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Abstract

Chaptedeslcs itthe concept of chirality and en
Organocaitsahgisanitsr oduced, with a focus on bifunc
superbases in asymmetric methodol ogy. Fiimal | y,

i ntroduced and discussed.

Bifunctional Iminophosphoranes Catalysts
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| .Cthirality

| . Defining Chirality

The anci ent ¢ Gwhpderkd )wowals 6ctohmsoedrewend Einngl i sh | angue
word O¢hiwhalciht ywas f i r st used by Lord Kelvin i

geomeHanwds are of actohirseprchperatly describes a ¢

symmetry relationship between an entity and it
di stinguishable from its mirror i mapoes,edorbymor
transl ati omrnatnd miort rddre oihmaoge.hi ral counterparts
pl ane of symmetry are call ed Usda®ymenaonripnhgs (f

oppositéufohmdlmoeets with superposabhbE gmirrer or

1).
; b I B
AN
'right handed' 'left handed'
Fi gufEexampl es of achiral and chiral objects. Mi rror

of a chEHm&nt bombr phads.
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Chemical chirality

tart flatt ewsaas noted that

first ders ¢ migh endosrb yst luau

bi ological samples of ta

l i gmt sol uhowever synthetic samples of the sam

behaviour . Pasteur

found that crystals of d

di stinguished and separated intoCrtywa ad et esgeoprairea

this way, and dissolved separately,
interesttyngée gpl apwed

t he other one rotated

r,otanace,d th

he same bfe hbaivoiloougri caasl soarnipgl

the plane of polarised |

di r ecTthieo np henomeantotnr i vbaug ed t o mvhliecchu laarri scehsi rfarl o

spati al arr ang(eome nlto noef

mo | e dRi lgai2).e

enantiomers

OH O : OH O

HO (S) ©  HO (R
(S) OH : (R OH

O OH : O OH
(2S,3S)-tartaric acid (2R,3R)-tartaric acid

eal tebchtkr orne sppaeicrts )t o each o

meso compound
(achiral)

M NH

(2R,3S)-tartaric acid (2R,3S)-tartaric acid

FigwliTéde two enanti omamg @ fonhdi satoatlra rairc ca caicd d

Mol ecul ar chirality

i st eias ®@nyeo(r & sseerde oai ss oanefr ar rh aa

same connectivitygialbuar rdainfgfenjemmd osf al so comm

referred to as Emptnitd aolmeirsso memiogminclaé air lee-metr lsat

superparsabloa i mages

olffh ee asxrohs t 0 tchoemrmon f or m of m

ari sest hfer opowm edee nsteer eogeniwhiiccdhanr et om ( most co

car bomat has four differegtvsobstisaeendtscant aah

(L-phenyl aFiagwBmkgl ecul es

me sios omer , which i s

aciFd gy e Further mor e,

with two or more stereo

achiral, and hamestaa ritnatreircn a

compounds with more than



an inherent pl aidni acsft esyemmetrrsy odr eeach ot her, i
| east one stereogenic element is the Ismamet har bo
wor ds, two compounds are diastereomers, i f the)
I n c ecratsagisnst ereogenic axis can also serve as tfF
mol ecabesain an axis of chirality along a chen
rotati onplaanmdarnoomver Al | ege ® nvaetlcegymne@vada mpl es of t h
f amahyont ain cumulative doubl e bonds, which <co
chir(@llabegl | eniwbi hei d) r opaixsicdmier & ietxyhi due t o hind
around a s(iRpRll d#Olle)essd common icmac¢ logdaeniaes whi chl ity
ari ses ast lareerleastuilvte ,ofout of plane position of s
of chitmradnyseclyoqctane), andwhhiedh caan ché rabséeyved

t hat coiolr mu-ph edint dhiafqphite d h &l i ces.

I

0 OH A
oH /'/Hs?CH3 OH 1 O
NH, cZH OO EX] QO
L-phenylalanine laballenic acid (R)-BINOL (S)-trans-cyclooctane (P)-5-helicene
central chirality axial chirality atropisomerism planar chirality helical chirality
Fi g BExampdfe chiral wé wrApowwautbksagori es of .woptical i somer
't is import @mtacttd creo tceo nphoautn disn are only chiral
bet ween the two enantiomers is sufficiently hi g
each other. | hs htchelod ye x lmimh inte centr al cthhraed i ty
di fferent subshnietpantsoéndlactrons, however due

the two enmnstti oadbmen exi st as separate stabl

temper aPRhoepshi nrens t he ot heri chminfdi,camave aigher

pyramimdwadr si on, and often can be i s ®|sautcehd aasss s |
phospBSilme certain cases, nitrogen can serve as
inversion is restricted by conformational str e

quini nfegands (Fb asage
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Me
¢ ® 1 N_ N
achiral XY “OH >
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| P
.\ slow f PR TN Me No 2
Me

A ,.\ ) quinine (5S,115)-Tréger's base
chiral at P chiral at N chiral at N

FigussRRyr ami dal inversi on, exampl es Nofandiexd mpalned oaf
phosphineP.chiral at

Enanti omers are highly elusive species, as the
achiral environment are identical, however in s
in the opposite direction, which as$l| dwegpaPase
i somAssmentioned earlier, samples of tparathaer i ¢ ¢
ofpol arised |ight in one (and always the same)

This phenomenon is due to the pneseancguofmobat
synthetic sampl es, effeAthombgemwramece!| ¢égqumigmalhar
opposite enantiomers is called a racemic mixtu
an excess of one i somer i ss aenmpa netsi oemmti e&ihreidn g a

enanti omer ar e refertredcooclassieonnantti amptuarei c a

bi ol ogical samples was enantiopure (or enanti oc¢
the | aboratorVYhiwasobhaerwatg.ui te general ; chira
produced in chemtbautsygpelbéeéalsattenti on are obt
however chiral mol ecul es found i n natur e ar e

enanti dmer®rigins of biala®agultjad cthoanfocdhe bbatle,tyne
chirality is of profoBAmdno mpoirtdamaedichigat arsem
organic molecules and appear Theysiam@gl @ e€mamteirs
| idne Eart haraeasptédeent i n eversyrlvibwiarsgl i cargg an ioscmi,s
the synthesis of a myriad of funpéepbimedeEs feiiamol

acipdseslLysaccharides (such andstsawvadhe nadmud adelplrwl



(R)-substrate ='=, )
enzyme

match

Figwiélustoppbobentati omers of a

As menti oned earl ier
properties in an achi
homochiral bi ol ogical

arrangement of the bi

affinity,

nding si

b oa hd qoquuanltkiittgaiyi@oelbyg qluent | vy,

5
D

enzyme

1.

(S)-substrate

.\\\\\

mismatch

chiral

opposite enant i

ralbfepmi eammént ,

setti such as

ng,

tes of t he

substrate

omer s

a

t

i v

bin

h &

dh o wevent

i n

i so

opposite

of chi rbailoacti ve souf bt setna n heasy e di fferent phar ma
Levopropoxyphene for exampl e i s an antitussi:
dextropropoxyphmhathiged 8 isg, aRapmani ci lilsamamtei art hri ti
compound(S)-pvehniilce | bamui é&dg @nbé)’e
Due to the often widely different biochemical €
research both enantiomers of a chiral drug must
properties must benadé&te®’i migned prior to
0 0
Bn(=) Bt Et)j\QBn
5 p COH HO,C
Ph>\E/\NEt2 EtzN/\E/<Ph HS><‘/ 2 2 \‘><SH
Me Me NH; NH;
levopropoxyphene dextropropoxyphene (R)-penicillamine (S)-penicillamine
antitussive analgesic antiarthritic mutagen
Fi gwbExampl éd feefr eht phar maemnland ii ®anler e fpfag atss o f



Il . Enanti oss&lyat hiewe s

Opposite enantiomers show different behaviour
therefore the enantioselective synthesis (and ¢
be achvidgahednt er action with an ext elrhrealmohsa maodd hrierc
way of achieving enantcihaeomraitcoMyimearpthayi 8 a¢ e ai ¢ h mr :
is subjected to chromatography with an appropt
di fferent affintioithke of0Ilethiafnip & @ auete stt hgahyesli ¢ a l

separation of e nraena li,ioseadwe vean the s met hod i s e
appl i calbiimibtyeyd ow praonddu ca v afitClaibr ali t yesol uti on wa
c hemiapaolroach reported for the enhancemelnt of o
t his mehtehordaé¢éesmateemact ed with an enantiopure res
acibdase reaction), which results in the format.i
l ess solubl e, tadalalnowihreg ottthherphysi cal !gkeipmetaitc on
resolutidrmeexplfdietsehcreaat rattty bet ween a set
appropriatereagehtop®ne enantiomer reacts rapi
i ntact due to the difference i n energies bet

structRiesesl.uti on and kinetic resolution are his

of tuwetni | i sed today, however the maxi mum theoret.i
50 %, rendering thesl@dsimegt hoadeshiwaaslt eduxiliary gr
synthesis of enantioenriched products increase
This approach relies on the installation of ar
prochiral substamdti ohptuhriechabdbhadygene axalcd d toinv e an
be performed to installon hteh e ecsriirgidn & lu nsca a fofnaall d
the removal of the chiral auxiliary, tHRHédiesnant.i
is a highly versatile method, which has found r
chemi stry, and still i s one of t he mo s t pre

enantioenri cHfeas pictad ftolh &l s,e talder aint atgalsl at i on anc

I-6



chiral garuosiipginarfyi cantly increases t het lsyieepl dcoun
of the target material. Additionally, a stoichi
for these processes, rendering them wasteful al
to enantioenriched compounds d¢ki rtehlei st aritriercg rE
empl ogmamgt i o scealteacl@isvirsal e atade ytshes homochiral en
of a chemical transf orsrhatri ar i a mdT hd fisff edbastm avndal dyh et d
their capacity to exert control over -stthaet eener
structures tdnettelmeni enBagtisa ep, rendering the fo
preferenti al'®Doyvnearmitch ek iontenteirc resol ution (DKR) i
resolution, however a dynamic equilibrium betw
starting mat eoimpll edalel cwansumpti on of the substr
to kinetic resolution) is often renderesd cat al
bet ween the two enantiomers of a starting mat e
over t HS hetmMpe®Enanti oselective catalysis is a ma
and much effort has been devoted to the devel op
of chirality transfer. The f unbdeatmeenbipall @6 06st hi s
and midwhenOdNsyori Knowl es and Sharplkasedevel
catalysts for enantioselective hydrogenati on
reactiéOvse.ral Wasi shown that transition metals e
exert enantiocontrol over otherwise racemic cat
an elvegting pursuit -odt alsysmnke ttrriangandfedrarhati ons a
gemal . I n the past nearly 60 years virtually e
used as an asymmetric catalyst with the aid of
Nobel Prize wams wGhredneids Wir lyl i am RYy.oN&KynwawiKes Barry

Shar pfl@esst heir work on enantioselective met al (

reactions.



\\‘\.
_ chiral resolvmg
+ .
* * resolutlon chiral
Y*H Y H racemic mixture chromatography .,,}(

soluble salt insoluble salt

R *
kinetic resolution

chemically distinct species

phisycally separated
enantiomers

*
."h R™-X - .l"l 'I:, .”b
R*<
installation of d/astereoselect/ve rernoval of
prochiral auxiliary reaction auxiliary
substrate

R
o ,/< catalyst* ° ,/< '/< >\\ catalyst* Iy
e, > n, 1, ™ —_— ,
enantioselective dynamic
kinetic resolution

prochiral catalysis ic mixt
racemic mixtur

substrate acemic mixture

rapid racemisation

approaches of enantioenri chi

Scheh&@he most prevalent

2Be2nlj a miam Blaivé tC. WMac Met bk auMabdalhePri ze fiom Chem

asy mmdthraitc i ar g amampatganewy L,y

I n

the devel opment of

to enantioselective organometallic catalysis.



| . O ganocatalysi s

Or ganoc ataasl yasrigmawdryl ooked field, as sporadic r
transformati ons ar e knowrn s f rsymt dl@&t8i, ¢ hiomeaetr
commenced in the | asaaew 90dy. aA hfaingdlfdil t bdt publ i «
guickly turned i nto one ofmeisrheormparni cr adphi elmiys |
compl ementary nature to organometallic catalysi
and readily available and cheap cathalrygstbotimadeas
industry and academi a. I n contrast with |ligatec
me t-fan ee, el i mi nati ng t heex pneenesd vteo, uashed -oskctaerhcset ot Xxri:
furthermoregenheipndagnessi ti ve to s@iimplanfdyi mgi scthuerr

synt hesi s.

Tefirst remanrtd ederl gandowet al ytic trlams4d.or Wilae m on
mal oni 8wasi deated in the presence of brucine (
corresponding monoacid was opohtapnéewer)ea Ithwe er
e.oh the @owlddichot be deter mined a%$chtem®?% i me o
I nterestingly, this discawndr yt waesmta pleadrdgtedl myle ypu n2n «

in the firadtt ex00 tysegprudlication.

brucine
Me Me brucine Me MeO
)( — Me—<_ O
HO,C CO,H A CO,H MeO
3 -CO, 4 !
low e.r. (0] Ifl

Sche@he first reported enanti odbeMaercck ve&bd4)yanocat al



L-proline

L- prollne 3 mol%) &
COzH
DMF rt., 2-3 days
6, 99% 96.5:3.5 e.r.

Sche®@EhebtlajiPar iEdé#dSauvidMi echert. reacti on

The first major milestone | HapiRar fHdd#3d vies f r om
Wi echeratcti on was published by t wd?3Tlee erag & ht igo o
utilisesb t rwihkethonien t hpr epriesencgclofses to give
intermedi ate, which after TBahyids h6 (karh oiimapg ;mri tsahret

chiral building bl &6k 5iB.ttotealr.s amSthesdestY j t at i

28 mportantly, itheavarsl yshpwimhiatattihen nature of th
crucial to high enpagptrowatiencedi asea: cawhahyst i
with a cbBwaaloltaidned in a significantilny tlhewer
pr esenlcper ootienenyl i estead of the free acid, S i mi
reported, hinting the Dbifunctional nature of t
this paper was | argel y coovnemu mintkyeed bAyseheobynth

findwemrges pubétt whed 12909060 .and

| n 1996 Shipuand sHaependefmitbytgdrmecatal ytic asy
epoxidation of wuinmctth ev apgreeds ead ckee neefs Ox on?é-,28 under
The key to these findings was the realisation o
al kenhetsi I7paemde ,c hi r a( f orxmeihtniersf r om t he appropri at
cat adnydstOxofdde struct wrvali |vaerl seatcidli iFtaywedfcahéod ds
of takéooe@si straanctenticcatisemoogtdegr oxi dii s&migd sc on
cat al9ystf et ur edf rauc-d @egiede d backbone, whil e Yar

incorporated an Gsyameyr-leiomn d@ttdohlyQiSgria@tmef 4(

-1 0



9(3.0eq.)or10 (1.0 eq.)
Oxone, NaHCO3

10 o
/\/Ph > o)
Ph ", ”lI//
MeCN, aq. EDTA Ph Ph 0
7 0

with 9: 73%, 97.5:2.5 e.r., (R,R) product

with 10: 99%, 73.5:26.5 e.r., (S,S) product
OJ<
/ Ph o) p

gy »  /\ - "’II
Yz C < Ll o
H ’o PV Ph Ph Ph H D2/
e} ¢} O

o y 7<
L - (R.R) L -

spiro - favoured planar - disfavoured

SchewEnantioselective organocatalytic epoxidation b\

The devel oped catal yst8i npr7o03wh dye de | sdt ialnbde ne7 . 05x i2d. ¢

yield and 73.5:26.5 e.r., respectively, furthe
to a |l argenastbpat eBflasaldk eonne spr e viaomds t hiendibsgs v
stereochemical out Shine po fdspk @ drée antdi dmp,] anar 6 t

(TS), which &dococmani obcefRApAtecoduct . The spiro TS

over the planar one due to the |l ack of steric
ket al prot Aot enag!l gr ewpnmzpyhme md fc ki ng catal yst was
Mil |l 899®8Theki netic r eaokbkhi®minn coaflwamaclhss eved by tF

careful design of a tripefaiddhki tenmiinahal modag
acts as a nusheppitvbi i e tBbygolnsdpiencgi fsiycstHem of t he
resi dues can preferentialllylobendthe onhkerenaad
stereoselectiared atyiinZtalaia®doeyi el dCatnall ys2t: 8a cet.ir\
was shown to be highly sensitive todagtol @ecmoi &I vy
with phediytls imatalytic activity significantly
configuratUimen hgf béemerami de substituent was <cruc
influence on the cdhias ysyésemowasr mMmauindn.t o be
Ssubstllagssel ecti vity signifli,amtnhloxydlropepdanler

monoprotect adedls mss we the e

-11



13

HO,  NHAc 13 (5 mol%) AcO,  NHAc Ac0
/ Ac,0 (1.0 eq.) /
<:§ > BocHN\/& HN

PhMe, 0 °C, 20 h

@
o
[e]
I
P4
Illu-&

11 (10 eq.) 12,90%, 92:8 e.r. N 7
() \?’ - e AC_N//\N
/ACO-
Sche®m®&rganocatalytic kinetic resolution by Miller (:

The enanti oselreatcitseoaSthi gbkgr desi r dlhlee otbrt an snfed
Uami noniproivil@se ct access t o nea mr ad la®Resunnat
organocahahytosel ective addition ddfy adCd\b ¢ eon ail rd i
1998 and shortly (Phkre @’ %2 cobyeoueyl i sed solic
synt hegesenate parall el screening 14 bAfarerst lod
systematic screening olfemendeddasofheaopt daalesc
furni shedapr orldBlletyi el d and 95.5:4.5 e.r. ,The <ca
a thi,amdea pheomadl dnor, as well as an al di mi.
bi functional cat al yYBgtl,nsaapud ipgppeandvi t dvwibotthasi c

The optimi sedusdg sttenm awlasr dtoe a range of al di min
exampl ehsowever el ectron rich electrophiToes wund
address the same pr obdwrami HQoradey | Stsrgedrcrkteed raeact i
bet wbemzhydryl pr cstleJcatnedC Na | Blii dndccoleet ai ns a guani
base, equi p ped dwidtomoa , HCasy mmethri ypoiits sofHuti on b
NMR measurAgamenntding to the proposed mechani sm,
HCN, an aldimine substrate interdotngiwigt-h wthh ¢ e
"stacking provides a secondary anchor for bind
and the benzhydryl protecting growd,acdparredeant i ng
l8vas fur mies¥ eyd eilnd and 9@pt/i mi. sedpyobtiedt hbemsr e

met hodol ogy was found to tolerate a |library of

of selectivity and reactivity.
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16 t

@

O

u S
H
16 (2 mol%) J\ Bn’N\n/\NJLN““Q
NTN\F HON(@0ea)  Fyc NTN\F H H

(6] N

PhMe, -78 °C, 24 h

Ph” “H Ph”” “CN
then TFAA HO
14 15, 78%, 95.5:4.5 e.r.
tBu OMe
interaction
Ph 19 (2 mol%) Ph /Ny '
HCN (2.0 eq.) &
N)\Ph v ol HN)\Ph §
PhMe, -40 °C, 20 h / \
) il N
Ph)I\H Ph)\CN TN\H N th
. 5 +H - \
17 19 18, 96%, 93:7 e.r. Ph .C?Z
- Vi
Phine N/J\N Ph B _]
H proposed TS

ScheneEnanti osel ective Streck(@9®)r eaarcd i Gar. DWA AklaxDdh)s ¢
trifluoroacetic anhydride.

