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Abstract

The devel opment and application of compu
experimental chemistry, allowing calikc«dkepthons
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the design of novel catalysts to expand its s

Chapter 2 focuses c@ami ntahtei oaamirneoaccattiadnyt e fc e

azodicarboxyl at e. The observed stemeobaermsstic
model s, prompting a study that employs both e
pl ausi bl e downstream reaction pathways. Two

formation of a downstream amenatéaeéerdi evami ng
addition pathway. However, the mechanistic i n\
not formed, necessitating further inquiry intc

understanding of the reaction.

Clapter 3 examines the i mpact of ami nocat a
several heteroaromatic aldehydes. The constr u:
formation of an i minium ion r educeeds ttoh et heen ep al
al dehyde. The role of the catalyst and heterc
di fferent positions of the trienamine inter me

Il n Chapter 4, the influence ofi ssulnsvteisttu egmat

Tri enmemdhat eAd dzirelrseacti ons show r eaatiisv idti ye nat)



over-scli,s4 diene. Vari ous Ssubstituents ar e e mj
thermodynamics and HOMO anersgy Adfdi ttn ioemm@aadmiyne oi

are calculated to under st amacklthene mpact of su

Chapter 5 presents an investigation- into
deficient cyclic all emneasp.piThhge osft ucdyyc | aircs aah e xepnle
dienes to gain insights into the observed sel
novel trapping method of allenes with enamine

Overall, t his di ssertation tsihomwalaseé$emihset

ami nocatalytic reaction mechani sm elucidati o

significance in advancing the understanding a
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Chapter 1: Introduction

1.1 Computational Chemistry

Over the pamputdetciadreas!l, «chlhemi stry has emer
experi ment al chemists. The significant advan
associated software have resulted in i mmense

met hods. e€elmentadivmnsoft ware packages such as G

chemi stry t o be applied without a deep und
computational chemistry i s routinely used b
phenomethaartéeh not wel | under stood. One of the
generate robust models of chemical systems th
of experiment al l nvestigati ons oofn cohfe nprcoad e shy
empl oyed, whereas computational i nvestigation
model s which are | imited only by the accuracy
met hods. The signi fi caonntali mpertohvoednse nhtasv eo f macdoemp
only explain difficult chemical pHEtnomena but

For an organic chemist, computational c¢hemi
mechani sms which can | ead to devel opmenft of n
the most attractive characteristics is that coc¢
aspects of a potenti al energy surface (PES)

exper i menttarlanys tstutcehn satsr u d ti wreeds ianrt e r artedritat e s .
of PES provides cruci al i nformation such as g
mol ecul ar structuteansieSeshl pmopemai andare u

the energy profilexamnmifne hekimp clad mementio,nNnsel ect
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orbital composition, Vi brati onaof fnroevgeul e nacsi yensm

remote functiohalization reactions.

1.1.1 Computational methods*’

In this thesis, the computational model s a
met hods. There are variotsvaguhmatvvembmeaoh areiveed
empl oyed by chemists to perform computations
mol ecules. The resulting answers, depending ol

accurate. The basi salbf mgldddrid & ghe sneeetps alt)i:on

0 (1)

WheiOes the Hami IQicnitehre ovmesredtuamrc,t i on consi stin
description &f sthbdespstaémrangdanti ty co@respon
obtained as an eigenvalQue. t hlee wrashs uclintnacriotin @ eaii gnes
the essenti al i nformation of an atom or mol ec
and nuclei. The Hamiltonian accounts for the

energy contributiodndg:het hed ekitmetnisc aemrde rnguyc | ei

to the attractive and repulsive interactions
sol uti ocsHdrohg@uhaet i on are | imited for one el ec
atomnet ectron ions. | n or derl etca rsoonl we sttheem, e caye

mu st be used.

S. Singh
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1.1.2 Born-Oppenheimer Approximation

One of the first a@ppeonxhanaméroispp chopt hibamBioo m
t hcHdri ngguati on by separating into one part t
fixed nuclei and another describing the nucl ei
to be only a functiontod edbdblecttirom dcopemddnNade:
par ameters. Th3icsHri bge satlivo m-QuipthemhBomer appr ox
the electronic energies for various positions
energy sucdmaclee whticlhi zed further to elfucidate

Th&cHr ngeuati on is si-Oppemheidméy appr 8or mat

t he exact solutieh®oontmol exiuses -&b@&dtormen tdtamn

Therefore, an approxi mate solution is found b
energy of a wavefunction generated as a | inea
t han alr tequt he | owest energy of the system |
wavefunction is higher than the energy of t he

used to find an &Sgfdrioxg guaatte osno leuntpil gy i fhobre p v ar |

1.1.3 Density Functional Theory*’

The use of a specific method depends | arg
computational cost . When starting a computat.
accuracy i s deter mi ned. The <comput ateinenaly wc

Functional Theory (DFT) which has gained sig
chemists. Il nitially devel oped by Hohenburg, K

energy of a molecul e from tdhies terliebcuttrioonn )d einnssitte

S. Singh
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on the correct wavefunction. By wutilizing va
determined that the energy functional adopts
which fully specpfoperbal esmslbebubads the electrc

energy surface.

Density functional theory is an exact theo
in order to solve for the electronctdiemmsalt yi s
unknown because t he tchoerorreyl aitnicol nu dfeusn catni oenxaclh atne
Therefore, applying the density functio-nal th
correlation functionalf tdemsiwhy chumesiubmnal s ne

advantages and disadvantages offering a combi

there are various different functional s, c hoc
certain clulsess, ofbemalhenar ki ng wi t h availabl e
computational cost . However, it is important

investigation because results wusing theX B3LYP
fuwnional

The density functionals employed for most
t hfpeaeg ame t-¢anPgarLree ( B3LYP) and Mi nnesot a 2006
(speci f i2cXa)l.l yThMOsee functi onals arewhcthssntoedo
fragment of exact-Fex&hdgdmfe thewmr Hawitbdel ocal

approxi maticomg rexahampmpe energy.

The -eolneectr on at omi c orbitals i n t he hydr
mat hemati cal functions known as basis functio
set . The accuracy of atomic orbitalg e ddrniepatl

4
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combination of sets of basis functions. For i
atomic orbital are called double zeta (D2Z) b
functions are call ed e rzieptlae (zQZ4)a b(alsZi)s asnedt sq urae
of basis functions increases as the number of

QZ basis set may depend on factors such as nu

The cordoonbttplay a cruci al role in for ma
orital s, hence, approximations in basis funct
the core orbitals are made. The sésubkeisg has
commonly used split valence basis sets are kni
YZg. The number of primitive gaussian functi

represented by X, whéeereeasal ¥naedoZbi hdi cateeth
functions each. Some exafplg8d 81l byghese basi s
The accuracy of Pople basis sets can be
Pol arization functiudms dememituen tf ue chii gmer t an
of bonds since t he®omporrhbiittall s adaRmer anerueingodoed,ieg n s
can be sodrdbeid @faemnandons cpomr lbiet aaldsd.e dAdtdoi t i on ¢
funcoiBopte basis sets is noted as a-3tlhge( dt)y pe
addbunctions ompval kenatomsbi#3dhfped, ) mi mpdril s &
functions ompval éna¢ omEbwt ahbhantsvnesl emnicteh or bi t
The nodatdppmé(e used interchang@dalf!dy3 hagn(tdh, 6m)s t
are also -kgot-2bg*as. 6Di ffuse functions, denot
correctly desrcorni bdee nvshetny elfecf ar from the nucl e

not ati on destcyrpeb egsh ¢ fh@ante iofnfeuse function i s add

S. Singh
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on akthlydromgen at oms.-zedteancepl itth ev aloearhd e ali a ©ins ag
di ffuse basis funcBlieg(wpp)d BHhedewapnkepr asefit e
concer nebd owikt hofg 6 ws sof thheeperiodic tabl e, t |
valence and triplewigpl ipolvaalienceda oma sainsd sda tfsf u
utilized. The exact functional and basis set

every chapter.

Mo s t chemical reactions are performed 1in
accobuaf when performing computational Il nvesti
gas phase, the solvent properties such as the
Such properties result i n ihret erod cvteindan swhhb ecthw ege
energy being associated with those interactdi

approxi matwori dé ®beaboil asteimpn ommedeli artéhhei s t h

i nt eeggruaalt o omaploilsari zabl e continuum model (I EFF
mol ecule in a cavity described by Van der Wa
sol mohteculaemsd sol vati on model based on density

densihtey soofl utt e.

The significant devel opment i n computation
and increased accuracy of results. This progr
organic reactions to i nvehset idraitwi nghef orecaecst i loen

and the originrahsstalieasitviucyur®hef a chemica
observed with any experimentatlr dresthtnti @ruetsr, u dto
and theiertnenrgl &tsi vwvean be calculated using c¢o0myg

met hod to compare théeransigtessandcviusealwihtzeh

S. Singh
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observed product. This all ows chenacsttisonso wdietvh

more rational approach.

1.2 Asymmetric Synthesis

1.2.1 Chirality

St ereochemi stry is the study of stereosi 0mi
i somers for molecul es$ haitt het hiensamat i calnhnmaert a n
di fferences in spatial arrangement mi g ht see
chemical, physical Taedasntirwinssgineras @ opaet éneec

showhi gurledeEmonstrate this diifssfoenmeern cceo mmmo npl ryo pl

as mal eitcr aagsd e mnwhi ch i s commonly known as f L
mel tingbptoi dit 6f er ent bi ol ogi cal properties. F
pl ants abdhdwheirmalkss maleid? acid is toxic to ti

HO. __O
8! °

O

1.1 1.2
cis-butenedioic acid trans-butenedioic acid
mp: 143.5 °C mp: 289.4°C

Figure 1.1: Differences in cis anttansisomers of butenedioic acid, commonly knonw as maleic
acid (cis, left) and fumaric acidr@ns right).

There are two types of stereoi sdne&r sWheen an
t wo stereoi ssourpeerrsi mproes amloem mi rror i mages of
enantiomers and the rest of stepBRomsloemeulse atr ke:
noxwuperi mposable with its mirror |1Image is cal

chirality. This property results in molecul ec

S. Singh
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polarized | ight . iEnalntmoolmeecrusl,e sa whaiicrh odft fcfther i
and -hagttéedness of i treesiurp eariingmtsatbileen , mi rror i m
rotate the plane of polarized | ight i n oppos
i denpghysilcal and chemical properties, except

directions. The isomer thatlewvwdamers ameé ps ame

as-) ,( whereas the isomer thats rcchiedtcadlomechieeampd ar

represenfAedni amun( eeotnlh ai ns equal amounts of a

referred to as a racemic mixture. | f a mixtu

another, it iemerifealley e¢mor ieanlmed. Further mor e,

in the sample, it i$€ called enantiomerically
8
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Stereoisomers

Enantiomers Diastereomers
COOH! COOH | | | |
HsC A H EH opCHs
(S) (R) cis/transisomers syn/anti isomers

O OH O OH
H3C>_<CH3 H3C>_<H HMPh H)K:)\Ph

H H H  CHs CH, CHs
cis trans syn anti

Figure 1.2: Classes of streoisomers.

Anot her i mportant property of enanti omers
chiral compounds. This results in many <chiral

enanti omer s lairdlel mdth e s & ecgetsh. ke r e n

S. Singh
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0 o)
OH HO
HN NH ~ 0] o e
0O O O O o o)

(R)-Thalidomide (S)-Thalidomide (R)-Naproxen (S)-Naproxen
(analsgesic) (teratogenic) (liver toxin) (common anti-
inflammatory drug)

“C <8

N— N
(R,R)-LSD (S,S)-LSD Levomethorphan Dextromethorphan

(Commonly used (20X less psychoactive) (Opiod analgesic) (Over the couter

psychoactive drug) cough suppresasnt)
© 0 cl ] ) cl
‘__OH Ho_
S G (e
Cl 0] O Cl

(R)-Carvone (S)-Carvone (R)-dichloroprop (S)-dichloroprop

(Caraway odor) (Spearmint odor) (Herbicide) (No herbicide activity)

Figure 1.3: Some examples of enantiomer pairs and their bioactivity.

One of the most famous &xmpnopltesn cteh aotf docehma
thali 40oFhide.drug was commercialized as a race
to treat morning sickness i nopplregmraendc rpieloepd et. |
had newborns with severe bir-¢émadefemeés. had twle
anal gesi c pr opeerntainetsi owheerr ehaass, ttehreatS geni ¢ pr ofr
i mportance ofjovebrnméehntyabedctes tightening re

drug

2]

resulting in rigorous testing of bot h ¢
selectively synthesize one stereoisomer over ;

i s cruci al i n synthetic organic chemistry.

10
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1.3 Asymmetric synthetic methods

There have been three main strategies devel
synth®siseshiral auxiliaraaed, 32) askimmalrpookasw
pool strategy wutilizes cheap, readily avail at

chirality and as the buil diFniggubio’@kstat i r alh

compounds employed are incorporated in the fi
amino acids, sugars, and terpenedewhixampn at wrhe
in Figure 1.4a utilizes ftolre trhat uroad &llkya sopcnctunrérsii
all onorsecurinine

Chiral auxiliaries are a class of <chiral r

derived fromatcharal apoebhedl| t et &(hFeiigwgr.tédmaft.edrbi)a

Upon compl etion of the reaction, the chiral at
compound as the final product . It i schmpaltar
auxiliary must be used for a reaction, howeve
is asymmetric catalysis which is the main foc.i

are usedtoin hdwhmetri c amduntys atnal iarcdu eces ec hii gl

transfaormati ons

11
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a)
O __»
N —
H OH —
10 Steps
L-(-)-Proline (-)-Allonorsecurinine
b)

O 0] O 0]
oAy e A e Ay WAy
C C
R R R Xc R

Auxiliary Stereoselective Auxiliary
installment transformation recovery
with substrate

XC:
OH O
— N -
f A N ;
Ph Q\ o] NH //g PhY\N/
N
9\0 NH, OMe ~ >(L on H

Ph
Corey Enders Evans Seebach Myers
(1975) (1976) (1981) (1987) (1994)

Figure1.4: a) Totaly synthesisod | k a | -@llortbrsdcurininestarting from naturally occuring
L-proline aminoacid. b) Synthetic strategy using chiral auxiliaries to induce asymmetry in the
final product and some selected examples of chiral auxiliaries.

1.4 Asymmetric Catalysis

There are three cl ag¥®¥89 bfi oxcsay mrhetsriisg 29t an
3) organocatal ysi s. Bi ocatalysis mainly utild@
che-mo and st etrreaonssefl cercntaitmieoen senzymes are very s

met hod tiesd Itiomcertain ?$uwWBstrates and reactions

Met al cat altysaainsmettitadl hsi zesor di nat ed t o chir
asymt’Pyihe 2001 Nobel Prize in Chemistry was

Sharpless who hadcomatei Butging i s c®aTor aanssghentmaotnr i ¢

12
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catalysis is highly effective and-swiodeclhyi ourseet dr
catal ysHowe®waan ngt he highly effectiveness of th
such as the toxicity of mat alg diriegshildyu ee xlpeefntso vweel

needed t ot rhaannsdel tea btnhceo mpltex esi rs ead€d t mwiest ur e.

1.5 Organocatalysis

Organocatalysis, the main focus of this di s
tool, comparable with biocatalysis and metal
of its relatively |l ow costapmilidabeactiyonwboh

highly stéeraosébecmigraenrocat al ysi s empl oys smal

that are | argely derived from naturally occur
catalysts abecalbse aftthetrvetability towards
to handle without utilizing any®%Ehepenmpacect eqfui

field has been redioghi Aead eamy Rofy a$ciSewvnces by

Prize in Chemistry to the founders3%f this fi

13
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a) =
O cat. Quinine OH _0O N

|
|
|
|
—_— * !
Ph)J\H HCN Ph)\CN I y
! | ~N ‘OH
1.3 1.4 ! N
1.5
Quinine
b)
o o N ? ol ol
1 (3-47 mol%) pTSOH
S — _—
) CH3CN, rt o | Benzene o |
O n OH n n
1.6 1.7 n=11.8
n=1; 93% ee n=21.9
n=2; 74% ee

Schemd.l: Early examples of asymmetric organocatalyajsHydrocyanation of benzaldehyde
catalyzed by quinine. b) Hajdarrish-EderSauerWiechert intramolecular aldol reaction
catalyzed by iproline.

For over a century, small organic mol ecul e:c
examples form 1912 of an asymmetric reaction
of benzal83emrpodeted by Bredig and Fi ske, cat al
(Schegméld ater in theacEMSmrudireelagons ( HPESW) r
reported by two inndepenent gr oiunptsr aima ll leBoid sa,r
reaction cetreollyiz®sdh am@b L hi s report was signi
demonstrated the use of proline, a small chir
reactti ol sbhou performed it stereoselectively. T
Wi el-Minglschen . Bekegescaffoldimhoa sbenktosyYhe htis
Despite thesefihedialt oegpanotsat ahgsi s was not

two independent waor lapir.olapdeateenda altlyi obsied telc tri eveet |

14
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(SchkEm2&mnd MaceMi palmafmor med enadAtl idesiedrrecadcattv al yD7

by hiral i mild&zxdkin@bnone
a)
o o L-Proline | O OH |
+ J (30mol%) I O‘co H
A H” "R DMSO, rt )J\/'\R N 2
110 1.11 1.12 o
up to 97% yield :
up to 96% ee
b)
! o)
O WHC : N
| N
+ (5 mol%) 7 | )\
| MeOH/H20 cHO | N
' PhH
1.10 1.11 1.12 | I
82% yield
94% ee

14:1 endo:exo

Schemel.2: First reports of modern aminocatalysis. a) Intramolecular aldol reaction catalyzed
by L-proline () reported by List an coworkers. b) DieMdder reaction catalyzed by chiral
imidazolidinone I{ ) reported by MacMillan andaworkers.

Since the seminal wor ks by List and Mac Mi

significantly and has become one of the most

t wo decades. There are f3url)mainr ncolcaastsad sy soifs ,or

(Whond) cathdtyesriesgy al)i N carbene (NHC)trc@eal ysi

catiag yCAPTC). This dissertation mainly focuses

of organocatalysis is beyond the scope

types

1.5.1 Aminocatalysis

Amongst different c¢cl asses of asynmnheet rmocs tor
widely wused method. This method wuses small C
carbonyl compounds. A chiral secondary amine ¢

15
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in a positivedpynchat @e dneid nciehhaier ugneT hree spud Sist iiwe r ¢
the electron density towards the nitrogen cen
Orbital (LUMO) of bchebsypsmememaekeogropéeilic,
principle. Thilsi aldddest harc |l etoph st éFe gs.elee dt i5
ri ghtThe -ILAUWMWeO i ng strategy by aminocatalysis

enant i ofsfeu neccttiiovreal i zati on*30%* carbonyl compound

El

(< B .
N R R

o N
(o) Enamine pgthway f Iminium ion pathway
2 (HOMO-raising) E (LUMO-lowering) H®
" (o).

@‘ H,0 R N~ R
R([ \( - % “Nu

® Iminium ion

H —  Nu

Figure 1.5: Aminocatalytic activation modes. Enamine activation pathway (left) and Imiieinm
activation pathway (right)

The | owered LUMO niploess timei hboeaomakang it

deprotonation. This results in the formation
of the nucleophilic enolate where the Highest
rai sed. This all owes keameanetineg et mwdrdtse et ec

enant i oWfed recttiiovreal i zat i on off Fitghuer et elfT 5 n-yH O Mo m

rai sing strategy has become Af greateir anh a | meztaht ol

16
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al dehydes “#dfittek @auah esi@mhmii Inie i nt er me d i-ealteec tnraogyn a
oxidation, photochealdieat rloyn oax ibdamutt $,| i tzo nfgo rom e

Occupied Mol ecular Orbital (SOMO) =activation,

Theevekel opment of ami nocatalytic systems
chemoselective, and efficient reactions to cr
t he chemical space. I n relation to theywba& p
proved to be a valuable tool for modelling cé
mechani sms. A complex <catalytic mechamnivem co
intermedi at es, unknown acti vtehastp emii g¢lst, e d s ic
t hermodynami cs. Therefore, by gaining a deep

knowl edge gained can wultimately aid to desiocg
mechani stic i nvestigatiyonmsavegernmotr med| yyompupaea
experiment al results but have also allowed to

sel edtni tihtey fi el d of aminocatalysis.

1.5.2 Enamine Activation

The report of HPESW reacti bhewmsesclvamiysmimge
debateable with a number of differen€ mewodani
formati on. Hajos initially proposed a mechani
groups as a carbinorldaimigaé& ol akbet medi &«tFingt R € c &
1.%fLater kinetic studies by Agéa&iy ouwgg epsrtodd

mol ecul e with the side chain carbony-trfed ano
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(Figur9S his6)nechhaniwom pwiotl i ne mol ecul es was wi

reacti on.

O
@)
HO\\— CN\ -
H.. e i \ o7
N 02C N2
K // I _H
e N~
I (&)=
O
Hajos Model Agami Model

Figure 1.6: Proposed earlyransitionstate models of HPESW reaction.

