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1. ABSTRACT

The Asymmetric Allid Substitutions(AAA) provide an invaluable synthetic tbdn organic
synthesis that is commonly employed for the synthesis of drugs and natural products, with high
levels of regie and stereoselectivity. Notwithstanding the widespread utilization of this
reaction, certain drawbacks arise due either to the emgpient of precious metals or to intrinsic
mechanistic constraints. In order to overcome these limitations, we developed a new tandem
transformation named Asymmetric Olefinative Conjugate Addition (AOCA) for the generation of
a stereocenter if -position wit respect to an internal, functionalized olefin. High yields and
enantioselectivities are obtained by the use of an inexpensive and abundant copper catalyst,
making this new methodology a valuable alternative to existing methods. The reaction has been

optimized and the reaction scope has been evaluated within this thesis project work.



2. INTRODUCTION

2.1. Asymmetric Allylic Substitution

Asymmetric catalysis, since its inception in the 1960s, has brought a dramatical transformation
of chemical gnthesis protocols, achieving an impressive progression to a level that technically
approximates or sometimes even exceeds that of natural biological processes. At its core, this
discipline focuses on obtaining chiral products in highhantiomerically eriched fashion
starting from substrate that are achiral or racemicThe magnitude of this sciencelieson the

fact that molecular chirality plays a key role in science and technology. In particular, life depends
on molecular chiralitywith many biologcal functionsbeing inherently aymmetric. Most
physiological phenomena arise from highly precise molecular interactions, in which chiral host
molecules discern two enantiomeric guest molecules in distinct mahifdis is only one
example that show theniportance of asymmetric catalysis and why it has experienced
considerable progress over the last decades, resultitigeimssignation of Nobel prizes in 2001
and 2021, and in thelevelopmentof a broad array of novel methodologies. Among these,
asymmetricallylic substitutions (AAA) are often employed in natural products synthesis.
AAAtype reactions facilitatehe formaion of a stereocenter ith -position with respect taan

olefin by the formal nucleophilic substitution of a nucleophile to an allyl etgattile (Figure 1)
Thesecan be accomplished with soft nucleophiles employing several metal catalysts (usually Pd
or Ir), or with hard nucleophiles typically employing Cu cataffstEhe latter is particularly
attractive because it allows accessing agtawvariety of chiral products by the use of C
nucleophiles (e.g. organozinc, Grignard, organoboron, organolithidfnas well as Si
nucleophiles® and B-nucleophiles}!!in addition to hydride"? These are useful in the synthesis

of stereochemicallyamplex targets, considering also the subsequent possibility of downstream
functionalizations. Furthermore, the achievement of this goal is attained by the use of abundant
and inexpensive metal calysts. Such strategic approach holds significant foresigihgidering

the expected low availabilitgf chemical elements in future society and the need to utilize base
metals instead of precious once.

A typicalCucatalyzedAAA cycléFigure 1)nvolves three elementary steps: {ipnsmetalation
between a coppdf) salt 1 and an organometallic reagent to give either a monor
diorganocuprate(l) nucleophilic intermediag (ii) after coordination to the substrat8, the

nucleophilic attack of the -drbital of the copper(l) atom produsean organocopper(lll)



intermediate4, which occurs driven by a kdyY * *cx (oxidative additio);** and (iii)reductive
eliminationof the copper(lll) intermediate to generate the prodéand giving back the neutral
copper(l) specie In a catalytic reaction, the last specie takes part in the subsequent catalytic

cycle

Asymmetric Allylic Substitutions (AAA)

3

O\/\/LG + NuM —— Cu—> <)\(\
Nu
5

Catalytic cycle
CD\(\ NuM
N
5

X
u L*CuX
1 MX
fast
®
O\/\_| S

/l\ LG L*CuNu
Nu—CuL*

Figure 1 Asymmetric Allylic Substitution catalytic cycle

From a stereochemical standpoint, the following key conclusions can be drawn that can be
rationalized with the reaction mechanism depictedHigure 1 The oxidtive addition step

occurs with the nucleophilic/electroerich ligand (Nu) itranswith respect to the leaving group

(LG).Thiss@ Q a St SOGADAGE A& Tl 2 dzioidifdl odeday. M&eodkefi Y EA YA
because Cu(lll) complexes are relatively instable and reactive species, reductive elimination

occurs fast from intermediatd without dissociation and reassociatiaf the allyl ligand. As a

result, in the case of chirallylic electrophiles such &s the reaction is stereospecific (meaning

that a single and specific enantiomer of the substrate results in a single and specific enantiomer

of the product) (Figure-3).1° This fact translates into two different synthetices@rios:



1) The use of a chiral and enantiopure alkyl electrophile in the presence of an achiral Cu
catalystresults in the selective generation of one out of four possible diastereosimers.
Beyond the before mentionedn® Q & St BiQidduedihe thiylz 13-dllylic strain
observed in one of the two possible transition staeand 8 that are generated from
two distinct substrate conformations as depictedrigure 2 Thisstrategy annihilate the
advantageof the asymmetric synthesis of obtainimgghly enatiomerically enriched
products starting from a racemic mixture of the substrate, given that an

enantiomerically pure starting material must be employ€dure 2.

For enantiopure secondary allyl electrophiles:
o
> ‘\\LG CE‘:“Q w
S — o |
H
H Nu F

Stereospecific (no
asymmetric catalisys is
needed)

Figure 2 Stereospecificity of the AAA reaction

2) The se of a racemic chiral substrate in combination with a chirala€alyst- according
to the principles of asymmetric catalysikads to the formation of a nearly equimolar
mixture of € and @-products Indeed, the use of a chiral ligand for the Cuabsst
allowsfor the preferential coordination obne of the two olefinic diastereotopic faces
of the substrate. This leads to the selective production of one configuration of the new
stereocenter but results in loss of control over the olefin configoratgenerating the
(E) and the (Z) configurations in equal proporti@mscause of the racemic nature of the
substrate) In other words, the coupling between the formation of the new stereocenter
and the olefination forbids thdormation of a stereochemidly pure internal olefin

starting from a racemic substrat€igure 3.1



For racemic secondary allyl electrophiles:
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Figure 3 Enantioselective catalysis in Ad#acemic secondary allyl electrophiles

Thus, in these Caatalyzed AAA reactions the formationtbe stereocenter and of the olefin
are intrinsically coupled, which poses a major limitation in the context of asymmetric catalysis
when compared to precious metals catalyzed analogageky primary allyl electrophiles can be

employed to give terminal oligfic productgFigure 4)
For primary allyl electrophiles:
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Figure 4 Enantioselective catalysis in Aé#xacemic primary allyl electrophiles

In order to overcome this limitation, we propose a new synthetic methodology that we named
Asymmetric Olefinatie Conjugate Additions (AOCA). The underlying strategy relies on the
decoupling of the addition and olefination steps, resulting in a separate control over the
configuration of the two new stereochemical elements (i.e. the stereocenter and the olefin).
Aswill be discussed in more detail in the next paragraphs, this method is based on the
Asymmetric Conjugate Addition (ACA). To enhance the comprehension of our new
methodology, a brief overview of ACA reactions is given below, with particular emphasis on

the employment ofCu catalysts



2.2. Asymmetric Conjuate Addition (ACA)

The conjugate addition reaction of organocuprated to-unsaturatedcarbonyl compounds is
arguably the most versatile organocopper reactidndeed ACA reactions allow to introduce
C6p’), C(sp), C(p), H, Si, and-Bucleophiles in -position with respect ta variety ofelectron
withdrawing grops (EWG) under basic conditioh’d For this reason, its mechanisfigure 5)
has beerextensively studied. Similarly to tlmechanism oRAAA reactiors, the ACA mechanism
involves a first transmetallation step in which the active chgrédfl a chiral ligand is used
organocopper reager? is formed. Then the reversible formation of a cupralkene complex
9 occus. Again, this is a-complexation of the C=C to the Gatom. The subsequent oxidative
addition step creates a new stereocenter iiqposition, while the effective addition of the
nucleophile is given timugh the reductive elimination @he Cucenter. The anionic intermediate
10that is generated as the reaction product cfinally be quenched with an electrophil&

giving the desired unsaturatgaroduct 11.52%25

Asymmetric Conjugate Additions (ACA)
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Changing the electrophile leads to different tandem reactions

Figure5. Asymmeyric Conjugate Addition catalytic cycle

This final step(the reaction quench) canlead to various catalytic asymmetric tandem

transformatiors, i.e. transformationsnitiated by a catalytic ACAfollowed by many different



reactions involving the aforementioned anionic intermedid&with an electrophile of choice

E". Asymmetic tandem reaction are a very appealing strategy because it enables the
generation of complex products from readily available starting materials. Indestimultistep
transformation allowdor a rapid increase in molecular complexity of common substratea
single reaction patThe main advantage of this synthetic strategy is the formation of several
bonds and the generation of two or more contiguous stereocenters through a one pot multistep
reaction, eliminating the need fothe isolation of the intemediates. The use of prochiral
substratesanda chiral Cu catalysh the first step provides the formation of a new stereogenic
center with a high andixed enantiomeric exces$zixedmeans thathe enantioselectivity with
which the anionic intermediatd0 is obtained remainsinchangedindependently from the
reactionemployed to quench the intermediate after the ACA st@pismalkesit possible to
obtain a plethora of complex products with the saeat the -position

Because of these valuable featuresbig effort has been made in recent years to extend the
versatility of ACA#itiated tandem transformations by matching different quenching reactions.
Conjugate additiofiriggered sequential transfonations can be divided into anionic and radical
processes, as a consegnce of the addition mechanism. In Figuraré reported some examples

in the field of coppercatalyzed ACA tandem processes pf-unsaturated compound® Only
anionic processes are takenténaccount, since our methodology (AOCA) belongs to this
category.

The firstcasemakes use of theimplest electrophile, i.ethe proton. The required Ho quench

the aforementioned anionic intermediat&2 is provided by a simple acidic weuk after the
conjugate addition steplhis methodology was develeg inii K S by$eperal authors including
Feringa and cavorkers,who employingthe chiral phosphoramidite ligandsl-L5 providedthe

first example of CucatalyzedACA with high enantioselectivitieSigure 6af’

Immediately, the authors understood thpossibility of performing more completandem
transformations i.e. the possibility of exploiting anionic intermediat® in more elaborag¢
reactions. This & Feringa and cworkers to report the firs example of this bipartite
methodology, performing a catalytic tandem daddition/aldol reaction(Figure 6b) This was a
regio- and enantioselective threeomponent coupling of organozinc reagents withi -
unsaturated ketones and aldehydes to affardns-2,3-disubstituted carbonyl products with
more than 90%ein all cases. Such a good selectivity was achieved with only 2 mol% of a chiral
catalyst which was prepared in situ from Cu(@@fid an enantipure phosphoramidite ligand

L2 The reaction gavie-hydroxy ketonesl3 with three contiguous stereogenic centers. Based



on the reaction mechanism, full stereocontrol was achieved in the ACA step and nearly complete
stereocontrol was obtained also in therfoation of the two consecutive stereocenters in the
subsequent aldol step, providing almost enantiomericallyd diastereoisomericallypure
products?®

Alexakis et al. extended the scope of the method demonstrating that Lewis acid activated
acetals, ketals and ortho esters could also be used to functionalize the zinc enolate
intermediate, instead of the above mentioned aldehydes, affording aigm products?®

Related to the use of aldehydes as the electrophile, is the use of iminiuml#btts access
aminated products such dsb, which is namely an ACA/Mannich tandem reactibig(re 6§.
Alkylation can alsde easily performed usinglkyl halides. Compared with aldehydes, alkyl
chlorides and bromides react with difficulty since they are less electiopBiven the use of alkyl
iodides isnot highlyeffective and works only under particular conditions such as the excess of
the halide and the use of HMPA as additive that favorsan SN reaction bycarbocation
solvation Hoveyda and caorkers were abléo employ this methodology in theynthesisof

the anticancer drug Clavularinl, obtaining 80% vyield in the tandem addition/alkylation step
using 10 eq. odlkyl iodick in the presence of 10 eq. of HMPAgure @).%°

Tandem ACA/allylation reactionwere developed by Alexakis and-awmrkers The direct
trapping of zinc enolates with activated allylic electrophiles was inkiagtvn to be catalysed

by Pdcomplexes as in the known Tsilijiost reaction (Figuree.3! Thisdi-catalytic tandem
transformatian allows to extend the scope of the alkyl electrophiles.

Further tandem reactivity included ACA/halogenation (Figure 6f), ACA/silylation (Figure 6g) and
ACA/hydroxylation (Figure 6h) to give produt? 18 and20respectively.

10
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Tandem reactions triggered by ACA
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Figure 6 Catalytic Asymmetric Tandem Transformations Triggered by Conjugate Addition
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As seen, trapping of the carbanionic intermediates resulting from ACA reactions with different
electrophiles is well documented. Howevéne one pot combinationf)ACAs with olefination

reactions has no preceden®ur innovative AOCA methodologiyns atfulfilling this vacancy

2.3. Asymmetric Olefinative Conjugate AdditioMQOCA)

This innovative approach originates from the nefed new catalytic protocols reigg on
abundantand inexpensive firstow transition metal catalysts that would allow accessing similar
reactivity than their precious counterparts (Pd, Ir, Rh, et&s) mentionedefore, Cucatalyzed
AAA partlyallow to reach this goal but two main draatis that makethis synthetic
methodologylag behind with respect to Tstljirost type reactions

1- Because the net process is stereospecific, selecting one of the two olefinic
diastereotopic faces (by achiral catalyst) facemicsecondary allylic substras leads
to the formation of a nearly equimolanixtures ofEand @-products. In other words,
because the stereocenter and olefin formation are coupled, allylic substitutions to give
stereochemically pure internal olefins are only possible starting femntiomerically
pure allylic electrophiles, whereas attainment of the same products by asymmetric
catalysis has yet to be reported.

2- Therefore, when compared to precious metal analoguesc&alyzed AAA suffer a
major limitation: only primary allylic et¢rophiles can be employed leading to terminal
olefinic products. In other words, only terminal olefins can be accessed-bgt@lyzed
AAA,

In order to overcome these limitations and obtain the desired internal olefins exploiting
asymmetric catalysis, wpropose a new synthetic methodology that we named Asymmetric
Olefinative Conjugate Additions (AOQ#k)gure 7) Thisone-pot tandem reaction allows to
decouple the asymmetric addition and the olefination steps thus resulting in a separate control
over theconfiguration of the two stereochemical elemerfis. the stereogenic center and the
olefin). Such @coupling iscrucial ad possible- in principle - within the domain of the
aforementioned catalytic asymmetric tandem transformations triggdrby an asynmetric
conjugate additionCucatalysts provide effective ACA to not ofly -unsaturatedcarbonyl
compound but also vinyl phosphonaté$3##! Since thigransformations proceed via formation

of a carbanionic intermediatewe envisioned that thiscould be trapped with a carbonyl

compound in the second step of AOCA thus undergoing an olefinatiarHaenerWadsworth

12



Emmons (HWEpaction*>43 Examples of conjugate addition to these starting materials have
been already reportedt2324! Thus, @en thowgh never realized in conjunction with an ACA
reaction, it seems to be feasible for the resulting anions to undergo stereoselective olefination

with the almost exclusive production of tH€&) or (2 diastereoisomer, thereby satisfying our

objective.
Asymmetric Olefinative Conjugate Addition (AOCA)
(0}
o Nu cI)’M C)J\H Nu
PCOEt P-OEt .
N —ou— Q%o - UX/@
15t step: ACA 2" step: HWE

Figure7. Asymmetric Olefinative Conjugate Addition methodology

Overall,if realized AOCA woulak a new synthetic methodology filling gaps in organic synthesis
and granting the following advantages:

1- A plethora of nucleophiles should work in this reactiorthus giving AOCA good
generality. IndeedGrignard reagents, dialkyl zinc reagents, and organoboranes can be
employed in Cicatalyzed ACAs, also considering various activating groups and possible
additional stabilizing EW@roups necessary in the olefination step

2- AOCA is formally a multicomponent transformation. This will allow to build libraries of
chiral compounds by only selecting the appropriate substrate, nucleophile, and carbonyl
compound. This possibility will be invaegted and confirmed during the expansion of
the scope of the reaction.

3- The key point of the innovative idea is the decoupling between the enantioselective
conjugate addition step and the olefination, whicbuld make it possible to obtain
selectively one istereocisomer of the olefinHor 2). Additionally,it is expected that
once that optimal reaction conditions are identified for a given substrate/nucleophile
pair in the ACA step, any products attainable by variation of the third component (i.e.
the carlobnyl compound) should be accessed with the sarffexed) high
enantioselectivity. In other words, the olefination step o@fter the conjugate

addition, when theeeof the first steroecenter has already be&reversibly setThis is

13



an ideal feature inthe context of the higHidelity constuction of libraries useful
compoundsn medicinal chemistras an example
4- AOCA should allow performing a formal AAA reaction with direct installation of

functional groups that are normaliyoorly compatible with AAA®.g. a second Michael
acceptor with a similar reactivity to the original substrag)en for precious metal
catalysts

All of these features are indicative of a synthetic methodology that has the potential to

effectively address gaps organic synthesiand testing its validity and feasibility is the core of

the present master thesis.

14



3.SYNTHESIS METHODS

In this section, the theoretical aspects of the synthetic methods that have been employed in
this project are described. The adegd experimental procedures are reported in detail in the

Experimental Sectiothapter.

3.1. Synthesis of the Ligands

There are three main synthetic routes for the synthesis of phosphoramidites reported in the
literature, and they differ for the order dbrmation of the PO and PN bonds* The first and

most frequently used one involves a first step in which the appropriatedidd treated with
phosphorus trichloride to obtain the corresponding chlorophospl2ife This intermediate is

then stirred inthe presence of the desired amine and a base yielding the target phosphoramidite
23 (Figure 8 Route ). Most of the chiral ligands that have been synthesized within this project
require the use of sterically hindered amines. In these cases, the injtidhesis of the
dichloroaminophosphin@4 can provide a better alternative to Route 1 in terms of yield. Thus
the amine is first treated with P€land the desired diol is then added (FiguréR®ute 2. The

third possible pathway involves the treatment &INOL21 with hexamethylphosphorus
triamide (HMPT) to give the dimethylamuderived phosphoramidite ligan@5 known as
MonoPhos. This can further be reacted to give an amine exchange under basic conditions to
render different phosphoramiditesF{gure 8,Route 3. It should be emphasized that in our
experience, most phosphoramidite ligands arestitble for months and do not require handling

and storing under stringent inert conditions, representing a good feature of our methodology in
terms of practicaty. Many of the phosphoramidites that have been produced and tested within
this thesis work involve non commercially available diols and amines. Therefore, the synthesis

of the desired diols and amines was necessary and it is described below.

15



Synthesis of the ligands
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Figure 8 Synthesis of BIN@lased phosphoramidites

3.2.Synthesis of the Diols

Most of the ligands that have been tested feature @mho-substituted BINOL moiety. Three
different procedures were exploited in order to access theabstituted diols starting from
BINOL21 (Figure 9). For all of them, a first step of protection of the two hydroxyl groups with
chloromethyl methyl ether (MOMCI) was needed, giving compow@&® The ortho-
functionalization with small alkyl substituen(s.g. methyl, ethyl, or butyl) involved a fimtho-
lithiation by the use of BuLi and a second step of nucleophilic substitution of the resulting aryl
lithium intermediate with the appropriate alkyl halide ({LHEtBr, or BuBr¥.Good yields were
obtained for the mone and disubstitution for the methyl group, while moderate to low
amounts of the desired products have been obtained when ethgtautyl bromide were used.

In these cases, théNegishi couplingassured higher substitution yields, represegti a
convenient alternative for the BINOL substitution. This synthetic route involves a first step of

ortho-lithiation of the MOMprotected diol and the subsequent addition efor Br to obtain

16



the ortho-halogenated producR7.4” The obtained aryl halides finally employed in &legishi
couplingwith the desired dialkyl zinc and a catalytic amount of Pd(&ska) the monodentate
phosphine $hos to givehe desiredproducts after the cleavage of the MOpotecting group
by acidic hydrolysi€.