Based on thaipredtiseg@slryyEdcéSauidi ec hreeratct i on, ani
their work on aldolase antibodies, List and
enanti osel ect i3fTeh ea Itdroaln srfeoarcntaitoino.n3 Ow ansh-pagsohliienvee d
20asan organovhdawalsy pr oposed to form a nucleophi |
aftcemdensati on(whiitcth avaet wwseed i n a | arge access
of the ki nfeaviocuarld dy K eetsiemimpes 8d dé@g)mi tfThe s speci es
can interact wo x yWgafrh et heearablodneynly d e ked reccitmrgp pan d e
facitheaepranti osel ecti vwé&i Inma r-Tardadxt [tygires(® c th leemo u g h
7, riTghhrt®acti on prox3 def8wrygdaetd and 88: 12 e.r.
to a range of aromatic aldehydes, which underw
sel egtiawmidt yy mpbrphaovoi gl eral dehyde provided the
97% yield and remhkabimet h®®ol2ogey. rwas quickly
enantioselective Manni ch reacti on, whi ch occur
presence of panilsielgq.neofand provides dire-ct acc

containing b3%ilding blocks.
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PMPL

NH O 20 (30 mol%) 20 (30 mol%) OH O
acetone, HoN-PMP j acetone /’\)j\
-
DMSO, r.t, 4 h DMSO, rt.,, 4 h
22
21,50%, 97:3 e.r. H /L 23,68%, 88:12 e.r.
;ﬁ\ e
W\ TH

’ / (@) 20
R Y‘D Z I'H
o \'['/ ke {
N CO,H
H

Schem&nanti osel ective al doandanpd oMaotsnei dt WT sStoes R 0D @1 s
4-met hoxyphenyl .

The corresponlda aes) Mawenmiechf or med in moderate to
enantioselectivity, furthermore, this procedur :
opposite facial selectivity compared with the

chaiirke @415 kizocah®i ke TS Schhevme,itbot h of wh-i ch f ec

i mi feese findings represent an i mportant mil est
t hat prolineés ability to formeteapsbenedntol ¢
enantioselectivity i n fundament al i ntermol ec
stereochemical models were shown to be effectiwv
of t he reactions, providing a springboard an
applicidthnonmarall el wi t h t his, MacMil |l an publ
enantiosel eRltd evre rDéeaxdetsripd n ,f i e d by t he cycl oac

cyclopen2tdantd elmres at ur at e d2 Jawhliethdyldieessa( si mi | ar cov
mechani s m, however t he activation of staeting
decrease in energy of the | owestofuntolce u@liedt rmoy
(di enc®pToi laec)hi eve this transf or mattyipoen, c @tdanloyvset!
was devel oped, bwkciy@lbaensd@r7omi dednt i tative yield a
1:1.3 mixture of isomers, furthermore the methc
oU,-bnsaturated aldehydes and substituted and cy

selectivity
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] 28 (10 mol%) 28 Y
@ + | >/ CHo * 7 Ph N
MeOH, H,0, r.t., 4 h i {
H Bn N

Ph CHO
2 " 25 131 0exoendo o gr3er 27,973 er. H)(
99% yield ' '
— A
CHO
29,82%, 97:3 eur.

B under optimised conditions
Sche®Enantiosel A¢diever Piaelt s on by MacMillan (2000).
Computational studies revealed the most i mpor
selective foE+Hmapbimen of the { minium iraednac e nadf t h
this intermediate by 28eThesarykteadbesi weeet sSup
experimentally observed stereocBemempal 8but dmme
i mportant t o note that while this paper desc
organocatalytic cycloaddition, earlnewn ratpotrhes
ti me Notably, Wynberg, as early as 1982 publi
catalysed for mal [ 2+ 2] cycloaddition between
rel evSdontR)-fal i ¢, altowever this transformation re
particul ar®8Tshweb setsrtaatbelsi s hme n't and descriptcon of
systems has pausohedof-heedechimed’latl’r at laé¢ ypast f
decadneusmer ous novel organodasabystsaid halbblee bfeemn
enantiosel ect iavemysryicahdh eafi s bof (Fdigmwg.‘¢ bFome so f
these include chiral phosphoric acids (CPA), wi
and generprlomotri arheof cationic addition reactio
highly acidic and bul ky | DBii)pdeda phod s p h craipmibd st
protonation and enant i oes\wedss anpil \ee htyrd@46€faio rhaltsi. o
quaternary ammonium and phosphonium salts <can
typically for the fuHcbioodal i svdtai oenn amft i acsiedl iect
al kylraeaaotht dNuscl eophi |l ic i sothiiourtdeatlrtaggd lad eyt a s

-1 5



ntioselective acyl transfer agents acting &
ge of reactivity has baehkuidneegtniicf irceasnall uyt ieoxnt
| oadditi ons,6 “8fannodt arpgpmry ambr é.o achieve covale
|l i sed through the incorpoitnatcihoinr adf sacmfdlod al
ci es can be used for Bhdi mcnewv,at wbnclf cami
rotonat@pmposiin i bheto achieve polar reacti vit
n*&&h.i r a bb corxoal ziwair ee$ i r st shown bbey hHigrhaloy ienf f1i 9

alysts for the asymmetric reduction of keto

orted catal yst s provided t he correspondin
nti os¥Basedvohythis concept, Corey Bakshi a
orted the famous CBS catalyst, as well as de
ended subsotfr ak etloSfchkeep eCBS cat al y st is most |
ntioselective rkradwevweamny dfurka@dtoneasp;plicatio
oekpHoimodegr athsghutyeabl e L.e3wi*s acidity

S NS CAS e oo

chiral phosphoric acid imidodiphosphorimidate quaternary ammonium ion
Bronsted acid Bransted acid phase transfer catalyst
CF3

iPr/,,,l N 0O

2aNe
o 1 o
ph% N S Me 0 bifunctional thiourea

i]m‘D(iD Ph pn <:\ JL

CF;

U

isothiourea chiral aldehyde CBS oxazaborolidine ’O H-bonding + dispersion
nucleophilic catalyst covalent catalyst Lewis acid

)f‘?‘ Q A
—NH N““ N & SJ\I:JH

OMe

N

N
bifunctional photocatalyst bifunctional thiourea =~ bifunctional quinine derivative
H-bonding + energy transfer H-bonding + Brgnsted base H-bonding + Brgnsted base
FigwrFrerther examples of chiral organocatalysts.
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Si gni faiccharetvement s have al so been mad e i n t h o

organocatalysts, which feature two different f
reactivity and facial selectivity of sttiaons.ng n
These often-bbndl do@eoa hoiety, such as thiourea
site. Polyaromatic sidechains have been shown
di sper si-vyteaakidng i nteractions, whiveh &@aAd wrweid f C
react’tEonmasn.t i osel ective photochemical reactions
bi functional catalysis. Secondary amides featu

photosensitiser are suitable for catalysing [
corodi nation and conse§ruiennatl |eyn e rbg yf utnrca i sofnearl. cat
a -blond don®&r Bamhthes&e are highly versatile specie
stereocontrol over a wide range of pol ar react
el ectrophi-bentdthngughdHdeprotonat(Fiogu)d&l hfelsee pr on

wi || be discussed in detail in the following cl

-1 7



R¥xactivity CoinnsiHRoelrafLtaitBaalsses ed React i

€oundaotfi conusr under standing regarding the cour
rest abliins htede 19206s with Brhfen sitoewdr g dheeastiedon o
eorgnd the Lewiibasgdeoe Fchdifotalscei d193006s 1 ngol d
rmscl ed@™Ngli et ron r i cehl escpterCEmsidlleaatdr on deficie
the past nearly 100 vyears many attempts ha
activities of wvarious, nan ti1e953n i Sweasi na nadn de | Seccottr
e first effort towards theclsgoepghlimaldictyipxehsaria
actiflmntshi s sensididd,d ity be determined, which i
ch electrophil e, and describes the dependen
cl eo.@hiilse si mpclanensanrd thieo & etl heectd é we n dise anb(iivfi t y

l ectivity is defined as the relative reacti
ectrophileslar 19i7r2e Rvechapk. published the fi
|l ectivity relationship, observed inn umeaotni on
ectrophiles and vari oA comstsa&mst o9g e lneucctlievoipthy
scribes a phenomenon whereby the relative reé
ectrophil es) does not depend on the reacti vi
nited a pursuit afeedi malnayr suyxsht ema,mpdred ihmve

oviding reference platforms for t°3%l delvded 4o p me

D

Mayrz equation was reported, which descri be:
of a polar react-sppeciomi ct hel onpuec | mauned nedotgehri | (

ramélf erafd el ectropB)ElQuait t)npdr ameter (

17TQ@ i6 ©

EquatliTohre Maaytrz e qlu=atriaotne. csenstuahtsprelilfépcarsalmiter ;

nucl eophi | iEk= teyl epcatrraonpehtielri;ci ty par ameter.

-1 8



This study was | argely based on the investigat
ions -andl eophil es, which exhi bi't constant sel ec
reaction rates. With the appropriate reference
reactants can be achieved by dfheaamriacmus emewnol v
el ectrophil e ®Wvahuanauondknaoawh e ogahnitlveas uveist,h okrn ovwi
versa, anHBgbgtlulehengdet eremiante@alcet i vi ty values pro
resource to predict t he rewntccamenastod ga@noil atri ncgh e 1
transf orpbmypatsiionpd y compari nEpntiva |l aersr d apomdirong e
i E+N>-5, then the reaction can be exlptcitedi mpomoIa
to note that the Mayrnd i f¢calaesbashanidarefedt yvit s
certain NcEnasnedos. ki netic parameters, and ther
unfavourabl e reacitmowhBi amdt heaEtandsN recombin
determi nimagy ®deeput ofhislracscope yofschal e, furthe
that approach dardrmetsiremi abhTylrealnsatluydsieedd. r eact i vi
are mainly dependent on nucleophilicity, electr
and while the authors state that these four fa
ot her, for the purmhpoddmagsf tlains behasiesdd, as a toog
reactivity, arhke roaitvitmmpealriad il ned reactions (for ¢
under the same conditions in 1 iBehemMasendce dfopd
common polaembrcgadnireachi ons are shown categori s
and the electrophilicity values of relevant Mi c
in reactivi teyl elcavraodhdorawtii megg GooupxaBWEERrymat byl
i aboad ti mes mor de nbtaerdagctiri wdea tteeh M ¢ h a.e Il ma ctcheep troera c t
scheme bel-owt alrpasceedhi chael addition oefnonBiét r omet

(E) fur BilishhoowfTh&val ugdaeX3. 0, &Nrvdhltulee of the nit
anion of nitromethane is 20.7, based on which

room temperature, hdwewvgd&dhousiongecaiahysas obsel
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effect of acceptor A

backbone substitution

25 (E)
If [E + N = 0], then [kpgoc = 1 M s7] o  E=-188 1 £ toq
20 MeO Z .
Michael EtO,C
no reaction at r.t. B T
151 Tsuji-Trost )OJ\/E BRcCE
4
1ok tBuO
Mannich
Sr Mukaiyama EtOC
E=-22.8 CHs
o Hosomi Sakurai
0 E=-235 | £=_36
diffusion control Jj\/ EtO,C
5[ Friedel-Crafts NN NF 24 26 ch,
| E =-24.5
(E) EtO,C A
L A L L L L 2 \/\Ph
) -5 0 5 10 15 20 25
32-35 (5 mol%) NO
0 MeNO; (1.0 eq.) o 2 o H-_NO; H NO,
M > M~ b Wl
Ph 30°C,4h Ph Ph H H
30 31 E =-23.0 N =+20.7 pKy=17.2

Rj—
Bu—N, N(E),

_P
PS I\)
35

pKBH+ =276
> 99% yield

g @ @ O

pKgys = 18.2°
< 1% yield

N
|
PS
32

pKBH+ =18.12
< 1% yield

pKBH+ =254
36% yield

Sche@Mayr 6s Reacti)antdyi Sttabkerddfopinrbottom). Acidity a
Me CNE) Blnal onturcd @hoipilaiilduietsy taly e( s2pKedvn i n DI

val uediohetdhy | amibpKepwa li ud-nmeef; hy | pi P8ripgohegstyrene.

are shown 1in

When ca3dlagstempl oyed 36% yield wasd udeti asbteed,t ha

product in gubBmaernad@e i aeclye &l dc opKged fa tti hoen chaett aMey

and the obser daue dcdonuveresipedmat nived gméti gane, whi

deprotonated to reveal the high nucleophilicit:

By i ncreasing t he basicity of t he catalyst,

conversions can be achieved.

