When the reaction was performed in

Y

various atkyl acetates the vields dropped dramatically, to 12%. 28% and 17% respectively (Table
4, entrics 2, 4 and 3). Stnularly low vields were observed for reactions performed in acetonitrile,
dimethylacetamide, 2-Me-THF, and acetone (Table 4, eniries 3, 6, 8 and 10). Moderate
conversion was found when the recaction was performed in toluene (Table 4, entry 7).

Consequently, all further expeniments were carried out in TBME.

10 Table 5. Survey of the N-protecting group for the lactam acylation.

PhON (241 Phir (30

0 HéLs? (12 mal %) a ©
RECOD), {10 mol % j§
i HBDE (1.2 syuiv)
e LiBr (8 equiv} Yd
1 jodusne-THF {10:11, 233 °C, $8h Said

then 1 M BCE ag

o & 3 f’m‘?g
Bl oo~ ‘ } v 3
L O ~
S . A {
Ohda 24P
ig—~4a ih-=45 fo—dg fo-4d
yield, oo BE, BU% gab 15, 2% aed 8%, 85% et £8%; B6% net
: ! B1%, 2% ent

Bonditions: lactam (2 equiv), PhUN (1 equiv), PhBr (1.5 equivy, LHMDS (1.2 equiv), LiBr (3
equivy, Ni{COD): (10 mol %), ligand (12 mol %), in toluene—THF (10:1, 0.09 M), then 1 M
HC1 aq. YReactions were conducted at 23 °C for 24 h. “Reactions were conducted at 0 °C for 48

h.

[V,
(]

Example 5. Survey of the Subsirate
The substrate scope of this enantioselective C-acylation reaction was explored (Tables 6
and 6). Generally, the process is tolerant of a wide range of substitucnts and functionality on
both the aryvl nitrile and the parent lactam substrate. Aryl mitniles having both electron-donating
20 and electron-withdrawing substituents at the para position can be successfully applied, leading to
products with excellent enantioselectivitics {¢.g., Table 6, 6, 9-12). Despite the uniformly high

ce, clectron-withdrawing substitucnts on the nitrile furnish products in significantly dinunished
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yields {¢.g., 11, 12). Lastly, the reaction is not impacted to a large degree when the nitnile s

substituted at cither the meia or ortho position {e.g., 7, 8}.
Table 6. Assessment of the nitrile for the lactam acylation.

PhBr {35)
Te) L2 {12 mol %)

NICOD), (10 mol %)
~ 8§ + ArCN ;o
LHMDS, LiBr

toluene~THF (18:1}
ik 8°C, 48 h
then 1 M HCl ag

36% yield, 94% se 23% vield, 87% eeb 86% vield, 91% ea

5 ®Conditions: lactam (2 equiv), ArCN (1 equiv}, PhBr (1.5 equiv), base (1.2 equiv), Ni{COD)
{10 mol %}, hgand (12 mol %), in toluene~THF (10:1, 6.09 M) at 0 °C for 48 h, then 1 M HCI

aq. YThe reaction was carried out at 23 °C for 24 h.

The scope of substitution at the lactam o-carbon is tlustrated in Table 7. Although the
enantioselectivity tends to decrease with larger o-substituents, examples having ethyl, benzyl,

10 substituted-benzyl and substituted-allyl groups all furnished the C-acylated products with good
enantioselectivities {74-88% ee). Crotyl- and cinnamyl-substituted lactams were particularly

cttective in the acvlation, providing interesting lactam products in high ce {e.g., 21-25).

Table 7. Assessment of the lactam a-substituent for the lactam acylation.

i~y
33
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PhBr (35
L2 {12 mol 36}

2 NE ; y
O NHCOD), (10 mol %)

toluene/THE {10:1) Sod
§°C, 48 k
then {1 M MGl ag

producis®

CMP g

58% yield, T1% g2

R
15 (R = M) 81% yield, 81% ce
16 (R = Ol 77% yisld, 81% e

17 {R = By 78% vield, 74% ee
g 8

ig 8
§7% vield, 60% sa

22 {8 = H ) 5% vield, 8§% se

23R = Mo 35% yield, 88% se .
24R = OMe): 68% yieid, 88% a0 _ , . A
25 {R = 5::‘}: 3% }{i&i{ig B3%% oa T8% }i!@é{i, 83% a0 35% "}-‘3&@@; 84% e

The lactams 14-27 were prepared according to the general procedure A with lactam (2
equiv), p-tolunitrile {1 equuv}, PhBr (1.5 equiv}, base (1.2 equiv), NECOD): (10 mol %), ligand
(12 mol %), in toluene—THF (10:1, 0.09 M) at 0 °C for 48 h, then | M HCl ag.

Example 6. Derivatization of C-acylated products and determination of absolute

stereochemistry
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To demonstraie the synthetic utility of our enantioselective lactams acylation,
transformations were carried out on the enantigenriched lactam products generated 1o this
disclosure (Scheme 1), The o-methoxy protecting group of lactam 4e was casily removed by
CAN oxidation to form lactam 28 (Scheme 1A)Y  Reduction of ketone 4e with Et:SiH
proceeded with perfect diastercoselectively and afforded alcohol 29 as a single isomer in
excellent yield (Scheme 1B). The relative stercochenustry of lactam 29 was determined by
single crystal X-ray diffraction {(data not shown). Lactam 4a could be converied to o-
benzovloxy lactam 3¢ by Baever-Villiger oxidation, without loss of enantiopurity (Scheme 1(}.
Alternatively, Baecyer—Vilhiger oxidation of lactam 10 gave o-arvioxycarbonyl lactam 31
{Scheme 1D}, The PMP ketone directs the regioselectivity of the Bacver-Villiger oxidation and
allows for the asymmetric synthesis of a-carboxy lactam derivatives.*” To determine the absolute
stereochemistry, 31 was converied to known lactam derivative 33 by ester exchange followed by
deprotection of the o-methoxyphenyl group. The specific optical rotation of carboxylactam 33
corresponded to the reported value for (R)-33%  The absolute configurations of all acylated

lactam products disclosed herem are presented by analogy to this findimg.

Scheme 1. Denvatization of C-acylated lactams.

A
CAN
,‘—«‘—‘—«‘—«‘—«—‘—‘—‘—‘—‘—‘—‘—‘—‘—‘—‘—‘—‘—‘—«—‘—‘—m
MaUN-H 0O
FEOC, 200
75% yiadd
B

1. B1,SiH, TFa

2. NaOH {ag) CHCL

90% yield OMe
28 (X-Ray)

(%]
L
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Scheme 1. {cont.) Derivatization of C-acylated lactams.

m-CPBA
NaHCG;;
R —
CH.CL,
23°C,20h
4a 53% yleld
{B8% ea) {88% es}
b 6 & o O
m-CPEA
Ll T OMP -, ,.,«*‘EL“QPMP
CH, L,
32% yield a1
g O g O
K04 L CAN i
e OMP g & OBt g Sog
EtOH ML N-H .0
73% yleid .
oy 32 18% yield (F)-33

Example 6. Possible Reaction Mechanism of C-acylation of Lactams
By avoiding an acidic aguecus work-up and carefully chromatographing of the crade
reaction mixture, imine 34 was obtained as a 60:40 £/Z mixture from the reaction of lactam 1a
with o-tolunitrile Zb and bromobenzene 3b (Scheme 2A). Additionally, amine 36 as a 63:37
diastereomeric mixture was prepared by in site reduction of imine intermediate 35 (Scheme 2B).
These experiments provide evidence that an N-arylated imune {e.g., Sa, 34, and 35} may be the
direct product of the catalytic reaction.
Scheme 2. Isolation and reduction of potential imine mtermediate.
A PhBr (35)

£2 {12 mol %}
RN MICOD), (10 mot %)

LHMDS (1 eguiv)

LiBr {5 equlv)
toluene~-THE
{10:1, 0.08 M) 7% yield
0°C, 480 {(60:40 E /23
B8 PhCHN (22, 1.0 equiv)] :
o PhBr (3B, 1.5 equiv) Bn g <Fh
£.2 (12 mol %} 0 *‘{L o L
OMBP ., MICOD), (10 mol % o NaBH &
N&/ { Jo { } QMPNN§ Ph wampaﬁh Ph
LHMDS O equiv) MeOH
LiBr {5 equiv) 2% o0
i toluens-THF 85 28
{2 squiv) (10:1,0.088) * - 70% visid
G°C,48h (67:37 dr)
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A possible reaction mechanism for the disclosed C-acvlation reaction is shown in Figure
2. Without being bound by theory, the reaction may proceed by a Ni¥/Ni” redox catalvtic cycle.
Oxidative addition of the arvl bromide to a Ni¥ complex (i.e.. A) produces a Ni" arene species
(B). Ligand substitution and insertion of the benzonitrile and lactam enolate 15 envisioned to be
stereodetermining and to produce Nil-imino complex €. Reductive elimination from C leads to
the primary imine product and regenerates Ni¥ complex A, The C-acylated product is ultimately

furnished by hydrolysis of the imine in agqueous acid.

Example 7. Experimental Procedures

General Procedure for a-Substituted Lactam Substrates

Z-promoanisole

o Cul, K,C04 s o
N,N'-dimethylethvienediamine LDA, Mel
HN > 5
toluene, 160°C ! THF, -78°C
OMe
5i2

88% o/
sH 70%

General procedure 1: 1-(Z-methoxyphenvpyrrolidin-2-one (S12}

To a suspension of lactam S (8,17 g, 96.0 mmol, 1.20 equiv), K05 (221 g, 160
mmol, 2.00 equiv) and Cul (1.52 g, 8.00 mamol, 0.10 cquiv) in toluene (830 ml) were added 2-
bromoanisole (9.84 mL, 80.0 mmol, 1.00 equnv} and N N -dimethylethylendiamine (1.68 mL,
16.0 mmol, .20 equiv). The reaction mixture was stirred at 100 °C for 18 h then allowed to cool
to ambient temperature and filtered through a pad of silica gel chuting with AcOEt (250 ml.).
The eluate was concentrated under reduced pressure and the residue was purified by flash
columm chromatography (1:1 EtOAc hexancs) on silica gel to give lactam 512 as a pale vellow
oil (9.88 g, 63% vield). 'H NMR (500 MHz, CDCl:) 8 7.35 —~ 7.26 {m, 2H), 7.06 - 6.97 (m, 2H),
3.88 (s, 3H). 3.80 (t, J=7.0 Hz, 2H), 2.60 (t. /= 8.1 Hz, ZH), 2.23 (p. J=7.5 Hz, 2H); PC NMR
(126 MHz, CDCl:) & 1752, 154.8, 1287, 128.6, 1272, 1209, 112.0, 556,499, 31.2, 19.0; IR
{Neat Film NaCl) 2968, 2889, 2838, 1694, 1504, 1461, 1408, 1304, 1281, 1253, 1023, 755 ecm'1;
HRMS (MM: ESI-APCH) m/z cale'd for CoiHuaNO: [M-+HT™ 1921019, found 192.1019.

General procedure 2: 1-(2-methoxvphenvih-3-methvipyrrolidin-2-one (1)

To a solution of diisopropylanune (3.07 mL, 22.0 mmol, 1.10 equiv) m THF (17 mL)
was added a solution of »-Bula (8.80 mL, 22.0 mmol, 2.3 M in hexanes, 1.10 equiv) dropwise at
=78 °C. After 20 mun at 78 °C, a solution of lactam $12 (3.82 g, 20.0 mmol, .00 equiv) in THF
(50 mL} wag added dropwise. After an additional 20 min, a solution of methyl iodide (15.0 mL,
30.0 mmol, 2.0 M in TBME, 1.50 equiv) was added and the reaction mixture was stirred at -78

vy
37
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°C for 3 h. Saturated NH:Cl agueous solution (80 mL} was added and the muxture was allowed
to ambient temperature. The mixture was extracted with AcOFEt (100 mL}, washed with bring
(30 mL}, dried over NaxS04, and concentrated under reduced pressure. The residue was purified
by flash column chromatography (1.4 to 1.2 EtQAc hexanes) on silica gel to give lactam b as a
white solid {2.86 g, 70% vield). H NMR (500 MHz, CDCl3) § 7.34 - 7.26 (m, 3H), 7.06 - 6.96
(m, 2H), 3.87 (s, 3H)}, 3.79 - 3.66 (m, 2H), 2.69 {1q. /= 8.7, 7.1 Hz, 1H), 2.41 (dddd, /= 12.2,
85,73, 35Hz 1H), 186(dg. /=124, 835 He, 1H), 136 (d, /= 7.1 Hz, 3H); PC NMR (126
MHz, CDCI3Y 8 177.5, 1548, 128.6, 1285, 127.6, 1208, 112.0, 55.6,47.9, 369, 281, 163, IR
(Neat Film NaCl) 2965, 2932, 2874, 1695, 1504, 1463, 1456, 1403, 1311, 1296, 1277, 1251,
1024, 754 cm ' HRMS (MM: ESI-APCI+) mivz cale'd for ColisNQ2 [M+H]™ 206.1176, found
206.1176.

