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Abstract

Nitrogen heterocycles are ubiquitous in pharmaceuticals, agrochemicals, and natural
productsand occur often agartially or fully saturated nearomaticsix-membered rings. Much
work has gone into the development of methodologies for the synthegs-afomatic nitrogen
heterocycles. However, substrate limitations, antiferneed foreagents and starting materials
that require multistep syntheses have left room for improvement in the synthesisasbnuatic
nitrogen heterocycles. The transition matadiated asymmetric dearomatization of activated
heteroarenium salts yields dihydroheteroarene compounds that can act as building blocks to access
either functionalized pyridines through oxidation, or tetrahydropyridines and piperidines through
functionalization or reduction. Further the use of transition metal catalysis would allow for the
development of substrate independent regitd enantiosel¢iwe dearomatizationmethods. To
date no one solution has been reported that alfomthe control of botlenantioselectivity and

regioselectivity in the dearomatization of pyridiniums to yield chiral dihydropyridines.

This thesis focused on the developmeaintegioselective and enantioselective pyridinium
dearomatization methodologigShapter 2 focuses on the first reported rhodium catalyzed C2
selective dearomatization of pyridinium saltsived from nicotinic acid estets generate chiral
dihydropyridines. Chapter 3 extends this same approach to the synthesis of dinitrogen
heterocycles in the form of quinoxalingshapter 4 reports the use of the developed rhodium
based asymmetric dearomatization methodologies ¢@sacchiral, natural products nuphar
indolizidine and deoxylasubine Il. Finallghapter 5reports preliminary data on the first reported
asymmetric dearomatization of quinolinium salts utilizing a-edf&ctive and less toxic, earth

abundant metal, cobalt, and several novel binaphthalene-8ak#type ligands.
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Chapter 1
Introduction
*Portions of this chaptaverer e pr oduced from Robinson, D. J.;
Karimov, R. R.Org. Lett.2022 24, 19, 3445449
1.1. Partially and Fully Saturated Nitrogen Heterocycles in Bioactive Compounds
Nitrogen heterocycles are prevalenttifs in compounds suchs human and veterinary
pharmaceuticals, agrochemicals, and alkaloid natural pro¢figisre 1.1.1).134 Approximately
70% of all agrochemicals, and 59% of all U.S.FDA approved drugs contain abteastrogen
heterocycle:3 Nitrogen heterocycles within these compound classes are often highly substituted

and contain multiple stereocentesignificantlyincreagsdifficulty of their synthesis®® 43

hy ]\)\/E Mesocj\)i/[cosm (EM

CHF,

1.1
Miglitol Clopldol D|th|opyr Nuphar Indol|2|d|ne
(Antidiabetic) (Veterinary Antiparasitic) (Herbicide) (Alkaloid)

Figure 1.11 Examples of nitrogen heterocycles in medicines, agrochemicals, and natural products.

Si x membered nitrogen heterocyclmesi ar ealp a
compo Fogwues1.1p)8 3%\ anal ysis of the 24 most fr

heterocycles in U.S. FDA approved drugs found

heterocycles. Specifically, 16% of these nitroc
pyr i mied, and quinazolines.-aPamatatl niandgéml |
such as piperidines, pi-perapi hesnes phemot

tetrahydroi ss-oiglhy oo pwyneisdi nk&-pdy r iamidd i tnetnreahr yada mo

37% of al l occurrences. Piperidines (72 drugs

13



t wo most frequent mot-df BydreppPE®)ué¢iY( dFdgth

appeared in the top 24Figuwest3A) b mmon nitrogen m

@N@ A
N/Qpe j@/\o ﬁj

N Ph\)

1.5 1.7
Astemizole Paroxetlne Fentanyl
(Antihistamine) (SSRI) (Antipain)

Figure 1.1.2 Examples of noraromatic six membered nitrogen heterocycleméticines.

The functionalization and synthesis of siX
been thoroughly i nvestigated through, but n
cycloadditions-coapt iH gfadn anisq n aclriozsast i v*&8 ¢t iamm
Comparatively, met hods ofmat i thei gsymembeiredomhi n
whil e common, are |l ess frequent than those for
bet ween ar ocmadimmat acndanamet ebruotceydc |teos tchoeu |idn cbree a
in the control of the regioselectivity, di ast

gener aatreo maotmeanbsxir>ed het erocycl es.

1.1.3A 1.1.38

= : 58%

] [ ] 5
N r;l r}l CT% 19%

R R Yo .
1.8 1.9 1.10 3%
Pyridine 1,4-Dihydropyridine Piperidine
(62 approved drugs) (10 approved drugs) (72 approved drugs) : 86%

Figure 1.1.3 A) The number of FDA approved drugs containing the listed 6 membered nitrogen heterocycleBhdibgy.
percentages of substituents at each position in the 72 FDA approved piperidine drugs.

A deeper | ook at the -sdamtuxitruirregs afp rt dhhwee d7 2d r

the N1 and C4 positions of pi peridines are t
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(Figure1.13B) . It i s itmpatr tsandh tsou nhottiet uents do not
to the piperidine ring. On the other hand, ir
positi omrsomdt inmnheterocycles breaks the plane
piperidines and introduces a stereogenic cen:
stereogenic center adds to already difficult
synthesis of these heteroggecléscaanttribélingi st
desired Sghenedl))lt LHDEEpite the synthetic challen
of partially and fully saturated nitrogen he
motivation for the development sui taldliesdgyntelo

ad enantiocontrol i 1 r o ma tmeenbeelr aetdi ocarz adhfe ttelreo cryac

RZ R2 RZ RZ
R® R3
Functionalization + + + Regioselectivity
R? ” Challenges
N“R® °N N R¥ °N
R R R! R

C4
C5 C3|
C6 C2

N R2 R? R? R?
R' JR* R R* R* Enantio-,
1.11 _Functionalization - + + Diastereoselectivity
3 3 “R3 Challenges
N“YRS N7 R N“ RPN R o
R R! R! R’

Schemel.l1. Functionalization of saturated nitrogen heterocycles that breaks the plane of symmetry of the starting |
leads to regig enantie, and diastereoselectively

1.2. Approaches Toward the Syntheses of Partially and Fully Saturated Nitrogen
Heterocycles
A variety ofapproachesave been developed for the synthesis of partially saturated and
fully saturated nomaromatic nitrogen heterocycles. Recempproachesof nonaromatic
heterocycle synthesis include biocatalytic, electrolytic, organocatalytic, and-b#eed
technique$? ’® Transition metal mediated reactions and annulatisasommonmethodologies

to generate nearomatic heterocycles. Transition metal mediated reactions often encompass, but
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are not limited to, €H activations, annulations, hydrogenations, and dearomatizafiéh¥he
next few subsections will take a look at varying examples of the applicatiorHofd@ivations,
annulations, hydrogenations, and dearomatizations on and for the generation of pyridines,

piperidines, and dihydropyridin&$&

1.2.1.  CiH Functionalization of Saturated Six Membered Nitrogen Heterocycles
One offi rtshtesek amp d e rHe catc t G (vsapn®)mim e 0 dad ®imeant i ¢
nitrogen heterocycl es waMurraeip orretpeodr tbeyd Muhrea if uen

the C2 hydrogen ofl.gl6vamuyxihng@ashet ereod¢yyWélnes @nd

were carbonyl ated using catalytic rhodi um, a
monoxide to gl.vithamehlai®Tdds s was an | mpr oveme
previously reported met hodol ogy for a Si mi

tetrahydropyridines®’Tahned ftiertsrtahgsitimpegtt mizx@ah €$ 8 |
saturated nitrogen heterocycl es, i mc l2W0dLi7n g t pwi
decades after MuH aaicbtsi vifaitrisotn .r eTphoer tteidmeC di f f er ¢
of Murai and Yuds methods serves to highlight

functional i-rad matni coshert¥®wr oety c lad reported the
asymmeHracylCation of four, five, sixnygB\Eod sev
achieve enantiosel ecHi faanamidonrad gizoastealoenct Yw e e
phosphoric acid in combination with Schembul ky

1.21b) . Yields for the functional i z e8dd ¥, a twirtaht eede
ranging fromHB8&a8%tt oadBeén @et hodol ogies are po
specifically, directi pgogsgtoopstara@acheeded f anc

starting heterocycl e. |l nstall ation and remova
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results in a -poomomyt ofmorantdheste@acti on. Furt he
functional-H zad¢ t ownwatbhiyonC can be harsh as seen

temperatures of 160 Ad danog prreoaceteidnrma ntediamend | U e m|
and | ong reaction times can cause degradati on

1.2.1A TM-Mediated C-H Activation (Murai, 2000)

Q\H [RhCl(cod)l, (4 mol%) _ (Nj\[rﬂ
Csz, cO (o)

= IN IPA, 160 °C, 60 h Z "N

~ 54% G

1.16 117
1.2.1B Asymmetric TM-Mediated C-H Activation (Yu, 2017) :
' 9-anthryl
PhB(OH), KHCO3, 1,4-BQ 5 OO
_ Pd,(dba)s (5 mol%) _ o o. °
iPr 'N° H  (Ryligand (12 mol%) _ iPr "N" “Ph O’P\OH
S t-amyl-OH, 65 °C, 16 h S :
62% yield ' 9-anthrvl
iPr iPr 91% ee iPr iPr _ J-anthry
(R)-Ligand
118 1.19

Schemel.21 A) The first C(sp3)H activation of a piperidine arigl) the first asymmetric C(sp3) activation piperidine.

1.2.2.  Cyclization Approaches to Synthesize Saturated Six Membered Nitrogen
Heterocycles

Annulationis a reaction in which aewring is fused to a molecule via two new bonds
Annulations often start with substituted Royclic substrates, typically containing elements of
unsaturatio¥®*°This is in stark contrast to the examples afl @ctivationapproachesiscussed
previously in which saturated heterocycles are already formed and then functionalized. As the term
annulation is broadly defined, this subsection will highlight a few of the more common annulations
specifically for the synthesis of 6 memberedagen heterocycle&or further discussion on more
classical cyclization reactions such as nucleoplsilibstitutionsand reductive aminations see

reviews referenced heté&??
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Catalytliaosirmgngol efin metathesis (RCM) reac
sirmxembered nitrogen heterocycles was first rep
el eecrtircoon ol efi nic amines had pso®viem ROMbeydl if %
resulting in low yields, | JdWwncathaliystsemimmdv ev
and Fu employed Schrockds <catalyst -, wistihx,niatnrd
sevmenmbered partially saturated nitrdgeéem hete
86 % ySclemel.22Za) . Further this strategy was al so a
amides, which were previously even more chall
' imitations as the attempted for mahe omowrfdil matt

of amides to the molybdenum catalyst to form

amines with high electron density were | imite:
year s, advances oneeéemisemetthedosoglh asvPebers
techniques to generate partially satlurkat eed ni

>99% yield, using only 5B8seg mHGrmediisea e o &t t b e
cat aSchemdl.2p)°Unf ortunately this approach to het
the substituent s, sterics, or chain | ength o

product yields.
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1.2.2A Fu & Grubbs (1992)

Et
| M e | iPr iPr
e e |
ﬁ/ Schrock's Catalyst (4 mol%)_ (j/ ; N Ph
Benzene, 23°C,1h : (F3C),MeCO—Mo= -~ Me
N 0/ vi N ' Me
I 86% yield ) '
Bn Bn ! OCMe(CF3),
1.20 1.21 : Schrock's
Catalyst

1.2.2B Pederson (2010) . I\
. @ E .l
' /Rlu

(/ f/ HG-11 (500 ppm)
N 0.2 M PhMe, 50 °C, 8 h N ; =

, >99%% yield . ! cI=

Bn Bn ' ipr-O
1.22 1.23 ;

' HG-II
Schemel.22 A) The first ringclosing metathesis for nitrogen heterocycles Bpdn improved ringclosing metathesis
using lower loadings of catalyst.

One exampeleeotfr macycl i zati on was reported b
rhodi um c-dt alcytzevdat Con set’ alpectthreocgoabsileguiean
activaeleaft 6ocyclization all owed for the synt

al kynebdGuasatur at Schemé In2i3A)_SSulhsequent reducti o

di hydropyridines tol.gidameytetdahyer opy Qi3dd wa g h

gener at ed tetrahydropyridines can t hen be f
piperidines. The reacti@mt plt gz eadcd e€dv attUiGo o u gohf
unsatur atleg4i mMoheéoswéd by additiofh.)26tr@msgi ' é& ea

azatriene 1li.n2t7ewhmeadh at Ben under went el ectrocy

di hydropy e@ammedn @& der went doubl e protonati ol
di hydr ep pr io#chemel23B] . Unfortunately, the method
tolerate drastic changes to the electronics of
and isthovemswdhelr@ gi ve mi xtures of regioi somers
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1.2.3A Ellman (2012)
[RhCI(coe),], (1-2.5 mol%)

RIN Ligand (2-5.0 mol%)
| + RS——_RS then Na(AcO)3;BH
R? N "R* - PhMe/EtOH/AcOH
R3 0t023°C, 16 h
1.24 1.25 17 examples, Up to 93% yield

Up to >95% dr

1.2.3B Reaction Cascade

RG\ R® RE
R 1_25\R5 Ry, SR R |
)t [Rh] P A Q
RZJV\R“ —> | R? R | — | R?
R® R®
R3
1.24 1.27 1.28 1.29
Schemel.23A)El | mands reported 6° el ect r oc yB)thesaspectédanechaniem af
the cascade of the 6° electrocyclization by EII man.

Az-Bi eAlsder ( ADA) rred cetcitomsc,acten geh &one xampl
pericyclic reactions that -daraematmeanbsised hiorr o
heterocycles. While the method reported by EI
gener ated di hydropyriad.nedlotwe eehlisdrearz ame & c tmioxnt
enantioselective, but the 2n®&¥kpdesepbst edebygt
generate chiral tetrahgdiroipgmnildf3nlamidh B&)eEGhers
in the presence o0f°Tetahihryalr bpyRa ede enleeswi(ai me d d
up to 99% wi t cheemel24)up Hoowe¥ &%, ( t he substrate s
steric and el ectroni c-Di eAMlgd erre nreenat cst inoene dtead pfroorc

Ph CI
\ 7

R .
R 1.5 equiv Silane Lewis Acid ' !
N&\COZIPr - _ ' O/SLN’Me
o, PhMe or CHClj :
| NHPiv 23°C, 24h , L
' N~ “CO,iPr ! 1

7 examples, Up to 99% yield Ph Me

|
NHPiv Silane
Up to 98% ee
1.30 1.31 P ° 1.32 Lewis Acid

Schemel.24 Leighton et al reported one of the first asymmetricaiets-alderreactionso generate tetrahydropyridinigs
2010

20



1.2.3.  Hydrogenation of Pyridines

Like C-H activationgeactions hydrogenation reactions begin from an already established
heterocycle ring. Hydrogenations can t&talyzed by transition metals, which mediate the
insertion of hydrogen onto an aromatic heterocycle. The aromatic heterocycle is reduced into a
saturated ring, e.g. a pyridine can be reduced into a piperidine. Hydrogenations of heterocycles
can yield bothachiral and chiral saturated heterocycles, depending on the reaction strategy
employed®1%° One example of an asymmetric hydrogenation of pyridines to generate chiral
piperidines was reported by Glorius et al in 208dhemel.25).1%° The sequence started with a
BuchwaldHartwig amination at the C2 position of pyridiie33 to install chiral auxiliary
oxazolidinonel.34 and give pyridinel.35 It is proposed thatnder acidic conditiond.36is
generated Treatment of1.36 with hydrogen gas and a palladium catalyst yielded chiral
piperidinium1.37. Presumably,hte steric bulk of the chiral auxiliary used by Glorius blocked one
face of the molecule, allowing for insertion of the hydrogen atoms fhmrotherside of the
molecule. After treatment with HCl oh.37 the desired chiral piperidine was obtained after
cleavage ofl.34 Hydrogenationgequire all desired substituents to be present on the initial
pyridine. In the last two decades a multitude of asymmetric hydrogenation methodologies have
been reported. For a more complete discussion over the recent advances in asymmetric

hydrogenation reactions, see the reviews referencedhiéte.
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0 A o) X
N J( ' Cul, K,CO, o | _ | ® iPr
| J+ HN\\/o N,N'-dlmethylethylenedlam|ne= Me” “N” NN, H* Me” “NZ >N
me” N7 PhMe, 140 °C v . J—
iPr iPr g’ ©
o]
1.33 1.34 1.35 1.36
H, /Q iPr iPr
Pd(OH),/C (20 mol%) 1) Hp, Pd(OH),/C (20 mol%) " N + HN
AcOH, 50 °C,22h 2) HCl € J eHCI o)\o
137 1.38 1.34
93% vyield

91% ee
Schemel.25 Asymmetric hydrogenation of pyridine to produce chiral piperidine&lorius et all in 2004

1.3. Dearomatization of Pyridiniums to GenerateDihydropyridines

Anot her i mportant type of reaction for the
heterocycles is the dearomatization of pyridi
work discussed in this disseonfatdieamnomatf veuse

for the synthesis of di hydroheteroarenes and
synt hesi s of natur al product s. | n t hat re
tetrahydropyridines, matdi vpel prmeeati ldd cheelso gtiherso ulgahv

own section for di scussi on.

