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CHAPTER |
Enantiosel ective Organocatal ytic Reductions

of C=N Double Bonds

1.1 Introduction

The reduction of C=N bonds represents a powerfdivaidely used transformation which

allows new nitrogen-containing molecules to be gateel.

Specifically, the carbon-nitrogen double bond elnseictive reduction is of paramount

importance in a variety of bioactive molecules sashalkaloids, natural products, drugs,

and medical agentd.

The employment of a “chiral technology” is, in pmple, the most attractive procedure to
perform this transformatiofl. Catalytic enantioselective reactions provide thesm
efficient method for the synthesis of chiral compds, because large quantities of chiral
compounds are expected to be prepared using smalirés of chiral sourcéd.Recent
market analyses have shown that global revenues ¢taral technologies soared from
$6.63 billion in 2000 to $16.03 billion in 2007,0gving at a compounded annual rate of
13.4%, and approximately 80% of all products cuiyenn development for the
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pharmaceutical industry are based on chiral bujlditocks™® In addition, over 90% of

chemicals derive from a catalytic proc€ss.

Over the years, the replacement of metal-basedlysttavith equally efficient metal-free
counterparts have attracted increasing interesttlieir low toxicity and for their
environmental and economic advantafes.

Organic catalysis represents now an establishesilplity of using an organic molecule
of relatively low molecular weight, simple structuand low cost to promote a reaction in
substoichiometric quantity. Noteworthy, it is algossible to work in the absence of any
metal and under non-stringent reaction conditidmst tare typical of organometallic
catalytic proces¥!

The organocatalytic approach also satisfies marthefvell-known twelve principles of
green chemistr{) Any process based on a catalytic methodologyréenby definition,
because it minimizes waste and increase energgiesfly compared to process that
employ stoichiometric reagents. In particular, Imypboying less hazardous solvents and
promoting safer reaction conditions, organocatalystght represent a solution to the
problems related to the presence of toxic metabsshleaching could contaminate the
product and may lead to the design of safer presess\d products. In fact, the
enantioselective metal-catalyzed hydrogenationfeistifom several drawbackd: they
are generally quite expensive species, typicallysttuted by an enantiomerically pure
ligands (whose synthesis may be costly, long affetualt), and a metal species, in many
cases a precious element and there is the possitilthe deactivation or poisoning of
catalysts by compounds containing nitrogen andisalfoms.

Thus, the replacement of metal-based catalysts \edjoally efficient metal-free
counterparts is very appealing in view of futuresgible applications in non-toxic, low

cost, and more environmentally friendly processesdustrial scale.

Therefore, it's not surprising that in recent yetiis field of research have attracted the
attention of many research groups who are puttkigperdinary efforts in studying and
developing novel and alternative synthetic orgatalgic stereoselective
methodologies:”

In addition, catalysis in pharmaceutical R&D hasrbattracting increasing attention due

to the competitive pressure to reduce drug devedosproost and time, the increasing
2
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regulatory requirements that force the companiedet@lop and study single-enantiomer
drugst*™ and environmental protection laws. The picturedaspleted by the continue

discovery of new practical catalysts from both &rah and industry, that make new
solutions available for productict?’

Catalysis can also be a solution for companies d@natexploring ways to address the
problem of the increasing complexity of the chermieagets. The average number of
manipulations required to synthesize an activerphaeutical ingredient (API) continues

to grow and currently amounts to an average ofyhghetic steps.

In this context, it is clear how the stereoselextreduction can be considerate a
fundamental process and in this chapter the erseiéictive reduction of carbon-nitrogen
double bond promoted by organocatalysts was bréefigussed.

In particular, the FLP (Frustrated Lewis Pair) noetland binaphthol-derived phosphoric
acids in the presence of a dihydropyridine-basedpound were described, while the use
of trichlorosilane for CN reduction will be deepiscussed in the next chapter.

1.2 Catalytic hydrogenation with Frustrated Lewis Riirs

The use of Has a reducing agent for unsaturated substratesysvell known procedure
and it can be considered as perhaps the most iamgocatalytic method in synthetic
organic chemistry. Indeed, hydrogenation catalisithe most common transformation
used in the chemical industry and is employed enptfeparation of scores of commercial
targets, including natural products and commoditst fine chemicalS?'Several studies
led to a number of important developments including transition metal dihydrogen
complexes, transition metal systems that effecthterolytic cleavage of hydrogen and
metal-based catalysts for asymmetric hydrogenatimfundamental importance of these
studies has been clearly recognized by the awartheofNobel Prize to Knowles and
Noyori.

Recent studies have been directed to the explmitati non-transition metal systems for
the activation of K and the subsequent use in hydrogenation. A nawelpromising
approach to the utilization of hydrogen in catadylsas emerged from studies related to

the use of a proper combination of a Lewis acid antewis base, in which steric
3
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demands preclude classical adduct formation, calldstrated Lewis pairs” or
“FLPs”.™n these unique Lewis acid—base (LA-LB) adduct® sheric hindrance
precludes the formation of stable donor—acceptonptexes on account of which these
pairs are kinetically able to promote various uopdented reactions with organic and
inorganic molecules. Their most remarkable reagtivé the heterolytic cleavage of
hydrogen at ambient temperature (Eqg. 1), a protestswas long thought to be the

exclusive characteristic of transition metals.

| X E | X £
= 5 = °
H _ I _H +
N By +  PBu); — N By, PHBUS
| —Fs | _Fs RT | —Fs l —'F5

Equation 1

Computational studies suggest the generation of hasghine-borane “encounter
complex”, stabilized by H--F interactioidin this species the boron and phosphorus
centers are close but fail to form P to B dativexd@s a result of steric congestion.
Interaction of H in the reactive pocket between the donor and aocajies (Figure 1)
results in heterolytic cleavage of;Haccording to the proposal FLPs fulfill a similar
function as the frontier orbitals on transition alst

However very recent computational stuflféof the (quasi)linear P---H-H- - - B activation
mechanism of the system cast some doubt on theespmnding transition state.
According to these new results, a transition statelinear arrangement only appears for
rather large P---B distances over &.%uch values seem to be artificially induced kg th
guantum chemical method (B3LYP) which is well knowm overestimate steric
congestion. With properly dispersion-corrected dgninctional no linear transition
state exists and only one minimum with a ratheydad—H distance of about 1.67Acould
be found. This points to an alternative bimolecutechanism in which jdccess into the
frustratedP---B bond is the rate-determining step. Furtheoretical studies to address

this important question are needed in order ty fellicidate the mechanism.
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Figure 1

Several inter- and intramolecular combinations afky Lewis acid—base pairs were
effectively tested for the heterolytic cleavagehgfirogen. Highly active FLP2-3 of
Figure 2 with a linked design were reported froma ¢lioups of Erker, Repo, Rieger and
Tamm!”

Subsequently, this methodology was exploited inatdfete hydrogenation procedures.
First, Stephan and co-workers reported a strudyubdLinctional phosphine—borariefor
the metal-free hydrogenation catalysis (Figuré®).

X
F F N _Fs
N AN
\@F5
=

Figure 2

Thus, using a catalytic amount Bfand heating to 80—-120 °C under 1-5 atprésulted
in the hydrogenation of a variety of imines in higblated yields. Similarly, th&l-aryl

5
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aziridines were catalytically hydrogenated. Mechaai studies point to the initial

protonation of the imine, followed by hydride tréersto the carbon of the iminium salt

(Scheme 1).
.oy @ J@r
| NP A | A LT’ | A
S // S H Y
F5 F5 F5 F5
R 1* 5% mol R.__H Ph Ph 1* 5% mol Ph_-Bn
~x Hz 80-120°C ~X Ph H, 80-120°C “Ph
Scheme 1

Then, more focus was placed on the developmenttefmolecular and easily available
FLPs for hydrogen activation and relied on the(pestafluorophenyl)borane as the LA
component* Following these initial studies about metal-freéabaic hydrogenation of
imines, the authors thought to use the substratbeabase-partner of an FLP, requiring
only a catalytic amount of tris-pentafluorophengtdme.

Indeed, a series of differently substituted iminese reduced under hydrogen using just
a catalytic amount of B(s)s (Scheme 23:% In case of poorly basic imines, addition of
catalytic amount of sterically encumbered phosplaceelerated the reductions. This
presumably results from the greater ease with wipicbsphine/borane heterolytically

cleaves hydrogen.
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;
R\NH
RhRe
R3P - B(CeFs)s
R = tBu, Mes Ha
r
\E‘l" B(CeFs)3 H, ‘R2U\R3
R2:VR3
H
* B +
) | RsPH| [HB(CeFo)s | R R H .
R HN-B(C4F N HB(CBFS):S]
H-N-B(C4Fo)s R DCSFIs | oo
R, i 3
H R? H R \_/
. RL Catalytic cycle without posphine
Ry H - I
N 2R3
N[ HB(CaFe)s) L
R2 R R} = tBu, CHyPh
R3=H, Ph

Catalytic cycle in the presence of posphine as Lewis base

Scheme 2

Berke and coworkers described the use of 2,2 @&&nrethylpiperidineand 1,8-
bis(dipentafluorophenylboryl)naphthaledeto activate H and to reduce a variety of
imines under mild conditions (Schemé&®).

The Erker group has extended the range of thesectieds, demonstrating that the
specie* acts as a catalyst for the hydrogenation of imareas ketimines under ambient
conditions. 1,8-Bis(diphenylphosphino)-naphthalesred B(GFs); promotes also the
hydrogenation of enaminé&sand silyl enol ethers at 25°C under 2 bar of hydrogrhen
used in high concentrations (Schemé&3).
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\r +
R
HN.
4
_F5
AN
s
Q 5% mol @
RT, Hy 1,5 bar
5
Scheme 3

The potential of this system for applications igrametric synthesis is highly desirable.
Indeed, stereoselective methodologies can be dsigonsidering FLP reductions as a
catalytic version of borohydride reductions.

With this in mind, Stephan studied the catalytidtogenation of chiral ketimines using
tris-pentafluorophenyl borane as a cataffftUsing imines derived from camphor and
menthone, the reductions proceed with high diassalectivity. The reduction of chiral
imines with B(GFs)s resulted in excellent diastereoselectivities whie@ stereogenic
center was close to the unsaturated carbon cqmabably due to the larger effect of
proximity of the stereocenter on the approach efdterically bulky [HB(GFs)3] species.
On the other hand, the presence of the stereogenter close to the unsaturated nitrogen

center had a minor impact on the diastereoselgctwithe hydrogenation. (Scheme 4)
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Ho

.R® .R3
N B(CoFs)3 HJN\
R "R® Toluene R "R3
cat (eq.) T(O) P H; (atm) t (h) yield (%) d.e. (%)
N
0.1 80 5 48 72 36
0.1 25 115 23 100 62

N/'\@ cat(eq.) T(O P H, (atm) t (h) yield (%) d.e. %)
©)H/ 0.1 80 5 48 100 45
cat(eq.) T(O P H, (atm) t (h) yield (%) d.e. (%)
N 0.1 80 5 24 100 65

0.2 80 5 24 100 68

47 — 27 L~ 5
N—R f z HR'T‘ H
d.e. >99% d.e. >99%

Scheme 4

Once again, the imine acts as base partner fogmB)Y$to perform the heterolytical H
cleavage. The resulting anion [HB&s)s] then transfers the hydride to the carbon-atom
of the iminium cation affording the amine and regrating the initial borane which is
then available for further reduction. By using cémpmines and menthonimines, the
hydride-transfer from [HB(6Fs)3]” to the corresponding iminium cation proceeds
approach of the anion toward one of the two diastepic faces of the iminium cations.
Finally, an important development has been madelankermayer, who developed
asymmetric FLP hydrogenation with a sterically cded chiral borane as Lewis acid
(Scheme 5). In preliminary effort to perform an mn@selective catalytic FLP
hydrogenation a chiral borar®was used to reduce a ketimine. In early experiments
employing a pinene-derived chiral catalyst, asymimmegduction of imines was achieved,
although with low enantioselectivity (13% &&}.
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In a very recent work, this group has extended skriategy, developing chiral borane
catalysts for the enantioselective imine reductiath enantioselectivities as high as
849"

20 bar H,

Cat 6 (0.1 eq.) HN : HN : g;v
+ e, H
©/U\ Toluene, 65 °C, 15 h ©/\ @A BCaF o,

yield >99% ee = 13%

6
H
E B(Cer)z M ZB(CeFa), M
—_— > 7 + ’
B(CeFs), @ ~B(CeFs)2
H
+ +
tBusPH tBusPH
7 8 9 8 9
R!=Ph
R2= 4—MeO—CeH4
R2 25 bar Hp R2 R2 yield >99% ee = 81%
N Cat 8' (0.05 eq) NH .\ NH
R1J\ o R1J\ R1J
Toluene, 65 °C, 15 h R' = 2-Naphthyl
R? = 4-MeO-CgH,
yield = 96% ee = 83%
Scheme 5

The hydroboration of a 2-phenyl bicyclohepten& derivative using
bis(perfluorophenyl)borane (Scheme 5) in toluenepentane gave the diastereomeric
boranes8 and 9 in a 20:80 ratio as confirmed by multinuclear NMiRectroscopy
Treatment of am-pentane solution of the borane mixt@&and9 with hydrogen at 25°C
in the presence of ttert-butylphosphine resulted in the precipitation ofoodess solid

in 53% yield. Multinuclear NMR spectroscopy confedhthe product to be a mixture of
the activated FLP salt8 and 9 after the hydrogen splitting isolation of the
diastereomerically pure compounds through kindgicantrolled product formation.

Then, with the chiral compound® and 9'in hand, the catalytic hydrogenation of

prochiral imines was investigated. In the presesfc® mol% catalyst(1:1 mixture of the

10
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two diasteoisomers) at 65°C and 25 bar hydrogemeiiN-(1-phenylethylidene)aniline
was transformed into the corresponding secondanmpeamith an enantioselectivity of
20%ee The use of the diastereomerically pure saltsatalysts for the hydrogenation
process gave more encouraging results. By u8indull conversion into theS product
was achieved in 48% ee, whiéled to theR enantiomer with a higher enantioselectivity
of 79% ee.

These results represent only the beginning of © yeomising are&” the
investigation and the development of highly steebmdive metal-free catalytic
methodologies, based on the general concept of &ffization of hydrogen and other

small organic molecules.

1.3 Enantioselective reductions promoted by chirgbhosphoric acids

The electrophilic activation of a substrate by nseaha Brgnsted acid is certainly the
most straight forward and common approach usedréon@te a reaction and hence
Brgnsted acids have been widely utilized as efiicieatalysts for numerous organic
transformations. However, the synthetic utility af Brgnsted acid as catalyst for
stereoselective reactions has been quite limited necently (Figure 3). It was generally
accepted that the Brgnsted acid must have a “pidtehcharacter to effectively activate
a substrate and the conjugate bas@ bAs any effect in the stereo- and regioselective
formation of products but only influences the cgialactivity.

Thus, in the past decade, research has focuselirah Brgnsted acid catalysis, in which
enantioenriched products are obtained using a wtiatahmount of a chiral organic
molecule bearing an acidic functionality. The keydbtain enantioselective catalysis
using a chiral Brgnsted acid is the hydrogen bandieraction between a protonated
substrate (Sub-Hl and the chiral conjugate base (AtFigure 3). Therefore the organic
transformations proceed under a chiral environnegdted by the chiral conjugated base
(A*7), which exists in the proximity of the substraterough hydrogen bonding

interactions.

11
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Catalysis by superacid

little interaction

\
HA A . -
Substrate —— / — Product high activity

sublllllH+

HA: Brensted acid, A" uncoordinated conjugate base

Catalysis by chiral Brensted acid
. -

H
Substrate —— SubwH*wA* [ Product high selectivity

%

hydrogen bonding
| interactions

HA*: chiral Brgnsted acid, A*": chiral conjugate base

Figure 3

In this contest, phosphoric acids attracted muténabon because they are expected to
capture electrophilic components through hydrogending interactions without the
formation of loose ion-pairs thanks to their relaly strong but appropriate acidity (for
example pK of (EtOLP(O)OH is 1.39)

The phosphoryl oxygen would function as a Brgnsi@sic site and, in this way, it can be
anticipated an acid/base dual function even forafamctional phosphoric acid catalysts.
The introduction of a ring structure can prevert fitee rotation at tha-position of the
phosphorus centre and exert steric hindrance. dftasacteristic cannot be found in other
Brgnsted acids such as carboxylic and sulfinicsacid

Substituents (STG) can be introduced on the rirsgesy to provide a chiral environment
for enantioselective transformations (Figure 4).

Therefore an efficient substrate recognition situld be constructed around the
activation site of the phosphoric acid catalystmaly the acidic proton, as a result of the

acid/base dual function and stereoelectronic imiteeof the substituents.
12
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10a: X=H

10b: X=Ph

10c: X=4-NO,-phenyl

10d: X= 4-B-naph-phenyl
10e: X= 4-Cl-phenyl

10f: X= 3,5-(CF3),-phenyl
10g: X= 3,5-dimesityl-phenyl

Stereoelectronic effect

Bransted basic site

Brgnsted acidic site

Stereoelectronic effect

Stereo-controlling group

g

X
(LT,

10h: X= 1-naphthyl
10i: X=2,4,6-(i-Pr)s-phenyl
10j: X= 9-anthryl

10k: X= 9-phenanthryl N4
10l: X= biphenyl O/ \O\H
10m: X= 2-naphthyl OO
10n: X= SiPh, C X
Stereo-controlling group
Figure 4

Binaphthol (BINOL) is well known molecule havin@, symmetry, whose derivatives

have been extensively used as chiral ligands foralmzatalysis. Thus, the BINOL

derivatives were selected as chiral sources torassethe catalyst with the advantage

that both enantiomers are commercially availabkk raumerous protocols for introducing

substituents at the 3,3’-position of the binaphtbgtkbone are known. A few examples

of (R)-BINOL-derived phosphoric acids developed in thst lfew years as catalysts for a

great number of reactions are reported in Figufd 5.

In 2005 Rueping’'s group reported the first enamsliestive Brgnsted acid-catalysed

reduction of ketimine§® The authors reported several derivatives bearitjcaprotons

for catalyse the reduction of imines under hydregansfer conditions with Hantzsch

dihydropyridine as hydride source, envisioning dalggic enantioselective process.

Phosphoric acidOf was selected as best performing catalyst, showagsteric as well

13
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as electronic effects play a role in this transfation. No reaction was observed in polar
protic media while the best yields and selectisitigere obtained in benzene (68-84%ee,
Scheme 6).

R

GC O, O

Y3l

0" “oH
N R Et0,C CO,Et OO (20mol%) H[;,’R
R')J\ + /\(N\/l( > R'/\
H

Benzene, 60 T

R = 3,5-(CF3),-phenyl  R'=2-F-phenyl R"=PMP  82% yield, 84% ee
R'= 4-OMe-phenyl R"=PMP 76% vyield, 72% ee

Scheme 6

As shown in Figure 5, the ketimine was activatewulgh protonation by the Brgnsted
acid affording iminium ionA. The hydrogen transfer from dihydropyridine yieltie
chiral amine and pyridinium saR, which undergoes proton transfer to regenerate the
phosphoric acid. In the proposed transition sthtketimine is activated by the Brgnsted
acid and the mechanism proceeds through nucleogdtition from the least hinder&d
face, because aryl group shields Reface.

o} 0 ArO, ,O R
Et0” OEt A0 OH M

Figure 5
14



Chapter | - Enantioselective Organocatalytic Re¢uts of C=N Double Bonds

Parallel and independent studiesconducted by kigiied in the development of new
catalystd®!indeed, a differently substituted catalystl0i (R)-3,3"-bis(2,4,6-
triisopropylphenyl)-1,1’-binaphthyl-2,2’-diyl  hydgen phosphate (TRIP)), under
optimized condition, performed better than the oeported by Rueping in terms of
shorter reaction times, higher yields and ee valg@s98% vyields, 80—-93% ee) and lower
catalyst loading. Moreover, this catalyst was alsed in the reduction of aliphatic
ketimines with high enantioselectivity.

This work also reported the first enantioselectbrganocatalytic reductive amination.
Acetophenone was first treated with 4-OMe-anilindghie presence of molecular sieves,
followed byin situ reduction catalyzed by TRIP. Finally, oxidative waral of the PMP
group with cerium ammonium nitrate afforded theresponding primary amine in very

good yield and enantiomeric excess (Scheme 7).
1) PMP-NH,, 4 A MS, toluene, RT, 9 h
O NH>

2) ethyl Hantzsch ester, TRIP (5 mol %),
©)J\ 35°C,45h (92% yield) . ©/'\
3) CAN, MeOH/H,0, 0 °C (81% yield)

88% ee

Scheme 7

More recently, MacMillan’s group properly explordatiis organocatalytic reductive
amination and reported the use of the ortho-triglséliyl phosphoric acidlOn, in the

presence of MS 5 A, to promote the coupling betwesgtophenone and 4-OMe-aniline
in high conversion and with excellent levels of mi@control at 40 °C (87% vyield, 94%
ee)®? The scope of this reaction is quite wide, as @etaof substituted acetophenone
derivatives can be successfully employed, includitertron-rich, electron-deficient, as
well asortho, metaandpara substituted aryl ketone systems. Moreover, alsthyhalkyl

ketones proved to be suitable substrates (Schemét & noteworthy that this last
example highlights a key benefit of reductive armoraversus imine reduction: in this

way also the unstable imines derived from alkaneves® reduced.

15
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)
P

0~ “OH
N2 OO (10 mol %) PMP
0 R ‘

g EtOQC/\(ICOZEt HN
' + + | | > l/:\
R Benzene, 40-50 °C, 5AMS, 24-96 h ~ °

N
OMe

R =SiPh; R'=4-Me-phenyl 79% vyield, 91% ee
R'=4-NO,-phenyl  71% yield, 95% ee
R' = Et 71% yield, 83% ee

Scheme 8

The reduction of the pyruvic acid-derived cyclicimm ester was also reported with
excellent enantioselectivity. However, when aliph&etone was exposed to the same
reaction conditions, a dramatic decrease in bo#ldyiand enantioselectivity was
observed. More specifically, imines that incorperat methyl group are predicted to
undergo selective catalyst association whereinGh#&l Siface is exposed to hydride
addition. In contrast, the ethyl containing sulistres conformationally required to
position the terminal Cklof the ethyl group away from the catalyst framewdhereby
ensuring that both enantiofacial sites of the iommitTesystem are similarly shielded
(Figure 6).

H
N_R  E0OC COOEt H R
N 00

(O N® H
R=Me 82%y; 97% ee

R=H 27%Yy; 79% ee
RR

Sy
s

g 'O O =H Siface exposed

O OH Q =Me Si-face blocked
OO Nso
Si
RRR @o

Figure 6
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This example suggests that this catalyst is gesléricelective for the reduction of
iminium ions derived from methyl ketones. Similarllge system was successfully tested
in the amination of thpara substituted aryl diketone reported in Scheme i8:ghbstrate

underwent chemoselective reduction with a 18:1epegfce for reaction at the methyl

ketone site.
_PMP
0 10n (10 mol %) HN
ve EtO,C N CO,Et PMP-NH, Me
Et
N benzene, 40 °C, Et
0 H 5AMS, 72h o

85%y, 96% ee

Scheme 9

While it is obvious that aldimines cannot undergect enantioselective reduction due to
the formation of an achiral product, List's grouigabvered an interesting variation on
this theme with the direct reductive amination bfral a-branched aldehydega an

efficient dynamic kinetic resolution (DKRY Under the reductive amination conditions
an a-branched aldehyde undergoes a fast racemizatitimeipresence of the amine and
acid catalyst via an imine/enamine tautomerizatidre reductive amination of one of the
two imine enantiomers would then have to be fastan that of the other, resulting in an

enantiomerically enriched product via a dynamickimresolution (Figure 7).

0 _R® _R® RS
R% A S G |
“H,0 \‘/LH Z > H < H
R? R2 R2 R2
racemization
H.+ R®
NR -
1| X
R
HX* H
R2
R1
N NHR3
R2
HH
R502C)ITIOZR4 R%0,C.__X__CO,R*
| ||
—
N
N H
Figure 7
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TRIP once again turned out to be the most effe@ivé enantioselective catalyst for this
transformation and provided the chiral amine prodaoc50% yield with enantiomeric
ratio equal to 84:16, which could be raised to 8yigéd and 96% ee under optimized

994
Y

Pl

O~ "OH
NH, OO (5 mol %)
R’ CHO t—BUOZC COZMe R R'\/\ _PMP
\r + + | H N
H benzene, 6 °C, 5 AMS, 72 h -
OMe

R =2,4,6-(i-Pr)s-phenyl  R' = phenyl 87% yield, 96% ee
R'=2-naphthyl 96% yield, 96% ee

conditions (Scheme 10).

Scheme 10

The efficient removal of water formed during th@aeon seems to be important as the
enantiomeric ratio improved considerably upon ugin§ molecular sieves; furthermore,
oxygen-free conditions are required to avoid theegation of acetophenone amdormyl
anisidine.

In 2007, You extended the use of chiral phosphadics for the hydrogenation of
imino esters and their derivatives, also reporthrggsynthesis of a gram scale samyite
this methodology**With the best performing catalystl(j) and under optimized
conditions, the reaction scope was examined. It otmerved that the enantioselectivity
was highly dependent on the steric size of ther egtmup. High ee were obtained with
substrates bearing bulky ester groups suchRrsandt-Bu, whereas only 33% ee was
given for the methyl ester substrate. In additisayeral substituted phenyl isopropyl
esters containing either electron-donating or ed@etvithdrawing groups were tested and
all of them led to good yields and excellent eehébee 11). However, a low reactivity

towards the alkyl-substituted imino ester was olosebr
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PN

0" “OH
PP EtOQC/\(ICOZEt OO o (10mol%) PP
. Rll -+ | | '*/‘\H/R"
R )kff N toluene, 60 °C. 48 h R

O O
R = 9-anthryl R' = phenyl R" = OMe 85% yield, 33% ee
R' = phenyl R"=0i-Pr  87% yield, 97% ee

R' = 4-Cl-phenyl R"=0Qi-Pr  95% yield, 98% ee
R'=4-OMe-phenyl R"=0i-Pr 94% yield, 97% ee

Scheme 11

Later, Antilla and co-workers reported the organmalgéic reduction process in the
enantioselective synthesis of protectaeamino acid$® Using a VAPOL-derived
phosphoric acid, readily availabla-imino esters were efficiently reduced to the
corresponding amines with stoichiometric amountsHaintzsch ester. Notably, the
VAPOL derivative gave excellent results, as weltma small library of alternative chiral
phosphoric acid catalysts. The scope of the readsiguite general: imino esters derived
from both aromatic and aliphaticketo esters could be transformed smoothly. However
the analogous reductive amination process involvingitu imino ester formation is
inefficient and selective only when the startingtenials bear aliphatic substituents

(Scheme 12).

PMP
HN

OEt
0]

93% yield, 96% ee

Scheme 12
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Three years later, List’'s group reported the fiiialytic asymmetric reductive amination
of racemic a-branched ketones using dynamic kinetic resolut@KR)®®. This
methodologies was used with a variety of differembstituents whilst maintaining
excellent enantioselectivity. Simple alkyl-subgei substrates are particularly reactive,
requiring low amount of catalyst, while stericathore-demanding substrates, as well as
aromatic substrates, requires lightly higher catalyadings. Even chlorine is tolerated in
thea position, and, by employing 2.4 equivalents of iHantzsch esten,-unsaturated,
a-branched ketones can be also converted into thieedeproduct in reasonable yields

and excellent selectivity (Scheme 13).