The aforenentioned aryl iodide can also be involved ilsazukicouplingwith an arylboronic
acid to introduce an aryl substituent in tlegtho-position. This coupling was performed in the

presence of P@Phs), as the catalyst and:KQ as the basé?

— BINOL ortho-substitution

13t step: MOM protection

O i OH l i OMOM
21 26

2" step: ortho-substitution 3 step: MOM deprotection

R=Me, Et
R'=H, Me, Et

RoZn, R R
e O CC
S-Phos OMOM HCI OH
— —
OH
Nigishi OMOM
X coupling
1) BuLi OO _ _
R=Et, nBu R=Et, nBu
5 OMOM _|
2) X, OMOM
O ArB(OH),, N A
Pd(Ph3P),,
X=Br, | K2CO3 (aq) Hel

> OMOM OH

27 Suzuki OO OMOM OO OH

26 coupling

Ar= Ph, Mes Ar= Ph, Mes

CCL CCL
1) BuLi OMOM HCI OH
> OMOM OH

0 00
R'

R'
R=Me, Et
R'=H, Me, Et

Figure 9 Possible synthetic routes for the BINOGIitho-substitution
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3.3. Synthesis of the Amines

Phosphoramidite ligands featuring a chir@-symmetric amine often provide superior
performances in terms of stereoselectivity. Bhithe possibility of accessing different of these
amines and assessing their effect on the ligand performances was taken. One of the possible
synthesis of this class of chiral amines consists in the reductive amination of a R8taith an
enantiopure pimary amine29. The first step involves the addition of an excess of titanium
isopropoxide to an equimolar mixture of the mentioned starting materials with the formation
of an imine intermediat&0. This intermediate is finally reduced to the desired selzy amine

via hydrogenation catalyzed by Pd/C andaHatmospheric pressur.This process can result

in the formation of two diastereomeric products, whidh due to the presence of two
stereogenic carbon atoms in the secondary anpreducts The cofiguration of one of them is
fixed since an enantiomerically pure primary amine is involved in the synthesis, while the other
one is formed from the pratereogenidminic carbon after theC=N bondeduction. Both the

(R and the §-configuration for thissecond stereocenter can resulius generating two
possible diastereocisomers (thBR) and the RS), if the primary amin€R)-28is employed in the
synthesis)In most cases, the mixture of diastereoisomers is obtained after this step with a
diastereoglectivity of ca. 9:1 dr (see below for a discussion concerning the origin of this
selectivity). However, their separation can be attempted by fractional recrystallization of the
amine hydrochloride, which is simply generated through the addition of IH@l few cases
singlediastereoisomer could not be obtained kgcrystallization However, we found that using

the mixture of stereocisomers in the synthesis of phosphoramidites resulted in
diastereomerically pure ligands. Indeed, because of the diasisvateric relationship between

the two isomers, these react in the formation of the phosphoramidite with the chiral BINOL

derivative with different rates, allowing for the kinetic resolution of the amine.
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— Reductive amination reaction

Amine moiety

2
R RY= Ri= RY=
| X NH, \ 7/ \ 7/ \ 7/
[ *—R2 2 2
L 28 Ti(iOPr H,, Pd/C *»)—R® 1) HCI “—R
R _TioPr)y_ N —2 >  HN — > CI"H,N
+ o R* +Y—R4  2) Recrystalization «—R4
- 7\ 7\ 7\
[ F
R3 29 Ketone
30 moiety
mixture of

imine intermediate pure diastereoisomer

diastereoisomers

Figure 10 Syntlesis of the secondary amines

In order to rationalize the hydrogenation diastereoselectivity, the Fekih model can be used.

This is a stereochemical model for the rationalization of the stereochemistry of some reactions
that involve a diastereoselectivtransformation at a pretereogenic™ -reaction site (e.g. a
carbonyl or an olefin) next to a stereocenter. The addition of twatdins to the imine
intermediate 30 falls within this cases. The first aspect that the model takes into account is the
4dz0AGNI 1SQa8 O2yT2NNLIRARVADNOS® (KS XX 6§DHA SRA
single bonds rotations). For the same configuration of the imine, two possible conformafions
and 32 can be considered as starting point in accordance with the model. The most stable one
(31) has more pogbilities to undergo the transformation because most of the reacting
molecules are in that conformation and because the same energy difference beB4eem 32

is supposed to be transferred also to the reduction TS. After having identified the most fgobab
configuration for the reagent, a qualitative estimation of the energies for the two possible H
addition TSs has to be done. These two options differ for the face of the imine that is approached
by the nucleophile (R# in our case). Since this subsé&as chiral, the attack at the pf@ face

has a different energy with respect to the attack at the{@dace because the two TSs involved
are diastereomeric. The most likely addition occurs at the less hindered face, in accordance with

the FelkinAhn modé. Thus, the higher is the difference in the steric hindrance between the
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small and medium groups (Figure 11), the higher the diastereoselectivity of the reaction.

— Stereochemistry of the reaction

Ma /Me — The Felkin-Anh model —
N
0
sy)k
~ H
MY
Qs
L@ l"‘

- Newman projection through
the C1-C2 bond

- L=large-sized group
M=medium-sized group
L — S=small-sized group

- L perpendicular to the
carbonyl plane and M
gauche to the carbonyl
for the less hindred

— Favoured product — conformation
Me
H Me Me - Nu addition is opposite with
O “ — z respect to L position.
- N 95°< a <105° (Biirgi-Dunitz
H H trajectory).
Ph=="H
Me (R,R)

Figure 11 Stereochemistry of theeductive amination regmn andrationalization vighe
FelkirAhn model

3.4.Synthesis of the Substrates

The scope of the reaction has been extended by employing different aldehydes in the HWE step
(the second step of AOCA) but also by trying substrates that differ fromo#laehfor either the
phosphonate substituent, the electrowithdrawing group, or the -substituent. The EWG

groups explored are the CN and M@ groups, which have been paired with different
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phosphonates (i.e. P(O)(OMg)P(O)(OEs) or P(O)(@r)). Wherever not commercially
available, the desired phosphonoacetonitrB8 was synthesized by heating a mixture of the
corresponding trialkyl phosphite and chloroacetonitfifeThe obtained compound is then
reacted in theKnaevenagelcondensation with the destd aldehyde34 mediated by NEtand

ZnC}, yielding the final®-vinylphosphonate35 (Figure 12§ In order to vary the -substituent

of the substrate, the appropriate aldehyde was employed in this second reaction step.

For the synthesis of substrates with different EWG groups, a similar synthetic route was

employed with the replacement of the cyano group with other elestnathdrawing groups.

Substrates synthesis

o)
0O M
P(OR)3 I ZnCly, EtzN P-OR
Q¢ —— OLR-ORr 7—> Q/\B\OR
OR
33
o) 35

() = EWG group OJLH 34

Knoevenagel condensation

Figure 12 Synthetic methodology for the production of the starting materials
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4. RESULTS AND DISCUSSION

4.1.Preliminary Data and Conditions Optimization

This master thesiwork relies onreaction conditions previously optimized in our research group.
In order to maximise both the enantioselectivity and yield of the benchmark reaction depicted
in Figure 13, different parameters have been screened such as temperatusslfent, Cu
source concentration, catalyst loading, phosphonate activating group, and reatitizn All the
attempts are reported in Table 1, which highlights the optimized conditions in entry 17 that were
used in the subsequent ligand screening. These conditions allaywelot&ain product36in 77%%

ee and ®% vyield, thus giving us a good starting point for further optimization by the
identification of an optimal ligand for accessing >9®8fange. The screening of a wide range
of different ligands synthetized according teetprocedures described in the previous chapter,
allowed to identifyL26as the most effective one. While the ligands screening is discussed in
more detail in the next paragraph, we anticipate that after the identificatiorL®6 as the
optimal ligand, aihe tuning of the catalyst loading was further undertaken in order to minimize
its concentration thus improving the appeal of the AOCA methodology. More specifically, we
found that halving the catalyst loading from 4 mol% CuTC and 10 b&&ith 2 mol% CuT and

5 mol%L26led to the same levslof yield andenantioselectivity.

Reaction Conditions Optimization

9 CuX, Et22n, L2 Et
P—-OR solvent, Ty, t;
m “OR then — Z "Ph
CN PhCHO, Ty, t, CN
36 L2

Figure 13 Reference reaction for theptimization of the reaction conditions
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R L2 (mol%) CuX ti(h) T:(°C) Solvent [M] vy (%) er.

1 Me 8% CuTc (4%) 4.5 -40°C Toluene 0.15 94 68:32
2 iPr 8% CuTc(4%) 4.5 -40°C Toluene 0.15 84 65:35
3 Et 8% CuTc(4%) 4.5 -40°C Toluene 0.15 96 72.5:27.5
4 Et 10% CuTc (4%) 45  -40°C Toluene 0.15 99 745255
5 Et 10% Cu(OTH(4%) 4.5 -40°C Toluene 0.15 84 68.531.5
6 Et 10% CuBr(4%) 45  -40°C Toluene 0.15 79 69.530.5
7 Et 10% Cu(OCAg)(4%) 4.5 -40°C Toluene 0.15 76 76:24
8 Et 10% CuTc (4%) OIN -78°C Toluene 0.15 90 5941
9 Et 10% CuTc (4%) O/N -60°C Toluene 0.15 79 64.535.5
10 Et 10% CuTc (4%) 45 -20°C Toluene 0.15 80 68.531.5
11 Et 10% CuTc (4%) 4.5 0°C Toluene 0.15 82 56.543.5
12 Et 10% CuTc (4%) 45 -40°C DCM 0.15 75 6535
13 Et 10% CuTc (4%) 45 -40°C MTBE 0.15 79 59.540.5
14 Et 10% CuTc (4%) 45  -40°C Toluene 0.12 70 76:24
15 Et 10% CUT (4%) 45  -40°C Toluene 024 78 85.5145
16 Et 10% CuTc (4%) 45 -40°C Toluene 035 79 8812
17 Et 10% CuTc (4%) 45 -40°C Toluene 0.5 76 88.511.5

Table 1.First optimization of the reaction conditions

The product36 resulting from our benchmark etion was always obtained ag-{somer with

dr >20:1. However, during the reaction scope evaluation we observed that in some cases, when
different substrates or aldehydes were employed, a small amount of product \&th (
configuration at the olefin wasofmed (in the range of 20% depending on substrate and
aldehyde). In order to improve the reaction diastereoselectivity (i.e. theHZ@{io), different
temperatures T and olefination timesAwere screened within the reaction depicted in Figure

14. We found that performing the HWE reaction step-40°C for 12h instead of 25 °C for 2 h
provided the highest4)-selectivity without decreasing the reaction yield, thus granting us the
full optimization of the AOCA conditions. All the results are repomtedable 2. It is worth
noticing that, within the scope of this thesis work, tt#&¢onfiguration of the olefin is the most

stable as result of the spatial separation of the most hindered substituents.
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Olefination temperature Optimization

0 CuTe, EtyZn, Et
Ig\—OR toluene, rt, 1h
[ j N or then ——» Ph
CN PhCHO, T,, CN

Figure 14 Referene reaction for the olefination temperature optimization

T.(°C) tz2(h) (D/(E ratio
1 25°Cc 1 88:12
2 _0C 2 93:7
|3 -40°C_ 16 99:1 |

Table 2.0Optimization of the olefination step temperature

4.2.Ligand Screening

After optimizing the reaction conddns, the screening of the ligands was performed starting
FNRBY CSNAY Il QA2witiKFsiemii@ uddatiohsRnirad&ed in both the diol and
the amine moieties. These modifications were aimed at rationalizing the effects of the
substituents, therby facilitating the assessment of electronic and/or steric trends and enabling
straightforward predictions regarding the optimal ligand structure.

First, the investigation of the amine moiety effects was performed (Figure 15). During the series
L1 L6 L7 L2 L8 L9the size of the amine and the number of its stereogenic carbon atoms
AYONBFaSoe LGQa LRaaArofsS (G2 y2G64A0S dGKIG GKS
the highest enantiomeric excesses. Furthermore, a trend for the steric hingli@ribis moiety

of the ligand can be visualized, with both the yield and the enantiomeric excess reaching their
maximum values for the ligarld2 Then the electronic effects were investigated by substituting
the ligandL2phenyl groups with either electrewithdrawing or electrordonating substituents.
Since an improvement of thee has been obtained through the substitution with one or two
OMe groups(10and L12 up to 92.5:7.5 er, it seemed that having EDG substituents on the
amine aryl rings increasése selectivity of the reaction. Thus, this electrdanating effect was

emphasized by usinthe NMe; substituentwith a higher electrondonating effect(L14, L15).
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These also provided high enantioselectivities, with er up to 94.5:5.50MBhThus, it ipossible

to conclude that there seems to be a trend for the electronic effects of these substituents even

though this is subjected to the number of substitutiond 44gave lower er thai.1Q

Ligands with different amine moiety
O SOV GG LY O O W
O« (O o< O~
>P-N 0PN >P-N >P-N
0 0 > 0 >.....
9¢ 993 T - T o
L1 L6 L7 L2
86% yield 82% yield 90% yield 99% yield
50:50 er 50:50 er 50:50 er 74.5:25.5 er
MeQ FsC,
O, ™ C Q_ O Q_
Et

>P-N O/P -N O)P—N >P—-N

0 >--|Et o 0 o O g
T O 9¢ 99

L8 L10 L1

76% yield 77% yield 81% yield 87% yield
78:22 er 77:23 er 93:7 er 77:23 er
/ /

MeQ, —N —N
CL, . C, C,
99 Q< z 99 Q< T A Q<

MeO —N

L12 L13 L14 L15 \
80% yield 71% yield 83% vyield 73% yield
92.5:7.5 er 84:16 er 90:10 er 94.5:5.5 er

Figure 15 Screening of ph@horamidites featuring diverse amine moieties

A second stage investigation of the ligand structure was made by varying the BINOL moiety
(Figure B). First, another diastereoisomer of ligah@ was synthesized, employing th&-{
BINOL thus forming ligand. 6. In our benchmark reactiohl6resulted in the formation of
product 36 in 45.5:54.5 er in favour of the opposite product enantiomer with respedt2o

which suggests a dominance of the binaphthyl moiety in controlling the reaction stereochemical
coursewith respect to the amine moiety. Then, other diols were tested, such as the partially

unsaturated octahydrobinaphtol or biphenyl, resulting in ligabhtigandL18respectively. Since
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these attempts did not improve the reaction enantioselectivity, addisibtrials were made by
introducing different substituents in the BINQittho-position(s). The steric effect of this
substitution was tested with the series of ligands3L21, reaching a maximum of selectivity
with the methyl disubstituted ligantl19 Ingead, the electronic effect of the substituent was
tested through a dortho-bromination generating the ligandl22 The use of these EWG
substituents decreases the reacti@e with respect to simple alkyl groups with similar steric
properties. Consequentlyour work was directed towards the investigation of these alkyl
substituents. For instance, assessing the influence of the rsabstitution to givd_23provided
product 36 with improved stereoselectivity (80% yield and 96:4 er). This result suggested tha
higher selectivity could be accessed with ligands featuring nsuistituted binaphtols
compared to their dbsubstituted counterparts. Thus, modifications of this ligand general
structure were finally investigated. Becaus&9gave better results in ternof selectivity with
respect toL2Q we synthesized and tested ligah@4 This resulted in an unexpected decrease
of the ee but, on the other hand, suggested a trend for the steric hindrance of the alkyl
substituent. For this reason, ligand®5 L26 andL27with enhanced bulky steric properties for
the moncoortho-substituent have been synthesized and tested. Amon these, the mpbeoyt
substituted ligand_26provided productB6in 79% yield and 98:2 er.
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Ligands with different diol moiety

_P- _P—N P—N P—N
7 o 07 o - pes o~ Pt
Ph Ph Ph OO Ph
Me
L16 L17 L18 L19
80% yield 72% vyield 80% yield 78% yield
45.5:54.5: er 75:15 er 79.5:20.5 er 94.5:55 er

P-N >P-N P-N P-N
o~ Pt 07 N o~ pes o~ prt
SO 9 P X+ SO
Et Ph Br
L20 L21 L22 L23
73% yield 71% yield 72% yield 80% yield
93:7 er 84:16 er 71:29 er 96:4 er

O :\ . CO > m_ CO s n_

>P-N O:P—N O:P—N
0 >..... O >..... Y >.....
OO Ph OC' Ph OC' PH
L24 L25 L26 L27
77% yield 78% vyield 79% vyield 81% yield
92:8 er 96:4 er 98:2 er 51:49 er

Figure 16 Screaing of phosphoramidites with different diotoieties

In addition to optimizing the amine and the diol moieties separately, some cross experiments
have also been conducted combining different optimized diol and amine moieties (Figure 17). A
first experiment was made with ligandl28in order to assess whether a hindered diol could
compensate for the steric vacancies of the amine. However, this provided a racemic mixture of
the product36. Then, other experiments featuring the combination of diols and amihat

gave the highest selectivities were undertaken. Thus, liga@8andL30were synthesized and
tested. Despite these ligands provided high enantioselectivities (93:7 and 94:6 er respectively),
these could not improve the results obtained with ligahd®andL23respectively. This suggests

that the amine and the diol moieties of these phosphoramidite ligands operate through distinct

and separate effects rather than synergistically.

27



Cross attempts

o4 O Q_ O \—
Ph
O<p_y/ Osp_y O~p_y
o7\ o~ ), g o
99 SO 99
Ph
L30 MeO

L28 L29

99% yield 76% yield 82% yield
50:50 er 93:7 er 94:6 er

Figure 17 Screening gbhosphoramidgtes with combinations of different amine and diol

moieties

Overall, among the tested phosphoramiditds6 provided the best outcomes in tersrof
enantioselectivity coupled with a high yield. Therefore, this was selected as the ligand of choice
for further studies of our AOCA methodology and in particular for the evaluation of the reaction

scope.

4.3.Reaction Scope

One of the main advantages of our novel methodology is thatA®& Areactionis formally a
multicomponent transformation. Indeed, sincéé¢ formation of the two stereogenic elements
(i.e. the stereogenic carbon atom and the olefin) is decoupled in two different stepglithis

to easily build libraries of chiral compounds by only selecting the appropriate substrate,
nucleophile, and cadnyl compoundFigure 18)This possibility was explored while expanding
the scope of the reaction, confirming the possibility of generating a wide range of different

compounds with very high standards of yield and enantioselectivity.
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Asymmetric Olefinative Conjugate Addition (AOCA)

(0]

M
o] O o (JJL
P—OEt _P—OEt - H
U\g “oee + OvO —Cu—> Bt ———————————> 7

15t step: ACA 29 step: HWE

alkyl-zinc

O aldehyde

i

substrate

Figue 18. AOCA methodologwith emphasis on the multicomponent character

4.3.1.Aldehyde Scope

Thekey point of our methodologys the decoupling between the enantioselective conjugate
addition step and the olefination, whicbould make it possible tohave full control on the
configuration of both the new stereogenic carbon atom (R or S) and the dEfin 2. As
predicted, through the HWE olefination it has been possible to selectively obtaifdtedin for

all of the cases reporteddbiow. It is worth highlighting that for the products obtained via the
AOCA reaction with the substrates employed in this thesis workZ4m@ducts are those that
present a reduced steric repulsion between the olefins substituents, and therefore thie has
be considered the most stable configuration.

Another advantage derives from the decoupling between the formation of the two stereogenic
elements (i.e. the stereogenic carbon atom and the olefin). Indeade that optimal reaction
conditions are identied for a givensubstrate/nucleophile pair in thedirst step (ACA) any
products attainable by variation of the third component (i.e. the carbonyl compound) should be
accessed with the samfixed) high enantioselectivity. In other words, the olefinatiotefs
occuss after the conjugate addition, when thee of the new steroeogenic carbohas already
beenirreversibly set This possibility was confirmed by exparglithe scope using different

aldehydes in the HWE olefination step, obtaining always the samgke éhantiomeric ratio of
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98:2. Small variations are in a few cases observed but they can be ascribable to experimental
errors.

Finally, this methodology allows the production of functionalised olefins without any major
limitation in terms of compatibilityof functional groups. Indeed, functionalised carbonyl
compounds can be involved in the HWE olefination while in the -Tsogit reaction these
functional groups need to be already in the starting material or introduced by subsequent
synthetic steps, avoidg in some cases the possibility of performing the desired conjugate
addition. In other words, AOCA allows performing a formal AAA reaction with direct installation
of functional groups that would be poorly compatible with AAA (e.g. a second Michaelt@ccep
with similar reactivity to the original substrate). Also this reaction feature was confirmed while

expanding the aldehyde scope (see entdasAL0).