The dearomatizati on o f pyridiniums S an
di hydr opSghemed 8B s hHe® pyridine 4t@Oné@dednat @r m
pyridilnidlOms e( wi dely commercially availabl e or
Pyridinium dearomati zation can be made enant
met hodol ogi es which al powerfdi ntelse assdnipheeirs dc
dearomati zation appr o-acbmdtoi ct hlee tseyrna chyecsliess odfl
construction of relatively complex and highly

generate hwmdsh derswermédlted i n
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X\ X X X
| \ Activation |\ ~ Dearomatization |\ N |\ |
Z @ o +
N r;l r;l Ar
R R

\
R
1.39 1.40 1.41 1.42
Commercial Pyridinium 1,2-Dihydropyridine 1,4-Dihydropyridine

or Easily Synthesized
Schemel.31 Activation of commercially available pyridines and subsequent dearomatization tdifgrdnopyridines

The dearomatization of -py4ildi  hydmdpyédsdi hs
1. 42which contain two CO®C double bonds that <c
throug-lorr esgied eosel ective reactidoddont opiagerisd
(1 . 4 Schemel.32) . Functionalized dihydropyridine pr
pyridli.nde5s p(r ovi di ng another weHy ftuonmcachinave zat
pyridine compounds. The use of di hydropyridir
nitrogen heterocycles and natur al prodoufcts i

pyridinium dearomati zation methodol ogi es.

X\ N X\ N Reduction and/or X\ X\
E/j\ Oxidation E/j\ Functionalization E/j\ or L/j\
NZ SAr N ar N A N Ar
R R R
1.43 1.41 1.44 1.45
Pyridine 1,2-Dihydropyridine Tetrahydropyridine  Piperidine

Schemel.3.2 Dihydropyridines act as useful synthetic building blocks to access pyridines or tetrahydropyridines/pipe

1.3.1. Generation andReactivity of Pyridinium Salts
Dearomatization ofyridines through addition of nucleophiles is significant challenge due
to its aromatic nature. In fact aromaticity of pyridine is comparable to that of beli2e@a.the
hand reaction of aypidine at the nitrogen atom with an electrophile fergationic pyridinium

sals which are susceptible to nucleophilic attathe most common nitrogen substituents of
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pyridinium saltsareeitherN-alkyl, N-acyl, orN-aryl, each with their own physical and chemical

properties.

One of themost weltknown pyridinium sakis the Zinke sal1.47), in which the nitrogen
of pyridine is functionalized with a 2dinitrobenzne (Scheme1.3.3).1%>1% Zincketype salts
have beemrimarily utilized in a multitude of reactiorfer pyridines functionalization through a
ring opemng with amines to forna Zincke iminefunctionalization of the Zinc imine andring
closng to recreate the pyridine ring recent example of this was utilized by the McNally group
in a form of skeletal editing to generate isotopic pyridine derivaff/Bgcently, a number of
methods have been published for the synthesisarfyNpyridiniums which greatly expanded the

scope Naryl pyridiniums available.

Cl
N02 @ NOZ
Cl
Y e R e,
s —
N
1.46 1.47
Zincke Salt
Schemel.3.3 Formation of Zincke Salts.
N-aklyl pyridiniums are typically generated

in the context -adfk ytlhipsy rdiidsisneirunatsiaolnt,s Nver e gen

derivatives in solution evdttrhopHhHiklyds .t riHd artesu
salts would typically <c¢crystallize out of sol L
salts could be isolated by filtration to yiel

stabl e adndintbiicemst. cExampl es of two sSehehe al kyl

1.34.
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X X X

| X BnBr | X MeOTf | X
D MeCN, 60 °C _ DCM, 23 °C @
N~ © e}

16 h N 16 h N

| [}

B Br b OTF
1.49 1.43 1.48

Schemel.3.4 Formation of isolable and bensiable pyridiniums.

Fi n a\lalcyy,l pyridiniums are usually igeusartat e

Compared-ar g | t-dalekdyNIN pyr i daicryiluwny rd alitndg ,umN sal ts a

and | ess stabl e. Typically, these salts are
pyridines and acyl chloridasunrnedoarennbhespab.
Il n recent years, more intricate methods ha?

more complex pyridinium salts®Fbroagtdemanahseds
of recently developed interaskitng omappodalcdgid

in this dissertation, see th®¥’recent review b

No-asymmetric nucleophilic dearomati zations
|l iterature and deeply explored since the 1970

and will react with a host ofeguotebebiive aj
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nucl eophiles to pyridinium salts in dearomat

si mpaeyl pyr.id@siituhmr ee el ectrophilic sites whi
pyridinium and carbonyl carbon of the acyl gr ¢
to these sites is dependent on the HIAB ndhuanr a

s i {Sehemel.35)108. 109

X
R™ ~CI
@ —_— @ @ Soft Nucleophiles (C4 Position)
NG N°C© @ Hard Nucleophiles (C2 Position)
ACI @ Nucleophilic Catalysis (Or Very Hard)
1.46 R” YO
1.50

Schemel.35 Preference of positions that nucleophiles will attack based on their characteristics.

Studies condetfedndyt@ami nea general hard o
Grignard reagents, preferred to attack the C
characteristics of reactants in the reaction
Theersitc bul k of nitrogen substituents, nucl eofj

in the resulting regioselectivity of the deart
from varying tthhet hset epryircisdionfi ubme@ and el ectr oph
Abdul | ah, a nSthenved 3@ §'GdcBihal (| er functionalities
combined with smaller harder al kylISch&neli.3gnar ds

entd)y As the size of the acyl group 1increasec
favor of t Bahem€ld36,p reonfiturcyd 2k ey t akeaway from t he
reactions are not highly regioselective and

regioselectivity issue hinders the broad appl

of -aoami c nitrogen heterocycl es.
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R-MgX Entry RMgX R’ C2:C4 Ratio Yield (%)
) _CIcoR! @\ . O 1 EtMgBr  Me 70:30 76
N/ THE N" R N 2 EtMgBr EtO 64:36 73
3 EtMgBr t-Bu 52:48 73
1.46 O)\R1 O)\R1 4 PhMgCI Me 937 70
5 PhMgCI EtO 93:7 80
1.51 1.52 6 PhMgCI Ph 73:27 77
C2 Product C4 Product 7 PhMgCI t-Bu 52:48 66

Schemel.3.6 Effects ofstericsand pyridiniumsand nucleophiles on regioselectivity.

A number of solutions to combat the regi o0seE€
of pyridiniums in the | ast thirty years have
regioselectivity challenge i n ptyerriidcianiluym hd enac
bl ocking group onto your pyridine before acti
strategy to control the regioselectivity in g
group. In 2001, Maz tee¢l eecdt iave rideaird eyl it Zaet it esn
Grignard nAlfchlee onpahginleessi.um of the Grignard reage
the nitrogen atom df45t hewhi mhddyrestubdtibheenuc
C2 position to génémbataen BHMe& @2 epdodvadcth a >95,

(Schemel.37) .

5 5 0.
o N8 _PMgBr | o RO en | — N Apn 84% Yield
OTf/& OTf)\ MgBr /& >95/5 C2/C4 Product
NS -
Ph NMe Ph N~ Ph NMe
Me
1.53 1.54 1.55

Schemel.37 Regioselective pyridinium dearomatization by Martel et al in 2001 using a directing group.

Transi tion met al catal ysi s has revol ution
reactivity modes amaddbgtiempoeweil egttive trieegi @ f 1
of this catalysis to pyridinium tdheatr oanad e lzlad n

and stereoselectivities can be achieved. Sel e
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I n 2009 Feringa et al reported the first e
al kyl organomet A-htyt pucl SdhetelLdd)e SFaetroisng(a ut i | i
Nacyl pyridimiwint hsaad tmset(hoxy group bl ocking th

C2 products. Enantioselectivity of the C2 pr o

compl ex. The 1502 werroeduex sl usi vely obtained 1in
enantioselectivities. However, while i mpressi
group, l'imiting the overall generalizability
reages were al songd ifnriotne da,n aest hcyhlantgo an i sopr op)

drop of the ee of the reaction from 95% to 56

. SPh
OMe |- CICOzBn o :
2. Cu(OTf), (5 mol%) ﬁ‘j\ '
| | o

| X L (10 mol%), Et,Zn : \P_N: >
3. + o ! o”
N 69:/'33' Id NOE OO
o e COBn SPh
1.56 95% ee 1.57 :

Phosphoramidite
Ligand (L)
Schemel.38 Feringa et al reported the first asymmetric addition of zinc nucleophilesattyNoyridinium salts.

I n 2016, Doyl e et al r epoditheydd rt chpdp gisd/ imoned r (i
N-acyl pyridinium salts wutilizi n($hemel.B9).c kTehle/ pho
reaction proceeded through a nickelbctebphyked
gi ve t he DPB pirnodyicetlsds( up to 80% and ee up t
both sterically hinder edNanyl ssnabdt iatl ket sufbsr
EWGs on the aryl zinc reagents were well toler
were also well tolerated. This methodol ogy wa
by Feringaviety aandsr egiacsel ectivity was achi e\

grouptdhe &Y position of the pyridinium. Unf o
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needisnigt i ngeneNatybnpgfi dhei um saltsst@aabitlhietyy

i ssues,orgwamtolkemc reagent have | imited commerc

R'znBr On-Pr
N, Ni(acac), (10 mol%) OO
| Ligand (12 mol%)

Z °N (j
P—N
N R?0COCI /J§ o’
THF, 40°C, 160 _:0Ng 5 O‘
1.46 30 examples 1.58 : On-Pr
Up to 80% yield : Phosphoramidite
Up to 96% ee Ligand

Schemel.3.9 Doyle reported a nicketatalyzed asymmetric dearomatization e&dy! pyridinium saltsn 2016.

Il n 2011, Nadeau et al reported the fir

st C

N-benzyl nicdépPnatel sal hg ( lhcaadiad m/siSchametsl&misi n e

They demonstrated the -abbs$ityutedgeockrii®bke, adr
in yields of 23% to 83% and ees of 83% to 99%
OMe
AFB(OH) N32CO3 N™N
CO,Me  Rh(COD),BF, (5 mol%) CO,Me ! L _
@ (R)-CTH-P-Phos (5 mol%) U : MeO PPh,
N"_© dioxane/H,0, 60°C Zz PPh,
éBr 10 examples ' N s |
1.59 Up to 83% Yield 1 60 !
Up to 99% ee ' OMe
(R)-CTH-P-Phos
Schemel.3.10 Nadeau et al reported a rhodiimediated pyridinium dearomatization methodology in 2011.
Despite Nadeauds small scope they demonstr
system to achieve both regioselectivity and
directing groups. Up until t hiast padilnotwendo fnoert hc

both t-hedr egiaoti oselectivity of the dearomat:i

nucl eophil es. This is particularly noltédwort hy
possess threehidiifd esiemeés et lratt ropn | ead t t h
correspondi ng 16 2lh yod4r oFpoyrr | etxracapd (egh ast udy by S
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demonstrated that treat ment of a nicotinate

resulted in a 1.0:1.6: 8. 9Schemdl.B1d)1.o*f C2: C4:

X
CO,Me 1) MeOTY, E,0 N CO,Me CO,Me = CO,Me
B ~ - [ o |
~ 2) NMgBr N N N
N THF H H H
62% Yield of C4 & C6
1.62 1.63 1.64
1.61 16 .CA-
1.0:1.6:8.9 C2:C4:C6 C2 Product C4 Product C6 Product

Schemel.3.11 C3 Substituted pyridiniums have 3 electrophilic sites that can give a mixture of regioisomers.

C6

e !

The preference for the C6 positi eworweaes sfur

empl oyed even more sterically bulky Grignard
the dearomatization of met hyl nbocotdanhabe der |
rhodium medi ated, C2 regi oselective, enanti o
pyri di ni umsCh adpitsécrutstsiesd ‘dPnEbhapti @t i@ndemonstrat
tailoring only the rhodium catalyst system, t
chirdea€C@dmati zed di hydropyridines, the first
Nadeau and coworkers also demonstrated the

wi gmat ernary l16then dooamgthertshe( deabosmat uzadi ppr

(16 p Schemel.312) . Al t hough their reported yields
was the first reported instance of a fully
transition metal mediated pyridine dear omat.

Me” “N°_O Me-THF/H,0, 80°C ~ Ph” N ; PPh,
BnBr 52% Yield Bn ;

1.65 65% ee 1.66 (R)_BINAP
Schemel.3.12 C6 regioselective asymmetric dearomatization of a 6 substituted pyridinium that gives a quaternary ce

PhB(OH),, Na,COs :
~COzMe  Rh(COD),BF, (5 mol%) CO,Me '
/@ (R)-BINAP (5 mol%)  Me, l PPh,
'

2
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Il n 2020, t he avba rkiemesv pamd i shed their semir

gener al met hod for the dearomati vae§ ostmartt iomg
froNmal Kyl pyrideyniwim hsaexcel(l ent yi ebchdesne and e
1.313)'*Furt her the reaction displayed excellent
performed on gram scal e. Reactions product s,
bl ocks to access complex, chirséctitenrahgdiromp

ATB(OH)Z, Nach3
NCOR®  Rh(COD),BF, (5 mol%) _~_COR® OO
J|\/j/ (R-BINAP 5mol%) R[] : PPh,

®, >
RN, © dioxane/H;0, 80°C, 2h Ar” N : PPh,
R2 X >25 examples R? ' OO
1.67 Up to 99% Yield 1.68 ;

Up to 97% ee ' (R)-BINAP
Schemel.3.13 C6 regioselective asymmetric dearomatization of a 6 substituted pyridiniums that gives a quaternary ¢

During the devel opment ofbotrlroeni &s ymmeltsr itco a
salts to generate quaternary stereocenter dih
the addi t-2-mor wrfian dadiétde z Bbhoiropit@n@yird di ni um s a
rhodium catalysis did not yield anyamfd. 7Be co
respex(@dhamelldtdA) . Thi s was duwe ottoo dtelbeo rcommap @ toinn gs
of these boronic ac BaisnelBh4B)e.tS ubcacseiscs foud n dai styi nonmes
high yielding additions of heterocyclic boror
overcome as doing so could enable the efficie

synthesis of na@baLCedampitoeIr it Zhii i e sksier t at i on.
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ArB(OH)z, Na2CO3

~CO:R®  RN(COD),BF, (5 mol%) _~_COR® | OO
@ (R)-BINAP (5 mol%) ﬁ PPh,
N '

N~ O dioxane/H,0, 80°C,2h  Ar PPh,
R f'*z 949
1.69 1.70
(R)-BINAP
= | COzMe = | COzMe
=~ N r
NH Bn S Bn
1.71 1.72
0% Yield 0% Yield
T 7 -1 = Y5
S
N—B(OH), 120 5 N—B(0H); 129 5 N) + B(OH),
N Base N B N
H H H
1.73 1.74 1.75 1.76

Schemel.314 A) Attempted dearomatization of pyridiniums with heterocyclic boronic acids gave poor ¥B¢lBsronic
acids are prone to decomposition by protodeboronation in basic aqueous conditions.