N-Protected Lactams

1-{4-Methoxyphenylipyrrolidin-2-one (513}

Lactam 5F3 was prepared according to the general procedure 1, using 4-iodoanisole and
K3POs in place of 2-bromoanisole and KoC(h respectively, and 1solated by recrystallization in
hexanes/AcOFEL (4/1) as a white crystal. 89% vield. 'H NMR (500 MHz, CDCls) § 7.64 — 7 .45
(o, 2H), 701 - 690 (m, 2H), 387 (1, ./=7.0Hz 2H), 384 (5, 3H), 2.64 (1, /=81 Hz, 2H), 2.20
(tt, /=151, 7.5 Hz, 1H); PC NMR (126 MHz, cdcls) 8 173.9, 156.5, 1326, 1218, 114.0, 355,
4972 325 18.1; IR (Neat Film NaCl) 2952, 2907, 1683, 1517, 1235, 1226, 1182, 1126, 1032,
829 cm; HRMS (MM ESI-APCIH) miz calc'd for CuHuNG: [M+H|™ 192.1019, found

1921021

1-(3,5-Dimethoxyphenyljpyrrolidin-Z-one {514)
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Lactam Si4 was prepared according to the general procedure 1, using I-bromo-3,5-
dimethoxybenzene i place of 2-bromoanisole, and isolated by recrystallization
hexanes/AcOEL (5/1) as a white crystal. 89% vield. 'H NMR (300 MHz, CDCh) 8690 (d. J =
22Hz 2H). 631 (1, J=22Hz 1H), 387 (t, /= 7.0 Hz, 2H), 3.84 (s, 6H), 2.65 (t. /= 8.1 Hz,
2H), 2.19 (p, J = 7.5 Hz, 2H); PC NMR (126 MHz, CDCl) 6 1744, 160.8, 1412, 984, 965,
773, 77.0, 768, 354, 490, 33.1, 17.9; IR (Neat Film Na(l) 2959, 1694, 1593, 1474, 1455,
1424, 1397, 1276, 1245, 1198, 1152, 1071, 10536, 922, 840, 825, 683 con'!; HRMS (MM: ESI-
APCI+) m/z cale'd for CraHieNGs [M+H]™ 222 1125, found 222 1129

i-{2-Isopropoxyphenyi}-pyrrolidin-2Z-one (515}

Lactam SE5 was prepared accordimg ito the general procedure 1, using 1-bromo-2-
1sopropoxybenzene in place of 2-bromoanisole, and isolated by flash column chromatography
(1:2 to 1:1 EtOAc hexanes) on silica gel as a pale yellow oil. 37% vield. 'H NMR (500 MHz,
CDCLY 8§ 733 - 7.23 {m, 2H), 7.03 - 6.96 (m, 2H}, 4.58 (hept, J= 6.0 Hz, 1H), 382 (. J=67
Hz, 2H), 2.59¢t, J = 7.6 Hz, 2H), 2.28 - 2.16 (m, 2H}, 1.38 (d, J = 6.0 Hz, 6H); PC NMR (126
MHz, CDCIs) 6 1752, 1531, 1289, 128.4, 1284, 1208, 1147, 708,499,314, 222, 192, IR
{(Neat Film NaCl) 2976, 2933, 1697, 15395, 1500, 1456, 1405, 1385, 1304, 1282, 1251, 1125,
P11, 957, 753 cml; HRMS (MM: ESI-APCIH) mz cale'd for CiaHiNG: [M+H]" 220.1332,
found 220.1328.

o-Substituted Lactams

1-{4-Methoxyphenyi)-3-methylpyrrolidin-Z-one {1a)

Lactam fa was prepared according to the general procedure 2 from SE3 in place of 512,
and 1solated by flash columun chromatography (1.3 EtDAc hexanes) on silica gel as a white solid.
82% vield. H NMR (500 MHz, CDCL:) 8 7.64 — 745 (m, 2H), 701 - 690 (m, 2H), 387 (. J =

39
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7.0 Hz, 2H). 3.84 (s, 3H), 2.64 (¢, 1 = 8.1 Hz, 2H), 2.20 {1t § = 15.1, 7.5 Hz, 1H); °C NMR (126
MHz, cdels) § 176.3. 1564, 133.0, 1214, 114.0, 55.5, 46.9, 38.1, 27.1. 16.3; IR (Neat Film
NaCl) 2952, 2882, 2835, 1682, 1516, 1251, 1225, 1122, 1099, 1030, 829 cm': HRMS (MM:
ESI-APCI+) m/z cale'd for CrzHisNO» [M+H]™ 206.1176, found 206.1177.

1-(3,5-Dimethoxyphenyl}-3-methyipyrrolidin-2-one {ic)

Lactam ¢ was prepared according to the general procedure 2 from 54 in place of Si2,
and 1solated by flash column chromatography (1:4 EtOAc:hexanes) on silica gel as a white solid.
87% vield. 'H NMR (500 MHz, CDC3) 86,96 (d, /=22 Hz, 2H), 631 (1, /=22 Hz, 1H), 3.84
(s, 6H), 3.79 (dd, J = 8.8, 5.0 Hz, 2H), 2.78 - 2.66 {m, 1H), 2.45 - 2.35 (m, 1H}, 1.86 - 1.74 (m,
TH), 1.35(d, J = 7.1 Hz, 3H); BC NMR (126 MHz, CDCl:) 8 1769, 160.8, 141 3, 97.9, 96.5,
773,77.0,768,554, 468,386,269, 16.1; IR (Neat Film NaCl) 2964, 1698, 1597, 1474, 1392,
1273, 1246, 1208, 1154, 1071, 927, 834, 682 cm!; HRMS (MM: ESI-APCI+) m/z cale'd for
CisHisNGs [M+H]™ 236.1281, found 236.1284.

1-(2-Isoproxyphenyl}-3-methylpyrrolidin-2-one {1d}

o~ O
Gy
QiPr
1d
Lactam 1d was prepared according to the general procedure 2 from 55 in place of Si2,
and isolated by flash column chromatography (1:3 to 1.2 EtOAc hexanes} on silica gel as a pale
vellow oil. 83% vield. H NMR (500 MHz, CDCl3) 8 7.32 ~ 7.22 {m, 2H), 7.03 ~ 6,96 (m, 2H),
4.57 (hept, J=6.1 Hz, 1H), 380 - 3.67 (m, 2H), 2.67 (1g, J= 8.4, 7.1 Hz, 1H), 2.46 — 2 35 (m,
PH), 1.84 (dg, J=123,82 Hz, 1H), 1.37(d,J=6.1Hz 6H), 1.35(d, J= 7.2 Hz, 3H); ’C NMR
(126 MHz, CDCL) 8 177.5, 1532, 129.0, 1287, 1283, 1208, 1148, 708,479,369, 282,222,
22.2, 16.4; IR (Neat Film NaCly 2974, 2930, 1701, 1595, 1499, 1457, 1405, 1277, 1249, 1124,
F111, 955, 750 con!; HRMS (MM: ESI-APCH) mz cale'd for CidHeNO2 [M+H]™ 2341489,
found 2341482,
40
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i-{2-Methoxvphenyl})-3-ethypyrrolidin-2-one (516}

Lactam S16 was prepared according to the general procedure 2 using ethyl todide in place
of methyl iodide, and isolated by flash column chromatography (1.3 EitOGAc hexanes) on silica
gel as a pale vellow oil. 81% vield. "H NMR (500 MHz, CDCh)Y § 7.29 ~ 7.19 (m, 2H), 7.01 -
6.92 (m, 2H), 3.82 (s, 3H), 3.76 - 3.69 (m, 1H}, 3.69 ~ 3.60 {m, 1H), 2.53 (gd, /= 8.7, 4.3 Hz,
IH) 238227 (m, 1H), 2.04 - 1.92 (m, 1H), 1.92 - 1.81 {m, 1H), 1.63 - 1.49 (m, 1H), 1.04 (1,
J=74Hz 3H); PCNMR (126 MHz, CDCl:) 8 176.9, 154.8, 1287, 128.5, 127.5, 120.8, 112.0,
356, 482,434, 251, 242, 11.5; IR (Neat Film Na(l} 2961, 1695, 1396, 1505, 1462, 1404,
1280, 1249, 1024, 752 cmt; HRMS (MM: ESI-APCH) m/z cale'd for CisHisNO2 [MAH]™

220.1332, found 220.1334,

3-Benzyl-1-(Z2-methoxyphenyipyrrolidin-2-one (SI7)

Lactam SI7 was prepared according to the gencral procedure 2 using benzyl bromide m
place of methy! 1odide, and isolated by flash cohumn chromatography (1.5 EtOAchexanes) on
silica gel as a pale yellow oil. 80% vield. 'H NMR (500 MHz, CDCl) 6 7.44 — 7.08 (m, 7H),
6.99 - 690 {(m, 2H), 3.80 (s, 3H), 3.63 (dt, /=95, 7.7 Hz, 1H), 349 {(ddd, /=95, 86, 3.7 Hz,
TH), 330(dd, J=137, 40 Hz, 1H), 293 - 283 (m, 1H), 2.77{dd, /= 13,6, 9.7 Hz, 1H)}, 2.20 -
210 (m, 1), 1.94 — 1.83 (m, 1H); BC NMR (126 MHz, CDCl:) 8 176.0, 154.8, 1397, 1291,
128.6, 128.5, 128.5, 128.4, 1274, 1263, 1209, 112.0, 55 6, 48.0, 43.8, 37.0, 25.1; IR (Neat Film
Na(1)y 2942, 1694, 1596, 1504, 1454, 1407, 1279, 1252, 1025, 753, 701 cm !, HRMS (MM ESI-
APCI+) m/z cale'd for CrallzoNG: [M+H]™ 282.1489, found 282.1491.

3-{4-Methoxybenzyl)-1-(2-methoxyphenylipyrrolidin-2-one (518)
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Lactam SI8 was prepared according to the general procedure 2 using 4-methoxybenzyl
chionde in place of methyl iodide, and isolated by flash cohumn chromatography (1:3
EtOAc hexanes) on silica gel as a pale vellow oil. 39% vield. 'H NMR (500 MHz, CDCl3) 8
729724 (m, 1H), 7.24 - 7.14 (m, 3H), 7.00 - 6.90 (m, 2H), 6.88 - 6.80 (m, 2H), 3.79 (s, 3H),
378 (s, 3H), 3.62 {dt, /=95, 7.6 Hz, 1H), 347 (ddd, J=95,86, 38 Hz, 1H), 321 (dd, /=
13.7, 4.0 Hz, 1H), 2.90 - 280 (m, 1H}, 2.74 {(dd, J= 138,94 Hz, 1H), 220 - 2.09 {m, 1H), 1.93
— 1.81 {m, 1H); PCNMR (126 MHz, CDCl3) 8 1761, 15381, 1548, 131.6, 130.1, 1286, 128 3,
1274, 1208, 113.8, 112.1, 55,6, 553, 48.1, 43.9, 36.0, 25.0; IR (Neat Film Na(l) 2936, 1696,
1596, 1512, 11506, 1462, 1406, 1300, 1279, 1249, 1179, 1028, 753 cm ', HRMS (MM ESI-
APCE+) sz cale'd for CroHnNGs [M+H|™ 312.1594, found 312 1589,

3-{4-Flaorobenzyl)-1-C-methoxyphenylipyrrolidin-2-one (519}

Odes

\
Me

Sig

Lactam SE9 was prepared according to the general procedure 2 using 4-fluorobenzyl
bromide in place of methyl 1odide, and isolated by flash column chromatography (1:3 to 1:2
EtOAc:hexanes) on silica gel as a pale vellow oil. 77% yield. 'H NMR (500 MHz, CDCls) &
731718 {m, 4H), 7.04 - 6.92 {m, 4H), 3.81 (5, 3H), 3.65 (dt, /= 9.6, 7.7 Hz, 1H}, 3.50 (ddd, J
=95 86 36Hz 1H),324(dd, J=135,38Hz, 1H),293-276 (o, 2H), 2.22 - 2.12 {m, 1H)},
£.94 — 1.82 (m, 1H);, PC NMR (126 MHz, CDCly 8 175.7, 162.6, 160.6, 1548, 1352, 1351,
130.6, 130.6, 128.6, 1285, 1273, 1209, 1153, 1151, 112.0, 556, 480, 43.7, 36.1, 249, IR
(Neat Film NaCl) 2942, 1696, 1597, 1507, 1439, 1406, 1252, 1221, 1158, 1025, 752 cm™!;
HRMS (MM: ESI-APCH) m/z calc'd for CisHioFNG2 [M+H]™ 300.1394, found 300.1390.

1-{2-Methoxyphenyi}-3-(2,2,2-trifluoroethylipyrrolidin-2Z-one (5118}
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Lactam 5§16 was prepared according fo the general procedure 2 using 2-trifluoroethyl
iodide in place of methyl iodide, and isolated by flash column chromatography (1.5
EtOAc:hexanes) on silica gel as a vellow oil. 36% vield. "H NMR (500 MHz, CDCl) 6 7.29
(ddd, J=8.2,75 17Hz 1H), 723 (dd, /= 7.7, 1.7 Hz, 1H}, 7.03 ~ 6.93 (m, 2H]}, 3.83 (s, 3H),
380372 {m, IH), 365 (ddd, /=97, 88, 1.6 Hz, 1H), 3.04 - 2.93 {m, 1H), 2.93 - 2.84 {m,
PH), 2.56 — 2.46 (m, 1H), 2.14 (s, IH), 2.07 — 1.95 (m, 1H); BC NMR (126 MHz, CDCl) 8
1738, 1547, 1289, 1285, 1281, 1268, 1259, 1209, 112.0, 556, 480, 37.0, 369, 359, 357,
354,352, 26.8; IR (Neat Film NaCly 2946, 1703, 1597, 1505, 1462, 1414, 1282, 1252, 1135,
16 1039, 733, 613 cm !, HRMS (MM: ESI-APCIH) m/z calc'd for CraHuisFaNG: [M+H]™ 274.1049,

found 274.1049.

(]

3-{3-(Benzyloxyprepvl}-1-{2-methoxyphenyhpyrrolidin-2-one (5111}

Lactam SI11 was prepared according to the general procedure 2 using ((3-

15 bromopropoxyv)methyDbenzene!® in place of methyl iodide, and isolated by flash column

chromatography (1:3 to 1:2 EtOAc:hexanes) on silica gel as a pale vellow oil. 76% vield. 'H

NMR (500 MHz, CDCI3) 8 7.36 - 7.18 (m, TH), 6.99 - 6.90 (m, 2H}, 4.50 (s, 2H), 3.80 (s, 3H),

373 -3.64 (m, 1H), 3.64 - 3.58 (m, 1H), 3.58 -~ 3.46 (in, 2H), 2.63 ~ 2.53 {m, 1H), 2.36 -~ 2.25

(o, 1H), 2.05 — 1.94 (m, 1H), 1.90 - 1.80 (m, 1H), 1.80 - 1.68 {m, ZH), 1.64 - 1.52 (m, 1H); °C

20 NMR (126 MHz, CDCL) 5 176.7, 154.8, 138.6, 128.6, 128.5, 1284, 1277, 12753, 1274, 1208,

112.0, 73.0, 704, 556, 482, 418, 28.0, 27.5, 25.8; IR (Neat Film NaCl) 2939, 2860, 1697,

1396, 1504, 1454, 1403, 1279, 1252, 1102, 1026, 749, 699 cm™*; HRMS (MM: ESI-APCH) m/z
calc'd for C2iH2eNGs [M+HT": 340.1907. found 340.1913.
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i-{2-Methoxyphenyl)-3-(3-methyibut-2-en-1-ylpyrrolidin-2-one  (Si12}

Chde iz

Lactam SE12 was prepared according to the general procedure 2 using 1-bromo-3-
methyl-2-butene in place of methyl 1odide, and isolated by flash column chromatography (1.3
EtOAc hexanes) on silica gel as a pale vellow oil. 73% yield.  'H NMR (500 MHz, CDCh) §
730720 (m, 2H), 7.01 - 6.92 (m, 2H), 5.24 - 5.16 (m, 1H), 3.83 (s, 3H), 3.73 - 3.59 (m, 2H),
2.69 — 2.53 (m, 2H), 2.33 - 2.22 {m, Z2H}, 1.91 - 1.80 (m, 1H), 1.74 (s, 3H), 1.67 (s, 3H);, “C
NMR (126 MHz, CDChL) & 176.6, 1548, 1336, 1286, 1285, 127.6, 121.3, 1208, 112.0, 55.6,
556,482, 423,295,259,259, 251, 18.0; IR (Neat Film NaCl) 2913, 1698, 1596, 1503, 1459,
1405, 1279, 1252, 1025, 751 cm i, HRMS (MM: ESI-APCI+) mz cale'd for CisHnNO»
[M+HJT: 2601645, found 2601644,