R
X,

z

Sp7

o "OH PMP
9 NH: OO (molw) N
R’ EtO,C CO,Et R R'
N cyclohexane, 50 °C, 5 AMS, 72 h

OMe H
R = 2,4,6-(i-Pr)s-phenyl R’ = Me 82% yield, 5:1 d.r., 86% ee
R'= 1-cyclohexene 63% yield, >99:1 d.r., 96% ee
R'=CI 96% vyield, 10:1 d.r., 96% ee
Scheme 13

During the same year, Wang and co-workers repotieel first examples of
enantioselective transfer hydrogenation of unptetécorthohydroxyaryl alkyl N-H
ketimines using chiral phosphoric acid as a cataysl Hantzsch ester as the hydride
sourc&”). The hindered)-3,3"-bis(triphenylsilyl)-substituted phosphoriciditurned out
to be the most effective in terms of stereoseldgtiand benzene was the best reaction
medium. Under optimal conditions, authors isoldteslunsubstituted amine in 94% yield
with 92% ee, while the presence of either an aeetvithdrawing or an electron-
donating group at C-3, C-4, and C-5 positions ¢ "#romatic ring did not affect
significantly the enantioselectivity (Scheme 14).id remarkable to observe that
previously onlyN-Ar imines derived from acetophenone were usedulstgates in this

highly enantioselective phosphoric acid catalyzedhodology.
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0~ “OH
OH NH  tBuo,C CO,t-Bu OO o (Bmol%) OH NH,
1 \ + /\(I > N \
R'—— N benzene, 50 °C, 72 h R'——

= H =
R = SiPh; R'=H 94% vyield, 92% ee
R' = 4-Me 93% vyield, 96% ee
R'=5-Br 97% vyield, 90% ee
Scheme 14

NMR studies showed that phosphoric atfih is able of breaking the intramolecular H-
bond between the phenolic O-H and the imine nitnoged activating the imineia the

formation of an intermolecular H-bond with the imimitrogen. Consequently, authors
proposed the transition state A shown in Figuret@&rein the phosphoric acid formed H-
bonds with both the hydroxyl and the imine functioof the substrate. The hydride

transfer occurs from thieeface of the imines and lead to amines v@itonfiguration.

.- H Re-face attack

Figure 8

One important breakthrough in the field was achiebg Antilla and Li in 2008%, who
reported the asymmetric hydrogenation of enamid#svigh enantioselectivity by using
chiral phosphoric acid catalysis. Although the the amination of ketones and the
hydrogenation of ketimines catalysed by chiral Bted acids have already been reported
with high enantioselectivities, these reactionsenenited to aniline and its derivatives.
As a result, the deprotection of the amino groupelatively difficult and make these

methods less synthetically appealing. On the contraonsideringN-acyl enamide
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substrates, the acyl group can be easily removeddristandard procedures in good yield.
The catalytic strategy to couple the phosphorid agth a suitable achiral weaker acid
allowed to facilitate iminium formation, which isactive in the hydrogenation step, and

to achieve a significative increase of yield withlass in enantioselectivity (Scheme 15).

Rl

C‘ 0.0

'\

OO 1 mol %
' ( 0)

KAc EtOzCIICOzEt AcOH (10 mol %) NHAc
R N toluene, 50 °C, 15 h R

H

R' = 9-anthryl R = 4-OMe-phenyl 96% yield, 95% ee
R = B-naphthyl 99% vyield, 92% ee

Scheme 15

In the hypothesized catalytic cycle, the enamidesomerized in the presence of catalyst
and acetic acid to the corresponding imine, whicadtivated by the acida the iminium

intermediate. In the following step, only chiral gsphoric acid is active enough to
catalyse the hydrogenation of the imine, while #uoetic acid maintains an adequate

concentration of iminium intermediate (Figure 9).
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o NHAc
Et0,C._~ - COsE NHA RO-P-OH + AcOH PR X
| ¢ | 1
P + * OR
HaC° N CHj3 Ph 2 CHs catalyst
RO\PIP o
RO/ 0@ ACO_@
NHAc _ _ NHAc

Ph/LCH;; P~ “CHs

Figure 9
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CHAPTER II
Silicate-mediated Stereosel ective Reductions

Catalyzed by Chiral Lewis Bases

The chemistry of penta and/or hexavalent silicompounds has recently attracted much
attention because of the possibility to developaoogatalysed enantioselective reactions
in the presence of cheap, low toxic and environalefiiendly species such as
hypervalent silicate€® Even if the discovery of silicon compounds witkeaordination
number greater than four dates back to 1809, wiemdduct Sif~ 2 NH; was reported
by Gay-Lussa&® only in the last forty years the distinctive reédity displayed by penta-
and hexavalent silicon compounds has been incggsstudied, and organosilicon
compounds have become more and more importanhiatiates in organic synthe&s.
More recently, the possibility to develop organabatc silicon-based methodologies has
given even new impulse to the studies in this fi&lde tremendous growth of the interest
in what is currently referred to as the "organodgéitl approach toward enantioselective
synthesis, is strongly indicative of the generatedion toward which modern
stereoselective synthesis is moving.

In the last few years, stereoselective versionsewkral reactions promoted by silicon-

based catalysts have been develdffédspecially promoted by hypervalent silicate
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intermediates used as chiral Lewis bd&&8Before entering in the discussion of these
different reactions, it is important to summarike tmechanism that is responsible of the

formation of silicon hypervalent states.

2.1 Hypervalent bonding analysis

The theory of acid—base interactiopgneered by G. N. Lewis at the beginning of the
20th century, provides the basis for the state rawkedge about hypervalent silicon;
indeed, hypervalent compounds are adducts gendsgtad interaction between a Lewis
base and a Lewis acid.

When a Lewis base interacts with a Lewis acid, & bend is formed, because of the
interaction between the two molecules; citing LeVtige basic substance furnishes a pair
of electrons for a chemical bond; the acid substaaccepts such a pail*? Related to
Lewis's definition of the acid—base interactiore dttet rule defines that each atom must
have eight electrons in its valence shell, givinthe same electronic configuration of a
noble gas. Generally, when the formation of an-dwade adduct is favorable, the donor
and acceptor atoms reach their octets throughottmeattion of a dative bond that leads to
enhanced thermodynamic stability. In this way, erélase in the reactivity of the acid and
the base occurs, by a reaction called neutralizatio

However, there are also many exceptions to Lewssiraptions about the octet rule,
where stable acid—base adducts show enhancedvigadis in the case of hypervalent
silicon species. Lewis base, at variance from aifeacid, can indeed enhance its
chemical reactivity by modifying the nucleophilicior the electrophilicity of molecules,

by modulating their electrochemical properffek.

In a reaction catalyzed by a Lewis base, the rateaxtion is accelerated by the action of
a catalytic amount of an electron-pair donor onebattron-pair acceptor, that could be
the substrate or a reagent. The binding of the &dwise to a Lewis acid generates a
transfer of electron density from the base to ttid,aand a new adduct is formed. This
electron transfer is the principal factor respolesidf the chemical reactivity of a Lewis
base. The most common effect of this transfer ésethhancement of the nucleophilicity

of the acceptor, but in some rare cases, the hlgndina Lewis base enhances the
26



Chapter Il — Silicate-mediated Stereoselective R&dns Catalysed by Chiral Lewis Bases

electrophilic character of the Lewis acid. To vigethis concept clearly, it is important

to examine the nature of the newly formed dativedbo

In this respect, Jensen has classified all theilplesy/pes of interactions on the basis of
the involved orbitals, and nine type of bonding mireena were identified® They are

shown in Table 1.

Acceptor
Donor
n* o* n*
n n-n* n -o* n -mn*
o o -n* o -o* o -n*
T n-n* n -o* m -m*
Table 1

Although each of these combinations could repreagmbductive interaction, in practice,
only three of these interactions are significarteims of catalysi¥’”

These are the:

interaction between nonbonding electron pairs arttb@nding orbitals witht character
(n—t* interactions),

interaction between nonbonding electron pairs arnidanding orbitals withs character
(n—o* interactions),

interaction between nonbonding electron pairs aadant nonbonding orbitals (n—n*
interactions).

The first one is the most common interaction argtegents almost all the examples of
Lewis basis catalysis. The nonbonding electronspair the donor interact with the
antibonding orbitals withn character, contained in alkynes, alkenes, carlsonyl
azomethines, or other common unsaturated functigmalps. One example of thisat—

interaction is the 1,4-addition tgB-unsaturated compounds (Scheme 16).
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)OL LB (Lewis Base) o X j\ Nu )OL
LB
O o O NU O
R LB (Lewis Base) RTX - X R R
JI | 5 |
X *LB” "X LB* LB Nu
Scheme 16

The second and third interactionsgh-and n—n* are less known, but activate the dative
bond in the same way. The difference is correlatdtie type of acceptor orbital involved
in the interaction; in the case of boron and offreup 13 elements this is an n* orbital,
whereas, for group 14 elements, is*aorbital. An important requirement for these types
of interactions is that the Lewis acidic acceptarsirbe able to expand its coordination
sphere giving a “hypervalent” stdf€. When the dative bond is formed, the preference of
nucleophilic or electrophilic character of the nepecies depends on the polarizability of
the new generated bond, as predict by Gutmann &alpinalysid’® When an acid-base
adduct is generated, the electron density in tloegor fragment increases. However, its
distribution is not equal among the constituentretpso the redistribution of the electron
density in the adduct to compensate the electrdménges results in the lengthening of
some bonds, and the contraction of other bondsa A®nsequence, the coordination
number of the Lewis acid increases, and an expartfithe coordination sphere occurs
(Figure 10).
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L i L
\ ] /
L\“P QD o D
L ' L
Lewis Base Lewis Base
k ! B
Lo o X : Lo XX
R T TR
L)X X i X L)X
| ' |
- A ~ : - A C
increased increased X X | X 3(X increased increased
negative positive ! negative positive
charge charge Group 13 E Group 14 charge charge
Lewis Acid ! Lewis Acid
+
+
L. X L X
D-A X L D-AZX X
If X L X
cationic Lewis Acid cationic Lewis Acid
Figure 10

Support to this conclusion can be derived from watons performed with relevant
Lewis acid-base adducts of silicon tetrachloridehgne 17). Gordon and co-workers
have studied the binding of chloride ion to Qi@ form penta- and hexacoordinate
silicates at the 6-311G(d,p) level of theory and observed changes in Hendths and
electron densities consistent with the Gutmann yaisf® The addition of the first
chloride ion is exothermic by 40.8 kcal/mol, butpma interestingly, leads to an increase
in the partial positive charge at silicon by +0.0B1corresponding increase in the partial
negative charge at the chlorine atoms accompahieshange. A greater degree of the
negative charge accumulates at the axial chlotiomswhen compared to the equatorial
chlorine atoms due to their involvement in a hypéant three-center/four electron bond.
Binding of the second chloride ion, although now emdothermic process by 48.3
kcal/mol, further accentuates this polarization,tlas partial positive charge at silicon
increases by another +0.310 kcal/mol.

Thus, the polarization of the adjacent bonds inntfe¢al fragment of the adduct leads to
ionization of one of the other ligands and generatif a cationic metal center.
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- 2.
Cl cr Cl cr o % el
Si=Cl cl—sisCl SSis
ClI” i e cIm g
Cl
q(Si) = +0.178 q(Si) = +0.229 4(Si) = +0.539
q(Cl) = -0.045 d(Cl)eq = -0.139 q(Cl) = -0.423

Q(Cl)ay = -0.430

Scheme 17

Contrary to carbon (its first row group 14-analogulicon displays the ability to form
more bonds than the four necessary for fulfillihg bctet rule: in the presence of donor
molecules or ions it is possible the formation iwéf, six- and even seven-coordinated
silicon species, some of which have been isolatedoa characterizeld”

In order to explain this behaviour, two main diffiet theories have been formulated: the
first invokes the participation of the silicon 3dbials in the expansion of the
coordination sphere; the second proposes instsaetalled “hypervalent bonding”.

The first theory asserts that in the five-coordedaspecies the silicon orbitals would have
a spd hybridization (with trigonal-bipyramidal geometryvhile in the six-coordinated
species the hybridization would bedp(with octahedral geometr{??

The reduced s-character of the silicon orbitalgsh@ hypercoordinated species would

explain their increased Lewis acidity and the tfanef electron density to the ligands.

Participation of 3d orbitals

| Cl Cl
R=HorC gi L n_diCl - RLL
l ot Cl
silicon orbital hybridization sp? sp3d spd?

5" at silicon - §” at ligands - Lewis acidity of silicon - R nucleophylicity
Charges on silicon atom are omitted for clarity

Figure 11
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The second theoretical approach in contrast, mulgghe participation of the 3d orbitals
in the bonding process and hypothesizes instead-@alked “hypervalent bonding”
(Figure 12)°*

The ability of main-group elements to form composinghich appear to break the
Langmuir—Lewis octet rule was originally explainbg invoking an availability of d
orbitals (such as 3d for silicon) by using an agglto transition-metal complexation.
However, silicon is not a transition metal, andsithow generally accepted that the 3d

orbitals on silicon are too diffuse to engage iramegful bondind>?*!

"Hypervalent" bonding

cl Cl Cl
4 L .o b o, -Cl
R,SI‘~C| - R'SI~CI - = SI~C|
Cl L L
silicon orbital hybridization sp® sp? sp

5* at silicon - §™ at ligands - Lewis acidity of silicon - R nucleophylicity

= normal covalent bond (bonding site for G-donors)

"hypervalent bond" (3-center-4-electron, bonding site for G-acceptors)

Hypervalent bond's molecular orbitals (linear combination of atomic orbitals)
|/
L=— Sli—L

QD@O ——  LUMO

Q - Q - Howo
QO

Figure 12

The ability of silicon to expand its coordinatiophgre (leading to hypervalent bonding)
is due to the ability of the silicon 3p orbitalséngage in electron-rich three-center-four-

electron bonding. Therefore the formation of a pent hexa-coordinated silicon species
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would involve respectively one or two 3-center-dedton molecular bonds, each formed
by a silicon p-orbital and two p-orbitals of elestegative ligands featuring a relative
trans-disposition. An important consequence is timm-equivalence of the ligand
positions in five- and six-coordinated silicon sps¢ thes-acceptor ligands preferring
“hypervalent” bonds and thedonors forming preferentially normal covalent bsmdth
the sg (for pentacoordianted compounds) or sp (for hesatinated compounds) silicon
orbitals.

The presence of hypervalent bonds imposes someostegmical constraints (like the
trans-disposition of the most electronegative ligands] allows to formulate predictions
about the positions of the other ligands on theisba$ their electronic properties.
Accordingly, the number of possible configuratiafighe silicon ligands to be considered
in the elaboration of a stereoselection model taaly restricted, as shown in a recent

paper by Denmark and co-workét¥!

Both theories are helpful in the interpretation tfe fundamental properties of
hypervalent silicon species, that clearly distisutheir reactivity from that of four-
coordinated compounds, such as the increased lasigy of the silicon atom and the
transfer of electronic density to the ligands, whmonfer to silicon-bound R groups
(carbanion or hydride equivalent) marked nucleoplpfoperties. The hypervalent silicon
species involved in synthetically useful processesgenerally formed in situ by reaction
between a four-coordinated species and a Lewis basehat is often called the
“activation step™°% The so-formed five- or six-coordinated silicon cips is able to
promote the desired reaction in a catalytic prodedse base can dissociate from silicon
after the product is formed.
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+
Cl

Cl 3 _
R_I _LB Nu

>sit ——4—  (sB}Nu Pathway a
LB

7

6+

SB
"Activation" step
Cl 3 Cl
i nlB R_I_LB
RS-l ———~ LS
' n=1.2 & @ —— (sB}r Pathway b
HS
R =-H, -alkyl, -allyl,
-enolate etc.
= i 5t
LB = Lewis base i +Cr
= substrate 3 R_Y_LB
LB~ i _ R Pathway c
Nu—= nuclophilic reagent (|:| Cl
Figure 13

Three general types of reaction mechanism can isaged depending on the role of the

hypervalent species (Figure 13):

the hypervalent species (HS) may act as a Lewid accepting the lone pair from

substrate and thus activating it towards the attdckn external nucleophile (Figure 13,
pathway a);

a nucleophilic silicon ligand is transferred to thabstrate which is not coordinated by
silicon (Figure 13, pathway b);

the hypervalent species coordinates the substateférring at the same time one of its

ligands to it (Figure 13, pathway c).
In the last case both of the peculiar propertielyplervalent silicon species are exploited

at the same time. When a mechanism of type operating, the cyclic transition state

allows an efficient control of the relative stereemistry of the product.
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This classification should be helpful for a moremediate comprehension of the
mechanicistic details that are discussed in tHevmhg sections, where the mechanism of
several reactions promoted by hypervalent siliqueties is reported.

Reductions will be discussed first, followed by hlxar-carbon bond formations and
opening of epoxides and other miscellaneous reactibrimethylsilyl cyanide addition to
carbon-nitrogen double bonds will not be discusdsause the mechanism of this

reaction is not fully understodd(.>*

2.2 Stereoselective C-H bond formation

The use of chiral Lewis bases offers the possytititcontrol the absolute stereochemistry
of the process and it has been widely exploredha last few years, leading to the
development of some really efficient catalytic pials. The catalytic systems able to
coordinate trichlorosilane and promote stereosekeatductions may be classified as
amino acid derivatives which may be historically considered the firsasd of
compounds developed as chiral activators of tricigitane,amino alcohol derivatives
a second class, deeply investigated in the venyféag years andther Lewis basic

compounds

2.2.1 Reactions catalyzed by amino acids-derivschicLewis bases

In 1999°® and 2008” Matsumura reported the first examples of sterectiek
hydrosilylation with HSIG and §)-proline derivatives as effective activators. Tdes
works can be considered as a milestones for therasyric reduction of ketones and
imines using HSiGlas reducing agent and paved the road to the systhiesther related
systems. Since then, considerable efforts have lesoted to the development of
efficient catalysts for the reduction of carborraien double bonds, and remarkable
progress has been made.

Indeed, Malkov and Kaovsky reported one important improvement in thddfief
asymmetric reduction with HSi¢;ldeveloping the first highly selective catalyst the
reduction ofN-aryl aromatic ketimine (Scheme 1[§3J.They identified as organocatalyst

of choice the $-valine-derived type 1, commercially availablecgar?009. The authors
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proposed a transition state model in which theailiatom is coordinated by the two
carboxamide groups and a key catalyst-substrateéobggd bond is responsible for
binding of the substrate. Thé-aryl groups is believed to play an important rmlehe
stereocontrol because it should be involvead-in stacking interaction between catalyst
and substrate (see picture reported in Scheme 18).

Over the years, Malkov and Kavsky reported a detailed investigation of the otidu

of huge number of imines bearing aryl, heteroang aliphatic substituents, focusing on
the use of best catalyst, the Sigam{dat. 119. In all cases good to excellent levels of
enantioselection were achieved, as evident in 2368 perspective, in which they clearly
described their contribution to this fiefd. Sigamide has also been shown to be
applicable, with high enantioselectivities and goaelds, to the reduction af-chloro

ketimine€® and a variety of-enamino esters and nitril&%.

HSICl, R
R2 cat (10mol%) ~ HN™ 2

—_—
R1/k 1tghﬁerF]fT. R1/k

Ry= Ph, 4-MeOC4H, 2-naphth, 2-MeCgH, cCgHy1 4-CF5CoHy, iPr, Ph-CH=CH

R,= Ph, 4-MeOCgH, 3,5-tBu,CgH3 3-MeCgHy 3,5-Me,CoHs

R - \
H,
/%/N& c, ¢
© 0--3 i—H@
_N_O A "~ , \CI\/L
T oy L N
cat.: 11 a-c /H N/H @

a:R=Me < 92%ee R@R proposed TS

b:R=iPr <94% ee
c.R=1tBu < 95%ee

Scheme 18

Recently two new )-valine-derived organocatalysts (Scheme 19) bgaanbulky

aromatic substituent at the amidic nitrogen wenettsized®® The efficiency of the
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new compounds was tested in the reduction of abetagne-derived ketimines, showing

a slightly inferior result compared with that of&mide.

HSiCl5 JAr H R
N cat (<5 mol%) HN ‘N O
)L toluene R /LR R
R R, 16 h, R.T. 1 2 (0]
o O
-
<91% e.e. f
cat.12aR=H
cat.12b R=Me

Scheme 19

Eventually, a number of functionalized Sigamideiddives have been prepared to
facilitate the recovery and reuse of catalysts (Fégl4). Recovery strategies that have
been employed include attachment of the cataly#utoinated tags (enabling recovery
by filtration through a pad of fluorous silic& traditional polymeric Merrifield, Wang,
Tentagel and Marshall resiffd, gold nanoparticlé®’, block polymethacrylate
polymers®® and third generation dendrofi€.In all cases, detailed comparisons were
made of the results obtained with the recoveraddgents and those with conventional

solution-phase reactions.
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o 3 S.
NN o s Bu
CeF14 W//
HN HN

/NYO up to 92% ee _N_O
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HN
/%/&O H
/N\'&O up to 82% ee o
o H N :
~.-Dendron HN 0O
HN Merrifield, Wang, TentaGel, /g/go
/H/&O

up to 84% ee

Marshall, Extended Merrifield
/N\'&O up t0 92% ee
N
- \fo up to 94% ee H
H Polymethacrilate Block Polymer

Figure 14

Sun also gave a great contribution to this fielelyedoping novel class of catalysts for the
enantioselective hydrosilylation of ketimines. Hpaorted §-proline-derived catalyst3
obtaining high vields and moderate to high enaetixgivities®”’ Moreover, he
developed the first catalyst derived from (L)-piplgic acid Cat. 14, able to promote
the reaction with high yields and enantioselegtigihd, for the first time, the reduction of
aliphatic ketimine€® This work was also the first to demonstrate thdependence of

the ketimine geometry on the selectivity of thectea (Scheme 20).

/|—R1 HSICl3 /|_R1
< cat. (10 mol%) )
N > HN
| ~ o
RZJ\R3 CH,Cl,, 24-48 h, 0°C RZJ*\R3 ] ] /§
yield up to 95% N N Y }/\H
e.e. up to 86% /& o) o}
H™ ~0
cat. 13

R' = Ph, 4-MeO-CgH,4, 4-Br-CgHy4, 4-NO,-CgH,, 4-Br-C6H4,
2-naphthyl, 6-OMe-2-naphthyl, cCgH14

R2 = Me, Et, n-Pr, n-Bu, t-Bu

R3 = Ph, 4-CI-CgH4 4-MeO-CgHy
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IS S
Ry HSICl4 TR
N cat. (10mol%) _ HN

[ :
RJ\ CHyCl, 16 h, 0°C RN

N j’
< 96% e.e. H/& 0]

O (? “Ph

ZT

Ph

R = Ph, 4—MeO—CGH4, 4—Br—C6H4’ 4-CF3-CGH4’ 4-N02-CGH4‘

3-Br-CgH,, 6-OMe-2-naphth, 2-naphth, cCeHyy, iPr, PhCH=CH cat. 14

R4 = p-OMe, p-Me, 0-OMe, o-Cl, p-Cl, p-Br
Scheme 20

Recently,N-sulfinyl L-proline amides have been used for thargioselective reduction

of a range oN- alkyl p-enamino esters (Scheme #).In this case, the use of water as
additive is crucial for high reactivity and enasttectivity, accelerating enamine-imine
tautomerization and increasing the eletrophilicfythe imine thought protonation of the

nitrogen atom.

R2, HSICls
NH cat. (10 mol%)

2
“NH
3 > 3
R1J\/COOR P R1JNCOOR : Pr
N

20°C, 24
toluene, -20°C, 240 ie1d up to 98%
e.e. up to 96% %\\WS\O 0]

i-Pr
R' = Ph, p-OMeCgHy4, p-MeCgHy,, p-CICgHy4, p-BrCgHy,
p-FCgH4, 0-CICgH,4, 2-naphthyl, c-CgH44, i-Pr, benzyl
R? = Me, Et, t-Bu, Bn, c-CgH1

R3 = Bn, allyl, n-Pr, iBu

cat. 15

Scheme 21
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2.2.2 Reactions catalyzed by amino alcohol- derorachl Lewis bases

A contribution by Matsumura in 2006 paved the waydrds the development of a novel
class of catalysts for trichlorosilane-mediateduins, derived from chiral amino
alcohols”

This group identified a series d-picolinoylpyrrolidine derivatives able to activate
trichlorosilane in the reduction of aromatic imink=sading to good enantioselectivity (up
to 80%). The authors proposed that both the nitr@ajem of the picolinoyl group and the
carbonyl oxygen are involved in the coordinatiord activation of silicon atom. In

addition, it was found that the hydroxyl group ssential for high enantioselectivity. This
observation led to hypothesize the presence ofdggr bonding between the hydroxyl

group and the nitrogen atom of the imine (Schen)e 22

R, HSICls R,
/Nl cat. (10 mol%) "'/'\'l\ | A
R R1 CH2C|2 R R1 N/ N
) 0]
R = Ph, 4-MeOCqH, 4-CiCgH, o UP 10 80% HO b !
4-N02C6H4, 4-COOM€C6H4 cat. 16

R =Me, COOMe
R, = 4-MeOCgH4, Ph, Bn

Scheme 22

Based on these seminal works, our group has rgcémtused onto the design and
synthesis of a wide class of catalysts preparedifple condensation of a chiral amino
alcohol with picolinic acid or its derivatives. Wdiour investigation led to a patent
deposit’™ at the same time Zhang independently reported inpraliminary
communication the use of ephedrine and pseudoeplkederived picolinamides in the
reduction ofN-aryl andN-benzyl ketimines promoted by trichlorosildffe.