Et 36 Et A1 Et A2 Et A3
LU
CN CN CN CN
OMe CFs4 Br
98:2 er 98:2 er 98:2 er 97:3 er
79% yield 37% yield 30% yield 93% vyield
Et A4 Et A5 Et A6 Et A7
=z ‘ X z z "
CN N__~ CN ) CN CN
Bpin
98:2 er 98:2 er 96:4 er 98:2 er
61% yield 96% yield 92% vyield 55% yield

Boc A9

Et ‘ Et A10
N
Z ¥ “N-Boc Z Boc Z Y TCO,Et
CN O CN CN
98:2 er 97:3 er 99:1 er
54% yield 70% yield 84% yield

Figure 19 Aldehyde scope
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4.3.2.Substrate Scope

Thestartingrh G SNA I £ & Ay @2t OSR Ay (K Soskidghlsubstituehtypr OF Yy RA 7
the EWG group. Therefore, both the substitution of the new stereogenic carbon atom and the
olefin in the product are dependent on the substrate.

While expanding the starig material scope, the focus was directed towards varying the
& dzo & G A O dzesition. ATlyis wakdSne not only by modifying the substrate aromatic ring
used in the reference reaction, but also by replacing such aryl substituent with alkyl, alkehyl, a
alkynyl groups in the substrate (Figure 20). In all these cases the selectivity of the reaction
decreased with respect to our benchmark reaction. This is due to the fact that the
enantioselectivity of the reaction is determined by the spatial dispasivithe chiral ligand and

the substrate in the steredetermining step, i.e. the conjugate addition of the nucleophile to
the substrate. Even if it has not been rationalized yet, this arrangement mainly relies on the
steric hindrance of the molecules inved in this interaction (i.e. the starting material, the
nucleophile and the ligand). This became experimentally evident during the optimization of the
ligand when phosphoramidite substituent with different size were screened, even if in this and
other reported cases a clear trend is never shottiTherefore, the enantioselectivity will in
principle change also by changing the scaffold of the starting material as observed while
expanding the substrate scope.

Based on the data presented kigure20, it can be inferred that the AOCA conducted with the
presence of the chiral ligand26shows very high levels of enantioselectivity for mosirg-
vinylphosphonates. Pleasingly, alsaho-substituted arens were tolerated with productsS6
and B beingobtainedin high yield and >88%e. Ortho- and para-anisyl groups resulted in low
enantioselectivity $3 and S1). While a reason for such drop in selectivity has not been
rationalized yet, we speculate that resonance effects are in place. This hypothesis is in
agreement with the obtainment of producs2in 94:6 er and 48% yield, where the OMe group
was placed in thenetaposition. Moreover, other groups that are electron donating by inductive
effect rather than resonance effects proved good substrates as exerdplifite productsS4 S5

and 5, which were all obtained in high yields and enantioselectivities.

Unfortunately, the enantioselectivity of the reaction when some other-ginyyIphosphonates

were employed was not satisfying, with <718é for naphtyt, thiophenyt, and fury
vinylphosphonate (product§9 S10, S11, and S12). Even worse results in term of selectivity
were obtained for alky] alkenyl, and alkynybubstituted vinylphosphonates, with the

obtainment of almost racemic mixtures of products. This dee ascribed to the major
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modification of the substrate scaffold, causing the aforementioned variation of the interactions
with the chiral complex at the reaction stere®termining step. In order to improve the
enantioselectivity for these classes of stiates, the reoptimization of the chiral ligand would

be necessary. Lastly, a few of the substrates exhibited a low or very low NMR yield. In most cases
the origin of the problem can be ascribed to the low solubility of the substrates in the rather
non-polar solvent mixture employed (Hexane/Toluene 3:1). Unfortunately, rising the polarity of
the reaction solvent results in higher yields but decreased selectivity as tested during the

reaction conditions optimization (vide infra).

Substrate scope

Aromatic substrates

Et 36 Et s1 Et S2 OMe Et S3
O
CN CN CN
MeO CN
OMe
98:2 er 60:40 er 94:6 er 77:23 er
79% yield 34% yield 48% yield 66% yield
Et S4 Et S5 Et S6 Et s7
J L0 J L0 J L0
N
CN CN C al CN
97:3 er 96:4 er 94:6 er 91:9 er
91% yield 74% yield 87% yield 74% yield
Br Et S8 Et S9 Et S10 Et s11
Z S Z = @ 7
CN N~ CN CN s CN
95:5 er 80:20 er 86:14 er 22:78 er
84% yield 50% yield 98% yield 76% yield
Et S12
Z | Z
e} CN
67:33 er
50% yield
Alkyl substrates Alkenyl substrates Alkinyl substrates
Et S$13 Et S14 Et $15 Et S16
= X =z A z & =z
CN CN CN O CN
54:46 er 58:42 er 57:43 er 54:46 er
60% yield 16% yield 99% yield 11% yield

Figure 20 Substrate scope with variation of thesubstituent
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A short investigation on the starting material has been made also by varying the EWG with
respect to the CN group (Figure 21), which was constant for all of the aforementioned
substraes. In particular, the methydster group was tested. This gave a satisfying result in terms
of enantioselectivity reaching 95:5 er, but the reaction yield was low (10%). Under the optimized
reaction conditions for our benchmark reaction, the major procafcthis reaction was the pre
olefination intermediate, suggesting that the conjugate addition step occurs but the olefination
step is sluggish. Future efforts will be directed to theoptimization of this step for substrates
bearing an ester EWG, whisleems possible based on the data shown here. Moreover, this
limitation is a minor one in our opinion, as the cyagroup is synthetically very modular and
can undergo various transformations generating a plethora of other functional groups in one
step (e.g amine, amide, aldehyde, carboxylic acid, ketone, ester). Therefore, considering the
excellent enantioselectivity levels obtained with the this EWG group and its versatility in organic
synthesis, the results obtained with other EWG groups do not dimihislappeal of the AOCA
methodology.

Substrate scope

o

Et 36 Et S$17
OTrTY gro
CN
0~ "0
I
98:2 er 95:5 er
79% vyield 10% vyield

Figure 21 Substrate scope with variation of tlE&VG" -substituent

4.3.3.Alkyl-zinc Scope

Finally, the last possibility for changing the scaffold of the product relies on the ageoént
alkylzinc nucleophiles. By varying this element, different substitutions on the new stereogenic
carbon atom can be obtained. Only a few dialkylzinc reagents have been employed in the AOCA

reaction so far, and the scope will be more widely exleah in the near future. In addition to
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EtZn involved for all the experiments reported above, the commercially availabi&rivigas
been tested Z1, Z3Z26). The asymmetric conjugate methylation has been performed with
different substrates but also using vaws aldehydes in the HWE olefination step, in order to
exhaustively demonstrating the multicomponent character of the methodology. As reported in
Figure 22, the same high enantioselectivity for the AOCA reaction is obtained also w&m Me
is used. Finall the butylation has been tested replacingZt with BuZn in the reference
reaction, obtaining the producZ2 In this case, a synthesis of the roommercially available
organozinc reagent has to be undertaken. The employment of th&rBeurrently obdined in

our lab caused a decrease of selectivity compared to analogous AOCA reactions whe Et
Me2Zn were used. Studies are still ongoing that aims at assessing the quality ofZina@&agent

obtained and at the optimization of the synthesis oisthlass of organometallic reagents.

C;‘\,ﬂ;

Et 36 Me Z1 Bu Z2
z =z =z
CN CN CN
98:2 er 98:2 er 85:15 er
79% yield 51% yield 75% yield

Z3 z4
Me Me Me z5 Br [Me z6
Q@ AN 7 7 Z
CN = CN CN CN
OMe

98:2 er 96.4 er 98:2 er 91:9 er
64% yield 90% vyield 50% yield 80% yield

Figure 22 Alkytzinc scope witlemphasis on the multicomponent character
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5. CONCLUSIONS

This master thesis lies on the development of a novehndem methodology named
Asymmetric Olefinative Conjugate Addition (AOCA), designed for the synthesis of a new
stereocenter ir -position to aninternalolefin. This project was motivated by the desire to find

a sustainable alternative to the extensively reported POdsed Tsujirost metlodology,
employing the principles of asymmetric catalysis. Compared to the existing asymmetric-copper
catalyzed asymmetric allylic substitution (AAA), which is limited by its mechanism, the AOCA
methodology achieve selective control over the configuratadnboth the new stereogenic
elements (e.g. the stereogenic carbon atom and the olefin). This possibility is achieved through
the decoupling between their formation in two different steps, an asymmetric conjugate
addition (ACA) followed by a Horré&fadsworh-Emmons (HWE) reaction. Remarkably yileds
and enantioselectivity are achieved through the involvement of an inexpensive and abundant
copper catalyst in the first step. The AOCA methodology offers a multitude of additions
advantages related to the compatiity with a broad spectrum of nucleophiles, the
multicomponent character, the enantioand diastereoselectivity control, as well as the
compatibility with various functional groups. The feasibility of this methodology has been
investigated by expanding ¢h scope of the reaction, finding that a high level of
enantioselectivity can be obtained forad2ylvinylphosphonates. Future research will involve the
optimization of the phosphoramidite ligand for other substrate classes {alidenyl, and
alkynytvinylphosphonates), in addition to the ongoing expansion of théstrate and
nucleophile scope. In conclusion, the potential of AOCA to offer a sustainable and strategic
methodology to address vacancies in organic synthesis is a promising avenue forutfee fut

research in the field of asymmetric catalysis.
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6. EXPERIMENTAL SECTION

6.1. Materials and Methods

All reactions were carried out in ovear flamedried glassware under an atmosphere of dry
Nitrogen unless otherwise noted. Except as otherwiskicated, all reactions were magnetically
stirred and monitored by analytical thin layer chromatography (TLC) using Meraoated

silica gel plates with F254 indicator. Visualization was accomplished by UV light (254 nm), with
combination of Potassium PReanganate solution as an indicator. Flash column
chromatography was performed using silica gel pore size 60 A4@3@nesh particle size, 40

63 um particle size. Yields refer to chromatographically and spectrographically pure compounds,
unless otherwisenoted. Commercial grade reagents and solvents were used without further
purification. 1H NMR, 13C NM&LP NMRnd 19F spectra were recorded on Bruker Avance300
spectrometerand Bruker 400 AVANCE Ill.HDe proton spectra are reported as follaws
(position of proton, multiplicity, coupling constant J, number of protons). Multiplicities are
indicated by s (singlet), d (doublet), t (triplet), g (quartet), p (quintet), h (sextet), m (multiplet)
and bioad (broad). Enantiomeric excess was determinedaoShimadzu HPLC SFIA with a
variable wavelength detectoor a Shimadzu L-@0Dwith a SPEM40 detectorusing chiral
stationary phase columns (0.46 s25 cm) from PhenomeneXMR yields were collected using

dimethyl terephthalateas internal standard.
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6.2. GeneralProcedures

General Procedure A

0

e N

NCCH,Br + P(OR); ——> NG PL
80°C, 48 h rRg OR

YY

A mixture of bronoacetonitrile(1.0 equiy and trimethyl phosphitel(1 equiy was heated at ca.
80 °C for 48 h. The volatile component was evaporated undercestipressure and the residue

was purified by column chromatography (EtQAc)

General procedure B

o 1- ZnCl,, 65°C, 20° (-F?)
/, ~
R'CHO +  NCTPL - R1\|/ \OORR
rRo OR 2- Et;N, 65°C, 60" CN
LL YY MM

Aldehyde (1.0 equjvwas added to a solution of Zp(Cl.0 equiv) in 1,4dioxane (0.5 Nl
Cyanomethylphosphonate (1dtjuiv) was added to the mixture and the mixture was stirred for
20 min at 65 °C without using any inert gasNEtL.5equiv) was added to the mixture and stirred
for 30¢60 min at 65 °C (in awil bath). Ethyl acetatevas added to the reaction mixture and the
solution was washetivo timeswith distilled water and dried over sodium sulfate. The solvent

was evaporated and the crude product was purified by short column chromatography

61 SEk9iGh! O ¢ Y ™ (é&sawiscausailoraivtesdlil.gdS G KS LINE RdzO
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General Procedure C

colco Wl

v

SO O¢

AA EE

To a solution of NaH (80t%, 4 equiyin a solution of drffHF (1.33 Myvas addel dropwise a

solution of (R-BINOL X equiy) in dry THK0.33 M)at 0°C. The mixture was stirred at 0°C until

thS S@2tdziAz2zy 2F 3II a (brboinJeRderaturg, iclfoMimaihyl ndtiy vy 3 T2 N
ether (MOMCI, 2.1 equjvwas introduced to the resultant mixture. A white precipitate

immediately appeared and the aetion was further stirred for 16 &t room temperature. Then

the mixture was dilutedwith diethyl ether, etractedthree timeswith ethyl water, dried with

NaSQ, andcondensedn vacuo The resultant residue wamirified by column chromatography

(Hex/EtOACc 8:2) to give the aimed product as with alyst

General Procedure D

0 CCL
OMOM 1- BulLi, rt, 2.5h OMOM

L

OO OMOM 2- RBr, 0°C to rt, 24h OO OMOM
Rl

EE

H Z-BisqMOM}m Z-in@phtyl (1 equiv) was dissolved in dry@tunder nitrogen atmosphere.

BuLi (2.5 M, 3.5 equiv) was slowly added into the solution turning its colour into light brown. It
wasstirred for 2.5 h at room temperature. Dry THF was added and the mixture was stirred for 1

h at room temperature. After cooling the reaction mixture to 0°C, the bromoalkane (3.5 equiv)

was introduced and the mixture assumed a transparent yellow colouragtstirred at 0°C for

MpQ YR GKSY wunK Fd NIi® ¢KS NBI Ol xfracied & |j dzSy (

three times with EXO, combined the organic phases and washed it with little brine, then dried
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over anhydrous N&Q and condensed under redudepressure. The residue was purified by

column(Hex/EtOA®5:5) to give the targeted compound

General Procedure E

90 CX
OMOM 1- BulLi, rt, 2.5h OMOM

L

OO OMOM 2- RBr, 0°C to rt, 24h OO OMOM

EE

H 2-BisMOM}M Z-hin@phtyl (1 equiv) was dissolved in drg@tnder nitrogen atmosphere.

BuLi (2.5 M1 equiv) was slowly added into the solution turning its colour into light brown. It

was stirred for 2.5 h at room temperature. Dry THF was added and the mixture was stirred for 1

h at room temperature. After cooling the reaction mixture to 0°C, the brokeree (1 equiv)

was introduced and the mixture assumed a transparent yellow colour. It was stirred at 0°C for

MpQ YR GKSY wnK Fd NIid® ¢KS NBEI OlQl kxracied & |j dzSy (
three times with EXO, combined the organic phases andshed it with little brine, then dried

over anhydrous N&Q and condensed under reduced pressure. The residue was purified by

column(Hex/EtOA®5:5) to give the targeted compound

General Procedure F

OO 1- BulLi, -78°C, 1h Oe
uLi, -78°C

- OMOM

CC OMOM 5 x,-78°C tort, 12h CO OMOM

EE XX

A flamedried two-necked flask was charged with Z-bisqMOM}m Z-n@phtyl (1 equiv) and
dry THF (0.075 M) under nitrogen atmosphere. The mixture was cooled dow8°0 and BulLi
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temperature. A solution of 1.2 equiv) in dry THF (1 M) was added dropwise and the solution

was stirred for 1 h at78°c and 12 h at room temperature. The excess@fas reduced with an

agueous solution 5% in MaOs. The reaction was extracted g times with EtOAc, dried over

NaSQ and condensed under reduced pressurbe residue was purified by coluridiex/EtOAc

9:1) to give the targeted compound

General Procedure G

X RoZn, R
COC raorn (1)

OMOM S-Phos OMOM
! ! OMOM 40°C. OIN ! i OMOM

XX

In a twonecked flask, the starting matial (1 equiv), Pd(OAc4 mol%) and -£hos (8 mol%)
were added and dissolved in dry THF (0.5 M) under nitrogen atmosphghe.(8 equiv) was
added and the mixture was stirred overnight at 40°C. the reaction was quenched with water,
extracted three timesvith EtO, dried oveN&SQ and condensed under reduced pressurae
residue was purified by colum(ilex/EtOA®:2) to give the targeted compound

For the synthesis of alkyinc solutions that were not commercially available, LiCl (4 equiv) and
Zn (5 guiv) were mixed in a twoecked flask and heated up to 180°C for 1 h, while performing
vacuum/N cycles. The solids were theooled down to room temperature and THF (1 Mha

alkyl iodidg, 1,2dibromoethane (0.4 equiv) and TMSCI (0.1 equiv) were adluehlis order.
When the effervescence ceasele alkyl iodidg4 equiv) was added and the mixture was stirred

for 3 h at 60°C. The alkginc solution was then titrated with agdolution in THF.
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General Procedure H

ArB(OH),, Ar

X
OO Pd(PhsP)s, OO

OMOM w’ OMOM
OO OMOM reflux, 20h OO OMOM

XX

The starting materigll equiv) ArB(OH)(2 equiv) and Pb(RBR) (10 mol%, quick weighed) were
dissolved in DME (0.5 M) under nitrogen atmosphere. A 2 M agueous solutig@@f(K equiv)
was added and the mixture was stirred at reflux for 20 h. trectien mixture was then cooled
down to room temperature, quenched with MEl, extracted three times with £, driedover
NaSQ and condensed under reduced pressurle residue was purified by colurtitiex/EtOAc

9:1) to give the targeted compound

Geneaal Procedure |

l i OMOM 70°C, 4h ! ! OH
R’ R’

The starting material (1 equiv) was dissolved in dioxane (0.25 M) and HCI was added (4 N, 10
equiv). the reaction mixture was stirred 4 h at 70°C. When a transparent mixture was obtained,

it was cooled dowrto room temperature and water was added to quench the reaction. The
resulting mixture was extracted three times with CH2CI2, combined the organic layers, dried
over Na&SQ and condensed under reduced pressufde residue was used in the subsequent

reactions without purification.
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General procedure J

Rl/~=—
SN
R? o 1- Ti(iOPr),, 45, 1t \_/
) 2- H,, Pd/C, 12h “>—R?2
| XY+ NH2 + | X R > C|-+H2N
(P g/ 3- HCI, recrystalization «»—R*
R R
7 N\
GG HH R\ —

The primary amine (1 equiv) and the ketone (1 equiv) were added in @éeked flask under

nitrogen atmosphere. Ti(iORK3 equiv) was added and the reaction mixture wiad A NNER npQ I
room temperature. EtOAc could be added if the mixture turns solid in order to dissolve the

product. Pd/C (0.5 mol%) was added, 2 cycles vacuuméie performed, then the reaction

mixture was finally stirred for 12 h undep Btmosphere. Akr this period the Hatmosphere

was removed with vacuum/\tycles. A solution of NaOH 1 M was added and the mixture was
AGANNBR FT2NJ npQ (2 1dzSyOK & dtrSosphereliivas rémioved® ! TG S NJ
EtOAc was added and the heterogeneous arixtvas filtered through a celite filter, the organic

phase was separated, dried ovBliaSQ and condensed under reduced pressuiéhe raw

product was diluted with DCM and concentrated HCI was added. The solvent was evaporated

under reduced pressure and ehproduct precipitated in form of chloride salt. After
recrystallization with EtOAc/MeOH 75:25, the desired product was obtained as a pure

diastereoisomer.