{(£)-3-(But-2Z-en-1-yi}-1-(2-methoxyphenyl)pyrrolidin-2-one (5113)

Si3

Lactam SE13 was prepared according to the general procedure 2 using 1-bromo-2-
butene!’® in place of methyl iodide, and isolated by flash column chromatography (1.5
EtOAchexanes) on silica gel as a pale vellow ol 24% yield. 'H NMR (500 MHz, CDCls) §
730721 (m, 2H), 7.01 - 6.92 {m, 2H), 5.62 ~ 543 (m, 2H), 3.83 (s, 3H), 3.73 - 3.58 (m, 2H).
268 - 233 (m, 2H), 232 - 2,19 (m, ZH), 1.95 - 182 (m, 1H), 1.72 - 1.66 {m, 3H); PC NMR
(126 MHz, CDCls) 5 176.5, 1548, 128.6, 128.6, 1286, 128.1, 1274, 1209, 112.1, 55.6, 482,
42.0, 343, 24.8, 18.1; IR (Neat Film Na(l) 2937, 1699, 1596, 1505, 1456, 1436, 1404, 1298,
1279, 1252, 1107, 1046, 1025, 968, 751 cm ™, HRMS (MM: ESI-APCHH) mz cale'd for
CisHooNG: [MHH] 246.1489, found 246.1487.
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{(£3-3-Cinnamyl-1-(2-methoxyphenyhpyrrolidin-2Z-one (5114}

5it4

Lactam S¥14 was prepared according to the general procedure 2 using cinnamyl bromide
in place of methyl iodide, and isolated by flash column chromatography (113 o 1.2
EtOAc:hexanes) on silica gel as a pale vellow oil. 80% vield. H NMR (500 MHz, CDCl3) &
741 - 736 {m, 2H), 736 - 717 {m, SH}, 7.02 — 6.93 {m, 2H}, 6.51 (d, /= 157 Hz, 1H), 629
(dt, /=157, 7 1Hz, 1H), 3.81(s,3H), 3.75 - 361 (m, 2H), 2.84 - 2.73 (m, 2H}, 2.57 - 2.46 {m,
PH), 238 — 227 {m, TH), 2.03 - 1.92 (m, 1H); “C NMR (126 MHz, CDCls) § 176.0, 1548,
1375, 1322, 1286, 1286, 1283, 127.5, 1274, 1274, 126.1, 1209, 112.0, 556, 482, 41.9,
34.7, 24.8; IR (Neat Film NaCly 2941, 1694, 1596, 1504, 1463, 1407, 1233, 1025, 967, 749, 694
cm L, HRMS (MM: ESI-APCIH) m/z cale'd for CaoHaNQG2 [MAH]™ 308.1645, found 308.16435.

{£})-1-{2-Methoxyphenyi}-3-(3-({p-tolvi}allylpyrrolidin-2-one {8115)

3

Lino,

Me

8115

Lactam 8115 was prepared according to the general procedure 2 using (£)-1-(3-
chloroprop-i-en-1-yh-4-methylbenzene!® in place of methyl iodide, and isolated by flash column
chromatography (1:3 EtOAc hexanes} on silica gel as a pale yellow oil. 90% vield. 'H NMR
(500 MHz, CDCl3) 6 734 - 7.21 (m, 4H), 713 {d, /=79 Hz, ZH), 7.03 ~ 6.94 (m, ZH), 6.49 (d,
J=15T7Hz, 1H), 624 (dt, /=158, 7.1 Hz, 1H), 383 (s, 3H), 3.77 - 3.62 (o, 2H), 2.84 - 2.73
(m, 2H), 2.58 — 2.44 (m, 1H), 2.40 - 2.27 {m, 481}, 2.04 - 1.92 (m, 1H): PC NMR (126 MHz,
CDCls) 6 176.1, 1548, 1369, 1347 132.0, 1292, 128.6, 128.6, 1274, 1264, 126.0, 120.9,
112.0,556,482, 419,347,248, 21 2; IR (Neat Film NaCl} 2939, 1695, 1596, 1504, 1462,
£405, 1279, 1252, 1181, 1122, 1107, 1045, 1025, 968, 891, 752 cm !, HRMS (MM: ESI-APCI+)
m/z cale'd for CoHaaNG [MHHTT 3221802, found 322 1803,

{(£)-1-(2-Methoxyphenyi}-3-(3-(4-methoxvphenyhallylipyrrolidin-Z-one (8116}
45
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Si18

Lactam SI16 was prepared according to the gencral procedure 2 using (F)}-1-(G3-
chloroprop-1-en-1-yh-d-methoxybenzene’” in place of methy! iodide, and isolated by flash
column chromatography (1.3 EtOAchexanes) on sifica gel as a pale yellow oil. 100% vield. 'H
NMR (500 MHz, CDCl) 6 7.42 - 718 (m, 4H), 7.02 - 6.94 (m, 2H), 6.94 - 6.82 (m, 2H), 6.45
(dt, /=158, L4 Hz, 1H), 6.14 (dt, /=157, 7.1 Hz, 1H), 3.81 (5, 3H}, 3.81 (s, 3H), 3.76 - 3.60
{(m, 2H), 2.81 - 2.69 (m, 2H), 2.54 ~ 2.43 (m, 1H), 2.37 - 2.26 (m, 1H}, 2.02 - 1.91 {m, 1H); ¥C
NMR (126 MHz, CDCl3) & 176.1, 1589, 1548, 1315, 1303, 1286, 128.6, 1274, 1272, 1252,
1209, 1139, 112.0, 55,6, 553, 482, 42.0, 347, 24 8; IR (Neat Film Na(Cl) 2934, 1694, 16046,
£510,1505, 1463, 1406, 1249, 1175, 1027, 753 co’'; HRMS (MM: ESI-APCI+H) m/z calc'd for
CoHzaNG; [MHH]™ 338.1751, found 338.1748.

{E}-3-(3-{4-Fiuorophenyi)alivi}-1-(2-methoxyphenyl)pyrrolidin-2-one (S117)

/”

.

OMe

sit7

Lactam 517 was prepared according to the gencral procedure 2 using {(#3-1-(3-
chloroprop-{~-en-1-vh-4-fluorobenzene!® in place of methy! iodide, and isolated by flash column
chromatography (1.3 EtQAchexanes) on silica gel as a white solid. 52% yield. 'H NMR (500
MHz, CDCL} 8 7.37 - 730 (m, 2H), 7.30 - 721 {m, ZH), 7.05 - 6.93 (m, 4H}, 651 - 643 (m,
IH), 6.20 (dt, /=158, 7.1 Hz, 1H), 3.81 (5, 3H), 3.75 - 361 (m, 2H), 2.83 - 2.73 {m, 2ZH), 2.56
—~ 245 (m, 1H). 2.38 - 2.27 (m, 1H). 1.96 (ddt. /= 12.8, 8.6, 7.6 Hz. 1H): PC NMR (126 MHz,
CDBCh) 8 1761, 163.0, 1611, 1548, 1337, 133.6, 131.0, 1287, 1286, 127.6, 1275, 1273,
1278, 1272, 1209, 1155, 1153, 112.0, 55.6,48.2, 41.9, 347, 24.9; IR (Neat Film Na(l) 2942,
1696, 1597, 1507, 1458, 1405, 1279, 1253, 1225, 1158, 1046, 1025, 968, 839, 753 cm™!; HRMS
(MM ESI-APCI+) m/z cale'd for CooHa FNO2 [M+H]™ 326.15351, found 326.1344.

{£})-1-{2-Methoxyphenyi}-3-(3-(thiophen-3-yljallyDpyrrolidin-2-one (5118}

46
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o
M
OMe 5

Si18

Lactam 518 was prepared according to the general procedure 2 using {(#3-3-(3-
chloroprop-1-en-1-vhthiophene i place of methyl iodide, and isolated by flash column
chromatography (1:2 EtOAc:hexanes) on silica gel as a pale vellow oil. 62% vield. 'H NMR
(500 MHz, CDCl) 6 731 - 7.19 (m, 4H), 7.10 {dd. J = 3.1, 1.2 Hz, 1H), 7.01 ~ 6.92 (m. 2H).
652(d, J=157THz, 1H), 6,13t .J=157,7 1 Hz, 1H), 3.81 (5, 3H}, 3.75 - 3.59 (m, ZH), 2.81
— 278 (m, 2H), 2.53 - 242 (m, TH}, 2.37 - 2.26 (m, 11}, 2.02 — 1.90 (m, 1H); PC NMR (126
MHz, CDClzy & 1761, 1548, 140.1, 1286, 128.6, 1273, 1273, 1264, 1259, 1250, 121.0,
1209, 1121, 55.6, 482, 419, 34,6, 24 9; IR (Neat Film Na(l) 2936, 1694, 1596, 1504, 1463,
1408, 1279, 1252, 1181, 1122, 1046, 1025, 966, 890, 862, 753 cm™'; HRMS (MM: ESI-APCHH)
m/z cale'd for CisHaeNG2S [MA+H]™ 3141209, found 314.1206.

1-{2-Methoxyphenyl}-3-((2£,45)-S-phenyipenta-2 4-dien-1-vhpyrrolidin-2-one (5§19}

Lactam SI19 was prepared according to the general procedure 2 using ((157.38)-5-
bromopenta-1,3-dien-1-yl}benzene™ in place of methyl iodide, and isolated by flash colunmn
chromatography (1:2 EtOAchexanes) on silica gel as a colorless oil. 73% yield. H NMR (300
MHz, CDCl) 8 742 - 7.36 (m, 2H), 736 — 717 (m, 4H), 7.02 — 6.92 (o, 2H), 6.79 (ddd, J =
157, 104, 08 Hz 1H), 649(d,J=157Hz, 1H), 633 (ddd, /=131, 104,08 Hz, 1H), 593 -
5.83 (m, 1H), 3.83 (s, 3H), 3.76 - 3.61 (m, 2H}, 2.80 ~ 2.68 {m, 2H), 247 - 2.37 (m, 1H}, 2.36 ~
2.26 {m, 1H), 1.99 — 1 .87 (m, 1H); BC NMR (126 MHz, CDCl3) 6 176.0, 1548, 1374, 1328,
132.0, 1309, 129.0, 128.6, 128.6, 128.6, 1274, 1273, 1262, 1209, 112.0, 556, 48.1, 419,
34.6, 25.0; IR (Neat Film Na(Cl) 2941, 1694, 1596, 1503, 1463, 1407, 1300, 1279, 1252, 1181,
1123, 1107, 1046, 1026, 992, 911, 891, 750, 693 om't; HRMS (MM: ESI-APCIH) m/z calc'd for
CazHzaNO: [M+HT 334.1802, found 334.1801.

General Procedure for Ni-Catalvzed C-Acgviation




10

15

24

WO 2017/156239 PCT/US2017/021528

L2: SL-M004-1 (12 mot %)
N{CODRY,; (10 mol %)
LHMDS (1.2 equiv}
LiBr {5 equiv)

toluene-THEF {(10/1}
0°C, 48 h
then 1 § HCH

Geperal procedure 3: (N-1-(2-methoxyvphenvh-3-methyl-3-{4-methvibenzovl) pvirolidin-2-one

(6)

To a suspension of lactam 1h (82.1 mg, 0.400 mmol, 2.00 cquiv), p-tolunitrile 2a (23.4
mg, 0.200 mmeol, 1.00 equiv), bromobenzeng 3b (31.5 pb, 0.300 mmol, 1.50 equiv), LHMDS
(40.2 mg, 0.240 mmol, 1.20 equiv) and LiBr (86.9 mg, 1.00 mmol, 3.00 equiv) m toluene (1.0
mb) and THF (020 mL) was added a solution of Ni{COD) {5.50 mg, 8.0200 mmol, 0.100
equivy and SE-MO04-1 (Solvias, 25.3 mg, 0.0240 mmeol, 0.120 equiv) at 0 °C and the reaction
nuxture was stirred at 0 °C for 48 h. AcOEt (6 mL) and 1| M HCI agueous solution {5 mL) were
added and the mixture was stirred at ambient temperature for 1 h. The reaction mixiure was
extracted with AcOFEt (24 mL), washed with brine (5 mL}, dried over Nax504, and concentrated
under reduced pressure.  The residue was purified by flash column chromatograpbhy (1.5
EtOAchexanes) on silica gel to give lactam 6 as a white solid (§9.4 mg, 92% vield, 91% ec).
{ajp®® +2.1° (¢ 1.03. CHC):, '"H NMR (500 MHz, CDCl3) 8 8.09 — 8.02 (m, 2H), 7.33 - 7.20 (m,
4H), 7.03 - 6.95 {m, 2H}, 3.94 - 3.87 {(m, 1H). 3.85 (s, 3H), 3.84 - 3.78 {m, 1H}, 2.94 (ddd, J =
12.9, 84, 64 Hz 1H), 240 (s, 3H), 207 (ddd. /= 12.8, 8.0, 4 8 Hz, 1H), 168 (s, 3H); PC NMR
(126 MHz, CDClz) 8 198.4, 1749, 1550, 1432, 133.0, 1296, 129.0, 1290, 128.4, 1269, 1209,
F12.1, 56,6, 55,7, 47 1, 32.5, 21.6; IR (Neat Film NaCl} 2973, 2929, 1701, 1696, 1606, 1503,
1459, 1408, 1272, 1255, 1185, 1121, 1023, 1009, 970, 753 cm ') HRMS (MM: ESI-APCIH) m/z
cale'd for CaoHanNGs [MHH]™ 3241594, found 324.1599,
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Mi-Catalvzed C-Acviation Products

(&)-3-Benzovi-1-{4-methoxyphenyl)-3-methvipyrrolidin-2-one {4a}

moN \%E

4a

Lactam 48 was prepared according to the general procedure 3 from 1a using benzonitrile
in place of p-tolunitrile, reacting at ambient temperature for 24 b in place of 0 °C for 48 h, and
1solated by flash column chromatography (1:10 EtQOAc:hexanes) on silica gel as a white solid.
86% vicld, 88% ce. {ajp® ~27.1° (¢ 143, CHCL): H NMR (500 MHz, CDCL) 8§ 8.07 ~ 8.00
(m, 2H}, 7.58 - 7.47 (m, 3H), 7.46 - 738 {m, 2H), 6.96 - 6.87 (m, 2H}, 3.95(ddd, /= 95,79,
6.1 Hz, 1H), 3.86 (ddd, /=96, 8.2, 51 Hz, 1H), 3.82 (5, 3H), 2.93 {ddd, /= 13.0, 8.0, 5.1 Hz,
TH), 2.08 (ddd, 7= 12.9, 8.3, 6.1 Hz, 1H). 1.68 (s, 3H); PC NMR (126 MHz, CDCl3) & 2930,
1900, 1732, 1569, 1359, 1325, 1324, 1292, 1284, 1218, 114.1, 583, 555, 46.5,31.7, 22.0;
IR (MNeat Film NaCl) 1685, 1512, 1399, 1268, 1249, 1182, 1090, 1032, 970, 830, 702 cm'!;
HRMS (MM: ESI-APCIH) m/z cale'd for CioHaeNOs [M-+HJ™ 3101438, found 310.1442.