To overcome to issues of -poonkedsbodevehbopoa,

catalyzed dearomatization of pyridinium and g

(Schemel.315!'Bpins, the pinocol esters of aryl bor
aryl boronic aci d&*®utmd eard dbasiiocn ctoon dtihtei oinspr ov
widely commercially avail abl e -thnldo ray lea teiacsn | o/f

or Miyaura and Masuda boryl ati!h?0asfi nagr yalr yd n B ps
the Kari mov kend awere able to achieve dear omat
range of functional groups in excellent yiel
heteroarenes, such latss.i nTdhod emnset hood oplyag yd i wia su na |

to the synthesis of dihydropyridines with ter
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- C02Me Na,COj5 (2.5 equiv), R?Bpin (2.5 equiv) . COMe
| o) o Rh(COD),BF, (5 mol%), (R)-BINAP (5 mol % Q/
'}'1 oTf Dioxane:H,0 (20:1), 80 °C, 2 hours
R' 1.77 R 1.78a-l
. COzMe CO,Me - | CO,Me
/ ] f;l 4 ] N
Bn S Bn
1.78a, 87%, (51%) 1.78b, 87%, (24%) 1.78¢, 71%, (0%) 1.78d, 74%, (78%)
95% ee 92% ee 91% ee 95% ee
1.78e, 89%, (80%) 1.78f, 92%, (85%) 1.78g, 62% 1.78h, 49%
87% ee 82% ee 96% ee 94% ee
CO,Me _ | CON(iPr), P MeO,C
N N - N 9
Me Me
1.78i, 20% 1.78, 41% 1.78k, 71% 1.781, 39%
92% ee 45% ee 91% ee 82% ee

Schemel.315 Notable examples of improvements in yield when using heterocycle bpin nucleophiles instead of aryl
acids (aryl boronic acid yields are in parentheses) and other examples of note that previously gave little to no yj@ddar
%ee with boroni@cid nucleophiles.

1.4. Dihydropyridines as Building Blocks for the Synthesis of Nitrogen Heterocycles

Dihydropyridines are excellent building blocks that can be used for the synthesis of a
variety of nitrogen heterocycl es. They cont ai
functionalized to access tetrahydropyridines and piperidines which coule eapiol synthesis of
complex smatmolecule heterocycles found in many bioactive compounds and natural products

(Schemel.4.1). Dihydropyridines can also be oxidized to pyridines.

33



X X X X
| N Activation | N Asymmetric m Oxidation m
—_— —_— —_—
N ’]‘ Dearomatization ’]‘ Ar N Ar
R R
1.39 1.40 1.41 1.43
Commercial Pyridinium Dihydropyridine Pyridine
Reduction and/or X X
Functionalization @\ E/j\
- or
rﬂ Ar r;l Ar
R R
1.44 1.45

Tetrahydropyridine  Piperidine

Schemel.4.1 Commercially available pyridines can be activated into isolable pyridinium salts that can then be asymmu
dearomatized into dihydropyridines which can in turn act as valuable building blocks for pyridines, tetrahydropyridir
piperidines.

I n their report for nickel catalyzed dearo
several interesting dihydchemey42)'dime dicene asy
i a7Under wenAl caerDiceycl oaddi tion to give a bicy
to give ch83G al 1p%r yolee d with 1l@38wa&9 % eadlai.c e@o mE
triethylsilane tol8diive6Q@%®tyablydr ovpy thi dainn e8 8 %
Osmium catal yzedl8dyiiheyl ddreodx ytlha&et2ipoing 6o6i o1 e d wi t h
dr , demonstrating that the stereocenter set [
ot her stereocenters set ftilhmotuighn asltiaznadtairodn rreed
catal yzed hyld 8oagveen atteitorna h&fHl no PR R ii ee¢ dL8 31 odi n

with NIS followed by a Suzuki reb&dmnod8 Paywiee If ¢
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1) NOB, DCM (A NHCO,i-Bu

2) CuCl, MeOH N
Ph Ar
1.80
OH
O Et,SiH, TFA @ 0s0,, NMO ('j’OH
. U _—
/L “Ar DCM N~ “Ar  THF/H,0 N A
iBuo”_ 0 ,Buo/J§0 i-Bu0”” SO
1.81
Lindlar Catalyst O 1)NIS DMF
MeOH ‘Ar 2)Buchwa|d )\
BuO 0 Precatalyst, 0% 0i-Bu

Xphos, K3POy4

1.83 1.84
4-MeO-PhB(OH),
Schemel.4.2 Derivatization of chiral dihydropyridine by Doyle et al.
The Karimov | ab also reported sever al I nt e
reagents as well t o Schemeli.dAB)a.t | zree &l Bvayrdtih oddflg CNB H n

orzathd pall adium on car bl8nga mb8vien t8e7t% aahnydd r DP% r
respecti vellg AavaGo nfipuorutnhde r redi oe d8 @it h7 ONVa CyNiBeHl ¢
ReductliBam tohf excugaseli AEIB&Irdoevhyddeng anot her f ur
for further derivatization of the 1®0Gvalsti ng
achieved by taeat Na@®Melt9tlion gh#% yi el d and >20
demonstrating the possibility of controlling

the initiaatli odne d&¥%éoantattiiozn .
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Z COzMe
NaCNBH3 Me.,
AcOH, MeOH N

Ph \
Me
1.86
_~_COMe CO,Me CO,Me
MeU H,, Pd/C MeU NaCNBH, Me')\/j/
Ph l}l MeOH Ph f;l AcOH, MeOH Ph f;l
Me Me Me
1.85 1.87 1.88
(0]
X H
LiAIH, Me..
pn’ N
Me
1.89 OMe
Y COzMe II,. COZMB
| I,, NaOMe |
—2 T
Tol f:l THF/MeOH Tol l}l
Me Me
1.90 1.91

Schemel.4.3 Derivatization of chiral dihydropyridines by Karimov et al.

The dihydropyridine strappelgyc aMalse dteanonb ¢ r

bi oactive mol ecul es SchemeNaf'éfiue mtnme rcto wofr keir sy d

192vi th a series of transformatlt2®dnsagdnér gt ed d

5 steps with an 80% ee.

1. Pd(OH),/C, H,, EtOH
2. NaCNBH3, MeOH, AcOH
3. Pd(OH),, H,

~C0:Me 4. B4c) 0 Et;N, EtOH COH .
| NaOMe, MeOH, then water ° | AN :
Ph” N 5. cl Ph™ N Z
Bn Boc
1.92 H2N 1.93

Et,0, EtOAc, hexane
Schemel.4.4 Derivatization of chiral dihydropyridines to giypdarmaceutical building blocks

1.5. Conclusion

Nitrogen heterocycles are ubiquitous in pharmaceuticals, agrochemicals, and natural
products and most often come in the form of partially or fully saturatedaramatic six-

membered rings. Much work has gone into the developmespmbachesike C-H activation,
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cyclizations and hydrogenations for the synthesis of dihydropyridines, tetrahydropyridines, and
piperidines. While these types of methodologies have been applied successfully in the synthesis of
nonraromatic heterocycles, they are often substrate limited or uglgents and starting materials
that require multstep syntheses to obtain. One approach that is particularly exciting is the
dearomatization of heteroareniwalts in which commercially available or easily synthesized
aromatic heterocycles taas electrophiles and are functionalized with typically organometallic
nucleophiles. Many groups have developed and published methods for the dearomatization of
heterocycles, including asymmetric variants to generate chiralarmmatic heterocycles.
Unfortunately, much of the dearomative chemistry reported to date faces regioselectivity
challenges with implemented solutions, such as blocking/directing groups, limiting the
generalizability of substrates applicable in the developed methods. In generad, smuion has

yet been reported that allows for the control of both enantioselectivity and regioselectivity in the
dearomatization of pyridiniums to yield chiral dihydropyridines. To that end, the work in this
dissertation focuses on the developmentregdioselective and enantioselective pyridinium
dearomatization methodologigshapter 2 specifically focuses on the development of a catalyst
controlled methodology for the first reported asymmetric C2 regioselective synthesis of
dihydropyridines. This mbbd is demonstrated to retain roughly the same general reactivity as the
Karimovgroup® s pr e Vv i o u sstlectivadeanoroative endmis@whapter 3 focuses on

the extension of our developed dearomative rhodium chemistry into the synthesis of
dihydroquinoxalines. As our lab views dihydropyridines as building blocks, synthesized
dihydroquinoxalines were showcased for their ability to act as buildouk®for the generation

of chiral tetrahydroquinoxalinesChapter 4 of this dissertation builds upothe idea of

dihydropyridiniums as building blocks and employees the developed C6 and C2 regioselective
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asymmetric dearomatization of pyridiniums into the total synthesis of nuphar indolizidine and the
formal synthesis of deoxylasubine II. Finalihapter 5of this dissertation presents a first look at

the development of a cobalt catalyzed asymmetric dearomatization of heteroareniums. The use of
a firstrow transition metal to synthesize chiral dihydropyridines is particularly exciting as it would
enable thaffordable use of our approach on a larger scale, with less toxic metals, in the synthesis

of bioactve compounds.
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Chapter 2
Catalyst Controlled-Enantioselective and Regiodivergent Addition of ArylBoron
Nucleophiles to Nalkyl Nicotinate Salts
*This chapter was reproduced from Ortiz, K. G.; Dotson, J. D.; Robinson, D. J.; Sigman, M. S;
Karimov, R. RJ. Am. Chem. So2023 145, 21, 117811788
2.1.Introduction
Site-selective functionalization of molecules that contain multiple reactiversiteains a

significant challenge in organic syntheXisAlong with this challenge comes the opportunity that
achieving siteselective functionalization could enable synthesis of a variety of molecules from a
small subset of starting materials. While selective functionalization of electrophiles that contain

twor eactive sites has been signi fi c-ansdtdrajed dev el

carbonyl compounds), devel opment of methods t

Il n this context, pyridinium salts are mul
nucl eophil es, can undergo (1, 2), (1, 4), or
di hydropyr i®tTrheess e( BHRasf)f.ol ds are wusef ul inter

nonaromatic ni tRgog2xll)’etr ecoc¢yngl @as nucl eophil e
the ring has proven to be a nontrivial t ask.
symmetric pyridines, instaldexngthbhhgckiumgtgooa,
the atild?P&@afeful selection of the activating gr
vs C4 sl Whitliewviagfyf.,.ective in specific cases, t|
accessed vi a otnhtersod |seudb sptrroattoec ol s i1 s i ntrinsica

conditions to be met or neces dgidti anti as Mo il ftisc & toi
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the regioselectivity of the addition. These

dearomati zation approach toward the synthesis
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Figure 2.11 A) Reactivity of pyridinium salts with nucleophiles for synthesis of DHE}<atalystcontrolled regioselective
addition of boronic acid<C) Examples of alkaloids and bioactive molecules with-digBibstituted nitrogen heterocycles.

A strategy to overcome these issues is to impart control through the catalyst structure. A
specific goal is to enable the addition of the same nucleophiles regioselectively to different
positions of heteroarenium salts as a function of the catalyst t preducts with different
substitution patterns, which are common in natural products, agrochemicals, and pharmaceuticals.
Recently, our groufseechapter 1) and others have reported{Ratalyzed addition of aryl boronic
acids and aryl boronic acid pind@sters to pyridinium salts derived from nicotinic adttg(re
2.11B).14172 These reactions proceeded in remarkable regioselectivity and delivered the C6
addition products in high yield and ee even when a substituent at the C6 position was present. In

addition to the major C6 addition product, C2 and C4 arylation products veereladerved in
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these reactions, albeit in low yield. Inspired by these pobabncept studies on catalyst
controlled regioselective functionalization of multident electrophiles, we initiated a study to
identify a catalyst that would facilitate selective addition of &gron nucleophiles to the C2
position of nicotinic aciebased pyridinium salts. Identification of such a process should enable
the synthesis of highly functionalized piperidines that are present in natural products and bioactive
molecules such as the anghown inFigure 2.1.1C.

This chapter describebe identification and analysis of new catalysts for selective C2
addition, which afforded the corresponding-DERPs in high yield and enantioselectivity. Using
statistical modeling tools, including linear regression, logistic regression, and threslgkisan
we identified which ligand parameters are important for achieving high selectivity and yield. This
work will more broadly facilitate future efforts to develop stdective catalysts for the
functionalization of multident ektrophiles.
2.2.Results and Discussion

2.2.1. Reaction Optimization and Ligand Screening for C2 Regioselectivity

Our initial studies in this area focused on the regioselective dearomatization reactions of
pyridinium 2.8a (Table 2.21) with PhBpin as a readily available aryl nucleophile. For initial
reaction conditions, we applied those used for the dearomatization of such substrateBpith Ar
nucleophilesTable 2.2.1, entry 22).1*We investigated various bjghosphine ligands with diverse
steric and electronic properties.

We found that under these conditipomsducdeve
2. 46 the major product, with some |ligands evel
Bl NAP |Tage22 (entries )11 ,Fo22.,exafape2R3 L1&8mgdands

Table2.23L 3Jave the C6 adidi td4Dnl pamduzxd: 1 selectiwv
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BI NAP delivered the same product in an 8:1 se
sever al |l igands that s(Taple2.Zli camtdiyed avored C2
Of t heBwRPRhowe gave the dearomatization product
but high enaoahioakl ec-Bandb POBRDABRS 2. 9ai mnd 2.
moderate selectivity INotr pilabeR.E3gLhS5y)d wed2rdadldl aynide |
2.1 high regioselectivity, but the overall 'y
i dentBiofbipehtalde 223, L28) whi ch was origi raltlayl ydede
regioselective hydroformylation reactions, as
the yield of the C2 p’Plsdiufagle2.23nd@senantigaede
reducing the reaction temperatur e, conditions

yield of t(hable2®22, pernotdruyc t3 0) .
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Table 2.21 Yields and regioisomer ratider different bisphosphine ligands in the dearomatizatia? &

J\/E/COZMe
Me
p N

Me

o

Rh(COD),BF, (5 mol%

)
CO,Me L1-L3g (5 mol%) CO,Me
| = Na,CO3 (2.5 equiv) | =
@ PhBpin (2.5 equiv) .
N" © > Me” “N” "Ph
Me

I\III OTf Dioxane:H,0 (20:1)
e 80 °C, 2 hours

Me +

2.8a C2-Product (2.9a) C6-Product (2.10)
Entry Ligand Yield (%) C2:C6 Ratio ee for 2.9a
Cc2 C6 Overall (%)
1 L4 6.00 2.00 8.00 3.00 N.D.
2 L, 0.00 0.00 0.00 - -
3 Ls 20.0 50.0 70.0 0.400 N.D.
4 L4 68.0 2.00 70.0 34.0 N.D.
5 Ls 33.0 2.00 35.0 15.0 60.0
6 Lg (10:1 Dioxane:H,0) 39.0 2.00 41.0 19.5 N.D.
7 Lg (20:1 Dioxane:H,0) 3.00 2.00 5.00 1.50 N.D.
8 L, 3.00 79.0 82.0 0.0400 N.D.
9 Lg 34.0 60.0 94.0 2.00 91.0
10 Lg 4.00 57.0 61.0 0.0700 N.D.
11 Lo 2.00 91.0 93.0 0.0220 N.D.
12 L1q 60.0 31.0 91.0 1.94 >99.0
13 Lo 0.100 6.00 6.10 0.0200 N.D.
14 L3 0.00 2.00 2.00 - N.D.
15 Lig 0.00 0.00 0.00 0.00 -
16 L¢s 49.0 30.0 79.0 1.63 86.0
17 L 0.00 0.00 0.00 - -
18 L47 1.00 7.00 8.00 0.140 N.D.
19 L4g 0.00 0.00 0.00 - -
20 L4g 2.80 1.80 4.60 1.56 N.D.
21 Log 0.00 0.00 0.00 - -
22 Loq 10.0 81.0 91.0 0.120 N.D.
23 Lo, 20.0 10.0 30.0 2.00 >99.0
24 Log 1.00 27.0 28.0 0.0400 N.D.
25 Loy 12.0 86.0 98.0 0.140 N.D.
26 Los 10.0 79.0 89.0 0.130 N.D.
27 Log 10.0 74.0 84.0 0.140 N.D.
28 Loz 6.00 37.0 43.0 0.160 N.D.
29 L,g (80.0 °C) 67.0 11.0 78.0 6.09 91.0
30 Log (40.0 °C) 81.0 9.00 90.0 9.00 97.0
31 Log 1.00 0.00 1.00 - -
32 L3g 10.0 36.0 46.0 0.280 N.D
33 L3 1.00 11.0 12.0 0.0900 N.D.
34 L3o 10.0 75.0 85.0 0.130 N.D.
35 L33 3.00 12.0 15.0 0.250 N.D
36 Lag 2.00 31.0 33.0 0.0600 N.D
37 L35 0.00 7.00 7.00 - -
38 L3g 3.00 14.00 17.00 0.210 N.D.
39 L7 4.00 78.0 82.0 0.0500 N.D.
40 Lag 12.0 11.0 23.0 1.09 N.D.