Mayr 6s Dat abase of Rewaitliablte ressoaur cenl iwhe c h

parameter of 347 electrophiles and tahte thN eantdi nse

of wroitthiimg.%"hesi s
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| .Ednanti os®&8li ¢ anicy e onal Tertiary Amine

| . £aXly Approaches

I n 2002 it was reported by Schbendedothbas ekhi
similar belbawiiumacitd catalysts when combined

el ectr ©pmichresased reaction rates and altered s

observed whedondhdeseoHs were applied as <catalys
catalyseAdd dPrelrssactions. This behaviour was at
t hi our eat opreontgoangse i nb osnidginnigf iicnatnetr aHcrii @ms cwir blo neg |

mot (Sfcheth® bindiMAmg Baded on these findings, Tak:
tertiariyt hamiumea bifuncti(dnlaé md dTaakl eynsott osdyss tceant a |
39 contains Schreinerdés electron poor thiour e:
bridged by a clhti rwads bsa®@bnantehealtat ed bi functi ona
highly active catalysts inr abbns tcroonsBteygnattnati ad diytl i
mal onaf earfd can exert hi ghi n etvheilsa dvlficthedfdlirilt e o c o n
provided3@&modwch yi el d, and HO®c.o5n:t3a.ib5nien.gr .a |ceasts:
thiourea motif, pfrorduicsghed tomd ys ®Bé& yi el d and 9
the nat urbeonod diohreorH i s crucial to reacwhenty an
the reaction was run in the presence of 10 mol %
10 mol % triethyl amidnle, (ac asiag yistt i csaynstt etnecr eas e
observed (57% yield). Based on these findings.
proposed, in which the thiourea motif binds to
ami eengages thoodgmg Hi nteractions with the def
(bindind) modeeprmuwigtdidbndli ng i nteractions preven
reactants in the TS wallhotwlheas gelcitr atfoe ¥ enrek t@aad mtl rycs

over the face of tthhefl snruncil sehoip@h@ hpirgohdauecnta ok j os el ec

-2 1



Et0,C._COE!

o 39-41 (10 mol%) omn. I
—_—
2 \/\Ph + EtoszCOZEt 2 \/\Ph

PhMe, r.t.,, 24 h
36 37 38
a4
39 CF;
F3C’ i ; : ; F3C i :
Et
|
86% yield, 96.5:3.5 e.r. 58% yield, 90:10 e.r. 48 h rxn tlme 57% yield Et/N\Et
proposed binding modes
A CF3 CF3 B CF3 c CF3
3C/©\ /©\CF3 F3C/©\ \\\‘Q F3C/©\ \\\‘Q
+NM92 +NM92
- L0 H
0] o\ﬁ,,o H OEt ,O -0 _
J]\ -0 /k/k ?
R R — EtO OEt
z o
Schreiner's thiourea EtO |
o Ph
binding to a carbonyl group Ph
Schehéakemot ods bifunctional thiourea catalyst and

The existence of such aT&bs bwasSoesnfainrdmeRI§ p ali
computati bhaltbtadpublicati on tthhes tiabustthroartse sbhi onwde
mayvhappemnclusively between atbebsti-muecdcmdtHrou] e

howeverstraibdildnslayt iscadchcttuerer ot onati on of théytertia

the pronud@hteseptlpirloec.easns awyide lthhesonrda | d oHasr wel | as
nucl eophile anion, whiommhd saarcvelfidtda sr eas pdeucatl tH T
reaction, a new binding mode was postul ated, w

propdsone ( bi @d.i nlgn moldies model the deprotonated

the thiourea motif, whil ebotnhdei negl ewcittrho pthhi d ea nenmog
Whi | e panr ttibcawslearbi ndGinsg Imokdeel y t o be pBeamdetnt , |
be rulcuwe otud ,t he high flexibility of bifunction

furthermore both binding modes account for the

transformati on.
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Dv2xrview

sed eosnentimaport by Takemot o, numer odbasbdf unc:

catalysts and corresponding enanti osellnec2t0iOvde t 1

ng reported that Cinchona al kaloid derivati ve
e Michael additiodCiepbotnad abkaTak @motac.e an
atur al products for bifunctional catalyst des
i nuclidine base, and an easi /| yfmodhdéi mabl @€, stel
adily avail abl e .a sDepnsgedusd ocean aan tyisotanedresstihgyn arteiloin
native quinidine, reveal ing a pbhemdldamoadri,f,
oviding organization i n {Shcehens4 Aalnidn h2 @hs5 ,f atcl
coripoonr aotf Schreinerés thiourea motif to the C
dependently bySoGChKem,t daGammourr, | ab(oa att @lfyst

ielding novel bj f tlhn gthil ynadf fé &ti &Iny s tast catal y:
act't’éfmd s structuwal modiai nesvbygnahsef or mati on
e secondaryamnmilicemotlt i a malangr oup, providing a
stallation ofHiamshiaurea dO0O06f reported that
enolic OH in Dengb6s catal ysat adoy s itdhloyw refaf iHc
the promoadointiobnt b i €r oMlen hdadnei rmteagl oa It d dlyy d
kemoto it was shown that the nature of the |
ansformati omyr @ asatceiddi aty tolfe t he HBD can be tu
i olussaebstilttmaurf®awailn 20p68eal ed t hat sguar ami
corporated in bifdeesiapamal adrtgeamodatveael yHsBtD gr

ioureas, ur%hssostamctdasal modi ficatidmn was &

all ows for the additionalasfiweé!|tasi thbeocoHBD®madiye

Squar addwde shown to efficiently catadilgarebdrhyyel s

ni t n(Socohl eeid n s
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46

malonates to nitroolefins

=

HN

<Ar

Rawal, 2008
acetylacetone to nitroolefins

ScheméRepresentati ve

reported.Are axbtBGeER & .

O

42

OH
N
=

HOY N

N
Deng, 2004
ketoesters to nitroolefins
44

N
=

HNT =
HI}IAS A

Ar

N

Dixon, 2005

N
HN

|
N

z
NS
o)

N

(0)

ON A~k

o o o)
RJ\HJ\/\R )j\/\R

e
O

catalyst
NuH —_—
43 oMme
N
R

NH
Nz SANH

Ar
Chen, 2005

43  OMe

Soos, 2005
nitromethane to chalcones

electrophiles

0O

RO,C._CO:R

thiophenols to unsaturated imides

AN SH
Ro
Pz

Nu
EWG

R

OMe

N
| A NH
N2 Sél\,},H

Ar
Connon, 2005

malonates to nitroolefins

B

z
n\Q

Hiemstra, 2006

Henry reaction

nucleophiles

H C,NOZ
3

S
exampl-ésriove€i hehpamadt adtal vs tds
l . 4i3ni tations

Due to the privileged structure ofyn€Chemshenana

tuneability of related catalysts, the f,i'el d sav

"however, as it wafhdpmamnstihte3t ratcer nsealdy padd ar
reactions depends on the strength of the base
are equipped with a relatively weak qui
range of avail able substr
reactants, substrates can
ntroduction of

f
strongemneltdet ddee cwirtolpdin awi ng

at e Tmo nebxitneantdi
be

activated,

-2 4
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N02 43 OMe /%
MeO,C .~ 43 (10 mol%), MeNO, MeO,C N
A4 -
N\ -
\/\© rt., 5 days N NH

I
47 48, 0% NF SANH
E=~-24.5 ' Ar

|llll\

NO, 44
B0 L~ 44 (10 mol%), MeNO, EtO,C 2 _ N
> _
Et,0C rt., 4 days Et,OC HJ\L
N
49 50, 67%, 86:14 e.r. HN™ =S X

E=-206 Ar

Scheme2Li mi t atdionnchoha -daelrk aleai dbi functiodat b ogdmon a
el ectr ofrhi #b RGFEPY..

Met hyl cihhamabe eéxampl e, shows no reactivity
presence o043 cavanhysafter 5 days of reaction ti
al kyl i denémal oemcpuiepped with an addi tSOomaler EWG,
similar reaction conditions in 68%heingfde®land m
The experimentally observed ceilseccrteafozprnadyBies n r e a

al so supported by Etvhaeiurg 8cws2rde)sbp owhdiilnegg such sub

engineering can be highly wuseful, as the synt
product is often feasible (as is in this case
removal t hereof, significamtsyntimeseaseand heed
economy. Further mor e, more activated substrate

expensive by virtue of their reactawntitlyg. matce®ri
Due to the above considerations, it is more de
specifically increase its basicity), rather the

of possible enantioselective transformations.
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| . EShanti os®&8li ¢eainhicDe gaabsuperbase Cat al

| . BuberbaismcOtgani c Chemistry

Organic superbases ar,e ndemele mpbyndsctvat gedii gh
affinity, howevesembesud ri sgeedneefrianntFdri oax ahnep | e, t
| UPAC definitiqga ecbmaosongdehbaseg a very high b
dii sopr oopgl amitdchee r . Tombbiectatoeergor i steasgagsgani cr el at i
pKenwsval ues in MeCN can be consider ed.b alsheed noons t

this systcdmssmoddydgani c base asKegvaluper basBbBleCNf
greater t han t hat O66{DMAMNrPKE N= 1s8p.o6n)g e 8o r 1,

bis(tetramethyl gu@fi MENKe)=2&p(®1H b eBY.Bé fe

Regardless of the definition used, the incorpol
catalystopdema@ynavenureesv ean ckrde ancg w veintainagsi oisrel ect i
organocatalysis. Ceahelyiat epotrit emdal her daflas uper be
in 1999, asCdHdapteasisttllouigh the term superbase wae
reportCsymmetric guani dine <catalyst design se

devel opment of numieghbbgsbemnt ed

NMe, NMe,

NMe, NMe Meo,N SN NP NMe -Me N\ _p.
' v SOV S (¢

R=N N

~ J\ s N7\ $

[ N™ N I N(Et;

N | | Me N

18.6 19.7 24.3 25.0 27.6 329
DMAN quinuclidine TMG TMGN BEMP Verkade's base

Fi gBExampl es of organkKesvlmd uees gnd tMeeiNr) . p

-2 6



| . £a2 alBEyntainct i osdraasifwoe mati ons

Arguably the most common superbasic motif incor
guani,didnuee t o t he trhediami vesi®asamrdt4 of magni t ude
basi thatphatt eorfti ar $y*InamRal@ethi kraempor t ed t he firs
enantiosel ecti ver eMiccbheabemte eand dpirtoitoenct ed ) g layndi ne
acryl at &2esQheirrsal(5¢guamgiudipmpe d wailtchoHhBoDdpervi em aor pye d

and uti hissteuhdeiecadct i on does not occur G@f°Eden tert
in the pre4enoemgofreaction times were necessarl
compl edtuvieont o the IBdwoweveityhefcatal yst coul d
reused, and the correspUOardii mgb5@wacsd eodtt ead nwerdn & tnu
yield and 98:2 e.r. ekhendedhaodaodolaogrwyangaes of di

el ectr (g hielhd.s

Bn

54
)COgtBu PhYNvCOZtBu N/'\/OH

AN 54 (20 mol%)
+ \ - Ph )L
)j\ COzMe  THF, 20 °C, 6 days ~N" N7
Ph”” “Ph COMe {
51 52 53,90%, 98:2 e.r. PR Ph

Schemé&Bi function@#latglgsiedi memanti oselective addition
estdrsd, kawa, 2001.

I n 2006 Terada reported a new, Bagiwhighcwasasho
to efficiently catalyse t hset ycr@efga sudg antael oandadti et ieosnt
I nterestingly, the same reaction was reported
tertiary base, & SWhdeins csuusbssetd t eud deldisemaimph atye d as
nucl eophi l e, 130 moh s e ® & pny e82u% tyi el d and 96. 5:
36 hour,s wastnlZg. mag Panixdgnevipdediussh 82% yield, 99

after 124@6®.urs at

-2 7



Me
MeO,C CO,Me 39 or 56 MeOQC\l/COZMe
O2N _— =
INASpn * h ) g
Me solvent, T, time OZN\/\Ph
36 54 55
39 (pKph+ = 18) 56 (pKph+ = 25)

904
H
S N Me
F3C N N OO N
H H H
N

Ar
82% yield, 96.5:3.5 e.r. 82% yield, 99:1 e.r.
atr.t., 36 h, 10 mol% at-40 °C, 12 h, 2 mol%

SchemedEnanti osel ective conj ug2amet hyd dniatl iotmmaabresf t o i me
nitrostyrene: comparison of tefTeiniadgyg,AadB0E,-ba-sd guan
tB uP h-CeHs.

The devel opment of a more basic catalyst al |l o
temperatur e, and reacti on ti me, rendering t h
economical, whil e5fmurmiighihé mge pr.odtultcdn the previ

Based on these early reports of bi functional
syst ems have been devel oped, t hat cover a gr
react!t'd'ms 2005 Nagasawa reported tchaet af)byissitd acy cl

58whi ch pwernve ne ft foi ibneemrt obmiog h amgi ¢ He AT §& reacti ons

7 n-octadecyl
? H H ’ \j‘\ H H > jj\ Bn
N N N N Ar'
Ar'” ~"\ N/\r SAr! SN N/'ﬁ n-octadecyl
Y NN bl H H | y
S Bn Bn S HN_ _NH

Nagasawa, 2005 Nagasawa, 2005

H
. . NH O N 0
Henry reaction Henry reaction Y b
F HC -ull«
59 2 N N
60

Ar?
O MezN
NH )§

H

® 2
N H-N
N—4 __(\N/> Me,N N—H Bn
tBu By 2

NH, NJ\N 0 - o

H 61 / H NMe2
PH

Ar?

Tan, 2007 )
Terada, 2006 phospha-Michael addition Miller, 2024
electrophilic a-carbonyl amination sulfa-Michael addition enantioselective N-acylation

FigwFarther exampl-baselli gufondi hnenal= o3bg®BRPhat al yst
Aft=4-( 3-d% ebut yCkHz) €Ha.
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This catalyst design featured the combination
acyclic guanidine moiety, similarly to Takemot
equi pped wi tmocat aldiepcoyphisliidcechain to ensure hig
phase in biphasicrirgay@E&eradami shoresy(after the
56 demonstrated that anal ogous 58&asal Ay ehfral e
catalyst for Uahne neltd othi copf h bdbpiggolu htlian, i nspired
Coreyds cat@piyspardeesi aCasgmmesr iod bicyclic guan
found wutility as highl yMiscehlaeeclt iavded ictaitoand yreepascat bi bor
t elreuederei ved 6ddmasalfyecind to be plafhecbrandyrageng
and versatilibtaysedf cauaniyditse i s wel | hi ghlighte
where a smabhbhsgdapegasd®ehown to exhibit great c
in intramolecul ar atr opselFRicg u9PeWhti rl &n sbhai cfyul nacttii o
guanidines are highly verksawial @eoi gan ndhetralnytdt
therefore many pronucl eophile /t hel ectamagliilod c
these slpeecamcesattempt to widen the range of avai
chiral spirocyclic te6PBPadhiomo dpehpasophoonmaitu m ns adi tt
external base-1 pihgllpyw &bke s kcd2Bi)s generated, whi
readily catalyse a r angbe noeft hpyll aprle Gsdph cbreaotnee e d & €
activat eed atiad ylseesdde t aut omeri sm as the nwesl eophi

enanti osedaddtitve®alowdtiheyldd oXx y p hi & 4Spchhoeniadt® e

o 0 Komu OH 6 o \\
)L +  _PL 65 (5 mol%) /'\ _OMe Phe B N
Ph” “H HISOMe ~——— ——> pn” >pZ Ph "t
OMe THF, -78 °C, 1 h I OMe AN
g NP
H
62 63 64, 97%, 92575 er. Ph

IZ ZI

KOtBu
ij "

SchemédEnanti osteyacgrcdplves ptodnyalladteithoydes catal ydled by a
phosphaCoein@. 20
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To further Kepcanoegseseofhavpilable bifunctional su
pseu@asymmetirsi(cgubani di no) i nciant cap hyesstpsh,o rvamiec h r es e
spirocyclic catalyst desi gn, howeverestomaycexh
extension across the phosphd®Dace agadi guamsi di h
precatdl wshtese species are stored as hydrochlor
be I|liberated in situ by an excess of a stron
precat7r®Mastempl oyed in the reacti é6i] kheatdweverm kad ¥
acidalkyl tetBal dHyag9aamisneo bt ained in 99% yield

however the scope of this method was found toc

dependent on the strucSochemh&éf. the pronucl eophil

Boc,

(10 mol%) s Br
Bocsy NaHMDS (20 mol%) S < /K }\ >
1 NQ /
N\ THF, -40 c 3h N \ \)\
\ Ph

\\‘

Ph" N
69, 99%, 97.5:2.5 e.r. 1

Tinn

h

SchemMeEnanti osel ective electrophilic aminati on of
spiroplaos$plhalzernaed a, 2013.

A different approach to increase the basicity
i ncorporation of multiple basic substituents i
cooperatively to iKkegwvabhse bbgooHdskKkshealduepeact etdh ¢
i sol atedPrmasadddmer ges a hi g2hl yhobsapshiaczele unit

bi functional guanidine unit, which simultaneou:
aid the depr odoindtit ti yome®Ditfreirlso.ve at al yst was propos
the activation of pronucl eophil es , viwahi p ho twars
sufficient to Alnidvdtue ns FiBisnpr W% cti el d, 97.5: 2
88: 12Thde. rmet hod was shown to tolerate a range o

empl oying al kyl Ssubstituted electrophiles resu

(Schemg 17
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74 (10 mol%) \ ’}l '?‘
NHBoc —_—P—=N—pP—
oo s NBoc  KHMDS (20 mol%) o Cvg\ NN
n0,Co_ + _ = R +NH _N
Ph” H  THF, -80°C,24h H Ar, -
SPh S~NH -
71 72 73,99%, 97.5:2.5 e.r. Ar& 2 BF,
88:12 d.r. NTSN g
H

Scheme7Enantioselectiype

Maalpbleny lotfh] ox@dtadtyessed by

cooper at i-bvaes eb icnadteaylaydsat 2 02@&.p hArhy4 .2

| n 2012 Lambert

catalyst8Cgesiopmopeni mi nes

reported a

nNewi sapbkeebé&asoirc bfi i m

exKehda 27)st darg t badgih

stabilisation of cycltdohhpreperoagem [ one pharosghar
CatatfT@§gsequipped with a cyclopropeni mi nevasuper be
sufficient to catalyse the enantioselective con
acryl at,e aensdt e ®doadsu cits ol ated in quantitative yie
hour of reacltntoemr ¢ stmenglty rthe same mpdledhirlkeawad,
empl oying chiral bi furddndnwahi |gd aweisadfuuet nd sstheeldy
90% yield and 98:2 e.r., the reaction time hac
conversion, whpi | wasqud ati amley i(vealilny t hi®%The ansf o
observed discrepancy i,came acet ievxiptliaeisn e do nbcye tahgea
basicity of(Stehemgat@l ysts
CO,tBu PhN<_-CO2tBu
N \l catalyst (10 mol%) L H
CO,Me solvent, r.t., time
Ph” “Ph CO,Me
51 52 53
75 (pKgn+ = 18) 54 (pKgn+ = 25) 76 (pKpn+ = 27)
=z Bn
OMe Bn
‘/27 MLJ% . oH
N
, \N)J\N/
Xy~ “oH \(
N P pn cvell N
no reaction 90% vyield, 98:2 e.r. 99% vyield, 99:1 e.r.
THF, 6 days EtOAc, 1 h
SchemeBEnanti oselective addition of glycine imines |

bi functgiammadlase s
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Mo s t recemapdort elkdcet he extension of bi functiona
i ncorporating a thiourea HBOhis Lksambhetrtudsal c atoa
provides increased stability by el iminating t
pat hway obser Wwedf urnt hceartmdryestal | ows -ttumd nmo rod g rhe
HBD moi ety, which was unmodifiable in the oricg
bet wevermk| y Uaoni chioo( fandbal cd@ewsas( optimised by :
varying the HBBD Wnfdecrattanley saapt i ma7lvesndut niosbedp

97% yield, 98.5:1S®hemg..1&nd >20:1 d. r.