{%3-3-Benzoyl-1-{2-methoxyphenyl)-3-methvipyrrolidin-2Z-one {4b)

Lactam 4b was prepared according to the general procedure 3 from 1b using benzonitrile
in place of p-tolunitrile, and isolaied by flash column chromatography (1.5 EtQAchexanes) on
silica gel as a white solid. 81% vield, 92% ce. [a]p® +4.0° (¢ 1.21, CHCl3, 929 ce);, 'TH NMR
(500 MHz, CDCL) 3 817 - 811 (m, 2H), 7.56 — 748 (m, 1H), 747 - 7.40 (m, 2H), 734 - 7.25
{m, 2H), 7.04 - 6.95 (m, 2H}, 3.90 (ddd, / = 9.6, 84, 4 8 Hz, 1H), 3.86 - 3.78 {m, 1H), 3.85 (s,
3H), 295(ddd, /=129, 84, 63 He, 1H), 2.08(ddd, /=128, 8.0, 48 Hz, 1H). 1.69 (s, 3H); °C
NMR (126 MHz, CDCl3) 6 1989.0, 174.7, 1550, 1358, 1324, 1294, 1290, 1283, 1283, 1268,
121.0, 1121, 56.8, 55.7, 47.1, 32.4, 21.6; IR (Neat Fidm NaCl) 2974, 2030, 1701, 1697, 1396,
1503, 1459, 1410, 1305, 1270, 1256, 1121, 1023, 1010, 970, 730, 702 cm™!; HRMS (MM: ESI-
APCE+) m/z calc'd for CroHzoNGs [M+H]™ 310.1438, found 310.1441.

49



.4

10

15

WO 2017/156239 PCT/US2017/021528

($1-3-Benzoyl-1-(3,5-dimethoxyphenyi)-3-methvipyrrolidin-2-one {4c)

Lactam 4¢ was prepared according to the general procedure 3 from ic using benzonitrile
n place of p-tolunitrile, and isolated by flash columm chromatography (1.5 EtOAchexanes) on
silica gel as a white solid. 80% vield, 85% ee. [ap?® -30.0° (¢ 1.04, CHCI3), 'H NMR (300
MHz, CDCl3) 6 8.04 ~ 797 {m, ZH), 7.55 - 748 (m, 1H), 747 - 738 {m, 2H), 692 (d, J= 2.2
Hz, 2H), 631, .J=22Hz 1H), 397(ddd./=9.6,80. 6.0 Hz, 1H),387(ddd,/=96,83.51
Hz, 1H), 3.81 (s, 6H), 2.92 (ddd, J=13.1, 8.0, 52 Hz, 1H), 2.07 (ddd, /=129, 83, 6.0 Hz, 1H),
1.68 (s, 3H); PC NMR (126 MHz, CDChL) & 1986, 1738, 160.9, 141.0, 1357, 1326, 1292,
1284, 983, 97.1, 58.7, 555, 464, 31.4, 22.0; IR (Neat Film NaCl} 2937, 2840, 1696, 1598,
1480, 1393, 1277, 1249, 1206, 1156, 1067, 972, 834, 722, 699, 682, 661 cm!; HRMS (MM:
ESI-APCI+) mz cale'd for CzoHaaNGs [MHH]™ 340.1543, found 3401552,

($)-3-Benzoyi-1-{2-isopropoxyphenyl}-3-methyipyrrolidin-2-one (4d})

Lactam 4d was prepared according to the general procedure 3 from 1d using benzonitrile
m place of p-tolunitrile, and isolated by flash column chromatography (1:5 EtOAc hexanes) on
silica gel as a white solid. 69% vyield, 8% ee. [ajp® +94° (¢ 1.01, CHCl3);, 'H NMR (500
MHz, CDCL) 6 8.21 ~ 8.14 (m, 2H), 7.59 - 7.51 (m, 1H), 7.51 ~ 743 (m, 2H), 7.35 - 7.26 (m,
ZH), 7.06 - 6.97 {(m, ZH), 4.63 (hept, /= 6.1 Hz, 1H}, 398 (ddd, /= 9.5, 8.2, 49 Hz, 1H), 383
(ddd. /=9.6,80,63 Hz, 1H), 300(ddd, /=128 82,63 Hz, 1H),2.10(ddd, /=128,8.0,49
Hz, 1H), 1.73 (s, 3H), 1.36 {d, J = 6.0 Hz, 3H), 1.35 (d, .J = 6.0 Hz, 3H}; ¥ NMR (126 MHz,
CDCh) 6 199.0, 174 .5, 1532, 1359, 1324, 1294, 128 8, 1288, 1283, 127.7, 1206, 114.1, 70 .4,
569, 472,326, 22.1, 22,1, 21.6; IR (Neat Film NaCly 2977, 2930, 1697, 1596, 1500, 1455,
1407, 1281, 1270, 1255, 1124, 954, 750, 70ilem ', HRMS (MM: ESI-APCI+H) m/z cale'd for
CoHzaNG; [MHH]™ 338.1751, found 338.1744.
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($)-1-(2-Methoxyphenyl)-3-methyl-3-(3-methylbenzovipyrrolidin-2-one (7}
o]
Me '
7

Lactam 7 was prepared according to the general procedure 3 from 1b using m-tolunitrile

in place of p-tolunitrile, and isclated by flash column chromatography (1.5 EtOAc hexanes) on
silica gel as a colorless 0il. 91% vield, 93% ¢e. falp™ +53.5° (¢ .52, CHCL);, "TH NMR (300
MHz, CDClz) 8 7.97 - 790 (m, 1H), 7.89 — 788 (m, 1H), 7.33 — 7.26 {m, 4H), 7.04 — 695 (m,
2H), 390 (ddd, J=9.6,84, 47 Hz, 1H), 3.86 — 3.78 {(m, 1H}, 3.84 {5, 3H), 2.93 {(ddd, =129,
84,65 Hz 1H), 240 (s, 3H), 2.11 - 2.02 {m, 1H), 1.67 (s, 3H); “C NMR (126 MHz, CDCls) 6
1993, 174,84, 15506, 138.0, 1358, 1331, 1298, 1290, 1283, 128.1, 1269, 1265, 121 .0, 1121,
S6.8, 557, 471, 324, 216, 21.5; IR (Neat Film NaCly 2973, 2931, 1694, 1598, 1504, 1435,
1409, 1276, 1255, 1182, 1121, 1092, 1044, 1024, 976, 905, 789, 754, cm ', HRMS (MM: ESI-
APCE+) m/z cale'd for CooHaNG; [MAH|™: 3241594, found 3241602,

(83-1-(2-Methoxyphenyl}-3-methyl-3-(Z-methylbenzoylpyrrolidin-2-one (8}

Lactam 8 was prepared according to the general procedure 3 from 1b using o-tolunitrile
in place of p-tolunitrile, reacting with aguecus HCl at 70 °C in place of ambient temperature, and
1solated by flash columu chromatography (1:5 EtOAc hexanes) on silica gel as a colorless o1l
69% vield, 94% ee. [a]p® -29.6° {¢ 0.20, CHCL:): 'H NMR (500 MHz, CDCh) § 7.64 (dd. J =
7.6, 14 Hz, [H), 734 - 725 (m, 2H), 7.25 - 7.16 (m, 3H), 7.01 - 6.93 (m, ZH), 3.82 (s, 3H),
373(dd, J=76,63 Hz, 2H), 2.82 - 2.73 {m, 1H}, 2.33 (s, 3H}, 2.14 - 2.05 (m, 1H), 1.539 (s,
3H), BC NMR (126 MHz, CDCls) 8 2035, 1738, 1549, 1391, 1356, 1309, 1297, 1289,
1284, 1269, 126.0, 1252, 1209, 112.1, 584, 55,6, 472, 319, 21.3, 20.1; IR (Neat Film Na(l)
2971, 2932, 1694, 1597, 1505, 1456, 1409, 1305, 1281, 1256, 1122, 1045, 1025, 969, 755 em
HRMS (MM: ESI-APCH)} m/z calc'd for CaoHaNGs [M+H]™: 3241594, found 324.1601.

{8)-3-(4-(tert-Buiyl)benzovi}-1-(Z-methoxyphenyh-3-methyipyrrolidin-2-one {9)

5
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~~OACL.

OhMe
8

Lactam 9 was prepared according to the general procedure 3 from 1b using 4-{rers-
butyl}benzonitrile m place of p-tolonitnile, and isolated by flash column chromatography (1:5
EtOAc:hexanes) on silica gel as a white solid. 89% vield, 92% ee. {o]p® +6.9° (¢ 1.04, CHCl3);
"H NMR (500 MHz, CDCls) 6 8.13 - 8.07 (m, 2H), 7.47 — 741 (m, 2H), 7.33 — 7.25 {m, 2H),
7.04 - 6.95 (m, 2H), 393 - 380 (m, 2H), 385 (s, 3H), 2.96(ddd. /=129, 8.4, 6.5 Hz, 1H), 2.08
(ddd, /=128,79, 48 Hz, 1H), 1.69 (s, 3H), 1.34 (s, 9H); PC WMR (126 MHz, CDC33 3 198 2,
1750, 156.0, 155.0, 1327, 1295, 1289, 1284, 1269, 1252, 1209, 112.1, 56,6, 557, 47 .1,
350, 325, 310, 21.6; IR (Neat Film NaCly 2963, 1701, 1676, 1603, 1504, 1459, 1406, 1272,
1255, 1121, 1109, 1023, 971, 752 cm !, HRMS (MM: ESI-APCIH) m/z cale'd for CosHasNOD;
[M+H]"™ 366.2064, found 366.2072.

{83-3-(4-Methoxybenzoyi}-1-(Z-methoxyphenyl}-3-methyipyrrolidin-2-one (13}

Lactam 10 was prepared according to the general procedure 3 from 1b usimmg 4-
methoxyvbenzonitrile in place of p-tohunitrile, and isolated by flash column chromatography (1.5
EtOAchexanes) on silica gel as a colorless oil.  83% vield, 89% ec. [app® -3.7° {¢c 0.73,
CHCls); TH NMR (500 MHz, CDC13) 8824 - 8.17 (m, 2H}, 7.32 - 7.27 (m, 2H), 7.03 - 6.88 {m,
4H), 3.93 - 387 (m. 1H), 3.87 (s, 3H), 3.83 (5, 3H), 3.83 = 3.77 (m, IH), 2.97 (ddd, J = 12 .8,
8.2, 62 Hz, IH), 2.07 (ddd, J = 129, 8.0, 5.0 Hz, 1H), 1.68 {s, 3H};, “C NMR (126 MHz,
CDClay 6 1968, 175.0, 162.9, 155.0, 132.1, 128.9, 1283, 128.2, 127.0, 120.9, 1134, 112.1, 56.6,
557,554, 472,327, 21.8; IR (Neat Film NaCl) 2971, 2933, 1695, 1600, 1504, 1464, 1456,
1410, 1307, 1259, 1174, 1027, 971, 845, 754, 699, 610 cm ', HRMS (MM: ESI-APCT+) mz
cale'd for CaoHu NG [MHHTT: 340.1543, found 340.1547.
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($1-3-(4-Fluorcbenzoyh)-1-(2-methoxyphenyl)-3-methyipyrrofidin-2-one (11}

77

Lactam 11 was prepared according to the general procedure 3 from 1b using 4-
fluorobenzonitrile in place of p-tolunitnile, and isolated by flash columm chromatography (1:5
EtOAchexanes) on sifica gel as a white solid. 36% vield, 96% ee. [afp® ~1.8° (¢ 0.77, CHCl);
H NMR (500 MHz, CDCla) 6 8.28 - 820 (m, 2H), 7.34 ~ 727 {m, 1H), 7.27 ~ 7.20 {m, 1H},
714 - 7.06 (m, 2H), 7.04 - 6.95 (m, ZH), 3.91 {ddd. /= 9.6, 8.3, 5.0 Hz, 1H), 3.85 - 3.76 (m,
4H), 3.83 (s, 3H). 2.95 (ddd, J = 128,83, 6.1 Hz, 1H), 2.12 - 2.03 {m, 1H). 1.68 (s, 3H); °C
NMR (126 MHz, CDClz) 6 1971, 1745, 165.2, 1549, 132.4, 1319, 129.1, 1283, 126.7, 121.0,
F153, 1121, 369, 557, 472, 325, 21.7; IR (Neat Fidm NaCly 2974, 1697, 1684, 1597, 1506,
F457, 1410, 1271, 1256, 1235, 11606, 1024, 972, 848, 7534, 609 cm!; HRMS (MM ESI-APCH)
m/z cale'd for CroHieFNGs [MHH]T: 3281343, found 328.1353.

