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ABSTRACT

DEVELOPMENT OF ASYMMETRICN-HETEROCYQ.IC CARBENE-CATALYZED

REACTIONS

N-Heterocylic carbeneg¢NHCs)are ubiquitousrganocatalysts in a variety of asymmetric
transformationsThe benzoin and Stetter reactions, which couple aldehydes to other aldehydes or
Michael acceptors, respectivedye the most commonly reported reactivity manifold employing
NHC catalysts However other umplung reactivity pathways exisfor examplewh en- U, b
unsaturated aldehydes are reacted with NHI@s,Breslow intermediate can react through the
double bond of the aldehyde to functionalize at the beta position of the carbonyl. A process that
has come to be known has homoenolate reactivity.

A range of reactivity manifolds were investigated, including the asymmetric intermolecular
Stetter reaction andan enantioselectiveNHC-catalyzed nucleophilic dearomatization of
pyridiniums. In the dearomatization chemistry, a homoenolate equivaliérst igenerated from
an enal andnNHC, which then adds to the pyridinium to generateditgdropyridines with high
enantioselectivit. This is a rare example of catalytic, asymmetric addition of a nucleophile to the
activated pyridinium that prefers£functionalization leading to the t¢dhydropyridineproduct

The asymmetric intermolecular Stetter reaction was also investigatex attempt to
broaden the scope of the reaction to include
unsaturated ketones. The coupling of heteroaryl aldehydes to enones could be achieved with
appreciabldevels of enantioselectivityup to 80% e), but reactivity remains a major challenge

with this methodology.
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Chapter 1. History of N-Heterocyclic Carben€atalyzed Reactions

Although N-Heterocyclic carbenes had been used for benzoin reactions as early as the
19406s, b rim thelr reactivityeandscksemical properties was not generated until
independent reports of stable carbenes by Berti@mii Arduengd.Since these initial reports-N
heterocyclic carbenes (NHCs) have impacted many fields of organic chemistry including
organocatalysid? transition metal catalysisand polymer chemist§y Thiazoliumderived NHC
scaffolds were inially popular because of their similarity to ThiaminkElowever, high
enantioselectivity couldat be achieved with these catalysts arakztiium-based Nheterocyclic
carbene (NHC)recursorswere developedSince the introductio of triazolium scaffolds for
catalysis, many reports have appeared demonstrating reliably high enantioselectivity across a
range of different NH&atalyzed reactionsan be achievedTlhe high activity and selectivity
across such varying reactivifgpweredthe need for finduning the NHC structurandhas led to
an impressive maber of reported carbermtalysts
1.1Umpolung Acyl Anion Catalysis

The most studiedimpolung reaction employing NHC organocatalysts is the benzoin
reaction. This was first discoradl byWohler and Liebig in 1832ising cyanide as the catalyst to
couple benzaldehyde to form benzéifine currently acceptechechanisnof this transformation
was firstproposed by Lapworttandis shown in scheme 1.1Flrst, cyanide adds to benzaldehyde
generating tetrahedral intermedidtevhich then undergoes a proton transfer to give intermediate
2. This intermediatevhere the anionic charge iscalized onthe carbon of the aldehyds

responsible for the umpolumgactivity observed ithis reaction. Carbanidhthenadds to another



equivalent of aldehyde to give intermedi8tevhich, after proton transfer, collapses to generate

the observetbenzoin prodat (4) andthe cyanide catalyst.
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Scheme 1.1.1

In 1943,Ukai demonstrated the same reaction coulddreied outwith catalytic amounts
of thiazoliumin the presence of badénspired by the Lapworth mechanism, Bresiowpose a
similar pathway for the thiazolium catalyzed benzoin reaction while investigagmgechanism
of thiamine actiod®B r e s Ikeymsgight was that the thiazolium could be deprotonated a the 2
position to generate an ylide where the carbanion acts as the reactive center of the catalyst. This
hypothesis was supported by deuterium exchange experiments with thiamig@. iAf@@r this
finding, it was reasoned that the deprotonated thiazolium bearing a carbanion & posi@on
could react similarly to the cyanide ion and catalyze benzoin formation.

The currently accepted mechanism for the thiazoloatalyzed benzoin reactiongeown
in scheme 1.1.ZThe thiazolium is first deprotonated to give an ylide (a resonance form of the free
carbene), which then adds to an aldehyde generating tetrahedral internfedidts then
undergoes proton transfer, to give carbarpmvhich is n resonance with neutral enamingl
commonly referred to as the Breslow intermediAtidition of 6 to another equivalent of aldehyde
gives tetrahedral intermedia@gfollowed by protonransfer and collapse to forandregenerate
the active catalystn-depth kinetic sidieswere later performed on the mechanism of the benzoin
reaction by White and Leep&rThe authors determined the three kinetically significant steps were

initial addition of the NHC to the aldehyde, tautomerization to form the @seistermediate, and



addition of this intermediate to another equivalent of benzaldelhyeestingly, all three steps

contributed to the rate of the reaction and were partiallyliraigéng.
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The Breslow intermediatgenerated upon addition of the carbene to an aldehyde was later
demonstrated to couple aldehydes wither electrophiles, such as Michael acceptdtss
reactivity was heavily invest i geaomelkhowh gtheSt et t e
Stetter reation.’? Due to its importance in NHC catalysis, much work has been devoted to the
isolation and characterization of the Breslow intermedfaBzrkessel isolated and characterized
the Breslow intermediate derived from imidéimium-derived NHCs and aryl aldehyd¥s.

Through competition experiments with these isolated intermedidte demonstrated the

reversibility of Breslow intermediate formation that has been proposed previously.



1.2 Asymmetric Benzoin Reactions

The benpin reaction has been widely studied and has become a benchmark reaction to test
new carbene scaffoldSheehan reported @s/mmetricvariant of the reaction iA966 using a
chiral thiazolium that gave the benzoin produc2®6 ee!® Since this time, many groups have
sought to improve the efficiency of the reaction by designing catalysts to increase the yield and
enantioselectivity of the proce¥sFigure 1.2.1llustrates the major advances durthg evolution
of catalyst design Ht took place over 50 years amdlowed for high enantioselectivity to be
achieved in the reactiohn 1997, Leeper and Rawal introducadbicyclic thiazaum-derived
catalyst thaprovided an important basis for future catalyst design, daspitaprovement inthe
enantioselectivity of the reactiomv e r S h e e h a n 6.8 A majoi aghiance Was laterp o r t
reported byEndersusinga triazoliumderived scaffoldwhich provides the product wittnuch
improved enantioselectivity (75% e&) This was followedup by abicyclic triazoliumderived
catalyst that pradedthe benzoin product in high enantioselecivitr the first time (90% eé?.
Currently, themost selective cataly$br the asymmetric benzwoireactionreported Connon and

Zietler delivers the product in 99% ég.
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Figure 1.2.1Catalyst development foh¢ asymmetric benzoin reaction.



This reaction is not tnited to homebenzoin reactions and a variety of crbenzoin
reactions havealsobeen reportedCookson reported an intramolecular crossizoin reaction of
tethered aliphatic aldehydes in 1F*@mportantly, the substrates lacked chemoselectivity issues
between the two aldehydes; when more than one benzoin products is possaltilj@bmixture
of products is observedn the intermolecular crodsenzoin reaction, the product distribution

could be controlled by increasing the amount of one coupling pg8okeme 1.2)122
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Severaroups aimed to improve tlthemaelectivity issuegherentn thecrossreaction.
Johnson reportethe use of acyilanes as aacyl anion equivaleptwhich essentially removed
the chemoselectivity issues observed by other gr&éU@savel could increae the selectivity of
the cross-benzoin reaction between aliphatic aldehyde donors and aryl aldehydes acceptors
through catalyst desigit He proposs the selectivity arises from steric interactions between the
largercatalyst and th aromatic aldehyde d&vor formation of the Breslow intermediate with the
aryl aldehyde Therefore, using the bulkier NHC catalysill encourage the formation of the
aliphatic aldehgie-derived Breslow intermediatehich then preferentially reawith the aromatic

aldehyde.Thus, the [4.3.8picyclic triazolium14 delivers the benzoin produ8tin a 40:1 ratio



over the other three possible produtitscontrast, stericafismaller [3.3.0ftriazolium13favors9
in only a 1.4:1 ratio over the other three possible benzoiruptedEfforts to render this reaction
asymmetric were met with limited success, but the ébeszoin product could be generated in

63% yield andh promisingd0% eg(Scheme 1.2

(@] (@] 10 mol% Azolium Ph/\)J\( )K(\/

.
Ph/\)J\H Ph)J\H iPr,NEt (1 equiv)
CH4Cly, 1h, 70 °C Ph)H/Ph /\)J\(V

HO

1.

Me
Azolium: Q@Br N OBF, N OBF,
T\® TN® TN®
S oN~Et N N~cgFs N oN~cgFs
13 14
|Ratio 9:10:11:12: _ 12:21:6:61 _ 59:25:2:14 94:0:2:4]
2 ') ©
BF
_N\ ® 4
N\7N\C F5 O
Ph
o) )OJ\ Me™\ 1 20 mol% Ph/\)J\l/
+
- OH
Ph/\)J\H Ph™ "H iPr,NEt (1 equiv) 63%, 40% ee
CH,Cl,, 18 h, rt

Scheme 1.2.2

In addition tothe reaction between two differentiahydesthe cros-benzoin reaction has
also beeremployed to couple aldehydes withines and ketone&nders reported the coupling of
aldehydes and trifluoromethyl ketones in good yields and modest enantioseléapvity 85%
ee)?®Ketoesters have been shown to be competent acceptors in thbemast reactiobetween
aryl and aliphatic aldehydes and ethyl pyruvate by Connon and Zéi@¢her ketoesters were
also competent in the reaction, but branched diipkatones were less reactivinis process was
later rendered asymmetric by Grawsing triazoliuml5 as the precatalysfiving the expected

crossbenzoin product in up to 98% yield and up to 94%Saheme 1.2.3Y
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Imines were first reported in crebgnzoin reactions to give-amno ketones by Murry
and FrantZ® The enantioselective crebgnzoin reaction between aldehydes and imines was first
reported by Miller who employed a peptiderived thiazolim catalysto impart selectivity® A
triazoliumderived catalyst was reported by Rovis for the cexsEbenzoin reaction between
aldehydes an#ll-Boc imines that offers improved selectivity and a more general substrate scope
than the peptideatalyzed reetion*° In this methodology, the NHC can add to the imine
generating a stable NHithine adduct, which is highly reversible in the presence of a weak acid.
This is generated in the reaction byd#onation of the triazolium wit@sOAc. Trifluoromethyl
ketimines have also been demonstrated to be competent substrdtes dgrossazabenzoin
reaction. Hgh enantioselectivitgould be achieved in the reaction wheazolium16is usedas
the precatalyst This triazoliumwas also effective in coupling other imines bearing an electron
withdrawing group including iminoesters and iminonitriles with high yields and enantioselectivity

(Scheme 1.2.4% The benzoin reaction remains the most studied MEi@lyzed process and the

7



advances in catalyst design for this reaction were crucial to the development of new carbene
organocatalysts that could impart high levels of enantioselectivity for this and many other

transformations.
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Scheme 1.2.4
1.3 Asymmetric Intermolecular Stetter Reactions

The Stetter reaction proceeds, similarly to the benzoin reaction, by initial generation of an
acyl anion equivalent. The addition of this acyl anion to a caneseroatom double bond ina 1,2
fashion leads to #h benzoin productHowever, n the Stetter reactiorhis intermediate adds
conjugakly to Michael acceptort o g Hfumckonalzed ketones. This reactivity was
systematically investigated by Stetter -duri
derived catalyst$?*2

The intramolecular version of the reaction proved much more amenable toward the

development of an asymmetric variant. This was first reported by Enders in 1996 using triazolium

n

(



precatalystl 7.3 The Rovis group published highgfficient catalyst scaffolds for this reaction in
2002, providing the products in high yield and enantioseleci{@ityeme 1.3.13*
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Scheme 1.3.1

Since theeinitial repors, our groug® and other¥ have reportea varety of catalysts for
the efficient coupling of aldehydes to Michael acceptoh& scope of the reaction has also been
expanded dramatically to includesaturated amides, thioesters, ketones, esters, phosphonates and
aldehydesThe mechanism of thimtramolecular Stetter reaction was studied experimentally by
Rovis3” Through competition experiments,was determinedthat the rate limiting step of the
reaction islikely deprotonation to form the Breslowtermediate (Scheme 1.3.Interestingly,
this is experimental evidence for previous computational investigations into the mechanism that
found a high barrier for the symmetry forbidden-frdton transfer (29.2 kcal/mol), which
suggests the mechanism is proceeding in an alternate path. In aesspatatthe proton transfer
to generate the Breslow intermediate had a >43 kcal/mol barrier for #peatgh shift, which
could be reduced to 21 kcal/mol when an exogenass Itriethylamine) shuttlébe proton®®

Finally, Yates found that the mecham for the Stetter reaction is different than the benzoin



reaction by following a tw«step process for addition of the Breslow intermediatine Michael
acceptor, rathehan a one step process as in the benzoin re&étion.
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dH/D H/D: kg = 2.62:1
X
Y/\/\EWG Y: Ko (O:CH5) = 10.4:1

Although the asymmetric intramolecular Stetter reaction has been demonstrated with many

Scheme 1.3.2

substratesexpanding the scope tife enantioselective intermolecular Stetter tieachas proven
more difficult because the reaction often requhigghly activated Michael acceptors to achieve
good reactivity. First attempts at an enantioselective variant of this reaction were gyt
Enders in 1990 coupling butenal withalcone. The corresponding diketonewasgenerated in
29% yield and 30%e. The enantioselectivity could be slightly improved (39% ee) with a different
thiazoliumderived catalyst, but reactivity drops off significantly (4% yiéfiT.he first major

10



advancs toward developing an asymmetric intermolecular Stetter reactionrepengéedn 2008.