General Procedure K

R1 R1
OO R PCls, Etz;N OO ow R

OH 4 NHyer > >p-N
o, X, -
R1 R1
AA cc

PCi (1 equiv) and EN (3 equiv) were adet in anhydrous G&L (0.2 M) in a twenecked flask
under N atmosphere and the mixture was cooled down to 0°C. The chlorohydrate amine (1

equiv) was added under great flux of nitrogen and the mixture was stirred for 4.5 h at room
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temperature. A solutiorof substituted BINOL (1 equiv) in anhydrous@H0.3 M) was added
dropwise and the reaction mixture was stirred overnight at room temperature. Theiraiwas
then washed with water anthe solvent was evaporated under reduced pressiitee residue

waspurified by columnHex/EtOAA.00:]) to give the targeted compound

General Procedure L

Q 1- (R2),Zn, CuTC, 15, rt R?
RN - R
CN 2- R3CHO, -40°C, OIN CN
MM racemic mixture

In a flamedried roundbottom flask CuTC (4 mol%) and anhydrous toluene (0.5 M) were added

under nitrogen atmosphere. The alkgihc (1 M in hexane, 1.5 equiv) was added and the reaction
YAEGdINBE 61 &8 AGANNBR FT2NI mpQ i NRB2Y (SYLISNI G dzNJ
the mixture was stirred for 1 h. Then the solution was cooled dowa@5C, the aldehyde (3

equiv) was dded, and the mixture was stirred overnight at this temperature. Hexane was added

to quench the reaction. The solution was filtered through a silica filter with H&/&#4. After

evaporation of the solvent under reduced pressure, the product was purligccolumn

chromatography (Hex/EtOAc 95:5).

General Procedure M

Q 1- (R%),2Zn, CuTC, L26, -40°C, 4h R?
R’I/\l/P\a%R L R1/'\|/\R3
CN 2- R3CHO, -40°C, OIN CN

MM

In a flamedried roundbottom flask CuTC (2 mol%), the ligdtb (5 mol%), and anhydrous
toluene (0.5 M) were added under nitrogen atmosphere and thedaXtS 61 & &G A NNBR F2

room temperature. Then the reaction mixture wasoted down to-40°C. The alkyginc (1 M in
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material (1 equiv) was added and thextuire was stirred for 4 h at the same temperature. The
aldehyde (1.5 equiv) was added, and the mixture was stirred overnigitO8€C. Hexane was
added to quench the reaction and the mixture was warmed to room temperature. The solution
was filtered througha silica filter with Hex/EO 6:4 and the solvent was evaporated under

reduced pressure.

6.3. Synthess and Characterization
6.3.1. Diols Synthesis and Characterization
(SYH Z-bisMOM)™m Z-bmin@phtyl

FollowingGeneral Procedure GS)BINOL (6.00d@, 23.0 mmol), NaH (60

OO wt%, 3.353 g, 83.8 mmol) and choloro(methoxy)methane (4.8 mL, 44.0
OMOM mmol) in dry THF (60 mL). The purification by flash chromatography

OMOM
OO column (silica gel, Hex/EtOAc 8:2) afforded the name compound (6.53 g,
83%)>

R (Hex/EtOAc 8:2)6.26

(S)3-iodo-H T-BisMOM)m =-hir@phty!

FollowingGeneral Procedur®, (S}H Z-bisqMOM}m 3-bin@phtyl (3.001

|
OO g, 8.0 mmol), BuLi (2.5 M, 4.0 mL, 10.0 mmol) a2.457 g,9.7 mmol)
OMOM in dry THF (120 mL). The purification by flash chromatographymn

OMOM
OO (silica gel, Hex/EtOAc 9:1) afforded the name compound (2.96 g,74%).

R (Hex/EtOAc 9)0.17
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(S)y3-methyl-H Z-bisMOM)}m Z-in@phtyl

FollowingGeneral Procedures, (S}H Z-BisgMOM}m Z-min@phtyl (501

Me
Oe mg, 1.3 mmol), BuLi (2.5 M, 0.54 nL35 mmol) ad iodomethane
OMOM " (4=2.28 g/mL, 0.083 mL, 1.3 mmol) in dry THF (23 mL). The purification

OMOM
OO by flash chromatography column (silica gel, Hex/EtOAc 85:15) afforded
the name compound (162 mg, 31%).

R (Hex/EtOAc 85:150.30

(S)3-methyl-m Z-bir@phtyl

FollowingGeneral Procedurd, (S}3-methylH Z-bisqMOM}M Z-hin@phtyl

Me

OO (162 mg, 0.4 mmol) and HCI (4 N, 1 mL) in dioxane (2 mL). The purification
OH

by flash chromatography column (silica gel, Hex/EtOAc 85:15) afforded the

OH
OO name compound (125 mg, 9846

R (Hex/EtOAc 85:150.27

(S)3-ethyl-H Z-BisqMOM)}m 2-in@phty!|

Following General Procedure G, (S)3-iodo-H >BisgMOM}m 2-m Q

Et
Oe binaphty! (500 mg, 1.0 mmol), Pd(OAQ mg, 0.04 mmol),-Bhos (33
OMOM ' mg, 0.08 mmol) and EZn (1 M, 3 mL, 3.0 mmal) dry THF (2 mL). The

OMOM
OO purification by flash chromatography column (silica gel, Hex/EtOAc 8:2)
afforded the name compound (238 mg, 59%).

R (Hex/EtOAc 8:2)8.34
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(S)3-ethyl-m Z-bin@phtyl

gt Following General Procedurel, (S)3-ethyl-H Z-lisqMOM}1% abifaphtyl
OO (238 mg, 0.6 mmol) and HCI (4 N, 1.5 mL) in dioxane (2.5 mL). The purification
OH
by flash chromatography column (silica gel, Hex/EtOAc 8:2) afforded the

OH
OO name compound (180 mg, 9796).

R (Hex/EtOAc 8:2)6.43

(Syo Z-diethyl-H Z-BisgMOM)M Z-ir@phtyl

FollowingGeneral Procedurd, (S}H Z-bisqMOM}™m Z-in@phtyl (502

Et
OO mg, 1.3 mmol), BuLi (2.5 M, 1.9 mL, 4.7 mmol) and bromoethane (d=1.46
MOM
OMO g/mL, 0.35 mL, 4.7 mmol) in dry THF (23 mL). The purification by flash

OMOM
OO chromatography column (siligel, Hex/EtOAc 95:5) afforded the name
Et compound (177 mg, 319%).

R (Hex/EtOAc 8:2)6.7

(Syo Z-diethyl-m Z-hin@phtyl

Following General Procedure I, (S)o >-diethylH >-BisgMOM}m Z-m Q
binaphtyl (177 mg, 0.4 mmol) and HCI (4 N, 1 mL) in dioXameL). The
purification by flash chromatography column (silica gel, Hex/EtOAc 85:15)
afforded the name compound (140 mg, 99%).

R (Hex/EtOAc 8:2)6.50
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(S)3-buthyl-H Z-bisQMOM}m Z-bir@phtyl

Bu Following General Procedure G (S)3-iodo-H Z-BisqMOM)-M >-m Q
OO binaphtyl (499 mg, 1.0 mmol), Pd(OCA@O mg, 0.04 mmol),-Bhos (33
gmgm mg, 0.08 mmol), LiCl (170 mg, 4.0 mmol), Zn (336 mg, 5.0 mmol), Bul
OO (d=1.64 g/mL, 0.45 mL, 4.0 mmol), TMSCI (d=0.856 g/mL, 0.013 mL, 0.1
mmol) and 1,2dibromoethane (d=2.15 g/mlQ.035 mL, 0.4 mmol) in
THF (4 mLY.he purification by flash chromatography column (silica gel, Hex/EtOAc 8:2) afforded
the name compound (39819, 92%).

R (Hex/EtOAc 8:2)6.38

IH NMR(400 MHz, Chloroforrd)+ 7.99 (d,J= 9.0 Hz, 1H), 7.927.81 (m, 3H), 7.62 (d= 9.1
Hz, 1H), 7.39 (= 7.0 Hz, 2H), 7.387.27 (m, 1H), 7.20 (4= 8.3, 7.5 Hz, 3H), 5.14 (t& 6.9
Hz, 1H), 5.07 (d= 6.9 Hz, 1H), 4.64 (@ 5.5 Hz, 1H), 4.57 (@ 5.5 Hz, 1HB.22(s, 3H), 2.96
(s, 3H), 1.8€ 1.79 (m 2H) 1.60¢ 1.46 (m, 2H), 1.381.29 (m 2H), 1.04 (t)= 7.3 Hz, 3H).

13C NMR(125 MHz, CDgH 154.58, 152.94, 133.43, 133.04, 129.96, 129.68, 128.75, 128.13,
128.06, 127.97, 127.95, 127.86, 127.83, 12714%.43, 126.07, 124.89, 124.26, 113.08, 98.80,
96.52, 57.94, 56.53, 31.20, 30.29, 22.56, 13.93.

(S)3-buthyl-m Z-hin@phtyl

Following General Procedurd, (S}3-buthylH >-BisqMOM}m Z-in@phtyl

Bu
OO (393 mg, 0.9 mmol) and HCI (4 N, 2.3 mL) in diox&mnelL). The purification
OH
by flash chromatography column (silica gel, Hex/EtOAc 8:2) afforded the

OH
OO name compound (140 mg, 99%).

R (Hex/EtOAc 8:2)6.46
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H NMR(300 MHz, Chloroformd)+ 7.99 (d,J= 8.9 Hz, 1H), 7.957.80 (m, 3H), 7.46 7.32 (m,
4H), 7.3, 7.23 (m, 1H), 7.15 (ddd= 19.5, 8.3, 1.3 Hz, 2H)13 (s, 1H), 5.09 (s, 11)01¢ 2.81
(m, 2H), 1.80 (tt)= 7.6, 6.3 Hz, 2H), 1.5@(J= 14.7, 7.3 Hz, 2H), 1.03Jt 7.3 Hz, 3H).

13C NMR(125 MHz, CDgK 153.93, 150.75, 132.22, 132.19, 130.41, 128.79, 128.58, 128.13,
127.92, 127.86, 127.85, 127.36, 126.86, 126.45, 125.59, 125.48, 124.57, 121.90, 120.19, 114.08,
31.38, 31.24, 22.56, 13.93.

(S)3-phenykH Z-bisQMOM)-m Z-lin@phtyl

FollowingGeneral Procedure HS)3-iodo-H Z-bisqMOM}™m Z-hin@phtyl

Ph
OO (2.06 g, 4.11 mmol), phenylboronic acid (1.004 g, 8.23 mmol), Pg{PPh
OMOM
(476 mg, 0.4 mmol) and NaOH (1 M, 4.2 mL, 4.2 mifiod product was

OMOM
OO involved in the subse@nt steps without purification.

R (Hex/EtOAc 9)E0.25

(S)3-phenykm Z-bhir@phtyl

Ph FollowingGeneral Procedurd, (S}3-phenytH Z-bisqMOM}m Z-in@phty!|
OO (1.85 g, 4.0 mmol) and HCI (4 N, 4.0 mL) in dioxane (20 mL). The purification
OH
by flash chromtography column (silica gel, Hex/EtOAc 8:2) afforded the

OH
OO name compound (1.571 g, 99%).

R (Hex/EtOAc 8:2)6.20
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(S)y3-mesitykH Z-bisMOM)}m Z-bir@phty|

Mes FollowingGeneral Procedurél, (S)3-iodo-H Z-bistqMOM}m Z-bin@phtyl
O (301 mg, 0.6mmol), 2,4,6trimethylphenylboronic acid (200 mg, 1.2

gmgm mmol), Pd(PP (76 mg, 0.07 mmol) and:@Q (2 M, 0.3 mL, 0.6 mmol).
O The product was involved in the subsequent steps without purification.

XY,

R (Hex/EtOAc 9)E0.30

(S)y3-mesitykm Z-bin@phtyl

Mes Following General Procedurd, (S}3-mesitytH >-BisqMOM}wm Z-lin@phtyl
O (255 mg, 0.5 mmol) and HCI (37%, 0.5 mL) in dioxane (2.5 mL). The
8: purification by flash chromatography column (silica gel, Hex/EtOAc 7:3)
O afforded the name compound (100 mg, 48%).

SR,

R (Hex/EtOAC B)=0.35

6.3.2. Amines Synthesis and Characterization
(R,R)N,N-bis(2-phenylethyllamine hydrochloride

FollowingGeneral Procedure, JR}1-phenylethylamingd=0.952 g/mL, 6.3 mL,
49.5 mmol), acetophenone (d=1.030 g/mL, 5.8 mL, 49.5 mm@OQPr) (d=0.96
. g/mL, 44 mL, 149 mmol) and Pd/C (10% w/w, 900 mg). The recrystallization of
or N «m the raw product afforded the name product as pure diastereoisomer (6.594 g,

5106)5*

R (Hex/EtOAc 65:35)=0.36
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(R,RIN,N-dimethyl-4-(1-(1-phenylethylamino)ethy)aniline hydrochloride

FollowingGeneral Procedure, JR}1-phenylethylamingd=0.952 g/mL, 2.1 mL,
Mmc ®@p Y YdEnétilyEminna@etophenone (2.708 g, 16.5 mmol), Ti(iOPr)
(d=0.96 g/mL, 14.7 mL, 49.5 mmol) and Pd/C (10% w/w, 300 mg). The product

CI" *H,N
1 was obtined and used as a mixture of the two diastereocisomersq.85, 1.907
g, 43%).
—N
\ R (Hex/EtOAc 65:35)=0.2

IH NMR(400 MHz, CD@h 7.40¢ 7.36 (m, 2H), 7.32 7.28 (m, 3H), 7.1 7.11 (m, 2H), 6.82
6.73 (M, 2H), 3.59 (= 6.7 Hz, 1H), 3.48 (6.7 Hz, 1H), 3.00 (s, 6H), 1.32 (@l6.7, 3.6 Hz,
6H).

13C NMR(125 MHz, CDgH 150.59, 143.15, 134.02, 129.29, 128.51, 128.02, 126.08, 112.66,
54.45, 52.70, 40.30, 21.23, 21.13.

6.3.3. Ligands Synthesis and Characterization

(SyH Z-bin@phtoyl-(R,R)N-(1-phenylethyl}N-(1-(N,N-dimethyl-n -Q
aniline)ethyl)aminoylphosphine (14

—N/ FollowingGeneralProcedurekK, (S)BINOL (200 mg, 0.7 mmol),
(R,RIN-(1-phenylethyl}N-(1-(N,N-dimethytn -@niline)ethyl)amine

OO (187 mg, 0.7 mmol), PQd=1.57 g/mL, 0.06inL, 0.7 mmol) and
O\P—N E&N (d=0.726 g/mL, 0.78 mL, 5.6 mmol) in anhydrou€&¢$ mL).
OO o~ «m The purification by flash chromatography column (silica gel,
Hex/EtOAc 7:3) afforded the name compound (90 mg, 22%).

R (Hex/EtOAc 1)=0.60
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HNMR@B0OOMHzCDGL + y®nn 6RRRI W I mMandpI yoygE codn |
7.44 (m, 4H), 7.48 7.34 (m, 4H), 7.1 7.03 (m, 2H), 6.86 6.74 (m, 2H), 6.66 6.50 (M, 2H),
4.56 (dq, J 23.7, 7.0 Hz, 2H), 2.98 (s, 9H), 1.80 (t, J = 6.6 Hz, 6H).

13C NMR(75 MHz,CDGb ¢ Mpn®onz Mpnan®dPumMZI mMnpdPtTnI mMnpdPpmI
130.90, 130.51, 130.21, 129.42, 128.82, 128.34, 128.13, 128.10, 127.80, 127.18, 126.62, 125.96,
124.71, 124.44, 124.17, 124.14, 124.09, 122.57, 121.85, 112.20, 52.13, 51.83, 51.67,

40.80.

3P NMR(122 MHzCDGD + wMnc dpy 604X W I' mmodn | T0®

(S)y3-methyl-H Z-bir@phtoyl-(R,R)N,N-bis(1-phenylethyl)aminoylphosphinel(24)

Me Following General ProcedureK, (S}3-methykm Z-bin@phtyl (125
OO Ph>_ mg, 0.45 mmol)(R,RIN,Nbis(Lphenylethyl)aming119 mg, 0.45
O«
~P=N mmol), PGI(d=1.57 g/mL, 0.040 mL, 0.45 mmol) angNEl=0.726

O ol
OO ph> g/mL, 0.505 mL, 3.6 mmol) in anhydrous.CH(5 mL). The
purification by flash chromatography column (silica gel, Hex/EtOAc

99:1) afforded the name compoun@3 mg, 27%).

R (Hex/EtOAc 99)+0.33

H NMR(400 MHzCDGH + T dpn ORRI W I' mT1dnI ydp 13X HIOZ
7.44¢ 7.28 (m, 4H), 7.28 7.14 (m, 3H), 7.08 (m, 9H), 4.53 (s, broad, 2H), 2.72 (s, 3H), 1.62 (s,

6H).

13C NMR(75 MHz,CDGL {+ wMnpPpcZ MnpdPMHZI ™ABOBRY d2D53Mo0 M dy M <
128.29, 127.96, 127.92, 127.72, 127.37, 127.03, 126.94, 126.59, 125.93, 125.13, 124.62, 124.50,
124,17, 124.10, 122.19, 121.94, 52.25, 52.10, 18.46.

3P NMR(162 MHzCDGO 4+ wMnc®Ho. 606G W I' mMmmModuH |10
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(S)3-ethyl-H Z-Bim@phtoyl-(R,RIN,N-bis(1-phenylethyl)aminoylphosphinel(23

Following GeneralProcedureK (S)3-ethyl-m >-bhin@phtyl(127 mg,

Et
OO Ph>__ 0.4 mmol),(R,R)N,N-bis(I:-phenylethyl)aming106 mg, 0.4 mmol),
_P—N PC4 (d=1.57 g/mL, 0.035 mL, 0.4 mmol) and\E(d=0.726 g/mL,

o o
OO Ph> ' 0.33 mL, 2.4 mmdiin anhydrous Ci&b (4 mL). The purification by
flash chromatography column (silica gel, Hex/EtOAc 99:1) afforded

the name compound (98 mg, 43%).
R (Hex/EtOAc 100)£0.23

IH NMR(400 MHzCDG  + ¢ 7.%9dro, 4H), 7.47 (dd, J = 8.8, 1.0 Hz, 1H), 7438 (m,
4H), 7.23 7.15 (m, 3H), 7.08 (m, 9H), 4.51 (s, broad, 2H), 3.32 (dg, J = 14.9, 7.4 Hz, 1H), 3.01
(dg, J = 15.0, 7.5 Hz, 1H), 19B47 (m, 6H), 1.43 (t, J = 7.5 Hz, 3H).

13C NMR(75 MHz,CDGb ¢ Mndp®dPpcZ mMnydtrnZ wmMnydccZ wmMocdPnys
130.09, 129.06, 128.31, 127.91, 127.73, 127.61, 127.13, 126.93, 126.60, 125.93, 125.17, 124.65,
124.49, 124.34, 124.27, 122.24, 121.97, 121.94, 52.13, 25.07, 14.06, 1.08.

3P NMR(162 MHzCDGY + wmncdnn o643 W I mmodm | T0d

(Syo Z-diethyl-H Z-Bin@phtoyl-(R,R)N,N-bis(1-phenylethyl)aminoylphosphine (20

Following GeneralProcedureK, (S)o >-diethyl-m >-bin@phtyl(140

Et
OO Ph>_ mg, 0.41 mmol)(R,RIN,Nbis(I-phenylethyl)aming107 mg, 0.41
O~p_y mmol), PCl(d=1.57 g/mL, 0.036 mL, 0.41 mmol) angNHd=0.726

O/ an
OO Ph> g/mL, 0.34 mL, 2.45 mmol) in anhydrous.CH(4 mL). The
Et purification by flash chromatography column (silica gel, Hex/EtOAc

99:1) afforded the name compound (123 mg, 51%).

R (Hex/EtOAc 100)£0.26
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IH NMR(400 MHzCDG ¢ 7.79y(rh 4H), 7.35 (dtd, J = 8.7, 6.8, 2.5 Hz, 4H) (762D

(m, 12H), 4.51 (s, broad, 2H), 3.32 (dg, J = 14.9, 7.4 Hz, 1H), 3.01 (dg, J = 15.0, 7.5 Hz, 1H), 2.78
(dg, J = 14.8, 7.5 Hz, 1H), 2.70 (dq, J=14.9, 7.5, 1H), 1.53 (s, broad}BH)J1= 7.5 Hz, 3H),

1.27 (t, J = 7.5 Hz, 3H).