(&)-1-(2-Methoxyphenyl)-3-methyi-3-(4-(irifluoromethyl}benzoylpyrrolidin-2-one (12}

Lactam 12 was prepared according to the general procedure 3 from 1b using 4-
trifluoromethylbenzonitrile 1 place of p-tolumitrile, and  isolated by flash column
chromatography (1:3 EtQAchexanes) on silica gel as a colorless oil. 23% yield, 87% ee. [a]p®
+2.7° (¢ 0.71, CHChL), "H NMR (500 MHz, CDCI3) § 829 ~ 822 (m, 2H), 7.78 - 7.61 {m, 2H),
735-729(m, 1H), 724 (dd, /=77, 1.7 Hz, 1H}, 7.05 — 6.95 (m, 2H}, 3.91 (ddd, /= 9.7, 83,
50Hz, 1H), 384 (s,3H),3.83-3.77 ¢, 1H). 293 (ddd, /=129, 8.3, 6.2 Hz, 1H), 2.09 (ddd, J
=13.0,8.0, 5.0 Hz, 1H), 1.69 (s, 3H); BC NMR (126 MHz, CDCh} 8 1984, 174.1, 154.9, 139.0,
133.7, 1336, 1297, 1292, 1283, 1253, 123.6, 121.0, 112.1, 572, 557, 472, 32,1, 215, IR
(Neat Film NaCl) 2975, 2934, 1697, 1505, 1409, 1328, 1316, 1257, 1169, 1127, 1068, 1020,
1009, 973, 838, 733; em!; HRMS (MM: ESI-APCI+H) m/z cale'd for CooHioFsNGs [M+H™
378.1312, found 378.1325,
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($1-3-(2-Naphthoyl}-1-{2-methoxyphenyl}-3-methylpyrrolidin-2-one (13}

Lactam 13 was prepared according to the general procedure 3 from 1b using 2-
naphthonitrile m place of p-tolumtnle, and isolated by flashk coluomn chromatography (1.5
EtOAchexanes) on silica gel as a colorless oil. 66% vyield, 91% ee. falp? +15.8° (¢ 0.52,
CHCl3); TH NMR (5300 MHz, CDCl) 6 877 (d, J= 1.3 Hz, 1H), 8.14 (dd, J= 8.6, 1.8 Hz, 1H),
798 - 792 (o, 1H), 787 1,/ =84 Hz, 7H), 7.62 — 736 {m, 1H), 7.56 — 749 (m, iH), 735 -
7.27 {m, 2H}, 7.06 — 6,97 (m, 2H). 396 (ddd, /= 9.6,8.3, 4 9 Hz, 1H), 3.90 - 3.81 {m, 1H), 3.84
(s, 3H), 3.04 (ddd, /= 129,83, 6.2 Hz, 1H), 2.17 - 2.08 {m, 1H), 1.75 (s, 3H). *C NMR (126
MHz, CDCl3) & 1989, 1747, 155.0, 1351, 133.0, 1324, 131.1, 1298, 129.0, 1283, 1283,
128.0, 1276, 127.0, 1265, 1254, 121.0, 1122, 571,557,472, 32.6, 21 8, IR (Meat Film NaCl)
2930, 1694, 1505, 1463, 1409, 1281, 1255, 1120, 1024, 730 cm'; HRMS (MM: ESL-APCI+H)
m/z cale'd for CasHnNGs [MAH]™ 360.1594, found 360.1589,

{(83-3-Ethyl-1-{2-methoxyphenyl}-3-(d-methylbenzoypyrrolidin-2-one (14}
- a O

A0

=0 N - ) L

OMe T
14

Lactam 14 was prepared according to the general procedure 3 from 516, and isolated by

flash column chromatography (1:3 EtOAc hexanes) on silica gel as a colorless oil. 50% yield,
77% ee. falp? +14.6° (¢ 0.81, CHCI); 'H NMR (300 MHz, CDCl) § 8.14 (d, /= 8.3 Hz, 2H),
731 - 718 {m, 4H), 7.01 - 692 (m, 2H), 390 (ddd, J =935, 8.1, 6.7 Hz, 1H), 3.79 (s, 3H), 3.71
(ddd. /=95,87 43 Hz 1H), 295¢(ddd, J=13.0,80,42 Hz, 1H), 241 - 230 (m, 4H), 2.17 -
205 {m, 2H), 097 (t, J = 7.5 Hz, 3H), PC NMR (126 MHz, CDCl) & 1983, 173.5, 134.9,
1430, 1340, 1295, 1289, 128.9, 1284, 1271, 1209, 1121, 618, 55,6, 475, 29,5, 291, 21.6,
8.8; IR {Neat Film NaCl) 2962, 1700, 1606, 1504, 1461, 1253, 1159, 1024, 752 cm i HRMS
(MM ESI-APCI+) m/z cale'd tor CoiHaaNOs [MHH]T: 338.1751, found 338.1753.
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{($1-3-Benzyl-1-(Z-methoxyphenyl}-3-{4-methyibenzoylipyrrolidin-2-one (15}

Lactam 15 was prepared according to the general procedure 3 from 817, and isolated by
flash column chromatography (1:5 EtOAchexanes) on silica gel as a colorless oil. 61% vield,
81% ece. Jaip™ +62.3° (¢ 0.90, CHCL); TH NMR (500 MHz, CDCl3) 8 8.13 ~ 8.06 {m, 2H), 7.3}
~7.16 {m, 8H), 6.93 - 6.83 (m, 3H), 3.77 (s, 3H), 3.62 (td, J=9.1, 4 1 Hz, 1H), 353 (d, /=137
Hz, 1H), 334 (d, J= 137 Hz, 1H), 290 - 272 (m, 2H), 2.37 {s, 3H), 2.26 (ddd. J = 13.0, 8 4,
4.1 Hz, 1H), PC NMR (126 MHz, CDCl:) § 197.7. 173.1, 1549, 1432, 136.7, 1333, 1306,
1297, 129.0, 1289, 1284, 1279, 1269, 126.7, 1208, 112.0, 614, 556, 47.0, 409, 28.7, 21.7;
IR (Neat Film Na(Cly 2928, 1696, 1604, 1502, 1457, 1405, 1240, 1185, 1023, 741, 702 em'};
HREMS (MM: ESI-APCIH) moz cale'd for CosHoeNOs [M+H]™: 400.1907, found 400.1919.

{83-3-{4-Methoxybenzyl)-1-(Z-methoxyphenyi}-3-{4-methyvibenzoyl)pyrrolidin-2-one (16}

Lactam 16 was prepared according to the general procedure 3 from SI8, and isolated by
flash column chromatography (1:5 EtOAchexanes) on silica gel as a colorless oil. 77% vield,
B1%ee. [alp® +50.4°(c 1.21, CHCL); TH NMR (300 MHz, CDCl5) 6 8.16 - 8.09 (m, 2H), 7.30
~ 718 {m, 5H), 6.99 {dd, J=8.0, 1.8 Hz, 1H}, 6.98 — 6.88 (m, ZH), 6.88 - 6.80 (m, 2H), 3.81 (s,
3H), 3.80 (s, 3H), 3.67 (td, /=92, 42 Hz, 1H), 3.51 {d, /= 139 Hz, 1H), 3.32 (d, /= 139 Hz,
TH), 295 (ddd, /=94, 8.6, 65 Hz, 1H), 280 (ddd, J=133,9.0, 64 Hz, 1H), 240 (s, 3H), 2.27
(ddd, J = 13.0, 8.6, 42 Hz, 1H), PC NMR (126 MHz, CDCisy 8 1979, 173.2, 1587, 1349,
1431, 1334, 1315, 1297, 129.0, 1288, 1286, 1279, 1267, 1208, 1137, 1120, 61.5, 5356,
553,470, 401, 287, 21.6; IR (Neat Film Na(l) 2930, 1694, 1606, 1505, 1463, 1409, 1301,
1248, 1180, 1028, 832, 753 co !, HRMS (MM: EST-APCI+) m/z cale'd for CorHasNGs [M+H]"™
430.2013, found 430.2006.
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($1-3-(4-Fluorcbenzyl}-1-(2-methoxyphenyl}-3-(4-methylbenzoyhpyrrolidin-2-one (17)

Lactam 17 was prepared according to the general procedure 3 from $I9, and wsolated by
flash columm chromatography (1.5 EtOAchexanes) on silica gel as a white foam. 76% vield,
4% ee. [ojp® +38.9° (¢ 3.08, CHCL), 'H NMR (500 MHz, CDC13) 5§ 8.15 - 8.08 (m, 2H)}, 7.31
— 721 (m, 5H), 704 - 691 (m, SH), 3.79¢(s,3H), 367 (1d, ./ =93, 44 Hz, 1H), 334(d, /=139
Hz, 1H), 334(d, J= 139 Hz, 1H),3.00(ddd, /=95, 87, 63 Hz, 1H), 281 (ddd, /=134, 9.1,
63 Hz, 1H), 241 (s, 3H), 226 (ddd, J= 13.3, 8.7, 4 4 Hz, 1H): PC NMR (126 MHz, CDCls) 8
1976, 172.9, 1631, 1611, 1548, 1433, 1332, 1324, 132.0, 132.0, 1296, 1291, 1289, 1278,
126.5, 1209, 1153, 115.1, 112.0, 61.4, 55,6, 47.0, 40.1, 28.6, 21.7. IR (Neat Film Na(l) 2931,
1697, 1604, 1504, 1465, 1410, 1222, 1183, 1026, 909, 833, 752, 731 cm!; HRMS (MM: ESI-
APCE+) sz cale'd for CosHasFNGs [M+H|™: 4181813, found 418.1806.

{()3-1-(2-Methoxyphenyl}-3-{4d-methyibenzoyl)-3-(2,2,2-trifluoroethyDipyrrolidin-2-one (18)
- g Q
\ . N : o -
Otde oe, 7
8

Lactam 18 was preparcd according to the general procedure 3 from 5§19, and isolated by
flash column chromatography (1:5 EtOAc:hexanes) on silica gel as a colorless ol 58% vield,
1% ee. [afp® +10.3° (¢ 2.16, CHCL:); 'H NMR (500 MHz, CDCl) § 8.16 - 8.09 (m, 2H), 734
~ 728 (m, 1H), 7.28 - 7.17 (m, 3H}, 7.03 - 6.92 (m, 2H}, 4.00 (ddd, J =96, 7.7, 6.8 Hz, 1H},
378 (s, 3H), 3.72 (ddd, J =96, 87, 39 Hz, 1H), 334 (dq, /= 158, 11.1 Hz, 1H), 3.10 - 3.01
(m, 1H), 2.87 (dg, J= 157, 11.1 Hz, 1H), 2.40 (s, 4H); PC NMR {126 MHz, CDCl3) 8 1951,
[71.4, 1548, 1435, 133.0, 129.6, 1293, 1291, 128.1, 1275, 1264, 1253, 121.0, 112.0, 577,
35.6,47.6,39.3,39.1,38.9,38.7, 29.1, 29.0, 21.6; IR (Neat Film Na(l) 2952, 1703, 1673, 1505,
1464, 1373, 1299, 1260, 1143, 1021, 733 cm!; HRMS (MM: ESI-APCI+) m/z calc'd for
CaH2i FaNGs [M+H]™ 3921468, found 3921459,
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(81-3-(3-(Benzyloxy)propyl}-1-(Z-methoxyphenyi}-3-(4-methylbenzoylipyrrolidin-2-one {19}

Eaene)

12 CEn

Lactam 19 was prepared according to the general procedure 3 from SI11, and isolated by
flash column chromatography (1.5 EtOAc:hexanes) on sifica gel as a colodess ol 67% yield,
60% ee. [alp® +9.3% (¢ 2.90, CHCLY; 'TH NMR (500 MHz, CDCI:) 3 8.16 - 8.10 (m, 1HD), 7.37
— 718 (m, 6H), 7.01 — 692 {(m, 1)}, 445{d, .7 =23 Hz, 1H), 3838 (ddd, /=935, 8.0, 6.6 Hz,
PHY, 3.77 (s, 1H), 3.76 -~ 3.66 (m, 1H}, 346 (&d, /=64, 1.1 Hz, 1H), 2.38 (s, 2H), 2.19 - 2.07
(m, 1H), 1.77 - 1.538 {m, 1H); PC NMR (126 MHz, CDCl3) § 198.0, 173 .4, 1549, 143.0, 1383,
1338, 1295, 1289, 1289, 1284, 1283, 1276, 1275, 127.0, 1209, 112.0, 728, 703, 61.1,
556, 475,328, 30.0, 248, 21.6; IR (Neat Film Na(ly 2933, 1698, 1606, 1504, 1455, 1408,
1302, 1279, 1252, 1185, 1101, 1027, 750, 699 cov!; HRMS (MM: ESI-APCH) m/z calc'd for
CooHaoNGy [MHH]™ 458 2326, found 458 2315,

(3)-1-(2-Methoxyphenyl)-3-{(4-methylbenzoyi)-3-(3-methylbut-2-en-1-yBpyrrolidin-2-one
(20}

Lactam 28 was prepared according to the general procedure 3 from SE12, and isolated by
Hash column chromatography (1.5 EtOAc hexanes) on silica gel as a pale yellow oil. 71% vield,
76% ce. [ofp® +29.6° (¢ 2.15, CHCI), 'H NMR (500 MHz, CDCI) § 8.14 - 8.07 (m, 2H), 7.32
~ 725 (m, 2H), 7.25 - 718 {m, 2H}, 702 - 692 {m, 2H}. 523 - 515 (m, 1H), 388 (ddd, J =
9.5, 85,57Hz 1H),3283(s,3H),3.68(ddd, /=94,87 51 Hz 1H),3.02-293(m, [H), 2.89
~ 273 (m, 2H), 2.39 (s, 3H), 2.14 (ddd, J=13.0, 8.7, 5.7 Hz, 1H}, 1.72 (s, 3k, 1.59 (s, 3H), °C
NMR (126 MHz, CDCl3) 6 198.2, 173.5, 155.0, 1429, 1355, 133.8, 1295, 1289, 1289, 1283,
1271, 1209, 1186, 112.1, 61.1, 53,6, 475, 345, 292, 26.1, 21,6, 18.0; IR (Neat Film NaCh)
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2917, 1698, 1606, 1504, 1463, 1408, 1248, 1184, 1123, 1024, 753 cm i HRMS (MM ESI-
APCI+) m/z cale'd for CaslleNGs [M+H]™ 378.2064, found 378.2060.

(8,8)-3-(But-2-ep-1-yl}-1-(2-methoxyphenyl})-3-(4-methylbenzoyhpyrrolidin-2-one (21)

Lactam 21 was prepared according to the general procedure 3 from 5§13, and isolated by
flash column chromatography (1.8 EtOAc hexanes) on silica gel as a pale vellow ol 70% vield,
86% ee. [a]p?® +45.5° (¢ 2.10, CHCL): 'H NMR (500 MHz, CDCh) 8 8.08 (d, J = 8.3 Hz, 2H),
734 -7.19 (m, 4H), 7.03 - 6.94 (m, 2H), 5.63 - 543 (m, 2H), 3.92 - 3.86 (m, 1H), 3.84 (s, 3H),
373-362{m, 1H),294 272 (m, 3H), 239 (s, 3H), 2.20 {ddd, /= 132,87, 5.3 Hz, 1H}, 1.68
{(dg, J = 63, 1.2 Hz, 3H); BC NMR (126 MHz, CDCls) § 198.0, 1735, 155.0, 143.0, 1337,
1298, 1295, 1295, 1289, 1283, 127.0, 1254, 1209, 112.1, 60.7, 55,6, 474, 39,4, 289, 21.6,
18.2; IR (Neat Film Na(Cl) 2917, 1698, 1606, 1504, 1463, 1408, 1254, 1185, 1122, 1045, 1024,
973, 837, 750 cml; HRMS (MM: ESI-APCHY) mz cale'd for CasboeNOs [MHH]™ 364.1907,
found 364.1909.