Reaction condit2 &&.c1 Ppmald, ni1 uemgwiadk )t was reacted wit
of .QON@as a base 2BR(d5 RhdICIQDE)L mol %) as a catal yst2 2an3li8Q
were determi n#ld NMR apalysiasodf t he cr utdrei mestahcd x yolme mm
standard. Enanti omeric excess (ee) was determined u
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Table 2.22 Yields and regioisomer ratios for different bisphosphine ligands in the dearomatizai@a.of

—O/COZMe
Me= N |
Ph

Bn

Rh(COD),BF, (5 mol%)

CO,Me L1-L3g (5 mol%) CO,Me
@ Na,COj3 (2.5 equiv) /O/
) PhBpin (2.5 equiv .
N~ O pin (25 equiv) -, N Ph
Bn

| OTf Dioxane:H,0 (10:1)

+

Me \

Bn o
2.8¢ 80°C, 2 hours C2-Product (2.9k) C6-Product
Entry Ligand Yield (%) C2:C6 Ratio ee for 2.9k
C2 C6  Overall (%)
1 L, 59.0  5.00 64.0 11.8 N.D.
2 L, 0.00  0.00 0.00 - -
3 Ly 200  50.0 70.0 0.400 N.D.
4 L, 91.0  2.00 93.0 455 N.D.
5 Ls 0.00  0.00 0.00 - -
6 L, 400 520 56.0 0.0800 N.D
7 Lg 410  9.00 50.0 4.56 N.D.
8 Lo 400 24.0 28.0 0.170 N.D.
9 Lo 4.00 820 86.0 0.0500 N.D
10 Lyy 710 290 100 2.45 N.D.
11 Ly 0.00  3.00 3.00 - -
12 Ly 0.00  0.00 0.00 - -
13 Lig 0.00  0.00 0.00 - -
14 Lig 0.00  0.00 0.00 - -
15 Lyy 2.00  7.00 9.00 0.290 N.D.
16 Lig 0.00  0.00 0.00 - -
17 Lo 11.0  64.0 75.0 0.17 N.D.
18 Loy 0.00  0.00 0.00 - -
19 Los 1.00 370 38.0 0.0300 N.D.
20 Log 0.00  0.00 0.00 - -
21 Los 150  69.0 84.0 0.220 N.D.
22 Lag 62.0  7.00 69.0 8.86 99.0
23 Lao 0.00  0.00 0.00 - -
24 Lso 3.00 5.00 8.00 0.600 N.D.
25 L 500  40.0 45.0 0.130 N.D.
26 Las 130  7.00 20.0 1.86 N.D.
27 Ly 8.00 56.0 64.0 0.140 N.D.
28 Lag 27.0  17.0 44.0 1.59 N.D.

Reaction condit2 &m&.:1 Ppmadld,i nil uemgwiadl)t was reacted wit
of ONas a base BBW(d5S RmoW3GB)L Mol %) as a catal ys 9akntdi8ed
product were det éd nNMRe ds pbeyc tanaa loyfs itsh eo fclr, Bdré&s meetahca X yohr
internal standar d. Enanti omeric excess (ee) was det

55



Table 2.23 Structures of bisphosphine ligands.

(Ph)zP/\/P(Ph)z

DPPE (L4)

P(Ph),
HH
P(Ph),

(R,R)-Norphos (Ls)

@/F’(Ph)z
F'e

<>\P(Ph)z

DPPF (Lg)

Me Me

(L

P(Ph), P(Ph),

Xantphos (L43)

O P(Ph),

P(Ph),

(R)-Phanephos (L47)

i I P(Ph),
o

(S)-(-)-BINAP (L21)

(Ph)zp/\/\/P(Ph)2 (Ph),P” " P(Ph),

DPPB (L)

(Ph),P.,

Jw-en

catASium D(R) (Lg)

(Ph),P

DPPP (L3)
Me

Oj/\P(Ph)z
Me><0 «,,_P(Ph),

(R,R)-DIOP (L7)

P(Ph),
DPPBz (Ly)

N__P
\I “tBu
N/ F:/tBu

(R,R)-QuinoxP (Lg)

Me tBu
i b, Me,, SS=2-P(Ph);
Ph,P” "’F@PPh C[ Me 7 Fe
Fe 2 .Me Me,N /S
e ? Spipn),
tBu

(S)-Me-BoPhoz (L4q) (R,R)-BenzP* (L41)

(R)-(S)-BPPFA (L42)

3] Ph (Ph)z NH HN P(Ph)z
Q f Q O
Ph Q

(R,R)-Me-BPE (L14)
Me,,,

o o
P P O P>“'P’
Me o | Me tBu .
,/0 Me Me p tBu
iPr=— O
o

catASium M(R) (L1g) (R,R,R,R)-Di-iPr-BABIBOP (Lyo)

0
.
0 P(Ph),
o P(Ph),
g
o)

(R)-(+)-SEGPHOS (L24)

(R,R)-Ph-BPE (L45) (S,S)-DACH-naphthyl Trost (L4¢)

(R,R)-Me-DuPhos (Lj2) (S,S,5-)SPIRAP (Ly3)
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CTH-(R)-P-Phos (Lz5)

O :>—Me

tBu ~

Me-—<: O

(R,R,R,R)-Di-Me-BABIBOP (L) (R)-(S)-Josiphos (Lzo)

OMe

el
=

OMe

(S)-DMM-Garphos (L3¢)

2.2.2.

DHPs

P(Ph),
P(Ph),

OMe
® @
MeO P(Ph), MeO
MeO V. | P(Ph), MeO
N&
OMe

(S)-Ph-Garphos (L)

JijiOMe

Me

L Me
; OMe

_ Me -

=

tBu
thP Fe
S e

(R,R)-Me-Ferrocelane (L34)

[ Me

S @
o P Me
o P Mé]

I

(S)-(-)-DM-SEGPHOS (Lsy)

S8
O

r
N

Me
42

[ Me

Me

MeO P(p-tolyl), Me
MeO P(p-tolyl), Me

(S)-Tol-Garphos (Ly7)

Me,
@7/”9 OO

o
o

Me

(R)-(+)-XyIBINAP (L37)

I [ON
(SaxS,S)-Bobphos (Lgg)

P(p-tolyl),

g g P(p-tolyl),

(S)-(-)-ToIBINAP (L32)

[ tBu
o] ©10Me
o ‘ P1 tBu
o PL tBu’]
g
OMe

(R)-(-)-DTBM-SEGPHOS (L3s)

OMe

tBu
L 42

OMe [ OMe
l @iOMe
MeO P’ OMe
2 MeoO ] Py omé]?
; OMe

OMe OMe
2 L J2

(R)-3,4,5-(MeO);-MeOBIPHEP (L33)

Scope of Boron Nucleophiles and Pyridinium Salts for the Synthesis of 1,2

With the optimal reaction conditions in hand, we explored the substrate scope of this

reaction with respect to different /Apins nucleophiles and pyridinium salts. During the scope

exploration, we identified that although QuinBx had inferior regioselectivity compared to
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Bobphosin certain cases, it delivered the C2 products in higher yield due to the excellent overall
yields of these reaction&ee stereochemical model gection2.2.5. Thus, both ligands were
used during the scope exploration.

Ar-Bpin nucleophiles containing various electimeutral and electredonating
substituents at the para position reacted with pyridinium salts containingvie G@bstituent to
give corresponding 1;PHPs in high yield, regioselectivity, and enantioselaiti(Table 2.24,
entries 2. 9 29f). While the regioselectivity and enantioselectivity of the addition of electron
deficient aryl groups was high, the yield of the C2 product was lower than that of eleetitoal
and electron rich aryl group3dble 2.24, entry 2.99). Alkenyl groups can also be added under
the standard reaction conditions to give corresponding DHP in moderate yield and high
enantioselectivityTable 2.24, entry 2.9i).

Next, we systematically varied substituents on the pyridinium ring to establish the scope
of tolerated substitution patterns. Changing Malkyl group from Me to Et or Bn did not
significantly impact the reaction outcome, giving the corresponding DHPs in high yield and ee
(Table 2.24, entries2.9j and 2.9k). C6 Etsubstituted pyridinium gave the corresponding DHP
in decreased yield and regioselectivity compared to those of the &hibdatuted pyridinium,
while the ee of the product remained highaljle 2.2.4, entry 2.91).

Next, we explored the dearomatization of-&§lsubstituted pyridiniums that typically
underwent dearomatization to give correspondingDHPs as the only detectable products and
in high enantioselectivity. Thus, C6 phenyl substituted pyridinium readtbdparasubstituted
electron neutral, electremch, and electroweficient ArylkBpin nucleophiles to deliver 1-RHPs
2. 9 @9q (Table2.24). Acidic groups such as secondary amide and unprotected primary alcohol

are well tolerated under these reaction conditiof@ble 2.24, entries 2.90 and 2.9p,
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respectively). Orthc and metasubstituted AryBpin nucleophiles gave the corresponding DHPs
2.9r and 2.9s,respectively, in good yield and excellent ee. Fivembered heterocyclic aripin
nucleophiles gave the corresponding heteroeyulestituted 1,2DHPs in good yield and excellent
ee(Table 2.24, entries2. 929y). While reactions with pyridind-Bpin and 2Me-pyridine-4-

Bpin did not deliver any dearomatization produ@alfle 2.24, entries 2.9af and 2.9ag,
respectively) 2,6-dimethytpyridine-substituted DHP was obtained in a 47% yield and >99%ee.
Electronrich and electromeficient Céaryl-substituted pyridiniums underwent dearomatization

in high regioselectivity and yielded the IDMHPs2. 9 &.84dc respectively, in >90% ee.
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Table 2.24 Substrate Scope for C2 Dearomatizatio2 &f

Na,CO3 (2.5 equiv), R3Bpin (2.5 equiv)

X COzMe
le o

Rh(COD),BF, (5 mol%)
(Sax,S)-Bobphos (5 mol%) or (R,R)-QuinoxP* (5 mol%)

R "N oTf

R 28

Dioxane:H,0 (10:1), 40 °C, 2 hours )

29

UCOZMG UCOZMe
.o

2.9a, 77%, 97% ee  2.9b, 47%, 97% ee
C2:C6 = 8.7:1 C2:C6 = 2.7:1
COzMe

Yoo

2.99, 42%, 81% eM®
C2:C6 = 0.70:1

2.9f, 51%, 99% ee
C2:C6 =51

ﬁ/cozm | - CO:2Me
Me” “N7 Et” N7
Bn e

2.9k, 95%, 99% ee 2.91,60%, 98% ee
C2:C6 =15:1 C2:C6 = 3:1

/(j/C()zMe /O/COZMe
@\/OH Me [ j\ NHAc

2.9p, 99%, >99% ee

2.90, 49%, 96% ee
C2:C6 >20:1

C2:C6 = >20:1
/mcozm /mcozm
Sy ~"//
Ph” "N @ Ph™ "N Q
Me o Me S

2.9t, 94%, >99% ee 2.9u, 61%, >99% ee

©\Br Me

Sl

2.9e, 84%, 98% ee
C2:C6 =6:1

UCOZMe /l\/j/COZMe

SO O

2.9d, 59%, 98% ee
C2:C6 =4.5:1

COzMe UCOZMe CO,Me

“ O ©

2.9i, 31%, 90 % ee
C2:C6 = 3:1

2.9¢, 58%, 98% ee
C2:C6 =2:1

29], 810/0, 99% ee
C2:C6 = 11:1

2.9h, 70%, 99% ee
C2:C6 =10:1

ﬁCOZMe | N~ CO:2Me
Ph” N Ph” "N
Me Me

2.9m, 87%, 98% ee
C2:C6 =>20:1

UCOzme
: OMe

Me <1
2.9n, 91%, >99% ee ! @
C2:C6 =>20:1 -

Ucone O/C02Me

Ph

2.9q, 63%, >99% ee  2.9r, 59%, >99% ee  2.9s, 75%, >99% ee
C2:C6 = 11:1 C2:C6 = 4:1 C2:C6 = >20:1
CO,Me

OO
Ty

2.9v, 93%, >99% ee 2.9w, 95%, 96% ee 2.9x, 69%, 99% ee

C2:C6 =>20:1 C2:C6 =>20:1 C2:C6 =>20:1 C2:C6 =>20:1 C2:C6 =>20:1
UCOZMe UCOZMe CO,Me CO,Me CO,Me
“Ph “'Ph “'Ph
M HN N
€ 2" Meo Me FsC
Me
2.9y,91%, 98% ee 2.9z, 47%, >99% ee 2.9aa, 51%, 94% ee  2.9ab, 84%, 99% ee 2.9ac, 95%, 97% ee
C2:C6 =151 C2:C6 > 20:1 C2:C6 Ratio: >20:1 C2:C6 =>20:1 C2:C6 =>20:1
CcO,Me CO,Me CO,Me CO,Me
Selected . ., /(j/ N /(j/ Me
Unsuccessful N N
Substrates e cl e | _N _N

2.9ad, 8%, 3%

2.9ae, 0%, 0% 2.9af, 8%, 3% 2.9ag, 8%, 3%




2.2.3.  Application of C2 Dearomative Methodology on a Preparative Scale
A preparative scale reaction (1 mmol) using standard Schlenk line techniques without
extensive degassing galéiP 2.9win a 52% yield and a 99% €8cheme2.2.1). This illustrates
that the reaction is robust and can be used without specialized equipment, sgidvelsax.(see

Section 2.4for the full procedure

Benzo(b)thiophene-2 bpin, Na,CO3
- C02Me Rh(COD),BF, (5 mol%) - C02Me
le) o (R,R)-QuinoxP* (5 mol%) |

Ph” N oTf = Ph” N7 v F
| ; . . I
Me Dioxane:H,0 (10:1) Me S
40 °C, 2 hours

2.8 52% lIsolated Yield 2.9x
>99% ee

Catalyst Solution Reaction Mixture

Scheme2.21 The C2 dearomative methodology was run on a 1 mmol scale without using a glovebox to demonst
robustness of the reaction methodoloav.