13C NMR(75 MHz,CDG ¢ Moy ®cn mMny®dpcZ mMnydpmZ M™Moc PHO X
130.49, 128.30, 127.69, 127.57, 127.41, 127.07, 126.90, 126.61, 126.57, 125.08, 125.01, 124.57,
124.41, 124.14, 12@8, 122.34, 52.26, 25.14, 24.19, 14.68, 14.13, 1.06.

3p NMR(162 MHzCDGD + wMnndon 64X W I' mmodc | T0®

(S)3-buthyl-H Z-bin@phtoyl-(R,R)N,N-bis(1-phenylethyl)aminoylphosphine (25

By Following General Procedure K, (S}3-buthyl-m Z-hin@phtyl (253
Oe Ph mg, 0.74 mmol)(R,RIN,Nbis(I-phenylethyl)aming193 mg, 0.74
SP-N mmol), PCGl(d=1.57 g/mL, 0.065 mL, 0.74 mmol) angNEd=0.726
OO © Ph>m" g/mL, 0.618 mL, 4.43 mmol) in anhydrous,CH(8 mL). The
purification by flash chromatography column (silica gel, Hex/EtOAc
9:1) afforded the name compound (130 mg, 30%).

R (Hex/EtOAC 8)20.60

IH NMR(400 MHzCDGl 7/90 (dd, J = 15.5, 8.5 Hz, 2H), 7.84 (d, J = 8.1 Hz, 1H), 7.81 (s, 1H),

7.47 (d, J = 8.7 Hz, 1H), 7c#.26 (m, 4H), 7.18 (m, 3H), 7.08 (m, 9H), 4.51 (s, broad, 2H), 3.38

(ddd, J = 14.7, 9.9, 5.3 Hz, 1H), Z,2379 (m, 1H), 2.02 1.80 (m, 2H), T1 (s, 6H), 1.58 1.44

(m, 2H), 1.00 (t, J = 7.3 Hz, 3H).

13C NMR(75 MHz,CDGL {+ wMnpPpnZ Mny dymI mMondPpnI MOHDPMZ
128.48,128.28, 127.98, 127.92, 127.71, 127.54, 127.13, 126.92, 126.58, 125.90, 125.12, 124.61,
124.45, 12.30, 122.24, 121.96, 52.25, 52.10, 32.45, 32.18, 22.93, 14.11.

3p NMR(162 MHzCDGb + wmMnpodyc o60GZX W I MMdH | T 0D
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(S)y3-phenykH Z-bir@phtoyl-(R,RIN,N-bis(1-phenylethyl)aminoylphosphinel(26

Ph Following GeneralProcedureK, (S}3-pheryl-m Z-bin@phtyl (1.571
OO Ph>_ g, 4.8 mmol), (R,RIN,N-bis(2-phenylethyl)amine (1.265 g, 4.8
O,P—N> mmol), PGI(d=1.57 g/mL, 0.423 mL, 4.8 mmol) aneN={d=0.726
OO PH . g/mL, 4.0 mL, 28.7 mmol) in anhydrous,CH (40 mL). The
purification by flash chromatography column (silica gel, H&Aet

9:1) afforded the name compound (2.272 g, 76%).

R (Hex/EtOAC 8)20.46

IH NMR(400 MHZCDG { y ®MH cd.A0(m,BH),0750 (y, ® A 819, 8.2 Hz, 3H), 7.41
(dd, J = 8.0, 6.1 Hz, 3H), 7.33 (d, J = 8.5 Hz, 1H), 7.24 (m, 3H).B3L0n, 6H), 7.006.90 (m,
4H), 4.38 (s, broad, 2H), 1.08 (d, J = 7.2 Hz, 6H).

13C NMR(75 MHz,CDG)) 1 MndpdPynZ mMnTPpnE MOTPNMZI MONOPHTZI M
132.62, 131.47, 130.74, 130.50, 130.33, 130.13, 128.43, 128.33, 128.25, 127.95, 127.73, 127.55,
127.14,127.01, 126.59, 126.12, 126.07, 124.88, 124.77, 124.36, 124.30, 123.53, 123.49, 122.38

51.86, 51.71.

3P NMR(122 MHzCDG) + mMnc®np ORI W I mmoc [ T0d

(S)3-mesithylH Z-Bin@phtoyl-(R,RIN,N-bis(1-phenylethyl)aminoylphosphinel(27)

Following General ProcedurekK, (S}3-mesityl-m Z-hin@phtyl (100

Mes
Ph
Oe >__ mg, 0.25 mmol)(R,RIN,Nbis(L-phenylethyl)amine(65 mg, 0.25
O«
~P-N mmol), PGl(d=1.57 g/mL, 0.022 mL, 0.25 mmol) aneNEd=0.726

o "l
OO Ph> g/mL, 0.207 mL, 1.48 mmol) in anhydrous.CiH(3 mL). The
purification by flash chromatography column (silica gel, Hex/EtOAc

85:15) afforded the name compound (58, 36%).

R (Hex/EtOAc 82 0.26
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13C NMR(75 MHz,CDGY 1+ wMpMOdMnE mMn@pdPpmEI mMocdynX mmMoc dMmZI
130.16, 129.78, 128.58, 128.43, 128.34, 127.49, 127.38, 127.33, 127.22, 126.10, 126.06, 125.87,
125.70, 123.33, 123.23, 123.07, 122.68, 116.62, 111.53, 110.51, 54.12, 20.09, 19.54, 19.43.

1H NMR(400 MHzCDG)+ 7.98 (d, J = 8.9 Hz, 1H), 7.91 (d, J = 8.0 Hz, 2H), 7.80 (s, 1H), 7.54 (s,
1H), 7.49 7.30 (m, 13H), 7.23 (t, J = 9.5 Hz, 3H), 7.04 (s, 2H), 5.09 (s, 1H), 5.02 (s, 1H), 2.37 (s,
3H), 2.16 (d, J = 3.1 Hz, 6H), 1.58 (s, 6H).

SPNMR(122 MHzCDG) + mMnc®np ORI W I mmoc [ T0®

6.3.4. Substrates Synthesis and Characterization

Dimethyl cyanomethylphosphonate

FollowingGeneralProcedureA, bromoacetonitrile (12.000 g, 100.0 mmol) and

/\ ,, - . .o .
NCM O'P\OMe trimethylphosphite (13.654 g, 110.0 mmol). Thaurification by flash
e

chromatography column (silica gel, Hex/EtOAc 1:9) afforded the name
compound (14.1 g, 939%).

R (Hex/EtOAc 1:9)= 0.3

Dimethylh -cyanoi -phenylvinylphosphonate

FollowingGeneralProcedureB, benzaldehyde (d=1.044 g/mL, 0.35 mL,

N B\\OMe 3.35 mmol), dimethyl cyanomethylphosphonate (502 mg, 3.35 mmol),
m OMe ZnCJ} (457 mg, 3.35 mmol) and DIPEA (d=0.742 g/mL, 0.6 mL, 5.0 mmol)

in dioxane (5 mL). The purification by flash chromatography column (silica gel, Hex/EtOAc 9:1 to

3:7) afforded the nameampound (476 mg, 609).

R (Hex/EtOAc 3:7)=0.24
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Diethyl-h -cyanai -phenylvinylphosphonate

'e) FollowingGeneral ProcedureB, benzaldehyde (d=1.044 g/mL, 3.5 mL,

1]
©/\/P\5%Ft 34.4 mmol), diethyl cyanomethylphosphonate (d=1.095 g/mL, 5.5 mL,
CN 34.0 mmol), Zng(4.634 g, 34.0 mmol) and DIPEA (d=0.742 g/mL, 4.7 mL,

33.7 mmad) in dioxane (70 mL). The purification by flash chromatography column (silica gel,
Hex/EtOAc 9:1 to 3:7) afforded the name compound (7.453 g, 83%).

R (Hex/EtOAc 3:7)=0.38

IH NMR(400 MHz, CDg} 8.05¢ 7.86 (m, 3H), 7.46 (dd= 14.8, 7.1 Hz, 3H},19 (dg,J= 7.9,
7.4 Hz, 4H), 1.36 @= 7.0 Hz, 6H).

13C NMR101 MHz, CDgl 158.92 (d,J=7.0 Hz), 133.08, 132.43 {¢;, 17.9 Hz), 130.47, 129.21,
115.38 (dJ=10.2 Hz), 100.06 (d= 197.6 Hz), 63.62 (d= 5.9 Hz), 16.23 (d7 6.3 Hz).

31p NMR(162 MHz, CDh 11.04 (dpJ= 21.9, 8.4 Hz).

Diethyl-h -cyanoi -cinnamylvinylphosphonate

FollowingGeneral ProcedureB, cinnamaldehyde (d=1.050 g/mL,

0]
0.78 mL, 6.2 mmol), diethyl cyanomethylphosphonate (1.006 g, 5.7

1]
I ID\\OEt
CN OEt mmol), ZnGl(769 mg, 3 mmol) and DIPEA (d=0.742 g/mL, 1.2 mL,

8.5 mmol) in dioxane (10 mL). The purification by flash
chromatography column (silica gel, Hex/EtOAc 9:1 to 3:7) afforded the name compound (1.171
g, 71%).

R (Hex/EtOAc 3:7)=0.45

IH NMR(400 MHz, CDgk 7.92¢ 7.74 (m, 1H), 7.57 (3= 3.4 Hz, 2H), 7.42 (@ 3.2 Hz, 3H),
7.34¢ 7.13 (m, 2H), 4.21 (hepl= 7.5 Hz, 4H), 1.40 (= 6.8 Hz, 6H).
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13C NMR(101 MHz, CD@h 159.72 (dJ= 7.0 Hz), 147.66, 134.60 (& 1.5 Hz), 131.02, 129.12,
128.42, 123.5 (d,J= 18.3 Hz), 114.62 (d= 11.3 Hz), 100.97 (d= 202.4 Hz), 63.43 (d= 5.8
Hz), 16.25 (d)= 6.2 Hz).

3P NMR(162 MHz, CDgl 10.63 (dpJ= 16.7, 8.3 Hz).

Diethyl-h -cyanoi -(2-bromophenyl)vinylphosphonate

5 o FollowingGeneralProcedue B, 2-bromobenzaldehyde (d=1.585 g/mL,
r

N ":"\\OEt 1.9 mL, 16.3 mmol), diethyl cyanomethylphosphonate (d=1.095 g/mL,
CN OEt 756 mL, 16.3 mmol), ZnGP.218 mg, 16.3 mmol) and DIPEA (d=0.742
g/mL, 3.4 mL, 24.4 mmol) in dioxane (35 mL). The purification by flash

chromatogragy column (silica gel, Hex/EtOAc 9:1 to 3:7) afforded the name compound (2.8 g,
50%).

R (Hex/EtOAc 3:7)= 0.40

H NMR(400 MHz, CDgk 8.33 (d,J= 20.8 Hz, 1H), 8.09 (@ 7.8 Hz, 1H), 7.67 (@ 7.9 Hz,
1H), 7.43 ()= 7.7 Hz, 1H), 7.35 (= 7.7 Hz, 1H), 4.24 (dp= 9.4, 3.5 Hz, 4H), 1.41J& 7.0
Hz, 6H).

13 NMR101 MHz, CDgk 157.52 (d,)= 8.0 Hz), 133.55, 13®3129.70 (dJ= 2.1 Hz), 127.99,
125.75, 114.66 (dl= 10.6 Hz), 104.46 (3= 196.6 Hz), 63.86 (d= 5.9 Hz), 16.29 (d= 6.2 Hz).

31p NMR(162 MHz, CDgk 9.55 (dp,J= 21.3, 8.5 Hz).

Diethyl-h -cyanoi -(4-pyridyl)vinylphosphonate

o Followirg GeneralProcedureB, pyridyt4-carbaldehyde (d=1.122 g/mL,

1]
I X P\B%Et 2.7 mL, 28.28 mmol), diethyl cyanomethylphosphonate (d=1.095 g/mL,
N~ CN 4.6 mL, 28.28 mmol), Zn{3.855 mg, 28.28 mmol) and DIPEA (d=0.742

57



g/mL, 5.9 mL, 42.42 mmol) in dioxane (45 mL). The puidital flash chromatography column
(silica gel, Hex/EtOAc 9:1 to 3:7) afforded the name compound (658 g, 9%).

R (Hex/EtOAc 3:7)= 0.30

IH NMR(400 MHz, CDgH 8.81¢ 8.74 (m, 2H), 7.94 (d= 20.9 Hz, 1H), 7.737.66 (m, 2H),
4.32¢ 4.11 (m, 4H), 1.39 (8= 7.1 Hz, 6H).

13 NMR(101 MHz, CDgl 155.87 (d,)= 7.0 Hz), 151.13, 150.32, 138.85)d18.1 Hz), 122.85,
121.09, 114.32 (dl= 9.4 Hz), 1065(d,J= 194.1 Hz), 64.07 (d= 6.1 Hz), 16.26 (d= 6.2 Hz).

31p NMR(162 MHz, CD@h 8.70 (dpJ= 21.5, 8.7 Hz).
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6.3.5. Products Synthesis and Characterization
1,3diphenyl2-cyanc1-pentene (36)

Et Following  General  Procedure M, diethykh -cyanoi -

= phenylvinylphosphonate (100 mg, 0.376mmol), CuTC (1.42 mg, 7.4
O CN O mmol), EtZn (1 M in hexane, 0.56 mL, 0.56 mmaBp (11.58 mg,
0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene (0.2 mL).
NMR vyield = 79%

ee=96%

IH NMR(300 MHz, CDgk 7.83¢ 7.60 (m, 2H), 7.52 7.17 (m, 7H), 7.06 (s, 1H), 3.510¢ 7.7 Hz, 1H),
2.17 (dqJ= 13.6, 7.5 Hz, 1H), 2.£0.96 (M, 1H), 1.01 (8= 7.3 Hz, 3H).

13C NMR(75 MHz, CDgl+ 143.19, 141.05, 133.65, 130,0528.85, 128.79, 128.78, 127.69, 127.35,
118.04, 115.68, 53.49, 26.37, 12.32.

HPLCLux Cellulose 3, Hexair®rOH 60:40, 1.0 mL/mi&95 nm) & 6.4min; 7.3 min(maj)

uAl Intensity
2000000
_ 300000
S
1500000+ w .
1 fi 3
| ‘I ©
I I 200000
1000000 I I
| |I | |
I [ |
| | | |
500000 ll |‘ | 100000 |
[ [ f
.'I \ |
™ — — T —— L -;T \/ — -
5 6 7 6.0 6.5 7.0 1.5 8.0
min min
PDA Ch1295nm Agl ¢ RetTime . o
Peak#] Ret. Time Area Area% o ""‘1 ’”t‘h '3'}; Ar:;,m And""()?*)
1] 5.361] 12092760 49.896 B S el 97001
2 6.039 12143396 50.104 Total 2847935 100.000
Total 24236156 100.000
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1-6 Amethoxyphenyl}3-phenyt2-cyanol-pentene (Al)

Following General Procedure M, diethylh-cyanoi -
phenylvinylphosphonate (100 mg, 0.376mmol), CuTC (1.42 mg,

=z
O CN O OMe 7.4 mmol), EZn (1 M in hexane, 0.56 mL, 0.56 mmaR6
(11.58 mg, 0.0188 mmol) #ethoxybenzaldehyde (d=1.119 g/mL, 0.069 mL, 0.564 mmol) in

Et

dry toluene (0.2 mL).
NMR vyield = 37%

ee=96%

IH NMR(400 MHz, CD§H 7.63 (d,J= 8.9 Hz, 2H), 7.347.11 (m, 6H), 6.87 (s, 1H), 686.78 (M, 2H),
3.75 (s, 3H), 3.36 (= 7.8 Hz, 1H), 2.111.97 (m, 1H), 1.96 1.85 (m, 1H), 0.89 (8= 7.3 Hz, 3H).

13C NMR(101 MHz, CD§It 16096, 142.80, 141.45, 130.55, 128.80, 127.64, 127.23, 126.42, 118.57,
114.15, 112.63, 55.38, 53.43, 26.47, 12.35.

HPLCLux Cellulose 3, Hexair®rOH 99:11.0mL/min,300nm) & 334 min; 38.2 min (maj)

uAU uAU
1000000 500000
1 400000
750000 1
= 1
< 300000 o
- -
1 o ] =
500000-] f\ . 1 3
] I\ @ 200000-] [\
[ 2 ] [N
| [ 1 [N
250000 | 100000 '
| 1 = | .
| \ | R 3 | \
| ! . a "
| Ay | 1= ) a
ot~/ | 0 | —]
30 35 40 35 40 45
min min
PDA Ch1 300nm PDA Ch1 300nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1 32.463| 41498027 50.375 1 33.387 552866 2.047
2 37.903 40880072 40625 2 38.179| 26457361 97.953
Tota 82378099 100.000 Total 27010227 100.000
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1-6 rArifluoromethylphenyl)-3-phenyl2-cyanc1-pentene (A2)

Et

C

z
CN

ee=96%

O CF3

Following General

Proedure

M,

diethyHh -cyanoi -

phenylvinylphosphonate (100 mg, 0.376mmol), CuTC (1.42 mg,
7.4 mmol), BEZn (1 M in hexane, 0.56 mL, 0.56 mmioP6(11.58

mg, 0.0188 mmol),4rifluoromethyl-benzaldehyde (98 mg, 0.564 mmol) in dry toluene (0.2 mL).
NMR yield = 30%

1H NMR(400 MHz, CD§h 7.73 (d,J= 8.2 Hz, 2H), 7.57 (@ 8.2 Hz, 2H), 7.327.18 (m, 5H), 3.43 (=
7.7 Hz, 1H), 2.182.01 (m, 1H), 1.9 1.88 (m, 1H), 0.91 (8= 7.3 Hz, 3H).

13C NMR(101 MHz, CD§k 141.33, 140.42, 136.94, 131.69, 134, 128.97, 127.71, 127.58, 125.73 (q),

118.77, 117.43, 53.52, 26.34, 12.27.

19 NMR(377 MHz, CD§h -62.93.

HPLCLux Cellulose 1, Hexair®rOH 99.5:0.5, 1.0 mL/min, 274 nm)12.5 min;13.9min (maj)

uAU
1500000
1000000 8
o 2
- o
] [ (
500000 (| |
[ \
[ |
| | |
0 ] N/ N
T T T
11 12 13 14 15
min
PDA Ch1 274nm
Peak#| Ret. Time Area Area%
1 12.509 15809610 49.469
2 13.991 16148993 50.531
Tota 31958603 100.000

uAU
2000000
=]
1500000_, g
II‘ I‘Il
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1000000 ||
1 [
(.
|
500000 [
| o [
2 | |
E' {
o —
T T T T
12 13 14 15
min
DA Ch1 274nm
Peak#| Ret. Time Area Area%
1 12.462 637966 2.462
2 13.910 25273438 97.538
Tota 25911404 100.000
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1-6 fbomophenyl)}3-phenyl2-cyanc1-pentene (A3)
Following General Procedure M, diethyth-cyanagi -
phenylvinylphosphonate (100 mg, 0.376mmol), CuTC (1.42 mg,

=z
O CN O Br 7.4 mmol), EZn (1 M in hexane, 0.56 mL, 0.56 mmbd6(11.58
mg, 0.0188 mmol),-bromobenzaldehyde (104 mg, 0.564 mmol) in @riyene (0.2 mL).

Et

NMR vyield = 93%

ee=94%

IH NMR(400 MHz, CD§H 7.50 (d,J= 8.3 Hz, 2H), 7.44 (dz 8.5 Hz, 2H), 7.317.18 (m, 6H), 6.87 (s,
1H), 3.39 (t)= 7.8 Hz, 1H), 2.05 (dps 14.8, 7.4 Hz, 1H), 1.91 (dg, 14.6, 7.3 Hz, 1H), 0.89J= 7.3 Hz,

3H).

13C NMR(101 MHz, CD§It 141.78, 140.71, 132.50, 132.01, 130.22, 128.91, 127.68, 127.47, 124.28,

117.77, 116.61, 53.50, 26.36, 12.30.