Rovis reported theouplingof glyoxamidego alkylidene malonate acceptors with good yield and

high enantioselectivit§* The use of trisubstituted alkylidene ketoamides was later demonstrated
to give the Stetter product with high leself diastereocontréf. Concurrently, Enders published

the coupling of aryl aldehydes to chalcones in good yallimodest enantioselectiviggcheme

1.3.3.%3 Subsequently, acetaldehyde was demonstrated to be a competent coupling partner in the

reaction but with lowe levels of enantioselectivitf.

Enders: _NOBF,
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0 o) TBSO— o
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M SN - Ph
Ph” “H Ph Ph o
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N /N@C .
t N t
@ 0 coBu a om0 @ O CO,Bu
N - N
\[HJ\H %\COZ‘BU , Ncozfsu
o) Et 'ProNEt (1 equiv), 0O Et
CCl,, -10 °C, 12 h 84%. 90% ee
Scheme 1.3.3

Following these seminal reportéiet coupling of heteroargldehydes to nitroalkenes was
demonstrate® Fluorinated catalystl9 was found to give the Stetter products in leigh
enantioselectivity compared to thenfluorinated catalystl8 demonstrating the impact of
fluorination of the catalyst backbone on the efficiency of the catg@gsieme 1.3.4)This catalyst
was further pplied to the coupling of aryl aldehydes to unsaturated ketoé8fEhe improved
selectivity with this catalyst wasriginally proposed to result from conformational changes in the
catalyst that enhance the steric environment ardhedcarbene center othe catalyst. A

subsequentomputdional study foundthe selectivitycould arise from attracti® interactions on

11



the developing positive charge of the Breslow intermediate and the developing negative charge of

the nitroalkene during the carbearbon bondorming steg’

0 10 mol% NHC
N H Pr,NEt (1 equiv) o
N CCly, -10°C, 12 h NN No,
18: 90% vyield, 88% ee | _N Cy
Cyv/\No2 19: 95% vyield, 95% ee

Me

Scheme 1.3.4

Triazolium 19 was later usedo expand the scopaf the Stetter reactioto include the
c oupl i nupsatorbted Eldebydes with nitroalkeffemterestingly, adding catechol to the
reaction greatly increased the yield of the procgsmg from 5% yield after 8 hours to 80% vyield
after 2 hours. The addition of catechol to the intramolecular Stetter reaction was also tested and
permitted catalydbadings as low as 0.1 mol%. The increaaetivity from adding catechol to the
reaction mixturavas proposed to stem from catechol assisting the proton transfer of the tetrahedral
intermediate to generate the Breslow intermedi&theme 1.3.5)This hypothesis is based on
previous mechanistic studies on the intramolecular Stetter reaction which demonstrate that proton
transfer to generatte Breslow intermediats likely the rate limiting step of thimtramolecular
Stetter reactiod’ Kinetic isotope neasurements with deuteatdehyde and deutemateclol
support that catechol is assisting the proton trargifeng a kn/kp = 4.2 Alternatively, the
increased reactivity could result from hydrogen bonding to the nitroalkene, activating it toward

nucleophilic addition however,Furthercontrol experiments with chiral dioksnd achiral NHC

12



catalysts giveracemic Stetter product, suglidg the enhanced reactivity is not a result of

activation of the Michael acceptor by hydrogen bonding.
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Scheme 1.3.5

Aliphatic aldehydes could also be coupled to nitroalkenes. In this casdratise
fluorinated NHC20 was more efficient than eith@8or 19 (Scheme 1.3.6)This was also studied
computationally and it was again proposed that electrostatic interactions between the fluorine on

the catalyst and the nitro group of the acceijsttine reason for the high seledly of this catalyst.

©

£ BF,
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BU' 30 F

" F
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Et\)J\H v o Xy NO; - Et\)J\_/\NOZ
40 mol% NaOAc Ph

t o
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Scheme 1.3.6
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Chi reported enal coupling partners with modified chalcones in good yield and

enantioselectivity® While the scope of Michael acceptors in this reaction is gendiraitgd to

highly activated Michael acceptors, there have been reports using less activated substrates. The

coupling of aryl #&ehydes to acetamidacrylates proceeds with good vyield and
enantioselectivity® This was later expanded tbsubstituted aylates lacking a secnl activating
goup>>These reacti ons a-substtltdd Michae atceptaimportargly, thes e
useo f -substitutecenoates gives the product in diminished yield and enantioseleciiignZ-
methyloct2-enoate is used in the reactidhe Stetter product is afforded in 59% yield and 80%
ee(Scheme 1.3.7)This is the only published example af asymmetric Stetter reacti@arried

out eubstimtedMichael acceptor lacking highly activating groups.

1. 0/57 ®C|
=N

NHAc Ph— 10 mol%

0
Joo A RMNHAC
R™H CO,Me
8 mol% KO'Bu
PhMe, 0 °C, 3-24 h

2. O:N g/leo ©BF,

o SN2

Phﬁ
0,
ol 20 mol% . OMe
_ OMe r
16 mol% KOBu ), ©

e 4 PhMe, rt, 24 h

Scheme 1.3.7

1.4 Annulation Reaction Involving Extended Breslowintermediates

As ment i on euhsatarbten \aldehyded cam be used in umpolung acyl anion

reactions, but because of the conjugated alkene, enals are also capable of substitutatphat the

of

or beta positions providing an alternate reactivity pathway that is not accessible with other

14



aldehydes(Scheme 1.4.1)Nucleophilic addition athe beta carbomwf the extended Breslow
intermediate21 to an electrophile generates an enol azoli{@®), which canalso intercept
electrophiles at the alpha position of the aldehftetonation of th@zoliumenolategenerates
the electrophilic acyl azolium speci23 which can then be intercepted by a nucleophile to release

the carbene catalyst and fothe desired product.

R1VLH /\)S/ \)\/’\i
VRN

R OH R ) R
=X O NO R N®
Yo N R ~ X 21 Y\/<X
N TR X~ v
R’ %R R R
acyl anion reactivity homoenolate reactivity

H O 5 e

R1J\HJ\N H O R H O R

Y. N® AANG

H Nuc R ~ X R - X
R

acyl azolium R R

enolate reactivity

Scheme 1.4.1

Often this type of reactivity is carried out with a tethered nucleophile that can add to the
acyl azolium generated to give cyclic producfsvariety of annulation reactions apmssible
which can proceely functionalization at the beta positittmough the homoenolate intermediate
followed by cyclization onto either the enol azoliuma [4+2] fashionor at theacyl azoliumto
give [3+3] cycloadditiortype productsCyclic prodicts can also be accessed by initial beta
protonation of the homoenolate intermediate to generate the enol azolium, which has been used to

generate 5and 6membered rings.
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NHC-catalyzedhomoenolate annulation reactions wdirst reported by Bod® and
Glorius*® in 2004 who demonstrated tisgnthesis ob-lactones from enals aratyl aldehydes.
This reactivity ca also be exploited to synthesizéactams, which was first reported by Bode in
2005 using IMES as the NHC precur¢6cheme 1.4.23% The proposed reaction is believed to
proceed by initial formation of the Breslow intermediade which then adds at the beta position
to the aromatic aldehyde to give intermedi2$e This can then tautomerize to acyl azolidé
followed by intramoleculatrapping of26 by the tethered alkoxide to form the observed lactone

product and regenerate the NHC catalyst.

— S
CHO NN 0
Mes™ \70\Mes
o) 8 mol% o
+
Ph/\)J\H 7 mol% DBU c
THF / t-BuOH Ph' 4-Br-CeH,
Br rt, 15h 79%, d.r. 4:1

S
"N o Mes WN/
I N
Rj/\)J\/N Mes
2% o)
Mes”
Ar ®O o Mes
OH Mes R N
RN \N NI/
25 @jNJ ’{Mes 24
Mes
Ar H

Scheme 1.4.2

Since this initial report, several other studies have expanded the scope of the reaction
demonstating a variety of enals and aldehydes are tolerated as well as Retomksating® An
enantioselective version of this reaction was reported by Scheidt, but was limited to
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acylphosphonates as the carbonyl parth8hortly after, the asymmetric hoemolate addition to
cyclic ketimines was report€8 Scheidt reported a synthssi eldctams fronN-acyl hydrazones

and enalgScheme 1.4.3) Interestingly, a Lewis acid ecatalyst was required to achieve high
levels of reactivity and selectivity. ik proposed that the hydrazone is first activated by binding to
the Lewis acid cacatalyst, followed by nucleophilic addition of the homoenolate equivdtenis
reportal that a chiral NHC with catalytic amounts oBegnsted acid enables the synthesig-of
lactams in good yield and enantioselectifftyA related annulation reaction was reported by
Scheidt who found that aryl nitrones can undergo a beta functionalization followed by trapping
with the tethered nitrornexygen®! The [3+3] cycloadduct could then be opened with sodium

methoxide and methanol to generate the straight chain product.

Bode: 2005
15 mol% IMes«Cl 0 0
0 O, o 10 mol% DBU \é//O
A N’\ S//\4 MeOCgH N 4-MeOCsH,
Ph H )I\ €00lgMy 'BUOH o \
Ar H 60 °C, 14 h

Ar = 4-MeCgH, 70%, 4:1 dr

Scheidt: 2010

-NH

O 5 mol % 72 o Ao
PA . 5 mol % Mg(O'Bu), &/ \/4
N
(/ TBD, THF S
CO,Et 60 °C, 24 h Ph CO,Et
78%, 9:1 dr, 97% ee

Rovis: 2011

_n 6,
o .Ph N ND 0
N S \C6F5

| Cy o
| H " J) 20 mol% i
EtO,C 4-NO,CgHj 20 mol% NaO,C(2-CIiCeHs = 2" )
CHyClp, 0°C, 15 h 4-NO,CgHy

95%, > 20:1 dr, 93% ee

Scheme 1.43
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1.5Non-Ring Forming Reactions

Although much less commord umpolung betéunctionalization of enals can also be
employed where the acyl azolium is not intercepted by a tetherdglopbde The first NHG
catalyzed reactions involving beta functionalizatibermals were reported by Schéfdind Bodé®
who developed an interneddoxesterificationprocess where the extended Breslow intermediate
is first protonated at the beta position of the aldehyde to generate an agoblate(Scheme
1.5.1) This can then undergwoton transfer to form an dazolium species, which iatercepted
by an alcohol to give the saturated ester and regenerate the NHC catalyst. This mirrors reactivity
reported forty years prior BiyaliaandVishwakarmavhere cyanide was demonstrated to catalyze

the transformations to their corresponding saéaranides in the presence of wafér.

Me ©

® I

Scheidt: N
: >
N

5 mol% pe o

(0]
5 mol% DBU
RMH R/\)J\OR1

PhOH (2 equiv.)
R'OH (5 equiv.)
THF, 60 °C
Bode: O:N Oc
L ®
N\7N\Mes (0]

0 5 mol%

R/\)J\H - R/\)J\OR1
10 mol% i-Pr,NEt
R'OH (3 equiv.)