In 2009 our group reported an extensive explorabbrihis class of organocatalysts,
applicable to a large variety of substrates (bdthryl and N-alkyl ketimines) with 1
mol% catalyst (Scheme 25§ A very convenient enantioselective organocataltiee
component methodology was also developed; the te@uamination process, starting

simply by a mixture of a ketone and an aryl amopens an easy access to chiral amines
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with a straightforward experimental methodology.eCxf the most important disclosures
in this work was the ability to affect the asymneetreductive amination with un-
activated ketones. The screening of different cogatalysts led also to identify the key

structural factors for their efficiency:

the pyridine nitrogen and the CO amidic group cowtkd trichlorosilane;

the hydrogen atom of hydroxyl group plays a fundatalerole in coordinating the imine
through hydrogen bonding;

the presence of two stereogenic centers on thecaaloohol moiety with the correct
relative configuration such as inR129-(-)-ephedrine is necessary to stereocontrol the
imine attack by trichlorosilane;

the methyl groups on the amide nitrogen and onstkesocenter in position 2 of the
amino alcohol chain apparently have the optimume sior maximizing the
enantiodifferentiation of the process (see theupgcf the proposed TS in Scheme 11,
leading to the experimentally observed preferreth&dion of theR isomer of the product

amine).
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R, HSiCl; R, Cl
)Nl\ cat. (10 mol%)  HN
R /
R™ Ry CHCl; R/'\ R e |
Me_ N N
’ N
- ) ) yield up to 98% j, 0O
R = Ph, 4-CF4CgH, 2-naphthyl 26 Up to 91% Ph” “OH
R4 = Me, Et cat. 17
R2 = 4—MeOCGH4,4—MeCGH4 Ph, Bn, n-Bu

R- product S- product

Scheme 23

To further improve the selectivity of the ketimireduction process, the hydrosilylation
of a range of substrates derived from)-1-phenylethylamine were examing&d.
Optimization of the reaction conditions allowed abing complete diastereoselective
reduction of a wide range of acetophenone-derivatdrknes as well as-imino esters,
demonstrating the cooperative effect of the cataysl the R)-methyl benzyl residue at
the imine nitrogen. In this way, we reported a veoywvenient, low cost protocol for a
highly stereoselective reduction of ketimines b&a@ very cheap and removable chiral

auxiliary, promoted by an achiral inexpensive Lebase, such as DMF (Scheme 23).
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HSICl,
cat. (10 mol %) or DMF (6 eq)
)N'\ CH,Cl, , 0 or -50 °C, 12 h *ﬂ“\
R™ R, R7OR,

i 0,
R = p-CF3CgHs, p-OMeCgH,Me, cat.17 éneld up;toggf/h
2-naphthyl, 2-thienyl, i-Pr €. Up 1o 99%
R4 = Me or COOMe DMF yield up to 99%
d.e. up to 99%

Scheme 24

Recently Zhang reported the first highly efficigmbtocol for the reductive synthesis of
a-amino esters with prolinol-derivated cataly&t. The O-pivaloyl trans-4-hydroxy
proline derivative ¢at. 18 gave the best results and was chosen as catdlystoice.
Crucial for the efficiency of the process was tddiaon of small quantities of pentanoic
acid. Through this approach, a broad range of chiramino esters were synthesized in
good yields (up to 97%) and with high levels of mm@selectivity (up to 93%) (Scheme
25).

t. (10 mol%
N cat. (10 mo 0)7 HN pPiv
| CH,Cl, -40°C , % N
A Xy
R-L COOMe 60-120 h R COOMe g
= Z N Ph

0]
HO
yield up to 97% Ph
ee up to 93% cat. 18
Scheme 25

Most recent studies from this group have extendd substrate scope to include
acetoxyB-enamino estefé” In order to perform the reaction on those subesra novel
class of chiral Lewis base catalysts was developeghared from readily available chiral
source (Scheme 26). A wide variety Wfaryl B-aryl and -heteroaryl substrates were

reduced in excellent yields (up to 98%) and seldgt{up to 99:1syn antiand 99 % ee).
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This methodology was used to perform the reactimheu very mild reaction conditions
and the removal of water and oxygen from the reacB8ystem was not necessary,
suggesting the generation of Bronsted acid thanpted tautomerisation of the enamine.
This methodology was additionally applied succdbsfa the synthesis of the taxol C13

side chain and of an oxazolidinone which is a potgpocholesterolemic agent.

PMP_ i PMP_ A
cat. (10 mol%) .
Ar)\YMOEt - ArMOEt N 3 QR
OAc C,H4Cly, -50 °C,40 h OAc o R
Ar = 3 or 4 substituited arenes, 2-naphthyl, yield up to 98%
2-thienyl, 2-furanyl, benzyl de up to 99% cat. 19
ee up to 96%
Scheme 26

Very recently Zhang also developadjeneral, highly enantioselective hydrosilylatan
y-imino esters promoted by chiral Lewis base orgatadgsts (Scheme 27§ However,
this transformation always led to the undesirednftion of side products, such as
cyclized y-lactam or ao, p unsatured ketimine. The problem was solved byute of
bulkier substrate, obtaining the synthesis of waichiraly-amino esters in high yield
(96%) with excellent enantioselectivities (99 %)yhalso demonstrated the applicability
of this protocol synthesizing two optically actiydactams, which are important in the

construction of pharmaceutically active agents.

PMP..

R1)\/\H/OtBu
0

—2Z

Ry = Ph, 4-MeCgH,, 3 and 4-MeOCgH,,

HSICl;
cat. (10 mol%)
—_—

C,H4Cly

-10°,12h

3 and 4-FCgHy, 4-CICgH,

PMP. .

RH\/\(OtBU

O
yield up to 96%

ee up to 99%

Scheme 27
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In the last few years, Jones reported the use efNtmethyl imidazole bifunctional

catalyst21 derived from prolinol’® This was employed in the reduction of a wide range

of aromatics and aliphatics ketimines, with jusn&l% of catalyst and a short reaction

time, obtaining up to 96% vyield and 87% ee. Intiengs the authors noted that the

ketimine isomerism did not seem to have great @mfbe on the outcome of the reaction.

The same catalyst was then applied to the higlctbedereductive amination of a large

variety of ketones and aryl or aliphatic amiff8s. Essential for this protocol was the

formation of the iminen situ using microwave irradiation and the subsequereitiction

of carbon-nitrogen double bond with trichlorosilg@eheme 28). Very recently, the same

group described in their perspective an interestjngntitative comparison between

organocatalysts and transition metal mediated gsyaemonstrating that catalysts offer

comparable efficiencies to their metal counterp&Hs

Rz
Q HSICl3
N cat. (10 mol%)

|
R)\R 1 CH,Cl, 0°C, 4h

R= p-C|C6H4, p-CF3C6H4,, p-OMeC6H4
p-NOzCSH4’ naphthyl, C-CGH11
R1 = Me, Et, (CH2)3

R, = H or 4-OMe
o HSiCl,
AN R, cat. (1 mol%) N
|// p-anisidine
R CH,CI, 0°C, 4h

R = H, 4-OMe, 4-Me, 4-Cl,
4-NO, 2-Me, 2-OMe
R1 = Me, Et

ore
HN

A

R7R,

yield up to 96%
ee up to 87%

HN

TR
Y&~
R

yield up to 82%
ee up to 85%

Scheme 28
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2.2.3 Reactions catalyzed by other chiral Lewisdsa

An innovative catalytic system was reported by Niaka who introduced chiral
phosphine oxides as suitable Lewis bases for dotgydrichlorosilane in stereoselective
transformation§€? Indeed trichlorosilane has been used in the camgugeduction of.,B-
unsaturated ketones in the presence of a cataptiount of a chiral Lewis bas&he
reduction of 1,3-diphenylbutenone promoted by catalytic amourdé 2,2'-
bis(diphenylphosphanyl)-1,1’-binaphthyl dioxideca{. 22 BINAPO) at 0°C was
successfully accomplished leading to the corresipgnshturated compound in 97% vyield

and a somehow surprising, but very good, 51% elegi8e 29).

0 HSICl, o =
= cat. (0.1¢eq) : 9
sew (¢
DCM, 0°C
PPh,
Js
yield up to 97%

ee up to 51% cat. 22

Scheme 29

BINAPO was also employed in the synthesis of eoantiched #-1,3-oxazines, though
enantioselective reductive cyclization of N-acythpeamino enone$® The product was
isolated in 56% vyield and 71% ee while the acy®iacylatedp-amino ketone was
obtained in up to 13% yield and 4% ee. On the bafsike limited examples reported, it
was noted that the absolute configuration of tleichc product was opposite to those of
the oxazine and this suggested the existence ofindependent mechanistic pathways.
The authors proposed that the conjugate reductidhedN-acylatedp-amino enone and
ensuing cyclisation of the enolate, eliminating HCI§ would afford the observed
oxazine. The uncyclised minor product was belietcedriginate from the 1,2-reduction

of theN-acyl imine generated via equilibration of the emd@{Scheme 30).
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X, cne: X i
0 HN" R, cat. 22 (10 mol%=) O XN . O HN" "R,
PhM R DCM, rt, 2-24 h phM R phM R
yield up to 75% yield up to 27%
R, = Me, i-Pr, Ph ee up to 81% ee upto 51%

R2 = Ph, Me, p-NO2CGH4’ p-OMeC6H4’

Scheme 30

Our group reported a class of chiral picolinamid#esjved from enantiomerically pure
chiral diamines for trichlorosilane-mediated reawsi®®” Picolinic acid was condensed
with (R)}N,N’-dimethyl amino binaphthyl diamine to afford ca&l{y3 in 73% vyield after
chromatographic purification. Noteworthy binaphthgimine-derived bis-picolinamides
showed a remarkable activity and both amide-nitnogégoms was pivotal for high
enantioselectivity?® Good results were obtained performing the redactibN-aryl (up

to 83% ee)N-benzyl (up to 87% ee) ard-alkyl ketimines (up to 87% ee), under mild
conditions and with a large variety of substrasese(for a few selected examples Scheme
31).

HSICI
N ’ . N R
)|\ cat. (10 mol%) . )\
R CH,Cl, 0°C 12 h ¥ NMeC(O)Py
NMeC(O)Py
N-aryl = yield up to 99% OO
R = Ph, p-OMeCgH,4 p-CF5CgH
2-na€hthyl 614, P-LF3beMy, ee up to 83% cat. 23
R4 = Ph, 0-OMeCgH4 p-OMeCgH,, ~ N-alkyl = yield up to 99%
Bn, n-Bu, All ee up to 83%

Scheme 31
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CHAPTER I
Proline-based Catalysts for the Reduction of Carbon-

Nitrogen Double Bond

As thoroughly described in Chapter II, in 1999 &1 Matsumura reported the first
examples of stereoselective hydrosilylation withi€l$and §)-proline derivatives as
effective activator§°°”) These works can be considered as a milestone Her t
asymmetric reduction of ketones and imines usingCH®s reducing agent and paved
the road to the synthesis of other related syst&imee then, considerable efforts have
been devoted to the development of efficient catalfor the HSiGlreduction of carbon-
nitrogen double bonds, and remarkable progresbd®s made.

In the last few years, our group played a veryvactple in the development of chiral
organic catalysts easily prepared from inexpensteeamercially available, enantiopure
material whose manipulation must be kept to minimutallowing this interest, we
decided to focus this thesis on the synthesis of wmple proline derivatives for

application in trichlorosilane-mediated reductidrCeN double bond.
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3.1 Reduction of ketimine

Inspired by the work of Arndtsen, we decided tolesgthe use of one of the simplest
amino acids, specifically L-proline, as chiral dgsts with the aim to keep the carboxyl
group unaltere&®

Indeed Arndtsen demonstrated that coupling metalysas and the ability of amino acids
to hydrogen bond provide an easy route for inducbmyh enantioselectivity and
selectivity. The elevate enantioselectivity is doghe hydrogen bond between the chiral
amino acid and the substrate, while high selegtiist achieved by tuning the metal

catalyst (Figurel4).

// O‘H ———————————— \
/ I i Substrate:
Chiralpool |, g~
N LR
. R Tunable Catalyst
Figure 14

With this in mind, we started to imagine the use@wiino acids in trichlorosilane mediate
reductions of carbon-nitrogen double bond.

As shown in Figure 15, our idea was to take adygntaf the interaction between the
hydrogen of the carboxylic OH and the nitrogen ¢ie tketimine during the
enantiodifferentiation process. On the other hamel,also satisfied the requirement of

activation of the reducing agent by coordinatiortha silicon atom through the carbonyl

groups.
0
S Loy
o— Ot-Bu
/ \\\O///Cfl\\p)’ C’) CI\ /O
@ ci-Siwgy " ci=Sleg
N H (S

Figure 15
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We decided to start our investigation testing theamercially availabléN-Boc-L-proline
(cat. 29 as catalyst in the reduction of ketimines withhlorosilane.

The imine25 was prepared with a microwave-promoted reactiow&eh acetophenone
and aniline in toluene in the presence of K10 @ayactivator (Scheme 32): a prolonged

reaction time was necessary in order to obtain gosld.

0 N, 0
toluene N
+ > |
Ej)k © clay K10, MW ©)\
270 min, 130°C

25

Scheme 32

The first screening allowed us to determine thd batalyst loading and the solvent of
choice.

NI,Ph NP
i N+ hsic, cat24 i L
26
Scheme 33

entry cat (%)  solvent t (h) T (°C) y (%) ee (%)

1 10 DCM 8 0 20 49

2 20 DCM 18 0 74 49

3 30 DCM 32 -20 74 73

4 30 CHCI 18 0 27 73

5 30 Hexane 18 0 25 43

6 30 Toluene 18 0 25 45
Table 2
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In terms of chemical activity this system achievgmbd results; the use ™-Boc-L-

proline (at. 24 allowed to obtain produ@6 in up to 74% yield. These preliminary data
showed that the appropriate catalyst loading seeambd 30 mol % to achieve good yield
after 18 hours. Under these conditions the progese also interesting level of
enantioselectivity and by running the reaction iohtbromethane and chloroform we

achieved up to 73% ee.

In order to validate our hypothesis, we also tegttetN-Boc-L-proline methyl ester. After
32 hours at -20°C neither the level of enantiogeleaor the yield were satisfactory: the
enantiomeric excess was 19% and yield 49%. Theomecof this experiment strongly

suggested the importance of hydrogen bond betwegalyst and substrate for the

/O 0 0]

49%y, 19% ee

enantioselectivity.

Figure 16

We next tested differentlyN-protected L-prolines, such a$l-formyl and N-
carbobenzyloxy prolineN-Cbz-L-proline is commercially available whi-formyl-L-
proline (at. 27 was synthesized starting from proline in the pneg of acetic anhydride

and formic acid (Scheme 34).

0
O\KOH HCOOH, Ac,0 HO )OL
N H,0, reflux, 20h N~ TH

H O

y

cat. 27

Scheme 34
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The catalytic efficiency of these catalysts weraleated in the reduction of ketimine.

25%y, 49% ee 21%y, rac

Figure 17

After 32 hours at -20°@I-Cbz-L-proline afforded the amine with 25% yieldda49% ee.
The N-formyl-L-proline (cat. 27 led to a racemic product in 21% yield. These Itesu
seem to suggest the importance of having a buleymgon the nitrogen atom.

Considering these encouraging results, the sectaq 8as to evaluate the effect of
structural modifications of the catalyst. To thisde we easily synthesized a series of
catalysts with different structural features, imte of electronic and steric proprieties, at
the prolinic nitrogen atom. The easy one-step readietween L-proline and various acyl
chloride, in presence oNINaOH, allowed to obtain the catalysts illustratedrigure 18.
The acyl chlorides, when not commercially availablere prepared starting from the
corresponding acid by treatment with thionyl chderunder reflux for 4 hours.

Q\(OH _Rcoal E )L

H 0 1N NaOH

Scheme 35
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O
Ho—° © Ho—° © HO 9
N
S
cat. 28 cat. 29 cat. 30
Ho—° © Ho—¢° © HO—¢° O MeO
MeO OMe
cat. 31 cat. 32 cat. 33
O
Ho—/° © Ho—° © HO o F
CF, F
N N N
E F
cat. 34 cat.35 CF; cat. 36 F
Ho—/° o o N
S/

N o)
O o o ©H
cat. 37 O l cat. 38

Figure 18

As shown in Figure 18, we obtained a wide rangeatélysts and we evaluated their

performances in the trichlorosilane-mediated redaadf ketimine.

PP un-h Ho—¢° ©
| cat 30%mol /\\\
+ HSICl; > N R
CH,CI, 18h, 0°C

Scheme 36
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entry cat R y (%) ee (%)
1 24 OtBu 74 49
2 28 tBu 36 70
3 29 Ph 63 59
4 30 Py 98 11
5 31 3,4-MePh 56 30
6 32 2,4,6-MePh 54 34
7 33 2,4,6-OMePh 30 27
8 34 3,5-MePh 74 62
9 36 2,3,4,5,6-FPh 10 R
10 37 naphtyl 30 32
Table 3

After running the reaction in dichloromethane aCOfor 18 hours, all the catalysts
afforded the desired product. Using cataly8sand34 we obtained the amine with good
chemical efficiency (63% and 74% yield) and disedetvel of enantioselection, 59% and
62% ee, respectively. Increasing the steric hinckaon the aromatic ring, the catalyst
showed lower chemical activity and a remarkablgdmothe enantioselectivity. Also the
pyridine moiety doesn’t have a positive effect e process in terms of stereocontrol
(entry 3), probably due to its coordination to #ilecon atom.

Noteworthy, catalys®8, with the pivaloyl group on the nitrogen atom,oaffed the
product with 36% yield and 70% of enantiomeric esscel his data demonstrate therefore
the good potentiality of these catalysts.

On the basis of these results, compougfisand 29 were selected to investigate the
substrate scope in the enantioselective reducfidifferently substituted imines (Scheme
37). Using catalys28 with 30 mol% loading, a broad range of ketimineseveduced
with trichlorosilane in CELCl,.
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N 0 Hn e Ho—¢” O
)l\ HSiCl cat. 28 30 /()mOI‘ /'\
+ | o
Ar” TR ® CH,Cl, 18h, 0°C Ar” TR N

cat. 28
Scheme 37
entry Ar R PG y (%) ee (%)

1 Ph CH Ph 36 70
2 Ph CH PMP 76 68
3 4-CRPh ChH Ph 55 74
4 Ph CH  3,4,5-(OMe)Ph - -

5 1l-naphthyl CHjs Ph 88 59
6 Ph CHCH;s Ph 79 5

Table 4

Catalyst28 showed a good chemical activity, promoting thengingelective reduction in
yields up to 88%, except when very bulky protectgrgup was used (entry 4). The
reaction of botiN-Ph andN-PMP imines derived from acetophenone achievedetisc
level of enantioselectivity, with 70% and 68% eespectively. Analogously, the
reduction of imine derived from 4-trifluoromethyktophenone, led to product in 74% ee.
A remarkably drop of enantioselectivity was obsdrwehen the imine derived from

propiophenone was employed (entry 6).

The same series of experiment was carried outaaithlyst29, in dichloromethane for 18

hours at 0°C. The results are collected in Table 5.
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PG PG HO O O
i cat. 29 30%mol H/NL
HSIClI > N
AR T TS oGl 180, 0°C AT R
cat. 29
Scheme 38
Entry Ar R PG y (%) ee (%)
1 Ph CH Ph 63 59
2 Ph CH PMP 79 55
3 4-CRPh CH Ph 83 49
4 Ph CH  3,4,5-(OMejPh - -
5 1-naphthyl CHgs Ph 80 55
6 Ph CHCHs Ph 85 53
Table 5

Basically this series followed the same trend olesrusing catalys8 The chemical
activity was good, but no improvement of the stehamnical efficiency of the catalysts
was observed. Indeed the best result was achiexdorming the reaction with thd-Ph

imine derived from acetophenone, with 63% yield &8¢0 ee.

Theoretical studies were also performed in orderetocidate the origin of the

stereoselection. Figure 19 shows the structurbeofadwest energy TS for the reduction of
the imine 25 promoted by catalysk9, performed with DFT calculation (B3LYP/6-

31G(d,p)). From inspection of the molecular vibwas of the imaginary frequency, it is
clear that the reaction is concerted but not syomobus. Indeed, the proton-transfer from
the carboxylic group to the imine nitrogen is alinmemplete while the hydride transfer is
still occurring. In this way, the hydrogen bondvee¢n the N-H bond just formed and the

proline carboxylate guarantees the proximity ofadictants.
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@  Silicon @® Oxygen
@  Chloro ® Nitrogen
Figure 19

We decided to tested chiral proline-derivativesaslysts bearing an additional oxydrilic
group on the chiral scaffold, such BsBoc-rans3-Hydroxy-L-proline, N-Bz-trans-3-
Hydroxy-L-proline andN-Bz-trans-4-Hydroxy-L-proline.
N-Boc-+rans-3-Hydroxy-L-proline ¢at. 39 is commercially available, while cataly<t8
and42 were prepared by single-step procedure involvirggube of benzoyl chloride in
presence of M NaOH in quantitative and 67% vyield, respectivéle also prepared the
derivative41 with the aim to evaluate the role of the hydrogybup, which might be
involved in the coordination of HSi€by oxygen atom. The introduction of a bulky silyl
group could also modify the steric hindrance of ttetalyst, thus affecting the

stereochemical outcome of the reaction.
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HO 0 Ho—° ©
NaOH 1N
OH + Cl > N
N Et,0, rt, 24h
H
O HO
cat. 40
1. BnOH, benzene
2. TBDMSCI, imidazole
Ho—° o BnOo—¢° O
NJ\© H,, Pd/C NJ\©
\ MeOH \
TBDMSIO TBDMSIO
cat. 41
Scheme 39
o)
HO o)
OH Q NaOH 1N
OH + o — _ - N
Q\Y( ELO, i, 24h  HO™
H o
cat. 42
Scheme 40

Once again the catalysts (30 mol%) were testedhenréduction of ketimin@5 for 18
hours at 0°C in acetonitrile, because their podutsiity in dichloromethane and

chloroform.
N| cat 30%mol HN”
+ HSiCls -~
CH;CN, 18 h, 0°C
Scheme 41
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entry cat y (%) ee (%)
1 39 46 rac
2 40 26 rac
3 41 71 66
4 42 36 rac
Table 6

As clearly shown in Table 6, the presence of a twylrgroup led to a racemic product
while the silyl ether derivative promoted the réattwith good enantioselectivity,

proving that the OH group is a competitive siteabrdination for trichlorosilane.

Driven by this results we decided to focused onearinrdepth study of the best system,
catalyst24, and we tried to add additives to the reactiorth\ilie aim of increasing the

chemical activity and especially the stereocontrbbr this purpose, we added
stoichiometric amount of different organic bases;hsas 1,8-diazabicycloundec-7-ene
(DBU), quinine and quinidine. Hopefully, the use af ionic pair increases the steric

hindrance of the catalyst and, as consequencstéheocontrol.

Ph Ph O
. - HO 0
N| cat 30%mol HN )% J<
+ HSICl > N O
CH,Cl,, 18h, 0°C
cat. 24

Scheme 42

entry additive y (%) ee (%)

1 - 74 49

2 DBU 67 42

3 quinine 88 16

4 quinidine 38 38
Table 7

58



Chapter 11l — Proline-based Catalysts for the Rethrtof Carbon-Nitrogen Double Bond

The use of an achiral base (DBU) allowed to obgaod results, both in terms of
chemical efficiency and stereocontrol, demonstgahow the presence of a base in the
reaction does not prevent the formation of hydrogemd between catalyst and substrate,
necessary for the good stereochemical outcomeeopitbcess. Conversely, the use of a
chiral base, with the goal of adding an additios@lirce of stereochemical information,
did not give equally good results in terms of ermmaneric excess. Even employing the

quinidine, the catalyst didn’t give satisfactorgults in stereoselection.
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3.2 Reduction off3-enamino esters andx-imino esters

Trichlorosilane has also been used in the reduafamines derived fronu-keto esters,
leading to the synthesis of natural and unnatamino acids, and in the reduction®f
enamino esters. The use of these substrates ldaddrio the formation of very attractive
products, because they are highly functionalizedl @n be exploited to obtain a wide
range of derivatives by subsequent synthetic toansdtions. For this reason we decided

to test the most promising catalysts in the enastextive reduction of these substrates.

We prepared-enamino esterd3 and 44, with two different protecting groups on the
nitrogen atom. The reaction of ketoesters witmethoxy aniline gave produdB8in 68%
yield (Scheme 43).

o o NH, _PMP
ove TSOH HN O
e solvent, reflux ©)\/U\0Me
OMe
43
Scheme 43

The reaction between tifieketoester with benzylamine afforded fhenamino ested4
in 30% vyield (Scheme 44).

'e) o) NH2 HN/BnO
OMe + > X OMe
toluene, reflux
44
Scheme 44

In Table 8 are summarized the results obtainedhe reduction off-imino esters,

promoted by different catalysts.
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_PMP _PMP
HN™ 5 HN™ o
“~ + HSICI cat 30%mol B
OMe 3 solvent 18 h WOMe
43 45
Scheme 45

entry cat solvent T (°C) y (%) ee (%)

1 24 DCM 0 32 41
2 28 DCM 0 27 36
3 39 DCM 0 >99 rac
4 40 CH:CN 0 35 rac
5 41 CHsCN 0 95 56
6 41 CH:CN -20 46 24
7 42 CH;CN -20 31 7
Table 8

All experiments gave the desirBeamino ested5. The reduction conducted with catalyst
24 and 28, in DCM at 0°C (entry 1 and 2) led to a low yieddd also modest level of
enantioselectivity. Cataly§9 (entry 3) gave the racemic product in quantitayiretd.

The reactions, carried out in acetonitrile with tda¢alyst10 and42 led to discrete yields
but low enantiomeric excesses (entry 4 and 7). Udee of catalys#il in acetonitrile at
0°C allowed to obtain the product in 55% yield &&d6 ee. In order to obtain an increase
of stereocontrol, we carried out the reaction d&bwveer temperature, but observing no

improvements.

However, by performing the same experiments inabeence of catalyst, we observed a
strong “background reaction” (conversions higheanth50%), probably due to the
presence of a carbonyl able of activate the tridsitane; this could partly explain the

difficulty of our catalysts to exert any apprece&bi stereocontrol.
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Then we decided to change substrates and tesi®tho esters46 and47). In Table 9

are reported the results of the reduction of teimgound promoted by catalysld, 28,

29, 39, 40and41

N/PG _PG
| cat 10/ 30% mol HY
Me + HSICI > 2
OMe s solvent, 18 h, 0°C OMe
O o)
46: PG =Bn 48: PG =Bn
47: PG = PMP 49: PG = PMP
Scheme 46
entry PG cat solvent mol (%) vy (%) ee (%)
1 Bn 24 DCM 30 34 5
2 Bn 28 DCM 30 21 7
3 PMP 28 DCM 10 85 33
4 PMP 29 DCM 10 82 rac
5 PMP 39 DCM 10 >99 21
6 PMP 40 CHsCN 10 79 rac
7 PMP 41 CHiCN 10 79 rac
Table 9

Due to their remarkable reactivity as highly eleptrilic imines, in all case the substrates

led to the desired product in high yields even Wt catalyst loading. Noteworthy, the

reductions of the benzyl derivative are more diffidco obtain due to their instability

(entry 1 and 2). However none of these systems sti@eod level of enantioselectivity.