{$1-3-Cinnamyl-1-(Z-methoxyphenyi}-3-{4-methylbenzoylpyrrolidin-2-one {22}

Lactam 22 was prepared according to the general procedure 3 from $114, and isolated by
flash column chromatography (1.5 EtOAchexanes) on silica gel as a white foam. 60% vield,
86% ee. [alp® +55.5% (¢ 0.93, CHCL): 'H NMR (500 MHz, CDCls) 5§ 8.11 - 8.05 (m, 2H), 7 .41
=733 (o, ZH), 733 - 718 (m, 10H), 700 - 693 (m, 2H), 652 (d, /=158 Hz, 1H), 629 (dt, .J
=155 76 Hz, 1H), 3.92 - 382 (m, 1H), 3.80 (s, 3H), 3.75(ddd. /=9.6,87, 57 Hz, IH),3.05
(dt, /=74, 1.4 Hz, 2H), 2.835 (ddd, /= 13.3, 89, 5.8 Hz, 1H), 2.41 (s, 2H}, 2.30 (ddd, J = 13.5,
8.7, 5.0 Hz, IHy, PC NMR (126 MHz, CDCl3) 6 1979, 1733, 155.0, 143.1, 137.3, 134 2, 133 .5,
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1204, 129.0, 129.0, 1285, 128.3, 1274, 12658, 126.2, 124.8, 121.0, 112.1, 60.7, 55.6, 473,
394, 28.8, 21.6; IR (Neat Film NaCl) 2961, 1698, 1606, 1504, 1463, 1409, 1279, 1255, 1185,
1025, 971, 911, 742, 694 cm !, HRMS (MM: ESI-APCH) m/z calc'd for CasHasNOs [M+H]™
426.2064. found 426.2067.

{8, £)-1-(2-Methoxyphenyi}-3-{4-methyibenzoyl}-3-(3-{p-tolyhallyDipyrrolidin-2-one {23}

Lactam 23 was prepared according to the general procedure 3 from SI18, and 1solated by
flash column chromatography (1.5 EtQAc hexanes) on silica gel as a pale yvellow ol 853% yield,
88% ee. falp® +36.0° (¢ 2.93, CHCL:), "H NMR (300 MHz, CDCl:) 8 8.08 (d, /= 8.3 Hz, 2H),
733725 (m, 2H), 725 - 719 (m, 4H), 714 - 708 {m, 2H), 7.00 - 693 (m, 2H), 649 (d, /=
157 Hz, 1H), 623 (dt, J=155,76 Hz, 1H), 3.92 - 383 (m, 1H), 3.81 (s, 3H), 3.78 - 3.69 {m,
IHY, 3.04 (d, J=T7.6 Hz, 2H), 285 (ddd, /= 13.2, 8.9, 5.8 Hz, 1H), 240 (s, 3H}, 2.39 - 2.25 {m,
4H), PC NMR (126 MHz, CDCl) & 1979, 1734, 155.0, 143.1, 137.1, 1345, 134.0, 1333,
1294, 1292, 129.0, 129.0, 1283, 1268, 1261, 1236, 121.0, 112.0, 60.7, 556,47 4, 304, 28 8,
21.6, 21.2; IR (Neat Film NaCly 2920, 1694, 1606, 1505, 1463, 1409, 1279, 1254, 1184, 1121,
1045, 1025, 974, 911, 838, 752 em' ', HRMS (MM: ESI-APCI+) m/z calc'd for CaoHzoNOs
[M+H]" 440.2220, found 440.2220.

{8,£)-1-(2-Methoxyphenyl)-3-(3-{(4-methoxyphenylallyl}-3-{(4-methyibenzoyl) pyrrolidin-2-
one {24}
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Lactam 24 was prepared according to the general procedure 3 from SE16, and isolated by
flash column chromatography (1.5 EtQAchexanes) on silica gel as a white foam. 68% vield,
8% ce. [alp® +57.6° (¢ 1.09. CHCh, 88% ec); 'H NMR (500 MHz, CDCh) 8 8.11 ~ 8.05 (m,
2H), 734 - 726 (m, 3H), 7.26 - 717 (m, 3H), 7.00 — 6.93 (m, 2H). 687 — 6.81 {m, 2H), 6.46 (d,
J=157Hz, 1H), 6,13 (dt, J=15.5, 75 Hz, 1H), 3.8%(1d, /=9.2, 49 Hz, 1H), 3.81 (s, 3H), 3.80
(s, 3H), 380 =367 (m, 1H), 3.03(dt,J=76, 1 4 Hz, 2H), 2.85(ddd, J=13.2, 8.9, 5.8 Hz, 1H),
2.40 (s, 3H), 2.35 ~ 2.23 (m, 1H); C NMR (126 MHz, CD{l3) § 1979, 173.4, 159.0, 155.0,
143.1, 1335, 130.1, 1294, 129.0, 1289, 1283, 1274, 1268, 1224, 121.0, 113.9, 112.1, 608,
55.6, 553,474, 394, 288, 21.6; IR (Neat Film NaCl}y 2957, 1699, 1607, 1505, 1464, 1249,
F175, 1027, 838, 752 coily HRMS (MM: ESI-APCTH) mz cale'd for CoolaeNOs [M+H™
456.2169, found 456.2164.

joss]

{(8,£1-3-(3-{4-Fluorophenylallyl}-1-(2-methoxyphenyl}-3-(4-methylbenzoyll  pyrrolidin-2-
one {25}

2y
Me "

25

Lactam 28 was prepared according to the general procedure 3 from S117, and isolated by
flash column chromatography (1:10 EtOAc:hexanes) on silica gel as a white foam. 62% vield,
83% ce. fajp® +40.7° (¢ 0.55, CHCl3);, 'H NMR (300 MHz, CDCL) 8§ 8.07 (d, J = 8.3 Hz, 2H),
735726 (m, 3H), 7.26 -~ 7.22 {m, 2H), 7.22 - 7.18 (m, 1H}, 7.06 - 6.93 (m, 4H), 651 - 6.44
(m, 1H), 6.20{dt, /=155, 7.6 Hz, 1H), 3.88 {ddd, /= 9.6, 8.9, 5.0 Hz, 1H), 3.79 (5, 3H}, 3.78 -
3.69 (m, 1H), 3.04 (ddd, J=7.2,36, 1 3 Hz, 2H), 2.86 (ddd, = 13.2, 89, 5.7 Hz, 1H), 2.41 (s,
3H3, 2.38 — 2.23 {m, 2H); PC NMR (126 MHz, CDCls) 8 1978, 1732, 1631, 1612, 1549,
1432, 1335, 132.9, 1294, 129.1, 129.0, 1282, 1277, 126.8, 1246, 121.0, 1155, 115.3, 112.1,
60.7, 55.6, 47.3, 39.3, 289, 21.6; IR {Neat Film NaCl) 2944, 1693, 1604, 1505, 1460, 1412,
1254, 1228, 1184, 1158, 1045, 1024, 910, 838, 753, 731 om !, HRMS {MM: ESE-APCHH) m/z
cale'd for CaeHz7FNG: [M+H]™: 444.1969, found 444.1969.
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(8, £)-1-(2-Methoxyphenyi)-3-{4-methylbenzoyl)-3-(3-{thiophen-3-yhallyl) pyrrolidin-2Z-one
(26}

Obte

4
28 E)
Lactam 26 was prepared according to the general procedure 3 from 5818, and isolated by flash
column chromatography (1.5 EtOAc hexanes) on silica gel as a pale vellow o1l 76% vield, #83%
ge. falp® +46.7° (¢ 1.17, CHCL), 'H WMR (300 MHz, CDCI) 8 8.12 - 8.01 (m, ZH), 7.33 -
744 (m, 6H), 7.10(dd, /=30, 1.2 Hz, 1H), 7.00- 693 {m, 2H), 653 (d, /=157 Hz, 1H}, 6.13
(dt, /=155, 76 Hz, 1H),3.88 (td, /= 9.1, 4.9 Hz, 1H}, 3.81 (s, 3H), 3.79 - 3.68 (m, 1H), 3.01
(dd, /=77, 13 Hz 2H), 285 {ddd. J= 133, 8.9 58 Hz, 1H), 2.40 (s, 3H), 2.28 {ddd, J= 135,
10 8.8, 30Hz, 1H), "CNMR (126 MHz, CDCl3) § 197.8, 173.3, 155.0, 1432, 1399, 133 4, 1294,
129.0, 129.0, 1284, 1282, 1268, 1260, 125.0, 124.6, 121.5, 1210, 112.1, 60.7, 55.6, 473,
393, 288, 21.6; IR {Neat Film Na{ll} 2958, 1698, 1606, 1504, 1463, 1409, 13021279, 1234,
1184, 1122, 1024, 967, 836, 753 con'; HRMS (MM: ESI-APCIE+) m/z cale'd for CasHasNG:S
[M-HT™ 432.1628, found 432.1622.

.4

15 ($3-1-2-Methoxyphenyl}-3-(d-methylbenzoyi}-3-((2£ 4 E)-5-phenylpenta-2,4-dien-1-

yhpyrrolidin-2-one {27}

Lactam 27 was prepared according to the general procedure 3 from $119, and isolated by
flash column chromatography (1.5 EtOAc hexanes) on silica gel as a pale vellow oil. 35% vield,
20 84%ee. [ulp® +40.6° (¢ 145, CHCE); 'H NMR (500 MHz, CDCh) 3 8.09 (d, J= 8.3 Hz, 2H),
742 =736 (m, 2H), 736 - 716 (m, 6H}, 6.98 (d, /=78 Hz, 2H), 6.76 (ddd, /=157, 10.5, 0.9
Hz, 1H), 649 (4, J =157 Hz, 1H), 638 - 6.29 (m, 1H), 587 {dt, J = 152, 77 Hz, 1H), 3.90
(ddd. /=95 88,51 Hz, IH) 385(s, 3H), 3.77 - 369 (m, 1H), 3.08 - 2.92 (m, 2H), 2 86 (ddd,
61
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J=132, 88,56 Hz, 1H), 241 (s, 3H), 2.25 (ddd, J = 13.7, 8.8, 5.2 Hz. 1H); °C NMR (126
MHz, CDCL) 8 197.8, 173.2. 155.0, 143.1, 137.3, 134.8, 133.5. 131.6. 1295, 129.1, 129.0,
1290, 128.7, 128.6, 1284, 1274, 1268, 1263, 121.0, 112.1, 60.8, 55.7, 473, 39.3, 29.0, 21.6
IR (Neat Film NaCl) 3024, 1694, 1606, 1505, 1463, 1400, 1304, 1253, 1185, 1122, 1043, 1026,
992, 910, 747, 693 cnr’; HRMS (MM: ESI-APCIH) mz caled for CalloNO: [M+H]™
452.2220, found 452.2220,

Denvatization of C-Acviation Products

(8] [»]
o jL CAN _ g EL
Y & PR it HN & VPR
MeCN-H,0
Oie 78°C, 20 h
e 75% 2

{$1-3-Benzoyl-3-methylpyrrolidin-2-ene {28}

To a sohution lactam 4e (93% ee, 40.0 mg, 0.129 mmol, 1.00 equiv) in MeCN (0.6 mL)
and water {0.6 mbL) was added CAN (424 mg, 0.774 mmol, 6.00 eqoiv) and the reaction mixture
was stirred at 70 °C for 24 b, The reaction mixture was allowed to cool to ambient temperature
and brine {5 mbL) was added. The reaction muxture was extracted with AcOEL (30 ml), dried
over Nax50s, and concentrated under reduced pressure. The residue was purified by flash
column chromatography (1:2 to 2:1 EtOAchexanes) on silica gel to give lactam 28 as a white
solid (19.6 mg, 75% vield). [alp® +25.7° (¢ 0.20, CHCL), 'H NMR {500 MHz, CDCh) § 8.05
=799 (m, 2H), 7.56 — 748 (m, 1H), 747 - 7.39 (m, 2H}, 583 (s, 1H), 3.59 - 350 (m, 1H), 3.50
=342 (m, 1H),2.92 (ddd, /=134, 81,55 Hz, 1H), 2.08 (ddd, /=133, 8.1, 5.5 Hz, 1H), 1.60
(s, 3H). BC NMR (126 MHz, CDCI5) § 1991, 1783, 1357, 132.5, 129.1, 1284, 559, 39.6,
345, 21.5; IR (MNeat Film NaCly 3246, 2978, 1667, 1395, 1444, 1307, 1265, 1207, 1008, 973,
782, 701, 651 em!; HRMS (MM: ESI-APCIH) mz cale'd for CuHiaNG: [MHH]™: 2041019,
found 204 1015,

OMe
80%

o © o OH
O f. 1) EtSiH, TFA & 1
b N N b, /T N TF
' 2) NaOH aq. CH,C1,
Che
4o

23

{(83-3-{($)-Hydroxy{phenylimethyl)-1-(2-methoxyphenyl}-3-methylpyrrolidin-2-one (29}
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To a solufion lactam 4e (92% ee, 99.5 mg, 0.322 mmol, 1.00 equiv) in TFA (1.6 mL} was
added Et:SiH (0,102 mL, 643 mmol, 2.00 equiv} and the reaction mixture was stirred at ambient
temperature for 24 b, CHaClh (4 mb) and 2 M NaOH agucous solution (8 mbL} was added and
the reaction mixture was stured at ambient temperature for 3 h. The mixture was extracted with
CH:Ch (30 mk, twice), washed with brine (10 mL)}, drnied over Na:S04, and concentrated under
reduced pressure. The residue was purified by flash cohummn  chromatography  (1:2
EtOAc:hexanes) on silica gel to give lactam 29 as a white solid (90.2 mg, 90% vield). [ofo® -
12.5° {¢ 1.10, CHCl3); ‘H NMR {500 MHz, CDCl3) 8 7.49 ~ 743 (m, 2H), 743 - 727 (m, 4H),
7224{dd. J="77, 17 Hz, iH), 703 - 694 (m, 2H), 5.18 (brs, 1H). 4.99 (s, 1H), 3.84 (s, 3H),
369 (td, J=194,69 Hz, 1H), 334 (ddd, J =96, 88, 2.2 Hz, 1H), 231 {(dt, J = 12.6, 9.0 Hz,
IH), 134 (ddd, J =126, 6.9, 22 Hz, 1H), 127 (s, 3H); PC NMR (126 MHz, CDCls) 8§ 1803,
1548, 1394, 1291, 1285, 127.9, 12777, 127.3, 1265, 1209, 1121, 77.8, 557, 47 3, 46.9, 30.8,
15.6: IR (MNeat Film Na(l) 3400, 2966, 1672, 1596, 1504, 1459, 1413, 1305, 1281, 1256, 1180,
1161, 1121, 1082, 1046, 1026, 917, 885, 753, 725, 703, cm’; HRMS (MM: ESI-APCIH) m/z
calc'd for CroHaNGs {M+H]™ 312.1594, found 312.159

W

m-CPEA

. Q .
MeGn. 7 g ’!L. NaHCO; MeQOa 7 8
b A g PR B
. CH,Cly, 1, 20 b
4a {88% ee) 53% 30 (88% ee}