_ THF, 60 °C
Walia:
Ph . o
KCN
_Ph
A Ph/\)J\N
Ph H H.0 N
2
O KCN o
o NN - Ph/\)kOMe
MeOH

Scheme 1.5.1
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Nair reporteda beta addition of enals to nitroalkenes generating functionalizettoesters
which is believed t@roceed by generation of the homoenolate equivdi@idayed by conjugate
addition to the nitroalkend.iu® and Rovi§® later publishedenantioselective versisnof this
reaction Interestingly, the method reported by Nair and the enantioselective variant reported by
Liu favor formation of theanti-isomer, while thesynproduct was favored wheratalyst28 was

used(Scheme 1.5.2)

ir: S
Nair /_\® Cl
Mes/NVN\Mes
O 15 mol%
O,N (0]
TN ~ A g
/ ~ Ph H 20 mol% K,COj
THF:MeOH (9:1)
70°C, 24 h

R1
8/10 mol% z Q

ON- g - g OZN/WJ\OEt

50 mol% NaOAc
EtOH, rt, 24 h

Liu:

48 - 86%
4:1to 12:1dr
81-99% ee

Rovis:

8BF,
F
(e o f
N\7N

"Bu

n F

BU btms ¢ )

VR R" ©
OoN o + \)Oj\ 10 mol%
ZZN X O5N OEt
R H 50 mol% NaOAc -
EtOH, rt, 24 h

60 - 82%
3:1 to 20:1 dr
82 - 93% ee

Scheme 1.5.2
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The change idiastereoselectivity wggoposed to result from an inversion in the Breslow
intermediate geometyyvhich woud allow for the reaction to occur on the same enantiotopic face
of the enal, despite the pseueisantiomeric catalysts used in this methodoldiglyas also been
proposed that Liubds r eactate®9 whichleadsdoete formatiorm a n
of theantird i ast er e o mease, thel reactiGhdsvpropoded to proceed through a closed
transition state 30) which gives thesyn product (Scheme 1.5.3) The mechanism and
stereochemical outcome wdeder studied comptationally and a transition state barrier of 15.3
kcal/mol was calculatedfor the syn product’” A possible reason for the highsyn
diastereoselectivity of the reaction results from lowering steric interaction on the enal and
nitroalkene substituents ingfG-C bondforming step, as well as hydrogen bonding between the
enol oxygen of the Breslow intermediate and the nitro grGombined, these interactions lower
the transition state energy enough to fasyoraddition.

Transition state leading to anti product:

Transition state leading to syn product:

F
F n
F Tyso, /B
F N/NT HO. ~Cat Ph
HO+— L -NO, CO.R
ON F 7 30 = H — |O,N 2
Ph

Scheme 1.5.3
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1.6 Conclusion

Despite a resurgence of interest in NHCs as organocatalysts after the landmark papers of
Bertrand and Arduengbthat elucidated the structure of these stable carbenes, it was not until the
20006s t hat bgeneratd. Duringtthesrtirees manywnavs reactivity pathways were
discovered and consequenthyore efficientcatalystsimportantly, trizolium-derived NHCs were
quickly identified as modular, easily modifiable catalysts that coupaitrhigh selectivity across

aspectrum of reactity.
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Chapter 2. Nucleophilic Dearomatization of Pyridiniums

2.1 Introduction

Aside from being a privilegestructure in drug discoveryl,4dihydropyridinesare also
useful intermediates en route to other adassf important drug scaffolds. This impant class of
pharmaceuticals igsed to treat an assortment of illnesses and have demonstrated antimicrobial,
anticancer, antihypertensive, and anticonvulsant acfivity.addition to the interest in these
scaffolds as important drug moleculdgyydropyridines allowfor easysyntheticentry intoother
substituted>-membered heterocycles, such as pyridines goetigines, and havbe potential to
streamline pharmaceutical synthe$es

Despite the importance of the igéhydropyridine scaffold, direct and mild methods for
their syntlesis remain scarce. Condensation reactiaggn tle Hantzsch ester synthesisyba
historically been used to generate-@lidydropyridines’ Asymmetric condensation reactiomave
also been reportédAnother strategy for the synthesis of dihydropyridines is the nucleophilic
deaomatization of activated pyridingsMany of the synthess are racemicand often require
strong nucleoplés (e.g. Grignards reagents) in stoichiometric amodimt®vercome this, chiral
N-substituents on the pyridinium have been used to impart stereoselectivity for the
diastereoselectiveynthesis of 2,3lihydropyridines® This strategy can also be used to generate
1,4-dihydropyridines when the pyridine has a chiral auxiliary at tpestion’ More recently,
transition metatatalyzed reactions have been applied to the asymmetric synthesis of
dihydropyridines Several nucleophiles have been coupled to pyridiniums including cyanide,
alkynal cuprated dialkyl zincs? and aryl boronic acids. This strategy was also employed to

cyclize tethered iridiuni -allyl specieghat weregeneratedn situfrom allyl carbonates?
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Although much less common, organocatalytic methods have also been developed. Anion
binding catalysis has been demonstrated to be an effestimatioselectivestrategy forthe
nucleophilic dearomatization dfl-Troc pyridiniums (Scheme 2.1.1% This method favored
addition of silylenol ethers at thepdsition of the pyridinium, except in the cases where the
pyridinium is substituted at the®sition, in which case, addition at thepdsition is favored.

High enantioselectivity could be aelied with certain substrates (up to 98% ee). However,
enantioselectivity drops off dramatically when addition at tpedition is observed (620% ee).
This method could be extended to coupling indoles with pyridiniums, which gives the 1,4

dihydropyridinewith high regioselectivity (10:1 rr) and enantioselectivity.

1. TrocCl (1 equiv), XN
Xy Et,0,0°C | ,
| CO,Pr
Me N

Me N/ 2.1 (5 mol%), I
Et,0, -78 °C Troc N N
[¢) [ 72NN AN
OTBS 88%, 96% ee Me N~ N N~ N
' Me — \;k
O'Pr MeO, = R
(2 equiv)
CO,Pr
1. TrocCl (1 equiv), NS
Me Xy, EtO,0°C Me \N,N\
| P - - | ] Ar
N~ 2.1(5 mol%), N 1
Et,0, -78 °C 'i'roc
Ar = 3,5-CF3CGH3
OTBS 65%, 80% ee
OPr
(2 equiv)
Scheme 2.1.1

More recently, enamine catalysis with chiral secondary amines was demonstrated as an
efficient way to couple aldehydes at the alpha positiorigblyactivated pyridiniumgScheme
2.1.2)*® Due to racemization, a onpot procedure was developed where the product is
immediatelytreated with Wittig salts to convert the product aldehyde dsabstituted enoates

before isolationFollowing the twestep protocol, theidydropyridine products wersolated in
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good yields, with high levels of diastereamd enantioselectivity (up to 19:1 and 99% ee) when 3
nitropyridiniums are used as the substrétewever, 3cyan@yridiniums generate the product

with lower levels ofdiastereoselectivity (3:1 dr).

Ph CO,Et
Ph

/\)OJ\ N 0 |
Ph H H OTMS Ph
. 10 mol% Ph H  PhsPCHCOEt o

>~ O,N
O2N Ay PhCH,CO,H (10 mol%) ] PhMe, -30 °C to rt ||
\@ Et;N (1 equiv) 3h N
N7 PhMe, -30 °C, 1 h N Bn
Bn Bn 86%, 19:1 dr,
99% ee

Scheme 2.1.2
2.2 Development of the Racemic Reaction

We envisioned thahe NHGcatalyzed homoenolate reactivity of enals could be utilized
for the nucleophilic dearomatization of pyridinium ions to generatedibydropoyridines
stereoselectively. This method could potentially couple pyridiniums with enals to provide-the 1,4
dihydropyridine product directly from simple starting materials and provide a rare example of
direct 1,4dihydropyridine synthesis by catalytic nucleophilic dearomatization of pyridiniums.

We began our studies of this reaction by first investigatingabenmic reaction. Initially,
the reaction was conducted with achiral trichkmazolium 31 using cinnamaldehyde as the enal
to givethe product in 30% yield and 1dt (Scheme 2.4). When catalysts bearing more electron
rich aryl rings were used, no desi reactivity was observed and the pyridinium decomposed under
the reaction conditions. Interestingiyipre catalysts bearing more electaeficientaryl groupgs
(e.g.pentafluorophenyl cataly82) delivers the product imuch higher yields (79%). Des$pithe
promising trends with reactivity when different achiral catalysts were tested, the

diastereoselectivity of the process was still very low (1:1 dr across all catalysts).
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| 0]
@ NHC (20 mol%) |
N PhMH g o)
v NaOAc (1 equiv)
MeOH, 40 °C, 16 h Ph OMe
P e Criede O~ OF
NV%@\F N\7,\1®\CI " g\© N\¢%\©\OM
e
32 ¢ M
F

79%, 1.4:1 d.r. 30%, 1.1:1 d.r. trace trace

Scheme 2.2.1

After screening several different catalysts in the reactiorthese trieddifferentclasses of
aldehydedo investigate the influence of the aldehyde on the selectivity of the reéStbeme
2.2.2) As shown above,ignamaldehyde gives the expected produdtigh yield, but with no
control of the diastereoselectivity. Ethyl butanoate and the conjugatbé2adienal also give the
product with low leels of diastereocontrol. We al¢ned an aliphatic enalnterestingly, the
aliphatic aldehydeiges theproduct in 40% yield and 3:1 dr and was the only aldehyde class found

to have any inherent diastereoselectivity in this reaction.

I|3n
CN O N
Br 32 (20 mol%) | |
= O NaOAc (1 equiv)
~ NC o)
N | R/\)J\H o H
Bn"® MeOH, 40 °C, 16 h

I?n IT%n I?n
N N N

Ph OMe EtO,C OMe Me™ ™ OMe
1:1dr 1:1dr 1:1dr 40%

Scheme 2.2.2
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2.3 Development of the Asymmetric Reaction
After discovering the high reactivity of the achiral catalygtcombined with modest levels
of diastereoselectivity with aliphatic enals in the reaction, we began investigating the asymmetric
variant(Scheme 2.3.1)We firsttestedseveral different chiral catalysits the reactiorand found
that high levels of enantioselectivity could be achieved, but the reaction required high catalyst

loadings (20 mol%) and yields remained |(4-58%).
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N

| ® BHNJ\H )
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MeOH, 40 °C, 24 h
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F F

F F F
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N__N N__N
Me S - S -
me 19 g F
F F
40%, 6:1 rr 58%, 6:1rr
3:1dr, 87% ee 2:1dr, 18% ee

Scheme 3.1

After theinitial catalyst screen, different conditions were investigd#eavever, when the
reaction is run in solvents other than methanol theeecsmplete loss of the desired reactivity.
We believed that the reason for the low reactintynethanol could be a result of NHC addition
to the pyridinium that leads to catalyst deactivation by oxidation of the-pyidinium adduct.