By control experiments, it was discovered that ahsthis case, a consistent “background

reaction” takes place: in the absence of catahesiproduct was formed in 98% and 62%

yield at 0°C and -20°C, respectively. The compatitof such non-catalytic (and non-

stereoselective) reaction pattern is clearly resipbe of the low overall level of

stereoselectivity of the process.
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In conclusion, the straight forward synthesis afesies of enantiomerically pure Lewis
bases by simple condensation of commercially abvi@lsenantiopure proline or its
derivatives was described. Such compounds togetliersome commercially available
catalysts were shown to promote the enantiosekecteaction of ketimines with
trichlorosilane in very high chemical yield. In theduction of the model substrdie

phenyl acetophenone imine the organocatalyststtetiee formation of the corresponding

amine with good stereoselectivity (up to 73% ee).
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CHAPTER IV
Trichlorosilane-mediated Stereoselective Synthesis of p-

amino Esters

Following our interest in the development of trmfdsilane-mediated reactions, we
developed a highly stereoselective reduction Nebenzylenamines, which can be
conveniently deprotected by hydrogenolysis to tberespondingB-amino esters and
eventually converted f-lactams®”

The combination of a low cost, easy to make mets-tatalyst and an inexpensive chiral
auxiliary allowed to carry out the reaction on dudtes with different structural features.
In addition, by performing the stereodeterminingctal reductive step under the best

conditions, we were able to obtain almost enantrarakly purep-lactams.
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Chapter IV —Trichlorosilane-mediated StereoselecBynthesis gi-amino Esters

As profusely described in Chapter I, trichlorosgabased methodologies have allowed
to efficiently performing the reduction not only d-aryl, N-benzyl andN-alkyl
ketimines, but also of imines derived fromketoesters, leading to the synthesis of
natural and unnaturabi-amino acids. However, just very recently this rhéee
procedure has been employed in the reductigir@iamino esters, as valid alternative to
the metal-catalysed hydrogenations and only fewrnghas are reported in literature.
Taking advantage of the fast equilibration betweeamine and imine form, Malkov and
Kocovsky have successfully accomplished the symhed [-amino acids by
trichlorosilane mediated enamine reduction catalydey the §)-valine-derived
formamide 50.611 Analogously Zhang developed an efficient methogglavhere the

catalyst of choice was found to be the chiral piraohide51 (Figure 21)88l

A~ COOE Ar/k/COOEt

L

SN

N

ﬂN RO
HO

0 &

=0

H cat. 50 cat. 51

Figure 21

Even if high enantioselectivities were achievedniist be noted that both methods rely
on the use oN-aryl enamines, whose conversiorNaleprotected amino acids require an
oxidative deprotection protocol, with cerium ammoni nitrate (CAN) or
trichloroisocyanuric acid (TCCA). Considering thiae started to look for a more
convenient deprotection protocol.
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For this reason, we decided to focus our attentiorthe study of the stereoselective
reduction ofN-benzylenamines, which led to the correspon@rgmino esters. The use
of the N-benzyl group is very attractive because [Bh@mino esters can be conveniently

and easily deprotected by hydrogenolysis and fir@hverted t@3-lactams.

Based on our previous experience, we decided tstigate the catalytic behaviour of the
ephedrine-derived 4-chloropicolinami&&73.741 and bis-picolinamide derivative of 1,1-
binaphthyl-2,2’-diaminé3.[84. 85]

We first prepared 4-chloro-2-picolinoyl chlorideon picolinc acid by treatment with

thionyl chloride in presence of sodium bromide. sThvas condensed with RRS)-

ephedrine to afford the compouB@in 71% overall yield.

Cl
“ Cl | % |
| _ OH SOCl,, NaBr | X pseudoephedrine ~ Me._ (N SN
N 15 h, reflux N_Cl TEATHF, 24h, RT j
N “yy O

Scheme 47

We synthesized the cataly&2 by reaction of §-N,N'-dimethyl-[1,1'-binaphthalene]-2,2'-
diamine with the picolinoyl chloride in 73% yieldter chromatographic purification
(Scheme 48).

I l NHMe picolinoyl chloride ! g

NMeC(O)Py

O‘ NHMe  TEA, THF, reflux OO NMeC(O)Py

53

Scheme 48
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We then investigated their performance in the loidsilane-mediate reduction @

enamino ester4s.

.Bn _Bn
HN™ O cat 10% mol HN )CJ)\
N + HsiClZ @
©)\/“\O'V'e CH,Cl,, 18 h OMe
Scheme 49
entry cat T(°C) y (%) ee (%)
1 52 0 73 67
2 53 0 71 61
3 52 -20 70 81
4 53 -20 43 73
Table 10

The reduction oiN-benzyl enamine of 3-oxo-3-phenyl-propionic acidtimye ester, by
employing 10% of chiral Lewis bas&& and53 at 0°C in dichloromethane, afforded the
product in 73% and 71% yield, respectively, and 6a8d 61% ee (Table 10). Lower
reaction temperatures allowed to slightly increhgeenantioselection up to 81% ee with
only a minor effect on the yield (entry 3).

By running the reaction in chloroform at -20°C,adg$t52 promoted the reaction with an
improvement of chemical efficiency, obtaining 98%elg¢, even though the
enantioselectivity decrease to 71%. For this reag®idecided to run further experiments
only in dichloromethane.

In the attempt of improving the selectivity of thecess, we decided to take advantage of

the introduction of a chiral auxiliary at the imimétrogent® therefore trichlorosilane
mediated reduction of enamibd derived from R)-1-phenyl-ethyl amine was studied.
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Ph Ph Ph
HN)\ HN)\ HN)\
. cat 10% mol
x_COOMe + HSiCl, -, COOMe + COOMe
CH,Cl, 0°C, 12 h
54 55a 55b
Scheme 50

B—-Amino ester55 was obtained after 12 hours in 48% vyield with &@ltegontrol of the
stereoselectivity by employing the ephedrine-basadlyst52. Also binaphthyl-derived
bis-picolinamide53 catalysed efficiently the reduction of chiral enagg54, although
with a lower selectivity (81% dr). In this case tmatching pair was represented by the
catalyst obtained from§-binaphthyldiamine derivative3 and enamine prepared from
(R)-methyl benzylamine.

Having shown the potentiality of the synthetic aygmh, the methodology was extended
to the synthesis of a wide range of enantiomesicplireB—aryl3—amino esters by

employing ephedrine-based catalyat

Ph Ph Ph
N \ Ha, RS20 mol_ R . N
CH,Cl, 0°C, 18 h ‘

Ar)\/COOMe 2Clz, 0°C, Ar) ., .COOMe Ar)VCOOMe
Scheme 51
entry R Ar y (%) ee (%)

1 H 4-CRPh 97 78

2 Me 4-CREPh 75 99

3 H 4-OMePh 80 70

4 Me 4-OMePh 71 99

5 H 1-naphtyl 75 68

6 Me 1-naphtyl 85 99
Table 11
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N-a-methyl benzyl enamines with different electroniogerties were effectively reduced
in the presence of cataly&2 with excellent levels of stereoselectivity. Whilaet
reduction of N-benzyl enamine derived from 3-oxo0-3-(4-trifluoroimgtphenyl)-
propionic acid methyl ester afforded chiral aminethw78% ee (entry 1), the
trichlorosilane addition to chiral enamine led te tcorresponding amino ester with a
diastereoisomeric ratio higher than 99/1 (entryAtalogous results were obtained with
electron rich aryl-substituted substrates. In bmbes, starting from chiral enamines the
reduction was successfully accomplished in 71%8&6% yield, respectively and always
with complete stereocontrol (entries 4 and 6). Motghy the chiral Lewis base amount
could be decreased and the reaction was succgspéurfiormed in the presence of only
1% of catalyst52 in 36 hours: the reduction d-benzyl enamine of 3-oxo-3-phenyl-
propionic acid methyl ester afforded amine with 6%%ld, although with a lower
selectivity (91:9 dr).

Obviously the present methodology becomes syntiBtiappealing only if the benzyl
group may be successful removed, thus demonstritendeasibility of the approach for
the preparation of enantiomerically pure primaryiramesters andN-unprotectedp-
lactams. Therefore hydrogenolysis of different @hig-amino esters was attempted
(Scheme 52).

Ph
HN” TR _Ha, PdIC NH,

Ar)""/ _COOMe MeOH Ar” _COOMe

Scheme 52
entry R Ar y (%) ee (%)

1 H Ph >99 79

2 Me Ph >99 99

3 H 4-CRPh >99 99

4 Me  4-OMePh  >99 99
Table 12
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When 3N-benzylamine-3-phenyl propionic acid methyl estasweacted with hydrogen
in the presence of catalytic amount of Pd/C in meth at 1 atm at 25°C, chiral amino
ester was isolated in quantitative yield after béirls. Starting from an enantiomerically
enriched compound (81% ee), the corresponding ptogas obtained in 79% ee, thus
showing that the reduction occurs with basicallyjass of stereochemical integrity (entry
1, Table 12). The removal of the more bulkya-methyl benzyl group required more
drastic conditions and it was successfully perfatni®y hydrogenating the starting
material for 16 hours in methanol with Pd/C at 1% gentry 2, Table 12). Noteworthy
the reaction occurred without any appreciable wisstereochemical integrity. Similarly,
it was demonstrated th&d-a-methyl benzyl-removal was possible also for swiefy
bearing both electron rich and poor-substitutedrnatc rings: chiral amines gave the
corresponding primary amine ester basically in ¢jtative yield as single stereocisomer
(entry 3 and 4, Table 12).

The trichlorosilane mediated reduction was thenliagpo enamines derived frome-

alkyl--keto esters by employing the ephedrine-basedysaé (Scheme 53).

Ph Ph Ph
cat. 52 10% mol

R T RSl o, ooc, 18 SR
" 212, y , " "
N s _coor ~ .., _coor o I coor

Scheme 53
Entry T (°C) R R’ R” y (%) ee (%)
1 0 Et Me 63 21

2 0 H Bn Me 51 53

3 0 Me Bn Me 45 71

4 0 i-Pr Me 55 51

5 -20 H i-Pr Me 31 71

6 0 Me i-Pr Me 65 75

7 0 H Ph t-Bu 98 76

Table 13
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When R’ is an ethyl group the reduction of enamaftorded the product in low
enantioselectivity (entry 1); some more interestnegults were obtained when R’ is
benzyl: in this case the product was isolated ¥ 4%eld and 71% ee (entry 3).

When the reduction was attempted with the enamareying aniso-propyl group the
product was isolated in 55% vyield and 51% ee (eAd)yThe stereoselection of the
process was improved by running the reaction aetaemperatures (71% ee at -20°C),
although this reduce the yield to 31% (entry 5).

The role of the ester group was also briefly inigeged.N-benzyl enamine of 3-oxo-3-
phenyl-propionic acid-butyl ester was synthesized and reacted with trdsilane in the
presence of cataly52. The product was obtained at 0°C in 71% yield slightly higher
enantioselectivity than the corresponding methigre§@5% ee vs. 67% ee, entry 7).

Having demonstrated the generality of the approachHew substrates were finally
converted to3—lactams. Starting from a sample Nfbenzyl amino ester with 80% ee
hydrogenolysis, followed by reaction with LDA in Hafforded the chiral 4R)-phenyl
azetidin-2-oné&7in 82% overall yield and 77% ee (Scheme 54).

O
H,, Pd/C LDA
E—

N -, -COOMe
MeOH THF
: J.,, CoOMe J;NH
(0]
56 57
Scheme 54

Similarly when 3—amino ester was reduced by hydrogenation and ctewvéo the
corresponding chiral 4-(4-trifluoromethyl pheny)bstitutedp-lactam, product9 was
isolated as single stereoisomer in 80% yield aftepmatographic purification (Scheme
55). Finally, by following the same synthetic prduee 4-methyl-2-amino-methyl
pentanoate6l, precursor of 4-isopropyl azetidin-2-one, was oigd in 90% yield
through hydrogenolysis @&O.
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CF3
NH,
-, ~COOMe
HN H,, Pd/C LDA N
[ —_— N
=, -COOMe MeoH  F ¢ THF /,:\
o \H
FsC
58 59
NH, -
Hy, PdIC s
N 2, ‘,,,,/COOMe LDA /l:\
MeOH THF NH
Yu,,//COOMe G
60 61
Scheme 55

In conclusion, the organocatalytic reductionMbenzyl enamines with trichlorosilane
was succesfully accomplished; the combination e@f lost, easy to make metal-free
catalyst and an inexpensive chiral auxiliary alldvie obtain chiraf—amino esters often
with total control of the stereoselectivity. Finalhydrogenolysis ofN-benzyl amino
esters followed by LDA-promotedring closure affatdsnantiomerically pure 4-aryl or 4-

alkyl substituted3—lactams.
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CHAPTER V
New Chiral Organocatalysts for the Reduction of Carbon-

Nitrogen Double Bond

In the attempt to further enlarge the number apegyof chiral coordinating Lewis bases
suitable for HSiGtpromoted reductions we explored and developeduse of novel

enantiomerically pure phosphoroamidfék.

Phosphoramides have found extensive applicatiomsganic chemistr{’”® Their Lewis

basicity and their strong donor proprieties makenthvery important ligands in
organometallic chemistry, for their ability to mdaie the reactivity at the metal
center®™ Phosphoramides have a very strong and polariz&dd@uble bond, with the

phosphorous atom connected to one or more nitregeuanit.
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Chapter V —New Chiral Organocatalysts for the Reduction of i2ar-Nitrogen Double Bond

Recently, the use of chiral phosphoramides becameattractive because of their ability
to promote stereoselective reactions as organgsédallThe most important examples of
phosphoroamides as chiral organocatalysts area@emnmark, who reported the use of
monodentate and bisdentate phosphoroamides obtd&iosd chiral diamines. A few

examples of Denmark’s mono- and bis- phosphoranadesollected in Figure 22.

/ / /
Ph N N o Ph=N._o N \ . _Ph
j’ PC~ PI TNP\N/(CHQ); Pt ’[
"y y 7] %
PN N PR 0" N™>pn

Figure 22

These compounds were successfully employed asiorgatalysts to promote two types
of organic reactions: Mukaiyama aldol addition afylsenol ethers to carbonyl

compounds$?? and allylation of aldehydes with allyltrichlorcailed®®!

Inspired by these contributions, we designed agetltnew phosphoroamides as Lewis
Base in the trichlorosilane-mediated enantioseleateduction of C-N double bond with
the idea that simple coordination of the PO grotgp$iSiCk allows to generate a the

active catalytic species (Figure 23).
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*

VRS

e P
6,010

ci-Si~ci

N H
SASS
Figure 23

With this goal in mind, we synthesized derivativiasa single step procedure, using
different enantiomerically pure scaffold, typicallierived from §)-prolinol or similar
compounds. These are collected in Figure 24.

More specifically, the general synthesis involved teaction between the chiral scaffold
and diphenyl phosphinoyl chloride in presence athiylamine under reflux. After
chromatography purification, the reaction led tdabsts with yields between 21 and
75%. In Figure 56 it is reported the synthesisatflyst66, as an example.

0 L
Q [ }0p
[}\/OH b TEA @ N o] @
+ —_— !
N © @ THF, reflux EP:O
66

Using similar chemistry, we easily prepared variohgal posphinoamides, which can be

Scheme 56

distinguished as monodentate, with one site fa ctbordination to the silicon atom, and

bisdentate, which allows the bis-coordination.
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Ph
Ph EBA _SiMe,tBu DA
ENBXOH \ 0 N OH
\ ) — =0
P=0 7\ O 7\
7\ Ph Ph Ph
Pi"pnh 62 Ph 63 64

7\
Ph" pn 65 P b 66

67 68

Figure 24

The reactivity of these derivatives were therefeseamined in the enantioselective
reduction of C-N double bond. First of all we cootdd few preliminary experiments of
reduction of ketimin@5 in dichloromethane at 0°C and -40°C.

_Ph _Ph
N, cat 10%mol HN
+ HS|C|3 >
CH,Cl,, 15h
25
Scheme 57

The most significant results obtained are colleatethble 14.
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entry cat T (°C) y (%) ee (%)
1 62 0 47 32
2 64 0 - -
3 65 0 83 rac
4 66 0 72 40
5 66 -40 64 64
6 67 0 93 rac
7 68 0 20 -
Table 14

From this first screening, we observed that theicgdn with trichlorosilane proceeded
smoothly to furnish the corresponding amine witbdgield (up to 93%). Unfortunately,
the enantioselectivity value was not significaningsthese systems, only cataly®®

achieved discrete enantiomeric excess at low tesyrer (64%).

Considering these unsatisfactory results, we eteduahe possibility to apply the
catalytic system to other interesting substratedeéd, less frequently trichlorosilane has
been used in the reduction[®enamino esters, as valid alternative to the nezttlyzed
hydrogenations.

Attracted to this possibility, we prepared and titheN-benzyl enaminef 3-0xo-3-
phenyl-propionic acid methyl ester. In a typicabggdure, the reaction was performed at
0°C in dichloromethane for 12 hours in the presesfca0% mol amount of chiral Lewis
base (Scheme 58).

LN BN cat 10 mol % N
4+ HSiCl - j
o s_coome DCM. 12 h oy ~COOMe
Scheme 58

The most significant results obtained are colleatethble 15.
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entry cat T (°C) y (%) ee (%)
1 62 0 41 21
2 63 0 70 7
3 64 0 98 5
4 65 0 47 7
5 66 0 99 35
6 67 0 98 31
7 68 0 47 11
8 66 -40 53 75
9 67 -40 50 85
Table 15

These experiments showed that all catalysts welke abpromote the trichlorosilane
addition, often in good yield. As predictable, mdantate organocatalysé®-65and 68
showed less efficiency and afforded the productegdly in lower yield than bis-
coordinating systems.

At 0°C only modest enantioselectivities were obedrwvhile at lower temperature they
were improved: as in the case of catalg&snd67, they afforded the product in 75% ee

and 85% ee, respectively.

After this initial screening, we focused our attenton the most promising systems,
catalysts66 and67, and the following step was to evaluate the eftdatnost common

protecting group on the nitrogen atom.

an-R cat 10 mol % WINEL
: HSICl5 - B
o~ COOMe DCM. 12 h o, ~COOMe
Scheme 59
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entry cat (%) R T (°C) y (%) ee (%)
1 66 Bn -40 53 75
2 67 Bn -40 50 85
3 66 PMP -40 73 21
4 66 Ph 0 83 65
5 67 Ph 0 81 45
Table 16

The organocatalytic reduction d&f-benzyl andN-PMP imines of3—ketoesters was
investigated. The correspondirfsramino esters were obtained in discrete to good

chemical yield, as shown in Table 16. Anyway, tlestlprotecting group in this reaction
condition remaining the benzyl group.

In order to further investigate the synthetic ptitdity of our methodology and to verify
the general applicability of the catalytic systene performed a range of experiments
with various substrate. We evaluated the effectlioérse electronic proprieties on the

aromatic ring with different protecting group orethitrogen atom.

R R

HN~ . cat 10 mol % HN~
_coome " HSICls g .. _coom
NN e DCM, 12 h N e

Scheme 60
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entry cat Ar R T (°C) y (%) ee (%)
1 66 4-OMePh Bn 0 87 43
2 66 4-OMePh PMP 0 99 50
3 66 4-OMePh PMP -40 71 70
4 67 4-OMePh PMP -40 70 21
5 66 4-CRPh Bn -40 73 60
6 66 4-CRPh PMP -40 55 63
7 66 4-BrPh PMP 0 99 70
8 66 4-BrPh PMP -40 77 75
9 66 4-NO,Ph Bn 0 99 80
10 66 4-NO,Ph Bn -40 75 78
11 67 4-NO,Ph Bn 0 90 40
12 66 4-NO,Ph PMP 0 99 70
13 66 4-NO,Ph PMP -40 85 83

Table 17

It is worth noting that best performing protectiahthe imine nitrogen changed from
substrate to substratBl-benzyl enamine was reduced with values of enanéosety
lower thanN-PMP derivativesvhen Ar is 4-OMePh (entries 1-2, Table 17) and with
comparable results with the other substrates. Ktrbe noticed that cataly§7 did not
confirm the excellent result shown before (entry Table 17)and behaved quite
unpredictably in several attempted reactions. Thege(S-prolinol-derivative 66 was
preferably employed with other substrates. GeneRINMP-substituted compounds were
reduced in a slightly higher enantioselectivitidgart N-benzyl derivatives, always
affording B—amino esters with enantiomeric excess higher ti@84 &nd up to 83% ee in

the best case (entry 13).
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On the basis of those results, we evaluated tleetedf various structural modifications
of the catalyst, with the aim to understand the feeyors that determine the performance
of the catalyst and to allow a further improvemeints properties.

Following our philosophy according to which catéymust be of simple preparation, we

started the synthesis from commercially availabldoc-L-prolinol and we easily
obtained in three step cataly&

EH MsCl 1. PhyPH, n-BuLi, THF EH
_ S - Ly _0

) P
Boc °F TEATHF  Boo OMs 2 H,0,30% DCM Boc py) Ph
s 73
Scheme 61

The first step involved the preparation of compoutitiby treatment ofN-Boc-(S-

prolinol with mesyl chloride in the presence ofetnylamine for 4 hours at room
temperature in THF. The diphenylphosphinic groupswatroduced for simple
nucleophilic substitution in 43%yield. Even thougfre phosphorus atom usually is
oxidized spontaneously in air, the oxidation did take place completely. In order to
obtain a complete conversion to phosphinoxide, ssarg for the coordination to the

silicon atom, the substrate was quantitatively xad with hydrogen peroxide.

Starting from catalyst3, we synthesized three different bis-dentate catslylreatment
of catalyst73 with trifluoroacetic acid allowed to remove ttegt-butyloxycarbonyl group
and the subsequent reaction with pivaloyl chlord@resence of TEA gave the catalyst
74in 43% yield. Catalys?5, in a similar way, was prepared in 35% yield by tegcof

73 with benzoyl chloride. To perform the synthesiscatalyst76 was necessary to use
stronger conditions: substrai® reacted with chlorodiphenylphosphine in presentce o
LDA to obtain the desired product with 84% yiela¢t®me 62).
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t-BuCOCI o O
TEA, DCM 74

ey
Oﬁ TFA Oﬂ B PhCOCI N f

N p//o —_— N p/o > o O
N\ N\
Boc,/pn  DOM H /g, TEA, DCM @‘ .

73
PhN
LDA, THF Ph

Scheme 62

These organocatalysts were examined in the reduatib 3-enamino esters with
trichlorosilane (Scheme 63, Table 19).

The reaction was carried out in dichloromethansahgent for a time of 18 hours at 0°C,
using a 10% catalyst loading.

_PG _PG
AN o cat 10% mol HY™ o

N + HSiCl - -
WOMe ® CH,Cl,, 0°C,18h (j/\)L OMe

Scheme 63
entry cat PG y (%) ee (%)
1 73 PMP 81 rac
2 74 PMP 49 rac
3 75 PMP 76 rac
4 76 Bn 64 rac
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Table 18

As shown in Table 18, the reduction [Enamino esters proceed in all case with very

good chemical yields but total absence of stereobn

We then decided to test these catalysts in thectistuof ketimines (Scheme 64). The

results are collected in Table 19.

_Ph _Ph
N| ) cat 10% mol HU
+ HS|C|3 >
CH,Cly, 0°C,18 h ©/\
Scheme 64
entry cat y (%) ee (%)
1 74 70 rac
2 75 92 rac
3 76 68 rac
Table 19

Once again, the results were less satisfactory tinase observed with cataly€é and
67. the reactions proceed very well in terms of cloahiefficiency but with no

stereocontrol.

Discouraged by these results, we decided to chsingeegy and test the use of additives
in the reaction. Recently Sun demonstrated hovadlaition of special additives increases
the rate of reaction as well as the stereocofiffollt is based on the understanding that
the B-enamino esters themselves could not be reducetlidhjorosilane and that the
reduction proceeds through their imine tautomerse &addition of different Bronsted
acidic additives enhanced the rate of reductionabygelerating the enamine—imine
tautomerization and, in addition, increase the tedpdilicity of the imine through

protonation of the nitrogen atom.
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With this in mind, we added stoichiometric amouhvarious additives, such as®, i-

propanol and trifluoroethanol, with the goal tore&se the stereocontrol in the reduction

of B-imino esters.

PG

HN" O additive

A

N’

|
Ph)\/U\OMe

HSICl,

cat (10 mol%)
D —————————

O

Ph OMe CH,Cl, 18 h Ph/?\)J\OMe
Scheme 65

entry cat PG T (°C) additive y (%) ee (%)
1 73 PMP 0 - 81 Rac
2 73 PMP 0 iPrOH 62 Rac
3 73 PMP 0 CECH,OH 67 Rac
4 66 PMP 0 iPrOH 72 rac
5 66 Bn 0 CRCH,OH 55 rac
6 66 Bn -40 - 53 75
7 66 Bn -40 HO >99 50

Table 20

From the data shown in Table 20, it was possiblelcale that even this strategy did not

lead to the expected results. Indeed, the redugiimmoted by catalys?3 led to

products with yields slightly lower than those obéal without additives and, more

important, with no effect on the stereocontrol {gmnt-5).

Also catalys®66 did not improve their performance in the presesfcadditives: the use of

water allowed to isolate the reduction productuamfitative yield even though with 50%

ee, lower to the value obtained in the absencelditise (entry 6 and 7).

In the attempt of improving the selectivity of thecess, we decided to take advantage of

the presence of a removable chiral auxiliary at thene nitroger’® therefore

trichlorosilane mediated reduction of enamine datifrom R)-1-phenyl-ethyl amine
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was studiedBy running the reaction at 0°C with catalg& the chiral3—amino ester was
obtained after 12 hours in 98% vyield with a totahirol of the stereoselectivity, affording

the product as a single stereoisomer, as deterrbpm®&MR analysis.

cat 66 10% mol

+ HSICl >
N ®  CH,Cl,, 0°C,12 h HN
©/K/COOMG ©)"'///000Me
Scheme 66
Then we decided to test our methodology in the gmagmpn ofa-amino acids because
very few successful example are currently repoindderature, both in case of transition

metal-catalyzed hydrogenations and in case of ogmalytic methodologies with

limited number of cyclic and uncycle-imino esters studied.

N + HSiCl, cat 10% mol _ H
| _ome CH,Cly, 0°C,12 h  OMe
; Y

Scheme 67

nwzZ

entry C\cat y (%) ee (%)

1 66 >09 81
2 67 >909 70
Table 21
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After 12 hours at 0°C in dichloromethane, both lyata 66 and 67 promoted the
reduction ofN-4-methoxyphenyb—imino ester in quantitative yield at with good lewé

stereocontrol, and with 81% and 70% enantiomeriess, respectively (Table 21).

In conclusion, the straightforward synthesis ofeaies of novel, inexpensive, easy to
make, metal-free chiral catalysts by simple condios of commercially available
enantiopure amino alcohols was described. Such congs were shown to promote the
enantioselective reaction of ketiminesimino andp-imino esters with trichlorosilane in
high chemical yield and good enantiomeric excessnds bearing an inexpensive and
removable chiral auxiliary, were reduced with coet@l control of the absolute

stereochemistry.
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CHAPTER VI
(S)-Proline-derived Organocatalysts for the Lewis Acid-

mediated Lewis Base-catalyzed Stereoselective Aldol
Reactions of Activated Thioesters

In the course of our studies about P=0 containorgpounds and in an attempt to further
improve the versatility and both chemical and sielhemical efficiency of these systems,
we decided not only to expand the number and tgpehiral coordinating Lewis bases
for stereoselective reactions, but also to invastigtheir performance in different

enantioselective reactions.

In this way, the newly synthesized P=0O containirgyivdtives were employed as
organocatalysts in the Lewis acid-mediated Lewiseharomoted direct stereoselective
aldol reactions of activated thioesters with aromalidehydes, carried out in the presence
of tetrachlorosilane and a tertiary amiffé.

As described above, proline, with its rigid struettand vicinal functionalities, was
identified as an inexpensive and readily nfiedi scaffold for the synthesis of a set of
enantiomerically pure Lewis bases containing déifer diphenyl phosphinyl oxide

groups, collected in Figure 25.
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DA PR Ph DA PR Ph D,\ pr
oK, R e
Ph’P‘:O Ph/R:O %—O/EO ©
Ph 66 Ph 67 73
0
D’\ o EB,\ o NOBn
N BT N B N
):o O =0 O P=0
Ph PH | PH )
75 Ph 76 Ph 77
Ph Ph
[ =g a P (( E%/j
0-R DA Ph
N ) N
Me,N 0 O
2N’ NMe, PH ) —~0
78 Ph 79 80
Figure 25

Some of these compounds were synthesized in onge staply by reaction of
enantiomerically pure and commercially availab®-groline derivatives with the
necessary phosphinoyl chloride. On the other hdhe, synthesis of compound8
required a stepwise procedure starting from prollmenzyl ester and involving
phosphoroamide formation, ester reduction to themgmy alcohol, and reaction of the
latter with diphenyl phosphinoyl chloride in 42%aferall yield.