Il n 2001, chHompkutlagd oa al i nvestigation for i
di ket ones to understand the origin of stereo
Agami invoking an ermami nwei tihntoenrememdd’ad ey Ilse udfy
performed u3igg@gdpB3L¥PEDB of ftohuercarnys i chét e ani mne d |
l' i ke and itkwee pboEtse bt ranst at es wer e fdaevt ceurrna bnleed.
Further extaminnsattaitoenn sotfr u c tt Unaered firi eevnetaal teido nt hoaft e n
respect to theseglarédxiyhn itcha colTthseganvadnd s teeit @ad ¢ loe
of enamine with respect to the carboxylic aci
anprioductyhSTheadi ng to the majofd. pr & daltd tmsvhen we
teylhS due to tam& sebagi meref pl anar. The intram
sylhS distorts tAeteyrappligdimg@ trhegsameaembdel f
TS howed preference byylsSl 4 koalthemol imelesti gat
Hanessian aini$26860 4 wetdhe@r ef er enceamif$ 2at2 Bk3cLaYlP//nb
311+G(2df, p) | evel of theory awnhtiydh® Wwaéséf eobpaencs

2.1 kcal/ mol .
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anti-TS syn-TS
a)
0L 0L
N O N pe
- -H - -H
Z1l D
0.0 1.0
N~ O N~ _OH
~-H - -H
A fk
] @)
0.0 34

Figure 1.7: lllustration of proposed model forrpline catalyzed intrawilecular aldol reaction by
Houk.Energies are in kcal/mol

The computational study of prolinéucabhalyz
investigation of HPESW reaction. TWmbres/ikliemetei c
of only iome mpdi@®cul e being uti |I°fTzheed DiFOT csa tuadlyy z
performed w3lIdh(dB3LIY®V &I of t hetolregy. prldl iwaes apcrt
bi functi onal catalyst. The nucleophilic pyrro
the substrate and aftetprsaothlse qrueandt idwee rert aomiart &
is formed. The Ttarbhexptoki meidngpgaceédoenamine
el ectrophil i ct oc atrhbeo neymhy doraargbeonn bondi ng. -The hy
configures the side chain enatmmiannes taantde nc yTchliisc hk
ored ¢ d an sittaiten was Ikenloac el attheedr momryenfaeaniraead by her
transttbates from previous modebadssitfkEFuen beggestaae
the appro@daabefodmthe enami Oe i hedatdd roan teashuil Itii mig

observed selectivity.
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Since the HPSEW reaction, the first prolin
coworkers is on®tuodfi etdher emmcdti owsel lin aminocat :
proposed thesobsetriveidt ystley edDmaxlketm atnysptadamhaeamn ma r
However, Houk and Li st performed an extensi Vve
31g(d)// CPCM(DMSO) to gain insi®°3Umtlsi kab o uhte tHPeS
reacti on, the electrophile for an intermol ecu
with respect -hond.heTheen aen atreianpastiti totn@ 50 f s htohwee d ¢
transit@it@nendirtahl dainhglceardfony60A4roup amksCt@®ebol
preferred appr oacFh gafr. et Thtei &al)ercafreorpehndes i s due
the increased hydrogen bonding interaction bet
resulting in the observed facial selectivity.
st er eiocoabedm | s, -Ltihset Khdoudgeu ref olr. 8br)edi ct i ng st er e
proline catalyzed reactions, wi t? md{=nY xeyfl eacttiroon

Uami nafainadn Mi cha*l addition.

(= (D=

0 N7 o b T
O/H H '
)\ : <\J\O//

a)

>
+60 -60° :

Figure 1.8: a) Transitionstates foiproline catalyzed intermoleculaeactionb) HoukList model

Foll owing the dleivetl oponckerlt, odompwtkat i onal st
to design new catalysts to achieve desired st
a kaborative report by Houk (computational) 4

stereosel ecti ve avmatnina scthe rreevo&detéieqpnt owiithlg . cat al y z
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reactionss ytiesstl ¢r eiolsel elc)t3d viThey CHmpemati onal
performed-3wigi(hd) HFEG el of t hteroa mssit tdBiye sc ad fc u pa t
catalyzed Manni c hd erteeardnthiandendg & @tnhf eo ranBdtdimamai cfe (
resus ydsi aisnt er eosetlrexrosnivot matifrbe domi nates due
bet ween the enami naciath ds ulhst ictau dmtxydfi pr ol i ne.
that the asperctduvitysfarresul sciedond omumal ¢é @amh io
enamine I QFedgdmOé@Hernree, i n order to shift the e
a catalyst witamdpdodbsti bnentftsthae Ppyrrolidine r
met hyl s ubpsotsiittueomt weats S5deemed t o stericalsly fi
and the car boxylkpiocsiatciiodn scuobnttirtoul el netd atthe3 f aci al
3andpobsi tions wer €r cequdiirgeud attd olme iinn order to
bet ween the el ectr opluickpto sattd Dtnh.e Owen phuytlaltsi uobnsat |
was predicteant od irsagsstud rte d me r9i5¢c 5rati o (dr) and
These computational predictions were then ex
Experdlmeyn,t the Mannich reacti oantwidtrdyamaelw 9024 eel

( Sc hkjnz
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COOH COOH
4 3
oL e Be S s
N~ ~COOH N7 COOH | HiC™ Ny H3C‘ N
H = oy A H
R R R R

T
/
m_

pui
T T
\
(A)
5

-
@
I \

_PMP _PMP
O HN O HN
H)vcozEt H)K‘/\COZEt
R R

Figure 1.9: Transition states for poline | catalyzed swselective Mannichreaction and
computationally designed catalyist for anti selective mannich reactions.

Q\COzH PMP
H - B Experimental value:
| " H CO,Et 1:3 anti:syn dr, 99% ee

CO,H syn-selective

A
H + ]
b CO,Et / < _PMP
w e O HN
N
H

; Computational prediction:
. i 0,
CO,Et 95:5 ffmtl.syn dr, .9_8 /o'ee'
Experimental verification:
R 96:4 anti:syn dr, 99% ee
anti-selective

Y
T

Schemel.3: Comparison of prolind catalyzed and computationally designed catalijstfor
Mannich reaction.

The asymmetry in aminocatalytic reactions
hydrébgenbdgqmd) direct ed abpiparso aacphp, r taantdd )ik d sgtadrrieir ¢
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aminocatalysts possess substituents which dir

i ntermedi at es. | f -btomed datnalry s tasc o st althees ccimmsgeH f
interaction will diret€tacthabsoentdd entoH oepthyi |per effreorne
t o i-bendiHh g apbridliitne s hasL been extensively e
functionalization of carbonyl compounds. Furt |
of prol i Aben ddienrgi vbeidf ukthcti onal <catalysts with th
H
SO N
E.
N\ N- N-
% %
R R k
E
Hydrogen bond Steric discrimination
directed approach approach

Figure 1.10. The two general models to induce chirality and predict stereoselectivity in
Aminocatalysis: Hydrogen bond directed approach (left) and Steric shielding approach (right).

The dtiearsi capproach which is more widely u:
hi nderance of a bulky group toidgereatetmedapp!
approach t o i nduce chirality has |l ed to wvar
Mac Mi“P1%&mMd diaryl prolinol °®ilyylHagtaB@&ri g @amda o c
which are two of the most wutilized and studie
types of ené&munet me d ackaatrebaotniyoln sc oonfipoundg&. #s shoc

repordRedgdysbowcasing the robustness %and genei
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j 2 .3
Ph\/S/,H )J\//IKH

R

R
up to 94% yield up to 85% yield
up to 98% ee up to 95% ee
N Ar
R' OZC

H OTMS R

IV: Ar = 3,5-(CF3),-Ph
up to 88% yleId up to 74% yield

up to 97% ee / \ip to 95% ee
PMP<

)NH (l') O
, I
R'0,C H FH

R R
up to 84% yield up to 75% yield
up to 98% ee up to 97% ee

Schemel.4: Aminocatalytic enantioselectivé-functionalization of aldehydesia enamine
activation reported bygrgensen

Foll owing the development of enami-sael ynledi a
et her catalyst, computati onal i nvestigations
stereos®®hedFiTvisttyudy of possi bl &f lemarmi mat iiomt e
performed u8idg¢gdB3L¥RE6 of theory. | tsiwase de
enamine conf i geternatmi omres ,i nttleeg mewd at es were ener
similar i n energy. UMWhudrei naxamnnimeachkhen p
fluorobenzenesul foni mide (NFSI)dirryelyedat alay
configuration of enamine intermedi aE®t rvmaanss a
conformati otinr aresiuthit edwh inc la war sa nfsatvao vernerde souvi etri n
E-sciconforbmata.odn kgul )Mo ITh(i ki ditffameincteen st t wot
was a result of wunfavour abltesbstgeridoiucp ionft eernaacntiin

the diaryl catalyst bulk and between the aryl
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a)
Ar Ar

N Ar N Ar
) otms S OTMS
t-Bu t-Bu

E,s-trans E,s-cis
0.0 0.5
b)
wr
N Ar
% OTMS
Ph <

ONy| e

X -F
O//S\N,/ t-Bu

|
_S
O/” N
o Ph
TS s-trans
0.0

Ar Ar

N Ar N Ar
By \/ OTMS «_ OTm™s

Z,s-trans Z,s-cis
7.5 12.1

1

TS s-cis
2.4

Figure 1.11: Relactive free energies of enamine intermediates with Diarylprolinol silyl ether
catalystlV and b) Depiction oftransitionstate structures fotJ}fluoriantion. Energies are in

kcal/mol.

1.5.3 Dienamine activation

The diarylprolinol

by extending

of electronicoeflugatysd@limcoedor a, c bun suattiulriaztiend

carbonyl

all owing for

(FigureThi k2has al

of suB¥frates.

enami

ne

stereosel

owed
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a cmrievpaot ri toend.t BThhee$ 9v8i hney | porgoyp

C 0 mpionuen dasc,t itvhaet ieonnamMmo de-e hami beeac eiXxV a
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R Q\R QR Q\R QR
_ _ _ E+/\a _
f/&\ -
Enamine
g =
D|enam|ne
R
Trienamine Cross-trienamine

Figure 1.120 Vinylogous aminocatalytic activation modes (left). Reactivity of vinylogous
aminocatalytic activation modes (right)

By using an aUbiumcsaatualaystd wiatrtbonyl compoun
can be ’dlchheé efvierdst exampl e of dienamiiffegmedeat
in 2ZT06s work was extremely si gsniinfciec aintt d enmatnrhs
induction of chiralThg att Romre moe¢e po-poisdd @imwanme n
ofUbunsatur at eld. M3ltdrehgdeshyl azodli.ckd4r bokyl az en

di apyol iemtoHers ildiw8 a hk .p®

J j
|+ N IV (10 mol %) W
EtO,C7 PhCO,H (10 mol%) EtO,C”

Toluene, rt R
1.13 1.14 1.15

up to 58% yield
up to 93% ee

Schemel.5: Dienamine mediated enantioselectixamination of enalsl.13 catalyzed byV,
reported byJgrgensen

|l nterestingly, the observed stereochemist:H
stereochemistry. A DFT i nvestigation
31lg(d)/ CPCM(toBugad) /I B8eYPo®6 Hsh e amgn fdoertneartmionr

of di enamneegetwiec &l |leyEst iadvioeunr aenti nEelssa ravidteh n g
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favour ed by el . ad4Ei kseasdt(/dgimodu)le8 The barrier of ad
f oEr,-tsr &Zmls enami ne ,Semaxnulitoimeg iwas calcul ated to
barrier was E5tsira@®< ahAmbdbhef ol hEesc hdsi gehnear mi enneesr gay
el ecrtircoon di enes and are arranged toltadKEheart
[ 4+2]acditthimaonnst at eneEser gy efn@ami nelawds DEADcul at
to be 12.3 kc&éthamoti, omesulttpomghyarol ysis of ¢
barrier was ornEsyg i &li7e nkacnail / emB-érnehsourli toinmreg iurppon h
of cycloadduct. The cycloadducts were also f ol
when compared to iminium ionadaditteiranetdofh4 ®EAD
Theref or es ctohnec lauudbehdoirnlaa i o v h[ed toXx]e edysc | oaddi t i o
Esci, @i enamine lajidir ® 8§ ADt i n gR-d ma rnt thieo noebrs ewrprcerd hy ¢
the cycloadduct. This computational i hyestig
however, it does ndtcomdt igan albidoa btolte Thlesid Awved
cycloaddition reaction paddowhkalye rlecrud.t The i md rek
chapter 2 of this di ssehratnaitsitonc isst urdeyl atoe da ntsow e

utilizing experiment al and computational met h
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N 5 ArS N N ArS N N ArS N N ArS
™ ™ ™ ™
7 7 75 = =
= = NN ™

E,s-trans-Z E,s-trans,E E,s-cis,E E,s-cis,Z
1.4 [0.0] 4.9 5.8

115.7 113.0 lG.?

N Ar N Ar N Ar

I OTMS E0,C., O I OTMS ., _OTMs

| L, J [ Acom
. EtO,C™ T2

2 O
N.©_co,Et
~-CO2

EtO,C”
mono-addition mono-addition cycloaddition cycloaddition
0.6 4.2 -23.5 -19.3

Figure 1.13 Relative energies of dienamine intermediates and their barriers for reactions with
DEAD 1.14 Energies are in kcal/mol.

Using the electron rich nature of di enami
intramol e-Alud arlb-udiisealtsur ahgd carmpdien dmake bicyc
compoun#gth great e(nmhdndd dli.sk)riepiory wmag i nve
DFT methods by Gil Santos in 2011t2 was dfea uerrdni tnt
enantioselectivity wassdiExctoatf @d may i tome od o mhien :
steric bulk of the catalyst duringishemaaownwchind
computational work by Santos hel ped eAlpdaenrd t h

type reactions.
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Ph B ]
Q*Ph Ph ph
N H  OTms 0OTMS
om V 10 mol%
N _
o~ BA 10 mol% ol S
toluene, rt X7 g
1.16 117

95% ee

Schemd..6: Dienamine mediated intramolecular [4+2] cycloaddition catalyzed/by

1.5.4 Trienamine and Polynemaine activation

The enamine and dienamine activation have I
podunwsaturated carbonyl compenamsneThetivastoa
JRrgamsle CherdTihe y2t0ekdp.o®™i @& s r e act i-doinesh ablle® twhe e n -
3ol efinicl.oxthshdolhasbaAmietlat escell ent sel-ecti vi
prolinolSchtéiwye. ETthhiesr r(eport was significant as
eantioselectivity in more -31G(td) Ipowelti ohst heée
studi ed thiyeeabsevivegtrdme eniamé ae. @BHfdemer mi ne
to be the | owedt)lédnTlea eawtyhtdhFstgdlederer imé tbefdor r
bond -tofamd Enami nd. @@sr ds @l kciah/ mol hi gher tha
oblbond tolor.24FRurtt hienr mor 8, P4 hleo H®OMOd ofii gher i n
than the corregmdredi fugpv 8 @MBtbeéorfjact wi th LUMO o
The difference in HOMO energy | eveloibomhkhi ned
explained bflheaofTthheisvemi ti al rleeoabi dempnsetfram
tonacaobirality at B&Bodlewahhgpbbetioitial report
have been v/@rioiulsi zrienpgjorltisnear trienamine in

triendamdetset r‘'denami nes.
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N Ph
| H  OTES
VI (20 mol%)

O\Qph
N Ph

OTES

| OFBA (20 mol%)
CHCl3, rt or 50°C

1.18

Chapter

R
— 1.19 -

CO,R’

OHC e

NC CO,R!
1.23
up to 97% yield

up t0 90:10 dr
up to 89% ee

1.21

up to 99% yield
up to 93:7 dr
up to 98% ee

Schemd..7: Trienamine mediatednantioselective Dielélder reactions of 2 Dienals1.18with
olefinic oxindolesl.20andcyanoacetate$.22 reported bylgrgenserand Chen.

N Ph
OTMS
=
10.0

=
X

1.24
3.6

1.25
[0.0]

Ph

Ph
OTMS

7

A

1.26
3.8

Figure 1.14: Calculated conformations of trienamine and their rotational barriers. Energies are

in kcal/mol.
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The first exampl-ter iodnamiine ziimtgen medicatos swa s
When an amanmdeansad sy swd itehd ecjyttlhiec r2e,s4ul ti ng i nte

ei t lte ra sa e nla néi Bnienterair e nla. n@i Gneeh kB .n&

@\R
y'-deprotonation =
>

0 o)<
. T
.o |
| N R 1.29
—> 3 | - Cross trienamine
Y, V'
5
€
1.27 1.28 R

L
g-deprotonation

1.30
Linear trienamine

Schemd..8: Crosstrienamineactivation mode in aminocatalysis promotedgleprotonation.

By exploitih@rgdirssomettarted a [ 4+2] cycl oac
cycl i-cci eh,ad4 s and ol efinic oxindol es or azal a
compohads erestingly, the computational i nves
i nt er e Bdifatteher modynamically favoured by 4.2 Kk
1. 3which was al so confirmed by NMR studi es.
thermodynamic pref erldnictei loif z-tf Mgre2d a m/cd @ardtdeurcme
determined to be favoured by 18 .8®lakoca& v moti eead
i nter medilatles (Thigunrder modynamic preference wa
of a comjyssgaetmedvhi ch is nowi fbrmede&dortcyehanmt

that the reaction is thermodynamically driven
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]
V (20 mol%)
rt Ul OFBA (20 mol%)
CDCl,, rt
R2
1.31

B
N Ph

OTMS

1.35
up to 58% yield
up to 5:1 dr
up to 99% ee

Chapter 1

EtO,C
1) /

O

N
Boc

1.32

2) PhsPCHCO,Et

CDC|3, 40°C EtOZC /

1.34

up to 62% vyield
up to >20:1 dr
up to 99% ee

Schemel.9: Crosstrienamine mediated enantioselective DiAlder reactions reported by

Jargensen
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ii\ij MeOZC
=
+

/
N
CO,Me / O 0CO,Me
- 6 — = ()
N CN /
\
1.39 1.36 1.37 1.40
-20.1 [0.0] -17.3

1.41 1.38 1.37 1.42
-28.9 4.2 -26.2

Figure 1.15: Pathway compason of DielsAlder reaction between cyclic linear trienamine and
olefinc oxindole(top), and crosdrienamine and olefinic oxindolébottom) Energies are in
kcal/mol.

By wusing cyclic substrates with extended
ami abal ysis has all owed the deowrederpmewndt!| ooaddd
beyond [ 4+2] cycloadditions resul tidnfgr giemseom,)
reported highly stereoselecti2cear p8&@2é@mpadicl|l oad
nitroabl éSingsyamntri c amiAfTdeatcolndetnsati on of
i nd2aoa&r bal dehydes all owed the first report o f
i sobenzoful velneqHi gt r)e médllidh er s per formed a DF
YyB97 XB/Aeg(d, p)// SMD(chl orof or m) l evel of t h
stereoselectivity. It was desaiteerpnwinseed ptahtahtwatyh
barriers were det erad nle0d. 1t ok db&lkh hInBS,27 rfkosrp ke £ mo I e

Thaut hors al sda ranrmsdlauadesd ftoratconcerted cycl oac
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|l ocated, however, al . zAwei stutletriinogn ifcr oimm t Meircnheadei | a t aec
i sobenzofulvene to the nitroolefin was found
determined that the observed stereoselectivit
addi teiponangdt (i i) the electrostatic intiegrsaocti o
carbon of amino isobenzofulvene intermediate.
atom of theips@arbogrobtpaando i gobbazbiusveadd:
suggested the possibility of a [10+3]&&ycl oac
found whi | e optimizing t he zwitterionic I ni

experimentally, sugg-€Sitbuwmgc athieom.i keli hood of
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L P o
Ph' Ph ~“ o, 2

N Ph
Y VI (20 mol%) N
p-Me-BA (20 mol%) Ph,o =0

Y

CDCls, -25 °C
1.43 1.44 1.47
amino isobenzofulvene
intermediate A
1.45| TS1
13.7

00
ON

— '\
Ph o
> _Ph
ph—C_)
1.48

[10+4] intermediate
observed in silico

TS2
101

Zwitterionic Intermediate

Figure 1.16: Aminocatalytic higheworder formal [8+2] cycloaddition reaction betwedm43and
1.45,and its stepwise pathway. Potential [10+4] pathway (red) fal@adductl.480observed in
silico. Energies are in kcal/mol.

The computational insights gathered from t
cycl oadld@rtgeanms,goar t ed t he first stereosel ecti
i sobenzof udlventersonandlaf bonendti en®USi miFli grur ¢ o 9 ) .6
cycloaddition, the reaction was determined to
[ 8+2] cycloaddition report, the [10+4] <cycloa
which formedntaezmedit @r e onTki $ was ifposlalrobwend obfy

amino i sobenzeful vene.
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1.49 1.50
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up to 95% yield
up to >20:1 dr
up to 95% ee

Chapter 1

Schemd..10: Enantioselective formal [10+4] cycloaddition catalyzed by aminocatalyst, reported

by Jgrgensen
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Chapter 2

Chapter 2 : Mechanistic Investigation of Aminocatalytic Remote
Functionalization of Ub-Unsaturated Aldehydes

2.1 Introduction
Since the proline catal ygtdalaRP0O6D, raamcnobaca

has become one of t he ndo setd esftfroactiesgritesa o sl e | w

functionalization!d@heceaer nowplesi ao@ed sdswhi ch

utilized to r atli ornead ulztes exmerpmeadit ct stereoct
facilitated reacti ons ¥ Téiedien gnoidre | rse aacrtéi min dded w
expl ai n-atntde steegiemchemi cal outcomes for most e

1.5.2 in Chapter 1 for details.

More recently, the enamine activation mode
and even tetraewpamsbatesr dyediscagb pmoyl compoundc
stereoselective functionid*Howaeveon aff omore dos
mechani sm of these extended activation modes |

has nmoesltileygd on anal ogy of models that are well
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Scheme2.1: Di enami ne -awmidn attie@msawdted &ldeffiydeseported by
Jargensen.

The first remote functionalization, with t
JRrgeentsemler e the authors osaund meds diienh baift wrea tf eod
al dehSdRee2dg L n this work, the authors detail
azodi carlbEoADy lyated di ng remotely framchiadomahni zed-c
provides high enantioselectivity, however, t |
opposite ofThehastt eerxipce cstheidel di ng from oblkeilcat al
to be added from the back, instead, the obser\

(Figure 2.1).

R R
Expected Observed

Figure 2.1. Depiction of selectivity in dienamine intermediate by steric discrimination from
aminocatalystV f o 4amirmation.