Thus, the threenost selective catalysts were chosen and the reactions were conducted under an
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inert atmosphere. Exclusioof oxygen from the reaction leads to a marked increase in the yields
(as high as 87% yield) witlut affecting the selectivitfEncouraged by these results, the reaction

was attempted with 10 mol% catalyst loading, which gave the product in 27%($aeime

2.3.2)
1 Bn
|
Bn o NHC (20 mol%) N
(@] .
gj)\ Br /\/\)]\ NaOAc (1 equiv) | |
| Ph X" H > NC™,
NC = MeOH, Ar, rt, 16 h CO,Me
Ph
F F
F F F
N_m " N_m " N_m "
Me \7@) - \¢® i \7® -
Me 19 Ph E Ph F
87%, 51 © 52%, 6:11r © 75%, 5:1 1, F
3:1dr, 87% ee 3:1dr, 88% ee 3:1dr, 88% ee
2 Bn
|
Bn o NHC (10 mol%) N
(@] .
g\ Br /\/\)J\ NaOAc (1 equiv) |
| Ph X" "H > NC
H
NC a MeOH, Ar, rt, 16 h COo,Me
Ph
27%, 5:1 1,
3:1dr, 88% ee
Scheme 2.3.2

Due to the lack of oxygen in these conditions, the N®€@dinium adduct is likely not
being oxidized, but there could be an equilibrium that exists between thephtitihium adduct
and the freecarbene. We believed that while the unproductive addition of the NHC to the
pyridinium was not leading to catalyst deatlinen oxygen is removed from the reaction, it could
possibly sequester the free carbene and arrest catalysis. Further studies wenegé¢oftest the
validity of this hypothesis and are discussed in the mechanism and stereochemistry section of this

chapter.To overcome the low yields when using 10 mol % catalyst loasheghen screened a
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variety of additives in the reaction. Lewis@ciadded in 20 mol % were added to the reaction, but
deliver none of the desired product, instead leading to oxidation of the enal to the enoate or no
reaction (results not shown). Interestingly, addition of 20 mol % acetic acid to the reaction mixture

redores the reactivity (with 10 mol % NHC) and gives the desire product in 61% yield (Scheme

2.3.3).
B
19 (10 mol%) Nn
Bn o o AcOH (20 mol%)
gl)\ Br /\/\)J\ NaOAc (1 equiv) | |
NC MeOH, Ar, rt, 16 h oh CO,Me
61%, 5:1 rr,
3:1 dr, 88% ee

Scheme 2.3.3

2.4 Scope of the Raction

A variety of N-substituents on the pyridimu were tolerated including alky group®
bromenzyl and 4nethoxybenzyl groups were also tolerated without affecting the selectivity or
yield of the reaction. In generalariationson the N-alkyl substituenthad little effecton the
reactivity or selectivity, although the regioselectivity dgasesomewhats the Ngroup becomes
smallerHowever, carbamates on the nitrogen of the pyridinium led to a complete loss of reactivity.
An eledron withdrawing group at the-@osition of the pyridinium was required achieve good
reactivty with the cyano group providing the dihydropyridine with the highest enantioselectivity
Acetyl pyridinium34 was tlerated, but thenantioselectivityvas much lowerinterestingly the
diastereoselectivity and regioselectivity atghtly higher compared to the cyaigooup Other
electronwithdrawing groups, including tHé-benzyl pyridiniums derived from methyl nicotinate,

nicotinic acid and nicotinamide, were also tried in the reaction, but gave only trace amounts of
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product. 2-methyt5-cyano pyridinium was tolerated in the reaction, eliminating the

regioseletivity issues(Scheme 2.4.1)
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N
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> N
1
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1 I
N N N N
[ ] (] 8 [ ]
NC NC NC NC
H H H H
Bn CO,Me Bn CO,Me Bn CO,Me Bn CO,Me
33 34 35 36
63% 1% 50% 45%
4:1rr 3:1rr 6:1rr 31rr
3:1dr 2:1dr 3:1dr 3:1dr
85% ee 87% ee 85% ee 86% ee
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rI‘Pr Ll%n El’an
N N N Me N
|| || || ||
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Bn COsMe Bn H COsMe Bn COsMe Bn COsMe
37 38 39 40
38% 46% 46% 46%
41 rr 31 rr >20:1 rr 4:1rr
21 dr 3:1dr 4:1 dr 5:1dr
89% ee 87% ee 91% ee 50% ee
Scheme 2.4.1

A wide variety of aliphatic and aryl enals were also tolerated in the reaction with varying
levels of ractivity and selectivity. Straighthain aliphatic enals proceeslith the highest
enantioselectivity. Branched aliphatic aldehydes participate in the reaction, but deliver the product
in only marginal edc.f. products45 & 46). Interestingly the only exception to the depressed
enantioselectivity with branched, aliphatic substratesaegslopropylsubstitutecenalthatgives

the correspondingdihydropyridine product44 in comparable enantioselectivity to the straight

32



chain substrates. Cinnadehyde, as well as other conjugated enals, are competent coupling

partners and proceed with good yield, but with much lower levels of selectivity (Scheme 2.4.2).
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52% 54% 66% 46%
21rr 31rr 11rr 1:1rr
3:1dr 5:1dr 1:1dr 1:1dr
58% ee 42% ee 23% ee 20% ee
Scheme 2.4.2

A variety of other pyridiniums andeterocytes were tested in the reaction, but did not

give the desired product, instead giving the saturated ester byproduct or no réactieme

2.4.3) The lack of reactivity observed when highly electron withdrawing groups are present (e.g.

3-nitropyridinium) likely results from an irreversible addition of the NHC to the pyridinium

causing catalyst deactivation. In the other cases, the pyridinium is not electrophilic enough to

undergo addition with the Breslow intermediate, #melfree carbene is still activEhis allows

for the formation of the saturated ester product by protonation of the Breslow intermediate at the



b-position of the enal, followed by tautomerization of the resulting enol azolium. This can then be

intercepted by methanol to deliver the esigrroduct.
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ﬁeBr /\/\)OJ\ 20 mol% AcOH
(/Bwa Ph N H 1 equiv NaOAc
R MeOH, rt, 24 h
S ©)
~y B Bra_~y Bf el
| | B -
®N oN N
Bn Bn Troc
© ©
£0,0 N O ONA g FCAUBr ~ g
» » » »
G o SN e e
Bn Bn Bn Bn
t F F
NC | N Me NC | N Br BuO,C | N eBr | AN
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Bn Bn Bn Bn
Scheme 2.4.3

2.5Mechanism and Stereochemistry

Based on recent reports of singlectron coupling pathway$,we wondered whether this
reaction could be proceeding via a one or two electron mechanism. Cyclic voltammetry was carried
out to test this hypothesis. From these experiments, we determined that the pyridinium undergoes
a quasireversible reduction a0.77 V vs SCE. A related unsaturated-&a&slow intermediaté9
has been previously isolated and characteri@detieme 2.5.1)This species was found to have a
reduction potential of E=0.49 V vs SCE in acetonitrile. This suggests that it is unlikely the
pyridinium ion is incapable of oxidizing the Breslow intermediate in the reaction. Further evidence

of this comes from recent reports of single electron oxidations of the extended Breslow
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intermediate, followed by functionalization of the beta positlanthese reactions, electron
deficient nitroaryl compounds are believed to oxidize the Breslow intermediate to generate a
radical cation, radical ion pair, which can recombine to give the observed beta hydroxylation
products. The oxidants in these reactionsetareduction potential of E8.26 t0-0.33 V vs SCE.
Nitrobenzene has a reduction potential of 849 V vs SCE, which is right in line with the
extended az8reslow intermediate, and delivers the product in trace amounts, suggesting that
oxidants witha reduction potential below E€8.49 will not be oxidizing enough to oxidize the

extended Breslow intermediate.

CV in Methanol
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~CN
| -
< ®Y O
= Bn Br
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@)
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0 -0.5 -1 -1.5
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O¥N N02 N02
N N N CN N CN
~CgH2Br3 | | AN
@®_ @ | ®
_Ph N N )
N M B \
| Ve © n 0© NO,
Ph™ 49
ECeq = -0.49 V ECeq = -0.76 V E%eq=-0.77V  E%.4=-0.33V ECeq = -0.26 V
Scheme 2.5.1
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Because the reduction potential of the pyridinium is far outside the range of oxidants
previously demonstrated to oxidize the Breslow intermediagdyelieve the mechanispnoceeds
via a tweelectron pathwags shown in scheme 2.51dere the extended Breslow intermediate is
generated from the NHC and the enal, followed by addition of the beta carbon to the electron

deficient pyridinium.

=N
N N\Ar
|
HO |
R2
X
R @/
N
R

N
OMe N
H
o MeOH O:N\ ©
N ~Ar = R2
7 2
R R1N
R = Rz/
N
R1
R
Scheme 2.5.2

During the optimization of the reaction, we found that the yield is drastically improved
when oxygen is removed from the reaction. The absence of the saturated ester product, arising
from trapping of the homoenolate egalient with a proton, could suggest that the carbene adds
reversibly to the pyridinium forming &,4-dihydropyridine which acts ascatalyst resting state.

This adduct(50) could potentially be oxidized by oxygen leading to catalyst death and would
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explainthe low yields of the reaction when oxygen is present. This type of catalyst inhibition was
previously noted by our grolip while investigating cross agsenzoin reactions between
aldehydes and imines. In these cases, it is believed that the carbeenxecsibly add to the imine

and if oxidized by oxygen in the air, lead to catalyst death. In the chsBat imines, the addition

of acetic acid was found to restore catalytic activity to the reaction. Further studies on these aza
Breslow intermediates vealed that when treated with acid, they generate the free carbene and the
corresponding iminé In this case, with pyridiniums, the carbene can add to the pyridinium
generating either a 1,4 or ig¢thydropyridine which can also be thought of as anBzslow
intermediate or a vinylogous aBaeslow intermediate in the @a®f 1,4addition. To test this
hypothesis, an equinhar amount of achiral catalystas mixed with the pyridiniurat rt and stirred

for 2 hours. After this timéH NMR and mass spectratny revealed the presence of the carbene

pyridinium adduct in roughly 30% conversion % NMR (Scheme 2.5.3)

o
\
N

N\
Ar
O:N\ Br (E/CN
NN ©J 3© Kkowu MecN  NC
® N > | |
Br |
Br Bn N
Bn
~30% conv.

Scheme 2.5.3

Further evidence for the reversible addition of the NHC to the pyridiniunfouasl when
the reation was conducted in MeQ#h with 20 mol % acetic acid:. After completion of the
reaction,'H NMR revealed 66% deuterium incorporation at th@ogition of the dihydropyridine
product. Deuterium was also incorporated at thpogtion of the pyridinium (75% D
incorporation) and at the@osition (39% D incorporation). This result suggests trealNHC adds

to the pyridinium to generate aBaeslow intermediaté0, which can undergo protonation to give
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the corresponding azolium. This can then be eliminated to regenerate the pyridinium and free

carbene (Scheme24)
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g\ IPr NS CGFS
o = F

Scheme 2.5.4

Finally, the absolute stereochemistry of the product was confirmed to b&, e
enantiomer byX-ray crystallography. From the crystal structure, it is apparent that the favored
diastereomer is thér-S conformation. This stereochemical toome matches a previous
diastereoselective betanctionalization eaction of enals to nitroalkeméhat was carried ousing
the same catalyg¢bcheme 2.5)5° The mechanism and stereochemical outcome of the nitroalkene
couplingwasstudied computationally and a transition state barrier of 15.3 kcal/mol was calculated
for the syn product?® One possible reason for the higlyn diastereoselectivity of the reaction

results from lowering steric interaction on the enal and nitroalkerstisidns in the GC bond
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forming stepDue to the similarity of these two reactiorigge interactions could also be operative

in the coupling of enals and pyridiniums.
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NN

Pr e @F PMB
PMB F N

0B 0 10mol% F ]l
@ /\/\)J\
| Ph N H ACOH (20 mol%) NC
NC NaOAc (1 equiv) Ph COyMe
MeOH, rt, 16 h 619%. 51 1

3:1dr, 88% ee

£t Q 10mol% F  COMe
- 2
OzN/\/ Ph/vJ\H OZN/\:/\/
AcOH (20 mol%) Et

NaOAc (1 equiv)
MeOH, rt, 16 h

Scheme 2.5.5
2.6 Product Derivatization

The produts of these reactions could be further elaborated to other interesting motifs
relevant to drug discovery. Tinallyl substituted 1,4lihydropyridine product can be deprotected
using palladium (0) and barbituric acid. The deprotectedlihydropyridine israpidly oxidized

in air to generate the corresponding pyridieheme 2.6.1)

K B

(0]
N o =
™ HNJ\NH Pd(PPhs), (20 mol% NC o
NC (e OMO DCE, A, 24 h Ph OMe
O, 100% conv.
Ph OMe
Scheme 2.6.1
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Treatment of the 1;dihydropyridine with Pd(OH)reduces the more electron rich alkene
selectively and avoids oweeduction tothe piperidine. The piperidine could be accessed by
reduction with triethylsilane and TFA in DCM. This gives the expected piperidine in 70% vyield
and proceeds without eroding the previously generated stereocenters. This could be deprotected

using CAN to funish the piperidine in quantitative yiel{lScheme 2.6.2)

Pd(OH), |

EtOAc, it,24h NG 9

Ph OMe
88%, 3:1dr, 85% ee

20 equiv Et3SiH
25 equiv TFA

_ =

DCM, rt, 24 h

OMe
70%, 3:1 dr, 86% ee

OMe

10 equiv. CAN

MeCN/H,0, 1 h

OMe

3:1dr, 86% ee

Scheme 2.6.2
2.7 Conclusion

In conclusion, an NH&atalyzed method of the nucleophilic dearomatizatioN-aikyl
pyridines was developed. This method enables the rapid synthesis of aikijhyiddopyridines
andthe productsould be further elaborated to other important scaffolds. The reaction proceeds
with high enantioselectivity and favors formation of thgldihydropyridine over the 1,2

dihydropyridine The reaction tolerates a range of enals in the reaction; however, selectivity is

40



lower when conjugated or branched aliphatic enals are used. The pyridinium scope is broad and
tolerates many differemM-subgituents along with different electron withdrawing groups at the 3

position, although a-8yano group was necessary for high enantioselectivity.
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Chapter 3. Investigation of NHeterocyclic Carbene Reactivity

B31Asymmetric I nter mol ecul aunsatGratesl Kdtomes React i ons

Although there has been a significant amount of work on the asymnméimolecular
coupling of aldehydes to Michael acceptors, thase generally lim#d to very activated
substrées. The first advances in the asymmetric intermolecular Stetter reactionrc20@?.
Enders coupled aryl aldehydes with chalcones and Rovis demonstrated a highly enantioselective
coupling of glyoxamides to alkylidene malonat&ince these initial repts, the scope of Michael
acceptors in the reaction has been expanded to include nitroatkenalgone derivatives,
ketoesters,and enoates {§ure 3.1)° The scope of aldehyde coupling partners in the reaction is
much more broad and a variety of aryl h e t e r-unsaturgtéd, andlhjiphatic aldehydes have

been successfully employed in the reacffon.