The synthesis of compou® also required a few steps (Scheme 68).
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e 0
NO/\Ph Ph,POCI NO/\Ph DIBALH E,}/\OH
N

DIPEA, THF N DCM,0°C |
H *HCI Ph—P=0 Ph—P=0
y: 99% ! y: 60% Ph
Ph
0
Ph
H NH EVN/\/
(cocl), [IP)L e~ NHz O
! = I
TEA, DMSO Ph—P=0 NaCNBH; THF Ph—P=0
y: 99% Ph y: 63% Ph
Ph,POCI EVN/\/PV‘
_— \
DIPEA THF N JPh
y: 41% Ph—P=0 g Ph
Ph
79
Scheme 68

Reduction of estewith excess of DIBALH followed by Swern oxidatioed to the
corresponding aldehyde in 86% yield. This was stibgeto reductive amination with 2-
phenyl ethylamine in the presence of sodium cyarabaride, and finally to reaction
with diphenyl phosphinoyl chloride to afford thepexted adduct9 in 25% overall yield.

It is worth mentioning that the present syntheticesne offers the possibility to introduce
two different P=O groups containing different cess at the two nitrogen atoms and
thus to tune the properties of the two basic fethe catalyst. CompourgD was also
prepared as a hon-P=0 containing analogu&dbllowing a similar route starting from

N-Boc proline benzyl ester (30% overall yield).

The chiral Lewis bases were then employed as ifain tetrachlorosilane-mediated
aldol-type reactiongn particular, our studies was focused on the ehgihg aldol-type
reaction between activated thioesters and aldehydsimgle example of which had been

reported so far in the literature (Scheme®89).

91



Chapter VI —(S)-Proline-derived Organocatalysts for the LewisdAmediated Lewis Base-catalysed

Stereoselective Aldol Reactions of Activated Theoss

cat 10% mol;

SiCl, (3 eq),

DIPEA (10 eq)
81 anti  82a syn 82s

Scheme 69

The direct condensation of 2 mol equiv of trifluetloyl phenylthioacetat®l with 1 mol
equiv of benzaldehyde was performed in presen@&mbl equiv of silicon tetrachloride,
10 mol equiv of DIPEA, and 10 mol % of a chiral Liswbase at 0°C, for 24 h in

dichloromethane and led to the results summarizddble 22.

entry cat y (%) syn/antiratio eesyn (%)
1 77 35 98:2 35
2 78 60 96:4 37
3 66 51 97:3 51
4 67 40 94:6 47
5 79 90 98:2 51
6 80 31 98:2 15
7 76 35 92:8 15
8 75 45 97:3 21
9 73 55 96:4 19
Table 22

As can be seen from these data, all catalysts afgle to promote the aldol reactions,
although with widely different &tiency. Satisfactory yields of strongly unbalanced
mixtures ofsyn and anti B-hydroxythioester882s and 82a were obtained with catalysts
78, 66 and especially9 (up to 90%). The chemical efficiency of the castédyseemed to
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be only in part related to the presence of two lyiglbordinating P=O Lewis basic sites,
as can be seen comparing the yields obtained wiln@s67 and79 both featuring two
phosphoroamidic residues (entries 4 and 5). WhenPthO groups were replaced by
carbonyl residues, the catalyst led to a partitplalow reaction (cat 80 entry 6),
proving that the presence of the P=0 basic sitespsrtant.

These experiments also demonstrate thasyheliastereoisomer was constantly obtained
as the major product, independently from the catalgmployedsyn/antiratio >92:8).
The enantiomeric excess of theymisomers ranged from modest to fair. A maximum of
51% ee was obtained with cataly$ts and 79. Noteworthy, catalysts featuring both a
phosphinamide and a phosphine oxide group weretedsed for the first time, (entries 7-

9) but with disappointing results.

On the basis of these data, catalys& 66, 67and 79 were selected for further
optimization experiments performed by changingréection conditions. The results are
collected in Table 23.

entry cat t (h) T (°C) y (%) syn/anti ratio  eesyn (%)

1 78 40 -40 35 97:3 45

2 66 24 0 60 >08:2 51
3 66 40 -40 51 97:3 37
4 67 40 -40 40 98:2 53
5 79 40 -40 90 98:2 33
6 79 40 -40 31 90:10 22
7 Dggg?yrs'ft's 24 0 21 85:15 23
g  Ioremetl 15 0 80 >08:2 89
g  Teremetv 15 -40 55 88:12 83

Table 23

Lowering the reaction temperature had only a maibinpositive effect on the

enantioselectivity of the reaction carried out le fpresence of catalyst8 and67, no
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effect in the case of catalyéb, and was clearly negative in the case of catalgst
Compound79 remained, however, the best performing catalystenms of chemical
efficiency. By working at low temperature the prefatial formation of thesyn adduct

was confirmed, and in some instances slightly imedo for all the studied catalysts.
To assess the value of this new class of prolirsedb@hiral Lewis bases as catalysts, we

compare their performance with that of the welkblshed tetramethyl-BITIOP&! and
binaphthyl derived bisphosphoroamide, the Denrsarétalyst®”

/
OO N o \ OO
o _N._,
, R
7\
OO

(S)-TetraMe-BITIOPO Denmark's catalyst

Figure 26

In our hands and under the experimental conditmnScheme 68, Denmadskcatalyst
promoted the direct aldol reaction of thioesérwith benzaldehyde to afford an 85:15
syn/antimixture of3-hydroxythioester82, in only 21% yield and 23% ee for the major
synisomer. The result demonstrated that in the ptesethodology not only the Lewis
basicity of the coordinating sites at silicon, kalso the steric environment and the
interaction of the Lewis bases with the sterical§manding silicon tetrachloride, play a
key role in the process. For clearness of compayrisolable 24 the results obtained with
tetramethyl BITIOPO were reported; at 0°C this ahphosphine oxide promoted the

direct aldol reaction in 80% yield and 89% ee.

To determine the effect of a change in the eleatroature of the aromatic residue of the
aldehyde on the efficiency of the reaction, thiee8i was also reacted with 4-methoxy-
and 4-trifluoromethyl-benzaldehyde to afford alddducts33s,aand84s,a respectively.

The results are collected in Table 24.
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0 0 OH O
S CF, RH R s CF,
+ H
cat 10% mol; ©
SiCl4 (3 eq),
81 DIPEA (10 eq) anti syn
Scheme 70

entry cat T (°C) R y (%) syn/antiratio eesyn (%)
1 66 0 Ph 51 98:2 51
2 66 0 4-MeOPh 25 96:4 47
3 66 0 4-CHPh 35 70:30 37
4 67 0 Ph 40 94.6 47
5 67 0 4-MeOPh 41 90:10 33
6 67 0 4-CHPh 35 70:30 29
7 79 0 Ph 90 98:2 51
8 79 0 4-MeOPh 35 96:4 50
9 79 0 4-CRPh 48 91:9 31

Tetramethyl :
10 BITIOPO 0 Ph 80 >08:2 89
Tetramethyl .
11 BITIOPO 0 4-MeOPh 51 >08:2 83
Table 24

When trifluoroethylthioester was reacted at 0°Chwit-methoxybenzaldehyde in the

presence of a catalytic amount of compoéd the product was isolated in low yield
(25%), high diastereoselectivitgyn/anti96:4) and in 47% ee (entry 2).
The reactionwith 4-trifluoromethylbenzaldehyde led to slightygher yield (35%) but

disappointingly low diastereoselectivityyf/anti70:30), and ee (37%) (entry 3). The use

of the 4-methoxy- and 4-trifluormethyl-benzaldehyidethe reaction carried out with

catalyst67 led to similar results (entries@). On the other hand, the chemical efficiency

shown by catalys?9 in promoting the reaction of thioestetth benzaldehyde was not
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reproduced with either 4-methoxy- or 4-trifluormgthenzaldehyde (entries&. Once
again it is worth mentioning that with tetrametiBHFIOPO constantly excellent levels of
enantioselectivity, higher than 80%, were maintdimgth different aromatic aldehydes
(entries 10 and 11).

In an attempt to rationalize the steric coursehafsé reactions and possibly gain some
insight into the origin of stereoselectivity thancbe useful for a future optimization of
the catalyst structure, the transition structur@sthe aldol addition of the enolate of
thioester81 with benzaldehyde in the presence of cataégsivere initially located at the
semiempirical PM6 level. Cataly66 was studied instead of cataly®® because, being
structurally more simple, it was more amenableafiudations. It must be remembered
that the two catalysts, although of different cheahiefficiency, showed similar level of
stereocontrol. On the basis of our recent expegienaelated reactions and of literature
data,the formation of a chiral cationic hypervalent hex@rdinated silicon species was
postulated, with the two chlorine atoms in the appositions; both enolate and aldehyde
are coordinated to the silicon atom. Thus, cyditair-like transition structures can be
easily located, accounting for the formation of thé possible diastereocisomers. They
were characterized as true transition structuregh® reactiorvia a complete vibrational
analysis. The two structures of the lowest ener§yldading to the formation of ttsyn
isomers, major§9-82 (structureA) and R R)-82 (structureB), are shown in Figure 28.
The parallel-offset orientation of the phenyl rirfs¢he aldehyde and of the enolate, and
the T-shaped arrangement of the phenyls of theagahd of the phosphoroamide, both
stabilizing interactions present iA but not in B, seem to play the major role in
determining the stereoselection. However, PM6 datecate only a moderate selectivity
in favor of §9-82, in qualitative agreement with the experimentalagdavork is in
progress to complete the theoretical analysis isfrégmction and to enhance the level of
theory, in order to get a deeper insight into thgio of the stereoselection.
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B (0.18 kcal/mol)

©  Phosphorous ® Oxygen

©  Halogen @® Nitrogen
o Sulphur W  Silicon
Figure 27
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In conclusion, we synthesized a novel class ofipeabased chiral Lewis bases employed
as organocatalysts in Lewis acid-mediated Lewis{memoted direct stereoselective
aldol reactions of activated thioesters with aromatidehydes. In the presence of
tetrachlorosilane, very higkyn diastereoselectivities were generally obtained tfar

direct aldol reaction of thioesters with aromatidehydes; although modest to fair
enantioselectivities for the major isomer were obs@ the results opened the way

towards the use of a new class of catalysts in,3i€diated stereoselective reactions.
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CHAPTER VIl
Stereosel ective Reduction of Heteroaromatic Compounds

N-containing heteroaromatic compounds, particullrhse having an indole or quinoline
substructure, are important (sub)structures pregemtumerous natural or synthetic
alkaloids. They are known for their high biologicattivity, and find numerous
applications in pharmaceuticals, agrochemicals andmeticd®® Various synthetic
methodologies have been reported to access theskbdmes. The most common
procedures involve catalytic hydrogenation of umssed compounds with transition
metal catalysts. However, asymmetric hydrogenatbraromatics or heteroaromatics
compounds requires strong reaction conditions adéelpressures and temperatures.
The possibility to work under mild conditions wittetal-free procedures suggests the use
of organocatalytic systems. Relatively few exampbésorganocatalytic systems are
known for the stereoselective reduction of a camitrogen double bond of heterocyclic

compounds. They involve the use_of Hantzsch esterschlorosilane as hydride source,

as briefly described below.
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7.1 Hantzsch esters

The first example of a metal-free reduction of hedeomatic compounds was reported
by Rueping’s group in 2006. They developed an eosglective phosphoric acid catalyst
able to catalyse the partial reduction of quinoliterivative§°®, which are of great

synthetic importance in the preparation of pharmticals and agrochemicals, as well as
structural key element of many alkaloids. Afteresing variety of sterically congested
phosphoric acid,R)-(-)-9-phenanthryl-1,1binaphthyl-2,2diyl hydrogen phosphate was
selected as derivative of choice to perform steyetol, which provided 2-

phenyltetrahydroquinoline in 97% €8cheme 71).

+
N R N benzene, 60 °C, 12 h N~ YR
H

R' = 9-phenanthryl R = phenyl 92% yield, 97% ee
R = 2-naphthyl 93% yield, >99% ee
R = 4-methoxyphenyl 90% yield, 98% ee

Scheme 71

Examining the scope of this reaction, authors foowicthat this class of catalyst is able to
afford in good vyields and high enantioselectivitiesveral tetrahydroquinolines with
aromatic, heteroaromatic residues and aliphatistgubnts. Mechanistically, Rueping
and co-workers conjectureded that the first stepthe enantioselective cascade
hydrogenation is the protonation of the quinoliheotigh the Brgnsted acid catalyst to
generate the iminium ioA (Figure 28). Subsequent transfer of the first ldgfrom the
dihydropyridine generates the enamine and pyridingalt B, which undergoes proton
transfer to regenerate the Brgnsted acid and Hanfzgidine. Then the enamine reacts
in a second cycle with Brgnsted acid to producenimm ion C, which will again be
subject to hydride transfer to give the desiredatstdroquinoline. Subsequent proton
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transfer will then recycle the Brgnsted acid andegate a second equivalent of the
Hantzsch pyridine. The stereochemical outcome efrdaction can be explained by a
stereochemical model proposed by a transition staidel in which the quinoline is
activated by protonation of the chiral Brgnsteddathereby favoring approach of the
hydride nucleophile from the less hindergdface since th&ke face is shielded by the

large phenanthryl group of the catalyst.
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Figure 28

Later, the same group extended this catalytic nuetlogy to the hydrogenation of cyclic
imines, such as benzoxazine and benzothi&2the
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Once again, 9-phenanthryl derivative of BINOL phuosfic acid tourned out to be the
best performing catalyst, and further studies atldwo decrease the catalyst loading to
0.01 mol% without a considerable loss in reactiatyd selectivity: this is the lowest
catalyst loading to be reported for an organoctitagnantioselective transformation up.
In general, differently substituted benzoxazinesd drenzothiazine (bearing either
electron-withdrawing or electron-donating groupgrevobtained in good yields and with

excellent enantioselectivities (Scheme 72).

R'

~

O/

o 99

X EtO,C __CO,Et R’ X
X - 0 X
N R CHCI3 RT ” R

e o
PL oy (©1mol %)

N
H
X=0 X=8S
R' = 9-phenanthryl R = 4-Br-phenyl 93% yield, >99% ee 87% yield, >99% ee
R = 4-tolyl 95% vyield, >99% ee 50% yield, 96% ee

Scheme 72

It is worth mentioning that this is the first enastlective hydrogenation of
benzothiazines and represents one of the advanbagjas organocatalytic hydrogenation
over the application of most metal catalysts, whach known to be poisoned by sulfur-
containing substrates. As further development, Rwepsuccessfully reported the
reduction of benzoxazinones, obtain in the cyctid glycine derivatives in good yields
and enantioselectivities (90-99% ee), which therevapened to the corresponding linear
amino acid amides without racemization. The authoypothesized that, similar to
several biomimetic transfer hydrogenations, benzimes and benzothiazines would be
activated by catalytic protonation through Brgnsdedl (Figure 29). Analogously to the
previous reduction of quinolines, formation of tti@ral ion pair is thought to favor the
approach of the hydride from the less hindefdace as theRe face is effectively
shielded by the large phenanthryl group of Brgnaisd.
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Figure 29

In 2008 Du and co-workers further improved the aswytnic transfer hydrogenation of
quinolines introduced by Rueping through the emiplegt of new chiral phosphoric acid
catalyst§%?. The authors observed that substituents at tHep8stions of BINOL are
very important for achieving high selectivity. Thise of 3,3’-nonsubstituted BINOL
phosphate as a catalyst always gave low or eveanaatioselectivity. Therefore, Du’s
group assumed that the presence of substituenite &,3’-positions of binol phosphate
results in a better performance in organocatalyBiee newly proposed catalysts have
chiral pocket larger than those of previously depetl phosphoric acid catalysts (Figure
30).

simplify
SOH /)— e

R = Me, iPr, nBu, cy

Figure 30
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A variety of 2-aryl-substituted tetrahydroquinoknaevere already synthesized with
excellent enantioselectivities under the conditidaseloped by Rueping’s group, but 2-
alkyl-substituted tetrahydroquinolines showed lovesrantioselectivities (87-91% ee).
With this new phosphoric acid, a low catalyst load{0.2 mol%) is sufficient to obtain

excellent enantioselectivities, up to 98% ee fary@- and 2-alkyl-substituted quinolines.
Best results were obtained withPr and cyclohexyl derivatives, most likely due to
increased steric effects.

In 2010, Rueping’s group reported the first enadiective approach towards the
synthesis of 4-substituted-4,5-dihydro-1H-[1,5]bathazepin-2(3H)-ones,  which
resemble cycli@-amino acid$!®! Due to the basic nature of these benzodiazepinones,
the reactions conducted with various chiral phosphacid diesters gave only very low
conversion because of catalyst inactivation, wimiproved reactivity was obtained when
the corresponding\-triflylphosphoramides was employed as catalystigh ®-naphthyl
derivative selected as best performing one. Mick@anaradiation proved to be beneficial
to further improve the vyields, and the reductioallolved by subsequent acylation,
allowed to isolate products in very high yields amhntiomeric excess (Scheme 73).
The reaction is quite general with respect to thesstution pattern of the benzene ring
and phenyl substituent, while electronic effectshef phenyl substituent play a role in the
case of 7,8-disubstituted substrates. Whereasdleetwities were essentially the same,
the yields were higher with an electron withdrawgrgup substituent of the phenyl ring.
It is noteworthy that, in contrast to most tramsitinetal-catalyzed reactions, this metal-
free transfer hydrogenation not only tolerates ¢ato substituents but also nitro

functionalities.
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99
1) 4
0~ “NHSO,CF;
H o ‘O (5 mol %)
N R H ¢
J@[ AllylO,C COAllyl  MTBE (0.1 M), 50 °C (MW) /@[
R N= + /\EI R' N

N 2) AcCl, Py, DMF, RT Ar
H o=

R =2-naphthyl R'=Me R"=NO, 93% yield, 98% e.e.
R'=Br R"=NO, 86% yield, 98% e.e.
R'=Br R"=H 91% vyield, 96% e.e.

Scheme 73

7.2 Trichlorosilane

Very recently, Sun reported the first direct enasgiective hydrosilylation of prochiral

1H-indoles by combined Bragnsted acid/Lewis basiation**? The key factor for this

methodology is the addition of one equivalent ofexdo react with HSiGlto generate a

strong Brgnsted acid, HCI. In this way the reacfwoceeds through the generation of

electrophilic indolenium ions by C3 protonation hvithe in situ formed HCI, and

subsequent chiral Lewis base mediated enantiosadebtydrosilylation with HSIG

(Figure 31). A variety of chiral Lewis bases wesstéd and L-pipecolinamide derivative

bearing MOM ether moiety cat. 895 exhibited high catalytic activity
enantioselectivity with a wide range of substrg&sheme 74).

R2 R2

3 HSICl,
R N cat. (10 mol%) R?
R1 R1
N 1eq H,O N H
H CHCI3, 72 h, -20°C H N Nj,Ph
yield up to 92 HAO © o pn
ee up to 93% MOM
cat. 85

R' = Me, -(CH,)3-, (CHy),-, H, n-Bu, Bn, Et, n-Pr
R2 = H, Me, Et, i-Pr, n-Bu, Bu
R3 =H, Me, Br, CI

Scheme 74
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R2
®R1 Bronsted acid @Eg,w _ hydride @Eg_
” C3 protonation transfer to C2

|ndolen|um

H
|
CI-§i--'"CI
c’'X
LB
Figure 31

The trichlorosilane-mediated reduction has alsonbesed for the stereoselective
synthesis of chiral heterocyclic building blocksick as dihydrobenzodiazepinofs!
The corresponding products were obtained in exteli@elds (up to 99%) and
enantioselectivities (up to 98%) with catalg& Other heterocycles have been used as

substrates with cataly$t7 and water to increase the yield and the selecti{®igheme
75).[106]

R
!0 HSICl,
N :
cat (10 mol%) OPiv
00 ~ ]
R4 N= 2H4Cly, -10
R, 2-3 SN N
o) Ph
R, = H,Me, vinyl, Bn , HO™ ‘o)
. ield up to 99% cat. 86
R, = aryl, naphtyl, thienyl, furanyl y o
R3=H, Me ee uptO 98%
R,=H, Cl

R2 Ro
I o HSiCl, I o
@[ f cat. (10 mol%) @[ f Me /l
> [
N” R, CHCl,.0°C N R, Me N 5y
24-72 h H 0

Ph~ YOH
R4 = aryl, thienyl, Me yield up to 98% cat. 87
R, = Me, MOM, vinyl, Bn ee up to 97%
X=N,0
Scheme 75
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Following our interest in the development of trmfusilane-mediated reactions, we
decided to apply this reductive methodology alsahe synthesis of enantioenriched

heterocycles, such as quinolines.

First, we preformed the direct reduction of botlingline andiso-quinoline with 3.5 mol
equiv of HSIC} in the presence of a stoichiometric amount ofrathiewis Base, such as
DMF.

Under these conditions, the substrates do not godary transformation, probably due to
their high stability. For this reason, we decidednprove the reactivity of the substrates
with an activating reagent. Thus, asymmetric hydr@gion of quinolines an@so-
quinolines activated by chloroformates provides@avenient route to synthesize optically
active dihydro-heterocycles, because the aromwtist partially destroyed by the

formation of quinolinium and isoquinolinium sal&dheme 76§
~ + 2 >
N" R N” R N~ R
(IDOOR' COOR'
Scheme 76
Preliminary experiments were conducted with stoci@tsic amount of

dimethylformamide as achiral Lewis base, in orderelvaluate only the chemical

efficiency, in the presence of 1.2 mol equiv ofacbformate.

N DMF, CICOOR' X
+  HSiCly > )
NG CH,Cl,, 0°C,18 h N

Scheme 77

Unfortunately, the reactions carried out with etlyiloroformate as well as benzyl

chloroformate did not lead to the reduction product
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Hence, we decided to change the substrate and stinely most reactive 3,4-
dihydrogisoquinoline. Di-hydraso-quinoline 88 was obtained starting from dopamine:
the three-step synthesis involves first Myunctionalization of the primary amino group
with acetic anhydride, followed by Friedel-Craftyktion catalyzed by poliphosphoric

acid and then cyclization with concentrated HCI.

Meoj©/\/ NH, Ac,0 M60:©/\/ NHAc
I
TEA, DCM, rt MeO

MeO

NHAC
A0, PPA_
"DCM, 60°C TsoC

Scheme 78

Di-hydro-4so-quinoline88 was subsequently tested in the reduction with bequiv of
trichlorosilane in the presence of chiral LewisdmsThe first set of experiments were
conducted with catalysts used successfully in daiction of acyclic imines as described

in the previous chapters.

Meo . cat10%mol MO
N + HSIC|3 o > NH
MeO Z CH,Cl,, 0°C,18 h MeO .
89
Scheme 79
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Ph
Ph Me 7] M
OH Mej.\\\\N \N N OH
TN - ,,,,/OHO >:O
N — %—O
cat. 16 cat. 17 cat. 24
O N=
= 9 LD
N O-PPh N
o=R~Ph Ph
. oeyaY
cat. 66 0] N
cat. 23
Figure 32

The experiments did not afford the desired resuftsthe best case we obtained the
product in 17% vyield and 10% ee with catalyst while employing catalyst§6 and23
the reaction didn’t take place. The use of additssech as chloroformates, improved

satisfactorily the yield (up to 82%) but the enasélection remained low.

Considering these unsatisfactory results, we dddidexamine a synthetic approach still
unexplored for the stereoselective synthesis adrbeycles: theeductive amination.

We thought to apply this methodology for the pregan of 1,2,3,4-tetrahydro

quinolines. Our idea was to prepare a single pseruas starting material of different
possible intermediates leading eventually to thmesaeduction product; the approach
would have allowed to explore different synthetatlpvays and to develop versatile

strategies for the synthesis of chiral heterocycles
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2
O
N
Iz

Figure 33

The precursors were prepared with a microwave-ptedhoeaction between 2-NO

benzaldehyde and the ketone of choice in toluen2 feurs (Scheme 80).

o) o)
y )?\ toluene ©\/\)LR 90: R=CH,
+ _ . RP=
[ :[ 91: R=t-Bu
R MW, 100°C, 2 h Rea.
NO, NO, 92: R=4-OMePh
Scheme 80

Substrate®3, 94 and 95 were subsequently obtained by simple reductionhef ritro

group with Fe and catalytic amounts of 37% HCI.

o) o)
S Fe, HCI 37% S 93: R=CH,
R ACOEYH,O, refl " R 4:R=Bu
c 20, reflux 5: R=4-MeOPh
NO, NH, 9 4-MeO
Scheme 81

We then performed few experiments of reductive atnm with product93 in the
presence of different chiral Lewis bases, at 09CL&h. (Scheme 82)
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O

cat 10%mol

NH, DCM, 18h, 0°C H
93 96

Scheme 82

The results are collected in Table 25.

Entry cat conv® (%) ee (%)
1 16 74 60 ©
2 17 58 75 R
3 23 55 15 R)
4 66 50 8 R
5 87 64 71 R

®determined by NMR
Table 25

We achieved the first encouraging results: therddsieduced product was obtained with
good conversions and good stereocontrol, as detedniby NMR spectroscopy.
Unfortunately, the purification of the crude mixuwas problematic and allowed to
isolate the product with very low yields (10-15%)atalysts17 and 87 gave good
enantioselections, (75% and 71% enantiomeric excesspectively) and discrete
chemical efficiency (58% and 64% of conversionpessively). Also catalysi6 showed
good ee (60 %), while catalys®3 and 66 gave fair conversions but very poor
enantioselection.

The reductive amination reactions were then carreed under various reaction
conditions namely by changing the solvent and temperaturd) tié most promising
catalysts 16 and17).
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entry cat solvent T (°C) conv®(%) ee (%)
1 17 DCM 0 58 75R)
2 17 CHCI 0 51 60 R)
3 17 Toluene 0 71 61R)
4 17 DCM -15 no reaction -
5 16 DCM 0 74 60 9
6 16 Toluene 0 86 509

 determined by NMR
Table 26

Ephedrine-based catalyst showed good efficiency in all solvents, even thotlghbest
performance was obtained by running the reactioD@M. Lowering the temperature,
the formation of the product was not observed. Igsitd6 showed also the best level of

enantioselcection in DCM, obtaining 60 % of ee.

We performed experiments also with substr@and95. The reaction with compound
94 didn't take place, while the reaction with subtra5 in the presence of different

chiral catalysts gave the results illustrated guiFeé 35.

N | cat 10%mol O
+ HSICly - "
NH, OMe DCM, 18h, 0°C N O
OMe

95 97

Scheme 83
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Ph ¢l
wph Me ¢
N I |
OH Me._ N SN
(0] 7 N\ j S
ANGS Ph”” “OH
cat. 16 cat. 17

79% conversion, rac 27% conversion

47% ee (R)

O N=
SQFav

/ p—
N \
0 N
cat. 23

43% conversion, rac

Figure 35

In this case, only the ephedrine-based catdlystas able to lead to an enantiomerically

enriched product (47% ee). Catalystand23 showed better chemical efficiency, with

79% and 43% of conversion, respectively, but witleffect on the enantioselection.