HPLGLux Cellulose,FHexand:PrOH 99:10.8 mL/min,314nm) & 11.9min; 13.0 min (maj)

uAU uAlU
1000000 2000000
750000-| 1500000-| 2
2 1 &
L=} — ~
- =+ -
- o I
1 \ - [
500000 A 1000000 f
1 I |‘ I\I 1 |
| |I I\ |
| [
250000 I [ 500000-] f
4 | | 4
[ | . |
. : g /
0 / N S o e =
11 12 13 14 11 12 13 14
min min
DA Ch1 314nm PDA Ch1 314nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1| 11.845] 10350745 49.075 1] 11.938 899338 2.800
2] 13.241 10740768 50.925 2| 12.966] 31217197 97.200
Total 21091514 100.000 Total 32116535 100.000
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1-6 HpWidyl)-3-phenyl2-cyanol-pentene (A4)

Et Following  General Procedure M, diethykh -cyanaoi -
= I Xy, phenylvinylphosphonate (100 mg, 0.376mmol), CuTC (1.42 mg, 7.4
CN N~ mmol), EtZn (1 M in hexane, 0.56 mL, 0.56 mma}6(11.58 mg,
0.0188 mmol), yridynearboxyaldehyde (d=1.126 g/mL, 0.054 mL, 0.564 mmol) in dry
toluene (0.2 mL).
NMR vyield = 61%

ee=96%
'H NMR(300 MHz, CDgh 8.59 (d,J= 4.8 Hz, 1H), 7.76 (d= 7.9 Hz, 1H), 7.65 (td= 7.8, 1.8 Hz, 1H),
7.35¢ 7.11 (m, 5H), 7.08 (s, 1H), 3.47J= 7.7 Hz, 1H), 2.11 (ddF 13.7, 7.4 Hz, 1H), 1.95 (dg; 13.7,

7.3 Hz, 1H), 0.91 @= 7.3 Hz, 3H).

13C NMR(101 MHz, CD§It 152.16, 149.77, 142.49, 140.47, 136.75, 128.89, 127.82, 127.48, 124.03,
123.37, 119.36, 117.48, 53.53, 26.22, 12.30.

HPLCLux Cellulose 3, Hexair®rOH90:10, 1.0 mL/min254 nm) & 117 min; 18.3min (maj)

uAU uAU
150000 200000
(2]
1 3
|z 150000 =
100000 T ] (\
] ] ('
i 1 | I,
| g 100000 [
| < 1 |
] | | ~ | |
50000-| [ N ‘l I
4 { I| \
i [ 50000-] (|
[ | 1 % | |
[ ) @ |
Y \ = /
oH— — =— oL /
T T
10.0 12.5 15.0 17.5 12.5 15‘.0 17.5 20.0
min min
PDA Ch1 254nm PDA Ch1 254nm
Peak# Ret. Time Area Area% Peak# Ret. Time Area Area%
1 11.348 1973191 49.929 1 11.669 125733 2.261
2 17.436 1978813 50.071 2 18.333 5435340 97.739
Total 3952004 100.000 Tota 5561073 100.000
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1-6 mB@in)3-phenyt2-cyanol-pentene (A5)

Et Following General Procedure M, diethylh-cyanoi -
= phenylvinylphosphonate (100 mg, 0.376mmol), CuTC (1gi2 m
O CN O 7.4 mmol), EZn (1 M in hexane, 0.56 mL, 0.56 mma}6

Bpin
(11.58 mg, 0.0188 mmol), -@,4,5,5tetramethytl,3,2

dioxaborolan2-yl)benzaldehyde (131 mg, 0.564 mmol) in dry toluene (0.2 mL).
NMR vyield = 96%

ee=96%
'H NMR(300 MHz, CDgh 7.77¢7.70 (m, 1H), 7.6% 7.59 (m, 1H), 7.3¢7.14 (m, 5H), 6.95 (s, 1H), 6.89
¢ 6.79 (m, 1H), 3.41 (6= 7.7 Hz, 1H), 2.132.00 (m, 1H), 1.98 1.87 (m, 1H), 1.49 (s, 12H), 0.90J&,

7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 143.10, 140.92, 136.09, 135.1128.87, 127.92, 127.73, 127.39, 117.89,
116.63, 84.04, 53.57, 26.40, 24.89, 24.88, 12.33.

HPLCLux Cellulose 4, Hexair®rOH 99:1, 1.0 mL/mi262nm) & 21.3 min (m3j 24.9 min

uAU
20000
a
15000-]
ki
] B
10000 = 2
I ©
A 3 2
[ Y
50001 [ .
| 10
) \
o J-"‘I '.\.
MR- == 0,7 o — =%
T T
20.0 225 25.0 27.5
min 115 200 25 250
min
DA Ch1 262nm
- 5 PDA Ch1 262 nm
Peak# Ret. Time Area Area% Peak#f | Ret. Time Area Area%
1 21.167 615431 49.480 1| o12s8] 1160416] 08573
2 24.689 628364 50.520 2 24.860 16795 1.427
Tota 1243795 100.000 Total 1177211 100
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1,5diphenyl4-cyano3-heptene (A6)

et Following General Procalure M, diethykh-cyanoi -

= phenylvinylphosphonate (100 mg, 0.376minaCuTC (1.42 mg,
O CN O 7.4 mmol), BEZn (1 M in hexane, 0.56 mL, 0.56 mmioP6(11.58

mg, 0.0188 mmol), dihydrocinnamic aldheyde (d=1.015 g/mL, 0.075 mL, 0.564 mmol) in dry
toluene (0.2 mL).
NMR vyield = 92%

ee= 920

IH NMR(400 MHz, CD§h 7.30¢ 7.16 (m, 5H), 7.16 7.02 (m, 5H), 6.12 (8= 7.1 Hz, 1H), 3.16 (= 7.7
Hz, 1H), 2.78 2.52 (m, 4H), 1.86 (dd= 14.9, 7.4 Hz, 1H), 1.75 (dt 13.8, 7.3 Hz, 1H), 0.774& 7.3
Hz, 3H).

13C NMR(101 MHz, CDg)I1 146.24, 141.12, 140.11, 128.73, 128.54, 128.47, 127.57, 127.14, 126.31,
119.89, 116.80, 51.75, 34.78, 32.93, 26.34, 12.15.

HPLCLux Cellulose 3, Hexair®rOH 99:1, 1.0 mL/mi220nm) tr 230 min (maj);33.7min

uAU uAU
300000
50000+
1 wy =
8 | 5
3 200000 m
- f g i
I ~ I
25000 (1 P [
[ Py \
[ ". I 100000 || |
f I‘. 1
[ [
/ | -
AN . |I "B
0 — NN e}
UL T e - —
20 25 30 35 20 25 30 35
min min
PDA Ch1 220nm PDA Ch1 220nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1 23.065 2002148 49.928 1 22.974 12854605 96.165
2 29.203 2007885 50.072 2 33.679 512698 3.835
Total 4010043 100.000 Total 13367303 100.000
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1,5diphenyH4-cyanchepta-1,3-diene (A7)

Et

zZ Nz
CN

mg, 0.0188 mmo))cinnamic aldheyde (d=1.050 g/mLQD5 mL, 0.564 mmoil dry toluene (0.2

mL).
NMR vyield

ee=96%

=55%

C

!H NMR(400 MHz, CD&ll 4

Hz, 1H), 0.87 (= 7.3 Hz, 3H).

13C NMR(101 MHz, CDgil
117.56, 117.44, 51.85, 26.76, 12.30.

1

Following General

Procedure

M,

diethyHh -cyanoi -

phenylvinylphosphonate (IDmg, 0.376imol), CuTC (1.42 mg,
7.4 mmol), BEZn (1 Min hexane0.56 mL, 0.56hmol), L26(11.58

C 7.38r(mm, 2H), 7.3 7.17 (m, 8H), 7.09 (dd= 15.2, 11.3 Hz, 1H), 6.74
(d,J= 6.1 Hz, 1H), 6.71 (s, 1H), 3.3D47.7 Hz, 1H), 1.99 (dif 14.8, 7.3 Hz, 1H), 1.88 (dif 14.1, 7.3

MOoOdPTCZ

MO MPMO =

MO (pPpy =

HPLGLux Cellulose 3, Hexair®rOH 9%:0.5, 1.0 mL/min, 308 nm:t26.2 min (maj); 32.tnin

uAU
1 w
100000 J
o
] & o
] ."h". 5
75000 i @
] I n
1 ( II‘ ‘II \
50000 ] A [
1 | [
] |I -
25000 | | [
1 | \ .‘I
I N\ / N,
0 J ./ N
T T T T T
25 30 35 40
min
DA Ch1 308nm
Peak#| Ret. Time Area Area%
1 29.246 8366985 50.008
2 35.978 8364229 49.992
Tota 16731214 100.000

uAlU
750000
[=]
=
w
™
500000 i i)
1 |
|
|
|
|
250000
|
|
| \
{ N\ 3
| M, o
LS o
0 S B
T
275 30.0 325 35.0
min
DA Ch1 305nm
Peak# Ret. Time Area Area%
1 26.190| 35292374 97.990
2 32.883 723813 2.010
Tota 36016188 100.000
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1-(N-Bocindole-3-)-3-phenyl2-cyana1-pentene (A8)

Et

Following General

Procedure M,

diethyHh -cyanoi -

phenylvinylphosphonate (IDmg, 0.376 mmol), CuTC (1.42 mg,

0.564 mmol)n dry toluene (0.2 mL)

NMR vyield = 54%
ee=96%

'H NMR(400 MHz, CD4Li

i1 y®nH

7.4 mmol), BEZn (1M in hexane 0.56 mL, 0.56hmol), L26(11.58
mg, 0.0188 mmol), Mocindole-3-carboxyaldehyde (136 mg,

0 J B.3 W) 161)37.59 @78 Hp, RH,.29 (m, 5H), 7.24

¢7.18 (M, 2H), 7.11 (s, 1H), 3.44J) 7.8 Hz, 1H), 2.152.01 (m, 1H), 2.0 1.88 (m, 1H), 1.59 (s, 9H),

0.92 (t,J= 7.3 Hz, 3H).

13C NMR(101 MHz, CDgul

1

Mn pdPmp =

MO MPHT =

MOpdPnnzZ

MOH®YHZ

125.21, 123.16, 118.82, 117.99, 115.50, 114.44, 114.15, 84.63, 52.94, 28.10, 26.68, 12.35.

HPLCLux Cellulos&, Hexand:PrOH 99.5:0.5, 1.0 mL/miB52nm) tr: 14.5 min (maj);15.9min

uAl
50000
B ©
o~ o
ks b
1 "JA.‘- r':*.
25000 [
|I l‘"-‘ |II I.‘"-‘
] A .
| - ——
07 — ]
U S T
13 14 15 16 17
min
PDA Ch1 352nm
Peak#| Ret. Time Area Area%
1 14.253 1146388 51.132
2 15.466 1095616 48.868
Total 2242005 100.000

uAU
25000
20000 @
=
1 8
15000 I
1 [
] {1\
| b
10000+ ( |
1 | \
| )
| |
5000 |
4 | \ ~
| 2
/ s
o / S —
T
14 15 16 17
min
PDA Ch1 352nm
Peak#| Ret. Time Area Area%
1 14.485 417689 97.939
2 15.907 8789 2.061
Total 426478 100.000
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N,N-diBoc3-cyana4-phenythept-2-en-1-amine (A9)

Et Boc Folloning  General Procedure M, diethylh-cyanoi -
z N‘Boc phenylvinylphosphonate (100 mg, 0.376 mmol), CuTC (1.42 mg, 7.4
CN mmol), EtZn (1 M in hexane, 0.56 mL, 0.56 mmbd6(11.58 mg,

0.0188 mmol)N,N-diBocglycinal (153 mg0.564 mmol) in dry toluene (0.2 mL).
NMR yield = 7%

ee=9%%

IHNMR (400 MHz, CD@H 7.26 (m, 2H), 7.2¢ 7.11 (m, 3H), 6.09 (8= 6.3 Hz, 1H), 4.39 (qd 16.4,
6.4 Hz, 2H), 3.23 (1= 7.7 Hz, 1H), 1.93 (dt= 13.5, 7.3 Hz, 1H), 1.84.75 (m, 1H), 1.39 (s, 18H), 0.84
(t, J= 7.3 Hz, 3H).

13C NMR(101 MHz, CDgk 151.71, 142.26, 140.49, 128.83, 127.61, 127.37, 120.50, 116.05, 83.23,
51.79, 46.46, 28.01, 26.14, 12.14.

HPLGLux Cellulose 1, Hexar€rOH 99:1, 0.8 mL/min, 210 nma) 10.4 min (maj); 11.4 min

uAU uAlU
5000000 1
4000000 1 o - 1000000
4 3 = -1
S 3 3
] - = 3
3000000-] ." \ ( 750000
1 1 [
| | \ | | I'
| | j [
2000000 | 'I | 500000 |4
] | [ 1
] [ [ 1 [
| 1 [
1000000 [ ‘| 250000+ | |
] | I \ ] / é
/ \ / N\ ) / =
1} I I — m H— >~ =, _ |
10 11 12 10 1 12
min min
DA Ch1 210nm PDA Ch1 210
Peak#| Ret. Time Area Area% Peak#| Ret. T?rmg Area Area%
1 10.315] 55415765 49.343 1 10.404 11210268 97.030
2 11.248 56892508 50.657 2 11.401 343145 2.970
Tota 112308273 100.000 Tota 11553413 100.000
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2-methyl-4-cyano5-phenylocta-2,4-dienoic ethyl ester (A10)

Following General Procedure M, diethykh-cyanoi -
AN COo,LE phenylvinylphosphonate (100 mg, 0.376 mmol), CuTC (1.42 mg,
CN 7.4 mmol), EZn (1 M in hexane, 0.56 mL, 0.56 mmioP6(11.58

Et

mg, 0.0188 mmol), ethyl§-3-formyl-2-butenoate (d=1.0440.077 mL, 0.564 mmol) in dry

toluene (0.2 mL).
NMR vyield = 84%

ee=98%

IH NMR(400 MHz, CD§k 7.32¢ 7.24 (m, 2H), 7.22 (m, 3H), 6.49 (s, 1H), 5.92%{1,.2 Hz, 1H), 4.11 (q,
J=7.1Hz, 2H), 3.32 (= 7.7 Hz, 1H), 2.00 (dtz 13.7, 7.5 HAH), 1.88 (dt)= 13.8, 7.3 Hz, 1H), 1.21 (t,

J=7.1Hz, 3H), 0.86 (= 7.3 Hz, 3H).

13C NMR(101 MHz, CDgIl 165.94, 148.64, 145.45, 140.27, 128.93, 127.67, 127.57, 124.45, 119.97,
116.96, 60.32, 53.79, 26.15, 16.30, 14.22, 12.22.

HPLCLux Celllose 3, HexanePrOH 99.5:0.5, 1.0 mL/miB68nm) tr: 22.1 min; 23.2min (may)

uAU uAU
2000000
1 750000
1500000 1 § 5 N
S 2 -
g 500000 -
1 Iy M\ 1 2‘
1000000 [ [ AN
| [ 1 .'I‘ i
| (Y 250000
500000 | [ \
| \ | '
\, | \.\ . AN
i \‘\\ ;I AN e S
ot— r — ol s/ 0~
T — T " T
20.0 225 25.0 21 22 23 24 25 26
min min
PDA Ch1 268nm PDA Ch1 268nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1 20.306 78024104 50.688 1 22129 114929 0.437
2 23.037| 75906121 49.312 2 23.167| 26156247 99.563
Total 153930225 100.000 Tota 26271175 100.000
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1-phenyt2-cyano3-0 Am@thoxyphenyl}1l-pentene (S1)

Et Following General Procedure M, diethyl-h-cyanoi -(4-

O =z O methoxyphenyl)vinylphosphonate (111 mg, 0.376 mmol), CuTC
MeO CN (1.42 mg, 7.4 mmol), An (1 M in hexane, 0.56 mL, 0.56 mmol),

L26(11.58 mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry

toluene (0.2 mL).
NMR vyield = 34%

ee=20%
'H NMR(400 MHz, CDghk 7.74 (dd,J= 7.7, 1.9 Hz, 2H), 24 7.38 (m, 3H), 7.28 (m, 2H), 7.03 (s, 1H),
6.95¢ 6.90 (m, 2H), 3.83 (s, 3H), 3.47J&, 7.8 Hz, 1H), 2.212.08 (m, 1H), 2.061.93 (m, 1H), 1.00 (8,

= 7.3 Hz, 3H).

13C NMR(101 MHz, CDg}It 158.81, 142.74, 133.71, 132.99, 129.99, 128.77,7128128.36, 118.11,
116.11, 114.22, 55.29, 52.72, 26.42, 12.32.

HPLCLux Cellulos8, Hexand:PrOH 99, 0.8 mL/min,312nm) tr 22.0min (mMaj);24.9 min

uAU uAU
100000 150000
[:+]
] " 5
75000 3 1 &
1 a 100000 |
f 1 I} g
1 | | £
50000 [ [ 3
1 \ s 1 ' ™
| ~ [
‘. 3 50000 \ I‘
25000 | | \ AN |
[ [N | | .
| | ‘\\ .‘I | gy
LN ) ol =
T T T
25 30 35 40 25 30
min min
PDA Ch1 312nm PDA Ch1 312nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1| 28605 4154430 50.012 1] 22.018| 5281925 39.727
2| 33.714] 4152438 49.988 2| 24923] 8013735 60.273
Total 8306868 100.000 Total 13295660 100.000
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1-phenyk2-cyano3-0 en@thylphenyl)1-pentene (S2)

Et

T

OMe

Following
methoxyphenyl)vinylphosphonate (111 mg, 0.376 mmol), CuTC (1.42

mg, 7.4 mmol), EZn (1 M in hexane, 0.56 mL, 0.56 mmbB6(11.58

General

Procedure

M,

diethylh -cyanci -(3-

mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564

mmol) in dry toluene (0.2 mL).

NMR vyield = 48%

ee= 88%

IH NMR(400 MHz, CDgk 7.74 (ddJ= 7.5, 2.3 Hz, 2H), 7.41 (m, 3H), 7.30%t8.0 Hz, 1H), 7.05 (s, 1H),
6.96 (d,J= 7.7 Hz, 1H), 6.91 (s, 1H), 6.84 (HdB.2, 2.6 Hz, 1H), 3.84 (s, 3H), 3.4317.8 Hz, 1H), 2.19
¢ 2.08 (M, 1H), D2 (dp,J= 14.6, 7.4 Hz, 1H), 1.01J 7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 159.91, 143.29, 142.69, 133.64, 130.06, 129.83, 128.81, 128.78, 120.01,

118.06, 115.51, 113.66, 112.41, 55.24, 53.46, 26.39, 12.31.

HPLCLux Cellulos8, Hexand:PrOH94:6, 1.0 mL/min275nm) tr 10.9min (maj);13.4min

uAU

750000
500000+

250000 [
|

10.0 12.5 15.0
min
PDA Ch1 275nm
Peak#| Ret. Time Area Area%
1 11.856| 12349840 49.892
2 14.272 12403436 50.108
Total 24753275 100.000

uAU

1500000

1000000

500000

- 10.862

113.360

10.0 12|,5 15.0
min
PDA Ch1 275nm
Peak#| Ret. Time Area Area%
1 10.862 30856187 93.904
2 13.360 2003201 5.096
Total 32859388 100.000
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1-phenyt2-cyano3-0 Hr@thoxyphenyl}1l-pentene (S3)

OMe Et Following General Procedure M,
methoxyphenyl)vinylphosphonate (111 mg, 0.376 mmol), CuTC (1.42

e
O CN mg, 7.4 mmol), EZn(1 M in hexane, 0.56 mL, 0.56 mma26(11.58
mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene (0.2 mL).

diethylh -cyanci -(2-

NMR vyield = 66%

ee=54%

IH NMR(300 MHz, CD§k 7.80¢ 7.66 (m, 2H), 7.527.31 (m, 4H), 7.27 (td= 8.1,7.5, 1.8 Hz, 1H), 7.08
(s, 1H), 7.02 (td]= 7.5, 1.2 Hz, 1H), 6.90 (di 8.3, 1.2 Hz, 1H), 4.02J& 7.8 Hz, 1H), 3.86 (s, 3H), 2.19

€ 2.04 (m, 1H), 1.97 (dd= 13.9, 7.2 Hz, 1H), 1.01J% 7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 156.01, 14238, 132.97, 128.74, 128.24, 127.70, 127.67, 127.12, 126.38,

119.83, 117.18, 113.94, 109.60, 54.39, 44.04, 24.42, 11.26.