2.2.4.  Derivatization of Dearomatization Products
In order to demonstrate the utility of the reaction products, we evaluated derivatization
reactions of these 1:R2PHs and highlighted the &zlective dearomatization approach toward
the formal synthesis of deoxylasubine Il. Prodlieim can be partially reduced by treatment with
NaCNBH3, delivering tetrahydropyridir2l1as a single diastereomer, while iodine and NaOMe
provided a highly functionalized heterocy@d2in an 84% yield $cheme2.22). The complete
reduction could be accomplished to give piperidinE3as a single diastereomer using a Rd/C

catalyzed hydrogenation.
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NaCNBH;3
MeOH, AcOH

ﬁCOzMe

Ph” N”"Ph Th2s'c > PhONTPh
Me 85%), >20:1 d.r. Me
2.9m 2.1
|2, NaOMe | Z COZMe
THF/MeOH2h |
-78°Cto23°C Ph N Ph
MeO |
84% Me
212
~-COzMe  Pd/C (20 mol%) .CO,Me
/Ej/ H, (8 atm) _ O
Me” “N”Ph MeOH, 23 °C, 17h Me" ~N” "Ph
Me 40%, >20:1 d.r. Me
2.9a 213

Scheme 2.22 Derivatization of dearomatization products to generate highly substituted, chiral, dihydropyri
tetrahydropyridines, and piperidines.

2.2.5.

Data Science Analysis

Given their key role in imparting reactivity and selectivity of thealklyl nicotinate

arylation reaction, we sought to understand what structural features of 4bieobjshine ligands

underpin performancérigure 2.21). While the ligands also control the enantioselectivity, we

wer e

mo s t

i ntrigued wi

t h

t

he

structuretfuncti

between C2 and C6 arylation produ2i3a and2.10.The identity of the bigphosphine ligand had

a dramatic effect on the reaction outcome, \&ifa:10ratios ranging from 88:12 to 2:984ble

2.21, entries 29 and 11, respectively)

Thi s

corresponds

t oD4d si gni

kcal/mol. Additionally, we were interested in the role that thegphissphine ligands played on the

reaction yield, as the choice of ligand led to yields ranging from O to(%d®%te 2.2 1a-b). Since

no intuitive trends relating the bhosphine structure to the reaction performance were readily

identified, we applied data science techniques to correlate the experimental reaction data with

computed descriptors of the fphosphine ligands. Thiatter were obtained from one of our

groupos

recent | y -derevgddesdrigtal library of bisptsosphires ligaAEsT
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A. Selectivity: Reactivity:
Logistic Regression Threshold Analysis
1.0 ) L] McFadden 100 °
R?=0.69 L
0.8 — ee
> R ¢ o
fa
= 06 k") o
e} [
3 0.4 > % ° ®
g 5
0.2 Qoo ° ° 1
0.0 o ¢ me oo 0 o .F . ¢
88 90 92 94 95 98 100 102 5 10 15 20 25
Bite Angle (8) Octant %Vburmin (%)
N
Wﬁglz_
S
Reactivity: Octant Vbur,, (%)
B. —— 2
5 =
102 © . ' ‘P 2 ©  Selective
1 5% 100% ! €
_ 1001iyield  yield ° =
R ¢ ® tg
KT . ® 0 =
=4 Q
< w 0 3
B 92 -1~
o hd o
0| - [ ] 2 9
| O e] cé
A . © Y Selective
& 6 8 10 12 14 16 18 20 22
Octant %Vburmin (%)

Figure 2.21 Reactivity and selectivity of Rbatalyzed arylation correlated with the ligand minimum octant buried vol
and bite angle, respectively. Plotted circles represerthmsphine ligands tested in the-Bdtalyzed arylation of.8ato

produce2.9aor 2.10

We began our investigation by wusing | ogisti
Rhcat al yzed 2a B8Fmurg2.21lajne fotf. pThitg was accompl i she
First, the C2i/.C6. ,ploddsst2crdadvies ted to a binar.y
|l i gands as either C2 or C6 selective (1 or 0,
was used to correlate the binary selectivity
a gsmoi dal function (plotted with a solid bl ack
probability that the Iligand wil/ be C2 select

respectively).
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are used, while |igands with wider bite angl e:
angle on selectivity is not surprising as sim
Rhcat alyzed hydrof¥YBmagleat omn theset ireports, th

on coordination geometry maRgueh2®e.r pin the obs

A potential mechanistic explanation for the role of ligand bite angle in the regioselective
arylation of2.8ais depicted irFigure 2.22a. The reaction may initiate with a transmetallation of
[bisphosphine]Rh(I)OH complek to furnishll. Next, Il could undergo an oxidative addition
reaction withN-methyl nicotinate salR.8a to furnish eitherlll or IV. Subsequent reductive
elimination from complexeBl andlV would give rise to regioisomeric produ@®aand2.10,
respectively. However, it is likely that the pendant Lelasic methyl ester functionality
coordinates the Rh(lll) centerlith resulting in a trigonal bipyramidal geometry with two isomeric
forms. The bisphosphine ligand can adopt either equatotial E,A-lll or equatorialequatorial
E,E-Ill coordination modes. Ligands with narrower bite angles will likely favor the former which
can undergo reductive elimination. On the contrary, isd&Erlll , which cannot reductively
eliminate is likely to be favored by ligands with wide bite angles. Presumably wide bite angle
ligands favore,E-1ll and will, therefore, predominantly undergo reductive elimination from the
C6 metalated isomd¥ to form 2.10. On the other hand, narrow bite angle ligands can readily

form E,A-lll and reductively eliminate to provide regioisor@éa

The mechanistic model discussed above could provide an explanation for the observed
absolute stereochemistry of tA®a (Figure 2.22b). We rationalize that the transition state that
leads to the formation of the minor enantiomefA-IIl -2) will be disfavored due to the steric

interactions between ligand and DHP ring. The transition siat-I(I -1) that leads to the
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formation of the major enantiomer does not involve such interactions as in this case DHP ring is

pointing away from the bulky ligand substituents

2.2.2A ﬁcozm
Vo

P + PhB(OH P e Me 2.50
< /RhI_OH #» < /Rhl_Ph e 2.8a -
P P
I n
Narrow

/‘P

P | 10
H:

Me”

_ phl
Rh‘ - | Rhl" =z |

— —_— /
. < e OMe P N

Me |

N~ =
E,A-lll E,E-Ill Me IV
Me

phl

OMe

N CO,Me = CO,Me
/H Phﬂ/

Me r;l Ph Me |;1
Me Me
C2 Product (2.9a) C6 Product (2.10)
2.2.2B
P~
| Me P<me
wP—Rh"M-..o1;
Me"-P I?h\ o] Me-P—Rh" I
1 Ph l AN
|| // \\\ OMe
H» X, OMe /( ] >Ph
— N
Me’N Me |\',| H
Me e
E,A-lll-2
E,A-lll-1 Disfavored
Favored Enantiomer
Enantiomer (disfavored due to the increased steric

interaction between the ligand and the DHP ring)

Figure 2.22 A) Potential mechanistic explanation for narrow and wide bite angle ligands favoring the formation of pr
2.9a and2.10respectively B) Stereochemical model using QuinBx type ligand for explanation of the observed absol
stereochemistry d.9a

Next, we turned our attention to statistical modeling of reaction {iedaire 2.2.1a, right
plot). While linear modeling techniques were unsuccessful at correlating yield to the ligand

structure, a singlaode decision tree classifier proved effecfiv@his algorithm functions by
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classifying each ligand as either reactive or unreactive with edesi@ed yield cutoff (10% yield).

A parameter is then identified that effectively partitions the ligand classes at an algefihed
parameter threshold. This analysis led to the itleation of the steric paramet€rctant Vbuin,

the percent buried volume of the least sterically hindered ligand bastabeing correlated with

the reaction yield® Bis-phosphines with a©ctant Vbukin value above 13.3% resulted in a
significant reduction in reaction yield. This parameter threshold likely reflects a minimum steric
profile of the ligand required to facilitate the assembly of the reacting species about the Rh metal
center.

The combined results of the reactivity and regioselectivity classification models are
graphically depicted in the twparameter chemical space map, as showigare 2.21b. In this
representationQctant Vbukin and bite angle are shown on thand yaxes, respectively. Each
ligand was then plotted, and the corresponding total reaction yield and selectivity were reflected
by the circle size color, respectively. The vertical black line at 13.3% is the stetivitgatiff
identified with the singlenode decision, while the horizontal line at 92° is the bite angle cutoff
found with logistic regression that partitions the-Gihd Ce6selective ligands. With this
representation, it can be readily obal that ligands in the teand bottordeft quadrants give
rise to active catalysts that are C2 and C6 selective, respectively. Additionally, the dramatic decline
in yield in the two righthand quadrants reflects the ligand space that is too sterinallyndered
to form functional catalysts.

Following the classificatiotbased modeling of regioselectivity and yield, we questioned
whether multivariate linear regression (MLR) models could be constructed to quantitatively
predict ligands with improved regioselectivitfFigure 2.23). Early efforts to build linear

statistical models for all ligands were challenging; however, we found that a key curation step
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facilitated model construction. By removing ligands wittant Vbukin values above the
threshold of 13.3%, a statistically robust thteen MLR model with an Rof 0.89 and ®and
fourfold R? internal validation statistics of 0.84 and 0.83, respectively, was fétigdré 2.2.3a).
The first two terms were the ligand parame®ant VbukaxandP T R U %ax The former
describes the percent buried volume of the most sterically hindered ligand octant and suggests that
more encumbered ligands have a greater preference for C6 arylation. The latter conveys the energy
of thell *orbital between one of the phosphorus atoms and the ligand backbone (see the blue bond
in Figure 2.23b). This term is electronic in nature and is thought to reflect the ability of the ligand
toengageini back bonding interactions with the Rh 7
a substrate classifier whereirmiethyl and Nbenzyl nicotinate salt3.8a and2.8c are assigned
values of 1 and 0, respectively.

With a statistically robust model in hand, this model was used to predict the performance
of untested ligandd-(gure 2.23a-b). Virtual screening suggested that Catasiumsivas likely
to be highly C2 selective, while a handful of
preference for the C6 arylation product (Sable 2.22). Several ligands were then procured and
tested in the laboratoryigure 2.23a r . dwoXsdient features should be noted from the
experimental evaluation of these ligands. First, the model was predictive with a mean average
prediction error (MAE) of 0.38 kcal/mol and an R2 of 0.87. Sec@atlle 2.23, L11 was found
to provide the highest selectivity for the C2 arylation product of any ligand evaluated in this study,

albeit the other reaction outputs were not as compelling.
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AAG? (predicted) = — 0.76 — 1.1 Octant Vbur .,

+0.60 P-Rpack 0% (max) + 0.22 Classifier

Training R? = 0.89
Q%?=0.84
4-fold R? = 0.83
Validation R? = 0.87
MAE = 0.38 kcal/mol

predicted AAG® (kcal/mol)

| ® Training Set Ligand 3
3 % Validation Ligand

-2 1

0 1 2

measured AAG (kcal/mol)

Steric: Octant Vbur

Electronic: PR o 0% max

R = Me (3.8a) or Bn (3.8c)

Substrate: Classifier

PPh,
Bn—N<:|,
“PPh,
Catasium D (Lg)
AAG? (predicted/measured)
1.63/1.92 kcal/mol
41% yield, 36% ee

Figure 2.23 A) Multivariate linear regression model correlating the ligand structure to the regioselectivity ofatkgl N
nicotinate arylation reaction. B) Ligand and substrate parameters used in the MLR model. C) Performance of the

selective ligand, Catagin D, was predicted by the MLR model.

2.3.Conclusion

In conclusion,

regioselectivity of aryl additions to pyridinium salts derived from nicotinic acid derivatives can be
controlled by the catalyst used. While Rh/BINAP combination catalyzes titeaduf aryl boron
nucleophiles to the C6 position of these pyridiniums, smélterangle Bobphos and Quinox P*

ligands delivered the C2 addition products. The later catalysts allowed the syntl&zis@3-,

C6-substituted dihydropyridines, which, tfarn,
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tetrahydropyridines and piperidines. Using various data science tools, we have identified key
parameters that influence the yield and regioselectivity of these reactions. For practical yields,
ligands with at least one open quadrant should be used. loaddi the choice of the ligand
throughout our optimization studies, we have found that the water content and reaction temperature
have a significant impact on the yields of such dearomatization reactions. Logistic regression
analysis revealed the bitegla as the key parameter that determines the regioselectivity outcome
of these reactions. Currently, our group continues to apply the approach described in this
manuscript for the regioselective dearomatization of other heteroarenium salts. The rdsesis of

studies will be reported in due course.
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2.4. Experimental

2.4.1.  Synthesis of Pyridine Starting Materials

JI\/ﬁ/COzMe Methyl 6-Ethylpyridine -3-carboxylate (2.14)

Et N

014 Compound2.14 was prepared from methyk@romonicotinate (324 mg, 1.50

mmol, 1.00 equiv.) and a 1.00 M solution of&t in toluene (1.80 mL, 1.80 mmol, 1.20 equiv.)
according to a reported proceddfédH and '3C spectral data matched those of the reported
compoundYield: 159 mg (64%)H NMR (500 MHz, CDC}) U 9 J% 22, q.8dHd,,1H),

8.20 (ddJ=8.1, 2.2 Hz, 1H), 7.25 (d,= 8.3 Hz, 1H), 3.93 (s, 3H), 2.89 (fj= 7.7 Hz, 2H), 1.32

(t, J= 7.6 Hz, 3H);}3C NMR (126 MHz, CDC}) ua 168. 2, J1%626.H1),1378850. 5

123.7,121.9, 52.4, 31.6, 13.7.

ﬁCOzMe M ethyl 6-phenylpyridine-3-carboxylate (2.15

Ph N
215

methyl 6bromonicotinate (2.00 g, 9.26 mmol, 1.6quiv.), PhB(OH) (2.26 g, 18.5 mmol, 2.00

In a glovebox, a 100 mL Schlenk flask was charged with a magnetic stir bar,

equiv.), KCOz (2.26 g, 18.5 mmol, 2.00 equiv.), Pd(RRI{0.535 g, 0.463 mmol, 0.0500 equiv.),

and dioxane (37.0 mL). The Schlenk flask was sealed and brought out of the glovebox. The
Schlenk flask was placed undep Bihd degassed-B (18.5 mL) was added to the flask. The
Schlenk flask was sealed, and allowed to stir at 80 °C, in an oil bath, overnight (16 h). The reaction
was cooled to ambient temperature and then added into a separatory funnel cont@niag M

mL). The resulting biphasic mixture was extracted with DCM (3x50.0 mL) and the combined
organic layers were dried with bf8Qs. The solids were removed by filtration and the resulting
filtrate was purified via isocratic column chromatography on silica gel to gidl8as a white

solid. *H and*3C spectral data matched those of the reported compGufidid: 854 mg (43%);

TLC: Rf=0.33 (10/90 EtOAc/HexanesH NMR (500 MHz, CDCY) U 9J.=2.7 Hz( 18H),
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8.33 (dd,J = 8.3, 2.2 Hz, 1H), 8.088.02 (m, 2H), 7.79 (d] = 8.3 Hz, 1H), 7.53 7.42 (m, 3H),
3.96 (s, 3H).13C NMR (126 MHz, CDC}) 4 165.9, 161.0, 151.0, 13

127.4,124.3, 119.9, 52.4.

| x¢0:Me  Methyl 6-(4-methoxyphenyl)pyridine-3-carboxylate .16
Meo/@{% In a glovebox, a 50 mL Schlenk flask was charged with a magnetic stir
bar, methyl 6bromonicotinate (1.00 g, 4.63 mmol, 1.00 equiv-MdO-PhB(OH) (1.41 g, 9.26
mmol, 2.00 equiv.), KCOs (1.28 g, 9.26 mmol, 2.00 equiv.), Pd(RRH0.268 g, 0.232 mmol,
0.0500 equiv.), and toluene (18.5 mL). The Schlenk flask was sealed and brought out of the
glovebox. The Schlenk flask was placed undgait degassed-B (9.26 mL) was added to the
flask. The Schlenk flask was sealed, and allowed to stir at 80 °C, in an oil bath, overnight (16 h).
The reaction was cooled to ambient temperatadetlaen added into a separatory funnel containing
H2>0 (30.0 mL). The resulting biphasic mixture was extracted with DCM (3x20.0 mL) and the
combined organic layers were dried with.B&4. The solids were removed by filtration and the
resulting filtrate was purified via isocratic column chromatography on silica gel toyEas a
light pink solid.Yield: 400 mg (35%)TLC: Rf = 0.32 (20/80 EtOAc/Hexanes¥ NMR (500
MHz, CDCk) U 9 J=223, 0(8Hd, 1H), 8.30 (dd= 8.4, 2.2 Hz, 1H), 8.07 8.00(m, 2H),
7.74 (dtJ = 8.3, 0.8 Hz, 1H), 7.066.98 (m, 2H), 3.96 (s, 3H), 3.88 (s, 3T NMR (126 MHz,
CDCl) u 166. 0, 161. 3, 160. 5, 150. 9, 1 HRMSS , 130.