In order to improve the yields and facilitate the&ification step, the reductive amination

was followed byin situ N-acylation of the product, by treatment with acetyloride and

pyridine for 2 hours (Scheme 84).

© 1. cat 17 10%mol

DCM, 18h, 0°C

98 R: CHj

©\/\)LR + HSiCly
NH

2

2. AcCl, Py, 2h, rt

(L,

oA

99 R: 4-OCH3Ph

Scheme 84
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In this way, produc98 and 99 were isolated with 41% and 83% yield, respectiveligh

no influence on the stereochemical outcome of ¢letron.

We also synthetized the Matzomura-derived catalyststrated in Figure 36, with the

goal of improving the selectivity of the process.

HO, Ar
Ph
N OTMS N o OTBDMS

o N\ 0] TN
N/ o / N N __

— N __

Ar: 3,5 CF4Ph

cat. 88 cat. 89 cat. 90

Figure 36

0 1. cat 10%mol

@(\)\ + Hsicl,  DCM,18h,0°C @(j\
NH 2. AcCl, Py, 2h, rt N

2 O}\

Scheme 85
entry cat y (%) ee (%)
1 88 64 68 ©
2 89 41 758
3 90 53 14 R
Table 27
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When tested in the reductive amination, catalg@8tend89 promoted the reaction with
good vyield and better enantiomeric excess thadysatd6, while catalyst90 showed a

remarkable drop in enantioselectivity.
In conclusion, these preliminary experiments alldwe obtain for the first time 1,2,3,4-

tetrahydroquinolinesia reductive amination with good levels of enantiesgbn, paving

the way for further improvements.
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CHAPTER VIII
Experimental Section

In this chapter the synthetic procedures of alldpois shown in the previous chapters

have been reported.

All reactions were carried out in oven-dried glagssvwith magnetic stirring under
nitrogen atmosphere, unless otherwise stated. @lwests were purchased by Fluka and
stored under nitrogen over molecular sieves (lotigh crown cap). Reactions were
monitored by analytical thin-layer chromatograpAy.C) using silica gel 60 k4 pre-
coated glass plates (0.25 mm thickness) and vemediliusing UV light or
phosphomolibdic acid. Purification of the productgas performed by column

chromatography on silica gel (230-400 mesh ASTMrdWe unless otherwise stated.

NMR spectra were recorded on a AMX 300 Bruker, akBr Avance 500, a Bruker AC
200 or AC 300 spectrometerdd-NMR were recorded at 200, 300 or 500 MHz and
chemical shifts are reported in ppna),( with the solvent reference relative to
tetramethylsilane (TMS), employed as the internahdard (CDG 6 = 7.26 ppm). The
following abbreviations are used to describe spirtiplicity: s = singlet, d = doublet,

t = triplet, g = quartet, m = multiplet, br = broaignal, dd = doublet of doublets.
13C-NMR spectra were recorded at 75 and 125 MHz riady, with complete proton
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decoupling. Carbon chemical shifts are reportegppm @) relative to TMS with the
respective solvent resonance as the internal s{(@DCk, 5 = 77.0 ppm)>'P-NMR
spectra were recorded at 121.4 or 202.4 MHz witimpglete proton decoupling.
Phosphorus chemical shifts are reported in pp)rafd were referenced to phosphoric
acid (kPQy) at 0.0 ppm.

Optical rotations were obtained on a Perkin-ElIm&t polarimeter at 589 nm using a 5
mL cell, with a length of 1 dm. IR spectra wereadbed on a Jasco FT/IR-4100 type A
instrument. Mass spectra were registered on a TheRnnigan LCQ Advantage

instrument equipped with an ESI ion source. HPLG@Ilymis for ee determination was
performed on a Agilent Instrument Series 1100 omatlstationary phase, under the
conditions reported below. Microwave-acceleratettiens were performed with a CEM

Discover class S instrument.
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Preparation of catalystl6

@Y @OH

Chapter VIII — Experimental Section

ne

“HCL & THF 24 h, rt
MW Eq mmol g mL d (g/mL)
picolinoyl chloride 141.56 1.2 4.06 575
(S-aa-diphenyl-2- 55334 4 3.38 856
pyrrolidinyl methanol
TEA 101.19 1.2 4.06 411 0.57 0.726
THF 72.11 25 0.889

Picolinoyl chloride was formed in situ by reactioh picolinic acid and an excess of

thionyl chloride (1.5 mL) at reflux for 2 hours.

To a solution of substrate and TEA in dry THF auioh of picolinoyl chloride in THF

was slowly added dropwise. The mixture was stificed20 hours at room temperature

and then concentrated in vacuum. The obtaineduesidhs purified by silica gel flash

chromatography.

Flash chromatography (diameter: 4 cm, h: 15 cmp purification through silica gel

(eluent 7:3 hexane/AcOEt) allowed to obtain thedpict in 70% yield as a white solid.

'H-NMR (300 MHz, CDC}): & 8.52 (br, 1H), 8.26 (br, 1H), 7.74-7.69 (m, 1HBT7.26
(m, 11H), 6.67 (s, 1H), 5.45 (m, 1H), 3.60 (m, 18)20 (m, 1H), 2.19-2.02 (m, 2H),

1.62-1.55 (m, 1H), 1.27-1.15 (m, 1H).
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Preparation of catalystl7

Step 1
Cl
X X
| Ao NaBr, SOCl, _ | A
O *HCl O
MW eq mmol g mL d (g/mL)
Picolinic acid 123.11 1 8.12 1
NaBr 102.90 2 16.24 1.67
H.O 18.02 5

A mixture of picolinic acid, NaBr and SOfias refluxed for 24 hours. Thionyl chloride
was removed by rotary evaporation and gentle hgafirhe resulting residue was
dissolved with ethylene chloride (25 mL) and fidrthrough celite to remove the
insoluble material. Product was obtained in quatitié yield as a solid.

'H NMR ( 300 MHz,ds-DMSO0): § 8.7 (dd, 1H), 8.00 (dd, 1H), 7.8 (dd, 1H).
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Step 2
Cl
;LH X EDC, HOBt | = |
: + | _ Cl > «N =
N CHCl3, 24h, rt . N
Ph™ ™OH 0
"HCI O Ph” “OH
17
MW Eq mmol g mL d (g/mL)
(1R,29)-ephedrine 165 1 7.06 1.17
4-Clpicolinoyl 515 46 1 7.06 15
chloride
TEA 101.19 1.2 8.47 0.86 0.726 1.18
EDCeHCL 155.24 3 10.6 1.56
HOBt 120.50 3 10.6 1.28
CHCI 50

In a dry 25-mL two-neck round-bottom flask equippedh a magnetic stirring bar
ephedrine was dissolved in @8 and EDCsHCL and HOBt were added. After stirring
15 min, 4-ClI picolinoyl chloride hydrochloride aridethylamine were added and the
solution was stirred for 24 h at room temperatuiesolution of N HCI| was added until
pH became slightly acidic. Then the solution wasasted with DCM and the organic
layers were combined, dried over anhydrous Mg®0ncentrated on a rotary evaporator
and purified by silica gel flash chromatography.

Flash chromatography (diameter: 4 cm, h: 17 cnpumfication through silica gel with
98:2 DCM/MeOH as eluent allowed to obtain the pidn 71% vyield.

Rotamer 1:

'H NMR (300 MHz, CDCY): § 8.32 (m, 1H), 7.25 (m, 3H), 7.23 (m, 1H),.08 Jd; 6.1
Hz, 2H), 6.48 (s br, 1H ), 4.63 (d= 4.0 Hz, 1H), 4.08 (m, 1H), 2.86 (s, 3H), 1.31J¢,
6.7 Hz, 3H).
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Rotamer 2:
'H NMR (300 MHz, CD):6 8.30 (m, 1H, 4), 7.4 (m, 2H, 9, 9), 7.3 (m, 3H, 10,

10"),7.25 (m, 1H, 5), 7.23 (m, 1H, 11), 5.0 (m, 13, 4.55 (m, 1H, 1), 2.80 (s, 3H, 3),
1.25 (d, J = 7 Hz, 3H, 8).
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Preparation of catalys®7

COOH
D—COOH HCOOH, ACQ? Q‘

N >

H

H,0, reflux H\&O
MW eq mmol g mL d (g/mL)
L-proline 115.13 1 17.37 2
AcOAc 102.09 7.3 127.2 13 12 1.082
HCOOH (95%) 46.02 52.8 917.6 44.5 38 1.270
H,O 18.02 55 55 1.000

L-proline was dissolved in HCOOH (95%) and the miigtwas cooled to 0°C. Acetic
anhydride was added and the solution was allowedaion to room temperature. The
mixture was stirred for 2 hours at room temperatauméd then it was diluted with cooled
(2-4°C) water (14 mL). The solvents were removeddigry evaporation. The product
was again dissolved irPrOH (10 mL) and poured in a becker containing b0 of
Et,O. The volatiles were evaporated and the produst dveed under high vacuum and
obtained with 95% vyield.

Two rotamers:

'H-NMR (300 MHz, CDCY): 5 8.28 (s, 1H), 8.26* (s, 1H), 4.45 (m, 1H), 3.64, @hi),
3.53* (t, 2H), 2.22 (m, 2H), 2.00 (m, 2H).

[a]p® = -50.0 (solvent: CEOH; ¢ = 5.03 g/100 mLA = 589 nm).
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Preparation of catalys?8

0
O\« NeoHinv  HO Q
)J7< THF, rt, 20h NJ\‘<

MW eq mmol mg mL d (g/mL)
L-proline 115.13 1 2.7 302
pivaloyl chloride 120.5 1.1 3 362 0.37 0.979
NaOH (1N) 75
THF 4.5

General proceduré-Proline was dissolved in 5 mL of 1 N NaOH, cooted0 °C in an
ice-water bath and stirred magnetically. Trimetlegglcchloride in THF and 2.5 mL of
1IN NaOH were added contemporaneously over the cadirs® min so as to maintain the
temperature at 5-10 °C, thought dropping funnele P was checked periodically to
insure that the solution remained strongly alkalidier the addition was complete, the
reaction mixture was allowed to warm to room terapge and stirred vigorously
overnight. To the basic solution was add®&dHCI until pH became slightly acidic. Then
the solution was extracted with DCM and the orgdayers which were combined, dried
over anhydrous MgSf) concentrated on a rotary evaporator and purifigdsilica gel
flash chromatography.

Flash chromatography (diameter: 3.5 cm, h: 8 cnpurfication through silica gel with

8:2 hexane/AcOEt as eluent allowed to obtain thedpet in 29% vyield as a white
crystalline solid.

'H-NMR (300MHz, CDCH): 6 4.42 (m, 1H) 3.53 (m, 1H)5 1.98 (m, 2H),8 1.81 (m,
2H), 8 1.22 (s, 9H).
3C-NMR (75MHz, CDC}): 5 178.41 (1C) 175.62 (1C)p 129.63 (1C)p 61.54 (1C)p
48.41 (1C)p 38.91 (1C)p 27.22 (3C)p 26.82 (1C).
op = - 150.24 (¢ = 0,286 g/100mL, CHEI
MS (ESI) m/z (%): calc. for gH1;NO3 = 119.2; found = 199.0
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Catalyst29

Ho—¢° ©

EN)KQ
This product was purified by flash column chromaapipy on silica gel with a 95:5
DCM/MeOH mixture as eluent. Yield quantitative.

'H-NMR (200MHz, CDCY): & 2,00 (m, 4H)3 3,53 (m, 2H)5 4,65 (dd, 1H)p 7,32 (m,
5H).

Catalyst30

Ho—/° O
E ”
N \ =
Z

This product was purified by flash column chromaapipy on silica gel with a 95:5
DCM/MeOH mixture as eluent. Yield 58%
'H-NMR (200MHz, CHOD): major:§ 1.71-2.24 (4H, m)$ 3.52-3.78 (2H, m)§ 4.69
(1H), 8 7.27-7.60 (1H, m)s 7.61-7.87 (2H, m)§ 8.42-8.50 (1H, m); mino 1.712.24

(4H, m), 3.523.78 (2H, m),3 4.41 (1H, dd)p 7.277.60 (1H, m), 7.67.87 (2H, m),
8.428.50 (1H, m).

Catalyst31

Ho—° 0
Shex
This product was purified by flash column chromasmipy on silica gel with a 98:2

DCM/MeOH mixture as eluent. Yield 85%.
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'H-NMR (200 MHz, CDC}): § 1,75 (m, 2H) 1,85 (m, 2H)3 2,05 (s, 3H)p 2,10 (s,
3H); 6 3,40 (m, 2H)p 4,56 (m, 1H)p 7,09 (m, 3H).

Catalyst32

HO O O

N)t©\
This product was purified by flash column chromaamipy on silica gel with a 98:2
DCM/MeOH mixture as eluent. Yield 25%.

'H-NMR (200 MHz, CDCJ): & 1,95 (m, 2H) 2,15 (s, 3H)$ 2,25 (m, 8H)3 3,20 (m,
2H); & 4,70 (br, 1H)p 6.84 (br, 2H).

Catalyst34

HO O O

N)‘\Q/
This product was purified by flash column chromaamipy on silica gel with a 98:2
DCM/MeOH mixture as eluent. Yield 86%.

'H-NMR (200MHz, CDC}): 6 1,75 (m, 2H) 1,85 (m, 2H): 2,05 (s, 3H)p 2,10 (s,
3H); 6 3,40 (m, 2H)p 4,56 (m, 1H)p 7,09 (m, 3H).

Catalyst35

HO O 0
CF3
N
CF;
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This product was purified by flash column chromaamipy on silica gel with a 98:2
DCM/MeOH mixture as eluent. Yield 75%.

'H-NMR (200MHz, CDC4): & 2,15 (m, 4H)33 3,55 (m, 2H)3 4,78 (dd, 1H)p 7,96 (s,
1H): & 8,04 (s, 2H).

Catalyst36
HO o o F
F
N
F F
F

This product was purified by flash column chromaamipy on silica gel with a 98:2
DCM/MeOH mixture as eluent. Yield 75%.

'H-NMR (200MHz, CDC4): § 2,05 (m, 2H)3 2,24 (m, 1H)3 2,36 (m, 1H)3 3,47 (m,
2H); § 4,68 (dd, 1H).

Catalyst37

Ho—° ©

5
This product was purified by flash column chromasmipy on silica gel with a 98:2
DCM/MeOH mixture as eluent. Yield 27%.

'H-NMR (200MHz, CROD): § 1,90 (m, 2H);$ 2,10 (m, 2H);3 2,42 (m, 1H)3 3,23
(m, 1H); 8 4,71 (m, 1H)§ 7,56 (m, 4H)3 7,92 (m, 2H)p 8,12 (m, 1H).
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Catalyst38

0]
\\S\\/ N
@)
O 0

This product was purified by flash column chromaamipy on silica gel with a 98:2
DCM/MeOH mixture as eluent. Yield 22%.

'H-NMR (200MHz, CDC}): 6 0,84 (s, 3H)% 1,06 (s, 3H)3 1,24 (m, 1H):® 1,40 (m,
1H); 6 1,64 (m, 1H)% 1,93 (d, 1H)% 2,05 (m, 4H)% 2,39 (m, 3H)p 3,08 (d, 1H)p 3,56
(m, 3H);6 4,52 (dd, 1H).
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Preparation of catalys40

_NaOH 1N
(j)k EtZO rt, 24h

6
MW eq mmol mg mL d (g/mL)
rans4-hydroxy-L- 131 13 1 2.6 302
proline
benzyl chloride 140.5 1.2 3.1 436.8 0.373 1.17
NaOH (1N) 4
Et,O 4

Trans4-hydroxy-L-proline was dissolved inNLNaOH, cooled to 0 °C in an ice-water
bath and stirred magnetically. Benzyl chloride ig(ewas slowly added over the course
of 15 min thought dropping funnel. The pH was cleeteriodically to insure that the
solution remained strongly alkaline. After the aaoh was complete, the reaction mixture
was allowed to warm to room temperature and stivigdrously overnight. To the basic
solution was addedNL HCI until pH became slightly acidic. Then the smo was
extracted with DCM and the organic layers whichaeveombined, dried over anhydrous
MgSQO,, concentrated on a rotary evaporator and purifled silica gel flash
chromatography.

Flash chromatography (diameter: 3.5 cm, h: 8 cnpurfication through silica gel with

8:2 DCM/MeOH as eluent allowed to obtain the prdoluquantitative yield as a white

crystalline solid.

'H-NMR (300MHz, MeOD): 7.50 (m, 5H)p 4.88 (s, 2H)$ 4.72 (t, 1H)S 4.40 (s, 1H),
6 3.82 (d, 1H)p 3.45 (d, 1H)p 2.43 (m, 1H)p 2.20 (m, 1H).

¥C-NMR (75MHz, MeOD):$ 175.50 (1C),8 171.01 (1C),8 135.80 (1C), & 132.08-
126.80 (5C)p 69.70 (1C)p 58.80 (1C)p 58.02 (1C)p 37.50 (1C).

ap =-111.2 (c = 0,258 g/100mL, MeOH).

MS (ESI) m/z (%): calc. for GH13NO, = 235.24; found = 235.0
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Preparation of catalysd2

0 _NaOH N
O\(O : ©)J\CI J\@
N Et,0, rt, 24h HO
H  OH
MW eq mmol mg mL d (g/mL)
trans-3-hydroxy-L- 131.13 1 0.76 100
proline ' '
benzyl chloride 140.5 1.3 1 141 0.3120 1.17
NaOH (1N) 2
Et,O 2

The synthetic procedure is identical to that désctifor the previous catalyst, obtaining
the product with 67% vyield.

'H-NMR (300MHz, MeOD):$ 8.01 (d, 2H)5 7.43 (m, 3H)3 4.47 (m, 1H)$ 3.82 (m,
1H), 6 3.56 (m, 1H)$ 2.17 (m, 1H)p 1.80 (m, 1H).

¥C-NMR_(75MHz, MeOD):$ 175.43 (1C),6 170.55 (1C),6 131.83 (1C), 139.42-
126.63 (5C)p 74.98 (1C)p 73.53 (1C)p 44.45 (1C)p 32.71 (1C).

ap =-12.1 (c = 0,274 g/100mL, MeOH).

MS (ESI) m/z (%): calc. for GH13NO, = 235.24; found = 235.1
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Preparation of catalysb3

Step 1

I l NH, CICOOEt I l NHCOOEt

o

l l NH, Py. toluene l l NHCOOEt

MW eq mmol g mL d (g/mL)
(R-1.1-binaphtyl- 55, 15 4 1.76 0.50
2,2’-diamine
ethyl chloroformate 108.52 2.6 4.61 0.50 0.44 .13
pyridine 79.10 8.7 15.31 1.21 1.2 0.981
toluene 6

(R)-1,1’-binaphtyl-2,2’-diamine was dissolved in tehe and pyridine and cooled to 0 °C.
A solution of ethyl chloroformate in toluene (1 mivas then added dropwise in 15 min.
The mixture was subsequently warmed to room tenmyeraand stirred for 2 h. The
reaction, followed by TLC using 8:2 hexane/ethyétate as eluent, was then quenched
by the addition of 2N KOH (10 mL); the organic layer was separated, d&edagueous
layer was extracted with ACOEt (3 x 20 mL). Thearig layers were dried with XaOs
and the solvent was removed by rotary evaporaffter drying, a pale pink powder was
obtained, with sufficient purity for being employaad the subsequent reaction (yield

guantitative).
'H NMR (300 MHz, CDCJ): 6 8.57 (d,J = 9.1 Hz, 2H), 8.08 (d] = 9.1Hz, 2H), 7.94 (d,

J=8.1Hz, 2H), 7.46-7.41 (m, 2H), 7.30-7.24 (m, 2618 (d,J = 8.5 Hz, 2H), 6.28 (br.,
2H), 4.1 (9J = 7.1 Hz, 4H), 1.18 (U= 7.1 Hz, 6H).
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Step 2

‘ g NHCOOEt LiAIH4 g g NHMe
l i NHCOOEt THF i l NHMe

MW eq mmol mg mL d (g/mL)
substrate 428.48 1 1.75 750
LIAIH 4 37.95 6.3 11.03 418
THF 10

LiAIH 4 was suspended in dry THF and cooled to 0°C. Thetsate was dissolved in dry
THF (3 mL) was then slowly added via dropping funrad the mixture was warmed
and then refluxed for 24 h. The reaction was foddwy TLC using 8:2 hexane/ethyl
acetate as eluent. After cooling to room tempeeatercess LiAlH was quenched with
MeOH (1 mL), NaOH 15% (0.5 mL) and finally water.§0mL). The resultant gray
precipitate was filtered off through celite and tvad with diethyl ether.

Flash chromatography (diameter: 2.5 cm, h: 18 anjurification through silica gel
(eluent: 400 mL of 8:2 hexane/AcOEt) allowed toambtthe derivative 246b in 72%

yield.

'H NMR (300 MHz, CDCI3)3 7.93 (d, J = 8.9 Hz, 2H), 7.84-7.79 (m, 2H), 7(@7J =
8.9 Hz, 2H), 7.23-7.14 (m, 4H), 7.00-6.96 (m, 2RiB4 (s, 6H).
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Step 3

I l NHMe picolinoyl chloride ] I NMeC(O)Py
C‘ NHMe  TEA, THF, reflux OO NMeC(O)Py

53
MW eq mmol g mL d (g/mL)
substrate 312.16 1 0.56 0.17
picolinoyl chloride 141.57 4 2.24 0.32
TEA 101.19 16 8.96 0.91 1.25 0.726
THF 10

Picolinoyl chloride was formed in situ by reactioh picolinic acid and an excess of
thionyl chloride (1.5 mL) at reflux for 2 hours.

To a solution of substrate and TEA in dry THF auioh of picolinoyl chloride in THF
was slowly added dropwise. The mixture was stif@d20 hours at reflux and then
concentrated in vacuum. The obtained residue wasfigul by silica gel flash
chromatography.

Flash chromatography (diameter. 2 cm, h: 15 cmpusdfication through silica gel
(eluent:400 mL of 98:2 C¥I,/MeOH) allowed to obtain the product in 73% yield.

Rotamer 1:

'H-NMR (500 MHz, CDCI3)$ 8.57 (d, J = 2.7 Hz, 2H), 8.05 (d, J = 8.8 Hz, ,ZHY5 (d,
J=8Hz, 2H), 7.87 (d,J =9, 2 Hz), 7.72 (d, J.& Mz, 2H), 7.7 (t, 2H), 7.48 (t, J = 8.1
Hz, 2H), 7.29 (t, J = 6.8 Hz, 2H, ), 7.25 (t, 2A)2 (d, 2H), 2.98 (s, 6H).

Rotamer 2:

'H-NMR (300 MHz, CDCI3)3 8.28 (d, J = 4.4 Hz, 2H), 7.83 (d, J = 8.8 Hz, ,ZHJ2 (d,

J =7.8Hz, 2H), 7.60 (d, J = 8.7 Hz, 2H), 7.52H), 7.45 (t, J =7.5 Hz, 2H), 7.29 (t, J =
6.8 Hz, 2H), 7.1 (t, 4H), 6.93 (d, J = 8.8 Hz, 2RK4 (s, 6H).
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Preparation of catalyst62-68

Q cl
Dﬁ P TEA @ N
+ —_— !
IN| OH ©/ @ THF, reflux P=0

MW eq mmol mg mL d (g/mL)
(9-prolinol 101.15 1 2.5 253 0.25 1.025
diphenylphosphinyl = 546 64 5 75 1775 143 1.24
chloride
TEA 101.19 3 7.5 759 1.03 0.726
THF 5

General procedureto a solution of substrate in solvent was addgthehylphosphinic
chloride and TEA at 0°C. After the additions, thixture was heated to reflux overnight.
The reaction was cooled to room temperature andd(tss was added. The DCM layer
was separated and the water layer was washed v@id [8x10 mL). The combined
organic solution was dried over MOy, filtered and the solvent was evaporated.

The crude product was purified on silica flash.

Catalyst62

Ph
WPh
N OH

\
Ph

The product was purified with a 95:5 DCM/@BH mixture as eluent. Yield: 27%
'H-NMR (300 MHz, CDCY): 8 1.1 (m, 1H); 8 1.4 (m, 1H);52.05 (m, 2H);d 2.4 (m,
1H); 5 2.9 (m, 1H);3 4.8 (m, 1H);37.2-7.3 (m, 12H)d 7.3-7.4 (m, 8H);d7.5-7.7 (m,
16H); 5 7.8 (m, 4H).
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3P-.NMR (121 MHz, CDGJ): 5 34.2.

Catalys63

D/\OSiMeztBu

N

Ph

The product was purified with a 95:5 DCM/E@BH mixture as eluent. Yield: 63%
'H-NMR (300 MHz, CDCY): 81.8-2.0 (m, 4H); 0 3.1-3.2 (m, 2H)5 3.35 (m, 2H)$ 3.7
(m, 1H);3 7.4-7.5 (m, 6H);5 7.8-7.9 (m, 4H).

3P-.NMR (121 MHz, CDGJ): 5 26.9.

Catalyst64

L0

N

Ph

The product was purified with a 95:5 DCM/@BH mixture as eluent. Yield: 53%
'H-NMR (300 MHz, CDCY): 51.60-1.80 (m, 3H); 82.05 (m, 1H)3 3.10 (m,
2H); 83.45 (m, 2H):5 3.7 (m, 1H; 85.0 (M, 1H);d 7.3-7.5 (M, 6H);3 7.7-7.9 (m, 4H).
3p.NMR (121MHz, CDG): 5 28.1.

Catalyst65

L0

N

Ph

The product was purified with a 95:5 DCM/EBH mixture as eluent. Yield: 61%
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'H-NMR (300 MHz, CDC}): 51.8-2.0 (m, 4H);33.1 (s, 3H) 3.10-3.2 (m, 4H)d 3.7
(m, 1H);37.4-7.5 (m, 6H); 5 7.8-7.9 (m, 4H).
3P_NMR (121 MHz, CDGJ): 5 26.9.

Catalyst66

O/\’\Ph

h/P—O
Ph

The product was purified with a 98:2 DCM/EBH mixture as eluent. Yield: 60%.
'H-NMR (500 MHz, CDC}): 51.85 (m, 2H); 2.05 (m, 2H);5 3.10 (m, 2H) 3.8 (m,
2H); 8 4.0 (m, 1H); 7.3-7.5 (m, 10H);5 7.7-7.9 (m, 10H).

¥C-NMR (125 MHz, CDCJ): 825 (1C); 529 (1C);d 48 (1C);558 (1C);d 66 (1C);
5127.8 (1C);5127.9 (4C);5 129 (4C);5131 (1C);8131.4 (3C)5131.5 (3G; 5131.7
(4C); 3132 (4C).

3p_.NMR (202 MHz, CDGJ): 527.3; 5 31.9

HMRS Mass (ESI +): m/z = calc for,gH,0NOsP,Na’ 524.15149, found 524.15190.
[a]?°5 = + 6.28 (c = 0.382 g/100 mL, CHEIT = 16°C,A = 589 nm).