{(R)-1-{4-Methoxyphenyl}-3-methyl-2-oxopyrrolidin-3-yl benzoate (38}

To a solution lactam 4a (88% ce, 30.9 mg, 0.100 mmol, 1.00 equiv) in CH:Cl (1 mL)
and were added NaHCO: (42.0 mg, 0.500 mmol, 500 equiv) and m-CPBA (75%, 115.0 mg,
0.500 mmol, 5.00 equiv}) and the reaction mixture was stirred at ambient temperature for 20 h.
10% NaHCG: agueocus solution (3 mb) and brine (3 ml) were added and the muxture was
extracted with CHCl: (30 mL, twice), dried over Naz504, and concentrated under reduced
pressure. The residue was purified by flash column chromatography (1.5 EtDAchexanes) on
silica gel to give lactam 30 as a white solid (7.1 mg, 53% vield, 88% ¢e). [aln™® -3.3° (¢ 0.25,
CHCh): THNMR (500 MHz, CDCl) 3 8.10 - 8.00 (m, 2H), 7.63 - 7.51 {m, 3H), 7.47 — 7.40 {m,
2H}, 6.96 — 6.89 (m, 2H), 3.96 {td, ./ = 9.6, 3.2 Hz, 1H), 382 {s, 3H), 2.84 - 2.74 {m, 1H), 2 40
(ddd, /= 133,81, 32 Hz, 1H), 1.75(d, J= 0.7 Hz, 3H); PC NMR (126 MHz, CDCls) 8§ 171.2,
1655, 1569, 1332, 1325, 1299, 1299, 1283, 121.9, 114.1, 812, 555, 449, 306, 233, IR
(Neat Film NaCl) 2963, 1705, 1512, 1451, 1403, 1317, 1292, 1251, 1136, 1116, 1091, 1072,
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1032, 828, 715 cm'l; HRMS (MM: ESI-APCI+H) mz cale'd for CioHoNGy [M+H]" 326.1387,
found 3261381,

O
a o O
. P mCEBA L K0 ~ bﬁhoﬂ
N o2 X N 2
L P ~ome  CH c;z &tOH (.
[]
10 32% 73% 22
G o]
can
o o,
RReEN/HLO HY
16% 33

{£}-4-Methoxyphenyl-1-(2-methoxyphenyi})-3-methyi-2-oxopyrrolidine-3-carboxylate (31)

To a solution lactam 18 (160 mg, (.471 mmol, 1.00 equiv) in CHaClz (9.4 mL) was added
m-CPBA (75%, 1.08 g, 471 mmol, 10.0 equivy and the reaction mixture was stirred at ambient
temperature for 24 h and then refluxed for 48 . The reaction mixture was allowed to cool to
ambient temperature and 10% NaxSOs agqueous solution (30 mL) and saturated NaHCOs agueous
sclution (10 mL) were added. The mixture was extracted with CHoClh (130 mb), washed with
brine (20 mL), dried over Na:S0s, and concentrated under reduced pressure. The residue was
purified by flash columm chromatography (1:5 EtOAchexancs) on silica gel to give lactam 31 as
a pale yellow oil (54.2 mg, 32% vield). [ajp® -11.7° {¢ 0.56, CHCl); 'H NMR (300 MHz,
CDCh)y & 7.32 - 727 (m, 2H), 7.09 - 7.02 (m, 2H), 7.02 —- 6.93 {m, ZH), 6.93 - 6.85 (m, 2H},
392~ 375 (m, 2H}, 3.81 {s, 3H), 3.80 (s, 3H), 284 (ddd, /=129, 78,45 Hz, 1H), 221 (ddd. J
=129, 83, 6.8 Hz, 1H), 1.67 (s, 3H); "C NMR (126 MHz, CDCl) 8 1729, 1716, 157.3, 154 .9,
1443, 129.0, 128.6, 1269, 1222, 1209, 1144, 1121, 557, 5356, 518, 47.1, 32.1, 202, IR
(Neat Film NaCly 2936, 1760, 1699, 1597, 1505, 1463, 1410, 1305, 1251, 1193, 1112, 1088,
1027, 754 e, HRMS (MM: ESI-APCE+) mvz cale'd for CooHaeNGOs [MAH]T 356.1492, found
356.1489,
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(R)-Ethyl-1-(Z-methoxyphenyl}-3-methyl-2-oxopyrrolidine-3-carboxylate {32}

To a solution lactam 31 (36.0 mg, 0.101 nymol, 1.00 cquiv) in FtOH (2.0 mL}) was added
KaCGs (70.0 mg, 0.506 mmol, 5.00 equiv) and the reaction mixture was stirred at ambient
temperature for 30 h. The reaction mixture was concentrated under reduced pressure and brine
was added to the residue. The mixture was extracted with AcOEt (15 mbL), dried over NapSQq,
and concentrated under reduced pressure.  The residue was purified by flash colwmon
chromatography (1.2 EtOAchexanes) on silica gel to give lactam 32 as a pale vellow o1l (20.5
mg, 73% vield). fajp® -14.6° (¢ 0.98, CHCL:Y, TH NMR (500 MHz, CDCls) 8 731 ~ 7.24 (m,
2H), 703~ 6.88 (m, 2H), 431 - 4.17 (m, 2H), 3.3 (s, 3H), 3.82 - 3.70 (m, 2H), 2.64 (ddd, J =
128.70,47Hz, 1H). 214 -2.04 (m, 1H), 1.55 (s, 3H), 1 31 (t. J/=7.1 Hz, 3H); BC NMR (126
MHz, CDClay & 1733, 172.6, 1549, 1288, 1285, 127.1, 1209, 1121, 61.5, 55,7, 51.6, 47.1,
322, 203, 14.2; IR (Neat Film NaCl} 2979, 1738, 1699, 1597, 1505, 1456, 1409, 1257, 1195,
F137, 1090, 1024, 754 cm !, HRMS (MM: ESLI-APCH) m/z cale'd for CisHzoNQOs [M+H]™
278.1387, found 278.1384.

{R)-Ethyl-3-methyl-2-exopyrrolidine-3-carboxylate (33}

To a solution lactam 32 (20.0 mg, 00721 mmol, 1.00 equivy in MeCUN (1.5 mbL} and
water (1.5 mbL) was added CAN (237 mg, 0,433 mmol, 6.00 equiv) and the reaction mixture was
stirred at 40 °C for 24 h. The reaction mixture was allowed to cool to ambient temperature and
10% Naz580;3 agueous solution (3 mL} and bring (3 mL) were added. The reaction mixture was
extracted with AcOEt (20 mL, twice), dried over NaxSQOs, and concentrated under reduced
pressure.  The residue was purified by flash column chromatography (2:1 EtOAc hexancs) on
silica gel to give lactam 28 as a white solid (2.0 mg, 16% vield). fa]o® +19.5° (¢ 0.09, McOH}
(reported data [¢]p® +19.0° (¢ 2, MeOHY) ¥, 'H NMR (500 MHz, CDCl3) 8 3.83 (brs, 1H), 4.21
(m, 2H), 3.53 - 3.44 (m, 1H), 340 - 3.31 (m, 1H}, 2.65 {ddd, J = 12.8, 7.8, 4.0 Hz, 1H)}, 2.05
(ddd, J = 13.0, 84, 7.0 Hz, 1H), 146 (s, 3H), 1.29 {t, /= 7.1 Hz. 3H); PC NMR (126 MHz,
CDC) S 2981, 176.6, 1722, 61.6, 505,394, 340,201, 14.1; IR (Neat Film Na(l) 3245, 2981,
1703, 1454, 1266, 1196, 1138, 1028 cm ', HRMS (MM: ESI-APCI+) m/z cale'd for CsHiaNG:
[M+H]™ 171.0968, found 171.0965.
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Isolation and Reduction of Potential Inune Intermediates

L2 SEL-H084-1 {12 mol%)
NHCOD), (10 mot%)

LHMDS {1 equiv}

o . LCN . BT MeOa 2 H
“Oh OO o
) e ) N &
= N oy e F tofuene-THF ’ P
18 28 3

{101, .09 M)
0°C,48 h 34

T7% {E/Z mixture, 80/40}
{$3-1-(4-Methoxyphenyl)-3-methyl-3-({phenviimino){o-tolyl imethylpyrrolidin-2-one (34}

To a suspension of lactam 1a (82.1 mg, 0.400 mmol, 2.00 equiv), o-tolumitnile 2b (23.4
mg, 0.200 mmol, 1.00 equiv), bromobenzene 3b (315 ul, 0300 munecl, 1.5 equiv), LHMDS

.4

(40.2 mg, 0.240 mmol, 1.20 equiv) and LiBr (86.9 mg, 1.00 mmol, 3.00 equiv) n toluene (1.0
mi} and THF (020 mbL} were added a solution of Ni{COD} (5.50 mg, 0.0200 mmol, 0.100
equivy and SL-MOO4-1{Solvias, 25.3 mg, 0.0240 vunol, 0.120 equiv) at 23 °C and the reaction
mixture was stirred at 25 °C for 24 h. The reaction mixture was filtered through a pad of silica

10 gel eluting with AcOEt (60 mL). The chuate was concentrated vader reduced pressure and the
residue was purified by flash column chromatography (1:10 EtOAc hexanes} on silica gel to give
imine 34 as a white foam {62 mg, 77% vield, 60/40 mixture of E/Z isomers). 'H NMR (500
MHz, CDCls) for major isomer: § 7.65 - 6.62 (m, 8H), 3.86 (s, 3H), 3.76 (ddd, /= 93,82, 46
Hz, 1H), 3.62(ddd, /=93,79 66Hz IH) 2.68{ddd, /=126,79 46 Hz 1H}, 217 {ddd, J =

15 128, 8.2, 6.6 Hz, 1H), 2.06 (s, 3H), 1.66 (5. 3H); for minor isomer: & 7.61 — 6.62 (m, 8H), 4.09
(dt,/=91,77Hz 1H), 385(s, 3H), 382 (td, /=88,3.6 Hz, [H),3.15(ddd, /=123,78,36
Hz, 1H), 2.27 — 2.20 (m, 1H}, 2.07 (s, 3H), 1.66 (s, 3H); PC NMR (126 MHz, CDCh) for major
and minor isomer: ¢ 1751, 1748, 1747 1722, 1567, 1499 1361, 1358, 1342 1333 1329
1327, 1301, 1298, 1284, 1283, 1281, 128.0, 1248, 1247, 12356, 1234, 12298, 1220,

20 12059, 1203, 1140, 558, 55.5, 547, 47.0, 463, 33,4, 31.2, 22.5, 22.0, 20.5, 20.3. IR {Neat
Film Na(ly 2931, 1688, 1512, 1485, 1398, 1289, 1249 1181, 1090, 1033, 993, 829, 766, 731,
697 corl; HRMS (MM: ESI-APCEIH) mz cale'd for CasHaNoGr [M+H]T 3992067, found
3992072,
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(S)-1-(2-Methoxyphenyl)-3-methyi-3-(phenyl(phenylamino)methyl}pyrrolidin-2-one (36}

L2: SL-M004-1 (12 mol%}
NH{COD), (10 mol%)
PhON 2a {1 eguiv)
PhBr 3b (1.5 equiv}
LHRDS {1 equiv)

, [v]
y LiBr (5 eguiv) L_ NaBHa {4 equiv) L,_.
ey TN Ph Ph
y miuene THF MeQH 14
OMe {1071, 0.03 W}

9°C,48h

1b {2 equiv}
70%
{diastareomer mixiure, §7:37)

To a suspension of lactam 1b {82.1 mg, 0.400 mmol, 2.00 equiv), benzonitnile 2a (20.6

mg, 0.200 mmol, 1.00 equiv), bromobenzene 3b (315 ul, 0300 munecl, 1.5 equiv), LHMDS

(]

(40.2 mg, 0.240 mmol, 1.20 equiv} and LiBr (86.9 mg, 1.00 mmol, 3.00 equiv) n toluene (1.0
mi} and THF (0.20 mbL} were added a solution of Ni{COD}: (5.50 mg, 0.0200 mmol, 0.100
equivy and SL-MO04-1(Solvias, 25.3 mg, 0.0240 nuvnol, 0.120 equiv) at 0 °C and the reaction
mixture was stirred at 0 °C for 48 h. NaBHa (454 mg, 1.20 mmol, 6 equiv), THF (2 mL) and
MeOH (2 mL} were added and the reaction mixture wag stirred at 25 °C for 2 days. Water was
10 added and the mixture was extracted with AcOEt (50 ml), dried over Nax80s, and concentrated
under reduced pressure.  The residue was purified by flash column chromatography (1.5

EtOAchexanes) on silica gel to give amine 36 as a colorless o1l {54.3 mg, 70% vicld).

Spectroscopic data for amine 36 was taken afier separation of the diastereomers by flash

columm chromatography on silica gel.

(]

Major isomer: 'H NMR (500 MHz, CDCl3} 8 7.534 - 748 (m, 2H), 7.38 - 7.31 (m, 2H), 731 -

23 {m, SH}, 7124{dd, /=77, 1.7Hz 1H)}, 706 - 699 {m, 2H), 6.99 - 688 {m, 2H), 6.62 (¢, J
=73 Hz 1H), 650(d, /=79 Hz, 2H), 551 (s, 1H), 4.50 (s, 1H), 3.63 - 3.51 {m, 2ZH), 3.60 (s,
3H), 242 (ddd, J=12.7, 76,47 Hz, 11D, 1.81 (ddd, /= 13.0,8.3, 6.8 Hz, {1, 1 34 (s, 3H); °C
NMR {126 MHz, CDCl) 6 1779, 1549, 148.3, 1398, 1290, 1289, 128.6, 1286, 1282, 127 5,
200 127.0, 1208, 1174, 114.1, 1129, 629, 554,476, 467, 31.0, 19.7; IR (Neat Film NaCly 3375,
2068, 1678, 1601, 1505, 1435, 1310, 1279, 1260, 1025, 749, 702 cm~!; HRMS (MM: ESI-
APCI+) m/z cale'd for CosHarN202 [MHH]T: 387.2067, found 387 2070,

Minor isomer: 'H NMR (500 MHz, CDCl) & 748 — 742 (m, 2H), 7.35 - 7.20 {m, 4H), 7.09 -
698 (m, 3H), 6.98 - 690 (m, 2H), 658 - 647 (m, 3H}, 6.19 {br s, 1H}, 437 {s, 1H}, 3.78 (s,
5 3H), 341(d,/=91,47Hz 1H), 262(ddd, /=94,84 64 Hz, 1H), 227 (ddd, J = 13.1, 8.4,
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47 Hz, 1H), 198 {ddd, /= 13.0, 8.9, 6.4 Hz, 1H), 1.61 (s, 3H); PC NMR (126 MHz, CDCls) 8
177.3, 154.6, 147.2, 140.6, 129.0, 1288, 1283, 1283, 1277, 1275, 12638, 120.7, 1164, 1125,
112.0, 64.5, 556, 47.2, 46.75, 30.8, 24 .8; IR (Neat Film NaCl) 3375, 2929, 1674, 1600, 1505,

1435, 1418, 1308, 1256, 1026, 748, 704 ocm!; HRMS (MM: ESI-APCI+) m/Zz calc'd for
CaaHzyN2O: [MAHHT 387.2067, found 387.2071.
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Al publications and patents mentioned herein are hereby incorporated by reference in
their entirety as if each individual publication or patent was specifically and individually
mdicated to be incorporated by reference. In case of conflict, the present application, including

any definitions herein, will control.