Ph Ph 80
CN \n/ S Bn
J 0 80 (10 mol%)
. N _CN are U
N _ — > 0 SNTON
)j\ Ph Ph  PhMe-78°C,12h H H
Ph” “Ph Ph "o N NCy,

77 78 79,97%, 98.5:1.5 e.r.

>20:1 d.r. NCy;

Schemé&nantioselective conf-umiamn e naanddd ictheasl nc obneetsw eceant a |

a nocveetlad yrsgi sting of acybioprepepBbdbanaed.
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Il . 3.i3ni tations

Compared with tertiary amine bi fiunccrteraeseeadt i vat g
andhas$!l ow the enantioselective manipulation of
extenttheg avail abl e chemi cacll eagaaert agbee,spbit £untcl

superbase cat anhayrskiesd! yemaeisnss common t han bifun

catalybbsh in academhas and modustryhdddlivudtee
associated with the handling and synthesis of
superbases discussed in this chapt-bassufbem, f

therefore must be stored as sal tty oamgdunaddersr at e
inert c,onwWhité¢édlmnsurther complicates reatchheiom op
synthesis often requires multiple synthetic ste
complicated by the prrcteincrealofgraospu,pewliach cr ¢ ud
chromatography challengFhngal and Dhe¢ edi sompsaediod
are often sdirfufcitduuvaglrisyiad vy, resulting in special
transformati omgener at hgrcaprphmomc acbateal y st structu

Cinchona alkaloid derivatives).
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| .B& functi onal | mi nophoGagthalryanies Super

To address S ome of t he above i mitaodloms, ar
orgamnperbasealoyugirsup reported the bifunctional

catalyst fahBIlMP imat2a0l1ly3s.t s are formed in a Sta
chiral organoazide equipped with 8 &iBDhe afnar me d
from ami B@&anadziidceot hloaoyanguentitative r&8&cti on,
can be synthdwsirgedi heomnlLa series of functi on
Organo@&8B8iaae&cts smooi net hoekypbheny,l )pdhhosphhneh s

i minophosphoBdehe@da®alyppt

- = P(PMP)3
NP — a A
N HoN Et,0, rt. NN Et,0, rt, 24 h
3 3 _N2
81 82 83
TT "‘s-":
M
p.; /
‘*/"\h — *_). ‘;' . Are. JI\
* -r}/"“ o H H
0 ] SP(PMP),
HoN 84 ; N 84, 88% yield .
OH SCXRD k \ orin situ pKgn" = 25.0
L-tert-Leucine [MeCN]
85 (10 mol%) P(O)Ph
Ph,(O)P<. HN” 2
N MeNO, (20 eq.) Ar\ )l\
M ————— pem N
Ph” “Me -15°C, 96 h eh /
86 87,86%, 97.525 e.r. PKgH" =22.7 .\
[1 of 17 examples] [MeCN] Ph
Ph,(0)P 84 (1 mol%) HN,P(O)th 1) KMnOy4, KOH NH
N MeNO, (10 eq.) KH,POy,, tBUOH 2
—_— \\\-)\,Nog —_— “‘.}\
Ph)LMe rt, 21h Meld 2) HCI, MeOH Me4™co,H
86 98% conv. 93:7 e.r. 87, 63%, 99.7% ee 88, 53%, >99% ee
[10.0 ¢] [after recryst.] [over 2 steps]

Schem®&Synt hesi s, gener al properti e8s4, Aarn-0=-GEPGR.D i mag
PMP =me4 hoxyphenyl . App8dacd@timnt od emamtliycsdgel-ecti ve

Mannich reacti on.
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While the Staudinger reaction is generally a
corresponding pri @arshi gmi pe n o dPabhwei st o t he
stabilisation of the viimbodlbopdhogpltyr arme npaioextiyna l
i ntramol ecutiameyi,z atvideonb yi. "W’Asolaufrdegnslittal s suitab
single <€aystdalf f Kacti oncdBEMRRD) ya,mimitdp ssintswd ed as
benshabl el nsionopdhosphorane catalysts exhibit hidg
guani dine bases, and therefore capc qbtaldByptl ©yed
varying the phosphine used in the Staudinger re
catalysttuonaend, baeaxdpeact ed, trdpheny dpiBd MiPhi t s a
significaasl(ghick-ae=r2 2 .t7h)an BAMP:vees=25 .. D¢spite

its pkeweal,uec at8dd mmesrtged as the opti mal speci es |
ket i mi#™Manmiitcrho I°Paotd@itvms del i vered in 86% yield
in the presence of 8Pafmdedbrhd@u M® wccadarl ysleSat con
AC As a testament of synthetic applicability a
scale synthe&dWwasohchiedeadt8dsiby swittad hyisntg t o a
more active, but sl igihttddgdl egscealdcbéeveedatady
whi ch f prroiditend 98 % conversi Opt i @aaldl y© 3pwArse . mat e
then obtained in 63% yield after recrystallizat
quatet)amir yo8&chi3de yield and no |l oss of optical

subsequent removal of the diplsenhel@@H ns ghoinn oyalsty
with other superbases, Bl MPs can be formed in

after the Staudingeot aklagtfionndwimacy ré@wlgionatl i c

+ P4 Py P3 P, S
n ArS Jl\
R1 /R2 /RS P,R — H H
AF\ Jl\ P\R1 |ID\R2 Fu)\R3 I R" N~ _R
R’ R? R® R" Pl
I 'R
[readily synthesized] [commercially available trivalent phosphines] n number of BIMPs
Sche@d | lustration of the combi paG&Phal nature of Bl

-3 5



click chemistry due to itPtAseace@psiulbnal Wyemi dgéedve
catalysed transformations, parall el reactions
need to isolate or even haQaonsee qtubeent 4 yp e rBA avPisc
evaluated in a combinatorial manner, whereby ev
with any availabl'eotfovmlentgpbosabhahgsts, as t
greatly affects the basicity, steric propertie
speciSete@)] Due to the robust nature of the St a
organic azide can be turned into an i minophos
unparall el ed st r ucstTuhriasl vdeirvseartsiiltiyt yt o sBIhMRyhl i gh
of previously wunavailable enantioselective tra
Bl MPt a&laySsiinsc.e $ € mé nal repor tp,a prdoaswee tfhemhi3sOhed on
new Bl MP catalysed reactions, bot h ,bywhoiucrh gweou
have revi ew®idntienr 9iRi@meglryat i ®Ah BilMPt published i
very recently s hoaMnsmadtyal $miet ht htteo enaWitti bsgl ec
rearr anélrhenthi gh Baalilcowy twlie deprotonation of
substioxtedoRe, which in-stymatrepult sienananandgel
enantioselective fashion, mo st proba®4yheas a
resulbgungernary tertiary abdspdeidd aehneadnothiool r eut nednetri
rearrangement to yieldVithegcPc oamzp)onda tnhge r[ 11, 2]
generati orme cooantdalrysQa.niedaet ur ehgcec-birbr ear HBRami de
and a besgbytdryluted st emasogewidohpmndhtnrted osel ect i
al dol addition bet we e nUf laweert iorpehteend h ékse t dannegsh | y
enantiosel ecti ¥vear@itghhes fcoornraetsippoorndi ng al dol s f ea
relevant fluoroal kyl ated Il quatrerstamygl gyt et d@g s @mime
shownoctcaumder bi functional tertiary amine catal
reacti,ondueatteo the incre8flkeds basinilidl3ohemat al y
"With some exceptions: steric#BluPyaddndsetietdutpérdd stprhii mreys!, p s
incompatible due to | ow reactivity in the Staudinger reac

-3 6



22-1)I°% - Wé recently reported

cat al9ystn
ecul

i ntramol ar

cyclohexadTenowver c 0@idd

pr areet eenol i zati on

lacwdi tayni de s,

t hat a si

congfugasemplaeddi t & o h otxeatnh edreesd

and

mi-d aaged but

hamgdelnsunbsegaeéertti

t

enhance

and selectivity, a more electron richedmimpphoc
3, 4,1GMePh substituents. Thi s transformati on
organoca&tnallytziad i on and enantioselective

however

BN
! Me
Ph/K\/\ 84 (20 mol%)
O 4-NHAC-TEMPO
(20 mol%)
o —m—m—m—
N\ mesitylene, r.t., 20 h
CPhg

via Me 73%, 95:5 e.r.
N 1 of 48 examples
] CPh,
0 90 (10 mol%) g  OH
M"
FsC™ "Ph CPME, -15°C, 24 h Ph “Ph
F3;C
acetophenone 96%, 973 e.r.
m 1 of 29 examples
e} O
95 (10 mol%) H
0 > Ph
TBME, r.t., 24 h MeO
MeO /N—<_ /N
Bni Ph Ph o)
90%, 96.5:3.5 e.r., >20:1 d.r.
1 of 19 examples
1\
e} OAc
96 (2.5 mol%)
Ph Me e
CH,Cly, -5 °C, 24 h
OAc 0

87%,96.5:3.5e.r.
1 of 24 examples

t riesmamentsh ads utf f ii cti @eshat tl yyl aaccd t8Bariciedriees 2(

CF3
/lSL
FsC N7 N
H H
N

SP(PMP);
84, Dixon, 2013; Smith, 2023

90, Dixon, 2020

0
FsC
s N
H
Nepart
P(Ar')s
CF,

95, Dixon, 2024

S

PR

N N
H

g
0

Ph{

N
(PMP)sP”

96, Kobayashi, 2024

SchemeSe2l2ected
PMP © M&PhAt=

e Hmemlea Bt df® n csaetdaleymanti osel ect.i ve

3 ;t4QiNseP h .
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Novelgelnerati 86 BiQMP pped wlietrhi va dp rbalcikibeon e, and

t

hi ourea HBD, was recently published by Kobay:

ntramol ecul ar aclcyt-Bkeaytsd £ | ft ie deanfai notnidooelh r i ¢ h e d

cyl oxyt.h%Toh ee sttrearnsf or mati on was shown to tol e
ubstituted alkyl ketones, however benzylic exaea
n decreased enantioselectivity, whi |l e acet

ransformatiehd, nbwti ghow enant iSessueblsecittiuveintty .o fV

ubstrateds thioacet al motif proved Sohbédmedetr

22-1l Y Shortly aftepubtlhiecagtd minnadn Bl MP cat™l ysi s,

c

eneration Bl MP supe&rdb’d snies pwa s dd ibsyc Jaxseodb Sends ce

at a8 yst equi pped with an additional stereogeni

efficiently ciMi alhpeée¢ thei sudhainvol ving enant

b

c

et w&enbstituted acrylate ester(Sched@aRKyli st hi
atalyst design was adopted in ofbethmpooijtaants
nantioskéedi chacel Al tliCtait ahdgls te at wries d easi g n

| ementaad crwmaipalhlty,l asubstituted stcarteadgsnti ¢ cC
evel oped for the highly ermannhnbsastalratedveyptotoc

Computational studi esst acé&vegl eéodentapdt hylhe mdt i f

romatic i minophosphorane substitwdamttse tdlrpm cftwr
hus increas {Srcd esmel)@cothinvsidtiyl "‘gece?2 at i 6§ 8t oBl MP

romote enantC okserddkcftdarvmi Cg conjugate addition

stereoconvergent crystallisation to achieve t

otherwise difficult tolc¥®hAerbdbbrmedr kbgehicaktkn

stereogenic centres were shown to remain inta

mmedi ate crystall iSscateimeh)2of the products (

-3 8



OBn

v

SchemeSe2l3ect ed

tol vyl

Il nspired by Pal omé!dwsr ed atogegpstaidd d @BsMBarv,iee e n
devel oped for the enanti osel ect i-avdedistyindrh eesliismiorf
type reactions to give access to pharmaceutic
bearing a stereogen$SchemViPhoélryrous atom (

Squar abma dleddgedner at i D2waBl dRvel oped and disclosed
project and will be discusScehde meh)283t!di |l in the

89 (5 mol%), "PrSH
—_—
Et,0, r.t., 24 h

91 (10 mol%)
—_—
Et,0, rt., 24 h

92 (10 mol%), "PrSH
—nmm—
EtOAc, rt., 24 h

93 (5 mol%), MeNO,
—_—
MTBE, 0 °C, 16 h

94 (15 mol%), ArOH
—_—
PhF, r.t., 24 h

98%, 94:6 e.r., >20:1 d.r.

MeOQC\/\ JPr

Me

97%, 97:3 e.r.
1 of 24 examples

2
2
Z
Z.

—OBn

90%, 99.5:0.5 e.r.
1 of 20 examples

o s

MeZNJ\/LMe

85%, 93.5:6.5e.r.
1 of 39 examples

NO,
\\\\H
Ph

0]

(\N »
oM
Ph (6]

1 of 48 examples

84%, 95.5:4.5e.r.
1 of 24 examples

ond gen

Ph

_<

89, Dixon, 2015

e

Zlvdgen O
U
Ph N
N N
H H
Ph O ~
SP(PMP)3
91, Dixon, 2020
3 gen
92 Dixon, 2021 PAr
2"% gen
\l/ Ar?
Ph _N X
YOy ON N
H H
Ph O N~
SP(PMP)3

93, Johnson, 2022

ureidopeptide

Ar3

ek

94, Dixon, 2023

e x"dampd! @3z n @ f a Riuo re,i da rpakapstBitdveP
enantioselecti v MPr ©OivVeP oA tma t3d BB h .

catalysed

2=PmaphtARyl-4

-3 9

P

C



| . A mst bfs DPhi |l

Thexceptsitamualt ur al vecsthali sty uoaf gBe MPehaitruale an

superdhawdi ch all ows ,f oadushtiognhi ztaubnielaibtiyl ianyd of t e

| arge number of catalysts. Exploiting this key
catalysts that can facilitate further research
available emantanmnsfedrmat vons.

The aim of this work wascataleyisaendt d otsted ercd n e o
by identifying cuyeéntutsyeddmdfuor ndde voenbso padmady Bl M

catalyst systems to tackle these challenges.