Enders: Rovis: Glorius: Gravel:
o] CO,Bu NHAc 0]
R/\/
Ph/\)J\Ph CO,/Bu /I\COZMe Ar/\)J\COZMe
CO,Me R
AN 2
Ar R/\/NOZ %\
COQMG COzMe

Figure 3.1Scope of Michael acceptors in the asymmetric Stetter reaction.

Despite the progress expanding the scopehe asymmetric intermolecular Stetter
reaction, he use of Michael acceptors lacking aromatic substitution or a second electron
withdrawing groupremainsan enormous challenge of thmethodology, limiting its broad
application in synthesi3 he use ofl, 1-disubstitutednoates has been demonstrated in the reaction
and the success of this methodology relies on the use of carbene catalysts with highly Nenating

aryl substituents to increase the reactivity of the catalyst. Additionally, the reactivity and selectivity

43



of the reaction depends on the absence of beta substituents on the Michael acceptor. This class of
substrates (lacking beta substituents) have pemnously demonstrated to be much more reactive

in the cyanide and thiazoliweatalyzed reactionsThus, while these substrates greatly expanded

the scope of Michael acceptors, there is still a need for catalysts that can reliably couple aldehydes
to les activated Michael acceptors bearing a beta substituent. To date, there has beea only on
reported example of a simple beta substituted Michael acceptor delivering the Stetter product with

appreciable levels of enantioselectivity (Scheme 3.1.1).

(e e e,

o SERANS

Ph\i
0,
ol 20 mol% - OMe
_ OMe Ar
KOBu (16 mol%) ) O

! Me™ 4
Me~ 4 PhMe, rt, 24 h 59%, 80% ee

Scheme 3.1.1

Due to the lack of methods for the asymmetric intermolecular Stetter reaction with simple
Michael acceptorsye became interested in using betdstituted Michael acceptors with simple
enones or equivalentisat lacksecondary activating groupbhe realization of this strategy would
significantly expand the scope of this methodology and contributeutlitg in synthesis

We began our investigation by screeningpaety of achiral catalysts in the reaction with
furfural and 4phenylbutenone. (Scheme 3.1.2) Under these initial conditions, the reactivity of
these catalysts was highly variable with thehttlogenated aryl groups as thesubstituent
providing 61 and 52) the product in the highest yield (58% and%3ield, respectively).
Interestingly, the mesitydubstituted catalyst gives the product in 20% yield, much higher than the
other carbenes bearing electdonating groups, and roughly equivalent to the tribrahfioioro

catalyst tested. These resultsges} that the steric environment imparted by substituents ortho to
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the triazolium impact the reactivity of the carbene. However, the electronics also impact reactivity
comparingbl and52 which give the product in 58% ar&i% vyield, respectively, implyinthat
very electrorwithdrawing aryl groups on the catalyst inhibit reactivity.
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—N 4
\ @
0 o N N~ar 0
20 mol%
X H o+ /\)L o “ Me
\ Ph Me « bo . \
o) 3P0O4 (20 mol%) O Ph O
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Br Cl
CF B Cl
Br Br Cl Cl
CF B B Cl Cl
3 F r r F
< 5% 21% 51: 58% 8% 52:73%
Me ; OMe
Me: i "Me OMe MeO: i
< 5% 20% < 5% < 5%

Scheme 3.1.2

Using catalys62, we then screened a variety of aldehydes and enones in the reaction to
probe the reactivity. Disappointinglgeplacement of thbeta phenyl substituentith an aliphatic
groupcompletely inhibits reactivity. The only reactivity that was observed in these reactions was
with furfural, which selectively forms the benzoin product, but does not add to the Michael
acceptor. No reactivity was observed with either enals or aliphatic aldelyderiety of bases
and solvents were then screened with aliphatic aldehydes couplirghenglbutenone; however,

no desired product was obsern{&theme 3.1.3).
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Scheme 3.1.3

With the trends of the racemic reaction in mind, we then turned our attention toward the
asymmetric reaction. Due to the much higher reactivity of the trichlorophenyl catalyst in the
racemic reaction, we chose initially screen chiral catalysts bearing the s@draibstituent. We
first attempted the reaction using chiral catal§8t Using this catalyst, the selectivity was
improved from an initial 17% ewith furfuralto 46% ee with yridine carboxaldehydgcheme

3.1.4).

©

_N Gl TBF
\ @
v@

Bn 53 cl
Cl e}

(0] (0] 20 mol%
M
SN L
R™ H Ph Me K3PO, (20 mol%) Ph O
MeOH, rt, 24 hr
o) o)

WMe | N Me
\ O Ph O _N Ph O

53%, 17% ee 40%, 46% ee

Scheme 3.1.4
Switching to a weaker base in the reaction proved deleterious to reactivity and selectivity.

Sodium acetate gives the product in trace amounts, whie@gives 22% yield and 15% ee.
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Fluorinated catalyst9 delivers the product with much higher

enantioselectivity (80% ee vs 46%

ee) than the catalyst lacking a fluorine in the backbonergrgydifference of ~0.8 kcal/mol at

room temperature. A similar effect was noted in the asymmiatecmolecular Stetter reaction

between aryl aldehydesd@nitroalkenes wherééhighest selectivity was achieved using catalyst

19, which gives the Stetter adduct in 80% ee and 15% yield

Cl

©

A4
Bn 53 Cl

(Scheme®3.1.5).
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Scheme 3.1.5

In addition to the optimization of the beta aryl enone, we also investigated enones with

aliphatic substituents. This substrate class partigpatthe reaction, but rmuch less reactive and

enantioselectivity is reduced. Switching the solvent from nmethim DMSO increased the yield

and selectivity (21%, <5% ee in methanol compared to 40%, 28% ee in DMSQO) when aliphatic
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enonesare usedScheme 3.1.6). Interestingly, increasing the steric bulk of the substituent alpha to
the ketone slightly increases theantioselectivity of the process, despite being four carbons away

from the reactive center.

_n Ol Ogg,
N. N2
N2
Cy cl o
o) cl
o) 20 mol% XN R

\ Ho 7 /\/\)J\ |
| Ph R KsPO, (20 mol%) 2N o

N MeOH, 0 °C, 48 h Bh
o) o) o)
Me N Pr N Bu
|/N o) |/N o) |/N o)
Ph Ph Ph
21%, <5% e.e. 14%, <10% e.e. 5%, 17% e.e.

in DMSO: 40%, 28% e.e.

Scheme 3.1.6

Due to the consistently low enantioselectivity of the reaction, we wondered whether the
product could be epimerizijpunder the reaction conditions. To probe this, we ran the reaction in
methanoldsand found that there is no deuterium incorporation at the newly generated stereocenter.
Another experiment to probe possible epimerization is to add some of the diketone product to the
reaction. Diketoné&4 was added to the reaction mixture and no erosfaime ee was detected
(Scheme 3.1.7). The lack of deuterium incorporation at the methine and complete deuteration at
the methyl ketone suggests that deprotonation at this position is heavily favored over the methine
stereocenteiTaken together, these esqgments demonstrate that the low enantioselectivity of the
reaction isnot likely a result of epimerization of thmethine stereocenter. Rather, we conclude
that the stereocenter is controlled by the orientation of the addition of the Breslow interitiwediate

the Michael acceptor.
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Scheme 3.1.7

In conclusion, the Stetter reactions with simple enones was investigated, and a variety of
factors were found to influence the selectivity and reactivity of these substratééslibstituent
appears to have a profound effect on the reactivity of the process witktrizdl@rophenyl
substituted catalysts delivering product in higher yields. Epimerization studies demonstrated that
the products are not racemizing under the reactoditons despite the low enantioselectivity of
the process across a range of catalysts and substrates. As noted in the case of nitroalkenes,
backbone fluorination of the catalyst drastically boosts selectivity, but in the case of enones did
not increasehe yield. Despite the challenges associated with the reaction, wedsbRaoduct

in a promising 80% ee.
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3.2 Investigation of Electronic Effects of Triazolylidene Boryl Radicals

Boranes bearing an NHI@and have become important reagentsofganic chemistry as
replacements for tin hydrides in free radical reactfofysplying this strategy, NH@oranes have
been used to effect a variety of transformatiomduding hydroxymethylabn with carbon
monoxide? xanthate reductiotf,and reductive cyclization's.Additionally, they have been shown
to be efficient cdnitiators in the radical photopolymerization of acrylates.

Previous studies have investigatbeé relationship between the sterd the NHCGborane
and their reactity.'® These studies clearly demonstrtitat thereactivityof the NHGboranecan
be attenuateby increasing the steric bulk of the NHC on the NH@ane radical complex in-H
atom and halogen extraction reactions. Our group developed a modular synittieamEolum
pre-catalysts for NHC catalysis that allows for the rapid synthesis of a variety of catalysts ranging
from strongly elecwn-donating to heavily electrewithdrawing* Thus, these NHCs could be
complexed to boranes to generate a library ofCNidranes to probe the electronic effects on
reactivity. In terms of organocatalysis, theryl substituent has a recognized impact on reactivity
due to a variety of steric or electronic factbts.

In collaboration with the Emmanuel Lac6te research gragmall library of NHEboranes
was prepared with varying electronics of thearyl substituent (Scheme 3.2.1As my
contribution, | synthesized trimethoxyphenyl triazolium that was converted to theBdiriDe
for use in this studyThe rate constant dfydrogen abstraction with oxygen radicals usinted:
butyl peroxide or benzophenone as the radical source were then measured, along with the B
bonddissociation energies, and the rate of addition of the {bi@ne radical. These three
parameters showleno correlation between the electronics oftkaryl substituent and reactivity.

In contrast, the addition of the NH@bryl radical to acrylates was found to have a linear
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correlation to the calculated electronegativity of the NibtiEyl radicals. As thelectronegativity

of the boryl radical decreases, the faster the addition to methyl acrylate.

~No (N

Me~N~N-Me N /N©
¥ b

oBHs

(= ome (7N (=N CFy
N__N N__N N__N

~ ~ £
O\Eg"s\QOMe e\&s\@\OMe O\Eg_la\Q

OMe CFs
Lo (e
Y’Nﬂ Y/N(B Y/N
F
©BHa. oBHs ¢ oBHs £
Cl

Scheme 3.2.1

While the rate of addition of NH®oryl radicals to methyl methacrylate showed a strong
linear correlation, this did not translate to the efficiency of the boryl radical agdiator in the
radical photopolymerization of trimethylolpropane triacyldiePentafluorophenytriazolium
outperformedhe other canitiators, except for the dimethyl triazolium, despite having the slowest
rate of addition to methyl methacrylate. This suggests that thématieg step of the reaction is
not the addition offte NHGboryl radical to the acrylate.
3.3 Synthesis of {)-Paroxetine and { )-Femoxitine

The apid and stereadined synthesis of piperidinesagopic that has had much attention
from the synthetic communify. Our group previously reported the highlynantio and
diastereoselective coupling of enals with nitroalkeneagive G-nitroesterswith high enantieand
diastereoselectivity’ Using this methodology, @nepot procedurevasalsodevelopedor thein-
situ conversion of theeU-nitroesters intoth ¢ o r r e slactam whic gyocegded withut
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eroding the newly defined stereocentérke rapid access toans 3,4-disubstitutedoiperidones
enabled by this processspired us to the synthesithe common selective serotonin reuptake
inhibitors (SSRs) Paroxetine and Femoxetigleigure 3.3.1) Paroxetine (Paxil) and Femoxetine
were discovered in 1970 as a treatment for depression, anxiety, and panic disorder. While

Femoxetine was not pursued, Paroxetine was introduced to the market #ff 1992.