The proposedJ@Bmegeasseasgng ebsyt s t hat virDe aecltsi on
Al der type pathway bet wedk nDEAR. dli re ntalmeA hréeepg anrt te,t

pat hway was shown to be more fawpasietdi armhaanf n
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dienamine. The authors suggested that the res
>2ami nated product and release the catalyst. |
bond in the produEt Hoave vieé b emini eaxd wase bpbeovi dei
hydrolysis of theRelwya&mh toiaaklHeacnt fwiil gedardast itoon tohfe t he

I n 2011, Chriomtt wghmatr eponr tedsteil cerc,t i wii ttly, hib
enals and stabsingedi any b oakh't’Tohoen kasuut( hSacrhse nmeo t2e d
stereochemicalf ¢dovref irggurodtei csnher pooeniceéer Wae no
gener al s tneordeed csh efmoirc aeln aurhidn @ nrveoktei @b kst re¢gd mo d e |
the diaryl el ectr opdiidved coipapuwdsti teeddt eni thbeubdhka:

This was determined to be completely opposite

wr
9 N Ar 9

H OTMS
OH A
| (20mol %) "
Ar Ar TFA (10 mol%) Ar
R Toluene, -20°C R

up to 92% ee

Scheme?2.2: Dienamine mediatedb>-alkylation of Ub-unsaturated aldehydes reported by
Christmann.

To explain the observed stereochemistry,
produced after ckhe aal ¢ ot e ofrlnidive e wmaddeshengeueenn c e G
depr ot/opnraottiddinat sosequence suggests that a sec:¢
is alkylated at gamma position mayohbhd di aoami

i ntermedi at B/Z4d ol extpil wiithny tdfeh gan @b awil kyddatti lhea s

di enamine i ntermedi at e i bt dvasahed by opchseerdni

protonation of the alkyl ated dienamine interm

and not the initial electrophilic attack (Fig
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|
= /N@\) E |
/(\/ H4C = /Ng
3
HsC E
Z-iminium ion E-iminium ion
-H*

Figure 2.2: Christmann's proposed second dienamine

Thmechani sti cof naabllsktyilgaattiibopn sGeabwi nd found
stereochemical out come iolfy tohne trheea citn downc edde peemirt
reactive diendWhinkei nhes emeowendfl @rumateircsmn so oadr € or
enamine systems, t he adcaciotnif omanlat ¢ opmimd @& by ¢f ¥ ec x fi
cannot &EBhe gamwtrleor sE/Zeapli osedrtehati ve to ter mi
di enamine intermediate by NMR and cotmgrurhiartadlon
doubl e bond showboaZikdh@admdariicn g rtef e rfecnrcreat i on of
sl owlyzéesomer i her mod yEiasnoi nteal:ZIwa ttphroe fodr rle® . Wi t
shiel di ngEimodeelr, |tgmaasn ttiooZAmere eeradd s R-¢ ma n thieo mer
the E: Z whtadweofndt 2corr el aeteea |ltbe pt hteo eX2p%.r i Hreer
by NMR and computational studi es, it Ww-as obs
di enamine and the el ectHEdipehndnni mea.s A dod eafia a mhaal nl
Z-di enami newer et haveuir abtéiemrcGH observed with the
summary, the authors pr oas ed atmh ante ,t H ® wkeir n aatcit «

for attack bnoml eattepphli ki c di enamorn@a) emratnd
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interactionsphwilteh arhee red epdmyiolnlr eenrg@d nt thiedvRe rh.i gT
authors did not perfolami anterhenegpovoetstaoweve
t hat t-Alederi edat hway requires a downstream i sor

| n acretnaol ytic reactions with diaryl prolino
rationalized by simple steric shielding model
hi nders the approach of the catéalypmttheomtbee
However, mechanistic studies on enamine medi a
interaction of enamine intermediate and el ect
provide theTwbohethbcsunete that the enanti os:«
mu st be rationalized by the thermodynamic st
interactions between enamine and the electrop

Hereian extensive mechanistic study to gai
selectivity fomwnanhi paamonei snmedepbetded. The res
aid in understanding the pat hwady ebxupta nadlisnog b ehne

of novel asymmetric remote functionalizati on

2.2 Computational methods

All structures Bv3RUY¥YPW pthi niheee pd dudshi NBef) IGE€ Wl ¢ e 6
basils® &oeltvat itood wemirstehper f or med using the I ntegt
Pol arizable ContinuufifaModel by & EF&cM) mpdkeVysi:c
structure was éerbahstabdaemi Al mumpormi zati ons we
09. &8ilngl e point energi e X% e mwentad a lacnudl attheed tursiip
valence electrons plus pdéluaiingatihen| EEFREMI spnl (

with tolugoneesAwkr@abDgeiner @ted using CYLvVview20
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2.3 Results and Discussion

2.3.1 Diels-Alder Cycloaddition between Dienamine and DEAD

We started our investigation by studying
intermedi ate in order to examine its ER&r mody
tra@ld enaMi nEn-thr a@s enaB)i nveer(e simil ar IiHs ener g
cib @i ena®i nes (di sfavoured BYyFRgQOrkcadal B8inol Expkat

the peaks of dienamines A and B were observed

gschwedBemganetnf er ence I n order for t hAl deractty pe
pat hway, as proposed by Jorgenson, E&cel, & or mat
di ena@®@i nceon(ffi guration is cruci al

(T)\/\Ph(ca,)2 OXPh(CF3)2 Oxph(ca)z

N Ph(CF3), N Ph(CF3), N Ph(CF3),

OTMS OTMS OTMS
= = =
= Z x
A B c
[0.0] -0.2 +2.0

Figure 2.3: Computed energies of Dineamine A, B, ané1€e energieseported are in kcal/mol.
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@XPh(CFs)z OXPh(CF?’)Z
N~ >Ph(CFs), N" TPh(CFs),
OTMS OTMS
ZN ZN"
= * *

-4 1.01
l.OOE
1.08—1
1.081

(o2}
(%]
(o2}

T T
10.5 100 95 90 85 80 75 7.0

-———
55 50 45 40 35 30 25 20 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

Figure 2.4: Experimental evidence of dienamireandB by 'H-NMR at 300MHz in CDG]

We then investigated the barrier for addit)]|
The barrier for f#édef dOmanddd i DEDBENS Waest weadimea Ibat e d
+23.7 kcal/ mol PnahBEAD eT hteo rdda sduhlatmirmge ylbi Aed asd d u c
| NT was found to be thermodynamicAbhg DBEBRADUT e
(Figure 2.5) I n compaaddionD&ADef dchaerrbioenr so ff otrt
di enamines were deter-mBnkdat 6 mDAT 8Ebd avesau letdi
monraoddi ti on intermediates -Wkrlkcdlo/umal t oTlbies eqd
reaction proceeds tlrdouwgl|toltae dkitnmetni paltlhywafyau
thermodynamicall yDAlaNNour ed cycl oadduct

The kinetic preference for cycloaddition s
intermedi ate is not an i mportiamd¢e,f ath&rdidemam
too sterically hindered for DEAD to be approa

formati on o fDAIcNTob e & d d utchte steric shielding
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enantioselectivity. Dye tbhet DEAD@2RpOIimacwmdt [ 4+ 2
carbon resulting in high regi opekbettownity for
Ph(CF
LDers: CAoesss
N Ph(CF3), N OTMS
_ OTMS N/CozEt +93.7 i ~CO,Et
+ 1 L’ 'Tl
N DA-TS N
= CO,Et “UNC0,Et
A DEAD DA-INT
0.0 -31.6

Figure2.5: Calculated barrier for DielsAl

der cycloaddition between Dienamine intermediate and

DEAD. All energies are reported in kcal/mol.
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a)
TS 1
4 183
36.8 36.2 q’_gést
. DA-TS
20 R
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0y 200 2%
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e ARY
n,; Ty I\
~ 18.0L I, YA\ 6.7
. " |V R INT 4
S o AT
= 11.0 | » Vo INT 3
- n 1 v 98 INT2
—_ INT 5
o 4.0 | . \ 6.7
kv, A+DEAD, |
E -3.0 L 0.0 l‘
]
W _10.0] '
< \
-17.0L ‘|
1
1
-24.0L '
1
1
1
-31.01 ——DA-INT
Reaction coordinate
b)
@\4 h(CF3), (g)\fh(cF3 Ph(CF3)
N Ph(CFs), N Ph(CF3)2 Ph(CFs),
EtOzC | E10,C.Q | o™ I o
g G |
EtOZC g EtO,C”
N. ,CO Et
EtOZC 2
INT 1 INT 2 INT 3
h(CFs3), Ph(CFa3),
@Xph CF3 2 Ph(CFS) Ph(CF3),
Lo Th{CFa)2 OTMS OTMS
| N/COZEt N,CozEt
N N.
CO,Et CO,Et
CO Et
Et020 2
INT 4

INT 5

Figure 2.6: a) Reaction coordinate diagram of calculated barriers for maddition of DEAD
and [4+2] cycloaddtion to dienamine intermediate. B) The resulting iminanmntermediates

DA-INT
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after moneaddition of DEAD and [4+2] cycloadditio to dienamine intermediate. All energies
are in kcal/mol.

Il n order tobsebvairdn pthied wwcoltddl dlandidu ctunideg go
opening and hydrolysis. Our cal oault awigeAaBd | ndi
attachegsesatboheresults in a barrierleddNTring
6. However, tlhetwowdo! yessl 6f i n &€bsafvegdrpt 00u
the double bond (Figure 2.7). Therrienfgo roep, e nti hneg
DAl NThust go through an inter medUfabtoen dwhiinc ho radelr
generate the observed product.

o O e

OTMS OTMS

®
N,CozEt H,\II/COZEt

N\ N\
S CO,Et T CO,Et

—Z

Ph(CF3)
+ wph(CS?jz

N
H OTMS

DA-INT INT 6 Z-configuration
not observed

Figure 2.7: Hydrolysis of cycloaddlct leading to product with-Zonfiguration

2.3.2 Plausible Mechanisms

The conversati@douwb|l et hbeondviZaopbhtdhwagsr 1) f or

aminated dienamine intermediate which examine:
Chri stmRaingour e 2.8, |l eft, green) becrard)d NBeovfer si |
(Figure 2. 8, right, bl ue) . For t he mechani s

intermedi ate, we propoaebboNB@lod alceprtod oarmait n atne @ |

i nt er nlehdei aftaev.our ed conf or mati on tdhen ag etd ryottd
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that may | ead to the prlbpdounc thiyydertoHmyisnivgom!| idom es
observed [Eroddciguwiath on o0fR-4ther elomaudndteerb.ond an

For the Michael additioncpaddwmwgpaewempl epal
t o bichhe boNToOoBsul ting iimt earnmeedniaanti en et dnrad u ik st He e
bbond. Upon rotation and emMi miamtd omf orf mewatvea L
to the obser verde,prweae uecxamiTrheed efot h pl ausi bl e

and experiment al met hods.
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Ph (CFa), C)*Ph(CFm
Ph(CF3)2 N Ph(CFa),
EO,C.,, ~ OTMS
| h(CF3),
N
\ Ph(CFs), " Eog oH AT <—>\<F‘h(CF3)z
@\g’h(CFs)z N L-PhCF), Ph(CF3), BOC
N Ph(CF3), MS .. Ph(CF3), |
| oTms = N oTMs o,
. Formation of S _CO,Et 2
Dienamine HN H,0
H,0 *TNCO,Et h(CFa)z
Ph (CF3),
Formation of EtO,C. N EtO,C.
o Diels-Alder ) NH ‘
| Intermediate £y N EtOZC’N H20
‘ o
Ph(CFs)z EtO,C |
oPh(CF3)2 ZNH |
I
- - ” N
D\ﬁph(oﬁb Downstream aminated N-COE Michael addition EtO,C
N SfhCFs) dienamine pathway Neco gt pathway
2 Observed product
C\) DA-INT D\\QP“(CFs)z
Et0,C.. i N Ph(CF3)
NH _CO,Et Formation of 3)2
v H N Diels-Alder H otMs
P N. i (0]
EtO,C CO,Et Intermediate

Observed product

Formation of MNCF3)2
H,0 @\J’h(oa)z Aminated N GENCEs),
N Ph(CF3)2 Dienamine _CO.Et
Et0,C.. N HNT 2
Ph CF3) N-co,et
EtOQC Ph CFa)z
EtOQC
INT 6
EtO,C” N &
Stereodetermlnlng

Step

\
Ph(CF3), |

Ph(CF3),

MS

Q\\[’“‘CWZ ® \__Ph(CF3),

N U RR(CRs) N Ph(CF3),

~_ - | oTms
J ]

H*

/\jj
9

H,0

Formation of
Dienamine

Figure 2.8: Plausible pathways for dienamine mediatedminationreaction.
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2.3.3 Aminated Dienamine

Upon ring opyali onHdbNTHhdei mini um | Dic&mter ma

undergo depr ®daearntadn otno arte sthlet i n t heDRimg wrad ed
2.9a). The formDmasi ompoftdnénamnbleondotalkl ows af
downstream i nBceoannfeidg vartaet iwoint ht o result wenw t he

started by <calculating different configurati
calcul ated (Figure 2.9) .Dwlats waerdeotdg mmimmedal tl ly
rel atEiameby o7. 0 and 5.1 kcal esmbbk, thaspeapionel p.
thé&band, the thermodynamkankgoefl er decé hef ddi &m:

promgtesfiguration of the double bond in the
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a)

Ph(CF3), Ph(CF3), Ph(CF3),
%?M§F3)Z %Ph(CFs)z O%Ph(CFs)z

N | OTMS N OTMS

_CO,Et ® _CO,Et ® _CO,Et
N _H HN2 H 5 (@HN
\N\ \\N\ ~
7 NCO,Et 7 NCO,Et NN CO,Et
DA-INT INT 6 D
N OTI\/I(S W2 N Ph(CF3), N Ph(CF3),
CO,Et Et0,C OTMS OTMS
/H[\Ij/ 2 2 \[\IJH = =
N. N~ =
N COzEt Et02C
_N.__CO,Et
EtO,C~ N7 2
D E F
[0.0] -7.0 -5.1

Figure 2.9:a) Formation of aminated dienamine intermedi@tfom the cycloadduddA-INT. b)
Conformers of minateddienamineintermediate Free energiesre reported in kcal/mol.

I n the downstream second dienamine Epat hway
an i mportant step. The pEahkKwaoulidnr eosfulatmiinmtiel
intermedEabeki gvuntdati on of the doutwbel dtohdadvht
observed product .ocTalréd omr acwtacn & taiken pdtacteled r om b
anEdresulting in iminiggmnRkeneiradtehemids at gs Wp o
di enamiorud d result i n liNdianfldN ™ 8anntde rdfeednsaanti ense i n
| NTa®IdNT (FO gure 2. 10). I t wasl NNTetryBlN Mmi 8reeds utl htaitn
from dienamine E, were thermodyNamOCdBTI $0f av
resul ting fr ohmchi emnearnei nsei NHNTawlBi igrur en r.dy0)as Th
ion intlkNmaddNaTtw8r e determined to 1. land 2.6

thermodynamicall yNTLadoured relative to
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MF?&E%:S% @Xph(c'%b ® Ph(CF3),
N 372 N Ph(CF3) N Ph(CF3)
OTMS | otms 72 oTMs 7

I
H,\II/COZEt EtOzC\'\IIH |
\\N\ ,N
“UNCO,EL EtO,C
INT 6 INT 7 INT 8
0.0 -1.1 -2.6

@XPh(CFs)z @XPh(CFQZ
N Ph(CF3), N Ph(CF3),
/\/(\I OTMS | OTMs

_N.__CO,Et _N.__CO,Et
EtO,C” N7 2 Et0,C~ N7~ 2
H H
INT 9 INT 10
0.1 0.5

Figure 2.10: Calculated Iminium ion intermediates resulting from protonation of aminated
Dienamined, E, andF.

The thermodynamical |l y NTawdWiNTe d8)s inltteEr me d it &t
configurate odo wbloas SlehonBcht r ebcemcar dbonat t heord
determine the thermodynamically favoured conf
anal ysis whs wasfdemedmi ned t hatl NNThel Lienaidn inugm t
t he expect ed9-sptreordeuocct&Ewmvioiatfhi gladati on around t he
determined to be thermodynamicallNly 6Tdwoumamli a
ion intermediate | eadi mRgstteo etohcde-cnadimsre puddt p ood
12 was determined to 3. O0NKC&li/gmole Ri.dHér iThies

t hoeami nati on reaction may wunder gbAlaMTt her path
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INT 15 INT 16 INT 17
-0.5 -0.5 -4.5
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Figure 2.11: Resulting iminium ion intermediates upon protonation of Dienamines D, E, and F.
Free energies are reported in kcal/mol. (C = grey, N = blue, O =red, F = green, Si = yellow, H
= white).

We f uirmvhesti gated this mechaViei pmolpypsexpémhiamn
reactionoamiesatifeod mdi enami ne, evidence for the
di enamine can be gathered by deuteri uat ilcabel |
reaction i sopeutfeoranead waltchehy de andoptrhoag omr,od u

woul d provide evidence of the aminated dienam

i
_CO,Et
5 D |+ N IV (10 mol %) _
Et0,C PhCO,H (10 mol%)
Toluene, rt
nR

Scheme&.3: Proposed reaction.

Hence, the reacti @rmhevaye® npse mbwhrinheed nwinti hc k§ n ¢
condi ti onslBrregpeatrstesald. bAf t er carefully monitori
was no product @b e nNesd ad o ngtaamma ngosi t+ on. I
deuterated aldehyde, the gamsa 1©mf, pthaweofert, hes
reaction was monitored over ti me, this signal

aldebFyge .J1.2 The <consumption of starting mate

evident, bpurt o tnoon gwwansmaobser ved as we hypot hesi
t hat the formation of aminated dienamine is Vv
6 3
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Figure 2.12: Stacked NMR segmentaémination reaction with deuterated enal. The signals on
left (red) show the ethyl protons of DEAD, the signals on the right (green) show the ethyl protons
of hydrazine moeity ithe product.

2.3.4 Michael Addition pathway

Anot her pl ausitthbeemipnaatthiwoany rfecarct i on i s t hat
cycl odDddNETtit could undergo a Michael addi tio
coul d afdarabt®@mINEf o result i n th&Newhaint hn ealilna ves
rotation Ubondd The rotation which is follow
potentially result | NT,i &timda upnr d downc tiinvtee r croerdfi cart

observdeicdtpr(di gure 2. 8).
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h (CF3), h(CF3 Ph(CF3), Ph(CF3),
Ph(CF3 Ph(CFg Ph(CF3), Ph(CF3),
OTMS OTMS OTMS N OTMS
E E E N E N
co2 t Co2 t 0Ly -~ 0L -
N N
COzEt COzEt Et0,C” “OH EtO,C” OH
EN-1 EN-2 EN-3 EN-4
0.0 25 0.8 4.9

Figure 2.13: Michael addition intermediates.

We started with calculating the different configuration of the resulting enamine
intermediates upon Michael Addition dA-INT (Figure 2.13). The diastereomeric enamine
intermediate€£N-1 andEN-2, which upon rotation would result in diastereonels3 andEN-

4 were calculated. It was determined that the enamine intermé&dhaiewas thermodynamically
favoured by 2.5 kcal/mol relative to the diastereoEMf2. The rotation oEN-1 results inEN-3
which was determined to be slightly disfavoured by 0&/kwol while the diastereom&iN-4 was
found to disfavoured by 4.9 kcal/mol. The lack of thermodynamic preference fen#mine

intermediateEN-3 overEN-1 upon rotatiormakes this pathway implausible.

2.4 Conclusions

Comput ati onal and weperiumedt a&led mdtohosdisudy t

ami nation reacti ooridaod n @mian s avad tt ihv EDtEIADN . Thi s

stereoselectivi

to rationalize the unexpected

reacti onvipar ddAeédddessr type pat hway, which 1is kin

nucl eophilic addition. The excell ent -Aledgeiros el

reaction which ptaatdeasr pd mcef atthda hdki enami ne.

Thaami nation reactwolE-boesulgus dib-diopbbédubbed a

(R-st ereocenter. To under st arEe€ othnHe gaub sadr vwead ¢ twe
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mechani sms were studied. OQur calncul @aft i down tnr
aminated dienamine suggested that the format.i
to result inEconérgpedionates.winhorder to obtai
2amination reacti ondewdx2r@neafior mMiende WMRh moni t o
reaction did not show any evidence of, tthhee do
productive iIimkEcenmedguaibe R)yBtlBoaeadbaeniaeg di d not
thermodynami Thepriefitteeremeeci. ate reSutl¢éieagcennt epr

thermodynamically preferred which is not obse

The second mechanism consists of nucleophili
Al der cy@BAIoNaTd dithaist ¢ eisn an enamine intermediat
l ead to i ntBcomefdi garatwi ¢t dr ound the doubl e bc
there is no significant t hermodynami cg)-prefer

confiigoamaarlbdodblt @ ebR-s1itde weé o & eaptoesri tdtont. he

Overall, our mechanistic investigation sug(
procekeliseAlsder pat hway. However, the experi men
support the proposed mechanism for the downst

mechani sms must be explored to rationalize th
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Chapter 3 : Exploring the Role of Aminocatalysis in the
Dearomatization and Regioselectivity of Heteroaromatic Aldehydes.