AccordiChgpyketdescri bes t he devel opment of t he
organocatalytic conjugatlewbnasdadtiutriaotne dt oc au & « taimy
fundament al reaction uway aiolvasollsed o kperdo bamb d vy due
exceptionally Udwsaetacatedt mmeatteaepdaor Bi. c Tdels r
necessitated the "‘Yewnelragmemt BdfMP 3 cat al yst s,
succesempl biymdocthall engi n-galaemala nhtii gohsed rejcu g artee

additionsieaetitbes¥® di scovery

Chaptlddli sewssbe devel opment of the enantiosel ec

nitroal W ainessattuor at ed al kyl esters to furnish me
oni trodgtoeawr ssi mpl e, and of ten commer ci alTHiys av.
fundament al enantioselective reaction wa-s devel

tuning and was flownappgloi doeblge ntea ad rang®- of al Kk
subst iUt-bhedt ur at.edUseisntgertshe newlg, davgebopéd ARe

formal syntheses, as Swedlli parsa m hvweelrs%y na chteisd wse db.f  (

Chaptvelresicri bes the devel opHKesmtet@fr m nmad w oann dnert &y

the synthesis of a highly basic iminophosphorar

-4 O



Enanti osel eMi chaeBuhAfddition to
U, BnsaturatednAmit HesDevelbpment

Generatisen Bl MP

.Mt roducti on

njugate additions are amongst the most preva
e to their ability to quickly generate compl €
om ecobempite the maturity of the field, exal
ditiOnBnstad ur at ed ami des remai n scar ce. Cont
rivatives, the electron withdrawing property
i misrhckewde t o the resonance stabilisation betweer
om and the car@dafgvierf utnhcet i pansatl itwo decades,

l ying on strucl,ubnaslatnuordaitfeidc aatniiodre sofhave been
antioselective conjugate additions. These, h
oups, sucilN-aeay!l i pyde®)| es, and thioamides amoi
nthetic efficiendyAdt itvhesagprgooapsr encrease

both simpl¥,-lbnmsiadeus atbed ramdeesng them more

dergoing both 1,2 and 1,4 addition reactions
njugation within the,bpyjeptiddudbiomg &heEWGobDNC
t r ofgoern gxampl e mor phol {ame d asnjNdaegyd Videmindreesh)

erically, by introducing bulky suplsaf€idNuents

nd and prevent(ifmgr dex an@ll ¢ sdddatrpiloeatiy | vaesit)ee onl

>

andful of catalytic enantioselect-addi méobhseds

ectronically anro-sdteirWathdd yt wmati ed eami de s . F
udies by Kobayashi empl oyed chiral crown eth

activity and enantiofaci al contUr-bmhsatnurtahe dc

-4 1



ami des and carbon celt Ad | pr oHnau tilfeeypphhyivleals ,c hi r ¢
bi sphosphine |l igated copper (1) catalysis for
reagemt-®nsat ur at edr emené eéetsl. y Mohe enanti oseel ecti v
hydrophosphination saddhyHdodbtdman d atcwmroditl gyd ami de
the presence of chiral bisphosphi-aspetilgd®®ddg. wer
Whil st el egant, these methods required the useEe
systems-tismene combined wi t h super stoichiomet
enantioselective addition oU,-i(npsraa)urruactleedo pahmiildeess
met al free catalysis rema&Riecogm@inziwmmgs ol ve d | ipmio

enantioselective cotj-bgsaeuraddckidt i amsdetso and

opportunity to test the capabilities of new BI N
t hkottom end of Mayr 6s el ectrophilici-mgt alcal e,
catseldy enantioselective conjUy-has at wrdadtied oamirckeas

chose to exemplif-Mi chaesl waddi ttihen su$SMA) T Enant
sul fur bond forming reactions are prevalhent tr e
abundance of sulfur atoms in biomolPediflees iamd |
enantioselective organocatalytic SMA was repor
Hanemann i ndeSmgeredreen't24thesreepodemonstratb-d that
unsaturated aewnwdl hctkenowréspepadily with thiophen
t he presence of spectacul arly l ow 0.8 mol %

corresponding SMA adducts in moderate enanti 0SEe

quinine
(0.8 mol%)
—> PhS
PhMe, r.t.,, 5h

Napion =23.4 E=-22.1 94%, 70.5:29.5 e.r. N P
pKy =10.3 1 of 5 examples

“OH

quinine

proposed TS

SchemdAl kal oid catalysed enant (1®sje/l aencdt i prreo pSovsAe db yT SNy(n
N,EandKkapal ues are given in DMSO.



I n a detail ed mach8®8Mysntbiear gs taindly Hi emstra propos
by mul biopdéeng interactions between the cinchon:
cyclohexenoneScehHemg!frDpditle t(he ribbtihnel gempi gle
thi ophe&noeilogreddp0. 28, DMSO), their deprotonation

guinuclidine base, providing a N=gRIyodnud | te@p h|
the protonated tleandiamrg. alhherec wdlaoHeEx-2R oihsp el ec
bound to the secondary alcohol HBD,, anad cdiuagt
reactivity (as predictacndbyighéy MaygapiasadteT&y
proceeds with moder at & \wtud fhuirg lc oennt ar tnii cige Iceoanpiowi
high i mportance to this day in pharmaceuti cal

agrocshteg¢cently Hewebamede Tyclopyrazflor, for
pestiltlifdesuccessful, our new methodology coul d
l i braries of novedbtat heewnsei dmetfhicoad nhiyd eesn.r i @u
hope was to identify a suitable Bl MP atuipcecnr bafs e
t hé,-bnsaturated amide electrophile ankKihabkwmul tar
thiol promBucdMPeapdi been shown to be highly eff
reactions, invol ving alllowl etl leicalr bplet | Eaccipcteiplt daddr,
(S ¢ h e n28). I n 2015 our group reported t he S MA

reprotonBdguiubsnt iotfut ed aL°2"yGernt eer ad s toenr st. hi8Rur ea ¢

bear i nagn-ttowof i geb wetdy | substituted stereogenic ce
and secondary benzhydryl ami de HBDs, was show
enantioenri c Bad etdhiome tt the rss .wor k, ac rroetloantaetde SMA e

Q@343was published in 2017, however mimi ngiTSteps e s
bond formati on, rather tha%hnthei sBipuPdjvestr epr o
sel ected ascatthael yosptt,i nvafi-t b h o @ &trne ve4 % dyi el d and 9
further mor e, a range of other substituted crot
with similar |l evel s of s@Oliesctdlvastel.y Imdleateesd i n

reported89mBdwevercathi gatsyeadnfi gured stereogeni

-4 3



simil ar Bd aMPa(ltylse ,di aster eoi8&PpPwes DHoawvnetrtad yhs tg h
|l evels of stereocontrol in the SMA reaction bet
@96t o furnish medicinally -heltevahbfFd e htyi oé mr i20
Johnson reported the BIMP catalysed SMA react
electrophilic9®nolne tdhgesneastei(@d5haBl PIPoven t o be
opti mal catalyst, which del9% ear &®d %t lye et¢ dr mesp @
While crotonate esters and al kenyl benzimidazo
di fferent, and more activated electrophiles en
di fferent catalyst |swstlentritaoor oanctMa ¢elavkel yh,i gthhe b a:
Bl M@5was O6tamed6é by employing triphenyl phosphi
opposed tsxp PEPMP)Ying in a signmnpKduimc2ZZnpBdyed ecns ba
t hese findings, and theUbussatechtedi ceshetsr
benzimidazUpuesatamated ami des, we commenced t h

empl oying the previously reported Bl MP catal yst

"Pr—SH 89
MeO,C 89 (5 mol% MeO,C npr T S
2 \( ( o) 2 \é/\s/ o H g J\
Me Et,0, rt, 24 h Me h \[]/\H N
Ph O N
02 93, 97%, 97:3 e.r. SP(PMP);
"Pr—SH o 90
]
90 (10 mol%) s” H j\ Ph
—_— \/k Ph_ _N
tBUO,C tBuO,C
UOL e En0.0°C, 24h 2 Me N” N
Ph O Na
94 95,94%, 97:3 evr. “P(PMP)3

"Pr—SH . 91
_Pr s
Q{\, 91 (10 mol%) Q\N s ’ i
——— Phe _N
)\/\ )\)\
Me Me Y H

N Et,0,0°C, 24 h N NN
s y Ph O Na
96 97, 98%, 95:5 e.r. P(PMP)3
"Pr CF3
"Pr—SH s” 8
tBuochPh 85 (10 mol%) tBuOQC\l/'\n/Ph j\ Ph
—_—
tBu0,C O Et,0, -60 °C, 24 h BuO,C O FsC N m)\

98 99, 96%, 92:8 e.r. Npeh),

Sche2eBl MP catealayng e @ sSeMAe € & ¢ wvReMF s© M&P h .
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Re&sul ts and Discussi on

. M2o. dle | Reaction Optimisation

adily &EyNN-dialbd rez y(l cCt10o00@baemingge sterically and
bi ased, was selected as t he model 8% bstrat
eliminary performance investigation of <catal
om temperature in the popeospaocnkeld Hffiaddl)ed equi val

peri ments reveal edbitfhuantc tcii onncahloensas edaetrii avkesdy wie n a

the transformation, r ddLladvri magt i on | &fstsert hranr €
ek reactFiiomstt igme er ebtaisaBd MPhicoadtddeleaps t ng a si ng
ereocent elr0,2iapr bvigthe o rell y6,8. &L 8 &éntiyl) Sec ond

nerati o89¢emtealeysthown to catalyse related SMA

A therefore their performancesytqnonftihg sr eSdMA

t al9yesn&slpr ovil®d@adn about 80% i soliadiesda pyp oeil dt,i nhgo
W, 59: 41 and 62.5(8rit bi .es €2t91Bwesdpuei cpt pi evadetl wi t h
tswlbst icgnetnites st er spgewed tenbeeslightly more
aster,aatméenfcgure8dvaattaeytsed, whichOanoBilded p
el d and 7 5d ebmo2ms. t5t A eeinmagnt i ocontr ol was ari si
ereogenienteFgutrdéhser ar ciiutné mmtgu rodB19ddfait radoyt s tal | o
rsignifieanamtlipwytbbobwehetturned our attention to
drogen bond donor moiety of the catalyst. Du
rboxam depecud ated that a hydrogen bond dono
idity could offer enhancsadiinndifng hand rtamss tf
sed on this reasoning, and inspired by the p
uar acnoindteai ni ng <catal yst appeared to be a rat
drogen bondi’hd¥*po openrt idesl.i ght , S wibtacsheidn g t

t aly&nd t he solvent 102 ano |90en g8 ed 1d¥(emendey.d



Tabl*el ecateal y sotn dairdgpita rmi sati on. Opti mi sed sacdrednet,i ons
deviations from those arle3sbGBRh{?>AnIRe¢e Mehy3dbPMe bRI ow.
3,-6i mePhg!l | sol altheed &b sedldut e ddrfaagudeat eomi oé€d by ch

correlation.

92
"Pr—SH 4/

101a, 2.0
’ €a. ”Pr H
92 (10 mol%)

0
— JJ\/L
BnZNJ]\/\Me EtOAc [0.2 M] Bn,N

rt, 24 h
100a 102a
0.1 mmol optimised conditions gy, 97.5:25er.
3 generation BIMP
« JL\J; m:t iy )i AL o L JLI
P(PMP);

.u\\\

Ns
90 PMP)3 P(PMP P(PMP)3
(1“ gen) (2" gen) (2”“ gen) (2”d gen)
O O
e Y , j:f
Ph’ Ph’
103 Ny 104 0 105 s
(15t gen squaramide) P(Cy)s (39 gen) (39 gen) (R )3
entry catalyst solvent c [M] thiol eq. yield (%)? e.r.

1 84 THF 0.5 3.0 91 68.5:31.5

2 920 THF 0.5 3.0 79 59:41
3 91 THF 0.5 3.0 83 62.5:37.5
4 89 THF 0.5 3.0 81 75.5:24.5

5 103 PhMe 0.5 3.0 90 83:17

6 104 EtOAc 0.5 3.0 85 87:13
7 105 EtOAc 0.5 3.0 88 92.5:7.5

Further efforts t3dedewvwealtdp na-bsagsupatriaomaitdaell y st f or
SMA reaction werlen uanshicd e $ 8f Wblo.ost enantiocont
additional stereocenter on thetodigitydnriadtei onf
Bl MP caltadlyeng with this, a phosphi-mieclscareematrie
phosphines are whpariusedtbnottipemeati o oWwewiBti MP3 .
were pleasbetddsesnt fuaantdur al spmoodviili@iécd8 7 i & B ned5%8.

yi ednd 6yChanging the catal yst-conof iogneds ielideyd r igm g utpws

(10 andhe solvent to Et OAc further TDloe®sdcemrdyv drhiee ret
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| aaseage formation of the iminophosphoemineg mof e
the BIMP catalyst by simply varying the phosph
This systematic structur al vari atilgmulrkegwdeal ed
el ecdloomati ng groups, 9Re avdhii td 1pl2oaMartdabldy2atbd e . r .

88% i sol aftdeddi tyiieoantadlr eact i onder e nedluesd otnhatf air

vesselknsot change t heoptuitdiogeendsrdd tTibdhre ur t her i nves
the newly developed catalyst syAlwam, stylmd htelsii s
(A2, via a rathersonhpgpoeyanbattelreaadi acebdegdied

bl o'¢d¥sing Hdanwé&? 8 individual BI MP catalysts v
parall el experiment s, empP&éyi. nJghéseelkcatbégspbo
tested under t he opti mised reactdiean vedndiotdied
substlirOdDaed prop&ceael®ol Ihtergemniemqty, on3 Bl MP c a
vastly outpetifeneedtitbei co@nterparts, irrespecH

Addi t itorniadd@dt3gbait yl phenyl(PP hpsophi ded tdfe0 2ignghest

both BI MP series tested, however the enanti osel
"Pr-SH (2.0 eq.) npy
o} BIMP (10 mol%) o g7
M~ - J X
Me,N Me EtOAc [0.2 M], r.t., 24 h Me,N Me
100c 102¢
A1 A/O 0 (0171 '
4 ﬁ H By ‘Bu: Me
H < H
N N ' H
Ph’N\(\H H © H/
o N3 A A o A
rd : H
3™ gen P\. P\' : P\. : P\.
P1 P2 ! P3 . 7}
A2 \l/ A1 78:22 755245 895105 | 8020 &
No A A2 64:36 58.5:41.5 67:33  : 67:33 =
Ph” \n/\N N : : o
o T Aoy 5 5
- 3 28% 34% 45% : 26% | Aee
2"% gen

Schem®Direct compari sbhiofl geoendt asod nBItMPe cSaMAa Iryesatc
The obtained le02arevahows, obenerated by theTheorrespc

absolute conf02was ad e toer mifned by chemical <correlatior



whem3was used in combiAd@T9%neavivdh H24%dee"with a
generation catalyst), suggesting a synergi st |

corresponding catalyst.

I I .Rc.02pe and Limitations

Having established the o,pthiemi ssaemdg erl el anodtiaotnh ecrsn «
protwemré¢hen exlpriotrieadl.l' y the effects of substitue
eval uaoeldoQp Pleasingly, switchOOa&a a@nenelderydylgrg
was wel | t oflheero a r @ & pbotahdidonagn 2@ s f oirBnBe yi el d and
96: 4Decreasing the size of the amide substituen
and met hyl ami nleOZdoasi vV saiod m¥®eydhinedll3d 5e 6r Bi butyl amin
and di aldleyliavneihdinn@ sdle0 2adn i O 2wee roebt ai n e da nidd88y4i % | d
respectiw8kby®amnandar i O&weisdeal so a competent sub
reactdeepjte its sibbohdcagtpyodefferentompared
I n thisotasetaswitch to toluene was required to
and furnis02fmr @8dWctyi el d Ea eall 686t ridniec ak WS bieds e
N-met hy | @ri i/, mieh s at ur atleodowga ;i e | | ,ftuorlne dséhei gndg

88% yiedsldi aamtdl y A0 .mbH n9 spae,tre.ctléd i nH®2vMeasder i v a
formed smoot hl yseunad®m dti6iOdoo s teil mé cammpdr o9Mi..He 8 ,

e..r despite the proximity of an electrolm rich
further probefthettobeyahce moieataingg 0oswe ecxplvel
tdJ,-bnsaturatd®PDiamobdeé ai ni-magsia Ilpeywiisdi ne substit
el ectrolm pyrazoTlke moeadti on proceeded sesdmoot hl
conditionslO0Xahinamailionggue of T4PcH W% yirsaozlodithabd y i e |
95: 5 Sebstrates bNaubhsstgi pcyecvieidce t o be | ess react
increasing the ratio of pafofp@amdced d il@PRAq0d2ido t4s. 0 €

excellent enantds83éd ¢adgteil di.ti es and



"Pr—SH

92 o) o)
"Pr
o 2.0 eq. o s’ A——/
92 (10 mol%) J]\/l\ E
. . H
¢ NN e > Sy Me N N N
Lol EtOAc [0.2 M], r.t., 24 h o e
o o o) Ny
0.1 mmol 102a-p \P\’:
(100a-p) ® =3,5-di-'Bu-Ph d
"Pr "Pr "Pr "Pr
o s o s o) - o) -
\l}l Me \l}l Me \l}l Me ‘I}J Me
Bn Bn Me "Bu

102a, 88%, 97.5:2.5e.r.

102b, 83%, 96:4 e.r.

102c, 85%, 93.5:6.5 e.r.

102d®, 84%, 97:3 e.r.

n
_JPr

IPr S,"Pr

o)
Bn‘NJ\/’\Me
(~ "

102e, 83%, 97:3 e.r. 1022 80%, 85:15 e.r.

nPr H
@\ o s N \ o s
I}IJI\/LMe ,}]JI\)\Me
Me Bn
1029°, 88%, 90.5:9.5 e.r. 102h, 69%, 97.5:25 e.r.

N Cl "Pr "Pr "Pr "Pr

AL JX JX JX
N~
N N Me Cl,\l Me O\l Me O\J Me
102k?, 83%, 93.5:6.5 e.r. 10212, 45%, 96:4 e.r.

|
Et
102j2, 79%, 94:6 e.r.

102i, 90%, 95:5 e.r.

"Pr "Pr "Pr "Pr
o s” o s” o s” o s”
(\NMMG NMMG mMMe (/DMME
oS s
102n9, 79%, 87:13 e.r. 1020, 94%, 94:6 e.r. 102p, 99%, 94:6 e.r.

102m¢, 99%, 91.5:8.5 e.r.

SchemeScopeN-Saufbst i.Deemntas i ons
5 o |

freac oo dimidis@udtsehg .ol ;

uene instead o3. EtOPN OaACslbeadndf r .t

Mor phol i ddOansi d@ activated Michael acceptor du

of the oxygenpasiothf amt hHenremodr e t etdreah wth@ 6 oywei nol
exhibits increased electrophilicity, mo st prob
ami de Dlhesge substr attes bwerex cfepuridnal |y reactiv
cool il tAcC was required to enhance enantiosel .