.Me
F 0] (0]

o)
o—/ OMe

(-)-Paroxetine (—)-Femoxetine

Figure 3.3.1Structureof Paroxetine and Femoxitine.

The synthesis of Paroxetine began by generating nitroalkénigom commercially
available aldehyd&5 using a Henry reaction with nitromethane, followed by eliminatidti
trifluoroacetic acid to givé6 in 68% yield over two stepddy contributionto the synthesis of
Paroxeine was the synthesis @ldehyde55, which is commercially available from Aurora
Building Blocks, but we chose to make it via a tstep processtarting from sesamollo
synthesizeés5, sesamol was first treated wiBxchloro-1,2-propane dioln the presence of sodium
hydroxide to give the corresponding diol. This diol was then treated with sodium periodate (1.3
equiv) to cleave the diol and generatein 82% vyieldAldehyde55 was then convertetb the
corresponding nitroalkenés6) in a twostep sequenceo setup the NH& at a |l -lactaend 0
synthesigo complete the coref ParoxetineUsing triazoliuml19, the one pot procedure for the
synthesis of the 3;disubstituted piperidone was carried out, delivedn® g of the product in

58% yield,2170: 1 dr , and 82% -Badam toRkedcarresponding pimefiding h e
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completes the synthesis, giving Paroxetine in 88% yield (35% over four steps), 10:1 dr, and 82%
ee(Scheme 3.3)2
Scheme 3.3.2
o : CH3NO,, KOotBu (20 mol%)
o O\)J\H BUOH/THF, 0 °C to rt . < :©/O\/\/N02
<o:©/ 55 2. TFAA, EtzN, CH,Cly, 0 °C

56: 68%, 2 steps

(10 mol%) F

pos?
SO Q oy i}

NaOAC 50 mol%) EtOH, rt
0]

0
XH then Zn, EtOH/ACOH, reflux
58%, 10:1 dr
F 82% ee
o—/
o)

NH NH

F 0 F 0

THF, 0 °C to reflux

(=)-Paroxetine
0] 88% o)
o—/ o—/

This synthetic sequence could also be applied to the synthesis of Femoxetine, which was
completed in 5% yield over 5 steps, 7:1 dr, and 82%Sebkeme 3.3).2° The starting aldehyde
was generated similarly by treatment of mequinol wstchloro-1,2-propaneand sodium
hydroxide, followed by sodium periodate to generate the corresponding aldehyde. This was then
converted to the nitroalkene following tvetep Henry reaction and elimination sequence to set up

the NHGcatalyzed lactam synthesis. The lactam was teduaced to the piperidine with lithium
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aluminum hydride. Finally, the-methyl piperidine was generated using methyl iodide to complet
the synthesis of Femoxetine.
2 b ocun 0 ~NO
Shal Ionas
MeO 2. TFAA, Et3N, CH,Cl,, 0°C  MeO

20%, 2 steps

F @BF4
F
(e :
N__N
ipy A
O NO; . F NH
M o/©/ (10 mol%) F
© o NaOAC (50 mol%) EtOH, rt
o)
N then Zn, EtOH/ACcOH, reflux
53%, 7:1dr
82% ee
OMe
o)
M
NH NTe
@ 1. NAH, Mel, THF, rt @
(o) 2. LAH, THF, 0 °C to reflux (o)
(-)-Femoxetine
47%, 2 steps

OMe OMe

Scheme 3.3
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Appendix I. Supplementary Information for Chapter 2

Materials and Methods

All reactions were carried out with magnetic stirring under an atmosphargasfin ovendried
glassware. Methanol was purchased from Siduazich and storedn an anhydrous atmosphere.
Sodium acetate was purchased from Aldrich and stored under anhydrous atmosphere.

H NMR spectra were recorded on Varian 400 MHz spectrometer at ambient temparature
BrukerAvance 11 500 (500 MHz) Datais reported afollows: chemical shift in parts per
million (U, 3(géppm)bractorbE(R@3Ippm), multiplicity (s = singlet, bs

= broad singlet, d = doublet, t = triplet, g = quartet, and m = multiplet), coupling constants (Hz).
13CNMR were recorded ovarian 400 MHz(at 100 MHz) spectrometer oBauker Avance Il
500(125 MHz) at ambient temperature. Chemical shifts are reported in ppm fromsCIYC36
ppm) or acetoneid (205.87, 30.6 ppm). Mass spectra were recorded Agitent 6130
Quadrupole LOMS. HPLC spectra were obtained on an Agilent 1100 series system. Optical
rotations were obtained on an Autopdll automatic polarimeteor aJasco DIR 1000 digital
polarimeter Infrared spectra were recorded on a Perlaimer SpectrunTwo (Diamond ATR)

IR or aNicolet iS50 FT-IR spectromete Thin layerchromatographyas performed on

Si |l i Cyc | @& pla2es. Visualization was accomplished witlf light or KMnOy stain
followed by heatig.

General Procedure for the synthesis of dihydropyridire derivatives

The 1,4dihydropyridines were synthesized @ymbining 0.2 mmol of enal, 0.36mol

pyridinium salt, 0.02 mmol NHC (10 mol%) and 0.2 mmol NaOAc in a vial equipped with a stir
bar and Teflon cap. This mixture was then placed in an inert atmosphere (glove box) and diluted
with 2 mL of methanol (0.1 M) along with 0.02 mmol acetic g2@ mol%). The vial was then
sealed and stirred at room temperature for 24 h. After this time, the solvent was evaporated and
the crude reaction mixture was purified by silica chromatography (dry loading on telite)

afford the title compounds

CO,Me
Ph 2 methyl 3-(1-benzy}3-cyano-1,4-dihydropyridin -4-yl)-5-
phenylpentanoate(33): Pale yellow oil. 61% yield, 5:1 rr, 3:1 dr, 88% ee=R.3 (4:1
He x anes: Ept'9-8x8)(c=0[3@mL); HPLC analysis: Chiralpak IA column, 802
hexanes/isgoropanol, 0.5nL/min. Major: 18.1min, minor: 16.8*HNMR : (500 MHz,
Chlorofomd ) G 7.31 (dd, J = 4.7, 2. 57.Htm,2HR H) |, 7.
6.74 (d, J = 1.5 Hz, 1H), 5.89 (d, J = 8.1 Hz, 1H), 4.63 (ddd, J = 7.2.4 Mz, 1H), 4.29 (s,
2H), 3.69 (s, 3H), 3.48 (t, J = 3.7 Hz, 1H), 2168.65 (m, 2H), 2.41 (dd, J = 7.1, 4.1 Hz, 2H),
2.1371 1.98 (m, 2H), 1.62 (qd, J = 5.5, 2.8 Hz, 2HCNMR: (101 MHz, Chloroforrad ) U
173.51, 144.24, 142.21, 136.07, 129.55, 129.08,411, 127.12, 121.23, 103.51, 57.55, 51.68,
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51.62, 41.73, 36.37, 35.66, 33.87, 3314 (ATR, neat) 3026, 2923, 2856, 2191, 1730, 1672,
1590, 1412, 1181, 735, 701 ¢mRMS (ESI + APCIl)m/z[M+H] calcd 387.2, found 387.2
4-BrC6H4

CO,Me
Ph > methyl 3-(1-benzy+3-cyano-1,4-dihydropyridin -4-yl)-5-
methylhexanoate(34): Pale yellow oil. 71% yield, 3:1 rr, 2:1 dr, 87% &= 0.35 (4:1
He x anes: BEf'9AX2)(c=0pIgmLHPLC analysis Chiralpak IA column, 90:10
hexanes/isgpropanol,1.0 mL/min. Major: 11.2 min, minor: 10.8 mitHHNMR : (400 MHz,
Chloroformd ) 4 7. 33 (dd, J iZ.02(®,.38),6.99(d,9=8#4zHz,2)H) , 7.
6.69 (d, J = 1.6 Hz, 1H), 5.915.76 (m, 1H), 4.61 (dd, J = 8.1, 4.4 Hz, 1H), 4.21 (s, 2H), B67
3H), 3.521 3.40 (m, 1H), 2.80 2.56 (m, 2H), 2.42 2.27 (m, 2H), 2.21 1.92 (m, 2H), 1.76
1.47 (m, 2H)}*CNMR: (101 MHz, Chloroforrd ) U 173 .33, 143.92, 142.:
125.91, 122.19, 120.89, 103.67, 103.01, 81.70, 81.22, 56.91, 81.67, 41.21, 36.40, 35.57,
33.86, 33.16IR (ATR, neat) 3060, 3025, 2923, 2857, 2191, 1729, 1672, 1591, 1435, 1404,
1178, 101@m* LRMS (ESI + APCIl)m/z[M+H] calcd 465.1, found 465.1

CO,Me
Ph 2 methyl 3-(3-cyano-1-(4-methoxybenzyl}1,4-dihydropyridin -4-yl)-
5-phenylpentanoate(35): Pale yellow oil. 50% yield, 6:1 rr, 3:1 dr, 85% &e= 0.3 (4:1
He x anes: Et!'9-8x2)(c=0pIgImLHPLC analysis Chiralpak IA column, 90:10
hexanes/isgropand, 1.0 mL/min. Major: 12.0 min, minor: 10.8 mitANMR : *H NMR (400
MHz, Chloroformd ) Ui 7727 33H), 7.23 7.15 (m, 5H), 7.09 (d, J = 8.8 Hz, 2H), 7.05
(d, J=8.8 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 6.79 (d, J = 8.7 Hz, 2H), 6.70 (d, J = 1@)Hz,
5.86 (ddd, J = 8.2, 1.7, 0.9 Hz, 1H), 4.59 (dd, J = 8.1, 4.4 Hz, 1H), 4.19 (s, 2H), 3.79 (s, 3H),
3.66 (s, 3H), 3.46 3.41 (m, 1H), 2.80 2.59 (m, 4H), 2.34 2.22 (m, 1H), 2.15 1.94 (m, 3H),
1.747 1.50 (m, 3H)3CNMR: ( 101 MHz ; CDI59.8 }44.1, i42.2, 129.4, 528.5,
128.4, 128.4, 127.9, 121.3, 114.4, 103.4, 80.4, 57.1, 55.3, 51.6, 41.8, 41.3, 36.4, 35.6, 33.9, 33.0
IR (ATR, neat) 3061, 3026, 2925, 2856, 2191, 1731, 1672, 1588, 1513, 1412, 124&nt175
LRMS (ESI + APCI)m/z[M+H] calcd 417.2, found 417.2
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Ph CO:Me methyl 3-(1-allyl-3-cyano-1,4-dihydropyridin -4-yl)-5-
phenylpentanoate(36): Pale yellow oil. 45% yield, 3:1 rr, 3:1 dr, 86% &e= 0.2 (4:1

Hex anes: Et'9AX3)(c=0pIgmLHPLC analysis Chiralpak IA column, 90:10
hexanes/isgropanol, 1.0 mL/min. Major: 16.0 min, minor: 14'6NMR: *H NMR (400 MHz,
Chloroformd ) i 7728 @P3H), 7.21 7.16 (m, 2H), 6.64 (d, J = 4 Hz, 1H), 5.75.68

(m, 1H), 5.84i 5.82 (m, 1H), 5.25 5.17 (m, 2H), 4.58 (dd, J = 4, 8 Hz, 1H), 3.66 (s, 3H), 3.47
i 3.43 (M, 1H), 2.75 2.62 (m, 3H), 2.45 2.25 (m, 2H), 2.05 1.96 (M, 2H), 1.68 1.56 (m,
2H);%CNMR: ( 101 MHz; CIBCATR, heat) AD61,13025, 2925, 2860, 219673,
1591, 14121218, 1189 cnh LRMS (ESI + APCIl)m/z[M+H] calcd 337.2, found 337.2

Me

X

N

]