3.1 Introduction

Het eroar omati c sfcuarfafnosl,d s y(rsrpod cei fainada ltlhy op he
attention as a substrate for asymmetric vinyl
polyenamine intermediates f orAlrdeemmo tréd2 Rdcldld ol nast. i
heteroaromatic compounds appear to be a privi
t hey not only provide a rigid, conjugated ba
enhanced r daatmaviiton wgont he enamine due to cor
the heteroatom of the aromatic ring. These fe
of the aromatic ring upon reaction oftitahe feme

further development in this area of remote fu
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Scheme.1: Model systems studied in this work (X=0, NH, and S)
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Threel ative stability of enamines can be r ec:
equilibrium between two carbonyls and their <c
B Y enamine A’HowearbonywylneB)f the most interes
reactions invol ving heteroaromatic al dehydes
intermedi at es. Herein, we have e&xansicrheednea 19 e n

particular emphasis on the effects that the f
dearomati zation of these systems. The use of

5membered heteroaromhoiedrimdBti@dakihbesecatwexe.ec
empl oy a higher hierarchy of h o ngoudaetsi noontsi,c teoq u
accurately assess the dearomatization!Péhalty

Hyper homodesmotic equations all ow for a syst
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estimati amgyofpetntnd tédrees f or dealfoMiathiaxat iad s o0 fst
the trienamine intermediates formed from the:
met hods for predicting téceci antoss, rieacltudiengipe

of the HOMOs and isosglrfaces of Fukui functio

3.2 Computational methods

Al'l structures wes ep hogste -BuXdidrdghi MOHaeshpd dgt b | e
val emBclee G d, p)° &% di vyi beational analysis verif
mini mum. All optimizations ?%®irreglpeerdmirmteden er

calcul ate@Xisinecg i MOE|l awmwdntsh st eotprvdidasd isweslelt ¢
as the seco#tilessder poMRL bePdwii tom -ptVhBDagi ¢ MPE) .
Values discussed in test2xr7-g\YTZ el XdB6R+ @(i c&,sp )c.a
MP 2 FpcVeT Z /1 2M@3&L + G( d, p)r eenenrcgiuedseda in tables and
t hose cal cul-aX/emeTwi tHA/XMBEB6G( d, p) . Orbital cCo
gener ated wi t2WEI|QMFtorrgset altedir.¢lv pdt emtairales wer e ¢
CHel pG %the nfaurkautii dn describes the @hanige afgi)
point with respect to the change in the numbe
neutral molecule. This approach had éfkse8Inl used

3D figures were gené€fated using VESTA v3.5.5.
3.3 Results and Discussion
3.3.1 Model System A

To begin this study, we explored the simplest heteroaromatic system bearing an aldehyde

and a methyl group at the &nd 5positions of the ring, respectively (Model System A, Scheme
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1). This represents one of the first compounds that employed the dearomatization approach in the
formation of polyenamines for the remote alkylation of furfural derivafi¥é&swe decided to

focus on the influence that tiangent iminium ion has on the formation of the dearomatized
trienamine intermediate using the hyperhomodesmotic equations outlined in3TNabl&e first
equation examines the energetic cost of breakhe aromaticity of the furfural derivative by
forming its enol tautomer while the second equation evaluates the same energetic penalty with the
iminium ion derived from furfural.

Table3.1: Hyperhomodesmatiequations used to assess the dearomitization of Model System A.

Values in plain text are free energies at MD&/ccpVTZ //IM062X/6:31+G(d,p) and values in
parentheses are free energies at MPZIv@ Z//M062X/6-31+G(d,p)). All repored values are in

kca/mol
O OH OH @)
1) X X
( HW * H)ﬁ H)v ¥ H»\@/
A1; X=0 A5; X=0
A2; X = NH A4 A6; X = NH A8
A3; X=8 A7; X=S8
(o) L) L) ()
N\ N N « N\
X - >
A9; X =0 A13;X=0
A10; X = NH A12 A14; X = NH A16
A11; X=8 A15; X =8
X=0 X=NH X=S
Equation 1 11.1 (9.3) 16.8 (14.6) 11.5(10.1)
Equation 2 5.4 (3.8) 15.0 (13.0) 5.1(3.2)
P OO {eg.2eq.1) -5.7 (5.5) -1.8 (1.6) -6.4 (-6.9)

In examining the energetics of equations 1 and 2, the dearomatization of the

heteroaromatric ring in both the aldehyd&&-3 (X = O, NH, S, respectively) and the
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corresponding iminium ion#&9-11 is disfavored. However, the presence of the iminium ion
decreases the energetic penalty for loss of aromaticity in all heterog@:les when compared

to the corresponding aldehyda$-3 (Table3.1). Calculations on these equations WiR2/cc

pVTZ /IM06-2X/6-31+G(d,p) show the same energetic trends withiatien of less than 0.4
kcal/mol for all systemsThis decrease in the energy penalty suggests that the presence of the
iminium ion facilitates dearomatization.

Perhaps the most interesting observatioted is in the comparison of the influence of the
iminium ion across the three heterocyclic systems. The formation of the iminium ion in the furan
and thiophene systems has a significant influence on the dearomatization, in each case lowering it
by ~6 kcal/mol, relative to the corresponding aldehydes. On the other hand, the effect of the
iminium ion in the pyrrole system is significantly less, lowering it by less than 2 kcal/mol relative
to the aldehyde.

To understand how t he hehecirtearmfmahéetemroatgo !
energetic penalty for dearomatization in Mode
structures involved in equations 1 and 2. Wt
comparing the strAuauAds amfd almdablylanedilyph s (
comparison of the enols and trienaminfelsd di d
rel atAigv =+ oNH). RAfdttrhen@ym mel i dine ring of tFh
nitrogeni 4d omet pfaulkly aligheyYstifem afontaheobri ali
twisting appears to be due to st erH cbocnldasonf otfh
pyrrole and is nodndprtelsieand b dinnssygteshteds mfpprign dat a
Compari sonrtC ofondchel eNngt hs of Alh3e lie BfBobiAn. egs6 ( 1. 3 |

f AArl,mand j1f. Br2)4 suggests Alhdast tthceo el neatgsegdnh escu ppor t i r
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da)ylan t he corresthbberdpnpgrehel BHedoes not encoun
and is not bent out of conjugation, resulting
in the pyrrole system.

Next, we wanted to assess the influence of the heteroaromatic rthg cegioselectivity
of the addition reaction. To do this, we performed population analysis of the HOMO of the
trienamine system&12-15(Figure3.1 and Tabl&.2). In order to evaluate the possible synergistic
effects between the conjugation providedtuy aminocatalyst and the heteroatom, theaibon
trienamine A12 was also computed. Examination of the HOMO orbital coefficients of the
trienamine derived from cyclopentadie®e2 reveals that it follows the general vinylogy
principle’®>, wi t-bathen Uhaving the | argashomoaid-ditchem
carbon (Table3.2). The presence of the heteroatom in the ring system of Model System A
(trienaminesAl13-15) si gni ficantl y i ncr ea scarlsonwhereastheg bi t al
orbital c o -eafnfdcadoone detrease fretative tb thos@&ir2. An interestig feature
of this model i's the very |carbonio tridmanminesll3-16,0e f f i ¢
when compared tAl12. It would appear that the heteroatom in the ring is influencing the
conjugated trienamine backbone in two ways; it donateghetterminal double bond, increasing
the orbital carbori dnd icalse distuptsathie ddndtireg altllities of the awime
crossconjugation with the enami ne, -adnedcarbena.30 ng t h
further explore e electronic nature of these enamine intermediates isosurfaces of the Fukui
function were also generated. Consistent with our orbital analysis of the Fukui isosurface shows

the most nucl e o-patbonlof each Iseterbayclictenamises( sypdrtieag dath
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Figure 3.1: HOMO of trienamines AX215 for Model System A (isovalue 0.035)

Table3.2: Orbital coefficients of the HOMO of trienamin&$2-A15.

Al2 Al3 Al4 Al5
Carbon

(X = CHy) (X=0) (X = NH) (X=9)
ipso 13.6 11.8 15.2 10.8
U 18.7 11.3 8.4 11.2
b 7.5 3.4 3.3 3.3
9 16.0 8.0 5.6 7.6
U 2.5 3.3 3.7 3.4
0 12.3 19.7 20.6 16.7
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Overall, the decreased energy penalty associated with the dearomatization of the
trienamine system and the regiochemical preferences suggested by the orbital analysis of the
various trienamines are in agreement with the experimental results reportedréghfAbind co
workers3334 Our results also suggest that other heteroaromatic rings follow a similar trend so,

similar reactivity may be achieved employing those systems

3.3.2 Model system B

Next, we explored a family of heterocyclic systems containing an allyl group on the 3
position of the ring (Model System B, Sche& ) . Upon depr-oarbonnothei on at
corresponding iminium ion, aromaticity in the ring isrdged as the trienamine intermediate is
formed. While these ortholefinated, heterocyclic aldehydes have been synthesized and have
found use as intermediates in the design of photoswitches and optoelecftéhiosthe best of
our knowledge, they have yet to be used as substrates in organocatalytic reactions. However, the
rigidity provided by the heterocyclic scaffold suggests that they would serve as optimal substrates
for organocatalytic mote functionalization and, therefore, we decided to perform a similar study
to that made for Model System A to provide insights into what features this scaffold may present
for future organocatalytic reaction development.

Assessment of tphye r ompdc he ot atteley st on th
dearomtization of the substrate was achieved
(TabhdlB3e Bt was observed t h®&8t3(dkegar dma tainzéadSti ind m i au
11 eq. 4) di sf aamgraead., Similar to Model System
decreases the energetic peobnakictayl /froorl tihBe9 alld s sh e
lilwhen compared to the B#&3o(rTraebsBpeo nIipog adndélyd

geometries of structures involved i n equation
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comparing the geBBanBRl eanofcat deBgBdje d (Hogw eevneorl ¢
comparison of Bt9Bkad nBh)6nda mdein@mBridEssifows a signi
geometric change Whitlrei ¢emamidné esdsd:bkC dygies be
the parentB9lminBll,6 mmrnenfsairly planar (between 0
in thesenamBaAg5A.BRIMB U46BEANdN 2 B1S5AThese change
caused by increased stcenit péputhei cathéyweemn
l one pairs of X geae tshwep xoyrctlTilmcg sldebdsst yoafit ep [{an en
results in minimizing the steric clashes and ¢
i ons.

Table3.3: Hyperhomodesmotic equations used to assess the dearomatization oSykidei B.

Values in plain text are free energies at MD&/ccpVTZ //IM062X/6:31+G(d,p) and values in

parentheses are free energies at MP2iv@ Z//M062X/6-31+G(d,p)). All reporéd values are in
kcal/mol.

B1:X=0 B5:X=0
B2: X = NH B4 B6: X = NH B8
B3: X=S B7:X=8S
(o) L) ) (o)
, N N N,
H X HTX HTX—X H
4) Ly — )+
\ g g |
7 7
B9: X=0 B13: X=0
B10: X = NH B12 B14: X = NH B16
B11: X=S B15:X=S
X=0 X =NH X=S
Equation 3 10.3(9.4) 17.5(16.9) 11.8(11.0)
Equation 4 6.0 (5.3) 12.8 (11.6) 5.7 (4.5)
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P P Go.4e9.3) 43(41) -47(53) -6.1(6.6)

To assess the influence of the heteroar ome
regioselectivity of an addition reaction we p
trienami Bd-2 §yFsitggum3e |t was obsermierd® bt2lpba tt hfeor
coeffiociaemtoonat s the higher than any of the ottt

349). This appears to be the reswylstdi st ed f erco s

enhanced in the heBle?rSoyar bmaticonstreobmvesdone
heteroatom in the ringoaardbarh.e T\ eofo rtbhiBt acla tcad
carbon is | owered i n dgchoensjeu gsay s toemmso fd uteh et ot wtoh

increased nucloeapbiohi oviatsy adtsot helenti fied by

funct iBadmsfs €er supporting dat a
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Figure 3.2: HOMO of trienamine812-B15 (isovalue 0.035).

Table3.4:Orbital coefficients of the HOMO of Model System B.

B12 B13 B14 B15
Carbon

(X = CHy) (X=0) (X = NH) (X=9)

ipso 10.8 10.9 14.4 10.8

U 15.2 11.6 8.1 10.5

b 8.6 4.9 4.8 4.2

2 21.0 21.4 19.4 17.8

U 2.5 1.5 1.4 1.2

0 12.4 11.2 10.1 9.0
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3.3.3 Model System C

Swapping of

our Mmetxegr oar omati ¢

he positions

al dehyde,

Mo d e |

Chapter 3

the aldehyde

System C (.

used by GCGhmemkeamsd tcoo perform ster eo*llen etchiisvec arse
the application of a bifunctional organocat al
formation of he trienamine nidderf me-dleat & N3it h a

oxindol es,

giving the

correspaonemamgt Mosdlaedt iay

Table3.5: Hyperhomodesmotic equations used to assess the dearomatization of Model System C.
Values in plain text are free energies at MD&/ccpVTZ //IM062X/6:31+G(d,p) and values in
parentheses are free energies at MPZiv@ Z//M062X/6-31+G(d,p)). All reporéd values are in

kcal/mol
o) OH OH 0
H HTX HTNX H
(5) R — >
\ X z ~ X
Y
C1:X=0 C5:X=0
C2: X =NH c4 C6: X =NH
C3:X=8S C7:X=S
®
N N
H
" Ty, " TN,
\ X z X
Yz Y
C9:X=0 C13: X=0
C10: X = NH c12 C14: X = NH
C11: X=S C15: X =S
X=0 X =NH X=S
Equation 5 10.4 (10.3) 15.5 (15.6) 10.6 (10.3)
Equation 6 7.4 (7.8) 16.7 (17.6) 6.4 (6.3)
P P {eq.6eq.5) -3.0 (2.4) 1.2 (2.1) -3.7 (4.0)
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As with the previous model systems,35 he hyjy
suggest t hat t he C®Brwndar siinonnG@lfifn & lotheshhyed ecsor r e s
trienamines, i's an unfavourable process. Howe
i o@9( X = O0O) kicaldwed 2 ower than €hatsugfbeshieng:
i minium ion iIs decarawatnigz dathieomp.enBhity iforaldeo
Ssyst@Inty €3 where the presence of the i minium
aromaticity by nearly 4 kcal/ mol . COCdnwNeH)sel vy,
i ss2 1kcoal /hm gher than that fforC2t haeBddeatThimatcant
explained by the increased | oss of delocali zat
formation of the trienamine.rédhseddeéend@hhi abht:
doubl e CHdrld 4i2n j ) reC&tli. A4 tjg .t Hat iisn al so i ndi
the planarity of tB&0ewhicyhlk liisx tdwiudhtleed bowntd a fn
ring to avoid steri ed ibrmotnedr aocft i tome poyért rvdeleindhiénhe
exocyoxuhlce(sleendupplrting dat a

To assess the influence of the heteroar ome
regioselectivity of an addition reaction, we
trien@€inl s g.us.e PBoipaul aanal ysis sh@wf Xt hopptCHf or
the vinylogy principle is obeyed, i Uearbbe hi
foll owear bgn alcdrfbiomal IHHHwever , owhaarb oX = xthd tha rt
hi ghrelsitt el coefficient)ld nSitnhd aHOM® (Moadbelle Sy st
to be a synergisdadamcdetfhechebet watomt be Nhe su
the electronodanbony.(%id cB&bbldah tal so olbasred ved

Ucar bons have similar val ues i n their orbita
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Figure 3.3: HOMO of the trienamine€12C15for Model System C (isovalue (0.035).

Table3.6: Orbital coefficients for the HOMO of trienamin€42-C15

C12 C13 Cl4 C15
Carbon
(X = CHy) (X=0) (X = NH) (X =9)
ipso 13.2 11.2 10.7 10.3
U 19.0 12.6 10.2 11.4
8 4
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b 4.7 3.7 3.0 3.4
) 14.4 20.3 22.6 17.9
i 1.3 1.6 1.2 1.1
U 7.5 10.7 11.3 8.7

The orbital coeffici €h@ppeat cubabedi hocoht
work reportedwdryké&@hseneahbdecaut hors obs®rved f
position. I n spite of t hat , It is worth hig
bond/ ami nocat allyy stth altio atdhied other | pkeperties of
directed the el ect Wcoagprhbdne, toov erhceo nmorrge trheemoitneh e

t hoear bon.
3.3.4 Model System D

Next, we explored Mdbienls a3 ws tacere 0B ayltleindg id@ m
of the ring and a -pnedihtyiloms-blaBheativredhdslieean Dhet A
been reported bworMedrchi too r Al dlerdg aw efmccmatnison o
amr tghuoi n o ditnreitehrmanmi ne i nt er nfetdrfifhaet ea umtihtohr si nad osloe
the reactivity of tAledser sryesacetnmsont ouvairmndg ©DadteH
system and achieved t hel doxe indyoplee so fa drd3etahcet i dviie

Table3.7: Hyperhomodesmotic equations used to assess the dearomatization of Model System D.
Values in plain text are free energies at MD&/ccpVTZ //IM062X/6-:31+G(d,p) and values in
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parentheses are free energies at MPZI¥@ Z//M062X/6-31+G(d,p)). All reporédvalues are in
kcal/mol.

0] OH OH 0]
H H H
) b /
(7) + \ —_— \ +
I\ \
X X
D1: X=0 D5: X=0
D2: X =NH D4 D6: X = NH D8
D3: X=S D7: X=S

(8)

T
Wz@
P
+
T
é/\/\
T
yZ V
X
—
+
T
%j/vsz

|\

D9: X=0 D13: X=0
D10: X = NH D12 D14: X = NH D16
D11: X=S8 D15: X =8

X=0 X =NH X=S
Equation 7 10.8(10.5) 16.6(16.3) 11.6(11.1)
Equation 8 9.7 (9.7) 20.7 (20.5) 10.1(8.8)
N N Edseqr) -1.1 ¢0.8) 4.1(4.2) -1.5 €2.3)

As with the previous model systems 37 hyperh

suggest t hat t he D ®3mawmdar siinoinnD 8ifdd @i lotthlesh y d e s r e s p «

trienes is an unfavourabl e pr ocesosr.maHa wenv eorf,
i minium ions does not have a major influence
X = 0O or S.DYamifddifwm =i oOhsand S, respectively)

dearomati zation by approd maa etllyeilr ames 2e ktciaV 6
Dlan@3 On the other hand, when X = DNK XiNIKH¢ | oss

is c.a. 4 kcal/ mol hi gher thRz Tta®ddte fOnre tploes sd e
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explanation to why the nitrogen system appear
relates to the stalbillOi aki be bDhetpeevmoans umod:
not appear tocwersdirpaimiisstrens dielratsyfset een tbedi s
thereby weakening donation from the heteroato
al deb3de 46 ipsdyorlj.CH50irCs, C 1j. 4f591rC, C 1j. 3f9irCialn d
1. 36 §iN)omd Ciumm Dildn. 838 jpifCer 1iC 4f10irCy, C 1j. 4fler C
TG, 1j. 41l9irCicahd 1. 3:55N)i tf odirs &€l ear that the nitr of
ring i s donating ((heaer ga ptpiolritin e ge ffiaet cais mst tham ii mi
ion making |l ess |ikely to undergo dearomati za
Popul ation analysis3pfshbwestthanalomardom( §i

carries the highest coefficient DIr3X mMablHOMO

38) . This effect iIis similar to that found in M
effect between the | one pair on the nitrogen o
ring, which combine to timertearsmi ntale ped sicttiramm

system (Figure 4)D1-3Falkso ii o isldcaatreb omls aotff o rehaec h ¢
heterocyclic triaminesseevasupphodr.tmdgt die alceaospeh
cyclopent adineamaDrid@exr i=) eCdHhter ioe bi t k& nakc me fbfoincsi e te
nearly equal in value. Similar trends were se:¢
appear to be the resslytstem,t ke & ®ngha geotdeea rskc anh
backbone, and instead i sSscaandompperac omjnuHpdt idom

bonds éHyHlrhiedisped carbon in the ring.
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Figure 3.4 HOMO of the trienamineB12-D15 for Model System D (isovalue 0.035).

Table3.8: Orbital coefficients for the HOMO of trienaminB42-D15.

Carbon D12 D13 D14 D15
(X = CHy) (X =0) (X = NH) (X=S)

Ipso 10.7 8.6 9.1 8.0
U 16.7 10.2 12.9 10.8

b 11.0 12.0 11.2 10.3

) 17.5 11.5 13.9 12.5

U 1.4 1.1 1.2 1.3

U 8.8 17.0 14.8 13.9

8 8
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Our calcul ations show that aminocatal ysis
dearomatization of this type of systemsndaNgn

amine catalysts can stil |l ban de xsptleoriotseddl @veittihv et

reac.t? ©ns
3.3.5 Model system E.

Finally, we explored Mod@lunSyustuemtEdwhi dfe h
2position of the ring-poasdtaomet fpl tdebdteist ueri
system has not been expl ored iune atnoy iatssy nsmentirliac
the previous Model, we deci dedwiot kwoul d be in
Table3.9: Hyperhomodesmotic equations used to assess the dearomatization of Model System E.

Values in plain text are free energies at MB%/ccpVTZ //IM062X/6:31+G(d,p) and values in
parentheses are free energies at MPIv@ Z//M062X/6-31+G(d,p)). All repoted values are in

e

9) X . X
/ 7
E1: X=0 E5: X=0
E2: X = NH E6: X = NH E8
E3: X=S E7: X=S
(5] (j @
N N N N
/ H /
/ \ HN /
(10) X o
E9: X=0 E13: X=0
E10: X = NH E12 E14: X = NH E16
E11: X=S E15: X=S
X=0 X = NH X=S
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Equation 9 9.3(8.8) 15.1 (14.2) 10.6 (9.7)
Equation 10 8.4 (7.7) 15.9 (14.9) 7.2 (6.0)
N N & 10eq9) 0.9 €1.1) 0.8 (0.7) -3.4 (3.5)
As with al/l previous model systems39hyperh

suggest that t he Edd®annvde ri smiofhi9ludnio idolmdse kyod e s pond
is an unfavorable process. Similcart at pstMobdast
influence on the dearomB@inElAbDavnngtap, ewetgyi
of appr exikeatlelmol and 1 kcal / moHEZ1i s esslpiegchitilvye |
favoured to under gcoo nipeaarreodnatta ztahh @ iorn rwehseme ct i v ¢
39). Analysis of the geometries of the struct

maj or changes belEM)eeand hiemia®lidemyderdse(tEwden eno

and mrnE&ap, with all systemse reumapadrntnignd ad atle
Examinati on of t he HOMO orbital coeffici
cyclopeBitReveals that it follows whetthgehenal

having the | argestocaokbthi ailddat bé o3 B elgadbrdkey
31D. The presence of the heterobBiIak Bhghhéican
increases the orciatrablo ncso ewfhfiilcei eanltsso adte corheea s i n ¢
carbons rel &E1l2vEBhit ttrhese ixn similar to that
again the resuhtatotn dpnsbtiubei by doth hetero
generated using the Fukui function are consi st

t hbearbon of each heterocycl i (eensaaunp mar ttiond eda:
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Figure 3.5:HOMO of the trienamineB12-E15 for Model System E (isovalue 0.035).