102and 0 2weries ol iart el . 5anB88 75 1e3. re es.p Pdtairvmnalcye.ut i c al
rel elvah®oquinol i @ Oadred iivsaadti vieenop yiowe me ketrh va
th our method

compati bl e wi pr o%4:d6 ng. m.eairn yb atul

-4 9



(Schem® We then turned obsubstientéeonstonthlee en
(Scheme) C28namamedevhdOmgeact ed sl uggishly under
reaction conditions (most probably owing to it
presence of 10 ldRwapropbmercdd 6BWLS5SbRAACHI .3 7%

yiel @&r dd®Raton the contrary,inw®d %2ydicd Wl Dhkehiyned
due to the phenyl groups presentN athom hoeuta nofd
conjuda®i ol @2was obtiamondeedr at e vy.irellsd nrgetdh oex y

benzyl thiol asanthewas clbeedhtthmbdotl &irt mi e er eoc h «
configafapriroducts by cH€mnhopaaiind ¢ ® & d 0wk 6 2orni ng

el ectron wsublhdtriaiwd erythse s idwieoe s moot hly convert
corr es pmtnhdiinom giveist h hi gh | evels of Modlie@attiedhey al
high degree of toleraeceeblfermteteeactyicViesy and
observed with sebetpathssblse a b-pymrgitds acr MI0O®mi de

wad ested under the optimiseHdO anvarsdiftuironnssyheeand ¢
guantitati2e. Seife.lbdheandntroduction of allD@mwger a
wasal @l er at ead,sldlghhdi tdecr ensasse oibns ertehseadte fvartey 4. C
propanethi ol was employedO2whi 68 %f yrri shaddprec
97.5: 2SS betiT@dkeari ng an additional mleG Chwy | gr
exhibited decreased reactivity (most probably
therefore more forcing connditpuironlsoccZtkasl t or bes hed
in &% yi e8d: daaNeext, we turned our daitstteéipmbciton t
unsatdreamiede substrates to test the geWkeml ity
6-memberUedbnsat ur at eldodwa s subjected to the opti
conditions, the correk@2yadcki nfgurtnd ischeeldBdantyd ied an e
andargely unc©3dnp5:06ni 5 eda. c.icso mfeispurted thed®Yy e bon
7-Me mbe tUedn s at ulraacttk@i®ozn t he ot her hanldo2azhfondegd g
40% i solated yield and diminished 88:12 e.r., [

of flexibility.



—SH e}

92 O
O 2.0 eq. O A/
‘\NJ]/'V'e 92 (10 mol%) o N Me H . .
N
¢ o . v *‘(\H H
0 Ny
Sp—
A

W\

e e EtOAc [0.2 M], r.t., 24 h - ‘ s
0.1 mmol
100g-100aa 1029-102aa ® = 3 5.¢i-'Bu-Ph
"Pr "Pr "Pr
o s o s o s7 > PmpP o s°
BnoN Ph,N anN)l\)\© BnZNJ\/'\©\
CF3
10292, 37%, 97:3 e.r. 102r°,91%, 95:5 e.r. 102s, 40%, 88.5:11.5 e.r. 102t, 99%, 97.5:2.5 e.r.
"Pr "Pr "Pr "Pr
o s~ o g7 o s~ o s”
Bn,N Bn,N A anNJ\)W\ anNJ\/')\
N
NO, Z
102u, 78%, 96:4 e.r. 102v? 99%, 92.5:7.5 e.r. 102w°, 62%, 97.5:2.5 e.r. 102x29¢ 58%, 87:13 e.r.
0 Bn, o) o o
Bng N
N )\\N J\(\s Jpr
"Pr JPr ¢
57 s” A we
102y9, 93%, 93.5:6.5 e.r. 102z, 40%, 88:12 e.r. 102aa‘, 35%, 95:5 e.r.

Schem@&Scopeb-Saufbsti,t uemd sfurt hBPeviextaimpnssfrom opti mi s
condi Plicon stelyib®d légt. hical0; elgi‘®h Menst ead of Et @Ac5 avs s ol
reaction concentration.

USubstituted actiov@was alcsyltaenstded under the orf
angrodaORadmeari lJgt aneogenwas clemtmieshed in unexpe
90: 10 edespite a different enantiodetermining st
SUuUbstcraatad yst bindSolgemmE2natct yona {horough ass
nucl eophil e scope was pendecmaedaruysi ag k ylr,i man)
substit utle0dtlbd hiS@elhe me). Whempent yLOhwad used as a
pronucl eophlidz2zabprfodumitshed in quantitative yie
the model2-Mey ©ityé mr olpahed cheérowent t he transfor mat.i
e. r.., however at a modest expense in reactivit

effects



&—SH 92 4/

o 101b-101m 2.0 eq. o s/. j\;f
J\/\ 92 (10 mol%) Jj\/L

BnyN Me P Bn,N Me

EtOAc [0.2 M], r.t.,, 24 h

\

0.1 mmol 102ab-102am
100a e = 3,5.di-'Bu-Ph J
Me /\)\ SiMe
0o s\ o s o s T o s “en
anNJ\/LMe anNJ\/'\Me anNJ\/LMe anNJ\/LMe
102ab, 99%, 97:3 e.r. 102ac, 57%, 97:3 e.r. 102ad, 94%, 97:3 e.r. 102ae, 99%, 97.5:2.5 e.r

CO,"Bu CF /O )\
o 57~ R o s o s
anNJ\/LMe BnZNJ\/'\Me BngNJI\/LMe BnQNJ\/'\Me

102af, 66%, 95:5 e.r. 102ag, 93%, 85:15 e.r. 102ah?, 42%, 96.5:3.5e.r.  102ai?, 50%, 96:4 e.r.
F
o s7 “pn o) s/\© o) s/\©\ 0 s/\©\
anNJJ\/LMe anNJ]\/'\Me anNJ]\/'\Me Cl anNJJ\/LMe OMe
102aj, 95%, 93:7 eor.  102ak, 99%, 90.5:9.5 e.r. 102al, 99%, 85:15 e.r. 102am, 94%, 95:5 e.r.

Sche@®:Scope&-Sufbsti tuent s. Deviations fr o4 ®pdad.mitstido Ir
Produdti2d®W2aed02-h2awére synt hes.iFzoeadnilcya arndMare i ncl

compl eteness.

When BM®stituted antdhihoolnsobwerzeg | empll bdaadd prod
l102avere furnished in nearly quantitative isol e
compared to thdNomabélyOismddmimmg a Lewis basic es
(which can also serveaef fhsr @de dlyOpiahie w66t tya ved fde )an d
e..f without significant c¢ hfandgeecsr eian atshi en breeearcvteido n
the cade Odlfahi ch cont ai nesyra Wpreosxuimaabll yCR hi s st
change has a significant efdfect hent hih@l atlee cd m i
results in a dreepnidaryelad Ktyil vitthyl.ORanh@iO@anded p
high enantioselectivities al btehdr eMidrhe sdn géixd e:c

eq. of thiol was emplBegeyl i buthieslesed etalce i ocast e



products in nearly quant iptoaotri,v e nydi enlod £, alto we cett

in a drop of enantioselectivity, @D&h02aamy to t

Cert@bunsaturated ami des wer e proven to be unrt
opti mi sed enantrieoascdSicedcret mevAeB)0S MA nd ol eArdeenraiivnaetdi v e
intact in the 9pamrd emrcep ati et Bh iM&P! , moisgé lipsrcetbraobnl y
rich ol ef-Mat mypl g2taymeé)i(iannd pC,peoulmley (unsaturated
al katomdconly found in black pepper) were prove
their extendedl eotinj agadleshosm probably decreasec

Tiglic acibD deritwat ngédmet laydldi s ulntailt uent provi

—
o
-

matidawre to its more substit utceadnjangotuctdeer e f o

bonO-Trifl uor omet lEyundaeamelnd mitdhee transformati on

(@)
©
—

i mised conditions, as expected, ho.wse veas a

obserbedausetsofsignificantly di f aemde nitnce leactd

el ectrophilicity, r e sswibtsitmrgat én bahtdiengd i chérnay
I nterestingl y(F) adrote att hyil Gptfhheirnodil s brteldi capmi adceu ct s
under t teed ompdaatii on conditions. I n tohbes efrovrende r

presumably due to the trheehuoptemotlac¢ephohicivhegre

o] N ] o]
I D T, ~Hory e
| |
Bn N '}J © o Bn Me
A H M c D

"Pr-SH (2.0 eq.) o S,”Pr

92 (10 mol%) Jj\/l\
Bn Jl\/\ Bn
SN NG, > N CF

I EtOAc [0.2 M], rt., 24 h I

3

Bn Bn
E 99%, 76.5:23.5 e.r.
SH >|/SH l/SH SH
©/ COzMe L
BocHN CO,Me
F G H |
Sche®@Unsuccessful exampl es.



the reaction was ki neltii lcdadlef iytn @dri esafrsacby douunr f eadv, 0 um aasbt|

steric i.JAtdalr dd toin@®-ter, c et dstledvwed no product f o

which we speculate is due to the correspondi ng
result of the proxi mal e s tiedrs6 sFier alclt y,0 nd-omu Ik Thyd r
cysteieriemmeai ned intact under the optimised react.i

by the pr oxiBmwagr catdedd tt eHeb paantli dgecert ourr b i n g uddastt a layt set
i nteractions, or alL-eam asmaitacrhp rbced fwetedredi HhdedX€a | y s t

(Schemg. 30

| I .S2al3ep and Derivatisations

Af ter establishing the scope and Iliinmietrnadieidon s

demonstrate its scal abl0OOaanydpuldipragirketnd élb ubd b rtgr
the reaction concebnhheat alonstanidoacidiugomgl@. &ho Mo
under the opti mdlsledwecdefnad iddt 004G ) munpo |l 9f stclmé e mo d e
reactUnder these slightly mbad2waipd bk arseé ntgdiyaedc o nc
96 % isol at ed pyioadludad(al 35.:23 (S h e BE). . Nexeri eas of

transformati ons w0 2&aop esrhfoomcnaesde ushieng ynt heti c u:
Wh e n treated awiutnhi rhlyidmhb ideemT HF at refl the t empe
correspamidi mgIOtGi dreot )whowaobt ained in Thwsi sol ¢
prodwmad subsecgqhemzylyatdeed in thei mprRisMEdc#iCof Chbh
aff ord psreoctoencdtaerdyl O &imidn% vy i el9d6: &@node er. t woA st eps.
cyclopropane mot i f viceohud d Kubled pik mMeiiajldreed r eacti o
et hyl magnesium bromide anAmi hacyem@®wepsasepr o
obtained in 9498%4 Qreddtiammd in the presence of O
106idn 87% yield with no | ossm®HABApfturcmils hpeud istuwl.
106aen i 0 6ied 91 % rytl .ed :d1,.fQurd.hrefrtmo rtewo di astereoi sol
be sepbyatedica gel colummooehdd mas sgmapiey omer s

practically .mo erosion in e



S,"Pr

LiAlH,4, THF, reflux, 14 h
- CbZ\ /\)\
Me

N
Cbz-Cl, PhMe, 60 °C, 14 h é

40%, 96:4 e.r.
over 2 steps

n 106b

101a, 2.0 eq. n n
_Pr ) _Pr
0 92 (2.0 mol%) o s EtMgBr, Ti(O'Pr), S
M - L > ML
Bn,N Me EtOAc [0.4 M], r.t., 24h  BnoN Me  THF, -78°Ctordt. Bn,N Me
100a 102a 14h 106¢
10.6 g, 40 mmol 96%, 96.5:3.5 e.r 43%, 96:4 e.r.
O~_JPr O~_JPr O\ﬁ "Pr
o g7 o g7 mCPBA Oxone o g7
P A O W . QPN
Bn,N £ "Me Bn,N £ "Me CH,Cly MeOH, H,0, r.t., 14 h BnoN Me
H H .
0°Ctort.,2h 106d
106e, 96:4 e.r. 106e', 96.5:3.5 e.r. 91%, 1.0:1.2 d.r. 87%, 96.5:3.5 e.r.

Sche®BeDecagram scale enaphobise & miottecwe sdSMA20hH Bh P
l eft, p B 8osnp hti ned :Ir icg hutd;e 9 Qaafttadry stemovVval s ol § THEY e
prodluGca and prodatctoderi vat:i

| 1 .Co.ndput atainan ale c h &n ii gtsi ¢

Unintentionally, substrate binding / activatio
reveal etiNdsbegaytrdci bd@amdetl®DilalSubdtOaae

undergo nucleophilic addition r eactldiopnoss ittoi drhe
with respect to the amide functionality and th
Mi chael acceptor can bHenecdéadRtPde rpfroorbmei ncga ttahl ey srte
under t eed opomani t IBEMParusaaolgi r al organic superhb
hydrogen bond donor reveal edOOiatgoher naenchebent

nNitrostyr.eMe9 mioxteurged 2002 wa s aobntedi mpl yi ng t hat

functionality is indeed mocempéttchgontmwbiodbywdmbad
1)
"Comput ational studies were performed by Dr Ken Yan

included for completeness.



Tab2Mechanistic investigation employing a dual Mi c h a
guant il aNMR e( 0 .sk arhmg .

IPr
0 o s 0
J\ 101a (2.0 eq.) J\/l Jj\
anN // cataIYSt (10 moI%L anN . anN I
EtOAc [0.2 M] S
100u NO, tt. 24 h 102u NO, Pr™ 102u NO,
N entry catalyst 102u yield 102u’ yield 102u e.r.
(\,'3\ N/ 1 j\;( BEMP 9% 91% 50:50
N :
I\l/le N(Et) N 92 81% 19% 96:4
BEMP BEMP + 107 38% 62% 61:39
® = 3,5-dj-'Bu-Ph
However, running the 92emddri otnhaiss ame cad rad iytsit on

regioselectivitylORardi3ihd ny Hpirmplugtieg, t he sel
activation of the ami de emtorn yWuX)j.eytti mg xBbuMRlc dt -
azild®/precur so92aonfd BBEMFP t o the opti mal reactio
1.0:1.6102m0i20ubéahd a si gni froifc@2atolmp alr @ eVi®P D e

catsedy reaction, accentuating thberi mpet waane t
i mi nophosphorane superbase ®mRd sliyydriagdry I ondTlac
experi ment &hapt(enstertly’i@) gai n more insight into
the squaramide BI MP catalysed SMA to unsaturate
however prior to those,coknpreddixtmeainswmetrodpse xeefcfud cetd
using deuterat & iDpf pgereetnoeod€ (Siconre32). These

experiments revealed no KIIE,uteaes attheed doe wtpearnaett end
at the same rate under the optimised reaction
protons (and specifically the r erpatoé mintaitrn g ni o ft
reaction mechanism, furthermore, only negligibl
two experiments (98:2 vs 99:1 e.r., respectivel
enanti odetgeremitrher . NLoOt2Babwi ays, opbrtoadiuncetd i n 91% vy

hour s, as a single diastereoi somer, and no deut



101a-D; (2.0 eq.) 101-a (2.0 eq.)

JPr 10 mol% 92 10 mol% 92 "Pr
r'd rd
j\i 50 mol% TMB 0 50 mol% TMB o S
L L (N L. L
BN Y “Me PhMe-dg, r.t. BnzN Me PhMe-dg, .. anN)H/LMe
D Lo 100a H
102a-D, 91%*, 98:2 e.r. 79% Dinc. 102a, 88%*, 99:1 e.r.
no D scrambling
50 0 ©"PrSH
0 "Pr-SD
Bere]
40 ot
KIE=1.0 o

S oo
T 30
)
>
x B

20 o

0
10 S
0 >
0.0 0.5 1.0 15
time (h)

SchexKi naestoitcefpfeexcger i ment s. ORela antmodmes cfaolléHo WNBB by

wi Lh3tr5 met hox(f MBanz eanre i nt ernal standard (*isol ated

A

DFT study wusindd® 'WDsF perofgoramed to el ucidate
tereocontrol isend thMA BolroMRt wa tad €5 1&ni L eBR e 53
eaction viptahees@dguenti al compl exation between
eading tostaasttteraicg iutrieonf TS), a subsequent conju
rreversible pmidenmndtaten o tihé s s tduedtye rtnhien isntge |
onjugate awladsi teixoanmianseedpo ki netic isotope effect

n. eas observed when per fdoerunienpga tf pheen etehaicali.o nl mwii t

mi nophosphor anaeno @il MPy c @t aart dprdaetlviuct vy | groups we
mitted to facilitaampr oDFoThatabkc ulhaet itomisqg | and
nter mR€ilatsda abil i zed-bdryd tdenotrwso oH t he sqguar a
rotonated i minophosphorane. Prior to the conj |

oordi nR@Glradt gener at esRU2ntewremetdd attltee conf or mat i

nd the existence of t wo hpeotRBINnMR ad a taacltyi svta,t i alnl

-5 7



TSs duri ng-dtehe rem anntnigo conj wg a&toanpaud deidt iaond sctoenp a
i nvol vi nd Oamd dmet hyl t hiol as the model nucl eo

Bl MP sqgqguaramide catalyst can freely rotate and

Al eftLArmandghidot(RAwmr e explored. As originally |
there are two modes (Mode A and B) in which t he
transitiobh® stcaseuofesMode A, the electrophile i
donor moiety, while the nucleophile is bound 1t
case of Mode B, the nucleophile is coordinate

el ectrsopadtlievated by the proTbeampdt ami onphoapha

utilizes the tei mMimgaliOegy di scussed
Mode A Mode B
left arm ( nghtarm (RA) left arm ( rlghtarm (RA)
\ ) \ %
,N 5“ ,N
H
PPh3 Me—S- H
p x ﬁ: Me—, 0
Mé == Me _\‘;(
Me N—Me
Me

Fi gudbRossi ble binding modeisocamputt @atrimimal ogtyudised.