HPLCLux Cellulosd, Hexand:PrOH 99, 1.0 mL/min254nm) tz 8.6 min; 9.7 min (maj)

Intensity Intensity
150000 500000
400000
100000 < g
" f 300000 H
[ [ I
Il | |
[ | ‘.I |
' [ 200000 [
50000 [ | |
| | | | =
| | #
f [ 100000-| |
\" / ."I‘ \ 3|
0 ol LN ) S
|
2 0 10 8 9 10 1
min ity
AD1 AD1
Peak# Ret.Time Area Area% Peak#  Ret.Time Area Area%
I 8270 1665845 50.068 1 8561 1572108 22.823
2 9333 1661334 49.932 2 9758 5316124 77177
Toal 3327178 100.000 Total 6888232 100.000
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1-phenyt2-cyano3-0 ATRthylphenyl)-1-pentene (S4)

Following General Procedure M, diethyl-h-cyanci -(4-
methylphenyl)vinylphosphonate (106 mg, 0.376 mmol), CuTC (1.42

=z
O CN O mg, 7.4 mmol), BEZn (1 M in hexane, 0.56 mL, 0.56 mmaB6
(11.58 mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene

Et

(0.2 mL).
NMR vyield = 91%

ee=94%

IH NMR(400 MHz, CD§l 7.74 (ddJ= 7.7, 2.0 Hz, 2H), 7.467.35 (m, 3H), 7.3 7.22 (m, 2H), 7.22
7.15 (m, 2H), 7.04 (s, 1H), 3.473¢,7.7 Hz, 1H), 2.37 (s, 3H), 22108 (m, 1H), 2.081.94 (m, 1H), 1.00

(t, J= 7.3 Hz, 3H).

13C NMR(101 MHz, CD§It 142.94, 137.99, 136.98, 133.71, 129.98, 129.53, 128.78, 128.76, 127.56,
118.10, 115.96, 53.14, 26.37, 21.08, 12.33.

HPLCLux Cellulos8, Hexand:PrOH 9:10, 1.0 mL/min302nm) tr: 9.6 min 11.9min (ma))

uAU uAU
400000
400000
300000 ]
3 300000 S
| @ 1 =
200000 fl - 0
1 Il 2 200000 \
‘ | o 1 II |
‘ o
4 |1 I""‘. 1 |
100000 [ I 100000 I‘
1 [ . 1 o~ |
[ 3 |
| 1 i ! .
4 . o ..
10.0 125 9 10 1 12 13
min min

PDA Ch1 302nm

PDA Ch1 302
Peak#| Ret. TFnTe Area Area% Peak# Ret. Time Area Area%
1] ©9659] 3811575 49.971 1f 9642) 184720 2.750
5 72.060 3815982 50.029 2| 11.872| 6532394 97.250
Tota 76275571 100.000 Total 6717114] __100.000
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1-phenyl2-cyano-3-0 en@thylphenyl)1-pentene (S5)

Et Following General Procedure M, diethyl-h-cyanoi -(3-

= methylphenyl)vinylphosphonate (106 mg, 0.376 mmol), CuTC (1.42
O CN O mg, 7.4 mmol), EZn (1 M in hexane, 0.56 mL, 0.56 mmb26(11.58

mg, 0.0188 mmol), benzaldehydd=1.044 g/mL, 0.057 mL, 0.564

mmol) in dry toluene (0.2 mL).
NMR vyield = 74%

ee=92%

IH NMR(300 MHz, CD§k 7.83¢ 7.64 (m, 2H), 7.5¢ 7.33 (m, 3H), 7.32 7.23 (m, 1H), 7.28 7.06 (m,
3H), 7.04 (s, 1H), 3.46 {t= 7.7 Hz, 1H), 2.39 (s, 3H), 2c1®.08 (m, 1H), 2.08 1.94 (m, 1H), 1.00 (8=
7.3 Hz, 3H).

13C NMR(101 MHz, CD§It 143.12, 141.02, 138.45, 133.70, 130.01, 128.80, 128.77, 128.71, 128.44,
128.10, 124.64, 118.08, 115.78, 53.45, 26.38, 21.53, 12.35.

HPLCLux Cellulos8, Hexane:PrOH 9:1, 1.0 mL/min299nm) tz 9.0 min; 9.7 min (mayj)

uAU uAU
1000000
150000
7500001 -
@ 1 =
@ =
100000 by
[ & 500000-| [
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] [ I\ 250000 |
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8 EI) 1|0 1" 8 9 10 11
min min
PDA Ch1 299nm DA Ch1 299nm _
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1 8.698 1648234 49.625 1 9.076 740419 4.228
2 9.574 1673148 50.375 2 9.674 16772749 95.772
Tota 3321381 100.000 Total 17513168 100.000
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1-phenyk2-cyano3-0 HRthylphenyl)1-pentene (S6)

Et Following General Procedure M, diethyl-h-cyanoi -(2-

O = O methylphenyl)vinylphosphonate (106 mg, 0.376 mmol), CuTC (1.42
CN mg, 7.4 mmol), EZn(1 M in hexane, 0.56 mL, 0.56 mma26(11.58

mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene (0.2 mL).
NMR yield = 87%

ee=88%

IH NMR(400 MHz, CD§t 7.65¢ 7.59 (m, 2H), 7.3¢ 7.27 (m, 4H), 7.19 (8= 4.2 Hz1H), 7.1%; 7.09
(m, 2H), 6.86 (s, 1H), 3.67 (& 7.6 Hz, 1H), 2.30 (s, 3H), 2¢1&02 (m, 1H), 1.97 1.83 (m, 1H), 0.91 (t,

J=7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 143.13, 138.60, 136.31, 133.64, 130.74, 130.02, 128.78, 128.76, 127.10,
126.63 126.61, 118.25, 115.05, 48.46, 26.62, 19.82, 12.32.

HPLGLux Cellulos8, Hexand:PrOH 9:1, 1.0 mL/min295nm) = 9.1 min 10.0min (may)

uAU uAlU
200000
300000+
150000
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200000-] @ ] A
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M 2 1 [
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7.5 10.0 125 8 9 10 1
min min
PDA Ch1 295nm PDA Ch1 295nm
Peak#| Ret. Time Area Area% Peak#] Ret. Time Area Area%
1 9.586 5373586 50.317 1 9.108 222069 5.826
2 10.930 5305797 49.683 2 10.048 3589385 94.174
Total 10679382 100.000 Total 3811454 100.000
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1-phenyl2-cyana3-0 rclidorophenyl}1-pentene (S7)

Et Following General Procedure M, diethylh-cyanci -(4-
O z O chlorophenyl)vinylphosphonate (106 mg, 0.376 mmol), CuTC (1.42
cl CN mg, 7.4 mmol), EZn (1 M in hexane, 0.56 mL, 0.56 mmbB6

(12.58 mg, 0.0188 mmol),
(0.2 mL).
NMR vyield = 74%

benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene

ee=82%

IH NMR(300 MHz, CD§k 7.83¢ 7.66 (m, 2H), 7.5¢ 7.15 (m, 7H), 7.05 (s, 1H), 3.49J& 7.7 Hz, 1H),
2.21¢ 1.92 (m, 2H), 1.00 (8= 7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 143.41, 139.50, 133.45, 133.18, 130.25, 129.04, 129.02, 128.85, 128.82,
117.83, 115.11, 52.84, 26.31, 12.22.

HPLGLux Cellulos8, Hexand:PrOH 9:1, 1.0 mL/min275nm) = 12.9min; 18.4 min (ma)

uAlU uAU
400000 400000
~
5
1 B 1 «
300000 @< 300000 n
1 b 1 [\
| \
] | 1 I
200000 ' 200000 ‘ \
‘ | L=:] \
| ~ g
1 | \ 3 1 o
100000 | 2 100000 ‘u“
4 | ™ 1 | i\
1 | L\
| i 1 |
[N / . 1 A | -
o+ J S - =
. - . .
15 20 25 15 20 25
min min
PDA Ch1 275nm DA Ch1 275nm
Peak#]| Ret. Time Area Area% Peak#{ Ret. Time Area Area%
1 12.868 6906292 51.328 1 12.909 2650768 9.416
2 19.547 6548827 48.672 2 18.377| 25500385 90.584
Tota 13455119 100.000 Tota 28151153 100.000




1-phenyt2-cyano3-0 Ho@mophenyl)1-pentene (S8)

Br Et

=z
CN

C

Following
bromophenylyinylphosphonate (130 mg, 0.376 mmol), CuTC (1.42

mg, 7.4 mmol), EZn (1 M in hexane, 0.56 mL, 0.56 mmbB6(11.58

Procedure

M, d

iethyl-h -cyanai -(2-

mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene (0.2 mL).

NMR yield = 84%

ee= 90

1H NMR(400 MHzCDG) ¢+ 7.65 (d,J= 8.7 Hz, 2H), 7.51 (@ 8.1 Hz, 1H), 7.43 (@ 7.8 Hz, 1H), 7.36
7.25 (m, 4H), 7.10 (s, 1H), 7.06J&,7.7 Hz, 1H), 4.00 (& 7.7 Hz, 1H), 2.05 (d#f 15.0, 7.4 Hz, 1H), 1.91

(dp,J= 14.5, 7.3 Hz, 1H), 0.93Jt 7.3 Hz, 3H

13C NMR(101 MHz, CDgIt 144.69, 139.72, 133.56, 133.24, 130.18, 128.87, 128.80, 128.76, 128.37,

128.06, 125.29, 117.75, 113.59, 51.10, 26.36, 12.10.

HPLGLux Cellulosd, Hexand:PrOH 9:1, 1.0 mL/min254nm) t= 10.7 min 12.3min (ma)

Intensity
10000
7500
5000 A
2500
o] ;." :‘."
-/ / -
T T T
9 10 11 12 13
min
ADI1
Peak# Ret.Time Area Area%
1 10.304 261077 49.517
2 11718 266174 50.483
Total 527251 100.000
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Intensity
100000
75000+ ]
[
[
50000 [
| 1
|
|
|
25000 -
|
z /
[
T T
11 12 13
min
AD1
Peak# Ret.Time Area Area%
1 10.774 70195 4.718
2 12273 1417686 95.282
Total 1487881 100.000



1-phenyt2-cyano3-0 Apfidyl)-1-pentene (S9)
Procedure M, diethyl-h-cyanci -(4-

Et Following General
i X = pyridyl)vinylphosphonate (100 mg, 0.376 mmol), CuTC (1.42 mg, 7.4
N& CN mmol), EsZn (1 M in hexane, 0.56 mL, 0.56 mmbB6(11.58 mg,

0.0188 mmol), benza&hyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene (0.2 mL).
NMR yield = 50%
ee=60%

IH NMR(400 MHz, CDgk 8.53 (s, 2H), 7.66 (dd= 6.7, 2.9 Hz, 2H), 7.34 (dtk 5.1, 2.1 Hz, 3H), 7.24
(m, 3H), 7.01 (s, 1H), 3.40 & 7.8 Hz, 1H), 240(dg,J= 15.1, 7.0 Hz, 1H), 1.94 (dis; 14.4, 7.4 Hz, 1H),

0.93 (t,J= 7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 150.50, 149.85, 144.56, 133.11, 130.57, 129.15, 128.92, 128.89, 117.47,

113.44, 52.82, 25.88, 12.10.

HPLGLux Cellulosg, Hexand:PrOH80:20, 1.0 mL/min254nm) tx 12.5min; 14.0 min (maj))

Intensity Intensity
100000 20000
75000 il 3 15000+
|1 N
[ I -
| II | '|‘ =
50000 [ ) 10000 N
| f
I‘ | | ". /
. [ | |
25000 [ T B Sl 3 [
| Vo ‘ o |
/ \ I\ / \
. y N4 N il IO N
T
12.5 15.0 175 125 150
min min
ADI ADI
Peak# Ret.Time Area Area% aak# ot. Time ag -y
I 13023 3031786 49.193 Peakit | Retlime  Ama s 0%,
2 14678 3131206 50.807 2 14.013 456351 79.707
Total 6162993 100.000 Total 572536 100.000
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1-phenyt2-cyano3-6 H&bhtyl)-1-pentene (S10)

Et Following General Procedure M, diethyl-h-cyanai -(2-

Z naphtyl)vinylphosphonate (118 mg, 0.376 mmol), CuTC (1.42 mg,
OO CN Q 7.4 mmol), BEZn (1 M in Bxane, 0.56 mL, 0.56 mmdlR6(11.58
mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene (0.2 mL).
NMR yield = 98%

ee=72
'H NMR(400 MHz, CDgh 7.92¢ 7.81 (m, 3H), 7.79 (s, 1H), 748.69 (m, 2H), 7.58 7.43 (m,3H), 7.39
(d,J=6.9 Hz, 3H), 7.08 (s, 1H), 3.68#,7.7 Hz, 1H), 2.25 (di= 14.8, 7.4 Hz, 1H), 2.13 (dg; 14.7, 7.4

Hz, 1H), 1.02 (= 7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 143.41, 138.39, 133.63, 133.57, 132.73, 130.10, 128.82, 12B28063,
127.93, 127.67, 126.49, 126.26, 125.94, 125.81, 118.12, 115.60, 53.48, 26.35, 12.37.

HPLGLux Cellulos8, Hexand:PrOH 9:1, 1.0 mL/min220nm) tr 25.1 min 35.3 min (ma)

uAU uAU
2000000
1500000
1500000 © 2
e [=:3 o~
3 ] ]
|“, 1000000-| M
1000000 { 2 \ \
|| = | \
| 0 o
' i 10 |
| | < 500000 (|
500000 | P n | \
| ( [ N
|\ [N |\ | N
[N | M M\ ~
0__ —_— — 0 S
T T T T T T T T T T T T T T T T
20 30 40 30 40 )
min min
DA Ch1 220nm PDA Ch1 220nm
Peak#] Ret. Time Area Area% Peak#| Ret. Time Area Area%
1] 24.976| 86489629 50.242 1| 25.156] 36002399 14.357
2 36.755] 85655196 49.758 2 35.295| 214764329 85.643
Total 172144825 100.000 Tota 250766728 100.000
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1-phenyl2-cyano3-0 ehibphenyl)-1-pentene (S11)

Et Followirg  General Procedure M, diethyl-h -cyanoi -(3-
Va I =z thiophenyl)vinylphosphonate (102 mg, 0.376 mmol), CuTC (1.42 mg,
S CN 7.4 mmol), BEZn (1 M in hexane, 0.56 mL, 0.56 mmbP6(11.58 mg,
0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene (0.2 mL).

NMR vyield = 76%
ee=56%

1H NMR(400 MHz, CD§k 7.76 (ddJ= 7.4, 2.2 Hz, 2H), 7.42 (dig; 5.0, 2.9 Hz, 3H), 7.34 (d&; 5.0, 2.9
Hz, 1H), 7.21 (s, 1H), 7.09 (dd,5.0, 1.4 Hz, 1H), 7.03 (s, 1H), 3.62{7.7 Hz, 1H), 2.07 (tp= 21.2, 7.2

Hz, 2H), 1.02 (= 7.4 Hz, 3H).

13C NMR(101 MHz, CDgIt 143.31, 141.79, 133.57, 130.12, 128.82, 128.79, 126.93, 126.16, 121.44,
117.89, 115.09, 49.13, 26.78, 12.25.

HPLCLux Cellulos8, Hexand:PrOH 9:1, 1.0 mL/min275nm) tr 13.9 min (maj)16.7 min

Intensity uAU
100000 2000000
J o)
75000 3
= 1500000 2
;
\”‘u ) || "‘
g I \ 1
50000 ' [ 1000000 \
‘. [ \
[ I |
| | | §
25000 B [ 500000{ | P
[ | ‘I \ ‘I." AY
A | AN J
\ | | . hN
0 JoNL o o . -~ |
T 15.0 17.5
15.0 17.5 20.0 nin
min
ADI PDA Ch1 275nm
. Peak# Ret. Time Area Area%
Peak# Ret.Time Area Area%
L 15223 2085760 49.969 1| 13.943] 46121501 78.095
2 17721 2147671 50.731 2 16.726 | 12936417 21.905
Total 4233430 100.000 Total 59057918 100.000
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1-phenyl2-cyano3-6 Hulyl)-1-pentene (S12)

Following General Procedure M, diethykh -cyanoi -(3-
Et

=z
g [ CN mmol), EtZn (1 M in hexane, 0.56 mL, 0.56 mmaB6(11.58 mg,
0.0188 mmol), benzaldehgdd=1.044 g/mL, 0.057 mL, 0.564 mmol) in

furyl)vinylphosphonate (100 mg, 0.376 mmol), CuTC (1.42 mg, 7.4

dry toluene (0.2 mL).
NMR vyield = 509%Z(E = 85:15)

ee= 340

Z-isomer.

IH NMR(400 MHz, CD§k 7.77 (ddJ= 7.5, 2.2 Hz, 2H), 7.47.37 (m, 4H), 7.04 (s, 1H), 6.38 (dd,3.3,
1.9 Hz, 1H), 6.28 (d= 33 Hz, 1H), 3.61 (= 7.7 Hz, 1H), 2.142.01 (m, 2H), 1.04 (8= 7.4 Hz, 3H).

13C NMR(101 MHz, CD§It 153.94, 144.22, 142.05, 133.46, 130.23, 128.87, 128.82, 117.52, 112.79,
110.45, 106.60, 47.17, 24.94, 11.94.

HPLCLux Cellulos8, Hexand:PrOH ®:1, 1.0 mL/min273nm) tr 10.3 min (maj)13.8min

uAU uAU
1000000
3000000 o
1 1 8
750000 1 =
] ~ le
[=:] 4
< |
] s 2000000 [l
500000 1 |
1 i 2 ‘ |
|| - I
| '_ b | E
250000 (| M\ 1000000 ‘ | ©
| | -
[ [ I
| [ [ [
[ I| " | |
———, -
T
10.0 125 15.0 10.0 12.5 15.0
min min
DA Ch1 273nm PDA Ch1 273nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1 10.497 9506727 49.343 1 10.360 50766806 66.840
2 13.882 9760072 50.657 2 13.724 25186436 33.160
Tota 19266799 100.000 Tota 75953242 100.000
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1,5diphenyl2-cyano3-ethyl-1-pentene (S13)

Et Following General Procedure M, diethykh-cyanoi -

(dihydrocinnamyl)vinylphosphonate (110 mg, 0.376 mmol),

=z
O CN O CuTC (1.42 mg, 7.4 mmol),&t (1 M inhexane, 0.56 mL, 0.56
mmol),L26(11.58 mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in

dry toluene (0.2 mL).
NMR vyield = 60%

ee= 8

IH NMR(400 MHz, CD§h 7.75 (d,J= 7.3 Hz, 2H), 7.457.28 (m, 5H), 7.19 (n8H), 6.88 (s1H), 2.86¢
2.66 (M, 1H), 2.682.42 (m, 1H), 1.991.83 (m, 2H), 1.63 (9= 7.5 Hz, 3H), 0.91 (= 7.3 Hz, 3H).

13C NMR(75 MHz, CDgI+ 144.23, 141.47, 133.69, 129.98, 128.83, 128.70, 128.45, 128.43, 125.98,
117.38, 114.98, 48.05, 35.12, 33.25,98, 11.82.