Table3.10: Orbital coefficients for the HOMO of trienaminE&2-E15.

E12 E13 El4 E15
Carbon

(X = CHp) (X = NH) (X=0) (X=9)
Ipso 10.6 9.7 9.3 8.2
U 19.2 14.5 11.4 11.6
b 8.9 10.8 13.3 10.6
2 18.5 13.0 11.1 11.9
U 2.4 1.8 1.7 1.6
0 12.7 15.5 15.3 13.5
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3.3.6 Fulvene systems

During the study of the M&del i Bybeemmei blbvu

when=CXtor NH another trienamine intermediate
This other possibility opgemo)tflhud veeomerss wtho cthh e
asebectron systrems fcyrc!| miaghenr i ons. I n fact, s

reported by JWBomglkasenh asawadhacad-dpaldgdg®ddi ti ons
i sobenzdtbanedv ehjebisedrfod {cH€2joaddi t-fi @mmy luss mlygs t2i t
pyrroles, imiddZzoles and pyrazoles.
Consequentl vy, we decided toweexpltohree ttrhiee ne
depicted in the previous ma@8¢l sltoishe8Passibl
t hat , in all Mo d e | Syst ems, the fulvenes are
previously explordad.e TBltiopef e@odt urhee seex ppaurbcss r at €
hio@ohder cycl oaddi-ctliasnssi caasi weodesasofnoanct i vat i ol
met hyl ation of the nitrogen atom would preven
of tihenamine while maintaining the observed t
(ssaeapporting).i nHypemahhtanod e s motN-metergyu attiean ss yasl
indicate that the energetic penalrtsiensf of Mo
Systems A and B are |l ower than those of the U
and 3. Howdwmetr hyliat eedhever si ons of Mo d e | Syst
penalties for dearomati zatsipentinver eaaape orethe

supportingfornfdoertmaaitliso)n
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Model System A

N
~ X = - X\
H _ il H _
X =N:[0.0] X =N:-18.0
X =C:[0.0] X=C:-10.7
Model System B Model System C
N N
X X
HTS D Y R
7 T = Z X
S /
X =N:[0.0] X =N:-17.8|| X =N:[0.0] X=N:-10.5
X =C:[0.0] X=C:-8.9 || X=C:[0.0] X=C:-10.6
Model System D Model System E

T
T
il
N

N N N

el =YDl 5
=y \X N4 ,
X=N:[0.0]  X=N:-13.3|[X = N: [0.0] X = N:-13.3
X=C:[0.0]  X=C:-6.7 ||X=C:[0.0] X =C:-7.0

Scheme8.2: Energy differences between linear trienamines and (hetero)fulvene systems for all
Model Systems (X = CH2 or NH; relative free energies in kcal/mol calculated at th X166
31+G(d,p) level of theory).

3.4 Conclusions

I n conclusion, we investigated the influen:i
a series of @ekydesaramatrideralted form a triena
calculations suggest that all Model s are good

and thiophen derived scaffolds beingpthal hys't
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for f or mati on of t he trienamine i nter medi at e
heteroatom in the aromatic ring iIs to the eps

that carbon to possess ahki fllOMO. oTfbhi sawoabdf

regiosecetivity for the more distal positions
similar trend. Nonetheless, as experimental wc
can bedeowebyia careful choice of aminocatalyst
cited in this manuscript hel ps to support ou
Systems B and E, to the best of oami konocwltatgs

but are promising scaffolds for further deve
il lustrated that when cyclopentadienes or pyr

obtai n-ralcehct(rheert er o) f ml Wen & xpy otrddresd tchgacth ogdd d i t
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Chapter 4 : Exploring the Role ofSubstituents on Trienamine
Backbone in TrienamineMediated DielsAlder Reactions.

4.1: Introduction

The principle of vinylogy, reported by Fuso
functional group can be ' -pyospamgat eda'tHéinoeglh bmo :
usi ngunpsoatyur ated carbonyl compounds,- ehaamdae a
tetraenamine activation itloi @iitvyeatidpreestidfieoinsy |
This not only expanded the scope of ami nocat
ster eodmaedmiccdalomo saitt idonsst.al However, there are \
devel opment foonra | ri ezmaahmieonnd cuantcaliysi s such as t he
promote regioselectivity at r e md* ®> (pfoosri tti loe's .
vinyl ogous backbone makes t he regioselectivi
funmaliozati on reactions must take electronics
increased backbone conformational freedom wit
perf or m stterramnssfed remga ti iveen

The first i @epcrat aubysng wmich demonstrated

remote positioRrwadsh seieonmrmme dodumedi amad i zati or

using diethyl azodicarboxylate (DEAD) cataly
(Scheme 4.1). This was a edi gtnhdi sasctcegsepoft
nucl eophilicity of dienamine intermedi at e, 2)
position, and 3) the ability of ami moaraltan.y st

The authors sugagetitenviphd®diA¢dddss cycloaddition

dienamine intermediate andf DEADI davmilenvaetaadu ad il eyn
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This report revealed the potenti al of nucl eop
foll ows a cycloaddition pathway rather than g:¢
of exampl efumwctihomaommzati oal. eaNso,nettihe vinyl ogo

reactivity has been exploited to de®¢elop vari

|

I

0 o |
_CO,Et

|+ [I\Il IV (10 mol%) > EtOZC\NH | E

| N~co,Et  PhCOzH (10 mol%) [

Toluene, rt EtOzC/N !

R |

4.1 4.2 R :

43 .

|

|

up to 58% yield
up to 93% ee

Scheme.1: Di e nami ne-ameé chiad ti @usatuated aldehpdes.

Similarly, enami ne actiewnwadtidon ohdg iekeeaami her
vinylogous nucl eodphanlsitceidt yt ot omobree fduirstthaelr posi |
the scope of aminocatalytic reactions. Due t
nucl eophiliciewamifnel i m&akbotne, t here h-ave no

functional i zalpiosn tdtont. hedorvemadtre ot laé i ®inn gl et he

>dbond, resul ts in the formation of a diene
cycl ooand drietaict i on with various dienophiles (Sch
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aF
Aminocatalyst 4
~| B Z % — [ X
X=Y 4) ‘\|| Y
¢ 5 XY *
R
R

Schemd.2: General trienamine mediated Diefdder reaction.

ChenlJB8ndaensénzed this strategy by réd@cting
This was the first ex-Ampée oéacih@dreoeklt c il e
dienophil-esesucihc agxiB3ndol es and4®) efThis cg@nr
only demonstrated the ability of aminocatalys
showed excellent r @gitowsoe -@ e W o iCi-sayndbbpyo s 6 i min s
exclusiaett godd het observ-ecideeoei betpauwiet bf 1§ &
steric interactions with the bulk of catalyst
hi gher-scfidds e8B¢e 6 c o mpsa idside nteo. 1S i4nc e tIJMea gieamsieina l
Chen, there hlhawaenpd eesn ofarciycdsoaddi ti on reactio

to form complex cyclic struétidr'és containing
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1 N Ph OTES
H  OTES =
VI (20 mol%)
OFBA (20 mol%) ~3
CHCI3, rt or 50°C o

4.9

R up to 99% yield
— 4.5 — up to 93:7 dr
up to 98% ee

CO,R!

OHC R
NC CO,R’
4.10

up to 97% yield
up to 90:10 dr
up to 89% ee

Schemel.3: Trienamine mediated enantioselective Diglder reactions reported byagrgensen
and Chen.

Il n ame gear, Chen publ i sAHalkeramaetaltcdri ome pva rt th
intermedi at es'®ama altthhorad kemesrved that trien
from unsuhkddgteintadtsed d2a,d4 not form any product (S
introduced al kyl subsdiiegma&ling,s $wcdcdes haaiceksb® an et
were performed (Scheme 4b). -dbeattunhbhpoabilpiroypo
Substituents raises the HOMO energy of the t|
raising the HOMO energy ofnitfhe athti esn aaxmiend ti mtc
the etopei enami ne bmediadtseod arl d saoomsi @ s wreisn @ nt me

HOM&@Q UMO gap of substrates using appropriate s
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(0]
| [
N Ph
| NO, H  OTMS
J|/ V (20 mol%)

R’ OFBA (20 mol%)
CHCl,, 55°C

- No Reaction

0
N Ph 2 3
NO; H  OoTMms R __NO,
. J|/ V (20 mol%) R U
R? OFBA (20 mol%) R3 gt

CHCl,, 55°C :

411 412

up to 93% yield
up to 95:5dr
up to 94% ee

Schemd.4: HOMO-raising strategythrough substitution o,4-dienals for Diels Alder reactions

with nitroalkenesreported by Chen. a) No reaction is observed with unsubtituted dienal and
nitroalkenesvia trienamine intermediate. b) Dienals with substituents-aand U-carbons to
enhance HOMO of trienamine for DieAdder reaction with nitroalkenes.

Byunder sthadi mgact of substituents at wvaric
one caneltanter drhiecs to reasudl seil eCdewvidand aiedcimn
of trienamine mediated reactions wutilizing a
Her ei n, an extensive computati onheéxadiadryasli swi
various-denatcitmgn( met hme t, h opxhyebneynl z,e naar) d la4h d a veil rec
substituemwtyanoblenabméPamdc atrtbons is reported
Di eAlsder react swidd eequatimdmot Meher ef ore, the fo
three conformations of t he subtsrtacnbsnf ed me m,i e @
conf or me-scida elnel, 4nd 3) -scodsfeonremd(iPTMgiuvtshead | ® ws
to examontorntmat saoids ewiet moi ety of Substituted
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substituted to study the thermodynamics and |

analysis is also performed to undeesdgiane.the
I < > N N
b 1
| Aminocatalyst 2 7
| p 78— Ny — 23
5
67 N
| all-trans 1,4-s-cis 3,6-s-cis |
Substituents
EH{CHs' /H\© A@\
o) X
| =N
Me Ph PhOMe PhCN

Electron Donating Electron Withdrawing

Figure 4.1:Conformations of trienamine intermediates and substituents studied in this report.

4.2 Computational methods

All structures weptleasoetu DiXdvw d M0 6t hiechpd dgtdbd e
val emBcler GG dasp B° 8%d vibrational analysis verif
mi ni mum. All optimizations were perTfhoer noerdoiaml

coefficients were c alflchud a3tDe dg euosmentgr yMuflitg uwfens vw

CYLvi éWhe. HOMO isosurfaces were?®generated usi

4.3 Results and Discussion

4.3.1 Unsubstituted Trienamines

We began our Il nvestigation by computing

intermedi at e, resulting fromexadhidemalast Dhe tod d
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trienamine system can be used as a reference
confirmation of t he uns utbrsdacriognd toAldne T hise g Mi n e
conf AArzaed-s8 ic®dOnf AArdmere 3.2 and 2.8 kcal/ mol wer
tdl respectivelscidsorrafbd remat2alobh3l efthde srteepruilcsi ons
bet ween the hydrogenA2 aand andnd A® op orthieb nset nesr
repud sAidanAl3are evidenced bypiiak &doalless,abisplees of
andssef or tr Adwearnei ndeet er mi ned to be 179.8A, 180
di hedr al -amidd entomAXktsy Boek idi ene mABdizy for
) were determined to be 24.6A and 27.2A, resp
datTdhi s causes phdasdklbrdaneinn eaéisiu Itbheengg out of conj
hi gher eAgr gyhetharcrease in energy due to the
HOM@ner gi ecsondfortmae i minesn ari el d hnet eH Orv@t ircftnesa . |
tri enfalmasef oubd80oelWe whereas the HPAROS1are |
eV)  A¥-b5d84 1 eV) s not ewo2anhA3artehathebotoldynami call
energy, ABwlwievrrr has a ter minal di ene A2r eldhu Ist s
suggests t haA3wt hbascAgsbrfn@ammere may beA2mdinies reac
al so evident i n the first-Alrdkgrortelaidrtg eonng dloeya mi

aut hors only obserswseiisreldaecti vity with the 3,6
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Table4.1:Relative energies and HOMO locations of unsubstituted trienamine syRséativefree
energies are in kcal/mol.

() () )

N N N
a~ ipso = =
vy~ B X =
=0 X AN
: A1 A2 A3
Relative
Energy [0.0] 3.2 2.8
(kcal/mol)
H((g\'\j')o 5.80 5.91 5.84

The popul ation analysis of HOMO coefficient
al so performed (Table 4.2). The population an
general vinylogy prilboadrpdaoen ilsa s od d eofwieedc gvehretr ef ¢
ocar bon Ucrmd btomen regardl ess ofi mporfteagtotaéi bphat
di st or tpHoanc k mA RaenABf mpacts the HOMO coef f-i ci ent
scids enfe2c ans eéldbotnhde t o twist to préavnenydsogens. c
This results in topesHAN® nc a ff fhicoinhg@atB fddfitoo 1 6 .
and 16A07 S$iomi |-scidsy e nAE30 I tn\Bi, 6t | Nih ommadc ures ud tt i ng

HOMO coefficient to beAl@n831l1AkAdDMNMphhoed to 12.0
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Table4.2: Orbital coefficients of HOMOSs of trienamirel-A3.

Al

ipso 10.67
U 17.27 18.84 17.91
b 8.75 8.52 8.52
) 16.06 14.82 16.97
u 4.51 4.21 4.11
U 12.01 11.09 9.83

4.3.2 b-Substituted Trienamines

Next, we explored the trienambmaer b ot efrare dw te
there have not beerm earcyt itornise meamiomrd erde diTahti esd we
el ectron donating and beaiatrhiRiampiwn gn gwistuhb setlietcuternotn
Subst i ttuednntdse niatilenreme di at es were determined to
met By)l, (pi€dnyladd hd x y [De)n zsenbes t(i t uent s ( Tabl e 4.
conf i guwrfatti hben s untsruibesntainbwted d tti tau ¢ e avmit mecl ,s4
confi gwesdgéhiearmodynamically mor-secifsambdbugabhbeéi am
met hyl |, pimemgwlybeamdnd substituents. BRwet Imet hy
1, -scicsonfiguration was determined Bl WwWkerneds kil

tri enB3wiarse hi gher in energy by 3.1 kcal/ mol (

111
S. Singh



repul si ons

234f or-sclidst e n e

det er mi

t he

B3 Thi s

For

depended

ned

met hyl

o

group

nBodvae s yf owmnd t o

observation

i s

Chapter

bet we 88a ntdh et hnee t hhpydl 5 bggreoounpa ti Tnbde d i

anhestoh or xeyf bl eenczt eende

trienamined uwintls, art hnle

on t

he trienamine

i nter mMébtaina@t3e st at es

positiGnsardfdrlpseoi taikBibef potati on

al most
f oCrla n@3
ring also

t o

mi ni

per ppibaic & WhaeeCLCra Ghnhaes

has an

respectivel vy,

confor mat. i

mi z e

det er mi

on

ned. §8/M&

4

be -8clidd6d\n e wheir etays
b éasbtua 3lhee® 3TAhvei gyteednew ir tiB& ocrocnefsi g u
tha ctkdoer ea W& U inb apyr gdafmesry cepn ¢ e

i snu bbsotti ht

sohatpbackboneyl

as

steir paro@epul si

configures

be

wher easC2Tth iwsa sr ated teiram noe

i mp pdta ckfb ointes wda rcjhu g ast idd rs cwis

Table4.3: Relative energies and HOMO locations of trienamiB&<B3, C1-C3, D1-D3, andE1-
E3. All free enrgies are reported in kcal/mol

®

()

N N N
= = =
-~ "R R -~ "R
= X X
B1: R = CHj B2: R = CH,4 B3: R = CHj
C1:R=Ph C2:R=Ph C3:R=Ph
D1: R = PhOMe D2: R = PhOMe D3: R = PhOMe
E1: R = PhCN E2: R = PhCN E3: R = PhCN
Relative | R=CHs [0.0] 1.4 3.1
Energy | R=Ph [0.] 2.6 4.6
(kcal/mol)| R=PhOMe [0.0] 2.5 4.1
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R=PhCN [0.0] 2.8 4.0

R=CHb -5.78 -5.90 -5.84

HOMO | R=Ph -5.80 -5.98 -5.82
(eV) |R=PhOMe -5.76 -5.90 -5.76
R=PhCN -6.10 -6.27 -6.13

Figure 4.2: Three dimensional stuctures of trienami@isC3.

The HOMO analysibsubevYéaluée @ dtl fratiicsinimfeni grer ami it ¢
had | owe rlehN@MOst | ve -sdiocsontieé gBrr&dtaloln 1l ectr on
Substituents. ThB2WHGMO owfn dt rt ibe admiknved Bwaesd v a t
5.84 eeVherTghye of ofbsBeb sHOMODuUt ed 3 rs& edsi aermi enwergi hswei st h
Ssubstituents edoencttaiomi ndgo nheitghegr abi I ity - Tabl e
cids ene configuration with electron donating s
thermodynamically fHaubatetdut didwewvieenaswchmes ¢
diene are more I|-Alkedry neoaawtnidem.goTIDi®eliss becau:

1, s£idsi ene are | ess planar -sctedsiagn e ewittoh tariyeln aan
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Geometric analysis showsnehanoi eh gD 2iish ¢83i.alma ai
whereas the dihedral ®f6B & eA@®e®dRAp)pe reciex i n tri

Trienami-ogamwohdénzlene, an electron withdraw
position was al so eixrmens nwidt. h Salmadtarrorn od dma teinmag
E2wi t hsclids4dene confi guration was more thermodyn
E3cont aiscidg ehe6 Si mil arEl3y, 1t3he VHOMG fl ®mcat ed
E26. 27 Ta\bl e 4. 3) .

The MO anfasluybssitsi taift ed tri enamine suggests
foll owed regardl ess of el-#3Tr &pioars gefomet b s Ci t
trienamine intermediates wihbdatghht subetirtoue
Substituent wpbhckkeepect The ph@&awnl@3issubeswt t oér
conjugation due to its almpbactkpenpenaheukeas i
Ssubstit€inst mosr ef oitn wailtihg ntnhee backbone. The fig
CiC3 show that pHday@3dhauvubsniot cemt ri buti on to
the substituent shows d@n jcuognastiisotne mati twhi tthh et wbias
ri ng.heflrhnamempon is present fo4. Aa) | aryl substit

Overall, the ®6pbstitoaentdemansttrhaet e t her moc
trienami seidwwienle o4 ety, however, HOMOd:rBaEBEgY I
configurTahtecodg 6ne configuration is thermodynan
SubstituepibosiatFiuothhheer mor e, t he HOMO odci s he t
conf iigaumr aits rai sed as the el edthnrcore adbewaveng 8ab
have not been anysubpoiteadedx amp leAlsadrerin er enaecdtiia

which could be explained by,dhies ¢ehermodfyngumi &
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Table4.4: Orbital coefficients of HOMOs of trienamiid-B3

Table4.5; Orbital coefficients of HOMOs of trienamii@l-C3

ipso

CeCcO O C

Chapter 4

10.77 11.15
18.21 18.17 18.21
8.45 8.54 7.99
15.66 15.02 16.46
4.24 4.18 3.53
11.35 10.93 7.89

10.35 10.47
17.10 17.37
8.25 8.07
15.77 16.30
4.37 4.29
11.66 10.47

115

S.

Singh



Chapter 4

Table4.6: Orbital coefficients of HOMOs of trienamifl-D3

D1 D2
ipso 10.17 9.17
U 16.59 15.79
b 8.29 8.08
5) 15.99 15.50
U 4.40 4.32
U 11.82 11.40

Table4.7: Orbital coefficients of HOMOs of trienamifiel-E3

El
ipso 10.22 9.65 10.33
U 17.58 18.10 18.04
b 8.03 7.71 7.80
%) 15.31 14.24 15.95
U 4.33 4.08 4.12
U 11.41 10.50 9.89

4.3.3 2-Substituted Trienamines

Thesubsti tditeench| 32, have been heavily wtili ze

Al der reactions. One of tAHeaefri rrsetact i ioet amiproe

utilized al kyl a nogp oasri M li -@siuebmdat | i 8t, theon trse aactt twhiet h
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autshoabserved no reaction when unsubstituted

proposed that electron donating substituents

l evel f or sAdcdceers srfevalc tDioed®swi th nitroal kenes.
Recently, Wang and coworkers reported a trien,
Substi tduteendal 2] 4pamnidn ovliinnyes to result i n novel
bi ol ogi cal i rPtTehree satu t (hSa hse aeentpd Joryyeld sad kksytli t uent

various substituted vinyl qui neloinmas.ngSiarcyd G
substitopesi $i ah have beenr!ffHlshceommenlexplueed

substituitreds.tri enam

|O Ph R R
- prh
rt_ N H  oTMs OO
| + R3O Catalyst (20 mol%) X
| _ _ | NN
N CH3SO03H (0.5 eq) -
8 CH,Cl, N
4.13 4.14 4.1%'
R'=H, Me, Et, Ph ,
VSR 1:1 dr

up to 94% yield
up to 99% ee

Schemd5 Tri enamine medi ated [ 4+ 2]-substitatdd @4liehdls t i on
andvinylquinolines reported by Wang et al.