The |lewestgyy conj ugat eT Satdhdd tt | fon®)@sSo vimest ( whi ch
agreement with the experimentally <confirmed al
reaction. The relatively |'iws efnemrtglyerbrmomre ecdomdi
the mild reaction conditions r(igguha@&tdket bowest or
energy transition structur e, r e K)ppor nosdi ubtl el 6fiosr t |
which proceeds through aTBigdd'er 4e nle rkdtya | bTammerli er
stereoselectivity for this transformation ori gi
mul ti p-laemdi ntnégmr amol ecul ar stabilizing inieracti

,andi"interactions. These st abiTldtzo mmpga rfesSEltduor e s



o | dos=2122

bondm(; ,_’Lr-, S
\ J—
Y.

de_g=2.212

\ bondln3
/‘ ,,; /
) H-

7 interaction |S bond/ng

Me / \ | P :
p Me 2z interaction N ﬂfwndmg
) CH-r interaction.
|

® the lowest-energy TS conformation

® high enantioselectivity (AAG* = 4.1 kcal mol™")
® coordination and conformational search

® multiple stabilizing interactions

3

AGEtoac
A (kcal mol™")

TS1

(-3.7)
"! i _Me
N\(\ (0] S
PH
o] Me,N J\)@Me
complexation intermolecular conjugate addition protonation

Figut@omputed potentialG fheblgy mefurtf me eBI(-MRtseiguar ami c
SMA comput ed at CZSMONE® AT Z2P/ /| COSMORBILOARC )
D3(BJ)/ DzZP. Enéjygaed {e&cmlngobond |l engths (j) of thi

in the insert.

The intramolecul ar hydrogen bonHl(ianngi dlegt weiexne st
conformationall dfrté emdrormt bé& BhP®PActatraciemensi omadt iy
defined pocket UyibnBiahuwht ed &amede can fit with
repul si on idSurbiomg tfloe Mhergtbvehhte anion further
the aromatic ring of the i minophos pAnoarlaynmnd smooife
no-novalent interaction (NCI)vipdwdlsi ad | wevak oinret ¢
bet ween the cat al%sThH e nodb saurbvsed aN@Iss wer e quant
decomposition analysis (EDA) for t heFicgoaumpear i s
11).1%% 4K addition, to understand why both the r

i mproved by the exchange of a thiourea with a

-5 9



computational comparison between these motifs
the sqguaramide Bl MP catalyst can facilitate th
| araq@tf or the conjugate addition step. These fi

studies, comparing anal ogbasedgBbMBmsmi de and t hi



| ICABncl usi on

Exemplified by t he al kyl -f t&de olcatSMIAy t itch ee nfainrt

i ntermol ecul ar conjugat &,-Iandsdaittuiroant edo amnadeti vha

developed. A thorough investigation of substrat
furnishes a wide range of SMA product s, includ
and.reComputational and mechanistic studies rev

i mportant substrate / Thatdkeyset opmemtif g manbties.

required the realisation of novel, power f ul B
HBD.

Thesecaecwlhyet sompli mentary to previspuahd sBépoet
their discovery, they have found application ir

Bl MPl1was found to catal ys-8li thael nt e auotbdtelnaurbead wae
urea pronucl Eplprhs dtewr asgned u lestt @atoe furni sh medic
relevant hydnd@oi haghbl y ifSeckhde B8t 8Net.ahl y, this re
proceeded with significantly | ower enantiosel e

di fferent HBD groups.

CO,fBu CO,fBu
| 111 0 0
Ph
o 111 (10 mol%) N7 j;/( Ph
H
NJ\N'Ph PhMe, rt., 24 h N’go N N N
NN H Ph— H H
2 0 N
109 110, 99%, 94.5:5.5 e.r. Me “P(PMP),

1 of 31 examples

Scheld®3Gener ati on BIliMPt camadlzeps wldhaarel addition for th

enantioenriched hydroquinazolines.



I n anot hpubliecathite nBl MP catal ys-BldchaéefkFramehetuba
studit@di I"ége2ner ati on thgeneeati dmacdai ded MPs wer
found to catalyse tMiec hiartl r aantdodlietciuolnaro fo xal kyl

pronucl eophil es, respectivelypheaittylpeexaouel eempth i d
under went the reaction sluggishl,emphdywnght hew
cat alByysctese.eni ng t Bé MBv & B'Bgaebntegr at i ohl waas ad yisa k| vy

identified as a powerful alltldBrnn OBtlivy ey,i ewhi cam dp r9

e. BEchéend .

Me

@oi(/ 114 (10 mol%) o j\;‘f
W
_— \ COztBU ==_
X-C02BU  prve i 24h EI; N \‘(\
Ph
112 113, 91%, 99.5:0.5 e.r. ~

1 of 7 examples Ph

Schem®3 Generation Bl iMPt camall M wldaar e |o xadd dbntsiaotnur at e d
esters and amides

I n concl dsiren, etnfmeotrigoasneolceacttailwet i ¢ cuwma atgiay &t ead ¢
U,-bnsatur at ehda sa rboeeeens | oped, however despite the
previously emalcce@d oMisig himneslcalt uasat ed esters, ami
significantly different reactivity. Baedeselpeent |
devel oped, cont aiHBiIDn ga sa wedq uaraasmiadne addi tional s
3’%Generation Bl MPs are now routinely synthesize
transf or maetyi oonfst,enasexthhi bit compl ementary react.

repochteddystt.e ms
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| IEInanti oséMli ehtdaed e toiforNi t r otaol k a n €

Unacti Uabreslat u Ah kigdit er s

l Il nftlroducti on

Cat aleyntaind i os el eictairwe nc droma@n f orming reactions

contemporary orlgAanming s¢y rntthlreensi s.he venerabl e Mic

all ows the direct f or mha tnikcend osft edeoiceablres cavi b
economy, in a single step, often wusing inexpert
such, the dilsyktoiverayndferantai osel ecti ve 8$kidchael
and rmen ad, have Dbeen at the forefront of or g

decad®sh.e enantioselective addition of nitroalk
el ectron poor ol efins has received great atte
converwbedttoest er s, which provide direct entry
icdhustrially relevant -gpympolindgsinmeaesreiedcoirdensd, alod ryd 2
acild®-Ami nobutyric acid (@ABA)obuttlye i si mEliast i4
regulator of the mammal td@iSg¢genhetticnensabogusys
substi hihbkepa@si ti on, such as pregabalin, bacl ofer
bi oactivity, including analgesi c, tranquilizin

ef f excthse @€ b o)t.t3d i

The enantioselective Michaell,-arddatturoamt eidn veod tvé m
highly desirable transformation due to the ab
however exsauph eseadti ons remain scarce, due to
conjugated alkene funct'P®madbiutykaswlaemded.,ectt i p
i ntermol ecul ar organocdCalbymnidc f®manm tnigo sreelaeccttiiow
unact ilvabnesdt ur ated eAtdes Fsaat Dorl, dawaleapddPb

cat alystHdanti osel ecmé vad ttselhyeacti ons empl oying u

| 16 4



U,-bnsaturatade embeesabundant and i nclude the e
organocuprates, pi’'d@héered eéRheby sEat @addgiat i on of ary
acids developed by May®8ehie and, Mipaooatrast, nt
the enantioselective aaddiitWaelhe doaft urriatt reodm ectahr abnoex y
derivativesNaciynlyu diizrod e s bBypd K§#8%e ffdmiade s by

TakemdiNea,cy!l pyrrol éSandy t®o-oami des!®BRr Sen bears,a k|
building upon the selftunall U aentbkat aff aHag ashidehyd
di phenyl prolcawoal yssiilsylt oetherf or mmnabhr ematnhamnes
addition, foll owed by oxbdnmiattrn @ens tuesrpso gi NB& h ot ma
(Sche®!®°An alternative strategy forontite oersdretrisc
can be envisaged by the conjugate addition of

decarboxyl ation. Bi functional tertiary asmi ne b

demonstrat ed 5Dy niPdkoennmdotlaon,d our own®l aboratory

enantioselective
X catalys:s

activated acceptor
oy ol Sy

Hayashi Takemoto Sods N Kanemasa, Shibasaki y-nitroesters
Feng
[iminium cat.] [bifunctional tertiary amine cat.] [chiral Lewis acid cat.] l

bioactive targets

HOZC\/S\ HOZC\/(© HOQC\/(©\HOZC 5@[
pregabalin phenibut tolibut baclofen Cl rolipram

Sche®eSel ected enantioselective conjugate nitromet ha

el ectrophi l-aecst,i vaen dARONsS di r oot yoasaierabl e from

I 46 15



The above and related syntheses have been widel
setting in multiple accounts by Kobayashi and
underpinning the i mpor t%iwki bé¢ ESABdamnaboduest
the above methothe necesasilbait en of bespoke acti

the downstream manipulation of the obtained e

synt heosniist roofest er s. Synthetic efficiency has th
the | ow rfeeaxtiistiitng acatal ysts. A more storaightftf
nitroesters would entail the direct, i nter mol e
to unacl,ibnastadgalt e d |ens t2e0ris2., i n alrpgwlsiema ttihoen abuyt |
remarked on this:*%ap in the literature
iSever al met hods have been developed for the c
enones and enal s; however, not abdryjugat di escer
has been reported to date, which is surprisin
compounds in the fields of organi ®, phar mac
As di scussed before, the enantioselective con

nitrostgnehesefficiently chadsaedskidf bryctieonalaragr
A significantly more challenging reaction, the
was reportédrhhby Se@eastion went to completion i
cat a4 Josvter 4 days o0f{9383%aygyteebd anthe9&o0hteast) wi
previously described malonate addition, which ¢
mol % c a4t3alTyhsits stri king difference in reactivit
el ectrophi Esiex-1 3 yB1+=all9ueds) ,( which predict a diffe
of about 5 or der&2°Génmiadgei t Egatl uet otf hei nnamat e
is around 5 units below than that of chalcones,
nitromdtli@B@aneinacl,ibnastagdur atled sesuthneart t ai nabl e usi

ami ne baisteswasds r med by So-«(S$cheex@BffPi mentally

| 46 16



CO,Me 43 (2 mol%) MeO,C CO,Me
ON e+ L _ Bemih)
CO,Me PhMe, rt., 24 h O2N Ph
36, E=-139 115, N =+20.2 116, 98%, 95:5 e.r.
Kre1 > 10" PKa = 16.4 43 PKaps = 19

OMe

Q 43 (10 mol%) Q N
)v\ + H C/NOZ
Ph Ph 3 Ph Ph

PhMe, r.t., 4 days | X NH
M7, E=-19.4 118, N = +20.7 119, 93%, 98:2 e.r. N~ SJ\NH
Kyey = 10° pKa = 17.2
NO, FsC CF3
MeO,Co 2 .\ _NO, 43 (10 mol%) MeO.C
e0, H.C —_— e0,y
N en 3 PhMe, rt., 5 days Ph
120, £ = -24.5 118, N = +20.7 121, 0%
Koy =1 pK, = 17.2
Schengé Bi functional ciechovead adkalpsid performance i

addi t2(Evabue of et hpidlv ad iurersa matee .s hpgKwiwv a Inu eDsMSaOr,e s hown
Me CN.

I nterestingly, the intramolecular enantiosel ect
unact iUv#bneadt urated esters has been reported, u
cat alP%sotwse.ver, even in thesne mbiemetiioralhlgy fsgwa wem
applicability is plagued by |l ong reaction ti me:

high yields.

Seeking to overcome the |l imitations present in
synthetic potenti al of two abundant, yet under
aimed to develop the first enantiosanectitoe i
unact iOv#neat urated esters. | f successful, our 1
straightfoswapd, estngl eo valbmabreesnamtsi odor ach
we hoped to identify a BIMP casalaxdti vaapabl &
electrophile and the pronucleophile and furnis

enantiocontrol

| 617



| 1l Reul ts and Discussi on

I 1 M@d dl Reaction Optimisation

To establish -eéBlavPl edatrad aycstti vi ty i n t he enant
nitrometlthabme at or ated esters, we selBmethlylc o mme
crotoln2at eand ni trb&netthlaeemodel syst emonORelact i ol
mmol scale with 10 mol % catal yd8ndoweregqueincd
after 24 or 96 hours by passing the reaction n
catalyst screen revealed that first generation
bond donor (HBD) and a single stereocenter wer

| i bt*dCayt.alBysrtovi ded t hrei tdeokizBieedk 69% yield and

enantiomeric ratio (e.r.), al beit over 4 days
(TabBe entry 1). With the HBD moiety establishe
backbone were investigated,-Sanidnd odedi N2 bea tsa

bearing a benzhydr I2 3isn d&4.h@:i h5 p5 oew.ird.e,d whil e ¢
the same position proved to be deitdimentatr ¢ as
selectivity and reactivity, the | ate stage tun
a thorough investigation of the i minophosphoran
trival ent phosphine depl oyletd wans tfhoeu nSt atuhda tn gree
parmet hoxyphenyl ( PMP) substituents-rwicthdi3peé&r i pt
tebutyl phenyl Substituents gavceataalggBsitgat5i hrke
e.r.), however convdiv % oRelreymwar hed tnbdbnlky3). F
fine tuning of the HBD frl awea almed htyH aatt eal Btdestr rpah e n
gave a notable wuplift in selectivity (B%0nb5:9.5
73% yield in only 24 hours (entry 4B4 eRurtohero s

i mprovements in the outcome of the reaction.

| 46 18



TabB3@at al

identical

y st

devel

to those

opment

and

ssalt v emt

(unrceheam,g eado rcaintdii

i D ed retr rmyi i) MIRY/.bly nenoorip asrcianlge .st ar t

and produbAvepaagls.result ofOptt wadi erxepeatiimemtsondi ti ons
126 3.0 M, 32 00e@. mMeNOSs ¢lasl cel,a tuendd eyri ealid.. * TH®- opposi
123a was obtained. E. r. determi ned by HPphE&Fr aon a (
met hoxyphendyitGCERHMAF3 ,-&it ebuyPhCat al 3kds first synthesi:
tested by Dr SAee JSI M.orFafrdretyher i nformation.
123
o BIMP (10 mol%) a NO2
MeO,C —
25 e * HaC™ 2 > MeO,C. _Ju,
solvent [3.3 M], r.t., 96 or 24 h a “Me
122a (0.1 mmol) 118 (10 eq.) ®)
T 1 |d 0/.\a
broad initial entry BIMP solvent vield (%) er
- screen S 24h 96 h
N ate I .
Ho e ‘N 1 84 - - 69 20:80
“P(R)s Ne
84 P(PMP)3
2 124 - 44 84 845155
Ph\_/Ph backbone
5 optimization
1 =
Ars J\N/\ 6 iterations 3 125 ; 47 91 865135
HooH oL
124 SP(PMP),
4 126 - 73 96 90595
superbase SthPh
optimisation . JL H
11 iterations Ar\N N/\ 5 126 toluene 64 - 92:8
H o Ho |
Arl 125 SPAP);
126 THF 81 - 92:8
SPh\_/Ph
JJ\ H fine-tuning
Ar N N/\l 7° 126  cyclohexane 88 - 95:5
H H
Nopa)
optimised 3
fatalyst 126 8° 126  cyclohexane 999 - 95:5
\
99
100 96 YRRLY ® 100
hd hd 90 90 90 90 89 89
%0 855 035 81 o8 853 84 s °
— 80 .80 ) .80
g N I
o 70 .68 o 70
[} [}
5 60 ¢80 3 60
k) k) &52
> 50 > 50
40 40
33
sl ¢ 30
$
20 -10 0 10 rt. 30 40_ neat 10 3.3 2.0 10 02
(entry 7) T(°C) (entry 4) (entry 7) c (M)
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At this stage, a thorough solvent screen was p
eL solvent), to circumvent poteqntil altidacr ¢éasavais
that most solvents provided ondw waarsilatgihdan iinrcrre
(entries 5, 6). Switching the reaction medium t

and sharp increagsévinybanikd sledlacct 88Wwtyjepdoand

e.r. in 24 hours (enttiroyn 7mi.x tNontea bways Wihplagsiec d
of cyclohexane and nitromethane, however <cruci
the two phases, 1xX6kudiongf uaodthelrysithcrease in

conversion could be attainednbywgcondthiet iopn i amnd e
condidteipemdence was examt?ilehde sy setxepneartiinteanitlsy .r ev
systembdbs sensitivity ,tovhehamhge s oiond ithgmp2hlea tr lerae
AGesulted in the dr ognalforce nwietrts i @m u !l i3f3t%,i n
98: 2 e.r., and additional |l AQfifnocire8aae i ggabhhiet aen
yield and B2t &r &stbieglry, diluting the reaction
in no significant changesi 1. tMhe onuctendmathenwae
respeclt22to@wever increasing t he concentration
stereoselectivity and r@e@achbe &5 yand 08 Qo comrcveanrt g
diluting the reaction mixture to 0.2 M had a d
nNo increase in Teanbalng blosebmrt i Vi tiys (worth noting

of nitromet hane 7TulsOe de gb.ethnaede nn 02 .eOf f ect on. t he o

Whil e decreasing the catalyst | oadinng othov e smalin?
(52 %), practically no change in enainndémoesadicrcg i
the catalyst |l oading had no effect on “the e.