Catalyst67

Ph

The product was purified with a 98:2 DCM/@BH mixture as eluent. Yield: 65%.
'H-NMR (500 MHz, CDCY): 51.77 (m, 2H); 52.05-1.85 (m, 2H)53.0-2.88 (m,
2H); 33.12 (m, 2H)3 3.4(m, 1H):;3 7.3-7.4 (m, 10H):5 7.7-7.8 (m, 10H).
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3C-NMR (125 MHz, CDGJ): 325.1 (1C);d 30.5 (1C);544.5 (1C);548 (1C); 560.4
(1C);5128.2 (3C)d128.4 (3C);5128.6 (3C);5131.4 (3C);5131.7 (3C)d131.8
(3C);5132.0 (2C)d 132.1 (2C)5 132.5 (2C).

3p_.NMR (202 MHz, CDG)): 5 24.4;  26.6.

HMRS Mass (ESI +): m/z = calc for§3oN.0.P.Na’ 523.16747, found 523.16733.
[a]?5 = +8.82 (c = 0.306 g/100 mL, CHCIT = 16°C\ = 589 nm).

Catalyst68

| Ph
\ Ny
BPh

oH ©
The product was purified with a 95:5 DCM/@BH mixture as eluent. Yield: 21%
'H-NMR (300 MHz, CDC}): 1.3 (d, 3H); 3 2.45 (d, 3H) 3.7 (m, 1H):5 4.8 (d 1H);

57.2-7.3 (m, 5H)p 7.35-7.5 (m, 5H);3 7.6-7.8 (M, 5H).
3p-NMR (121 MHz, CDGJ): 5 34.3.
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Preparation of catalystg3

Step 1
(o= Mo [
N N
Boc O TEA THF B OMs
72
MW eq mmol g mL d (g/mL)
N-Boc-L-prolinol 201.27 1 5 1
mesyl chloride 114.55 1.1 5.5 0.6 0.423 1.48
TEA 101.19 1.1 55 0.55 0.726 0.726
THF 15

To a solution ofN-Boc-L-prolinol in THF, triethylamine was added etimixture was
cooled to -15°C and then mesyl chloride was sloadged.The mixture was allowed to
warm up to room temperature and stirred for 4 hodfter this time, N HCI was added
until pH was slightly acidic. The aqueous layer wagacted with DCM, separated and

the combined organic layers were dried ovep®i3y, filtered and concentrated under

vacuum. The crude product was purified on siliestl

Flash chromatography (diameter: 2.5 cm, h: 17 enpurification through silica gelwith

8:2 hexane/AcOEt as eluent allowed to obtain tleelpctin quantitative yield.

'H-NMR (200MHz, CDCY): § 4.20 (d, 2H),8 3.96 (m, 1H) 3.33 (m, 2H),8 2.96 (s,
3H), § 1.95 (m, 2H)5 1.82 (m, 2H)p 1.39 (s, 9H).
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Step 2
o— PPt [ 5=
N ©OMs  nBuLi THF N  PPhy
oc Boc
72
MW eq mmol g mL d (g/mL)
Substrat@?2 279.4 1 3.6 1
diphenylphosphine 186.19 2.5 8.9 1.6 0.423 1.48
n-BuLi (1.4M) 64.09 2.5 8.9 8.6
THF 24

A solution of diphenylphosphine in 14 mL of THF wesoled to 0°C and 1.4M-BulLi
was added dropwise. Immediately the solution becatdend the substrate, dissolved in
10 mL of THF, was added. The solution was allowedvarm up to room temperature
and stirred until it became yellow and cloudy (abbhour). The precipitate was then
filtered and the cake washed twice with THF. Theder product was purified on silica
flash.

Flash chromatography (diameter: 2.5 cm, h: 16 enpurification through silica gelwith

95:5 hexane/AcOEt as eluent allowed to obtain toelyactin 43% yield

'H-NMR (300MHz, CDCY): § 7.76-7.43 (m, 10 H) 3.68 (d, 2H)5 3.28 (m, 1H)5 3.0
(m, 2H),5 1.95 (m, 2H)p 1.82 (m, 2H)p 1.41 (s, 9H).

3P-NMR (121MHz, CDG): § -21.5.
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Step 3
Dﬂ H,0, 30% Dﬂ
N ~PPh, ~ DCM N RO
Boc Boc py "Ph
73
MW Eq mmol mg mL d (g/mL)
Substrate 369.19 1 0.22 80
H,0, 30% 34.01 2
DCM 2

To a solution of substrate in DCM the hydrogen pele solution was added. After 40
minutes the layers were separated and the aquemus/as extracted three times with 5
mL of DCM. The combined organic layers were driedero NaSQy, filtered and
concentrated under vacuum to afford the productysalline solid in quantitative yield.

'H-NMR (200MHz, CDC}): § 7.76-7.43 (m, 10 H) 3.81 (d, 2H)5 3.28 (m, 1H)5 3.0

(m, 2H),5 1.95 (m, 2H)p 1.82 (m, 2H) 1.41 (s, 9H).
3p-NMR (121MHz, CDGJ): § 31.4.
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Preparation of catalystg4

Step 1
N = — N P=
BOCPh/ \Ph DCM H Ph/ \Ph
MW eq mmol Mg mL d (g/mL)
cat. 73 385.44 1 0.78 300
TFA 114.02 10 7.8 1776 1.2 1.489
DCM 2

To a solution of substrate in DCM TFA was added #redmixture was stirred overnight
at room temperature. Then the solvent was evambratel the crude product was
redissolved in DCM. A solution ofNLNaOH was added until the pH was basic. The
organic layer was separated and the aqueous orectext with DCM The combined
organic layers were dried with b0, , filtered and concentrated under vacuum to afford

the product in quantitative yield.

'H-NMR (200MHz, CDCY): & 7.61-7.25 (m, 10 H) 3.48 (d, 2H)§ 3.29 (m, 1H)5 3.06
(m, 2H),5 1.90 (m, 2H)5 1.71 (m, 2H).
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Step 2

Ph
% m D
=0 + Cl)k’< —_— N I

N Ph/P\P DCM 7€=o O
74
MW eq mmol mg mL d (g/mL)
substrate 285.32 1 0.35 100
pivaloyl chloride 120.58 1.1 0.39 46.5 0.05 0.979
TEA 101.19 11 0.39 39.5 0.05 0.726
DCM 4

The substrate was dissolved in 3 mL of DCM andhyiemine was slowly added. Then
the mixture was cooled to 0°C and a solution oflayl chloride in 1 mL of DCM was
added. The solution was allowed to warm up to raemperature andstirred until TLC
showed complete consumption of starting materiaknl N HCI| was added until pH
was slightly acidic. The organic layer was separaiied the aqueous one extracted with
DCM. The combined organic layers were dried with- 3@, filtered and concentrated.
The crude product was purified on silica flash.

Flash chromatography (diameter: 2.5 cm, h: 16 enpurification through silica gelwith
9:1 DCM/MeOH as eluent allowed to obtain the prdiotud0% vyield.

'H-NMR(200MHz, CDC4): & 8.16-7.56 (m, 10 H)} 3.98 (d, 2H)5 3.52 (m, 1H)J 3.33
(m, 2H),5 1.91 (m, 2H)p 1.81 (m, 2H)p 1.22 (s, 9H).

Y¥C-NMR(75MHz, CDCh): § 176.7 (1C),56 131-128 (12C)p 77.0 (1C), 55.4 (1C),8
47.9 (1C)5 33.1 (1C)5 32.2 (1C),5 29.7 (1C)H 29.2 (1C)p 27.5 (1C)p 25.4 (1C).
3p-.NMR(121MHz, CDCJ): § 31.2.

op =+ 4,43 (c = 0,158 g/100mL, CH4

MS (ESI) m/z (%): calc. for EH2gNO,P = 369.2; found = 370.2
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Preparation of catalystgs

Ph
O_\ o} TEA EB/\ | _Ph
co + —_— P

A cI” “Ph  DCM o O
Ph Ph
MW eq mmol mg mL d (g/mL)
substrate 285.32 1 0.51 145
benzoyl chloride 140.57 1.1 0.56 78.4 0.07 1.21
TEA 101.19 1.1 0.56 56.7 0.08 0.726
DCM 4

The substrate was dissolved in 3 mL of DCM andhyikmine was slowly added. Then
the mixture was cooled to 0°C and a solution oflayl chloride in 1 mL of DCM was
added. The solution was allowed to warm up to raemperature andstirred until TLC
showed complete consumption of starting materiaenl N HCI| was added until pH
was slightly acidic. The organic layer was separaied the aqueous one extracted with
DCM. The combined organic layers were dried with-3@,, filtered and concentrated.
The crude product was purified on silica flash.

Flash chromatography (diameter: 2.5 cm, h: 16 enpurification through silica gelwith
9:1 DCM/MeOH as eluent allowed to obtain the prdoiu85% vyield.

'H-NMR (200MHz, CDC}): & 8.11-7.45 (m, 15H) 4.51 (m, 1H)p 3.69 (m, 2H)p 3.58
(m, 2H),8 2.39 (m, 2H)p 1.84 (m, 2H).

¥C-NMR (75MHz, CDC}): 6 170.3 (1C)35 132-126 (18C)p 77.6 (1C),5 54.8 (1C),
49.9 (1C), 6 32.6 (1C)p 25.0 (1C).

3P.NMR (121MHz, CDG): & 31.3.

ap = - 85,4 (c =0,212 g/200mL, CHgI

MS (ESI) m/z (%): calc. for GH24NO,P =389.2; found = 390.2
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Preparation of catalystg6

e
Ph
EH _0 PhpCl  —LPA N B

N P +

" e P i Ph/\ \;S ’
MW eq mmol mg mL  d(g/mL)
substrate 285.32 1 0.35 100
chlorodiphenylphosphine 220.63 1 0.35 77.4 0.06 1.194
DIPA 101.19 1.1 0.39 38.9 0.05 0.722
n-BuLi (1.4M in hexane) 64.09 1.1 0.39 0.03
THF 7

A solution ofn-BuLi was slowly added to a solution of diisopropyiae in dry THF (5
mL) at 0°C under nitrogen atmosphere and, 15 nter,la solution of substrate in 2 mL
of THF. Finally chlorodiphenylphosphine was addéde mixture was allowed to warm
up to room temperature and stirred overnight. Ausah of IN HCI was added until pH
was slightly acidic and the organic layer was safear. The aqueous layer was extracted
with DCM and the combined organic layers were dneith NaSO, filtered and
evaporated to dryness and the residue was pudhesilica flash.

Flash chromatography (diameter: 2.5 cm, h: 16 enpurification through silica gelwith
98:8 DCM/MeOH as eluent allowed to obtain the prinu84% yield.

'H-NMR (200MHz, CDC}): § 7.85-7.25 (m, 20H) 3.91 (m, 1H)5 3.07 (m, 2H)p 2.41
(m, 2H),8 1.99 (m, 2H)5 1.93 (m, 2H).
3P.NMR (121MHz, CDG)): § 29.4.
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Preparation of catalystg7

O o
EHOBn + PhpOCI —IPEA N OBn
H *Hel THF \:o
PH Ph
MW eq mmol g mL d (g/mL)
L-proline
benzyester*HCI 24l.72 1 5 12
PhPOCI 236.63 1.1 55 1.3 1.1 1.24
DIPEA 129.25 2 10 1.3 1.7 0.742
THF 25

To a solution of L-Proline benzyl ester hydrochderiin dry THF was added 1 eq of
DIPEAand it was stirred for 30 min; then DIPEA @) end diphenylphosphinic chloride
were added and the mixture was stirred for 72herAftis time, NaHCg.s. (10 mL) was
added and the mixture was extracted with,Cll (3%x15 mL). The combined organic
layers were dried over N&Q,, filtered and the solvent was evaporated.The cpudduct
was purified on silica flash.

Flash chromatography (diameter: 2.5 cm, h: 16 enpurification through silica gelwith

98:2 DCM/MeOH as eluent allowed to obtain the peigluquantitative yield.

'H-NMR (300 MHz, CDCY): $8.20-7.92 (m, 2 H), 7.81-7.70 (m, 5 H), 7.52-7.1%5 8
H), 5.02 (m, 2H), 4.23 (m, 1H), 3.40 (m, 1H), 3(&4, 1H), 2.21 (m, 1H), 1.94 (m, 3H).
Y¥C-NMR (75 MHz, CDC}): & 135.3-124.8, 77.2, 65.9, 60.3, 47.3, 32.7, 25.0.
3P-NMR (202 MHz, CDGJ): 5 28.7.

[a]p?°= -5.7 (solvent: CHG| ¢ = 0.211 g/100mL, T = 25 °Q, = 589 nm).
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Preparation of catalystg8

? ? E% D’\ " Ph
H Ve
O)( (NMe,),POCI Q’%Bn LiAH, /" OH PhPocl L/~ “o-K
OBn o > > o)

N, TEA, THF ! THF R=0 TEATHF  P=0

k= /
R Me,N
Me,N NMe, MezN NMe, 27 NMe,

To a solution of L-Proline benzyl ester hydrochileri(1 eq, 2.1 mmol) in dry THF (10
mL) were added dry TEA (2.1 eq, 4.4 mmol) and (NMROCI (1.2 eq, 2.5 mmol) at 0
°C. After the additions, the reaction mixture wélevaed to warm up to room temperature
for 1 h, then it was heated to reflux overnight.eTreaction was cooled to room
temperature and HCI 5% (7 mL) was added, then & eNtuted with water and extracted
with AcOEt (3x15 mL). The combined organic solutas dried over N&Q,, filtered
and the solvent was evaporated. The product waisigoilny column chromatography
with a 98:2 CHCI,/CH;OH mixture as eluent.

A solution of purified product (1 eq, 1.5 mmol)dny THF (8 mL) was added dropwise at
0 °C to a suspension of LIAIH3 eq, 4.5 mmol) in dry THF (8 mL), previouslyredd at
0 °C for 10 min. After the addition, the mixture svatirred at this temperature for 5h,
then it was quenched by addition of®H(1 mL), NaOH 2.7% (1 mL), $© (1 mL) and
NaOH 2.7% (1 mL), while maintaining temperature0atC. The reaction mixture was
then filtered through a celite layer, diluted witlater and extracted with GBI, (3x40
mL). The combined organic solution was dried oves30,, filtered and the solvent was

evaporated.

To a solution of isolated product (1 eq, 0.16 mmaol)dry THF (1 mL) was added
diphenylphosphinic chloride (1.2 eq, 0.19 mmol) ang TEA (1.2 eq, 0.19 mmol) at O
°C. After the additions, the reaction mixture wievaed to warm up to room temperature
for 1 h, then it was heated to reflux overnight.Tigaction was cooled to room
temperature and HCI 5% (3 mL) was added, then & eNtuted with water and extracted
with CH,CI, (3x15 mL). The combined organic solution was diweér NaSQ,, filtered
and the solvent was evaporated. The product wafigouby column chromatography

with a 95:5 CHCI,/CH3;OH mixture as eluent (28 % vyield, yellow waxy salid
146



Chapter VIII — Experimental Section

'H-NMR (300 MHz, CDC}): § 7.82-7.76 (m, 5 H); 7.47-7.42 (m, 5 H); 4.05-3(®5,
3H); 3.18-3.07 (m, 2 H); 2.62 (s, 3 H); 2.58 (H)6 2.53 (s, 3 H); 2.05-1.80 (m, 4 H).
3C-NMR (75 MHz, CDC}): § 132.0; 131.7; 131.5; 131.4; 129.9; 128.6; 12827.4;
127.5; 66.9; 58.3; 46.9; 36.7; 28.7; 24.8.

3p.NMR (202 MHz, CDGJ): § 32.9; 22.4.

[a]p? = + 80.1 (solvent: CkCl,, c = 0.398 g/100mL, T = 25 °G,= 589 nm)

HMRS Mass (ESI+): m/z = calc for,¢H3:NsOsP.Na’ 458.16, found 458.30.
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Preparation of catalystg9-80

General procedurdo a stirred solution oN-(tert-butoxycarbonyl)-L-proline (1 eq, 7.4
mmol) in dry CHCI, HOBt (1.5 eq, 11.1 mmol) and DCC (1 eq, 7.4 mmad)e added
and the mixture was stirred for 30 min. Then, 2mthethanamine (3 eq, 22.2 mmol) was
added and the mixture was stirred overnight at reemperature. The reaction mixture
was washed with NaHCOs.s. (10 mL) and HCI 5% (2x10 mL), dried over,8@y,
filtered and concentrated in vacuum at room tentpegao afford the crude product, that
was purified by column chromatography with a 7:3PEACOEt mixture as eluent. TFA
(43 eq, 325 mmol) was added to a solution of produ€H,Cl, (25 mL) and the mixture
was stirred for 2 h. Thenthe solvent was evaporateade product was dissolved in
CH.Cl, and washed with water (3x10 mL). An aqueous smtutif NaOH N was added
to the water layeruntil a slighly basic pH was agkidand product was extracted with
CH.CI, (2x50mL). The combined organic solution was dreer NaSQ,, filtered and
the solvent was evaporated. A solution of the teolgroduct(l eq, 2.76 mmol)in dry
THF was added to a stirred suspension of LiARdq, 8.28 mmol)in dry THF
maintaining temperature at 0°C. After the additithe, mixture was heated to reflux for 5
h. Then the reaction is quenched by addition of/HEZ)/NaOH at 0 °C and filtered
through a celite layer. Finally an aqueous solubbiNaOH was added and product was
extracted with AcOEt (3x20 mL). The combined orgasolution was dried over NaOy,
fillered and the solvent was evaporated.The cruaelyect was purified by column

chromatography with a 8:2 ETP/AcOEt mixture as elue

Catalysts/9

Ph
Ph
D/\N\ /
N |:,/Ph
7\
P pn

It was obtained by preparing the intermediate foitm general procedure, which was
dissolved (1eq, 0.98 mmol) in dry THF (7 mL) andated with diphenylphosphinic
148



Chapter VIII — Experimental Section

chloride (2.2 eq, 2.16 mmol) and dry TEA (2.4e@52nmol) at 0°C. After the additions,
the reaction mixture was allowed to warm up to raemperature for 45 min, then it was
heated to reflux for 4 h. Thenthe reaction was edaob room temperature and HCI 5% (3
mL) was added, then it was diluted with water axilaeted with ACOEt (3x15 mL). The
combined organic solution was dried over 8@, filtered and the solvent was
evaporated.The product was purified by column clatography with a
9:1CH,CI,/CH3OH mixtureas eluent(5 %yield).

'H-NMR (300 MHz, CDC}): 57.90-7.69 (m, 8H), 7.56-7.34 (m, 10H), 7.29-6.98 &ir),
6.61-6.47 (m, 1H), 4.04 (m, 1H), 3.86 (m, 1H), 3249 (m, 5H), 2.32-2.24 (m, 2H),
1.81-1.62 (m, 4H).

13C-NMR (75 MHz, CDC}): & 133.0-126.1, 57.2, 49.6, 48.3, 47.0, 34.8, 29.5.

3p.NMR (202 MHz, CDGJ): 531.9;27.2.

[¢]p>>= -6.9 (solvent: CHG| ¢ = 0.164 g/100mL, T = 25 °Q, = 589 nm).

HMRS Mass (ESI +): m/z = calc fors@13gN.,O,.P.Na’” 627.23, found 627.23.

Catalysts30

Ph

O~ s
4} ;>=O \g 14
ltwas obtained by preparing the intermediate foitmyvgeneral procedure, which was
then dissolved it (1 eq, 0.39 mmol) in &, and treated with Be® (2 eq, 0.78 mmol)
and thiourea (0.2 eq, 0.078 mmol). After the addsi the mixture was stirred for 120 h.
The product was purified by column chromatograptiyvai 9:1 CHCI,/CH3;OH mixture
as eluent (13 % yield, yellow waxy solid).
'H-NMR (300 MHz, CDC}): 6 7.25 (m, 5H), 3.80 (s, 1H), 3.40 (m, 2H), 3.21s(lZH),
2.84 (brs, 2H), 2.37-1.05 (m, 24H).
¥C-NMR (75 MHz, CDCY): 5 128.1, 84.9, 77.0, 56.4, 49.2, 45.7, 35.2, 29.8-26

[¢]p>>= -9.8 (solvent: CHG| ¢ = 0.265 g/100mL, T = 25 °Q, = 589 nm).
HMRS Mass (ESI +): m/z = calc for,g3¢N.0O4Na’” 427.26, found 427.20.
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Preparation of catalysi88

[ [
NN TMSCI NN
o) Ph PhOH imidazole, CH;CN o) o phOTMS
MW eq mmol mg mL d (g/mL)
substrate (cat 16) 358.43 1 0.20 72
TMSCI 108.64 4 0.8 64 101 0.856
imidazole 68.08 5 1 68
CHsCN 3

Substrate was dissolved in gEN and imidazole was added. The solution was comed
0 °C and TMSCI was added. The mixture was stirceddB hours at room temperature,
then the precipitate was filtered off and the golutwas concentrated. The obtained

residue was purified by silica gel flash chromagqdy.

Flash chromatography (diameter: 4 cm, h: 15 cmp purification through silica gel

(eluent 1:1 hexane/AcOEt) allowed to obtain thedpict in 39% yield as a white solid.

'H-NMR (300 MHz, CDC}) two rotamers d 8.60 (d, 1H), 8.44 (d, 1H), 7.62 (m, 1H),

7.52-7.49 (m, 5H), 7.35-7.27 (m, 15H), 7.24-7(6Y, 3H), 6.55 (d, 1H), 5.76 (t, 1H),
3.99 (m, 1H), 3.27 (m, 1H), 3.15-3.08 (m, 2H), 3(#1, 1H), 2.24-2.06 (m, 3H), 1.86-
1.76 (m, 2H), 1.66-1.60 (m, 1H), 1.52-1.48 (m, 148)09 (s, 9H), -0.26 (s, 9H).
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Preparation of catalys89

Step 1
"0, PhMgBr % Ph
E§—coow|e . [th

N THF N

Boc Boc OH
MW Eq mmol mg mL d (g/mL)
Substrate 245.27 1 1.63 400
PhMgBr M in ELO 181.31 3.5 5.7 1.9
THF 9

To a stirred solution of PhMgBM\8in ELO in 4 mL of THF a solution of substrate in 5
mL of THF was slowly addedia addition funnel. The solution was stirred for Zah
room temperature and then cooled to -78 °C. Aftieliteon of 10 mL of HO, the solution
was slowly warmed to room temperature. Decantadimh washing precipitated salt with
diethyl ether gave a solution that was washed fitie, dried and evaporated.

The obtained residue was purified by silica gedlilahromatography.

Flash chromatography (diameter: 4 cm, h: 15 cmp purification through silica gel

(eluent 8:2 hexane/AcOEt) allowed to obtain thedpict in 84% yield as a white solid.

'H-NMR (300 MHz, CDCJ): & 7.41-7.25 (m, 10H), 5.01 (dd, 1H), 3.81 (br, 184 (d,
1H), 2.90 (dd, 1H), 2.09-1.99 (m, 2H), 1.36 (s, 9H)
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Step 2
HO, HO,
Ph KOH O, Ph
[ : i H,O/MeOH e
N e N
Boc OH 2 N OH
MW eq mmol mg mL d (g/mL)
Substrate 369.45 1 0.95 350
KOH 56.11 10 9.50 532
H,O/MeOH 3.7

To a solution of substrate in MeOH, KOH in®was added. The mixture was stirred at
reflux for 24. Then MeOH was evaporated and 5 miHgD were added. The mixture

was extracted with AcCOEt, dried and evaporatedue tne product in 80% vyield .

'H-NMR (300 MHz, CDCY): & 7.60 (d, 2H), 7.49 (d, 2H), 7.35-7.18 (m, 8H),84(@ld,
1H), 4.41 (br, 1H), 3.20 (dd, 1H), 3.01 (d, 1HBG-1.83 (M, 2H), 1.53-1.48 (m, 2H).
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Step 3
HO,, Ph
HO/// Ph O >+Ph
‘ N CICOOEt OH
oo STOOH TEA THF 0
N OH | = ’ =
\ N
89
MW Eq mmol mg mL d (g/mL)
Substrate 269.34 1 0.76 200
picolinic acid 123.11 1 0.76 94
CICOOEt 108.5 1 0.76 82.5 0.72 1.14
TEA 101.19 1 0.76 76.9 0.106 0.725
THF 30

Picolinic acid and TEA were dissolved in THF andled to 0°C. To this solution was

added ethyl chloroformate dropwise over tbnutes and stirred for additional 60

minutes. Then substrate in THF was added over ibbites. The reaction mixture was

stirred at 0°C for 1 hour, then was allowed to heemom temperature and stirred for 16

hours. The mixture was then diluted with water arttacted with ethyl acetate (3 x 30

mL). The organic layers were combined, dried overyarous MgS@ concentrated on a

rotary evaporator and purified by silica gel flasttomatography.

Flash chromatography (diameter: 3.5 cm, h: 8 cnpurfication through silica gel with
98:2 DCM/MeOH as eluent allowed to obtain the pridin 42% vyield as a white

crystalline solid.

'H-NMR (300 MHz, CDCY): & 8.52 (d, 1H), 8.15 (m, 4H), 7.94 (s, 1H), 7.89 Bl),
7.75-7.66 (m, 2H), 7.32-7.29 (m, 1H), 5.88 (br, 1B)6 (m, 1H), 3.10 (m, 1H), 3.27-
3.18 (m, 2H), 1.57-1.53 (m,1H), 1.12 (m, 1H), 0(879H), -0.26 (s, 3H), -0.43 (s, 3H).
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Preparation of catalys©0

FsC
CF,
O CF4 Ar
O N EDC, HOBt N OsiTBDM
N + N OH
N b | CHCI3 o)
I CF3 = -
/Sl\ \ / N
4\ 90
MW eq mmol mg mL d (g/mL)
Substrate 639.59 1 0.16 100
picolinic acid 123.11 1 0.16 20
EDCeHCL 191.7 1.2 0.19 37
HOBt 135.13 1.2 0.19 26
CHCl; 5

In a dry 25-mL two-neck round-bottom flask equippedh a magnetic stirring bar
picolinic acid was dissolved in GBI and EDC*HCL and HOBt were added. After
stirring 15 min, substrate was added and the swlutvas stirred for 24 h at room
temperature. Then a saturated solution of Nakl@@s added and the solution was
extracted with DCM; the organic layers were combjnéried over anhydrous Mg30
concentrated on a rotary evaporator and purifiediliga gel flash chromatography.

Flash chromatography (diameter: 4 cm, h: 17 cnpumfication through silica gel with
DCM as eluent allowed to obtain the product in Agétd.

'H-NMR (300 MHz, CDCY): & 8.48 (s, 1H), 7.75 (m, 1H), 7.49 (d, 2H), 7.5917(®,
3H), 7.37-7.26 (m, 9H), 6.57 (br, 1H), 5.64 (br,)1H.03 (d, 1H), 3.66 (br, 1H), 3.04-
2.70 (m, 2H), 2.21 (br, 2H).
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8.2 Synthesis of substrates

Preparation of imines

o 0
toluene N
+ > |
clay K10, MW
270 min, 130°C

MW eq mmol mg mL d (g/mL)
acetophenone 120.15 1 125 1499 1.45 1.026
aniline 93.13 1 12.5 1160 14 1.021
clay K10 210
toluene 7

General procedureamine (1 eq) was reacted in toluene with ketoheeq) in the
presence of montmorillonite (250 mg for 5 mmol @agent) in a microwave reactor (PW
= 200 W; T = 130°C; time: 4h and 30min). The prddu@s purified by fractional
distillation at P = 1 mbar: the starting materiadtiled at about 120 °C, the desired
product at about 160 °C.