Similar to the unsoashusbtsitti utuetde dt rtisse rnebsina men,e st
configwemaéi eahightly higdceicsi e me ene@emfgiyg urhatni od,.
Ssubstituted t-sciidshame ne o Wwi2t pwalsa ddnentdie,rt o be 4. 2
hi gher t han atitdriaeosafmi gigr awtintedthe as, t Bes&tidsi @eme mi n
configbeBawaen3d. 3 kc&ll/ Teobl|).& Mb-&eicobhhibguFati on |
results in répepulmeitdryd ketowspp posdi thFyddmr tolgeemmaett h y

substituent poibnatcsk baownaey rfersounh ttithneg minro teom@gu Gas i @En
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position. This trend is also observedtwng hoot

el ectron withdrawing capabilities. However, t

l,s£idd ene confi glureantei crondndgu3,ad i on decreases

The phenyl GZawmldsdtnrda @GBaeaek t2r. i9e marrdi e 5 Kk c a

group.

in energy, resfedtmisvenGdmiraéhl)agr | nh e G&k hamei ne ck

propoaton repul sFiZonasnd ptrleesentng nbeing abl e t

repul si ong pgotowepemantdhe he phenyl decreas

ener go2 f or

Table4.8: Relative energies and HOMO Idaans of trienamine&§1-F3, G1-G3. All free enrgies
are reported in kcal/mol

group

N N N
= = =
R~ xR R~
= X X
F1: R = CH; F2: R = CHj F3: R=CH;
G1:R =Ph G2:R = Ph G3:R =Ph
Relative | R=CHs [0.0] 4.2 3.3
Energy
R=Ph [0.0] 2.9 2.5
(kcal/mol)
HOMO | R=CHs -5.75 -5.91 -5.75
(eV) R=Ph -5.78 -5.80 -5.79
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Table 4.9: Relative energies and HOMO locations of trienamibds H2, 11, andI2. All free

enrgies are reported in kcal/mol

()

"

N
= =
R~ R~
0 A
H1: R = PhOMe H2: R = PhOMe
I1: R=PhCN 22 R=PhCN
Relative | R=PhOMe [0.0] 2.7
Energy
R=PhCN [0.0] 2.7
(kcal/mol)
R=PhOMe -5.71 -5.69
HOMO (eV)
R=PhCN -6.09 -6.12

The HOMOscidd ehhe6configuration for

in enhbédagsclidsidene

withramsnfigus alk o0 eat7esd eavt

configuration.

The HOMJ of

hgi agnhnear

whichbgelseVowkear dl t -

diene confRZgsratudnedld®MO we fi eernfadwti Bdese ids e n e

configuration

F3containing tstaditemrani nal

remai ns ufbc h/ebn geevd

under g-8l Deel seacti on.

When <comparing

trienAhine was

inter medbaBO@ARNVBOMSF R V(e

backbone.

det er mi

tyhle HOOBMOL iotfuR Iewitthh r iue s amish e t

Thisspakesomgmesent
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however, when replaced with an -efaobbenzeneéehc
reactivity of trienamineandeenzase ss ulldeitt-thOtMOd ¢
altlr cmosnf i gur ati é&n 0i9s elVoawadtiedh &t 1 Zhke¥Whebowhes

trienamine -xcodst anascanfi, gum@atlimnc qnltarbd st , t he
met hoxybenzene s ublsvi it taturteedndsn t r genami e5e. 7ils elVo c a
which raises by -Ja 689madV fiagH2cemedeas & msopgdsi efne3, 6
configur adl)% nSi(mialbare t o abfpywlsi gulatsi,t v eret saraytl

twi sted outhorfeppiaeckiwone hegihyestedmref tthiree ar yl
in conjugation with the triemsymitreen Wdckhenar y’
have minimal contribution to the HOMO.

The mol ecul ar ortbsi ttaHatantaHe svisnyluggye spr i nc
Substituted trienamine r ega4.dd ®E23 Tohfe naantaul ryes ia
Ssubstituted trienBOM else vienldiocfatgeasmmah astu btshtei t u't
as the d@loem@atriong abilities tofe rtnhoed ysnuabnsitci -tpureenfte r
scidsi ene as wel |l as the bDawch etaisteuti end rteraicg n asmit n
option for reaction development.

Table4.10: Orbital coefficients of HOMOSs of trienamikd.-F3

ipso 10.54 10.84
U 16.78 17.48
b 9.43 9.56
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CoCc O

15.80 13.87 16.64
3.99 3.09 3.54
11.13 7.42 8.30

Table4.11: Orbital coefficients of HOMOs of trienamiiizl-G3

ipso 10.29 9.92
U 16.56 19.17
b 8.77 8.16
2 15.12 13.96
U 4.14 2.84
] 11.08 6.89

ipso 10.16 10.02 9.90 9.81
U 16.11 15.55 16.92 16.78
b 8.91 8.98 8.29 8.19
) 14.93 14.79 15.26 15.62
u 4.04 3.03 4.20 3.27
U 10.86 71.22 11.20 7.63

4.3.4 U-Substituted Trienamines
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Next, we @easphbeteéedutbd trienamines which h:
trienamine -Medéent fda281EPRsver, supoesitiuentaralt
as widely rppsitednasanbet he most culepnmonsoint i sounb s
are edeontong al kyl and areylr &gjproorutpesd tReiceema nhiyn
Di eAlsder reactts wms thiettunmeerda | &, dmddi hSydprydanes t o
obtain 0 ¢ t a heyndar notqi uo sedlEilcrd@d T h iy s report ut i i
el ecddanoant i ng and hdrawt ngnarylipesabstbohuedthe &t
di enals used showed t hé&p@s iettichmar etormi fe nsaunbi sntei tdui ed
a significant i mpact on yiel d4.ofonteaicrniimoq.elTd
withdrawing nitro substituent which significa

TBSQ,

Z_)Xph o
N Ph 2 o)

! o H  OsiPh,Me
| NO, IX (20 mol%)
| PhCO2H
| loluene, 23°C___,.

\ thyl lycol N R
R ethylene glyco
Boc p-TsOH Boc
4.16 4.17 01t023°C 4.18

R = H, Me, t-Bu, Ph, Napthyl,
4-N02-CGH4, 4-Br-C6H4,
3,5-(CF3),-CgHa3,

up to 84% yield
up to 10:1 dr
up to 95% ee

Schemel.6: Trienamine mediated Diela| d e r r e a c tsubstituteh2edliemats amd 5 U
nitro-2,3-dihydro-4-pyridones, reported by Ishikawa et al.

Theésubstituted trienamines rhbeevtevad eertl rtahnes meall |
and-s8id6 ene configuoacaomsot heit.atadtmsefeiveur at hen
determined to be thdahmodnigmn &mil c &lulbyd @i at wha- @3d ebd r i
cidsi ene configurati dore wa 9 &etad r/-tmod ash etglalmr né¢ h a

|l nterestingly, this energy difference decreas
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to rotate to
3, 6cidki ene
pref er e ntcreaon¥se r-scadsibe n e

suggesting

was det er mi

t hat
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Chapter

ther modynami cs aofmat loe

bK1(1lT.a2d | K BaTl W eno |

Table4.13. Relative energies and HOMO locations of trienamidksl2, K1, K2, L1, L2, M1,
andMz2. All free enrgies are reported in kcal/mol

4

mi ni mi4&.elT3htee rpihe nryed p ludbiEK®w & tult (e a

configuratimenhosymhemngzemn

tff mice ma m

= =
= =
R R
J1: R = CH,4 J2: R = CHj,4
K1:R =Ph K2: R =Ph
L1: R = PhOMe L2: R = PhOMe
M1: R = PhCN M2: R = PhCN
R=CHs [0.0] 1.9
Relative
R=Ph [0.0] 1.2
Energy
R=PhOMe [0.0] 0.3
(kcal/mol)
R=PhCN [0.0] -0.2
R=CHs -5.79 -5.83
R=Ph -5.83 -5.93
HOMO (eV)
R=PhOMe -5.78 -5.88
R=PhCN -6.09 -6.19
The HOM®Bsubs$tituted trienami-neamsmVveglus api €

overscddisébene configuration for electron donatin
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HOMO of phenyl s uKblwi t it u &ckodn ftirgi uegbnaaBn@iormeV i whi ch |
teb. 93 eV when roaibanidoneaudulsavi t lrec3dséammeni WEa b |
4 .)13 Similarly, when the substituerntaniobeanzeale
the HOMO ower s6.fOr%0 V1% oeV foM2(Tabbe)pamhne i s d
t o tihset iphWga wkKbonsecikidsne e 6configuration resultin
of conj ugdicicwedf.oKk Tdhredl2war e determined to be 1
respeclthieverdoy.ecul ar orbital analpylsei si ss ufgbglelsotwse
substituted trienamine rTeagbdlreddésgd. a5 nature o

Overall, t ke ulantail tywsti sd otf r i enamieregsy idndifceat
bet wee nacmos$nlf i gur atsc odei eaared cd,nd i guration is rel
Substituted trienamines do not demonstrane an)
or -sk,idsi ene configuratiasubdhiet HOMD t rivenh amifne

hi ghert rfaborosnfal gur at i esit idded maet i cvoen ftiog u3r,abt i on .

Table4.14: Orbital coefficients of HOMOs of trienamidé, J2, K1, andK?2

ipso 10.83 10.83 10.55 10.64
U 17.56 17.93 17.37 18.10
b 8.70 8.41 8.37 8.04
2 15.62 16.79 15.85 16.23
a 4.26 4.00 4.20 3.69
U 11.35 9.70 11.76 9.54
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Table4.15: Orbital coefficients of HOMOSs of trienamihd, L2, M1, andM2

ipso 10.47 10.46 10.39 10.57
U 17.08 17.66 18.14 19.08
b 8.39 7.96 7.89 7.57
2 15.65 15.83 16.04 16.54
U 4.28 3.79 3.93 3.39
] 12.10 10.03 11.08 8.57

4.3.5 USubstituted Trienamines

Finally, Usebsxplioated trienamines which hav
tmsubstitution, i n  t-Ali ceenra mi H @ wénmeeadn sa.t gwd bt sbtiietl use
el ecdanoant i ng abilities hsawceh baese nalckoymmol@it g uput

posilfi?6'®P br echwomkelr coreported a trienamine

din@ephiles activated by carboxylic acids. Upo
dienophile undergoes decarboxyl ahiydmo¢ oumamitr
( S c h&inyé
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0]
| Ph
| N Ph
R! o C02H H  ObPMmS
| + @I Catalyst (20 mol%) _
0o~ SO0 DMABA (20 mol%)
=2 CHClI; (0.1 M)
24h, rt
419 4.20 4.21
R'=H, Me up to 93% yield
2 _ (o]
R®=H, Propyl up to 10:1 dr

up to 97:3 er

Schemd.7: Trienamine mediated Diels| d er r e a c t-substituted 24Diemaseand U
Coumarin3-carboxylic acids, reported by Albrecht et al.

Simil asubtsaa i tut ed Usilesntaimi nteesd t hieenami nes
thermodynamic pra&fosnfeneaerf omMhal Van Der Waal s
for-sBidédene conf or Merk crad g urotli rhg gihterrzrosnf emme gy,
regardl ess of 4s 9lb6s tTihteu eonrtbsi t(aTabaneal ysi s of ep
revealed that the HOMO gets rhéesedbasi thentl i
The HOMO of phenyl OCslwbs ttirtadrdsefdi g uri a&tniadn 6i6s | o
eV which ge8.s74 oevé rfedr2witor h e-mdaidd @@ configurat.
4.)16 When t he s uebcsttriotnu ednotn anisi tnhgo xsgu cehe nazse nde , 't h
tri enRlwiarske determined5tH53 beV Ilwkiat e eeg &t3s elVo w eorr
tri enPa2mi theewever, the el ect rcomnwibtemdzrnaewil nogyves wsb ¢

teb. 98 eV30aemM f or Qlan@2ameespectdi.ylesl y ( Tabl e
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Table4.16:Relative energies and HOMO locations of trienamiNésN2, O1, 02 P1, P2, Q1,

andQ2. All free enrgies are reported in kcal/mol

Chapter

®

N N
= =
= =
_ X
R R
N1: R = CHj N2: R = CH,4
O01: R =Ph 02:R = Ph
P1: R = PhOMe P2: R = PhOMe
Q1: R = PhCN Q2: R = PhCN
R=CHs [0.0] 2.5
Relative
R=Ph [0. 3.4
Energy
R=PhOMe [0.0] 3.8
(kcal/mol)
R=PhCN [0.0] 3.1
R=CHs -5.66 -5.74
R=Ph -5.66 -5.74
HOMO (eV)
R=PhOMe -5.53 -5.63
R=PhCN -5.98 -6.03
Whil e performing orbital anal ysi s
the HOMO of trienamines getspoaisednwbcempaned

positions of

because the

however, t his

t ri-ternaanms -Brifsi egar dloems s gaf at h
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This is evident when comparing the | ocatio
(oand) and ed¢e@hi)opphoisliiti ons of the triemlamine.
i s | 0oe5at8e0d eat wh-5c W 1r adviskestrittout é¢dd tSruibesnt&@niunte or
position results in rabsibBgetvhé oFHIGM@T Iy, a eti meé u
HOMO of trienamin&d.i76 &bulbdbtrli yutr ddaesred.i € aenV ne
fofrsubstlilicompar ed t o unsuAblsTthii tsutad & ot rsauagdy e @it rse
Substituted trienamines ataeys bfeort hter inmeonsatmianpep ena
devel opment .

The orbitaldsudmsali ysuitedf amri enamines reveal ed
foll owed for arygl U8lii®sTheutaehtsl aTabhe showed
at Uarhd@c ar bons to be equi vidbethtr égardrgsssabsto
The <calculated orbital compo D2t otlerarbom plse Myl
which i s slacghrtbloyn Iceosmsp otshan on, 14. 80.

Table4.17: Orbital coefficients of HOMOs of trienamif&l, N2, O1, andO2

ipso 10.63 10.91 9.29 9.61
U 16.33 17.20 13.70 14.74
b 9.27 8.93 8.81 8.53
2 15.48 16.41 13.58 14.80
U 5.20 4.67 5.72 5.30
0 11.34 9.09 11.40 9.96
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Table4.18: Orbital coefficients of HOMOs of trienamif¥, P2, Q1, andQ2

P1

ipso 8.84 9.11

U 12.40 14.44

b 8.88 8.13

2 12.54 14.13

a 6.34 4.93

U 10.92 11.49
4.4 Conclusions

Il n conclusion, the i mpact of electron done
di fferent positions of the trienamine inter me

el ectron donating subst intaund mtes i mdaiegsenetdh-aat lONMO

Al der reactions. This effect is psgmicfent hes
trienamine intermediate. -dctidswamse amcioetdyeties mi e
under g®&l De elIns edaucet itoo | ower HOMO enecigdyi emleen
configurati on. -sfEudstehneer ntoornef,i gtunreat3i,obn i s al so t

f oorandsubstituted trienami neibdaeteameiddAlt eésr, f ma

reaction devedsopmsmemte. cbmd i Q,ud ati on i s tHRer mody
andsubstituted trienamines, however ;scidda ee ntkOMO
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configuration. Or bital anad ysssfohdowadesnt hti
intermedi ates regardless of the nature of t h

backbone.

Our <calculations also indicate that the ar:
t o pdhek bone, for all trienamsonbsthntetmddi at es
aryl substOppbsenhtsnatnthease are fully in conj

hi ghest HOMO | oc alsiudrs.t i Thiit ® dimealti ememofoani beek

to expand the scope A1 deri eyamiomedmedioat ed Di
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Chapter 5: Electron-deficient 1,2cyclohexadienes: Mechanistic
investigation of unprecedented dimerization.

5.1 Introduction

Hi ghly reactive intermedi at:asysesh agcs$ircai
and cyclic allenes have played an i mportant r
tnaforsmatHroom being a curiosity to experi men
intermedi ates have recently been utilized in
usual IHyi vsehdo rstp e c i-ist W eanred ad cres udneesd rdeuwdr irnega ctth or
popul ar of these intermediates &% $lstyaiobdxg)

5)2 awgclohé@adi(efniegure 5.1). These inter medi

in various applications such as natur &t2 produ
5.1 5.2 5.3

Figure 5.1: Cyclic strained reactive intermediates
The main focus of this chaptec|l obevxadicgneés
were first experimentdl |l Qvembtidatedhbyi Wt eteg
cyclic allenes has mostly been theoretical t C
studies have determined that the reactit®vity o
1 The bending and twisting of an acyclic alle

gives rise o its ring strain

Il n 2006 etJapunddbmshed a comprehensive repor

all enes using computational mett haidrs . e dTdn gy riem
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the ring &% zehaeaxutelasress st udi ed -ccyycclloi ncoSnaaBdl i eennees
(strai g SERerkgyl / moy gl aboust1g8d2 66e kcal / mol ) (Fig
Further analysis of this studyrdemowsthatés t
result of the beawrddbonng alnlgd ree onmioitehtey 3andf it wa
all deeseases with the higher ring size.- The ¢

cycl ohebx.a3di braeh83t8Be ring strain to be 32 kca

97.9° 114.2°

65 kcal/mol 51 kcal/mol 30 kcal/mol

14 kcal/mol 5 kcal/mol 2 kcal/mol

Figure 5.2: Bending angle and strain energies for cyclic allenes.

5.2 Generation of cyclic allenes

Il n order to take advant acgyec | oofh ebxha8d hreemaecctail v e
transfgr nvaariioonus met hods to generate them ha
met hods aref gémer actyicolmiocugal |lbeande ®l1 Ui ndéi @m o
el i mildatainoddnnBoeBkattebRl F%¢S&cheamgemend). These

generatyel bhz2xadi enes wi | | be discussed in sub
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H Doering-Moore-Skattebol SiR3
rearrangement
Br LG
\‘Br
Br
lMeLi
©
KOt-Bu _ B F
Base mediated " Fluoride mediated
elimination elimination

5.3

Schem&.1: Common methods to generate-tyZlohexadiene

5.2.1 Base mediated elimination

One of the most ¢ ommecny cnheothhebxoeld it@ms ey emed iad tee
el i mi.nafThenexperi menttyglcl oheXx.ddpeokoomed, By Wi
Frist zkevel op and utilized base promot ¢Bu,el i mi:
1-bromocycl ohexengcrebekaddenae idner medi ate at
trapped with di phenybDai sAdddenz gfelarcan o(nDRWIhBE)h r e

of endo and exo cycloadducts (Scheme 5. 2).

Ph
~
O —
H
Br Ph
KOt-Bu DPIBF
DMSO
40°C, 24h
5.9 5.3

Schem&.2: Generation of 1,2Zyclohexadiengia base elimination and trapping with DPIBF.
One of the wmaff orhiadvmaeatlage i s -dydIngh eaxbd i &n

at mipedr ateur e s, however, the strong base coul c
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Ssubstrate which may result in side reactions.
for diftgrcémhekaine substratesmpethiemg nesadtieomp
el imination to ?relsmithe npRysi nodh@MyDoerKddc y c | o he x
resul t-edcl ohégxadi ene as the major product (96:
a greater micyttbodexoafdy éh @hexrycthe ¢c was Obser v

bromocycl ohex einced o cy2c. 13c8h)e xaennde 1( 42: 58) were uti

X
KOt-Bu |
e +
DMSO

40°C, 24h

5.2 5.3
5.10 X=ClI 4 96
5.9 X=Br 38 62
511 X=1 58 42

Schemés.3: Comparison of generation afyclohexyne and 1,@yclohexadiene with different 1
chlorocyclohexenes

5.2.2 Doering-Moore-Skattebgl rearrangement

One of the earliest methods to generate all
di bromocycl opropanes with agédidiesono met &hd b8k &t te
demonstrated the synthesis of alilbenoerso,c ywiltohp rhoi
with organolithium reagent?.28Thiswme¢émpedohbgy
as DoMaoao-Bigatt ebR]| (DMS) rearrangement which h
all enes -swalho mesx d daihedn eMo sMoro rreeported that sl ow
t o -dbi,B6r omobicyclo[3.1.0]hexanecgctobkexadi ene s
was trapped by styrene Wi tThh ea cgyocoldo aydideulcd s( Saceh

mi xXture of edxems2toe2r:eloomerTshi(s mephodolkzedy way &ow
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cyclic allenes, howeweera,getnis unag ofot orbga ncoolmpt
functional groups. One of the main disadvant a
materi al codt aromopgytheptoppane moi ety.
a)
R R R
Br Na /ZCZ’Y R-Li Br
Br R -30°C Br
R R
b)
CHaliin E,O @
Br -15°C, 15 min ‘B
511 Br 5.11a 5.3
l/\Ph
+
:Hl "Ph :Hl Ph
5.12 exo 5.13 endo
76%, 2.2:1

Schemeb.4: a) Allene synthesisia Doering-Moore-Skattelsl reaction. b) Generation of 1,2
cyclohexadiengia Doering-Moore-Skattebgl reactian

5.2.3 Fluoride mediated elimination

One of the most common mentgh cad & | fuoorr iddees ialnyi loa

to breaxilcinodwbans wutilized to synthesize <cycl
Johnson. The aut hor s repygct et e xtahdei-kerga6 eursaitnigo
(tri metchyyll soihleyxle)ne i nc etshieu mp rfe sueonrci®d eoTig 8 c ad rhee n

intermedi ate was trappeyaldad a ©t . DPTBIFs t me trhecsdu | |

established to generate cyclic allenes with
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previous met hods. This method has also-all owe

cycl ohe®»fdrieefnessf garg, west, and mori, and gar

B

0 —
SiCHj; Ph

Br Ph
CsF DPIBF ,
DMSO

5.14 5.3 Ph
5.10

Schemé.5: Generation of 1,Zyclohexadiengia fluoride mediated elimination

5.3 Reactivity of 1,2cyclohexadiene: Trapping and Dimerization

After generati on -cofcltothe xayd leine , altlhenme rz

utilize this reactive intermediate. The two wi
of t ceyeclobhexadi enes. I n prtebencaet ef mead i tart aep pad
cycloaddition reactions which depend heavily

the absence of a tywapphegadieagentadatneea dztaz wiot

(Scheme & .ag a ehreirffcdbrntd a mi xture of oligomeri za
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R1
R,
R,
R1
X= O,CH2
Ri
R
~
X
= [4+2]
R
R4

@\/(,N—R - [3+2] [2+2] @j\
Y R Z>R

I 5.3 R

No trapping reagent

H H

Schemé.6: Common reactions of 1,@/clohexadiene intermediate.