Equivalents

While specific embodiments of the subject disclosure have been discussed, the above
spectfication 1s Ulustrative and not restrictive. Many variations of the disclosure will become
apparent to those skilled in the art upon review of this specification and the claims below. The
full scope of the disclosure should be determined by reference to the claims, along with their full

scope of equivalents, and the specification, along with such variations.
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CLAIMS

What 1s claimed 1s:

I. A method for the preparation of a compound of formula (I):
O B2 O

comprising treating a compound of formula (11):
O

R R?
N

A ]
A

with a Ni{(} catalyst comprising a chiral ligand,

or a salt thereof;

an arvl mitrile; and

an arv} halide;

wherein, as valence and stability permit,

R! represents hydrogen or optionally substituted atkvl, cycloalkyl, {(cycloalkylalkyl, arvl,
aralkyl, heteroarvl, heteroaralkyl, alkenyl, alkynyl, ~-C{Gjalkyl, -C{Ojarvl, -C{O)aralkyl, -
C{O)hetergaryl, -C{OYheteroaralkyl, -C(OYOlalkyly, -C(O)O(aryl), -C(O30(aralkyly, -
C{O)YOheteroaryl), -C{O)Oheteroaralkyl), -S{Ok{arvl), -S{Op(alkyl}, -S{Opthaloalkyl},
ORI -SRI oy SNRIERL

or R! or a substituent on ring A taken together with a substituent on ring A and the intervening
atoms, form an optionally substituted arvl, heteroarvl, cycloalkyl, cycloatkenyl,
heterocycloalkyl, or heterocycloalkenyl group,;

R? represents substituted or unsubstituted alkyl, alkenvl, alkynyl, aralkyl, aralkenyl, arvi,
heteroaralkyl, heteroaralkenyl, heteroaryl, (cycloalkyhalkyl, cycloalkyi,
{(heterocycloalkyDalkyl, heterocyeloalkyl, alkoxy, aming, or halo;

R and R!! are independently selected for cach occurrence from hydrogen or substituted or
unsubstituted alkyl, aralkyl, arvl, heteroaralkvl, heteroarvl, {cvcloalkvhalkyl, cycloalkyl,
(heterocycloalkylialkyl, heterocycloalkyl, alkenvl, and alkynyi; and

ring A represents an optionally substituted heterocycloalkyl, or heterocycloalkeny! group.
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2. The method of claim 1, wherein the compound of formula () 1s represented by formula
{(Ia}:
O L0
R R
N7 R?
(Bf{ E
e .
D)z {ia); and

the compound of formula (1) is represented by foromula (Ha):

R;N . _-R?

(8/31~ E

DR (fa);

wherein:

R* represents hydrogen or optionally substituted atkvl, cycloalkyl, {(cycloalkylalkyl, arvl,
aralkyl, heteroarvl, heteroaralkyl, alkenyl, alkynyl, ~-C{Gjalkyl, -C{Ojarvl, -C{O)aralkyl, -
C{O)heterparyl, -C{Olheteroaralkyl, -C(OYOlalkyy, -C(OYO(aryl), -C(O30{aralkyly, -
C{O)YOheteroaryl), -C{O)Oheteroaralkyl), -S{Ok{arvl), -S{Op(alkyl}, -S{Opthaloalkyl},
ORI -SRI oy SNRIERL

R’ and R® each mdependently represent hydrogen, hydroxyl, halogen, nitro, alkvl, cycloatkyi,
{cveloalkyvlialkyl, aryl, aralkyl, heteroaryvl, heteroaralkyl, (heterocycloalkyDalkyl,
heterocycloalkyl, alkenyl, alkynyl, cvang, carboxyl, sulfate, aming, alkoxy, arvloxy,
arylalkoxy, alkylamino, alkyithio, hyvdroxyalkyl, alkoxyalkyl, amimoalkyl, thioalkvi,
haloalkyi, ether, thicether, ester, amido, thioester, carbonate, carbamate, urea, sulfonate,
sulfone, sulfoxide, sulfonamide, acyl, acvloxy, or acylamino;

B, D, and E independently for cach occurrence represent, as valence permits, O, S, NR*, CRRS,
C(0O}, CR?, or N provided that no two adjacent occurrences of N, B, D, and E are NR,
3,8, orN;

or any two occurrences of R, R*, R3 and R® on adjacent N, B, D, or E groups, taken together
with the mtervening atoms, form an optionally substituted arvi, heteroarvl, cyvcloalkyl,
cycloalkenyl, heterocyeloalkvl, or heterocveloalkenyi group;

each occurrence of === independently represents a double bond or a single bond as permitied by
valence; and

m and n are mtegers each independently selected from 0, 1, and 2.

3. The method of claim 2, wherein the sum of mand mis 0, 1, 2, or 3.
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4. The method of claim 2 or 3, wherein each occurrence of B, D, and E 15 independently -

CRRS- or -CR’-, or -C(O)-.
5. The method of claim 2 or 3, wherein E is -CR’-; and the sum of m and n 15 0.

6. The method of claim 3, wheremn

Rlis selected from optionally substituted alkyl, aryl, aralkyl, heteroarvl, heteroaralkyl, alkenyl, -
C{O)alkyl, -C(D)aryl, -C(Maralkyl, -C{O}heteroaryl, -C{OQtheteroaralkyi, -C(OY O alkyl},
-C{OYO(arvh), -C(O)0O(aralkvl), -C{OYO(heteroarvh), ~-C(O)0Otheteroaralkyl), and -
S(O)taryly;

R° is selected from hydrogen, hydroxyl, halogen, alkvl, cycloalkyl, (eycloalkybDalkyl, aryl,
aralkyl, heteroaryl, heteroaralkyl, (heterocycloalkylialkyl, heterocycloalkyl, alkenyl,
alkvavl, amino, alkoxy, arvloxy, alkvlamino, amido, and acylamino; or

R'and the occurrence of R’ on E are taken together to form an optionally substituted heteroarvl,

heterocveloalkyl, or heterocveloatkenyl group.

7. The method of claim 6, wherein R! is selected from optionally substituted alkyl, arvl,

aralkyl, atkenyl -C(O)alkyl -C{OYO{alkyl), -CIOY 0 aryl), -C{CY0{aralkyl}, and -S{Oplaryl).

g The method of claim 7, wherein R is substituted aryl.
9. The method of claim 6, wherein R! and the occurrence of R® on E are taken together to

form an optionally substituted heteroaryl, heterooycloalkyl, or heterooycloalkenyl group.

10.  The method of claim 7, wherein R! and the occurrence of R® on E are taken together to

form an opticnally substituted heterocycloalkyl or heterocyeloalkeny! group.

11, The method of claim 1, wherein the compound of formula (B} 1s represented by formula
{Ib):
0 020
Ry M,
N R~
R5~}—J§\—R5
rR® RE {Ib); and

the compound of formula (11} is represented by formula (Iib):
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0
RLN/L’\/RQ
R® RY
R® RE (b

12. The method of claim 11, wherein

Rlis selected from optionally substituted alkyl, aryl, aralkyvl, heteroaryl, heteroaralkyl, alkenyl, -
C{Oyalkyl, -C{Oaryl, -C(Graralkyl, -C{Oheteroaryl, -C{Otheteroaralkyl, -C{(OYO{(alkyl},
-C{OYO(arvh), -C(O)0O(aralkvl), -C{OYO(heteroarvh), ~-C(O)0Otheteroaralkyl), and -
S(O)(aryD:

R is selected from hydrogen, hydroxyl, halogen, alkvl, cycloalkyl, (eycloalkybalkyl, aryl,
aralkyl, heteroaryl, heteroaralkyl, (heterocycloalkylialkyl, heterocycloalkyl, alkenyl,
alkvavl, amino, alkoxy, arvloxy, alkvlamino, amido, and acylamino; or

R'and R’ on E are taken together to form an optionally substituted heteroaryl, heterocycloalkvl,

or heterocyeloalkenyl group.

13, The method of claim 12, wherein R is selected from optionally substituted alkvl, aryl,
aralkyl, atkenvl, -C(O)alkyi, -C{OYO{alkyl), -CIOYOarvl), ~C(O)YO aralkyvl), and ~5(O)p(aryl).

14, The method of claim 13, wherein R! is substituted aryl.

15, The method of claim 12, wherein R! and the occurrence of R’ on E are taken together to

form an optionally substituted heteroaryl, heterooycloalkyl, or heterooycloalkenyl group.

16, The method of any one of claims 1-13, wherein R? represents substituted or unsubstifuted
alkyl, alkenvl, alkynvl, aralkvl, aralkenyl, arvl, heteroaralkyvl, heteroaralkenyl, heteroaryl,

{cvcloalkyvhalkvl, cvcloalkyl, (heterocyeloalkylatkyl, heterocveloalkyl, or halo.

17 The method of any one of claims 1-16, wherein R? is selected from alkyl, alkenyl, arvl,
aralkyl, aralkenvl, or heteroaralkenvl, optionally substituted with halo, alkyl, haloalkyl, hvdroxy,
alkoxy, arvioxy, arvialkoxy, cvano, nitro, azide, -CO:H, -C(O)O(alkyly, amino, alkylamino,

aryianuno, aralkylamino, or amido.

I8, The method of any one of claims 1-17, wherein R? is selected from alkyl, alkenyl, aryl,
aralkyl, aralkenvl, or heteroaralkenvl, optionally substitted with halo, alkyl, haloalkvl, alkoxy,
aryloxy, or arvialkoxy.
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19, The method of any one of claims [-18, wherein the Ni(0) catalyst 15 MNif(1,5-
cyclooctadigne 2],
20, The method of any one of claims 1-19, wherein the Ni(0) catalyst is used in an amount

from about 0.1 mol % to about 20 mol % relative to the compound of formula (H).

21 The method of any one of claims 1-20, wherein the Ni(0) catalyst is used in an amount

from about 1 mol % to about 15 mol % relative to the compound of formula (1),

22, The method of any one of claims 1-21, wherein the Ni(0) catalvst is used 1n an amount of
about 1 mol%, about 2 mol%, about 3 mol%, about 4 mol%, about 5 mol%, about 6 mol%,
about 7 mol%, about 8 mol%. about 9 mol%. about 10 mol%, about 11 mol%, about 12 mol%,

about 13 mol%, or about 14 mol% relative to the compound of formula (1),

23, The method of any one of claims 1-22, wherein the chiral higand 1s an enantioenriched

phosphine ligand.

24, The method of claim 23, wherein the enanticenriched phosphine ligand is a Mandyphos-

type ligand or a Josiphos-type ligand.

25, The method of claim 24, wherein the Mandyphos-type ligand or the Josiphos-type higand
is selected from SL-MO03-2, SL-M004-1, SL-M004-2, SL-M009-1, SL-M009-2, SL-J001-1, SL-
J002-1, SL-J003-1, SL-J004-1, SL-J006~1, SL-J007-1, SE-J013-1, SL-J212-1, and SL-J418-1,

26.  The method of claim 23, wherein the enanticenriched phosphine ligand is selected from
(R)-BINAP, (R)-DM-BINAP, (5)-DTBM-SEGPHOS, (B)-BTFM-Garphos, {(S)-Cs-TuncPhos,
{(®)}-P-Phos, (25,58)-Me-ferocelane, (28,58)-Et-ferocelang, (25.553-Me-f-Ketalphos, SL-M0O01-2,
SL-MO003-2, SE-M004-1, SL-M004-2, SL-M009-1, SL-M009-2, SL-J001-1, SL-J002-1, SL-
J003-1, SL-J004-~1, SL-J006-~1, SL-J007-1, SL-J013-1, SL-§212-1, SL-J418-1, SL-WO001-1, SL-
WO02-1, SL-W005-1, SL-W006-1, SL-W008-1, SL-W009-1, and SL-W022-1.

27.  The method of anv one of clatms 1-26, wherein the chiral hgand is used in an amount

from about 0.1 mol % to about 100 mol % relative to the compound of formula (1)

28 The method of any one of claims 1-27, wherein the chiral higand is used in an amount

from about 0.5 mol % to about 50 mol % relative to the compound of formula (H).
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29.  The method of any one of claims 1-28, wherein the chiral Hgand is used in an amount of
about 9 mol%, about 10 mol%%, about 11 moi%, about 12 mol%, about 13 moi%, about 14 molY%,

or about 15 mol% relative to the compound of formula (I}

30, The method of any one of claims 1-29, wherein the aryl nitrile 18 an optionally substituted

benzonitrile or a napthonitrile.

31, Fhe method of claim 30, whergin the benzonitrile or the napthonitrile i optionally
substituted with halo, alkyl, baloalkvl, hvdroxy, alkoxy, arvloxy, arvialkoxy, cyano, nitro, azido,

-CO:H, -C(OHY0 Gy, amino, alkylamino, arylamine, aralkylamine, or amido.

32, 'The method of claim 30 or 31, wherein the benzonittrile or the napthonitrile is optionally

substituted with halo, alkyl, haloatkyl, or alkoxy.

33, The method of any one of claims 1-32, wherein the arvl halide is selected from

bromobenzene, chlorobenzene, todobenzene, phenyl triflate, and chlorotoluene.

34, The method of any one of claims 1-33, wherein the reaction is under acylation conditions.
35, The method of claim 34, wherein the acvlation conditions further comprise a base.
36,  The method of claim 35, wherein the base is selected from hexamethyidisilazane sodium

salt (NaHMDS}, KHMDS, LIHMDS, and fithium tert-butoxide (tBuOLi).

The method of claim 33 or 36, wherein the base 15 LiHMDS.

WD
~J

38, 'The method of anvy one of claims 34-37, wheren the acvlation conditions further

comprise a lithium salt.
39, The method of claim 38, wherein the Iithium salt is LiBr.

40, The method of any one of claims 34-39, wheremn acvlation conditions mchude reaction in
toluene, tetrahvdrofuran, dioxane, methyl ferr-butyl ether, dimethoxyethane, or a muxture of

tolueng and tetrahydrofuran.

41.  The method of claim 40, wherein the acvlation conditions mclude reaction n a mixture of

toluene and tetrahydrofuran.
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42, The method of claim 41, wherein the mixture of toluene and tetrahydrofuran 1s in a ratio

of 5:1or 10:1.

43, The method of any one of claims 34-42, wherem the acvlation conditions further

comprise adding an acidic solution.

44, The method of claim 43, wherein the acidic solution comprises HCL
45, The method of anv one of claims 1-44, whereby the compound of formula (1} is
enantiognriched.
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