NG N
CO,Me

Ph methyl 3-(3-cyano-1-(3-methylbut-3-en-1-yl)-1,4-dihydropyridin -4-
yl)-5-phenylpentanoate(37): Pale yellow oil. 38% vyield, 4:1 rr, 2:1 dr, 89% ee=R.3 (4:1
He x anes: Et'928d Jc=mP90/inL); HPLC analysis Chiralpak OC column, 90:10
hexanes/isg@ropanol, 1.0 mL/min. Major: 40.0 min, minor: 37.8 mikNMR: (400 MHz,
Chlorofoormd ) U 7. 25 (d, WJ7.12(m34H)16.58dd,,J =10H,)1,6 HZ 1H?, 3
5.901 5.80 (m, 1H), 4.86 4.63 (m, 3H), 4.57 (dd, J = 8.1, 4.4 Hz, 1H), 3.66 (s, 3H), B3l80
(m, 1H), 3.20 (td, J = 7.1, 4.4 Hz, 2H), 2168.57 (m, 2H), 2.37 (dd, J = 17.3, 7.0 Hz, 1H), 2.23
i 2.15 (m, 3H), 2.06 1.94 fn, 2H), 1.70 (d, J = 12.7 Hz, 4H)3CNMR: (101 MHz,
Chloroformd ) ua 173.55, 144. 01, 142. 19, 140. 81,

113.57, 109.19, 103.32, 79.47, 52.42, 51.60, 42.01, 41.30, 37.92, 36.15, 35.65, 33.82, 33.62,

32.97, 32.46, 22.18R (ATR, neat) 3061, 3026, 2925, 2857, 1731, 1672, 1625, 1588, 1414,
1170cm®; LRMS (ESI + APCIl)m/z[M+H] calcd 365.2, found 365.2

CO,Me
Ph > methyl 3-(3-cyano-1-propyl-1,4-dihydropyridin -4-yl)-5-
phenylpentanoate(38): Pale yellow oil. 46% yield, 3:1 rr, 3:1 dr, 88% &g~ 0.3 (4:1
He x anes: BEf'9-840)(c=0pIg/mLHPLC analysis Chiralpak IA column, 90:10
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hexanes/isgpropanol, 1.0 mL/min. Major: 13.0 min, minor: 11.7 mMiANMR : (400 MHz,

Chloroformd ) 7.387 7.27 (m, 1H), 7.23 7.11 (m, 3H), 6.63 (d, J = 1.6 Hz, 1H), 5i196.80

(m, 1H), 4.60" 4.53 (m, 1H), 3.66 (s, 3H), 3.483.40 (m, 1H), 3.08 2.98 (m, 2H), 2.67 2.56

(m, 2H), 2.48 2.30 (m, 2H), 2.08 1.92 (m, 2H), 1.57 1.49 (m, 2H), 0.8€t, J = 7.4 Hz,

3H)CNMR: ( 101 MHz; CDCI 3): 4 173.56, 144.17, 142
101.85, 79.13, 55.86, 51.60, 42.02, 41.29, 36.19, 35.65, 33.78, 32.89, 23.14RI(ATR,

neat) 3061, 3026, 2930, 2876, 2190, 1731, 1671, 1587, 1433¢cm* LRMS (ESI + APCI)

m/z[M+H] calcd 339.2, found 339.2

Ph CO:Me methyl 3-(1-benzy}+5-cyano-2-methyl-1,4-dihydropyridin -4-yl)-5-
methylhexanoate(39): Pale yellow oil. 46% vyield, >20:1 rr, 4:1 dr, 91% Be= 0.3 (4:1

He x anes: Ept!9-Al6)(c=0pIg/mLHPLC analysis: ChiralpaklA column,90:10
hexanes/isgropanol, 1.0 mL/min. Major: 15.6in, minor: 13.6min. tHNMR : (400 MHz,
Chloroformd ) U1 7727 B63H), 7.26 7.14 (m, 6H), 7.11 (dd,3 6.5, 3.1 Hz, 1H), 6.73 (s,
1H), 4.53i 4.32 (m, 3H), 3.67 (s, 3H), 3.513.42 (m, 1H), 2.78 2.58 (m, 3H), 2.40 (dd, J =
7.0, 2.5 Hz, 1H), 2.16 1.95 (m, 2H), 1.75 (s, 3H), 1.651.51 (m, 1H)1*CNMR: (101 MHz,
Chloroformd ) U 17 3 .18227, 131.40513%49,,128.42, 128.38, 127.76, 125.99,
121.20, 101.60, 81.05, 53.98, 51.61, 41.81, 37.40, 35.81, 33.94, 33.20JRYAZR, neat)
3061, 3027, 2922, 2853, 2191, 1731, 1679, 1603, 1435, 1407, 117%m}35RMS (ESI +
APCI) m/z[M+H] calcd 401.2, found 401.2

CO,Me
Ph 2 methyl 3-(3-acetyF1-benzyl1,4-dihydropyridin -4-yl)-5-
phenylpentanoate(40): Pale yellow 0il46% yield, 4:1 rr, 5:1 dr, 50% ee¢ R0.2 (4:1
Hex anes: Et'9B8x7)(c=0{003 p/mL}PLC analysis:Chiralpak IA column, 8:7
hexanes/isgpropanol, 1.0 mL/min. Majoi71.8min, minor: 78.2*HNMR : (500 MHz,
Chloroformd ) @27 7.273m, 4H), 7.24 7.21 (m, 3H), 7.16 (d, J = 6.7 Hz, 4H), 5.98 (d, J =
7.8 Hz, 1H), 4.96 4.87 (m, 1H), 4.419, 2H), 3.71 (s, 3H), 2.702.54 (m, 2H), 2.34 (d,J=7.3
Hz, 2H), 2.19 (s, 4H), 2.10 (dd, J = 10.2, 6.0 Hz, 1H), 1.8%3 (m, 3H), 1.52 1.39 (m, 1H).
3CNMR: (126 MHz; 196.D7C17397,:1431#48, 142.86, 136.52, 129.20, 128.94,
128.39, 128.30128.00, 127.02, 125.61, 111.66, 106.15, 58.01, 51.55, 40.87, 36.00, 33.92, 32.64,
24.65.IR (ATR, neat)3026, 2923, 2856, 1730, 1667, 1574, 1454, 1434, 1387, 1177 cm
LRMS (ESI + APCI)m/z[M+H] calcd 404.2, found 404.3
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NG

BnO COMe methyl 3-(1-benzyk3-cyano-1,4-dihydropyridin -4-yl)-4-
(benzyloxy)butanoate(41): Pale yellow oil. 63% vyield, 3:1 rr, 4:1 dr, 81% ee=R.3 (4:1
Hexanes: Et'9-80 (c s 0.008g/mLHPLC analysis: Chiralpak IA column, 95:5
hexanes/isgproparml, 1.0 mL/min. Major: 35.6 min, minor: 44.2 miHNMR : (400 MHz,

Chloroformd ) a 7.33 (q, J 1%.24(m,2H), 738 AB15 {nz 2H), @M )d, 7. 24
J=1.6 Hz, 1H), 6.05 5.97 (m, 1H), 5.87 (d, J = 8.9 Hz, 1H), 4.62 (dd, J = 8.0, 4.6 HY,

4.28 (s, 2H), 3.67 (s, 3H), 3.60 (s, 3H), 3i55.51 (m, 2H), 3.51 3.46 (m, 1H), 2.69 2.62 (m,

1H), 2.45i 2.39 (m, 2H), 2.38 2.33 (m, 1H)*CNMR: (101 MHz; CDCI3):13C NMR (101

MHz, Chlorofoomd ) 0 173. 31, 148. 32, 05112826,127.70, 1PR2R,. 34, 1
123.34, 121.40, 110.04, 104.09, 73.10, 70.42, 68.08, 57.89, 57.57, 56.76, 51.55, 42.64, 39.52,
34.24, 33.23, 31.23, 29.6/R (ATR, neat) 3062, 3030, 2950, 2855, 2193, 1732, 1625, 1453,

1246, 110m?; LRMS (ESI + APCI)m/z[M+H] calcd 403.2, found 403.2

NC A

MeO CO.Me methyl 3-(1-benzyl3-cyano-1,4-dihydropyridin -4-yl)-4-

methoxybutanoate(42): Pale yellow oil. 63% vyield, 5:1 rr, 2:1 dr, 84% &= 0.2 (4:1

He x anes: Et'9-8%6)(c=0003 p/mLEPLC analysis. Chiralpak IA column, 80:20
hexanes/isg@ropanol, 1.0 mL/min. Major: 8.1 min, minor: 9&@n. 1H NMR: (400 MHz,

Chlorofomd ) G 7.36 (dt, J = 13.0, 6.8 Hz, O5H), 7.
1H), 5.89 (d, J = 8.0 Hz, 1H), 8&dd, J = 8.1, 4.5 Hz, 1H), 4.30 (s, 2H), 3.69 (t, J = 4.2 Hz,

2H), 3.65 (s, 2H), 3.55 (dd, J = 9.6, 6.6 Hz, 1H), 3.2248 (m, 1H), 3.37 (dd, J = 9.6, 7.4 Hz,

1H), 3.31 (s, 2H), 2.4B82.35 (m, 1H), 2.25 (dd, J = 6.9, 3.2 Hz, 1H}C NMR: (101 MHz,

Chloroformd ) 0 173.35, 148.35, 144.19, 135.98, 129
121.37,104.12, 79.78, 72.63, 58.77, 58.35, 57.60, 51.58, 42.59, 41.01, 39.46, 34.15, 33.03,

31.45, 31.14IR (ATR, neat) 2950, 2925, 2192, 1730, 1672, 1589, 1413, 1M2AK/cm*

LRMS (ESI + APCI)m/z[M+H] calcd 327.2, found 327.2

Et COMe methyl 3-(1-benzyl3-cyano-1,4-dihydropyridin -4-yl)octanoate
(43): Pale yellow oil. 63% yield, 4:1rr,3:1dr,84% &= 0. 2 (4:1 Heptlanes: Et C
23.7 (c = 0.0/mL); HPLC analysis Chiralpak IA column, 90:10 hexanesfpoopanol, 1.0
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mL/min. Major: 6.4 min, minor: 5.8 mitHNMR : (400 MHz, Chloroforred ) U1 7729 (#n0

3H), 7.22i 7.16 (m, 2H), 6.70 (d, J = 1.6 Hz, 1H), 5.87 (d, J = 8.8 Hz, 418D (dd, J = 8.2, 4.4
Hz, 1H), 4.28 (s, 2H), 3.65 (s, 3H), 3.38 (t, J = 3.7 Hz, 1H), 2.30 (dd, J = 7.2, 2.9 Hz, 2H), 1.99
1.91 (m, 1H), 1.69 1.60 (m, 1H), 1.38 1.16 (m, 9H), 0.92 0.85 (m, 4H)13CNMR: (101

MHz, Chloroformd ) 0 1 7 3 .144M8, 136.68112899,,128.19, 127.16, 122.89, 121.22,
110.47, 103.75, 102.63, 92.89, 80.85, 57.52, 55.30, 51.53, 41.78, 36.39, 35.60, 33.30, 32.01,
30.77, 28.49, 27.00, 22.55, 14.0B. (ATR, neat) 2952, 2927, 2856, 2192, 1731, 1673, 1591,
1411, 1204, 181 cm?’; LRMS (ESI + APCI)m/z[M+H] calcd 353.2, found 353.3

Bn

N

NC '

\\\\

COzMe

methyl 3-(1-benzyl3-cyano-1,4-dihydropyridin -4-yl)-3-
cyclopropylpropanoate (44): Pale yellow oil. 31% vyield, 3:1 rr, 3:1 dr, 85% &= 0.4 (4:1
Hexanes:EtOA& ) ;p?'§-60.0 (c = 0.0y/mL); HPLC analysis Chiralpak IA column, 90:10
hexanes/isgpropanol, 1.0 mL/min. Major: 14.3 min, minor: 16.2 miANMR : (400 MHz,
Chloroformd ) & 7. 35 (d, W7.1Z2m72H)16.78@,J=2.610z, 1H)75@2 1
J =10.2 Hz, 1H), 4.62 (dd, J = 8.1, 4.6 Hz, 1H), 4.29 (s, 3H),i33%664 (m, 3H), 3.46 3.41
(m, 1H), 2.42 (dd, J = 24.9, 7.4 Hz, 3H), 1i28.17 (m, 1H), 0.94 0.82 (m, 2H), 0.50 0.47
(m, 1H), 0.45 0.41 (m, 1H), 0.32 (dt, J = 9.0, 4.5 H#)10.08 (tt, J = 9.5, 4.6 Hz, 2H).