5.3.1 Trapping of 1,2-cyclohexadienewia cycloaddition reactions

One of the wearl i est saonfd tmmoasptp rcoyaer nbohne x rele] ti2m
i nter mgdbDaiaeNesdes reaction. This method was al sc
to experimentadyoqyl owhae x adiitieanteaehidnPeehEmee 5aR2gde sc
cycl idi ehe3, such as furans, pyrrol es, cycl ope

react5 . wdiBheAlsder reaction to obt a@f'¥? cyYarioauwd

functionaydlzehe xla d2i ene s, het oerocyclic allene
utilizedvfil@+2]r apydInggaddi ti on.
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53 R,
X =0, CH,, NR
R4 = H, Me, Ph
R, = H, Benzo

Schem&.7: Trapping of 1,2cyclohexadiengia [4+2] cycloaddition reaction.

Recently, -Weskeramdr emorted intramolecul ar
bet ween furan trap whichP?i 3heeabhehedstatihezalk
precbGr&bdrwhich fluoride promoted elimination r
all ene i Bt.egé6Mmeids asalel ene wo-Al det hepaohdengwi Dh
furan to obtain compi.ex3 plod pEkhyixst &9gtyrcag ot oaddwyc.
the synthesis of compl ex mol ecules but al so

required.

R R
Br TBAF or CsF
O/\X (Gea) O/\\
XMJ\/\\ CH4CN, 1t XW
. Rz Rz
Si. n n
1 "Ph
5.15 5.16

X =0, CH,, N-Bn, N-furfuryl

Schemeb5.8: Trapping of insitu generated 1;2yclohexadienevia intramolecular [4+2]
cycloaddition reaction.

Similar to [4+2] <cycloaddition reaction wi
[ 2+ 2] cycloaddition reactions. -dOynel ool e xtahdei eenaer
perf owimehd styrenes by M®».04% Tanids Mwoestehro d oSlcohgeymea |

di astreomeric mixture of bboayahies.cycl oadduct
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Recentl vy, We s t and[ ZtoWor &eclso adedpiotmiroend urse a
stystemetr apl -e2¢ gl ok g a dAi elnaersge s cwepree orfe astt yerde n
vari ous accyycllooxhye 55k dfenreerga tfa¢ dior i de pr omatoem el i
precubr.slo8&Tshe resulting cycloadducts wewetysolo:

af fmirdycl o[ 452%0]lbocéa epesfoecomace of

0] 0] 0]

)J\ )J\ R4 )]\

R™ ™0 TBAE e %1\ e
R>
Br (2eq)
THF, rt Ry
si’ :

Y

n g Re
Ph
5.18 5.19 5.20
R = Me, Ph, t_Bu R1 = Ar, COZR, COMe, CN, alkyl

R, = H, alkyl, Ph, CO,Me

Schemé.9: Generation and trapping of acyloxy 1¢gclohexadienes with styrenes.

Recentilnydependent works by West and Garg h
cyclohexadiene and-dipesl dertomnplecsespolbyaygclli &
Garg and coworkers wutilized ni 6rl®iye utso ngc aé ¢ 9

silane tri fl a5.e@ Gcl h eenmee? Sp.rilelcau)r sor s

West and coworkecpchobBexgenenasedsi.nB82 al | yl
Thseport wdtiiploilzeesd slu,ch as nitriliem @axXiddes onana
to underdiot icyrclroaacti onsScwietmte Réy dlbibdl i &Is| ee e
reported thatditproalpepsi ncganwilten pler3f or med wi t h het

to complex hetelPocyclic compounds
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a) 3\|r 2
S) N. B3R2
OoTf O"® Ry P
CsF
5 > > /N_R1
Si:Et CH3CN, 80°C ~0
| "Et H
520 Et 5.3 5.21
R4 = alkyl
R, = alkyl, Ar
R3; = H, Me, Ph
b)
®
| OTf /N:\ ;\N
~N N R /
CH5CN, rt H
5.22 5.23 R3<_R2 5.26
.
N
(@) @ R1
©)
@,N//
(0]
Y
Ar
/N\
© X
5.24
5.25

Schemeb.10: a) [3+2] cycloaddiion of 1,2cyclohexadiene and nitrones by Garg. b) [3+2]
cycloaddition of 1,Zyclohexadiene and tdpoles by West.

5.3.2 Dimerization

One of the major challenges with cyclic al
and sometgoomerize. In eaPfl Wictcydclgi ca eploréeme 1t &g
5. 88 cly, 2l ohex’a3dHewever Mobogeli naedti gated the f
and oligomers af t-eycltdhree(xpedicamed Sohiel 0d utlh &r s p |
that -thel dhé&xadiene intermediate 5 .eaATCAfst ewi tthh
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for matsi. @t ok temperat it eTphéepyoebaemaegodrt hat ei f
room it atmpree, Hhguddckbagi tab m38HhwewWdrmerwhen t he
per f or-mmeaC atth e5 .dRiéraacdtisc aflur 6he&d westhl €5 .tdhbedt et r a

5.80 with -apyotbbeSxd3dPRenal e timéfi Br2m t he tr
OSO— 05 — ©j©
5.30 5.3 5.3

Schemé.11: Dimer, trimer, andtetramer products of 1;2yclohexadiene.

5.4: Polar Cyclic Allenes

After methods for generation and trapping
recently been attemptsytcdéobenadgdi ehe raathievipt

donating or electron withdrawing groups.

Chri st reporotne doft hex yggeemeradant ai ni ng cycl i
trapped using3fuThesaandodpypHead readmiangg e me nt
generoaxtde-c3yc | o h ebx aBMioemd he al5l. 8B&Ehpreesubbdbrng a
trapped furane wmeslulstt yrenegcl oadductS§S.)w2th a
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Il nterestingly, the authors observed different
reaction with styrenes takes place at rtames eno
takes place at the most rTehneo taeu tdhoourbsl ep rboopnods efdr
to frontier mol ecul ari cohr beintoall etthheeorr yd o utbhlee ehl oer
towards amcél @lctemen suchheamo Jalreamt, i weh itchwa rsd s

bond. tHeencter,appi ng weaactpirormpomwsetdbhpaed usdraenact i on.

For the reaction with styrene, a stepwise radi
woul d Dbesthaebtitleerziantg t he radical interomedi athe ,0f
the all ene.

Y

F R R
WLBr CHaliin Et,O © U ©
30°C @ R
5.33 5.34 H @
R

5.36

Schem&.12: Generation and trapping of-@xa2,3-cyclohexadiene with furansd styrenes.

By wutilizing fluoride promat2€2dVest i mhdafciown
reported garcermxdycn obex.&%3 dhes allene with el
acetoxy group was tdappédswibhresuvubahsiand bug
(Sch®2m®0b The .d@l8lmomest rated siimayd aox cadhlelmosed ewh

mo st remote double bond reacted with the dien
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Similarly, there have been various reports
el ectron wit WNekemawil nganglr oaugpwor ker s reported t
cyclohexadi ehe8 8baarsbeo xpyrloamoet$d Tenlei maiunt ahtoirossn u s e
all ene precurbs Be/msl.eMhn sciho meerssul t ed 5i B8k thewasam
determined thati bohewtthppungnse&or nbe.d3®Baad mi xt

5. 3(9%cheme 5. 13)

CO5R CO5R KOL-Bu CO5R
Cl Cl THF/furan, rt
+ >
5.37a 5.37b 5.38
(0]
\ /]
CO,R
CO,R 2
:
H
5.39a 5.39b
32-45% 13-15%

Schem&.13: Generation and trapping of estsubstituted 1,Zyclohexadienes.

5.5 Mechanistic investigationof dimerization and trapping of electron

deficient 1,2cyclohexadienes.

There have been studies of cyclic al*Penes v
however, reports with -otrhectyatmob st iut eeddntcy csé uch
been wvery | imited. The West ,pnammedoudro exmpéenrn

react i viatnyd oefyudbnedt iofcyuct leadh elx, &2di enes. Ther e wer e

identified for t his study with different el e
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cont aanedl 2groups and owwg asnrwb gtr oba)de (BMmey luwyertdh
ofb. a8 .04L4 was performed in two sbelgwst hr onmdmo ap
yields 5(a¢Tdme synb 0élsaiss aolfso performed in two
Tho#Zpegl er r edacctyiaonnoSpéefinat lajnbewed by sul fonyl ati o

5. My 43

OTf O OTf O OTf O OTf

5.40a 5.40b 5.40c 5.40d

NS

Figure 5.3: Precursors for electron deficient ¥ clohexadienes

a)
1) o]

o J
[j Ar~ Cl O O OTf O

N EtsN 1) NaH, THF
DCM,0°Ctort Ar 10 °C Ar
@ 2) aq. HCI, reflux, 5h 2) PhNTf,,

Y

-10°Ctort
5.41 5.42 5.40a-c

5.40a Ar= Ph (73%)
5.40b Ar= 4-CI-(CgHs) (72%)
5.40c Ar= 2-furyl (56%)

b) 0 OTf
PPN TF,0, (i-Pr),N-Et é/CN TF,0, (i-Pr),N-Et CN
NC CN > >
DCE DCE
0°C 0°C
5.43 5.44 5.40d

7%

Schemé.14: a) Synthesis of-aroyl enol triflate allene precursors. b) Synthesis -alyano enol
triflate allene precursor.

During the optimization of condi ttlg-®s for

cybhlexadbedd®sa an unprecedented di me5 .batr avtaiso n of
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observed. I n the absfemlcleowifn g@ntyha rtarpegp® tnd@® mte aaqfe
cwit tBWKO n THF at room temperature,5u4ctvepected
i sol at ed. pIrheed becxdiggeae ¢ @ldt i[ R2g-Riff m® miweartel omo t i sol

( Sc h®.mk5

o)

OTf O 0 Ar
@)‘\Ar KOt-Bu ©)J\Ar >0

THF, rt S
5.40a-c 5.45a-c OH
5.46a-c

: 5.46a Ar= Ph (26%)
v 5.46b Ar= 4-Cl-(CoHs) (11%)

Ar 0 5.46¢c Ar= 2-furyl (42%)
% £ Ar; ;O Oé EAr
o}

Ar
5.47a-c (not isolated)

Schemé.15: Unexpected dimerization of&oyl 1,2cyclohexadienes.

There were two pathways hypothesi zedi awher e
het-BireNlsder, or 2) stepwi se nbudllée dpnteielciycc | s uwch satl
5. 4dibsa genebatnbod,ectuwoes can react-DwieAlkd eera cfha sohtiha
to gemned&dbis, upon isomerization and foll owe
5. 5a0nad Itehaed itsoo| &t dafsa par ordewscutl t .o fl nt acuotnotmearsitz,a ttih
baSebolfa al |l en®. pboaid Wr st as a nucl eophbhi ABaand

at the central cCdr ®B@nA tsas brsequletnti ™Mi ermaledt ead d i
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and elimination of trifl ag .edt%haaitomwi woultd unt esnelr

the i sol &tdéaproduct

0] 0]

OTf O 0 @\)‘\Ph Ph
- N 4+2
pp KOt-Bu Ph M)Lo [4+2] 0
N /
Ph Ph
5.40a 5.45a
5.48a
l H>"H
(0] 0] Oj
Ph Ph j Ph
(0] 0] 0]
OH — . OH -« |,/)//)@
N ph Ph Ph SbH
5.46a 5.50a 5.49a

Taddition/elimination

o) 0
@fJ\Ph Ph
©
< ot g
€.S1a O) = Ph
—
Ph
5.52a
5.45a
Schemé.16. Possible mechanisms for the formatiorbef6a
The cyclic all enes wdBu) gperncemaatteedd eulsiimign abta
ketaond esyudbmsa i tuted <cyclic allenes. Further mol

di met hyy!| fainj@dirmy | i sobenzofur an ( DPI BFY .)lwer e |

|l nterestingly, compl ete regioselectivity was
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more etlectcioant doub]lwehibcohn dwaosf etxhpee catleldenelT hi s
Di eAl sler reactionrwbbrdi ehe slUebtasntdwerfanireenac
doubl e bond of the -pbbendi anbphglas Thesefeaotdr
of trapping reaction witherestaermisxutbusrte taft ede
obt a%°fleids variability in the regioselectivit
withdrawing-a&2dfegfunmst ikteuteont s r el ative to est
di astereosel eceindioytcyl ofaal\daicrt isn gvatsheal so -obser v

Ssubstituutbheddsal | ectnedioralxtopt hoadduct@cTaml.a B..1L) r a

EWG CN

o4
EWG EWG
KOt-Bu, THF, rt - > 5.53a-d 5.54d
trap

5.45a-d
5.40a (EWG = COPh)
5.40b (EWG = CO(4-Cl-CgHy))
5.40c (EWG = CO(2-furyl))
5.40d (EWG = CN)
Traps Ph
B S o —~
0 — 0 — —
Ph
Furan 2,5-dimethylfuran Diphenylisobenzofuran
(DPIBF)

Schemes.17: Generation of electron deficient i¢¥clohexadienes and trapping reactions with
furans.

Entr Subst Tr ap Product (s)

1 5.a&0 Fur an 5. &(3

2 5.80 Fur an 5.1B(38 2)

3 5.a40 Fur an 5.&360)
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4 5.d0 Fur an 5.®(345)

5 5.a0 2 -bi met hyl f 5.®&(420)

6 5.a0 DPI BF 5. &(520)

7 5.8 0 DPI BF 5. 1B(52 3)

8 5.0 DPI BF 5. &3P

9 5. 40¢ DPI BF 5. 5(53d65 . 5(61d2 )

Table5.1: Diels-Alder trapping of electron deficient @& clohexadienes with furans

5.6. Computational study of observed experimental results: dimerization and

selectivity of trapping reactions.

Using DFT methods, we set out to examine t
def i cicegrrctl olh,e®x a4dSiaeThhee mechani sti c pathway to ur
and diastereoselectivities of t hemett rhaomsi. n gT hri
mechanistic investigation wil/ provide insigl

withdrawing substituents which may aid in fur:Ht
5.6.1 Computational methods

Al 1 structiurigse dwalsEimogp tMOtéhes pd 0o t b3 H &N de p &
basis set. Solvati oer fwartrhe d eu giarhg dtr hoef ulr mtne gwaast
Pol arizable Conti Amome Modald li BFREMoOnal anal
structure was éerbahstabdaemi Al mumpormi zati ons we
09. ¢awoval ent i n“t"efdaocttsi omner(eNQis)ed to further
or bital si ntnercaycctlroeandsdititaiti@annst r uct ur es. NCI figal

VMB%Wi th isovalue of 0.3 and the ®emaining fig
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5.6.2 Investigation of dimerization

The mechanism of di meiBE&at icah c wlaat iexmsmi @ &
MO62-8406G(d, p) functional with SMD sol vent mo ¢
[ 4+2] cycloaddition ocasrsnannen wiorlbhdbhedoas
forming earl i-exydéeémnbdrme (Card®nj visr &n Di0atien r e
structure). Despitterdmet @isgmsthr wati crneéy ot ntihres
(I RC) tdalncsulianditec atns t b @8 | telaids directly to re
reaction occurs with a barrier of 17.7 kcal/m

kcal / mol , rel ative o5t he starting allenes (F
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a) Ph O
@o Ph
~ +
AN R o 2.90 A
S TS-[4+2 =
@)J\ph [4+2] = Ph 2.20 A ﬁg
0.0 -90.5
5.48
a TS-[4+2]
b) o) (0]
Ph Ph
oTf
 OTf +20.1 0°
: 08 L P
) TS-step Ph
¥ Ph
0.0 -34.8
5.52a TS-step

Figure 5.4: DFT investigation of a) concerted allene dimerization and b) stepwise anionic
addition pathways leading to formation ®#6a Reported values are Gibbs Free energies and
are reported in kcal/mol.

Studies on the nrbucdclbsao g higlaitce hgbtdtddmo kv @ fh a t i
proceeds with a barrier of 19.1 kcal/ mol and
favoured by 42.3 kcal/ mol , 5r dabnadt i cvoen jtBog &tihae bcao
( Fi ¢pblr)e. These treshhat sesulggesaddi ti on mat hway
reaction conditions and would | ikely be depen

rate of formati on of the all ene.

5.6.3 Discussion of [2+2] dimerization of 5.45a

The di mer5.za%aao[n2 4073] cycloaddition was al so

4. 6 kcal/ mol | ower in(®oakemsibnhd&)t te a[ndst Z])i ,0prne
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state was also determined tToh sbei sc omnccresitsetde mts yw
studies on allene dimerization however it 1is

and suggests that this system may be more com

Ph

o +131
2
Ph

[0.0] -73.3

Schemeb.18: [2+2] dimerization of 5.45a Reported values are Gibbs Free energies and are
reported in kcal/mol.

Figure 5.5: Transitiin state structure of [2+2] dimerization &.45a

5.6.4 Computational investigation of trapping reactions of 5.45&ad with furans.

To examine the nature of the mechaamndm an
di assefeotivities o6, tDbD&ETtcappuhgtrenstiwere p
Al der reacth es wift Bl-diemetsh 12, f5ur an, and DPI BF
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the results of the co9npiwt @thi d ug amer fThiremed | cmu |
all é&n&Sbc( and dienes foll owaendd same | garesarrgetf

di scusbhshdlon of

Examination of the cycloaddi t bo4hb ewealrs itnhga
bot heh thaadxaod di tTiIS@amER(espectively) prsoicead in a
asynchronous tfrasrhd tomt, e ws tt rhu d thier e fo@t;he endo
favoured by 2.3)&kal fooma¢ircamdoet t he 3eBx.er goni
kcal / mol, and its formation iesxpradoctedThey @n:
favourability of the endo pathway can be just

| one pai roxogmg etnh ea nfduwtiatren de laevd thrgorgr oup at C1 of

Noncoval ent interacsfhadSZEOCt )r mach| yar gero,n
el ectrostatiTSElwheeeathieo®soifnthe furan is int
compalT&@where toar6d®hCa4an2t of the furan is in
Il n contrast to the cycloaddi4bdheoaddritiog ac
bond.otbadcuras st epwi se mechanism with the bond
furan for mimagndiiafioarn t Tilee f i rst addiTtS)3omangdt ex of
(TS approaches of the allene are nearly equal
energy Wbmyol0.p4bokgec.aThe stoefpwihsee andadtiuttb@ md aicg olsisk d
the result of poor orbital overl ap between t he
ob.45d he orbital coefficient o®.c63 iCo mpmalilsern
allrtramst Bt enstIMETSITSHY 6hows the endo additi

the-CEZlbond of the alD3erkm@atloober favbuoéetdebyap,]
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consistent with the experimentaeh ebesetvahi drme¢{

allenes undergoing preferew@&t &t 28pe¢Poaddition

a) 1 5 Addition

o -
o
292 @ 0 o Y . ¥
B N A . =
07 K fﬂ\'g’z.ls :
0

7 TS TS2

DG = 10.6 kal/mol DG =12.7 kal/mol
1,3 Addition

TS3 TS4
DG = 13.7 kel/mol DG = 13.3 kal/mol

Figure 5.6: a) Optimizedtransitionstate structures leading to the possible diastereomers and
regioisomers for the addition of furan with allede45d The bond lengths are reported in
AngstormsReported values are Gibbs Free energies and are reported in kcal/mol. B) NCI figures
(isovalueof 0.4) of TS1and TS2 Blue = strong attractive interactions, green = weak attractive
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interactions, red = strong repulsive interactions. C) LUMO coeffecients (left) and its depiction
(right)of alleneb5.45d

The results of computAlisiemsr pac thioet@me 46 na It |
with f uwd mat hyl fS5ur an, and DPI®BF3.a3r ebn.@drletsewa & d
determined that the fohenamooynami caldloy pfraodawn
reactions e« cefpdedSndPIrB R Thlee cchisf f er ence i n barrie

and exo pathway was determined to be 0.1 kcal

Table5.2: Energies of trapping reactions witbiran. All free energies reported ktal/mol

EWG

EWG o EWG

exo-TS @ + i\ /7 endo-TS
Al |l en Exo Ex-® S S M E n dToS Endo
5. 45a 24 .1 +14. [0O.]O +14. 23. 7
5.450D 27 .5 +10. [0O.]O +9. 4 27. 9
5.45¢c -29. 3 +11. [0O.]O +10. -29. 1
5.45d -29. 4 +12. [0O.]O +10. -30. 4
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Table5.3: Energies of trapping reactions with 2¢dtmethylfuran. All free energies reported in
kcal/mol

EWG
EWG EWG

‘@ exo-TS @ +\®/endo-TS ‘@

Al | en Exo Ex-0S S M En dToS Endo
5.45a 21.4| +15. [0.]0 +13. 20. 5
5.45hb 25.3| +11. [0.]0 +9. 1 24.8
5.45¢c 27.0| +11. [0.]0 +9. 6 27. 4
5.45d 30.4| +12. [0.]0 +9.0 31.5

Table5.4: Energies of trapping reactions with DPIBF. All free energies reportdaaymol

EWGPh EWG EWGPh
o= (y: o =en CIOC
Ph Ph
Al l ene Exo Ex-® S S M E n dToS Endo
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5.450D -39. 4 +5. 1 [ 0. 0] +4. 1 -40. 2

[daY

5.45¢c| -40. + 4. [0. 0] +4.3 41.5

5.45d| -46.64 +6. [0. 0] +5. 9 45,1

I n order to understand the obserb5.adhiddm of
DPI BFtramet Bt enstructures bnvuertehexayame@dgr dump fi
top shetpm of isobenzofuranimdieniyhdf rRRIUBRE, i
secondary orbital i ntTehriasc tiinotnesr atca ilonw dris etahbes elr
HOMOs of furans anbd 4i5kde showMO dhi&i bener 2c8i on

in the endo T8S.
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Fur ¢ Di met hy

213 A

LT

Figure 5.7 Transition state structuredor trapping of allene 5.45d witliuran (left), 2,5
Dimethylfuran (center), and DPIBF (rightdr endo approach (top) and exo appoh (bottom)

|

Furan 2,5-Dimethylfuran

DPIBF Isobenzofuran

Figure 5.8: a) LUMO of allenes.45d b) HOMOs of various furans

i nsight about this fa

I n order to gain more

e n d oc yacnldo eedkdbu-ditpsh ewni ytlhfs @hadm zaofdir an wdhe al so

of
producibke widi inf eraen ©

for endo and exo
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barriers between formation endd palkthyean apdl @&
kcal / mol for isobenzofuran, {§Téyv o draiviog rtasbd ee n chi
in the exo approach for ishpEniIbisrbdavoeoanalblee

hel ps explain the piiddaendc ®dPdfBFexo adduct from

Table5.5: Transitionstate energies of trapping allebe45dwith various dienes. All free energies
are reported in kcal/molThe energy values are relative to alléend5dand diene.