(ESI)m/zCalculated for @H14NO3 [M+H] *: 244.0968, found: 244.0960.

| X C02Me  Methyl 6-(4-methylphenyl)pyridine-3-carboxylate 2.17)

2N17 In a glovebox, a 50 mL Schlenk flask was charged with a magnetic stir
Me '
bar, methyl @romonicotinate (1.00 g, 4.63 mmol, 1.00 equiv-M&PhB(OH) (1.26 g, 9.26

mmol, 2.00 equiv.), KCOs (1.28 g, 9.26 mmol, 2.00 equiv.), Pd(BRH0.268 g, 0.232 mmol,
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0.0500 equiv.), and toluene (18.5 mL). The Schlenk flask was sealed and brought out of the
glovebox. The Schlenk flask was placed undgait degassed-B (9.26 mL) was added to the
flask. The Schlenk flask was sealed, and allowed to stir at 80 °C, in an oil bath, overnight (16 h).
The reaction was cooled to ambient temperature and then added into a separatory funnel containing
H20 (30.0 mL). The resulting biphasic mixture was extracted with DCM (3x20.0 mL) and the
combined organic layers were dried witleBQs. The solids were removed by filtration and the
resulting filtrate was purified via isocratic column chromatography on silica gel to/Elads a
white solid.Yield: 876 mg (83%)TLC: Rf=0.50 (20/80 EtOAc/Hexanes}i NMR (500 MHz,
CDCL) U 9 J251,q9Hd, 1H), 8.32 (dd,= 8.3, 2.2 Hz, 1H), 8.00 7.93 (m, 2H), 7.79
(d, J = 8.3 Hz, 1H), 7.31 (d] = 8.0 Hz, 2H), 3.97 (s, 3H), 2.42 (s, 3HIC NMR (126 MHz,
CDCl) u 166. 0, 161. 0, 151. 0, 140,534 205HRMS9 , 135.
(ESI)m/zCalculated for @H14NO2 [M+H] *: 244.1019, found: 244.1010.

| x002Me  Methyl 6-[4-(trifluoromethyl)phenyl]pyridine -3-carboxylate .18
i C/Q/SE/ In a glovebox, a 100 mL Schlenk tube was charged with a magnetic stir
b;r, methyl Bbromonicotinate (1.00 g, 4.63 mmol, 1.00 equiv-L&-PhB(OH} (902 mg, 4.75
mmol, 1.00 equiv.), BCOs (1.28 g, 9.26 mmol, 2.00 equiv.), Pd(RRH0.268 g, 0.232 mmol,
0.0500 equiv.), and toluene (18.5 mL). The Schlenk tube was sealed and brought out of the
glovebox. The Schlenk tube was placed undeam degassedB® (9.26 mL) was added to the
tube. The Schlenk tube was sealed, and allowed to stir at 115 °C, in an oil bath, for 36 hours. The
reaction was cooled to ambient temperature and then added into a separatory funnel containing
H20O (30.0 mL). The resulting biphasic mixture was extracted with DGX{.0 mL) and the
combined organic layers were dried with,8&y. The solids were removed by filtration and the

resulting filtrate was purified via isocratic column chromatography on silica gel to3:is8ds
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an offwhite solid.Yield: 241 mg (18%)TLC: Rf=0.23 (10/90 EtOAc/Hexanes} NMR (500
MHz, CDCk) U 9J=3.B Hz 1H), 8.40 (dd] = 8.3, 2.2 Hz, 1H), 8.18 (d,= 8.1 Hz, 2H),
7.86 (d,J = 8.2 Hz, 1H), 7.76 (d] = 8.2 Hz, 2H), 3.99 (s, 3H}3C NMR (126 MHz, CDC}) U
165.8, 159.4, 151.3, 141.7, 138.3, 132.0)(g,36 Hz), 127.8, 126.0 (d, = 4 Hz), 125.3 (qJ =
272 Hz), 125.2, 52.6°%F NMR (471 MHz, CDC}) -62.72;HRMS: (ESI) m/zCalculated for
C14H11FNO2 [M+H] *: 282.0736, found: 282735.

2.4.2.  Synthesis of NAlkyl Pyridiniums

| X~ 002Me  5-(methoxycarbonyl)-1,2-dimethylpypiridin -1-ium triflate ( 2.8a)
Me ﬁ/ ott

Me

2.8a

Pyridinium sal.8awas prepared from methytrethylnicotinate (10.0 g, 66.0

mmol, 1.00 equiv.) according to a reported procedure, to whitland **C

spectral data matched the reported compdieeld: 16.9 g (81%)*H NMR (500 MHz, CDC})

O 9. 271.8(Hd, 1H), 8.77 (dd] = 8.2, 1.8 Hz, 1H), 7.96 (d,= 8.3 Hz, 1H), 4.43 (s, 3H),

4.03 (s, 3H), 2.94 (s, 3H}C NMR (151 MHz, COD) & 163.5, 161.5, 14¢€
129.5,121.7 (qJ = 319 Hz), 53.9, 46.9.

JI\/TCOZMG 1-ethyl-5-(methoxycarbonyl}2-methylpyridin -1-ium triflate ( 2.8b)
®_lo

Me™ "N OTf
Et
2.8b

Pyridinium sal2.8b was prepared from methyirf@ethylnicotinate (2.00 g, 13.2

mmol, 1.00 equiv.) according to a reported procedure, to whitland *°C

spectral data matched the reported compdfindeld: 1.22 g (28% over two stepsyd NMR

(500 MHz,CDC¥) U 9. 25 ( sJF8.2, HYHz, 118), 805 (d£ &3dHz, 1H), 4.75 (q,

J=7.3 Hz, 2H), 4.01 (s, 3H), 2.97 (s, 3H), 1.64&,7.3 Hz, 3H)3C NMR (126 MHz, CDC})

a 161. 9, 159. 2, 146. 0 )J)=3RPUHY), B.7,537320.5,95.1. 128. 9, 1

X C0:2Me  1-benzyl5-(methoxycarbonyl)-2-methylpyridin -1-ium triflate ( 2.8c)
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Pyridinium salt2.8c was prepared from methylr@ethylnicotinate (2.00 g, 13.2 mmol, 1.00
equiv.) according to a reported procedure, to whidrand'3C spectral data matched the reported
compound:* Yield: 2.89 g (56% over two stepg}d NMR (500 MHz, CDC}) o 9J=1FZ ( d,
Hz, 1H), 8.81 (ddJ = 8.2, 1.8 Hz, 1H), 8.01 (d,= 8.2 Hz, 1H), 7.47 7.42 (m, 3H), 7.26 7.19
(m, 2H), 5.93 (s, 2H), 4.00 (s, 3H), 2.97 (s, 3HC NMR (126 MHz, CDC4) & 161. 8, 16
146.5, 145.1, 131.0, 130.9, 130.1, 130.1, 128.7, 128.3, 129.8.3 (m), 62.6, 53.9, 21.5.

X C02Me  2-ethyl-5-(methoxycarbonyl)y1-methylpyridin -1-ium triflate (2.8d)

lo o

Et me oTf Pyridinium sal2.8d was prepared fror2.14(165.0 mg, 1.00 mmol, 1.00 equiv.)

2.8d
according to a reported procedure, to whtehand*3C spectral data the reported

compound:? Yield: 191 mg (58%)!H NMR (600 MHz,CDC$) U 9. 29 (95821 H), 8
Hz, 1H), 7.98 (dJ = 8.3 Hz, 1H), 4.43 (s, 3H), 4.03 (s, 3H), 3.22g,7.1 Hz, 2H), 1.49 () =
7.2Hz,3H)1*CNMR (151 MHz,CDC}) 4 164 . 0, 162. 0, 148. 0, 144.
119.5,117.4,53.8, 46.7, 26.7, 11.0.

X C02Me 5 (methoxycarbonyl)}1-methyl-2-phenylpyridin -1-ium triflate ( 2.8e)

lo o

Ph :-:Ie ort Prepared fron2.15 (288 mg, 1.35 mmol, 1.0 equiv.) according to a reported

2.8e
procedure, to whictH and*3C spectral data matched the reported compdtind.

Yield: 401 mg (88%)!H NMR (600 MHz, CDC¥) U 9. 48 ( 3580HH1H), 784 92 ( ¢
(d,J=8.1 Hz, 1H), 7.68 7.60 (m, 5H), 4.36 (s, 3H), 4.04 (s, 3H3C NMR (126 MHz, CDC})
U 161.8, 159.2, 148.6, 144.9, 132J=B20HA3D.9, 1

8, 48.4.128.9, 53.9, 48.5.

/@/mcoz""e 5-(methoxycarbonyl)-2-(4-methoxyphenyl)}1-methylpyridin -1-ium
®_J o

N orf i

. triflate ( 2.8f)

MeO Me

2.8f
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A 20 mL vial was charged with a magnetic stir 2at,6(304.7 mg, 1.25 mmol, 1.00 equiv.), and

DCM (1.62 mL). The vial was cooled to 0 °C in an ice bath and MeOTf (0.156 mL, 1.38 mmol,

1.10 equiv.) was added slowly via syringe. The vial was sealed with a green-liredftboap and

allowed to stir at room tenapature overnight (16 h). The resulting opaque tan reaction mixture

was added to rapidly stirring hexanes (125 mL) where a light tan solid precipitated. The light tan
solid was isolated by filtrationver #5 filter paper and allowed to air dry to gi8f. Yield: 254

mg (50%)HNMR ( 500 MHz, MeOD) U J¢835H, 1H)s8.14 @=+B3 8. 98
Hz, 1H), 7.64 (dJ = 8.5 Hz, 2H), 7.23 (d] = 8.9 Hz, 2H), 4.31 (s, 3H), 4.07 (s, 3H), 3.93 (s, 3H);
CNMR (126 MHz, Me OD) a 164. 1, 163. 5, 160. 7, 1
121.8 (qJ = 319 Hz), 116.0, 56.2, 54.0, 488ENMR ( 4 71 MHz , -80Me(dNB:)4.6 i

Hz), HRMS: (ESI) m/z Calculated for 8H1NOs [M-OTf]*: 258.1125, fand: 258.1122.

I\ CO:Me 5 (methoxycarbonyl}1-methyl-2-(4-methylphenyl)  pyridin -1-ium
@

D/(g triflate ( 2.8g)

Me

2.8g
A 20 mL vial was charged with a magnetic stir 1#a6,7 (714 mg, 3.14

mmol, 1.00 equiv.), and DCM (4.08 mL). The vial was cooled to 0 °C in an ice bath and MeOTf
(0.390 mL, 3.45 mmol, 1.10 equiv.) was added slowly via syringe. The vial was sealed with a
green Teflodined cap and allowed to stir at room temperature overrfight). The resulting

opaque white reaction mixture was added to rapidly stirring hexanes (150 mL) wherevhiteff

solid precipitated. The offvhite solid was isolated by filtration over #5 filter paper and allowed

to air dry to give2.8g. Yield: 959 mg (77%)*H NMR (500 MHz,CDC$) U 9. 45 (s, 1H)
J=8.2 Hz, 1H), 7.91 (d] = 8.3 Hz, 1H), 7.50 (d] = 8.2 Hz, 2H), 7.41 (d] = 7.9 Hz, 2H), 4.35

(s, 3H), 4.03 (dJ = 1.8 Hz, 3H), 2.47 (s, 3H¥*C NMR (126 MHz,CDC}) 4 161.9, 159.

144.7,142.9, 130.3, 130.1, 129.0, 128.9, 128.0, 1205+820 Hz), 53.7, 48.3, 21.8F NMR
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(471 MHz, CDC$) -18.4;HRMS: (ESI) m/z Calculated for 6H1NO2 [M-OTf]*: 242.1175,

found: 242.1172.

|\ COoMe  5.(methoxycarbonyl)-1-methyl-2-[4-(trifluoromethyl)phenyl]
@

/Q/%Tf pyridine -1-ium triflate ( 2.8h)

FsC

3 2.8h
A 20 mL vial was charged with a magnetic stir [2at,8(241 mg, 0.856

mmol, 1.00 equiv.), and DCM (1.11 mL). The vial was cooled to 0 °C in an ice bath and MeOTf

(0.107 mL, 0.942 mmol, 1.10 equiv.) was added slowly via syringe. The vial was sealed with a

green TefloAined cap and allowed to stir at room temperature ovetr{ih h). The resulting

opaque white reaction mixture was added to rapidly stirring hexanes (100 mL) where a white solid

precipitated. The white solid was isolated by filtration over #5 filter paper and allowed to air dry

to give2.8h. Yield: 303 mg (79%)'HNMR ( 500 MHz, Me OD) 0 J$8B7 (s,

Hz, 1H), 8.23 (dJ = 8.2 Hz, 1H), 8.02 (d] = 8.1 Hz, 2H), 7.89 (d] = 8.1 Hz, 2H), 4.28 (s, 3H),

410(dJ=10Hz,3H)®*CNMR( 126 MHz, MeOD) U 163. 3, 158.

(g, J = 33 Hz), 131.5, 131.2, 131.2, 127.4 Jg 3.7 Hz), 125.0 (@) = 272.0 Hz), 121.7 (g] =
319 Hz), 54.2, 48.2FNMR ( 471 MHz , -64We-8DD {d,J & 4.3 Hz);HRMS: (ESI)
m/z Calculated for GH13FsNO, [M-OTf]": 296.0892, found242.0885.

2.4.3.  Scope of Asymmetric C2 Selective Dearomatization Reaction of Pyridinium

Salts
Preparation of Rh/Ligand catalyst stock solution for dearomatization reactions:
The procedure below is an example of making 15 reaction equivalents wohnthdafm

catalyst stock solution. 1 mL of the total 15 mL solution below is equivalent to 5 mol% of the

rhodium catalyst for a 0.2 mmol scale dearomatization reaction.
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In a nitrogen filled glovebox, Rh(CORBF4(60.9 mg, 0.150 mmol, 1.00 equiv.) was added
to a vial containing either (SaxS;Bbbphos (97.9 mg, 0.150 mmol, 1.00 equiv.) or (R,R)
QuinoxP* (50.2 mg, 0.150 mmol, 1.00 equiv.) and dissolved in dioxane (15 mL). The dioxane
solution was stirred for 30 mies to promote the formation of the catalyst. The resulting
Rh/(SaxS,SBobphos solution was a clear orange color, while the Rh/{RiR)oxP* solution
was an opaque red color. The specified catalyst solutions were then tseid #se general
procedurebelow.