Theref droe i ncrease the 18a@l atheed cyaitaall d/ saf | pracdd inay
to 15 mol %13 pArnovoiod®% nigsol ated yield and( eQrmbt:rby e. r
8)l.nterestingly, when the catmablys¥ 1nomlohi%,0 twaes

reaction mixture bkeompmet haombgenkelbestransfor mat.i

| 47 10



under air with no detriment al effects to yieldc

robustnesat ad wstuam.

Il 1 1SQoR2e and Limitations

After establishing the opti mal conditions for
met hodol ogy wRaesacetxipolnosr esde.r e conducted on a synt
s calSe h é ng&) . First, t he e fsfudbsttd t oénttsheofal Kbry
investigated, 1l2@idngSwiutbchirmg etshe model Ssubstra
anal ol@dédhad no considerable effect on the outcc
i mportantly allows use of commerci dlelng ywi dyeloy pe
i h22ccduced the isolated yield tdae8dWwyandrohena
128was incompatible with tHedBisysamrlimy owi ali dg
to the substrateods deWwhemnnsizd oepl{ledcddwraosp hei mpil coiyteyd.
as a pronucl eopfdri3fdér mabi pnodastobserved, most g
pronucl eophil eds i ncrleNaisterdo psto@raine, hihomdvevamc¢ce w
substrate, lada@evapr codbucati ned as a 55:45 mixture
91.5:8.5 e.r. and 89:11 e.r., respectively) in
b-positi onvewet & B§)t.edProdfuedcs obtained in excellen
95: 5 whipgreopduZdgvas furnished inb54®%i yghtedxcedlhldd mti s
95: 5 Aedrirect pRepcegabBhvais (synt hesized from c¢
available substr atsdd gdhinmigdi% hyeide 189 .&bndl 0. 5 e . r . |
increased steriktt hisdamdreaesting tbi snoobtuet yt hat
subst iUt-bnh ®at ur atle0douxathe dwent the pr evi-Miucshiayeldi s c
addi tion react,iunre x pactaeddiymill aw (Secnhaenm&) cb2 el ect i
Cy c | o0 haecyrly detset leilinder went the transforma2ii on s mo
45% yield and 9213); 7Tbédarei.nmg ®rmadiceci nally relev
stereocenter, was obt ained i n an excellent 72
avai led lhdysdtl1e2j204. 205

71



NO, 126

o
118a-c, 3.0 eq. Ph Ph
. _NO, s Y
O 126 (15 mol%) 0 - Jj\ H
b )J\/\. - LN ” N N/\
O cyclohexane [3.0 M] o) g H H N
rt., 24 h N
0.1 mmol oo vessel 123a-k = 3,5-bis-CF4-Ph T\
122a-k p B
= 3,5-di-'‘Bu-Ph
NO, NO, NO, NO,
4
MeOQC\)j,,IMe EtOQC\)j,,,Me BnOZC\)j,,,Me BuO,C '/,,lMe
123a, 99%, 95:5 e.r. 123b, 92%, 95.5:4.5 e.r. 123c, 87%, 88.5:11.5 e.r. 123d, 8%
low electrophilicity ester
E _NO, NO, NO, NO,
MeO,C ”"’Me MeOzC\):,,Me MeOzC\):,”l Etozc\):,”L
123d', 0% 123e, 63%, 55:45 d.r. Me Me
hindered nitroalkane 91.5:8.5 .1 major 123f,2 79%, 95:5 e.r. 123g, 54%, 95:5 e.r.
89:11 e.r. minor
NO, NO, NO, NO,
MeOZC\):,” MeOQC\):,,, EtO2C\):”'KF EtO2C\/\)iMe
F
PN F
123h, 64%, 89.5:10.5 e.r. 123i, 45%, 92.5:7.5 e.r. 123j, 72%, 94:6 e.r. 123k, 32%, 95.5:4.5 e.r.
Schel®Substrathbalskylpesgybsti tuents, al kyl esters). | s

HPLC on a chiral3d€statidenaryyi peaséy supercritical f
a chiral st aRri oh@tgg phmthwer e synt hleasiinz eMdc Usyud hd ae

included for Abempluetrecesnsi gurati on was determined b

Doubly wunsatur atlel®@ured éearywe nstortblad et r ansf or mati on
and excellent enantioselectivi t1ykBafntderpra vd aleact
1,6 addition as aNexitnglae sreergieosi soofmessubsti tuted
eval uagl&dchemd .3 Pl easingl vy, an i mpressive rang
tolerated wiatrhi avteiroyn liint tsleel ect i vi ty. El ectronic
2napht hyl 12t 3d)atpe o2l ethe pr e@wrhseori baift ; previ
unavailable under -Qdefunmetdi,cmatal gsdeh)dbaendd bef or
12in excell ent yi el dp aasadb ssteil teucttei dv i & ryo mateixd , s u
invest lglas) ed apd to our delight both electron d

Ssubstituents were tolerated exceptionally wel!/l
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electronically rich substrates provided the <cao
yields due to | ower fedretchterro phhiig hilcyd teynga ngtriecceurrkibcy
weroebt aif me@dan si mpl e stianr tai nsgi .rifyakt eeprsi eae PS)-ts@Ir i U t

l3nwasbtai modleirmt e, ,&Md Y6 4 de. r . Commdrhgilal |y
4-chl oroci hhawnadteer we n't the transf or m8thiacd o moot |
preculrxs3o®83% yield andifmldys. B (Br&parcoet itme,

123was obtained in sightly diminished 50% yield

126
MeNO,, 3.0 eq. Ph Ph
NO, s Y
o 126 (15 mol%) 0 Jj\ H
> N7 N
Lo = [
(0) cyclohexane [3.0 M] o) (Y H H \
rt, 24 h N
0.1 mmol 1231-x = 3,5-bis-CF5-Ph T\
122l-x open vessel y
= 3,5-di-'Bu-Ph
NO», NO, NO, NO,

MeOzC\):,ll© MeOZC\):,”“ll MeOQC\):,,I©\ MeOzC\):,,IO\
Me Cl

1231,* 74%, 96.5:3.5 e.r. 123m, 89%, 97:3 e.r. 123n, 59%, 96:4 e.r. 1230, 83%, 95.5:4.5e.r.

NO, NO,

MeOZC\):,”

NO,

EtOzc\):,”

EtO.C ""Il©\ ©\ ©\
F CF, NO,
123p, 50%, 95.5:4.5 e.r. 123q, 82%, 95.5:4.5 e.r. 123r, 38%, e.r. n.d.
NO, NO,

NO,
"0OctO,C u,,”©\ MeOzc\):,”©/CN EtOZC\):,I)
NO, Br

123s, 63%, 93.5:6.5 e.r. 123t, 70%, 95.5:4 5 e.r. 123u, 73%, 91.5:8.5 e.r.
NO,
Br
7,

N0, xO, Q
MeOZC\):,/,©/ EtOZC\):,” MeOZC\):,,I ©:o
o F” : “F 0

123v, 74%, 95:5 e.r. 123w, 74%, 94.5:5.5 e.r. 123x,* 49%, 96:4 e.r. |

Schem@Substrateasgbpesubstituents). *Absol ute stere:d
determined by chemical codeetamioaed bgoHBRLEdowi al db
phaskRrodulc2ls u and were synthesized by . McLauchl an

compl eteness.
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Despite the weakly el ect r ofnl uwoirtoh dsruabwsitnigt upernotp,e rot

yiel d evads sed, possibly due to the diminished e

to methysded&eshemesdNi troet hyl 12c) ngawmata furpri sin

38% isolated yield, which we speculated was d

Exploitingsydhttemas adlyinailtkyy It oc htaoil nesOaotnd & thiet weert te,l

a |lipoedbtiyli cand2l2ovpsse poafepared, which was fully

mi xtur e, and under went t he t rla2sX fnorén8a¥% i yine I sdmoa

93.5:6.5 el2a?2beSubsntgr aat eni tmetpa® sg it 0 0 @d 2@ nne 1 7loleda

yield and 94.5: 6r Bbhreo.nmo. , s uabnsdt | elvdeBme als po mtdaticied i

73% yield and 91.5:8.5 es.lrr3ayabd2C86westdet weatd ¢the

transforméa%i pineditoh Saaned8 4. 5: 4. 5 e. rmporeap®cyivel

a pr ecurSyroal igfr agm, was obtained iNex49% syeitel af

heteroaUpbmgsdtcur at ed estteeffc hwvean®. i3nvesti ga

MeNO, 3.0 eq.

126
NO Ph
0 126 (15 mol%) U 2 /@\ )SL \g/
> Z
.\o)k/\. ‘\o "’I/. H H/ﬁ

cyclohexane [3.0 M]

t,24h
0.1 mmol " 123y-af , Naps
122y-af open vessel = 3,5-bis-CF3-Ph N
= 3,5-di-‘Bu-Ph
NO, NO, NO, NO,
N ~Z N P
Z N Z N

123y, 87%, 95:5 e.r.

NO,

123z, 90%, 94.5:5.5 e.r.

NO,

123aa, 99%, 93.5:6.5 e.r.

NO,

123ab, 47%, 94.5:5.5 e.r.

NO,

Meogc\/l:,,, N MeO,C v, O EtOQC\):,, o)
N 7, 1/,
L L L2

S
123ac, 56%, 93.5:6.5 e.r. l

Meogc\):,” O
\ A\
s

123ad, 63%, 96:4 e.r. 123ae,2 35%, 919 e.r. 123af, 69%, 95.5:4.5 e.r.

ScheB®®Substrat b-hstcampel |l sol at ed

sS¥a8Bt iho maeraycR g todhd @t3amea n db we r e

(substituents). yield

on a chiral synt hesized &

McLauchl an and are included for completeness.
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Encouraged by thebe¢xdaleldentsi mgs welltexctron poor a
regioi somerbpygf i dnen éd yllRRayy | avtee e ( subj ected to tF
reaction 28mhsti onsd@ 3wy iadhinai ned in 87% yielc
whi lpey r3 H2Z3ae dp ¥ir i d288aeer e i sol ated in 90% yield ¢
99% vyield and 93.5:®v.e&r ael.lr,.i,s brireestpderceafd veHh ar. mac e
rel evant products bearing a pyridine substitut
enantiiogietees and yiel ds, wi thout the Lewis bas
process. IQaibwmasvehb| eraantgerdo du2aiwas obtained in s
di mi n,j she&% lyiikeelldy, due t he subsdyaltelHexhgorvweenw es o li un
excell ent, EY%4.n5:pdy.ri2 @ac.dribreear i ng an e l-telcitaetnh edro n
moi et y, was smoothly convamritterdo etsa etrlhZapicrovi € $ p
moder5ab6t% yi el d andMéOBbér éd5het el A 8afwenrad i scismi | ar |
wel | tol deawtmwadi ni ngl2s2ughds b viaded enamnniitoreme s tcehre
123ad 63% yiel doxamnd aZdelaks eabbt.ai ned in a slightl
e. r.., and mo d e r ad vee n3 584 tdeire kidrca ri eoans sstui bnset,i t ain & d

thi oph23wwds furnished in 69% yield and 95.5: 4.5

As di scussetthear hteamol ecul ar enantiosel ective
t ©,-bnsat uarladyeltde s sknowhni Undeteiradn alcyt ardyogee me

402°This reaction pr-divs Wkest ivtaltuead | ehilr, 2] cycl ohe

used as building blocks in asymmetric synthesi
one week | ong reaction times are necesstsasty to
the capabilities of our newly developed systeil

potentially improve loh2agis dwrthltee 2idz esdiband ag b |
opti mi sed reacQuiroing uctolodi ¢ $ posildisrugpst,iz uted cycl
l3agwas soliamed66% yield as a 91:9 mixture of di
enantioselectivity (98: 2 af.trer 0X4 tthceurnsa,j owi tdh cau

optimisation for the intramolecular transfor mat
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O2N 127 (10 mol%) OoN 126 (15 mol%) O2N
- v
EtO0 MeCN [0.5 M] Bt0.C( ~ cyclohexane [3.0 M] EtO2C

rt., 7 days rt., 24 h
123ag, 87% 122ag , 123ag, 76%
>19:1dr, 98:2 er. ref 193 this work 91:9d.r, 982 err.
Ar
127 126
"SNH
S NH Ar
—a N
N~ |
OMe

Schewé@ompari son of the reactivity ofbdagdopadtosipyhotrsa

enant i osierterca momdetcrud alrk ané&r=a d3t iSBR-PMEBxperi ments invol
122awgre performed by B. D. A. Shennan and are incl u
These nesnowimsaeconsi derabl e i mprovement compar ec

synthesis of tihre tstaemepmpe velnncd aferdivin® h owdni cahl k a

furnil2Beady 87 % yield, >19:1 d.r. and .98:2 e.r.
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Il I'1SQaiBp and Derivatisation

After demonstrating the scope and | imitations
was established by smabehg repcthomtnh atntde t hat
trifluoromet hgdPatoed slWOb smiGoahtecthBal eBot h reacti on:
performed wunder identical reaction conditions.
|l oading was reduced to 4 mol % (from 15 mol % |
i ncreased tol28wahs. iPsrooldautcetd i n 66% yiell23and 95
was obtained in quantitative yield and 93.5: 6.
flash column chromatography, the el ein poldr it
cases. The obtat haed seatlsitiny>sanevaasnd purified by
agueous wash wifThi 83 dMerNae&EGH. of purification st
surprisingly | ow polarit¥g2@nwhihchghprlappeorpthiieds cst
highly apolar andsdgreasaydngubhti cTantea i ryesctobvse rpeod
catalyst was then resubjected ged trleecrmad el croemad
delivering thel#d8ian r gqdarmtriotdaitcitve yield and wi
enanti opur istlyy aess tpa®bdbviiSohuw . dmo)n st g @md dthagc wlhar hydr

st abafl iBIlyMP tic2a6t al y

Subsequent L 3wagps ordeuacctt ed with ammonium acetate
furniramsi per i d12&aan&84% yield, 95.5:4.5 e.r. with
and the same produccytc | wase dr audsu mtgi vienl ysi t u gener
obt appr 2ol l@Q@mamna 54% yield and 98:0hi¢rmesTrif
l123jas subjected to similar reaction comMditions

benzyl  ptrroa2rgse tpeed | d2 Swbmse obt ai nietdati inv e uyaingl d, 9 3:

95: 5 d.r., while triflle@asmetiay lc@d Bdyipglrdodndi®
e.r., yiedhduegemaghi oenriched trifluoromethyl at
from commercially avaPd% able starting materials.
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commercially available

substrates
4 mol% 126 o 4 mol% 126
NO, MeNO; (3.0 eq.) - /u\¢¢%\‘ MeNO, (3.0 eq.) NO,
MeO,C__Ju, < © ETO2C\):,, F
Me cyclohexane, r.t.,, 48 h 122a or 122j cyclohexane, r.t.,, 48 h IKF
123a 66%, 95:5 e.r. 10 mmol 99%, 93.5:6.5 e.r. 123 F
| — — 1 |
NH4CH5CO,,(CHO), ' ‘ AcOH, BnNH,, (CHO),
EtOH, reflux, 18 h I _L EtOH, reflux, 18 h
* 1) NiClp, NaBH, e all 1) NiCl, NaBH, *
2) NaOH 0 rpm 1000 rpm 2) NaOH
0 o)
EtOH EtOH
NH 0°Ctort, 3h 0°Ctort, 3h e
W Me, F3C, K
NO, 0 0 NO,
128a, 84%, 95.5:4.5 e.r. H H 128b, 99%, 97:3 e.r.
129a, 54%, 98:2 e.r. 129b, 80%, 92.5:7.5 e.r. 955 d.r.

Schedlel0 mwmalal e

Next, t he

waL-al kyl ated with

aldehgd@eébThis prwadsuct hen

modelprroadacti areg, vati sati ons,

and

enanti os 8iredt ipryrea ms ywrakh escdhg aerdifel dl @ n

subjected t o a

c at

cyclopentyl.C@Btomiydel dn at bea

HWE

tri methyl phosphivMPéapcandt i HMD®Sh $at ur atle@ixrester

92% yield ovlelre tomot asitreepds .pr oduct was then submi
furmns hr ole2s3txer 49% yield and 96:4 e.r., Shich wa
roli dRé@mi(n a single step (Scth&W® yield and 98: 2

SchedZEnanti osel ectiSyrolsiypmt @dmsi s

of (
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