HPLCLux Cellulos8, Hexand:PrOH 9:10, 1.0 mL/min242nm) tr: 6.3 min (maj)7.1min

uAU uAl
1500000
300000+
<+ 1000000+
4 E =
200000 o« &
A @
‘I I".l II‘ Ilﬂl 4
1 [ [ 5000001
100000-| I [ 8 2
| © -
{ s .~
AN / N
o] | S SN ol / e ./;
T T T
8 9 10 6.0 6.5 70 75
min min
PDA Ch1 242nm PDA Ch1 242nm
Peak#] Ret. Time Area Area% Peak# Ret. Time Area Area%
1 8.084 3557245 51.220 1 6.359 3702936 53.829
2 9.540 3387803 48.780 2 7.149 3176129 46.171
Total 65945047 100.000 Total 6879065 100.000
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1,5diphenyl3-ethyl-4-cyanopenta-1,4-diene (S14)

Et Following General Procedure M, diethykh-cyanoi -

Q X = Q cinnamylvinylphosphonate (11fhg, 0376 mmol), CuTC (1.42
CN mg, 7.4 mmol), BZn (1M in hexane, 0.56 mL, 0.56mol), L26

(11.58 mg, 0.0188 mmohenzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmal)y toluene
(0.2 mL).
NMR vyield = 16%

ee=16%

IH NMR(400 MHz, CD§k 7.79¢ 7.70 (m, 2H), 3¢ 7.36 (m, 5H), 7.32 (= 7.6 Hz, 3H), 7.01 (s, 1H),
6.53 (d,J= 15.9 Hz, 1H), 6.23 (d#= 15.8, 8.1 Hz, 1H), 3.08 (& 7.7 Hz, 1H), 1.89 (dd= 14.6, 7.3 Hz,
1H), 1.79 (dgJ= 14.0, 7.2 Hz, 1H), 1.01J% 7.4 Hz, 3H).

13C NMR(101 MHz CDG) + 143.20, 136.80, 133.69, 131.97, 130.07, 129.35, 128.82, 128.76, 128.65,
128.61, 127.69, 126.41, 114.56, 51.23, 26.76, 11.84.

HPLCLux Cellulos&, Hexand:PrOH 9:1, 1.0 mL/min268nm) tr 22.3 min (maj)30.2min

uAU uAU
150000 2500000
{ g 7
o 4
& 2000000 o
1 \" 1 2
100000 |'| - 1 o
1 ] 2 15000001 ||
| \ 8 1l
| 1 |
1 1 I 1000000 | | g
500004 | | I H S
[ I
[ [ 500000 | | I
I| |I | '. 1 [ [\
/ _ [N | AN
ot o] N o
T T T T T T T
25 30 25 30
min min
PDA Ch1 268nm PDA Ch1 268nm
Peak# Ret. Time Area Area% Peak#| Ret. Time Area Area%
1] 22280 3826736 51.042 1| 22.338| 42582474 57.995
2| 30.488] 3670544 48.958 2| 30.162| 30841298 42.005
Total 7497280 100.000 Total 73423771 100.000
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1,5diphenyl2-methyl-3-ethyl-4-cyancpenta-1,4-diene (S15)
Following General Procedure M, diethylh-cyanoi -(1-methyk
cinnamyl)vinylphosphonate (11hg, 0376 mmol), CuTC (1.42

X =z
Q CN Q mg, 7.4 mmol), EZn (1M in hexane, 0.56 mL, 0.56mol), L26

(11.58 mg, 0.0188 mmoenzaldehyde (d=044 g/mL, 0.057 mL, 0.564 mmuoi)dry toluene

Et

(0.2 mL).
NMR vyield = 99%

ee=14%

IH NMR(300 MHz, CD§H 7.70 (dd,J= 7.7, 2.0 Hz, 2H), 7.507.03 (m, 8H), 6.96 (s, 1H), 6.46 (s, 1H),
2.90 (t,J= 7.6 Hz, 1H), 1.901.81 (m, 2H), 1.79 (d= 1.4Hz, 3H), 0.95 (1= 7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 143.72, 137.72, 137.01, 133.74, 130.06, 129.05, 128.82, 128.12, 128.04,

127.90, 126.50, 118.11, 114.32, 56.39, 23.97, 15.72, 12.15.

HPLCLux Cellulos&, Hexand:PrOH 9:1, 1.0 mL/min254nm) tr 18.0 min (maj)18.7min

uAU uAU
] 2000000
1500000 -+ ] ©
] 2 =
= 5 1 ©
@ 1500000-] n
1000000 [ [ r~ o
[ . 1000000 | /
| | I [
1 [ | \ f
500000 f \ | | 1 |
[ \ 500000 |
,,1": I_\.z L- - _ L\\_Zi — =
0 ——— — 01— - -
T
18 19 20 21 17 18 19
min min
PDA Ch1 254nm PDA Ch1 254nm
Peak#] Ret. Time Area Area% Peak#| Ret. Time Area Area%
1 18.894 | 24167477 51.278 1 17.981 19508966 42.874
2 19.719| 22963134 48.722 2 18.716| 25993585 57.126
Tota 47130610 100.000 Total 45502551 100.000
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1,5diphenyl3-ethyl-4-cyanopent-4-en-1-yne (S16)

Et Following General Procedure M, diethyth-cyanai -(3-

_ % phenylpropargyl)vinylphosphonate (108 mg, 0.376 mmol), CuTC
~ LT

O CN (1.42 mg, 7.4 mmol), n (1 M in hexane, 0.56 mL.56 mmol),
L26 (11.58 mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL,

0.057 mL, 0.564 mmol) in dry toluene (0.2 mL).
NMR yield = 11%

ee= &

IH NMR(400 MHz, CD§h 7.70 (m, 2H), 7.41 (m, 2H), 7.35 (m, 2H), £.225 (m, 4H), 7.18 (s, 1H), 3.51
(t, J=7.3 Hz, 1H), 1.94 (diy 13.4, 7.3, Hz, 1H), 1.85 (de; 14.0, 7.4 Hz, 1H), 1.06Jt 7.4 Hz, 3H).

13C NMR(101 MHz, CDgIt 144.04, 133.35, 131.75, 130.30, 128.92, 128.86, 128.38, 128.35, 122.86,
117.85, 111.78, 86.96, 86.52, 39.95, 27.94,31.2

HPLCLux Cellulos8, Hexand:PrOH 9:1, 1.0 mL/min201nm) tr 12.7 min (maj)14.5min

uAU uAU
125000
500000 1
j 100000
400000 - ] N
& i =
= o
300000 " 750007 .
1 I' I", g ] |‘ I|‘ %
| - | —
200000-] [ = 50000 I n
1 | PN 1 n [y
" I. :: -._‘. ] ‘|' \ ‘.' ". [
100000 [ [N 25000 AN |
] | : N | \\i \
/ N 1 | /] .
ol N / \____7__ o J \.___J-L- - -~
— — — — —
130 175 20.0 10.0 125 15.0 175
min min
PDA Ch1 201nm PDA Ch1 201nm
Peak#] Ret. Time Area Area% Peak#| Ret. Time Area Area%
1] 14.295| 11914734 50.440 1] 12712 1407614 46.447
2| 17.356| 11706653 49.560 2| 14.525] 1622945 53.553
Total 23621386 100.000 Total 3030559 100.000
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Methyl 2-(1-phenykpropyl)-cinnamate GL7)

Et Following General Procedure M, diethyth-methoxycarbony -

= phenylvinylphosphonate (112 mg, 0.376 mmoljTC (1.42 mg, 7.4
O oo O mmol), EtZn (1 M in hexane, 0.56 mL, 0.56 mmaB6(11.58 mg,
| 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmaol)
in dry toluene (0.2 mL).
NMR vyield = 10%

ee=90%

IH NMR(400 MHz, CD§H 7.35¢ 7.19 (m, 10H), 6.62 (H), 3.66 (t, J = 8.5 Hz, 1H), 3.49 (s, 3H), 2.05
(dp,J= 14.0, 7.2 Hz, 1H), 1.90 (de; 14.5, 7.3 Hz, 1H), 0.93Jt 7.3 Hz, 3H).

13C NMR(101 MHz, CDgIt 170.43, 141.60, 138.33, 136.22, 131.53, 128.42, 128.30, 128.21, 127.98,
127.73, 126.68, 583, 51.54, 26.64, 12.46.

HPLCLux Cellulose 1, Hexair®rOH 99:1, 1.0 mL/min, 254 nm) 6.4 min; 70 min (maj)

Intensity uAU
2000000
1000000 ] =
<
~
f
= 1500000 \
750000 g 1 I
g [
4y I |
[ [ : |
500000 [ [ 1000000 | |I
[ ‘ |
\ \ | II
| \ I \ |
250000 | | | | 500000 [
f \ / \ — [
/ \ 5 a
A ! 5 1
Ny N =
0 I = 04— AN S
R T T T
6.5 7.0 7.5 8.0 6 7 8
min min
ADI PDA Ch1 254nm
Peak# Ret.Time Area Area% Peak#| Ret. Time Area Area%
1 6.767 11644386 50.471
2 7371 11427167 49.529 1 8.371 954817 0.131
Total 23071554 100.000 2 7.007| 17655272 94 869
Total 18610089 100.000
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1,3-diphenyl2-cyanc1-butene (Z1)

Me Following  General  Procedure M, diethykh -cyanoi -
= phenylvinylphosphonate (IDmg, 0.376mol), CuTC (1.42 mg, 7.4
O CN O mmol), MeZn (1M in heptane, 0.56 mL, 0.56mol), L26(11.58 mg,

0.0188 mmol)benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmal}y toluene (0.2 mL).
NMR yield = 51%

ee=96%

IH NMR(400 MHz, CDgk 7.76 (ddJ= 7.7, 2.0 Hz,12), 7.46¢ 7.28 (m, 8H), 7.03 (s, 1H), 3.87Jg,7.1
Hz, 1H), 1.69 (di= 7.1 Hz, 3H).

13C NMR(101 MHz, CDgIt 142.40, 141.92, 133.63, 130.08, 128.87, 128.81, 128.80, 127.41, 127.37,
118.15, 116.77, 45.29, 19.61.

HPLCLux Cellulos8, Hexanda:PrOH60:40, 1.0 mL/min275nm) tr: 7.3 mir 8.4 min (maj)

uAU uAU
3000000 2000000
g
= 5
I g 1500000 s
2000000 | || | < 1 i
| I i
I [ 1000000 Il |
| ‘I | I', 1 | I\
|
1000000 I I 1 |1
| |
[ [ 500000-] [
| 1 1
|I I". " - |‘
| Y { \ % { !
| A / . ~ | \.
o —— — S— 0| —
T T T ' T
7 8 9 7 8 9
min min
DA Ch1 275nm PDA Ch1 275nm
Peak#| Ret. Time Area Area% Peak# Ret. Time Area Area%
1 7.092| 25045109 49173 1 7.327 389194 1.949
2 8.090| 25887827 50.827 2 8.424| 19575398 98.051
Tota 50932936 100.000 Tota 19964592 100.000
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1,3diphenyl2-cyanc1-heptene ¢2)

Following  General  Procedure M, diethykh -cyanoi -

O = O phenylvinylphosphonate (IDmg, 0.376mol), CuTC (1.42 mg, 7.4
CN mmol), BuZn (1M in hexane, 0.56 mL,.86 mmol), L26(11.58 mg,

0.0188 mmol)benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmaljy toluene (0.2 mL).

Bu

NMR yield = 75%

ee=70%

IH NMR(400 MHz, CD§h 7.83¢ 7.69 (m, 2H), 7.4§7.35 (m, 7H), 7.31 (m, 1H), 7.05 (s, 1H), 3.6D(t,
7.8 H, 1H), 2.22 2.08 (m, 1H), 2.01 (dgi= 13.5, 8.4, 6.2 Hz, 1H), 146.27 (m, 4H), 0.94 (8= 7.0 Hz,

3H).

13C NMR(101 MHz, CDgIt 143.00, 141.26, 133.67, 130.05, 128.86, 128.80, 128.79, 127.66, 127.33,

118.09, 115.92, 51.71, 33.00, 29.82, 22.53.98.

HPLCLux Cellulos8, Hexand:PrOH 9.5.0.5, 1.0 mL/min254nm) t=: 19.5 min 20.9min (maj)

uAU uAU
250000 1 400000
200000 1 ~
1 300000 b=
1 o
8
] - 8
150000+ 5 1 A\
] 2 200000 [
i 2 1 |
100000-] I 3 .'
] f o r~ |
] | A © |
{1 I\ 100000 p [
50000 [ [N 1 ~
III 1\ / \ 1 , ll, .\\
ol J S, — o S _
— — — T
17.5 20.0 225 20.0 225
min min
PDA Ch1 254nm DA Ch1 254nm
Peak# Ret. Time Area Area% Peak# Ret. Time Area Area%
1 18.817 4429697 49,989 1 19.467 2569764 14.564
2 21.000 4431678 50.011 2 20.917 15075081 85.436
Tota 8861375 100.000 Tota 17644844 100.000
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1-pyridyl-2-cyano-3-phenyll-butene 3

Me Following  General  Procedure M, diethykh -cyano- -
= Na phenylvinylphosphonate (100 mg, 0.376mmol), C{IT@2 mg, 7.4
CN Z mmol), MeZn (1 M in heptane, 0.56 mL, 0.56 mm&B6(11.58 mg,

0.0188 mmol), yridynecarboxyaldehyde (d=1.126 g/mL, 0.054 mL, 0.564 mmol) in dry
toluene (0.2 mL).
NMR vyield = 64%

ee= 96

IH NMR(300 MHz, CDgk 8.66 (s, 1H), 7.68,(J= 7.6 Hz, 1H), 7.457.31 (m, 2H), 7.3t 7.03 (m, 4H),
6.98 (s, 1H), 5.63 (= 7.1 Hz, 1H), 1.54 (@ 7.1 Hz, 3H).

13C NMR(101 MHz, CDgIt 153.41, 149.69, 142.45, 140.03, 136.67, 128.60, 127.34, 127.00, 125.06,
123.73, 119.09, 36.23, 18.86

HPLCLux Cellulos8, Hexand:PrOH 9:10, 1.0 mL/min248nm) tr: 13.2 min (majf)20.4min

uAU

uAU
300000
300000 |||
1 |
||
2 M \
4 w
1 e 1 |
200000 ‘ 200000 |
| | | .
| -
E o
5 I s
100000+ | & 100000 ‘ | | | I
“|‘ | 1
‘ III |I | | I‘ ‘l ‘II
| | I @ | | . | |
I & || f | [
o |\ A o= SN / L -
T T
10 15 20 1b 15 2|0
min min
PDA Ch1 248nm PDA Ch1 248nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1 10.595 3217937 49.972 1 9.853 65413 1.519
2 20.518 3221543 50.028 2 20.396 4240770 98.481
Total 65439480 100.000 Tota 4306183 100.000
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2,5-diphenyl3-cyano-3-exene (Z4)

Me

®

=z
CN

C

Following General

Procedure M,

diethyHh -cyanoi -

phenylvinylphosphonate (IDmg, 0.376imol), CuTC (1.42 mg,
7.4 mmol), MeZn (1M in heptane, 0.56 mL, 0.5&mol), L26

(11.58 mg, 0.0188 mmoklihydrocinnamic aldheyde (d=1.015 g/mL, 0.075 mL, 0.564 mimol)

dry toluene (0.2 mL).

NMR vyield = 90%

ee=92%

IH NMR(400 MHz, CDgk 7.37¢ 7.23 (m, 6H), 7.19 (d= 7.8Hz, 4H), 6.19 (f]= 7.2 Hz, 1H), 3.62 (@
7.2 Hz, 1H), 2.882.69 (m, 4H), 1.50 (d= 7.1 Hz, 3H).

13C NMR(101 MHz, CD§It 145.36, 141.96, 140.13, 128.74, 128.55, 128.51, 127.26, 127.15, 126.33,

120.95, 116.90, 43.56, 34.76, 32.92, 19.63.

HALC(Lux Cellulos8, Hexand:PrOH 9:1, 1.0 mL/min203nm) & 32.5 min 49.3min (maj)

uAU
400000
300000-] 8
] =
I
1 |
200000 || 8
[=e]
‘| s
f
\ I
100000 I A
1 l |
] I [
4 | | Y
0 AN / e
T T
30 40 50
min
PDA Ch1 203nm
Peak#| Ret. Time Area Area%
1| 31.386] 14327742 49.742
2| 48.562] 14476584 50.258
Total 28804326 100.000

uAlU
300000
1 w
200000 5
| @
=
|II I",
| |
100000 |
1 o |
2 |
S |
7\ | \
0 B _— J." I'\\
T
40 50
min
PDA Ch1 203nm
Peak#| Ret. Time Area Area%
1 32.549 945242 4.162
2 49.316 21763302 95.838
Tota 22708543 100.000
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1-phenyl2-cyana3-0 em@thoxyphenyl}1-butene 5

Me Following General Procedure M, diethylh-cyanoi -(3-
=z methoxyphenyl)vinylphosphonate (111 mg, 0.376 mmGuTC (1.42
O CN O mg, 7.4 mmol), M&n (1 M in heptane, 0.56 mL, 0.56 mmal26
OMe (11.58 mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL,
0.564 mmol) in dry toluene (0.2 mL).
NMR vyield = 50%

ee=94%

IH NMR(400 MHz, CD§h 7.64 (ddJ= 7.7, 2.0 HZH), 7.3% 7.27 (m, 3H), 7.287.18 (m, 1H), 6.91 (s,
1H), 6.85 (dJ= 7.7 Hz, 1H), 6.80 (= 2.1 Hz, 1H), 6.75 (ddik 8.2, 2.6, 1.0 Hz, 1H), 3.74 (s, 3H), 3.73 (q,
J=7.1Hz, 1H)1.56 (& 7.1 Hz, 3H).

13C NMR(101 MHz, CDgIt 159.92, 14354, 142.47, 133.60, 130.06, 129.84, 128.79, 119.73, 118.13,
116.57, 113.46, 112.37, 55.25, 45.24, 19.58.

HPLCLux Cellulos8, Hexand:PrOH 4:6, 1.0 mL/min274nm) tr 13.7 min (maj)17.1min

uAU uAU
1250000 2000000
1 2
1000000-| N 1500000 @
1 & 1 |“'.I
wy
750000 - g [
1 fl ~ \
1 |w| o 1000000 ‘ |
4 I |
500000 ] || | i |
] ‘ \ \
| || |
R a 500000-] \
250000 [ | I |
. [ 1 ?
| [ | =
/ / N\ 1 | =
0 J 0 ~ -
15.0 175 20.0 12.5 18.0 175
min min
PDA Ch1 274nm PDA Ch1 274nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1 15.217| 17585571 50.398 1 13.738| 44107729 97.923
2| 17.994| 17308089 49.602 21 17.143 935692 2.077
Total 34893660 100.000 Total 45043422 100.000
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1-phenyl2-cyano-3-(2Qbromophenyl}1-butene (Z6)

Br Me Following General Procedure M, diethyth-cyanol -(2-

O Z O bromophenyl)vinylphosphonate (130 mg, 0.376 mmol), CuTC (1.42
CN mg, 7.4 mmol), Mgn (1 M in heptane, 0.56 mL, 0.56 mmal26

(11.58 mg, 0.0188 mmol), benzaldehyde (d=1.044 g/mL, 0.057 mL, 0.564 mmol) in dry toluene

(0.2 mL).
NMR vyield = 80%

ee=82%
IH NMR(400 MHz, CD§k 7.75 (dd J= 7.4, 2.3 Hz, 2H), 7.63 (di; 8.0, 1.4 Hz, 1H), 7.50 (de; 7.9, 1.7
Hz, 1H), 7.4§ 7.37 (m, 4H), 7.18 (td= 7.7, 1.7 Hz, 1H), 7.11 (s, 1H), 4.3847.1 Hz, 1H), 1.66 (@

7.1 Hz, 3H).

13C NMR (101 MHz, CDg}It 143.58, 140.70, 133.56, 133.30, 130.18, 128.90, 128.83, 128.82, 128.28,
128.08, 124.82, 117.97, 114.89, 43.73, 19.38.

HPLCLux Cellulos8, Hexand:PrOH 9.5:0.51.0 mL/min,199nm) tr: 9.6 min 10.1min (maj)

uAU uAU
400000
1250000
300000 1000000
4 ] %
B = 2
1 3 2 750000
200000 T = ] I
A Al I
I I' \I B )
I [ 500000 f I‘.
4 [ [ 1 |
1000004 [ [ | '.‘
4 | ! | 1 | |
(T 250000 e | |
I @
@
o _ / N NS \
0| R —
T T T T
10 1 12 9.0 9.5 10.0 105 110
min min
PDA Ch1 199nm PDA Ch1 199nm
Peak#| Ret. Time Area Area% Peak#| Ret. Time Area Area%
1] 10.468] 2448084 49.940 1 9.646 876491 8.957
2| 11.033] 2453966 50.060 2| 10.069| 8909415 91.043
Tota 4902050 100.000 Total 9785906 100.000
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