Furan Dimethylfuran DPIBF Isobenzofuran | Diphenylfuran
EndoTS 10.6 9.0 5.9 6.7 11.0
ExeTS 12.7 12.3 6.0 7.7 125
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| sobenzi Di pheny

246A% 2 286A

Figure 5.9: Transitionstate structuresf trapping of alleneé.45dwith isobenzofuran (left) and
2,5-Diphenylfuran (right)for endo approacht¢p) and exo approach (bottom)

5.6.5 Investigation of trapping reactions of cyclic allenes with enamines

Due to confi rDeadasi dar odi merntiezati on mechani s

5.4cacuriosity surbaséceabudid cealitc aal henes odi e

trap in [4+2] cycloaddition pathwaw.iiahtesveaas
el cdemand, in which the LUMO of the heterody
electron rich dienophile would be the princip
t heke2 o aroyl cyclic all enest hwevraer i 0 @8 erlealt eecdt

heterodienophil es (Table S.3Pvwmer hd soeatktdi mg

di astereomer which suggests a concerted cycl oc
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OTf O o) Ar
Ar KOt-Bu ©)‘\Ar Z 0
[ e X
THF, rt R
]
5.40a,b 5.45a,b R»
5.59a-h
Entry Substrate Trap Product (isolated yield)
OEt
1 5.40a = -
5.57a
5.57b
Ph
N O ~ 9 Nl/\;?
3 5.40a /
5.58a H
5.59a
Ph
/\ Z>0 NI/\:(/)
4 5.40a N\_/O
5.58b H
5.59b
Ph
/N o [0
J NP NS
5 5.40a _/ p
5.58¢c H”:
5.59¢
Ph
AN @i
6 5.40a 4<7 N/\
5.58d K/o
5.59d
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CgH4Cl
Oy ¢'S;
N
7 5.40b N, .
5.58a H
5.59%e
Ph
Z>0
O N
8 5.40a
5.58e H
5.59f
CeH4Cl
) o [
9 5.40b /N A
5.58¢ H™: |
5.59g
10 5.40a N O -
5.58f
Ph
— Z)
N O _
11 5.40a \__/
O 5.58¢g o
5.59h

Table 5.6:HeteroDiels-Alder trapping of Zeto aroyl cyclohexadidenes derived fr&0g
5.40bwith electronrich heterodienophiles

As in the dimerizati®.nlPptrhoec efsosr nsahtoivibonn5i®nf Sccy
could conceivably iacr iDéieedbsy pivhdateaspvai Pee rii acwrnyicd
of the nucleophil i c-defniami enrets d lol etnhees . e [Reectterna 1
information in the two & a5dfef eirmsv oelwiidnegn caec yfcol ri
mechani san. c DIFAt icons on t h&. 4wiatl ho aebdast8nadenc @f e a

that the [4 + 2] cycloaddition occurBcairnboan c 0|
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bond forming eaokiygent bandt (@. &&r BFauwy. %8 .3102a § ,
The cycloaddition occumosl waintdh ias beaxreimge#rs i ccf bly2
shown vuire. ROghe cycloadditramsb@it @n SItS)Shuc dhuag le
pl aces the N of the éndrhiene adibroemgtll yo no vtenre tah
favourable secondary orbital iTnSbeFrimgcdt)®Tonnres, as
concerted nature of this reaction is consiste

obandt wit he observed©6asrldbérgeochemi stry of

Figure 5.10: Optimized transition state structureTS5 for the favoured diastereomer of the
cycloaddition ob.45awith 5.58a b) NCI plot of TS5

We further examined 5t bei tleatbot idveitteyr noifn ee niaf
prodbhc§Oavas p(lFausuirbel &h.el 1DFT cal cat athen®bseg:
pr odi.cdi9s thermodynamically favour &de®dagrThel. 5
cal cul ations al so s ubg goelsa r dvdnemdt @ gt Wies ef oiramaitd oand
nucl edp BtiBdaiecl ect Hod S5dlehfei pfiiteondtf -6Bltheas a barri er
kcal / mol (3.8 kcal/ mol higher than [4+2] barrtr
rel atbi.v6eBl,Tt d he second step proceeds wiltha a bar

Hence, tohneldfasr nbacttih ki netically and5t6&6@amodyna
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0.0 -52.4
5.58a 5.45a 5.59a

l+16.2

[c,g] @

N Ph
-8.7
| (0]
©
(0] Ph
-20.3 -30.9
5.60-INT 5.60a

Figure 5.11: Examination of reactivity of enamiae58awith allene5.45a Comparison of [4+2]
pathway leading t&.59aand stepwise pathway leadibgg0a Energies are reported in kcal/mol.

5.7 Conclusions

In this chapter, DFT methods were utilized to investigate the reactivity of cyclic allenes
with electrorwithdrawing substitants. The experimental results of tapping allenes with different
1,3-dienes, as well as, dimerization reaction of allenes were rationalized using computational
methods. The electron deficient allenes were determined to undergo dimeriziti@m
asynchroonus hetereDiels-Alder pathway which was kinetically favoured compared to the
stepwise pathway. The resulting cycloadduct was found to be thermodynamically highly

favourable relative to the stepwipathway intermediate.
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The trapping reactions of cycligllenes with 1,3lienes resulted in cycloadducts with
excellent regio and diastereselectivity. The DFT calculations suggest a hef®@iels-Alder
process in a concerted asynchronous manner. The calculations suggest that tdd@iels
reaction of 1,alienes with allenes across the-bghd is kinetically favoured due to favourable
orbital overlap compared to 2i#nd, resulting in high regioselectivity. Furthermore, the trapping
reactions were observed with higindo diastereoselectivity as a result of thermodynamic
favourability due to favourable secondary orbital interactions, compagedselectivity.

Additionally, the electrosdeficient cyclic allenes with electron withdrawing substituents
allowed to expand &hscope by trapping them with enamines as electocbrheteredienophiles
to result in complex polycyclic compounds. The trapping of allenes with enamines also followed
a hetereDiels-Alder pathway in a concerted, asynchronous manner. The results pdesente
chapter will aid in development of a diverse set of electron deficient cyclic allenes and electron

rich trapping reagents to expand the scope of reactive intermediates in organic chemistry.

170
S. Singh



Chapter

5.8 References

(1)

(2)

3

(4)

(5)

(6)

(7)

(8)

(9)

Roberts, J. D.; Simmons, H. E. Jr.; Carlsmith, L. A.; Vaughan, C. W. REARRANGEMENT
IN THE REACTION OF CHLOROBENZENH-C14 WITH POTASSIUM AMIDEL1.J.
Am. Chem. S0d.953 75 (13), 3290 3291. https://doi.org/10021/ja01109a523.

Bottini, A. T.; Corson, F. P.; Fitzgerald, R.; Frost, K. A. Reactions-Bfalbcyclohexenes
and Methyl Substituted-Halocyclohexenes with PotassiurBtitoxide. Tetrahedronl972
28(19), 48834904. https://doi.org/10.1016/004@20(72)881419.

Wittig, G.; Fritze, P. On the Intermediate Occurrence oiQy2lohexadieneAngew. Chem.
Int. Ed. Engl.1966 5 (9), 846 846. https://doi.org/10.1002/anie.196608461.

Pellissier, H.; Santelli, M. The Use of Arynes in Organic Synth@sisahedron2003 59
(6), 701 730. https://doi.org/10.1016/S004020(02)01563.

Wenk, H. H.; Winkler, M.; Sander, W. One Century of Aryne Chemigtngew. Chem. Int.
Ed. 2003 42 (5), 502 528. https://doi.org/10.1002/anie.200390151.

Gampe, C. M.; Carreira, E. M. Arynes and Cyclohexyne in Natural Product Synthesis.
Angew. Chem. Int. E@012 51(16), 3766 3778. https://doi.org/10.1002/anie.201107485.

Tadross, P. M.; StoltBB. M. A Comprehensive History of Arynes in Natural Product Total
SynthesisChem. Rev2012 112(6), 3550 3577. https://doi.org/10.1021/cr200478h.

Dubrovskiy, A. V.; Markina, N. A.; Larock, R. C. Use of Benzynes for the Synthesis of
Heterocycles.  Org. Biomol. Chem. 2012 11 (2), 191 218.
https://doi.org/10.1039/C20B26673C.

Su, Q.; Ding, J.; Du, Z.; Lai, Y.; Li, H.; Ouyang, M.; Song, L.; Lin, R. Recent Advances
in the Reactions of Cyclic CarbynesMolecules 202Q 25 (21), 5050.
https://doi.org/10.3390/molecules25215050.

(10) Goetz, A. E.; Shah, T. K.; Garg, N. K. Pyridyresd Indolynes as Building Blocks for

Functionalized Heterocycles and Natural ProduCtsem. Commur2015 51 (1), 34 45.
https://doi.org/10.1039/c4cc06445c.

(11) Agard, N. J.; Prescher, J. A.; Bertozzi, C. R. AStRinomot ed [ 3 + 2]

Cycloadition for Covalent Modification of Biomolecules in Living SysteisAm. Chem.
S0c.2004 126(46), 1504615047. https://doi.org/10.1021/ja044996f.

(12) Ippoliti, F. M.; Adamson, N. J.; Wonilowicz, L. G.; Nasrallah, D. J.; Darzi, E. R.; Donaldson,

J. S; Garg, N. K. Total Synthesis of Lissodendoric Acid/ia Stereospecific Trapping of a
Strained Cyclic Allene. Science 2023 379 (6629), 261265.
https://doi.org/10.1126/science.ade0032.

171

5

Az

S. Singh



Chapter 5

(13) Daoust, K. J.; Hernandez, S. M.; Konrad, K. M.; Mackie, |. Dinstanley, J.; Johnson, R.
P. Strain Estimates for Smdling Cyclic Allenes and Butatrienek. Org. Chem2006 71
(15), 57085714. https://doi.org/10.1021/jo060698k.

(14) Dillon, P. W.; Underwood, G. R. Cyclic Allenes. I. Electronic Structure and Plebab
Deformation of the Allene Linkage When Included in a Ring. INMO [Intermediate
Neglect of Differential Overlagolecular Orbitial] StudyJ. Am. Chem. So&974 96 (3),
779 787. https://doi.org/10.1021/ja00810a023.

(15) Schmidt, M. W.; Angus, R. OJohnson, R. P. Small Ring Cyclic Allenes: An Ab Initio Study
of the Structure of 1;ZyclohexadieneJ. Am. Chem. Sod.982 104 (24), 68386839.
https://doi.org/10.1021/ja00388a087.

(16) Angus, R. O.; Schmidt, M. W.; Johnson, R. P. SfRatlg Cyclic Cumuénes: Theoretical
Studies of the Structure and Barrier to Inversion in Cyclic AlleheAm. Chem. So&985
107 (3), 532 537. https://doi.org/10.1021/ja00289a002.

(17) Johnson, R. P. Strained Cyclic Cumulen€hem. Rev.1989 89 (5), 11111124,
https:/doi.org/10.1021/cr00095a009.

(18) Wittig, G.; Fritze, P. On the Intermediate Occurrence ofQy2lohexadieneAngew. Chem.
Int. Ed. Engl.1966 5 (9), 846 846. https://doi.org/10.1002/anie.196608461.

(19) Shakespeare, W. C.; Johnson, R. P. i&;80ohexatriene and Cyclohexe®+Yne: Two New
Highly Strained C6H6 IsomersJ. Am. Chem. Socl199Q 112 (23), 85788579.
https://doi.org/10.1021/ja00179a050.

(20) Moore, W. R.; Moser, W. R. Reaction of @Xbromobicyclo[3.1.0]Hexane with
Methyllithium. Efficient Trapping of 1,2Cyclohexadiene by Styreng. Org. Chem197Q
35(4), 908 912. https://doi.org/10.1021/jo00829a008.

(21) von E. Doering, W.; LaFlamme, P. M. A Twitep of Synthesis of Allenes from Olefins.
Tetrahedronl958 2 (1), 75 79. https://doi.org/10.1016/004D20(58)880251.

(22) Skattebgl;, L. Chemistry of Geiihalocyclopropanes. V.1 Formation of
Tricyclo[4.1.0.04,6]Heptane and Derivatives. Org. Chem.1966 31 (9), 2789 2794.
https://doi.org/10.1021/j001347a014.

(23) Moore, W. R.; Ward, H. R. The Formation of Allenes from Geihalocyclopropanes by
Reaction with Alkyllithium Reagentsl,2]. Org. Chem.1962 27 (12), 41794181.
https://doi.org/10.1021/j001059a013.

(24) Barber, J. S.; Styduhar, E. D.; Pham, H. V.;Mé&hon, T. C.; Houk, K. N.; Garg, N. K.
Nitrone Cycloadditions of 1;Zyclohexadienel. Am. Chem. So2016 138(8), 2512 2515.
https://doi.org/10.1021/jacs.5b13304.

(25) Lofstrand, V. A.; West, F. G. Efficient Trapping of iC¥clohexadienes with 1;Bipoles.
Chem.- Eur. J.2016 22(31), 1076810767. https://doi.org/10.1002/chem.201602201.

172
S. Singh



Chapter 5

(26) Inoue, K.; Nakura, R.; Okano, K.; Mori, A. Ot Synthesis of Silylated Enol Triflates
from Silyl Enol Ethers for Cyclohexynes and-LC2clohexadienesur. J.Org. Chem2018
2018(25), 33433347. https://doi.org/10.1002/ejoc.201800353.

(27) Bottini, A. T.; Hilton, L. L.; Plott, J. Relative Reactivities of 1C¥clohexadiene with
Conjugated Dienes and StyreneTetrahedron 1975 31 (17), 19972001.
https://doiorg/10.1016/004@020(75)8018€1.

(28) Barber, J. S.; Yamano, M. M.; Ramirez, M.; Darzi, E. R.; Knapp, R. R.; Liu, F.; Houk, K. N.;
Garg, N. K. DielsAlder Cycloadditions of Strained Azacyclic Allen&&at. Chem2018 10
(9), 953 960. https://doi.org/10038/s41557018-0080-1.

(29) McVeigh, M. S.; Kelleghan, A. V.; Yamano, M. M.; Knapp, R. R.; Garg, N. K. Silyl Tosylate
Precursors to Cyclohexyne, i¥clohexadiene, and tRycloheptadieneOrg. Lett.202Q
22 (11), 45004504. https://doi.org/10.1021/acgytett.0c01510.

(30) Lofstrand, V. A.; Mcintosh, K. C.; Almehmadi, Y. A.; West, F. G. StrActivated
Di el s1T Al der -CTyclehpxpdieneg: Intnraimoletulal Capture by Pendent Furans.
Org Lett2019 21, 6231 6234. https://doi.org/10.1021/acs.orgkehi02085.

(31) Wang, B.; Constantin, M. G.; Singh, S.; Zhou, Y.; Davis, R. L.; West, F. G. Generation and
Trapping of ElectrosDeficient 1,2Cyclohexadienes. Unexpected Het&nels-Alder
Reactivity.Org. Biomol. Chem2021, 19 (2), 399 405. https://doi.or.0.1039/d00b02285c.

(32) Lofstrand, V. A.; Mcintosh, K. C.; Almehmadi, Y. A.; West, F. G. StrAutivated Diel$
Alder Trapping of 1,Xyclohexadienes: Intramolecular Capture by Pendent Fugags.
Lett. 2019 21 (16), 62316234. https://doi.org/10.1024¢s.orglett.9b02085.

(33) Jankovic, Christian. L.; West, F. G. 2 + 2 Trapping of Acyldx®Cyclohexadienes with
Styrenes and Electrebeficient Olefins. Org. Lett. 2022 24 (51), 94979501.
https://doi.org/10.1021/acs.orglett.2c03978.

(34) Lofstrand, V. A.; West, F. G. Efficientrapping of 1,2Cyclohexadienes with 1;Bipoles.
Chem-- Eur. J.2016 22(31), 1076810767. https://doi.org/10.1002/chem.201602201.

(35) Almehmadi, Y. A.; West, F. G. A Mild Method for the Generation and Interception ef 1,2
Cycloheptadienes with 1-Bipoles. Org. Lett. 202Q 22 (15), 60916095.
https://doi.org/10.1021/acs.orglett.0c02172.

(36) Ball, W. J.; Landor, S. R. 442. Allenes. Part lll. The Synthesis of Cyclic Alldh&hem.
Soc. ResumetB62 No. 0, 22982304. https://doi.org/10.1039/JR9620002298.

(37) Moore, W. R.; Moser, W. R. Reaction of @Xbromobicyclo[3.1.0]Hexane with
Methyllithium. Evidence for the Generation of X2y cl ohexadi e-ne an
Dicyclohexenylene. J. Am. Chem. Soc. 1970 92 (18), 54695474.
https://doi.org/10.1021/ja00721a028.

173
S. Singh



Chapter 5

(38) Bottini, A. T.; Corson, F. P.; Fitzgerald, R.; Frost, K. A. Reactions-bflbcycldhexenes
and Methyl Substituted-Halocyclohexenes with PotassiurBuitoxide. Tetrahedronl972
28(19), 48834904. https://doi.org/10.1016/004020(72)881410.

(39) Christl, M.; Braun, M. Generation and Interception €dXA-2, 3Cyclohexadiene and 1, 2,
4-CyclohexatrieneStrain Its Implic. Org. Chem. Org. Stress Red&39 121 131.

(40) Nendel, M.; Tolbert, L. M.; Herring, L. E.; Islam, Md. N.; Houk, K. N. Strained Allenes as
Dienophiles in the Dielsi Al der Re audyt J. o n:
Org. Chem1999 64 (3), 976 983. https://doi.org/10.1021/jo982091c.

(41) Fos, E.; Borras, L.; Gasull, M.; Mauleoén, D.; Carganico, G. Synthesis of Isomeric Series of
Aryltetrahydrobendsoxazoles and ArylcyclopentisoxazoldsHeterocycl. Chenl992 29
(1), 203 208. https://doi.org/10.1002/jhet.5570290137.

(42) Lin, H. S.; Rampersaud, A. A.; Zimmerman, K.; Steinberg, M. I.; Boyd, D. B. Nonpeptide
Angiotensin Il Receptor Antagonists: Synthetic and Computational Chemistry[df[R-
(2H-Tetrazot5-Yl) -1-Cycloalkenl1-YI]Phenyl]Methyl]imidazole Derivatives and Their in
Vitro Activity. J. Med. Chem. 1992 35 (14), 26582667.
https://doi.org/10.1021/jm00092a017.

(43) Jia, Z.; Gélvez, E.; Sebastian, R. M.; Pleixats, R.; Alvhmena, A.; Martin, E.; ¥lIribera,
A. Shafir, A. An Al-Angdation:aTheiTrarefer bfan Ihtdce2 Cl a s s
lodoaryl from Arl(O2CCF3)2.Angew. Chem. Int. Ed2014 53 (42), 1129811301.
https://doi.org/10.1002/anie.201405982.

(44) Zhao, Y.; Truhlar, D. G. The MO06 uge of Density Functionals for Main Group
Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, and
Transition Elements: Two New Functionals and Systematic Testing of Four-Giaés
Functionals and 12 Other Functidrheor. Giem. Acc2008 120(1i 3), 215 241.

(45) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical Continuum Solvation Models.
Chem. Rev2005 105(8), 2999 3093. https://doi.org/10.1021/cr9904009.

(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; ScusedaE.; Robb, M. A.; Cheeseman, J.
R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; X. Li, M. C.; Marenich, A.;
Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ort, J. V.; Fox, D.
J. Gaussian 09,Revision. http://gaian.com/g09citation/ (accessed 2Q1830).

(47) Johnson, E. R.; Keinan, S.; M&anchez, P.; Contrer&arcia, J.; Cohen, A. J.; Yang, W.
Revealing Noncovalent Interactiond. Am. Chem. Soc201Q 132 (18), 64986506.
https://doi.org/10.1021/ja100936w

(48) ContrerasGarcia, J.; Johnson, E. R.; Keinan, S.; Chaudret, R.; PiquerRaj,Beratan, D.
N.; Yang, W. NCIPLOT: A Program for Plotting NdDovalent Interaction Regions.
Chem. Theory Compu2011, 7 (3), 625 632. https://doi.org/10.1021/ct100k:

174
S. Singh



Chapter

(49) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular DynamitsMol. Graph.
1996 14 (1), 33 38. https://doi.org/10.1016/026855(96)0001&.

(50) Momma, K.; Izumi, F. VESTA 3 for ThreBimensional Visualization of Crystal, Volumetric
and Morphology Data. J. Appl. Crystallogr. 2011, 44 (6), 12721276.
https://doi.org/10.1107/S0021889811038970.

(51) Yamano, M. M.; Knapp, R. R.; Ngamnithiporn, A.; Raez, M.; Houk, K. N.; Stoltz, B. M.;
Garg, N. K. Cycloadditions of Oxacyclic Allenes and a Catalytic Asymmetric Entryway to
Enantioenriched Cyclic AllenesAngew. Chem. Int. Ed2019 58 (17), 56535657.
https://doi.org/10.1002/anie.201900503.

175

5

S. Singh



Chapter 6 : Conclusionsand Future Work
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