For racemic dearomatization products, the same catalyst formation procedure as above was
followed using the achiral ligand XBis(diphenylphosphino)benzene (DPPBz) (67.0 mg, 0.150
mmol, 1.00 equiv.) to form a Rh/DPPBz catalyst solution. The resultinguepdgrkyellow
solution was then used-&sin the general procedure below to yield the racemic version of the
generated dihydropyridines.

General procedure for dearomatization ofn-alkyl pyridinium salts using (SaxS,S}Bobphos
(GP-Bobphos) or (R,R}QuinoxP* (GP-QuinoxP) ligands:

The specified pyridinium salt (0.200 mmol, 1.00 equiv.), boronic acid pinacol ester (Bpin)
(0.500 mmol, 2.50 equiv.), and p&0Oz (53.0 mg, 0.500 mmol, 2.50 equiv.) were measured into a
4 mL scintillation vial on the benchtop. The vial containing pyridinium salt, Bpin, anG@®a
were transferred into a nitrogen filled glovebox where the abowopreed Rh/Ligand stock
solution of catalyst (1.00 mL, 0.01 mmol, 0.05 equiv.) was added into the 4 ml(S4&,S}
Bobphos = GRBobphos, (R,R}QuinoxP = GP-QuinoxP). The vial was then sealed with a
PTFElined septa cap and brought outside the glovebox. Water, degassed by sparging with
nitrogen, (100 pL) was added to the reaction mixture via syringe and the reaction mixture was

heated at 40 °C for 2 hours using amainum heating block. The vial was then removed from the
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heating block and allowed to cool to room temperature. The resulting room temperature reaction
mixture was diluted with EtOAc (1.00 mL) and dried with MgS®.00 g). The reaction was

filtered over AbO3, the solids were rinsed with EtOAc (2.00 mL) and the resulting filtrate was
concentrated under reduced pressure to give a crude reaction residue. The residue was purified by
isocratic flash column chromatography with silica gel using the given TLC s@oeditions, and

the solvents were removed under reellipressure to give the desired dihydropyridine product.
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xC02Me  Methyl (2S)1,6-dimethyl-2-phenyl-1,2-dihydropyridine -3-carboxylate

L.
e © (2.9a)

2.9
: Dihydropyridine2.9a (yellow oil) was synthesized using pyridinium sal8a

(63.0 mg, 0.200 mmol, 1.00 equiv.) and phenyl boronic acid, pinacol ester (102 mg, 0.500 mmol,

2.50 equiv.) according @P-Bobphos Yield: 37.5 mg (77%)ee 97% (ChiralV, methanol/water

gradient 40/60 to 50/507 minutes, 50/50 6 minutes, 50/50 to 95455 minutes, flow rate = 1.0

mL/min, | = 254 nm) tR = 17.8 min (@), 17.1 min (minor);TLC: Rf = 0.18 (10/90
EtOAc/Hexanes);» :-348° €0.00183 g/mL, MeOHYH NMR (500 MHz, CDC}) U 7. 41 ( c
J=6.8 Hz, 2H), 7.32 7.21 (m, 3H), 7.11 (d] = 6.5 Hz, 1H), 5.48 (s, 1H), 4.75 (@= 6.5 Hz,

1H), 3.65 (s, 3H), 2.99 (s, 3H), 2.01 (s, 34 NMR (126 MHz,CDCY) & 167 .3, 151. 7
135.5, 128.6, 127.9, 126.8, 108.6, 94.5, 64.0, 51.2, 37.9,ABMS: (ESI) m/zCalculated for

C1sH18NO2 [M+H] " 244.1332, found 244.1332.

mAU N\
-
100 =
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/@ﬁoz""e Methyl (2S)2-(4-bromophenyl)-1,6-dimethyl-1,2-dihydropyridine -3-

Me Ee ©\ carboxylate (2.9b)
Br

2.9b

Dihydropyridine2.9% (yellow oil) was synthesized using pyridinium saia

(63.0 mg, 0.200 mmol, 1.00 equiv.) andbdmophenylboronic acid, pinacol ester (142 mg, 0.500

mmol, 2.50 equiv.) according t&P-QuinoxP. Yield: 30.3 mg (47%);ee 97% (ChiralV,

methanol/water gradient 10/90 to 50/06 minutes, 50/50 to 77/3324 minutes, flow rate = 1.0

mL/min, | = 254 nm) tR = 31.9 min (major), 31.4 min (minof.C:. Rf = 0.12 (10/90

EtOAc/Hexanes); » - -250° € 0.00131 g/mL, MeOH){H NMR (500 MHz, CDC})

~

u

7.

(dd,J = 8.2, 1.5 Hz, 2H), 7.29 (d,= 8.4 Hz, 2H), 7.09 (d] = 6.6 Hz, 1H), 5.44 (s, 1H), 4.75 (d,

J=6.6 Hz, 1H), 3.65 (s, 3H), 2.97 (s, 3H), 2.00 (s, 38%; NMR (126 MHz, CDC})

151.6, 141.3, 135.5, 131.7, 128.5, 121.8, 108.3, 94.5, 63.4, 51.2, 37.7HROS: (ESI) m/z

Calculated for @H17NO2Br [M+H]": 322.0437, found: 322.0425.

mAU
60 é \“Q
50 [ &
40
30
20
10
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ﬁCOzMe Methyl (2S)2-(4-bromophenyl)-1,6-dimethyl-1,2-dihydropyridine -3-
Me Ir\‘lllle ©\ carboxylate (2.9¢)
F

2.9
¢ Dihydropyridine2.9c (yellow oil) was synthesized using pyridinium saBa

(63.0 mg, 0.200 mmol, 1.00 equiv.) anfldorophenylboronic acid, pinacol ester (111 mg, 0.500
mmol, 2.50 equiv.) according t&P-QuinoxP. Yield: 30.3 mg (58%);ee: 98% (ChirallG,
isopropanol/hexanes 10/90 isocratic, flow rate = 1.0 mL/min, | = 254 nm) tR = 9.89 mjor)ma
10.43 min (minor);TLC: Rf = 0.21(10/90 EtOAc/Hexanes); o -158° € 0.00103 g/mL,
MeOH); IH NMR (500 MHz, CDC#) & 1 7.354m, 2H), 7.10 (d] = 6.5 Hz, 1H), 6.96 (1] =

8.7 Hz, 2H), 5.45 (s, 1H), 4.75 (d= 6.5 Hz, 1H), 3.65 (s, 3H), 2.97 (s, 3H), 2.00 (s, 3A0;
NMR (126 MHz, CDC}) & 16 7 . 1=245M4 612, 1%.5,(138B.3 (@= 3 Hz), 135.4, 128.4
(d, J = 8 Hz), 115.3 (dJ = 21 Hz), 108.6, 94.3, 63.30, 51.2, 37.6, 20%;NMR (471 MHz,
CDCl) -115.0; HRMS: (ESI) m/z Calculated for @H1/NOF [M+H]*": 262.1238, found:

262.1237.

Type | Amount funits Peak Type | Peak Codes
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/mcoz'\ﬂe Methyl (2S)2-([1,1'-biphenyl]-4-yl)-1,6-dimethyl-1,2-dihydropyridine -

Me l\';:le ©\ 3-carboxylate (2.9d)
Ph

2.9d

Dihydropyridine 2.9d (yellow oil) was synthesized using pyridinium salt

2.8a(63.0 mg, 0.200 mmol, 1.00 equiv.) anthiphenylboronic acid, pinacol ester (140 mg, 0.500

mmol, 2.50 equiv.) according t&P-Bobphos Yield: 37.7 mg (59%);ee 98% (ChiralV,

methanol/water gradient 40/60 to 50/500 minutes, 50/50 to 954525 minutes, flow rate = 1.0
mL/min, | = 254 nm) tR = 24.4 min (major), 25.0 min (mindbC: Rf = 0.17 (10/90
EtOAc/Hexanes);» _:-267°(€0.00180 g/mL, MeOH):H NMR (500 MHz, CDC4)
J=8.0, 1.4 Hz, 2H), 7.51 (dd,= 8.3, 1.6 Hz, 2H), 7.47 (dd,= 8.3, 1.6 Hz, 2H), 7.42 (td,=
7.7, 1.6 Hz, 2H), 7.32 (td,= 7.2, 1.4 Hz, 1H), 7.26 (s, 1H), 7.14 (dck 6.6, 1.4 Hz, 1H), 5.53
(d,J= 1.4 Hz, 1H), 4.78 (dJ = 6.6 Hz, 1H), 3.67 (d] = 1.4 Hz, 3H), 3.03 (dJ = 1.4 Hz, 3H),
2.04 (d,J = 1.4 Hz, 3H)13C NMR (126 MHz, CDC})

128.9,127.4,127.3,127.2,127.1, 108.3, 94.5, 63.6, 51.2, 37.8HRME: (ESI)m/zCalculated

for C21H22NO2 [M+H] " 320.1645, found 320.1644.
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ﬁcoz"‘e Methyl (2S)-1,6-dimethyl-2-(4-methylphenyl)-1,2-dihydropyridine -3-

Me Ee @\ carboxylate (2.9€)

" Dihydropyridine2.9e(yellow oil) was synthesized using pyridinium saa
(63.0 mg, 0.200 mmol, 1.00 equiv.) andethylphenylboronic acid, pinacol ester (109 mg, 0.500
mmol, 2.50 equiv.) according t&P-Bobphos Yield: 43.2 mg (84%);ee 98% (ChiralV,
methanol/water gradient 40/60 to 50/58 minutes, 50/50 to 95/ 35 minutes, flow rate = 1.0
mL/min, | = 254 nm) tR = 17.2 min (major), 16.7 min (minof.C: Rf = 0.11 (10/90
EtOAc/Hexanes);» r : +310° €0.00194 g/mL, MeOH}H NMR (500 MHz,CDC$) 4 7. 30 ( c
J=8.1Hz, 2H), 7.09 (m, 3H), 5.43 (s, 1H), 4.73J& 6.6 Hz, 1H), 3.64 (s, 3H), 2.98 (s, 3H),
2.30 (s, 3H), 1.99 (s, 3HEC NMR (126 MHz,CDC}) & 167. 2, 151.6, 139.5,
126.7, 108.5, 94.3, 63.6, 51.1, 37.7, 21.3, 2BIBMS: (ESI) m/z Calculated for @H20NO>

[M+H] " 258.1489, found 258.1481.

-

T
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ﬁcozm

Methyl (2S)-2-(4-methoxyphenyl)1,6-dimethyl-1,2-dihydropyridine -

Me 3‘ ©\ 3-carboxylate (2.9f)
e OMe

2.9f

Dihydropyridine 2.9f (yellow oil) was synthesized using pyridinium salt

2.8a(63.0 mg, 0.200 mmol, 1.00 equiv.) andan&thoxyphenylboronic acid, pinacol ester (107

mg, 0.500 mmol, 2.50 equiv.) accordingd@®-Bobphos Yield: 34.1 mg (51%)ee 99% (Chirai

V, methanol/water gradient 40/60 to 5056 minutes, 50/50 to 95/5 35 minutes, flow rate =
1.0 mL/min, I = 254 nm) tR = 30.2 min (major), 28.2 min (mindr);,C: Rf = 0.44 (10/90

EtOAc/Hexanes);» o -414° € 0.00165 g/mL, MeOH)!H NMR (500 MHz, CDC})

v

u

7.

J=8.5Hz, 2H), 7.10 (dJ = 6.6 Hz, 1H), 6.81 (d] = 8.6 Hz, 2H), 5.41 (s, 1H), 4.73 @= 6.5

Hz, 1H), 3.77 (s, 3H), 3.64 (s, 3H), 2.97 (s, 3H), 1.98 (s, 3¥@);NMR (126 MHz, CDC})
167.2, 159.3, 151.5, 135.2, 134.9, 128.0, 113.8, 108.7, 94.1, 63.3, 55.3, 51.1, 37HRRSE;

(ESI)m/zCalculated for @sH20NO3 [M+H] *: 274.1438, found: 274.1436.
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/mCOzMe Methyl (2S)-2-(4-acetylphenyl)1,6-dimethyl-1,2-dihydropyridine -3-

Me sle ””©\f° carboxylate 2.99)

“o Me  Dihydropyridine2.9g (yellow oil) was synthesized using pyridinium salt
2.8a(63.0 mg, 0.200 mmol, 1.00 equiv.) anddetlyphenylboronic acid, pinacol ester (123 mg,
0.500 mmol, 2.50 equiv.) according&P-QuinoxP. Yield: 24.2 mg (42%)ee 81% (ChiralV,
methanol/water gradient 40/60 to 50/505 minutes, 50/50 to 9551 minute, flow rate = 1.0
mL/min, | = 254 nm) tR = 16.5 min (major), 15.6 min (minof.C: Rf = 0.21 (10/90
EtOAc/Hexanes);» _:-55.5°€0.00108 g/mL, MeOH)YH NMR (500 MHz,CDC§) U0 7. 87 ( c
J=8.2 Hz, 2H), 7.48 (d] = 8.2 Hz, 2H), 5.54 (s, 1H), 3.65 (s, 3H), 2.98 (s, 3H), 2.55 (s,38));
NMR (126 MHz, CDC¥) ua 197. 9, 166. 9, 151. 7, 147. 3, 13¢

63.6, 51.2, 37.8, 26.7, 20.44RMS: (ESI) m/z Calculated for &H2oNO3 [M+H]": 286.1438,

found: 286.1436.
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/(ﬁ/cone Methyl (2S)-1,6-dimethyl-2-(naphthalen-2-yl)-1,2-dihydropyridine -3-

!
Me sle " carboxylate (2.9h)

2.9h
Dihydropyridine 3.9h (yellow oil) was synthesized using pyridinium salt

2.8a(63.0 mg, 0.200 mmol, 1.00 equiv.) and naphthaberonic acid, pinacol ester (127 mg,
0.500 mmol, 2.50 equiv.) according@P-Bobphos Yield: 41.2 mg (70%)ee 99% (ChiralV,
methanol/water gradient 40/60 to 50i56 minutes, 50/50 to 95/530 minutes, flow rate = 1.0
mL/min, | = 254 nm) tR = 21.6 min (major), 21.1 min (minofL.C: Rf = 0.18 (10/90
EtOAc/Hexanes);» :-113° (€ 0.00382 g/mL, MeOH)!H NMR (500 MHz, CDC}) U i7. 85
7.76 (m, 3H), 7.75 (s, 1H), 7.65 (dt= 8.5, 1.5 Hz, 1H), 7.44 (ddi,= 8.3, 6.9, 5.2 Hz, 2H), 7.16
(d,J= 6.5 Hz, 1H), 5.64 (s, 1H), 4.79 @= 6.6 Hz, 1H), 3.64 (s, 3H), 3.02 (s, 3H), 2.03 (s, 3H);

13C NMR (126 MHz, CDC}) ua 167. 2, 151. 8, 139. 6, 135. 7,
126.1, 125.9, 125.5, 125.0, 108.4, 94.4, 64.2, 51.2, 37.8, ABMS: (ESI) m/zCalculated for

C19H20NO2 [M+H] *: 294.1489, found: 294.1487.
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ﬁCOzMe Methyl (2S)-2-(cyclohex1-en-1-yl)-1,6-dimethyl-1,2-dihydropyridine -3-
Me Ee @ carboxylate (2.9i)