13CNMR: (101 MHz; CDCI3:4 173. 59, 148. 79, 144. 05, 136.

121.54, 110.13, 81.01, 59.04, 47.88, 45.35, 37.85, 36.50, 34.53, 13.18, 11.62, 4.3, 3.57.
(ATR, neat) 3064, 3002, 2923, 2851, 219@73, 1591, 1437, 1414, 1245, 1186* LRMS
(ESI + APCI)m/z[M+H] calcd 323.2, found 323.2

NG

]

Pr COMe 1 ethyl 3-(1-benzyk3-cyano-1,4-dihydropyridin -4-yl)-5-
methylhexanoate(45): Pale yellow oil 52% yield, 3:1 rr, 2L dr, 58% ee. R= 0.2 (4:1
He x anes: Et'9A&9)(c= 0010 h/mL}PLC analysis: ChiralpaklE column, 90:10
hexanes/isgropanol, 1.0 mL/min. Major: 38.1 min, minor: 3318n. THNMR : (400 MHz,
Chloroformd ) 7.35 (dg, J = 11.9, 6.6, 5.2 Hz, 4H), 7i21.19 (, 1H), 6.71 (d, J = 1.6 Hz,
1H), 5.88 (d, J = 8.2 Hz, 1H), 4.60 (dd, J = 8.1, 4.3 Hz, 1H), 4.28 (s, 2H), 3.66 (d, J = 6.9 Hz,
3H), 3.38 (s, 1H), 2.28 (t, J = 6.9 Hz, 2H), 1.60 (ddd, J =19.8, 14.2, 6.6 Hz, 2H),14®(m,
1H), 1.18i 1.07 (m, 1H), ®1 (d, J = 6.5 Hz, 6H}3*CNMR: (101 MHz, Chloroforred )

16,

173.60, 161.51, 148.80, 136.20, 129.59, 129.42, 128.99, 128.20, 127.22, 127.14, 122.98, 121.13,

103.61, 102.61, 92.90, 57.53, 55.31, 51.53, 40.04, 39.21, 36.33, 35.74, 25.19, 23.30R22.10.
(ATR, neat) 2926, 2867, 2193, 1733, 1674, 1593, 1454, 1206, 1194¢ctfaRMS (ESI +
APCI) m/z[M+H] calcd 339.2, found 339.2
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, M

'Pr COMe methyl (S)-3-((S)}1-benzyk3-cyano-1,4-dihydropyridin -4-yl)-4-
methylpentanoate(46): Pale yellow oil 54% yield, 5:1 rr, 3:1 dr, 42% ele: = 0.2 (4:1
Hex anes: Et'O®5699;c=p.011L g/mLHPLC analysis: Chiralpak IA column,
90:10 hexanes/ispropanol, 1.0 mL/min. Major: 14.6 min, minor: 10r#n. *HNMR : (500
MHz, Chloroformd) a 1 7.324me, 8H), 7.23 (q, J = 8.2, 7.0 Hz, 4H), 6.67 (d, J = 1.5 Hz,
1H), 5.91i 5.85 (m, 1H), 4.59 (dd, J = 8.2, 4.3 Hz, 1H), 4.31 (d, J = 3.9 Hz, 3H), 3.68 (s, 3H),
3.54 (t, J = 3.7 Hz, 1H), 3.36 (d, J = 5.9 Hz, 1H), 2.60 (dd, J = 15.8, 5.3)2.B71 2.31 (m,
1H), 1.94 (qd, J = 7.1, 3.2 Hz, 1H), 1.i77.69 (m, 2H), 0.96 (dd, J = 6.6, 5.1 Hz, 8H).
13CNMR: (126 MHz, Chloroformd ) 174.40, 143.73, 136.06, 129.61, 129.03, 128.24, 127.92,
127.30, 120.88, 102.91, 82.59, 57.44, 51.56, 47.66433424, 28.80, 20.5R (ATR, neat)
2958, 2192, 1732, 1672, 1627, 1592, 1367, 1413 1181, 1118, 7OBRMS (ESI + APCl)m/z
[M+H] calcd 325.4, found 325.1

CO,Me

Ph 2" methyl (R)-3-((S)-1-benzy+3-cyano-1,4-dihydropyridin -4-yl)-3-
phenylpropanoate(47): Pale yellow oil. 40.5 mgh7% vyield, 8:1 rr, 1:4r, 24% ee. R=0.2
(4: 1 Hexan e%=z-FOt0Q@A L7 g/mLIHPLC analysis: ChiralpaklE column,
70:30 hexanes/isgropanol, 1.0 mL/min. Major: 14.3 min, minor: 16.2 miHNMR : (500
MHz, Chloroformd ) Ui 7729 @212H), 7.28 7.24 (m, 3H), 7.21 (d, J = 7.2 Hz, 2H), 7.09
(d, J=6.9 Hz, 2H), 6.82 (dd, J = 6.5, 2.8 Hz, 2H), 6.68 (d, J = 1.5 Hz, #8)(§.J = 1.5 Hz,
1H), 5.88 (d, J = 8.1 Hz, 1H), 5.78 (d, J = 8.1 Hz, 1H), 4.70 (dd, J = 8.1, 4.7 Hz, 1H), 4.54 (dd, J
= 8.1, 4.5 Hz, 1H), 4.26 (s, 2H), 4.12 (s, 2H), 3.61 (dd, J = 6.4, 3.8 Hz, 1H), 3.59 (s, 3H), 3.59 (s,
3H), 3.55 (t, J = 4.1 Hz, 1H),437 3.35 (m, 2H), 3.00 2.74 (m, 4H)3*CNMR: (126 MHz,
Chloroformd ) 4 172.91, 172.35, 144.05, 143.71, 139
129.06, 128.93, 128.35, 128.26, 128.24, 127.97, 127.95, 127.17, 126.88, 126.80, 121.28, 120.99,
81.11, 57.4757.21, 51.70, 51.66, 47.68, 40.22, 39.14, 35.88, 3IROPATR, neat)3029, 2949,
2910, 2191, 1733, 1673, 1591, 1453, 1413, 1184, 1160, 740, 70RRMMS (ESI) m/z[M+H]
calcd 359.2, found 359.2
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NS COZMe
Ph methyl (S,E)3-((S)-1-benzyl-3-cyano-1,4-dihydropyridin -4-yl)-5-
phenylpent-4-enoate(48): Paleyellow oil. 38% vyield, 5:1 rr, 1:1dr, 24% eeRf = 0.2 (4:1
He x anes: Ef'9-A818)(c=00d@mL); HPLC analysis: Chiralpak IE column, 802
hexanes/isgropanol, 1.0 mL/minMajor: 36.4 min, minor: 32.enin. tHNMR : (500 MHz,
Chloroformd ) 4 7. 36 (dd, J i.3Q(d,.48),7.26((ddgJ=H56,3.4Hz21) , 7.
2H), 7.21 (d, J = 7.8 Hz, 1H), 7.09 (dd, J = 7.5, 2.7 Hz, 2H), 6.68 (t, J = 1.8 Hz, 1H), 6.18 (dd, J
= 15.8,9.4 Hz, 1H), 5.94 (dt, J = 8.2, 2.2 Hz, 1H), 4i74.68 (m, 1H), 4.27 (s, 2H), 3.66 (s,
3H), 3.59 (s, 1H), 3.50 (dt, J =12.8, 4.1 Hz, 1H), 2.90 (dt, J = 10.2, 4.7 Hz, 1H),2.83 (m,
1H), 2.60i 2.49 (m, 1H}:3CNMR: (126 MHz, Chloroforrad ) U ,148.83, ¥#8%.09, 132.32,
129.95, 129.08, 129.02, 128.57, 128.28, 127.36, 127.19, 127.05, 126.50, 103.25, 102.21, 57.53,
51.74, 47.70, 40.23, 39.16, 38.78, 38.45, 3IRIATR, neat)3026, 2954, 2923, 2856, 2191,
1732, 1672, 1590, 1412, 1182, 747, 701*¢tRMS (ESI) m/z[M+H] calcd 385.2, foun®85.

M
Ph COMe methyl 3-(5-cyano-1-(4-methoxybenzyl}1,2,3,4tetrahydrop yridin -
4-yl)-5-phenylpentanoate Palladiumhydroxide (XX mg, XX mmol) was added to a vial
containingdihydropyridine3i (42.3 mg, 0.1 mmol) and methanol (2 mL) at room temperature
under argon. The vial was then placed under vacuum anefibadiwith Argon two times.
After removal of the argon atmosphere a third time with vacuumgdeogen balloon was placed
in the vid and the reaction stirred was stirred for 12 h. After this time, celite is added to the
reaction mixture, and the solids were removed by filtration through celite to give 37.4 mg (88%,
3:1 dr, 86% ee) of a yellow ol = 0.2 (4:1 Hexanes:EtOAc; p?f=U35.2 (c = 0.125 g/mL);
HPLC analysis ChiralpakiB column, 85:1%hexanes/isgropanol, 1.0 mL/min. Major: 31.2
min, minor: 29.0min. tHNMR : (500 MHz, Chloroforred ) U1 7727 (B022H), 7.23 7.17
(m, 3H), 7.14 7.09 (m, 2H), 6.98 (dd, J = 11.3, H2, 1H), 6.93 6.87 (m, 2H), 4.17 (d, J =
7.4 Hz, 2H), 3.83 (s, 3H), 3.71 (s, 3H), 3.01 (dt, J = 12.3, 5.5 Hz, 2H)j 288 (m, 2H), 2.57
(dd, J = 15.2, 6.3 Hz, 1H), 2.47 (d, J = 7.9 Hz, 1H), 2.321 (m, 1H):*CNMR: (101 MHz,
Chloroformd) U 147,359.47, 142.24, 128.91, 128.38, 125.84, 122.88, 114.29, 58.95, 55.33,
51.65, 43.85, 38.51, 37.83, 36.73, 35.8648433.98, 29.70, 22.5RR (ATR, neat) 2927, 2855,
2180, 1732, 1617, 1512, 1248, 1175, 1031 tMRMS (ESI) m/z[M+H] calcd 419.2found
4192
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PMB

CO,Me
Ph 2 methyl (R)-3-((3R,4R)-3-cyano-1-(4-methoxybenzyl)piperidin-4-
yl)-5-phenylpentanoate A solution of dihydropyridinei (44.3 mg, 0.11 mmoln CHxCI> (2
mL) was cooled te10 C,-and triethylsilane (340 uL, 2&yjuiv) was added along with
trifluoracetic acid (204 uL, 25 equiv). This mixture was then allowed to stir while warming
room temperature. After 12 h, volatiles were removed under reduced pressure. The resulting
crude oil was purified by column chromataghy (DCM/MeOH) to gie 10 (51%,22.8mg,
0.054 mmol, 3:1 dr, 8 ee) as moff-white solid Rr = 0.2 (98:2 DCM:MeOH)[ W} =-37.8(c
= 0.008 g/mL)HPLC analysis Chiralpak IB column, 85:18exanes/isg@ropanol, 1.0 mL/min.
Major: 10.6 min, minorl1.6min. 'HNMR : (500 MHz, Chloroformd ) 7.34%1 7.26 (m, 4H),
7.22 (d, J = 7.3 Hz, 1H), 7.18 (d, J = 7.2 Hz, 2H), 6.96 (d, J = 8.4 Hz, 2H), 4.11 (dd, J = 64.4,
13.0 Hz, 2H), 3.85 (s, 3H), 3.70 (s, 3H), 3.57 (d, J = 11.6 Hz, 1H),; 348 (m, 1H), 2.80
2.66 (m, 2H), 2.60 (dt, J = 15.2, 7.5 Hz, 3H), 214431 (m, 1H), 2.25 (dd, J = 15.2, 9.9 Hz,
1H), 1.89 (dd, J = 26.0, 10.7 Hz, 3H), 1i81.71 (m, 1H), 42 (dtd, J = 14.4, 9.5, 5.2 Hz, 1H).
13CNMR: (126 MHz, Chloroforrrd ) G 17 2. 4 6 ,128.25,02626 119.17,2186.76, 0 ,
114.90, 60.42, 55.43, 51.92, 51.70, 51.51, 39.71, 36.06, 35.90, 33.72, 30.50, 29.0TR21.82.
(ATR, neat) 2925, 1734, 1673, 1612, 1514, 1454, 1251, 1180, 1032, 83RS (ESI)m/z
[M+H] calcd 421.2, found 421.3
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