2.9i
I Dihydropyridine2.9i (yellow oil) was synthesized using pyridinium s2i8a

(63.0 mg, 0.200 mmol, 1.00 equiv.) anayiclohexenrl-yl-boronic acid, pinacol ester (104 mg,
0.500 mmol, 2.50 equiv.) according®&P-QuinoxP. Yield: 15.5 mg (31%)ge:90% (ChiraiV,
methanol/water gradient 40/60 to 50i56 minutes, 50/50 to 95/530 minutes, flow rate = 1.0
mL/min, | = 254 nm) tR = 16.0 min (major), 15.5 min (minof.C: Rf = 0.35 (10/90
EtOAc/Hexanes);» :-335 (c 0.00380 g/mL, MeOHJH NMR (500 MHz,CDC$) UG 7. 05
J=6.5Hz, 1H), 5.52 (qdl = 3.0, 1.2 Hz, 1H), 4.86 (s, 1H), 4.61 {d; 6.6 Hz, 1H), 3.67 (s, 3H),

2.93 (s, 3H), 2.16 2.06 (m, 1H), 1.99 (df] = 6.0, 3.0 Hz, 2H), 1.95 (s, 3H), 1.61.53 (m, 3H),

1.50 (tddJ=12.4,6.7, 4.6 Hz, 2H}3C NMR (1265MHz,CDCd) U0 167 . 4, 152. 0,

122.3, 105.6, 94.2, 66.3, 51.0, 37.5, 25.1, 23.8, 22.8, 22.5,HIRMS: (ESI) m/zCalculated for

C1sH2oNO2 [M+H] *: 248.1645, found: 248.1644

mAU 2 >
A &
[

87



X C02Me  Methyl (2S)-1-ethyl-6-methyl-2-phenyl-1,2-dihydropyridine -3-carboxylate

L
oS NCD)

2.9j
j Dihydropyridine3.9j (orange solid) was synthesized using pyridinium 28l

(65.9 mg, 0.200 mmol, 1.00 equiv.) and phenylboronic acid, pinacol ester (102 mg, 0.500 mmol,
2.50 equiv.) according toGP-Bobphos Yield: 41.7 mg (81%);ee: 99% (ChirallD,
isopropanol/hexanes 20/80 isocratic, flow rate = 1.0 mL/min, | = 254 nm) tR = 6.06 min (major),
6.70 min (minor);TLC: Rf = 0.25 (10/90 EtOAc/Hexanes); r -268° € 0.00237 g/mL,
MeOH);H NMR (500 MHz, CDC}) U 1 7.364n0, 2H), 7.28 7.24 (m, 2H), 7.24 7.20 (m,

1H), 7.05 (dJ = 6.5 Hz, 1H), 5.61 (s, 1H), 4.74 @= 6.6 Hz, 1H), 3.67 (s, 3H), 3.43 (dij=

14.5, 7.3 Hz, 1H), 3.25 (dd= 14.3, 7.1 Hz, 1H), 2.07 (s, 3H), 1.16Jt 7.1 Hz, 3H)23C NMR

(126 MHz,CDC}) u 167. 4, 150. 8, 143. 8, 135. 3, 128.

20.0, 14.9HRMS: (ESI) m/zCalculated for @H20NO, [M+H] *: 258.1489, found: 258.1489.
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Figure 2.4.1 Thermal ellipsoid plot of the Xay crystallographic structure 8f9j (CCDC: 2238245) with an ellipsoid
contour probability level of 50%.
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Table 2.4.1. Crystallographic data acquisition and analysis parameters used to collect the str@jieCafDC: 2238245).

CyH,cNO,
257.32 g/mol
100 K
1.54178 A
0.090x 0110 x 0.175 mm
vellow fragment
monoclinic
P1211
a=77655(5) A a=90°
b=11.7069(8) A, p=112.533(2)°
c=79756(5) Ay =90°
669.71(8) A*
2
1.276 glem’
0.667 mm™
276
Bruker D8 VENTURE «-geometry diffractometer
Incoatec InS DIAMOND microfocus sealed tube
(CuKe )= 1.54178 A)

6.01 to 74.58°
Qo=ho=0 _14<=l<=14 -9<=]<=0
15361
2698 [R(int) = 0.0285]

99.70%

Multi-Scan
0.9420 and 0.8920
direct methods
SHELXT 2018/2 (Sheldrick, 2018)
Full-matrix least-squares on F*
SHELXL-2018/3 (Sheldrick, 2018)
T w(E, - F)
2698 /1/175
1.052
R1 = 0.0240, wR2 = 0.0606
R1=0.0241, wR2 = 0.0607
w=1/[c*(Fo®)+(0.0264P)*+0.1390P]
where P=(F,*+2F )3
0.04(3)
0.171 and -0.136 eA”
0.029 eA”
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/O/COzMe Methyl (2S)1-benzyt6-methyl-2-phenyl-1,2-dihydropyridine -3-

Me” N7

B © carboxylate 2.9k)
o Dihydropyridine2.9k (yellow oil) was synthesized using pyridinium s2i8c

(78.3 mg, 0.200 mmol, 1.00 equiv.) and phenylboronic acid, pinacol ester (102 mg, 0.500 mmol,
2.50 equiv.) according tdGP-Bobphos Yield: 60.8 mg (95%);ee 99% (ChiraiCD,
acetonitrile/water gradient 25/75 to 95/ minutes, 95/% 2 minutes, flow rate = 1.0 mL/min, |

= 254 nm) tR = 8.38 min (major), 7.89 min (minof;C: Rf = 0.31 (10/90 EtOAc/Hexanes);

b :-1410° £0.00208 g/mL, MeOH):H NMR (500 MHz, CDCY) U i 7.444n8, 2H), 7.42

i 7.27 (m, 4H), 7.28 7.23 (m, 2H), 7.20 (d] = 6.5 Hz, 1H), 5.58 (s, 1H), 4.87 (@= 6.5 Hz,

1H), 4.77 (dJ = 16.8 Hz, 1H), 4.31 (d] = 16.8 Hz, 1H), 3.66 (s, 2H), 2.05 (s, 3fC NMR

(126 MHz,CDC$) u 167. 1, 151. 0, 143. 2, 137. 6, 135.

109.6, 95.5, 61.6, 53.2, 51.1, 20BRMS: (ESI) m/z Calculated for @H22NO> [M+H]":

320.1645, found: 320.1645.
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x~C02Me  Methyl (2S)-6-ethyl-1-methyl-2-phenyl-1,2-dihydropyridine -3-carboxylate

|
Et” N7
v D e

29I
Dihydropyridine2.91 (yellow oil) was synthesized using pyridinium s2i8d

(65.9 mg, 0.200 mmol, 1.00 equiv.) and phenylboronic acid, pinacol ester (102 mg, 0.500 mmol,
2.50 equiv.) according 8P-Bobphos Yield: 30.9 mg (60%)ee 98% (ChiralV, methanol/water
gradient 40/60 to 50/5030 minutes, 50/50 to 95/55 minutes, flow rate = 1.0 mL/min, | = 254

nm) tR = 25.9 min (major), 24.2 min (minoML.C: Rf = 0.29 (10/90 EtOAc/Hexanes) ree

356° € 0.00144 g/mL, MeOH)!H NMR (500 MHz, CDC}) U 1 7.4348, 2H), 7.35 7.23

(m, 3H), 7.19 (dJ = 6.5 Hz, 1H), 5.51 (s, 1H), 4.81 @z 6.5 Hz, 1H), 3.69 (s, 3H), 3.04 (s, 3H),
2.34 (ddtJ = 18.9, 15.3, 7.7 Hz, 2H), 1.18 &= 7.4 Hz, 3H)}3C NMR (126 MHz, CDC§) U
167.2, 156.5, 142.5, 135.6, 128.6, 127.9, 126.8, 108.3, 92.8, 64.1, 51.2, 37.6, 265RMEA4;

(ESI)m/zCalculated for @H20NO2 [M+H] *: 258.1489, found: 258.1489.
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X C02Me  Methyl (2S)-1-methyl-2,6-diphenyl-1,2-dihydropyridine -3-carboxylate

|
Ph” N7
N © (2.9m)

29
" Dihydropyridine2.9m (yellow oil) was synthesized using pyridinium s2iBe

(75.5 mg, 0.200 mmol, 1.00 equiv.) and phenylboronic acid, pinacol ester (102 mg, 0.500 mmol,
2.50 equiv.) according B8P-Bobphos Yield: 53.1 mg (87%)ee 98% (ChiralV, methanol/water

gradient 50/50 30 minutes, 50/50 to 100102 minutes, flow rate = 1.0 mL/min, | = 254 nm) tR

= 29.1 min (major), 25.9 min (minorJ,LC: Rf = 0.08 (10/90 EtOAc/Hexanes) r- +171° €

0.00338 g/mL, MeOH)*H NMR (500 MHz, CDC4$) U i 7.515rB, 2H), 7.36 (q] = 3.4 Hz,

3H), 7.32 (td) = 5.4, 3.3 Hz, 3H), 7.28 (dd= 6.7, 1.6 Hz, 2H), 5.55 (s, 1H), 5.05 {c& 6.4 Hz,

1H), 3.70 (s, 3H), 2.96 (s, 3H¥C NMR (126 MHz,CDC}) U 167. 2, 153.3, 142
129.2,128.6 (2C), 128.3, 127.9, 126.6, 109.9, 98.2, 63.1, 51.4HRMS: (ESI)m/zCalculated

for CooH20NO2 [M+H] *: 306.1489, found: 306.1489.
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/mcoz"‘e Methyl (2S)-2-(4-acetylphenyl}1-methyl-6-phenyl-1,2-
Ph :':.e ©Y° dihydropyridine -3-carboxylate 2.9n)

Me  Dihydropyridine2.9n (orangered oil) was synthesized from pyridinium salt

2.8e(75.5 mg, 0.200 mmol, 1.00 equiv.) an@detylphenylboronic acid pinacol ester (123 mg,
0.500 mmol, 2.50 equiv.) according@P-QuinoxP. Yield: 62.9 mg (91%)ee:>99% (ChiralV,
methanol/water gradient 40/60 to 604D minutes, 60/40 13 minutes, 60/40 to 95/% minutes
flow rate = 1.0 mL/min, | = 254 nm) tR = 13.2 min (major), 12.7 min (mindd)¢: R = 0.48
(30/70 EtOAc/Hexanes)y - : +435° € 0.00350 g/mL CHG); 'H NMR (500 MHz, CDC}) U
7.9771 7.91 (m, 2H), 7.66 7.59 (m, 2H), 7.43 7.27 (m, 6H), 5.62 (s, 1H), 5.10 (@= 6.4 Hz,
1H), 3.72 (s, 3H), 2.98 (s, 3H), 259 (5, 3HCNMR ( 126 MHz, CDCI 3) U 197.
147.53, 136.7, 136.4, 134.9, 129.4, 128.7, 128.6, 128.1, 126.6, 109.4, 98.6, 62.7, 51.4, 41.0, 26.7,

HRMS: (ESI) m/zCalculated for @H22NOs [M+H] *: 348.1594 found: 348.1594.
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ﬁcozm Methyl (2S)2-[4-(hydroxymethyl)phenyl]-1-methyl-6-phenyl-1,2-
PR dihydropyridine -3-carboxylate 2.90)

OH " Dihydropyridine2.90 (orange solid) was synthesized from pyridinium salt
2.8e(75.5 mg, 0.200 mmol, 1.00 equiv.) andHlydroxymethyl)phenylboronic acid pinacol ester
(117 mg, 0.500 mmol, 2.50 equiv.) according@B-QuinoxP. Yield: 32.7 mg (49%)ge: 96%
(ChiralV, methanol/water gradient 40/60 to 604D minutes, 60/40 13 minutes, 60/40 to 95/5
- 5 minutes flow rate = 1.0 mL/min, | = 254 nm) tR = 13.5 min (major), 12.1 min (Mifdy);

R = 0.21 (30/70 EtOAc/Hexanes) - +360° € 0.00320 g/mL CHG); *H NMR (500 MHz,
CDClL) @ 1 7.518n, 2H), 7.39 7.27 (m, 8H), 5.55 (s, 1H), 5.06 (#= 6.4 Hz, 1H), 4.68 (d,
J=5.9 Hz, 2H), 3.70 (s, 3H), 2.96 (s, 3H), 1.59¢,6.0 Hz, 1H)3C NMR (126 MHz, CDC#)

ua 167. 2, 153. 3, 142. 3, 140. 5, 136. 8, 134. 8,

62.9, 51.4, 41.IRMS: (ESI)m/zCalculated for @H22NOsz [M+H] *: 336.1594 found: 336.1595.
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/mcoz"‘e Methyl (2S)-2-(4-acetamidophenyl}1-methyl-6-phenyl-1,2-

Ph me ©\ dihydropyridine -3-carboxylate (2.9p)

9P o Dihydropyridine2.9p (Yellow solid) was synthesized from pyridinium salt
2.8e(75.5 mg, 0.200 mmol, 1.00 equiv.) anddetamidophenylboronic acid pinacol ester (131
mg, 0.500 mmol, 2.50 equiv.) according3®-QuinoxP. Yield: 71.8 mg (99%ge:>99% (Chirai
V, methanol/water gradient 50/50 to 704380 minutes, 70/30 to 1001010 minutes, flow rate =
0.5 mL/min, | = 254 nm) tR = 15.8 min (major), 15.1 min (minom)C: R; = 0.30 (50/50
EtOAc/Hexanes); ) o 1249° € 0.00266 g/mL CHG); 'H NMR (500 MHz, CDC¥) U i7. 55
7.42 (m, 4H), 7.41 7.32 (m, 3H), 7.32 7.27 (m, 4H), 7.15 (s, 1H), 5.50 (s, 1H), 5.04Xd,6.4
Hz, 1H), 3.70 (s, 3H), 2.94 (s, 3H), 2.17 (s, 3BENMR ( 126 MHz, CDCI 3) U 16
153.20, 138.54, 137.53, 136.64, 134.72, 129.13, 128.46, 128.11, 127.25, 119.94, 109.59, 97.94,

62.58, 51.29, 40.75, 24.5HRMS (ESI) m/z Calculated for @H23N203 [M+H]*: 363.1703,

found:363.1698.
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Methyl (2S)-2-(4-methoxyphenyl}1-methyl-6-phenyl-1,2-

dihydropyridine -3-carboxylate 2.9q)

Dihydropyridine 2.9q (yellow oil) was synthesized from pyridinium salt
2.8e(75.5 mg, 0.200 mmol, 1.00 equiv.) andthoxyphenylboronic acid pinacol ester (117 mg,
0.500 mmol, 2.50 equiv.) according@P-QuinoxP. Yield: 42.3 mg (63%)ee:>99% (ChiralV,
methanol/water gradient 40/60 to 604D minutes, 60/40 13 minutes, 60/40 to 95/% minutes
flow rate = 1.0 mL/min, | = 254 nm) tR = 14.0 min (major), 13.4 min (mindd)¢: Rf=0.21
(10/90 EtOAc/Hexanes)y 1 +227° € 0.00360 g/mL CHG); 'H NMR (500 MHz, CDC}) U
7.497 7.43 (m, 2H), 7.39 7.32 (m, 3H), 7.31 7.26 (m, 3H), 6.90 6.83 (M, 2H), 5.48 (s, 1H),
5.03 (d,J = 6.4 Hz, 1H), 3.80 (s, 3H), 3.70 (s, 3H), 2.94 (s, 3f0;NMR (126 MHz, CDC}) U
167.2,159.4, 153.2,136.9, 135.2,134.5, 129.2, 128.5, 128.2, 127.9, 113.9, 110.1, 97.9, 62.6, 55.3,

51.3, 40.7HRMS: (ESI) m/zCalculated for @H22NOsz [M+H]*: 336.1594 foun®36.1594.
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