N-phenyl-(1-phenylethylidene) amirib)

N :
o
Yield: 70%. ‘H-NMR(300 MHz, CDCY): 38.00-7.95 (m, 2H), 7.49-7.41 (m, 3H), 7.39-
7.32 (m, 2H), 7.12 -7.06 (m, 1H), 6.83-6.77 (M, 2 2124 (s, 3H).
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N-Phenyl-(1-phenylpropylidene)amine

e
S0
Yield: 76%.1H-NMR(300 MHz, CDC}): major isomerd 7.95-7.91 (m, 2H), 7.48-7.43

(m, 3H), 7.37-7.31 (m, 2H), 7.11-7.04 (m, 1 H),6877 (m, 2H), 2.66 (q, 2H), 1.08 (t,
3H); minor isomer: 2.80 (q, 2H), 1.23 (t, 3H).

N-Phenyl-[1-(2-naphthyl)ethylidene]amine

A

Yield: 80%. ‘H-NMR(300 MHz, CDC4): 5 8.35 (s, 1H), 8.23 (m, 1H), 7.96 -7.86 (m,
3H), 7.58-7.50 (m, 2H), 7.41-7.35 (m, 2H), 7.11 (H), 6.85 (M, 2H), 2.36 (s, 3H).

N-(1-(4-(trifluoromethyl)phenyl)ethylidene)aniline

be
o

Purification: crystallization from hexane. Yielcb%.lH-NMR(BOO MHz, CDC}): 6 8.06
(d, 2H), 7.70 (d, 2H), 7.4-7.1 (m, 3H), 6.8 (d, 286 (s, 3H).
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3,4,5-trimethoxy-N-(1-phenylethylidene)aniline

Yield: 34%. 1H-NMR (300 MHz, CDCY): & 7.95 (m, 2H), 7.44 (m, 3H), 6.02 (s, 2H),
3.81-3.83 (M, 9H), 2.26 (s, 3H).

4-methoxy-N-(1-phenylethylidene)aniline

/©/OM6

N

o

Yield: 80%.1H-NMR (300 MHz, CDCY): 6 7.96 (m, 2H), 7.45 (m, 3H), 6.92 (d, 2H),
6.74 (d, 2H), 3.81 (s, 3H), 2.25 (s, 3H).

N-benzyl-(1-phenylethylidene)amine

&ﬁ

Yield: 60%.1H-NMR(300 MHz, CDC}): major isomerd 7.90-7.88 (m, 2H), 7.46-7.27
(m, 8H), 4.46 (s, 2H), 2.35 (s, 3H); minor isom&A4 (s, 2H), 2.40 (s, 3H).
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Preparation of methyl 3-oxo-3-phenylpropanoate

O 0 O O
1 NaH (50%)
* MeO” “OMe toluene OMe
reflux, 15h
MW eq mmol mg mL d (g/mL)
acetophenone 120.15 1 20 2403 2.34 1.026
dimethylcarbonate 90.08 2 40 3603 3.37 1.069
NaH (50%) 24 2.8 56 3400
toluene 30

To a dried three-necked flask equipped with a drgpgunnel, a condenser, and a
magnetic stirrer was added NaH 50%, dimethyl caatand toluene (20 mL).

The mixture was heated to reflux. A solution ofdtet in 10 mL of toluene was added
dropwise from the dropping funnel over 1 h. Aftee taddition, the mixture was heated to
reflux until the evolution of hydrogen ceased (I5f2in). When the reaction was cooled
to room temperature, glacial acetic acid (3 mL) wdded dropwise and a heavy, pasty
solid appeared.

Ice-water was added until the solid was dissolvethletely. The toluene layer was
separated, and the water layer was washed witreriel(3x10 mL). The combined
toluene solution was washed with water (10 mL) ande (10 mL), then dried over
NaSO,. After evaporation of the solvent, the mixture wasgified by silica gel flash
chromatography to give the product.

Flash chromatography (diameter: 3 cm, h: 18 cnpumfication through silica gel with

98:2 hexane/AcOEt as eluent allowed to obtain toelyctin 78% yield.

'H-NMR (300MHz, CDC}): & 12.49 (s, 1H enol)y 7.95-7.26 (m, 5H + 5H enoly,5.67
(s, 1H enol)p 3.99 (s, 2H)9 3.80 (s, 3H enol) 3.75 (s, 3H).
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Preparation of (Z2)-methyl 3-((4-methoxyphenylam8ahenylacrylate43)

NH; PMP
o O ~
N TsOH . Ni Q
OMe MeOH, 20h, reflux w OMe
OMe
MW eq mmol Mg mL d (g/mL)
methyl 3-phenyl-3 oxo ;74 54 1 9.2 1640
propanoate
p-anisidine 123.07 1 9.2 1130
p-toluensulfonic acid 170.2 0.2 1.9 340
MeOH 8.5

General procedureA mixture off3-keto esterp-anisidine and TsOH was dissolved in 10
mL of methanol and refluxed in the presence of mdkr sieves (3 A). After the reaction
mixture was cooled to room temperature, the solweas removed under reduced

pressure. The crude was purified by silica gehflelsromatography to give the product.
Yield: 80%This product was purified with a 95:5 hee/ethyl acetate mixture as eluent.

'H-NMR (300 MHz, CDCY): 83.70 (s, 3H); 53.75 (s, 3H)p 4.95 (s, 1H)p 6.65 (s,
4H); 57.29 (s, 4H).
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Preparation of (Z)-methyl 3-(benzylamino)-3-phacylate @4)

e} 0 HoN Bn\NH o
Dean-stark N “
OMe =+ toluene, 20h reflux ©)\/N\OMe
MW Eq mmol mg mL d (g/mL)
methyl 3-phenyl-3 oxo ;44 53 1 9.2 1640
propanoate
benzylamine 107.16 3 27.6 2911 2.97 0.981
toluene 11

General procedureA mixture of3-keto ester and benzylamine was dissolved in 10 mL
of toluene and refluxed overnight with a Dean Stapparatus in the presence of
molecular sieves (3 A). After the reaction mixtuvas cooled to room temperature, the
solvent was removed under reduced pressure. Tl @roduct was purified on silica
flash.

Yield: 40%This product was purified with a 9:1 hegéethyl acetate mixture as eluent.

'H-NMR (300 MHz, CDCY): 83.69 (s, 3H); & 4.27 (d, 2H)34.69 (s, 1H)p 7.15-7.38
(m, 10H);58.91 (br, 1H).
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(Z2)-methyl 3-(phenylamino)-3-phenylacrylate

HN’::
[::T/kk/COOMe

Yield: 40%This product was purified with a 98:2 her/ethyl acetate mixture as eluent.
'H-NMR (300 MHz, CDCY): 53.75 (s, 3H);54.98 (s, 1H)p 6.68 (m, 1H);5 6.91 (m,
1H); 6 7.09 (m, 3H)% 7.32 (m, 5H); 10.28 (b, 1H).

(2)-methyl 3-(benzylimino)-3-(4-methoxypheny!)piogate

NH >0

W@
MeO

Yield: 35%This product was purified with a 95:5 heg/ethyl acetate mixture as eluent.
'H-NMR (300 MHz, CDC}): 53.68 (s, 3H)D 3.82 (s, 3H)D 4.31 (d, 2H) 4.68 (s,
1H); 66.82 (d, 2H)p 7.21-7.31 (m, 7H).

(Z2)-methyl 3-(4-methoxyphenylamino)-3-(4-methoxgghpropanoate

HN
/[::I/kQ/COOMe
MeO

Yield: 80%.This product was purified with a 95:5<hae/ethyl acetate mixture as eluent.
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IH-NMR (200 MHz, CDC4): 83.70 (s, 3H);5 3.72 (s, 3H): 3.77 (s, 3H)B 4.90 (s,
1H): 5 6.66 (s, 4H)5 6.76 (d, 2H)D 7.23 (d, 2H).

(2)-methyl 3-(benzylamino)-3-(4-(trifluoromethylgstyl)acrylate

HN

/©)\/COOMe
FsC

Yield: 81%This product was purified with a 95:5 hee/ethyl acetate mixture as eluent.
'H-NMR (300 MHz, CDC¥): 33.70 (s, 3H);3 4.23 (d, 2H) 4.69 (s, 1H)p 7.15 (d,
2H); 6 7.21-7.32 (m, 3H)d 7.44 (d, 2H)d 7.64 (d, 2H) 8.90 (br, 1H).

(2)-methyl 3-(4-methoxyphenylamino)-3-(4-(trifluorethyl)phenyl)acrylate

HN
/©)\VCOOMe
Xe

Yield: 41%This product was purified with a 95:5 hee/ethyl acetate mixture as eluent.
'H-NMR (300 MHz, CDCJ): ).83.70 (s, 3H);83.75 (s, 3H)D4.95 (s, 1H)D 6.65 (s,
4H); 5 7.29 (s, 4H).

3C-NMR (75 MHz, CDC}): ):5 50.67 (1C); 55.22 (1C); 90.00 (1C); 114.00 (44 55
(2C); 125.28 (1C); 128.77 (2C); 132.76 (1C); 139(28); 156.15 (1C); 158.25 (1C);
170.30 (1C).
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(2)-methyl 3-(4-methoxyphenylamino)-3-(4-bromophengypanoate

HN
/©)\/000Me
Br

Yield: 54%.This product was purified with a 95:5<hae/ethyl acetate mixture as eluent.
'H-NMR (300 MHz, CDCJ): 83.71 (s, 3H);d 3.73 (s, 3H)p4.91 (s, 1H)p 6.65 (s,
4H); 6 7.16 (d, 2H)6 7.39 (d, 2H).

(2)-ethyl 3-(benzylimino)-3-(4-nitrophenyl)propanea

HN

/©)\VCOOEt
ON

Yield: 37%.This product was purified with a 95:5<hae/ethyl acetate mixture as eluent.
'H-NMR (300 MHz, CDC}): & 1.26 (t, 3H);5 4.15 (m, 2H)D 4.19 (m, 2H)D 4.22 (d,
2H); 06 7.12 (d, 2H)p 7.27 (m, 3H) 7.48 (d, 2H):d 8.23 (d, 2H).

(2)-ethyl 3-(4-methoxyphenylamino)-3-(4-nitroph§prdpanoate

HN
Q)\Vcooa
O,N

Yield: 64%This product was purified with a 95:5 her/ethyl acetate mixture as eluent.
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'H-NMR (300 MHz, CDC}): & 1.32 (t, 3H);:53.71 (s, 3H);5 4.20 (g, 2H);)d 4.99 (s,
1H):; 3 6.64 (s, 4H)D 7.48 (d, 2H):3 8.10 (d, 2H).

13C-NMR (75 MHz, CDC}): & 14.49 (1C); 55.34 (1C); 59.55 (1C); 91.33 (1C)4.21
(2C); 123.56 (2C); 124.75 (2C); 129.32 (3C); 133(26); 142.71 (1C); 156.43 (1C);
157.19 (1C); 169.81 (1C).

(R,Z)-methyl 3-phenyl-3-(1-phenylethylamino)acrylat

HN
[::j/kQ/COOMe

Yield: 46%This product was purified with a 98:2 her/ethyl acetate mixture as eluent.
'H-NMR (300MHz, CDC}): 5 1.51 (d, 3H); 5 3.72 (s, 3H)D 4.50 (m, 1H);34.64 (s,
1H); & 7.08-7.34 (m, 10H)5 8.95 (b, 1H).

(R,Z2)-methyl 3-(4-bromophenyl)-3-(1-phenylethylim)propanoate

HN

/I::I/LQ/COOMe
Br

Yield: 64%This product was purified with a 98:2 her/ethyl acetate mixture as eluent.
'H-NMR (300MHz, CDC}): 51.45 (d, 3H); d 3.74 (s, 3H)D 4.45 (m, 1H);54.61 (s,
1H); & 7.05-7.48 (m, 10H)} 8.90 (b, 1H).
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(Z2)-methyl 3-(benzylimino)-3-(naphthalen-2-yl)propate

HN

“)v] !\ COOMe

Yield: 45%This product was purified with a 9:1 haréethyl acetate mixture as eluent.
'H-NMR (200 MHz, CDC}): 5 3.7 (s, 3H)D 4.32 (d, 2H):d 4.72 (s, 1H)D 7.2-7.3 (m,
5H); & 7.45-7.55 (m, 3H);0 7.8-7.9 (m, 4H)d 9.00 (br, 1H).

(R,Z)-methyl 3-(haphthalen-1-y)-3-(1-phenylethyilampacrylate

HN

“)\/! l\ COOMe

Yield: 45%This product was purified with a 95:5<aae/ethyl acetate mixture as eluent.
'H-NMR (200 MHz, CDC}): E: 140 (d, 3H);5 3.74 (s, 3H)d 4.00 (q, 1H):5 4.68 (s,
1H): 5 6.83-8.15 (m, 12H)5 9.24 (br, 1H).

Z:51.49 (d, 3H);d 3.75 (s, 3H)D 4.50 (g, 1H)D 4.76 (s, 1H)D 6.83-8.15 (M, 12H)> 9
(br, 1H).

(Z2)-methyl 3-(benzylamino)pent-2-enoate

HN

s coome
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Yield: 80%This product was purified with a 95:5 hee/ethyl acetate mixture as eluent.
'H-NMR (200 MHz, CDC}): 51.11 (t, 3H); d 2.22 (g, 2H) 3.61 (s, 3H);d 4.43 (d,
2H); 5 4.57 (s, 1H)D 7.24-7.35 (m, 5H)d 8.96 (br, 1H).

(Z2)-methyl 3-(benzylimino)-4-phenylbutanoate

HN
x-COOMe

Yield: 80%This product was purified with a 95:5 hee/ethyl acetate mixture as eluent.
'H-NMR (200 MHz, CDC}): 53.53 (s, 2H);d 3.66 (s, 3H)p 4.29 (d, 2H)D 4.56 (s,
1H); 6 7.19-7.33 (m, 10H)) 9.0 (br, 1H).

(R,Z2)-methyl 4-phenyl-3-(1-phenylethylimino)butaeoa

HN
x._-COOMe

Yield: 70%This product was purified with a 99:1heg#ethyl acetate mixture as eluent.
'H-NMR (200 MHz, CDC}): 51.40 (d, 3H); 53.38 (g, 2H); 5 3.68 (s, 3H)D 4.48 (m,
2H); 87.17-7.40 (m, 10H) 9.0 (br, 1H).

(2)-methyl 3-(benzylamino)-4-methylpent-2-enoate

HN
MCOOMe
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Yield: 71%The product was purified by fractionastiliation at P = 1 mbar the desired
product at about 100 °C.

'H-NMR (200 MHz, CDC}): 51.11 (d, 6H); 5 2.66 (m, 1H)D 3.63 (s, 3H);5 4.45 (d,
2H); 3 4.61 (s, 1H)p 7.26-7.38 (m, 5H)3 9.05 (br, 1H).

(R,Z)-methyl 4-methyl-3-(1-phenylethylamino)pem®hrdate

HN
/J\v/kQ/COOMe

Yield: 80%The product was purified by fractionastillation at P = 1 mbar the desired
product at about 100 °C.

'H-NMR (200 MHz, CDC}): 50.80 (d, 3H); 3 1.12 (d, 3H) 1.52 (d, 3H);3 2.55 (m,
1H); 8 3.66 (s, 3H)P 4.56 (s, 1H)P 4.72 (g, 1H)D 7.23-7.36 (M, 5H)3 9.15 (br, 1H).

(2)-tert-butyl 3-(benzylamino)-3-phenylacrylate

HN

O)\/coopsu

Yield: 30%This product was purified with a 95:5 hee/ethyl acetate mixture as eluent.
'H-NMR (200 MHz, CDCJ): 8 1.55 (s, 9H);d 4.30 (d, 2H) 4.60 (s, 1H)p 7.15-7.40
(m, 10H);5 8.80 (br, 1H).
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Preparation of (Z)-methyl 2-(benzylimino)-2-phemdtate 46)

o NH, N,Bn
OMe . Dean-stark . | OMe
toluene, 20h, reflux

() O [ j o)
MW eq mmol g mL d (g/mL)
phenyl methy| 164.17 1 10 1.6 1.4 1.163

glyoxylate
benzylamine 107.16 1 10 1.1 1.09 0.981
toluene 7

A mixture ofa-keto ester and benzylamine was dissolved in 7 fribloene and refluxed
overnight with a Dean Stark apparatus in the presefmolecular sieves (3 A). After the
reaction mixture was cooled to room temperature stilvent was removed under reduced
pressure. The crude product was purified by fldasbrmatography.

Flash chromatography (diameter: 2.5 cm, h: 17 ampurification throughaluminum

oxide chromatographywith 98:2 hexane/AcOEt as eluent allowed to obtha product
in 16% vyield.

'H-NMR (200MHz, CDC}): § 7.24-7.78 (m, 10HY 4.78 (s, 2H)p 3.98 (s, 3H).

168



Chapter VIII — Experimental Section

Preparation of (Z2)-methyl 2-((4-methoxyphenyl)imi@ephenylacetated{)

NH,

0 N-PMP
: J_ome TOH : 1 ome
toluene, 20h, reflux
O 0
OMe
MW eq mmol mg mL d (g/mL)
phenyl methyl ¢, 17 1 10 1640 14  1.163
glyoxylate
p-anisidine 123.07 1 10 1236
p-toluensulfonic acid 170.2 0.1 0.1 172
toluene 8

A mixture of a-keto esterp-anisidine and TsOH was dissolved in 8 mL of tokleand
refluxed in the presence of molecular sieves (3Mer the reaction mixture was cooled
to room temperature, the solvent was removed uretirced pressure. The crude was
purified by flash chromatography to give the praduc

Flash chromatography (diameter: 2.5 cm, h: 17 anpurification through aluminum

oxide chromatography with 95:5 hexane/AcOEt asrdlaowed to obtain the product in
55% yield.

'H-NMR (200MHz, CDCY): § 3.69 (s, 3H)5 3.81 (s, 3H)§ 6.93 (m, 4H)5 7.46 (m,
3H), § 7.84 (d, 2H).
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Preparation of compoung8

Step 1
H

NH, Ac,0, Py N\n/

(j/V 90°C, 3h (j/V o}
MW eq mmol g mL d (g/mL)
2-phenylethanamine 121.18 1 24756 3.00 3.10 0.965
pyridine 79.10 1.1 27232 215 2.20 0.978
Ac;O 102.09 1.26 31.193 3.18 2.95 1.08

Phenyl ethylamine was dissolved in pyridine, aretia@anhydride was added dropwise to
the solution, which was heated at 90°C for 2 heAftooling to room temperature, the
volatiles were removeith vacuo The residue was partitioned between ethyl acetade
M HCI. The organic layer was washed wittMINaOH and brine, then it was dried over
MgSO.. MgSQ, was filtered off and the organic solvent was evafealin vacuo Crude
N-phenethylacetamidewas obtained as a light yellohd,swhich was used for the next

step without further purification. Yield: 88%.
1H-NMR(300 MHz, CDC}): 6 7.31-7.17 (m, 5H), 5.5 (s br, 1H), 3.5 (q, 2HB &, 2H),

1.9 (s, 3H).
Mass (ESI+)m/z= 164.18.
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Step 2
H
N PPA, 130°C 30min
©/\/ 701/ 3h,200°C _N
MW eq mmol g mL d (g/mL)
Substrate 163.18 1 21.6 3.5
PPA 18

PPA was added to substrate and the obtained syasheated at 130°C for 30 min, then
at 200°C for 3 h. The reaction was cooled to 40A@ water (90 mL) was added. The
solution was taken to pH = 9 with NH28% aqueous solution) and extracted with
CH.CI, (3 x100 mL). The organic phase was washed witheb{8 x 50 mL) and dried
over MgSQ. After filtration and evaporation of the solveatblack oil was obtained.

Flash chromatography (diameter: 4 cm, h: 15 cmiifipation through silica gel (eluent:
600 mL of 98:2CHCI,/MeOH) gave product in 98% yield.

"H-NMR(300 MHz, CDC}):3 7.45-7.11 (m, 4H), 3.63 (m, 2H), 2.66 (m, 2H),
2.35 (s, 3H).

“C NMR (75 MHz, CDCJ):5 162.7, 135.8, 129.0, 128.0, 125.9, 125.3, 123.7, 455,
21.8.

Mass (ESI+)mz = 146.2.
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8.3 Trichlorosilane-mediated C-N double bond redudbns

General procedureTo a stirred solution of catalyst (0.1-0.3% mql/emol) in the
chosen solvent (2 mL), the imine (1 mmol/eq) waseald The mixture was then cooled to
the chosen temperature and trichlorosilane (3.5 Megjowas added dropwise by means
of a syringe. After stirring at the proper temparaf the reaction was quenched by the
addition of a saturated aqueous solution of NabHi@OmL). The mixture was allowed to

warm up to room temperature and water (2 mL) acbldromethane (5 mL) were added.
The organic phase was separated and the combimgghiorphases were dried over

Na,SO,, filtered, and concentrated under vacuum at reemiperature to afford the crude

product.
The amine was purified by flash chromatography.
Absolute configuration was determined by comparigbthe sign of the optical rotation

of the product with literature data.

N-(phenyl)-1-phenyl-ethanamin26)

ne
o

This product was purified by flash column chromaamipy on silica gel with a 98:2

hexane/ethyl acetate mixture as eluent

'H-NMR(300MHz, CDCH4): & 7.23 (m, 7H),8 6.61 (m, 3H) 4.48 (q, 1H)5 1.53 (d,
3H).

HPLC: Chiralcel OD-Hn-Hex/i-PrOH 99:1; 0.8 mL/min; t = 15.07 min; 18.38 min.
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N-(1-phenylpropylaniline

e
-

This product was purified with a 98:2 hexane/etgdtate mixture as eluent.
"H-NMR(300 MHz, CDC}): 5 7.31 (m, 4H), 7.21 (m, 1H), 7.07 (t, 2H), 6.621(), 6.50
(d, 2H), 4.21 (t, 1H), 4.05 (br s, 1H), 1.81 (m,)2BL94 (t, 3H).

HPLC: Chiralcel IB; n-Hex/i-PrOH 99:1; 0.8 mL/min;t= 7.9 min, t = 8.5 min.t = 15.07

min; 18.38 min.

N-(1-(naphthalen-2-yl)ethyDaniline

Ne

This product was purified with a hexane:ethyl ae®8:2 mixture as eluent

"H-NMR(300 MHz, CDC}): 5 7.89 (m, 4H), 7.5 (m, 3H), 7.1 (t, 2H), 6.7 (m,)3H.6 (q,
1H), 3.97 (br s, 1H), 1.6 (d, 3H).
HPLC: Chiralcel ODn-Hex/i-PrOH 98:2; 0.8 mL/min;t= 12.9 min, { = 13.8 min.
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N-(1-(4-(trifluoromethyl)phenyl)ethyaniline

Ne
Neon

This product was purified with a 98:2 hexane/etgdtate mixture as eluent.
"H-NMR(300 MHz, CDC}): & 7.51 (d, 2H), 7.41 (d, 2H), 7.02 (t, 2H), 6.591(t), 6.38
(d, 2H), 4.46 (q, 1H), 3.97 (br s, 1H), 1.46 (d,)3H

HPLC: Chiralcel ODn-Hex/-PrOH 9:1; 0.8 mL/min;t= 8.9 min, t = 10.5 min.

4-methoxy-N-(1-phenylethylaniline

o
o

This product was purified with a 98:2 hexane/etgtate mixture as eluent.

1H-NMR (300 MHz, CDCY): & 7.43-7.26 (m, 5H), 6.73 (d, 2H), 6.58 (d, 2H),64(4,
1H), 3.74 (s, 3H), 1.58 (d, 3H).

HPLC: Chiralcel IB;n-HexA-PrOH 99:1; 0.8 mL/min; t= 7.4 min, t= 9.3 min.

N-benzyl-1-phenylethanamine

Qﬁﬁ

This product was purified with a 8:2 hexane/etlodtate mixture as eluent.
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1H-NMR (300 MHz, CDCY): 87.38-7.24 (m, 10H), 3.82 (q, 1H), 3.67, 3.60 (AB{)2
1.57 (bs, 1H), 1.37 (d, 3H).
HPLC: Chiralcel IB;n-Hex/A-PrOH 99:1; 0.8 mL/min; t= 8.8 min, = 9.4 min.

(R)-methyl 3-(benzylamino)-3-phenylpropanoate

HN
©)»,,,,/CO0Me

This product was purified with a 95:5 hexane/etggtate mixture as eluent.

'H-NMR (300 MHz, CDCY): & 2.65 (dd, 1H);5 2.80 (dd, 1H)p 3.53 (d, 1H);3 3.62 (s,
3H); 8 3.69 (d, 2H)D 4.12 (m, 1H) 7.25-7.36 (m, 10H).

The enantiomeric excess was determined by HPLC @miealcel OD (96:4 hexane/
PrOH ; flow rate: 0.8 mL/minA = 210 nm): t =13.99 min, { =25.18 min.

(R)-methyl 3-(4-methoxyphenylamino)-3-phenylpropamo

HN
©)u,,//COOMe

This product was purified with a 95:5 hexane/etiggtate mixture as eluent.

'H-NMR (300 MHz, CDC¥): & 2.65 (d, 1H);5 3.60 (s, 3Bt & 3.70 (s, 3H)p 4.78 (m,
1H); 8 6.50 (d, 2H) 6.70 (d, 2H) 7.32 (m, 5H).

The enantiomeric excess was determined by HPLC Ghialpak AD (70:30) hexane/
PrOH ; flow rate: 0.8 mL/mink = 210 nm): t =9.8 min, { =14.8 min.
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(R)-methyl 3-(phenylamino)-3-phenylpropanoate

HN” i
©)«,,,,/C00Me

This product was purified with a 95:5 hexane/etggtate mixture as eluent.

'H-NMR (300 MHz, CDCY): 82.80 (d, 1H);83.62 (s, 3H)p 4.82 (m, 1H)d 6.50 (d,
2H); 8 6.70 (d, 1H)D 7.10 (m, 2H); 8 7.20-7.40 (m, 5H).

The enantiomeric excess was determined by HPLC Ghilpak AD (97:3) hexanie/
PrOH ; flow rate: 0.8 mL/minA = 210 nm): t =14.08 min, { =15.66 min.

(R)-methyl 3-(benzylamino)-3-(4-methoxyphenyl) pnoasde

HN

/©)»,,,//COOMe
MeO

This product was purified with a 97:3 hexane/etgtate mixture as eluent.

'H-NMR (300 MHz, CDC4): 5 1.28 (d, 3H);3 2.06 (br, 1H) 2.51 (dd, 1H)d 2.64 (dd,
1H); 6 3.43-3.63 (g, 2H)d 3.62 (s, 3H)D 3.85 (s, 3H)» 4.01 (m, 1H);5 6.90 (d, 2H);d
7.26-7.35 (m, 5H).

The enantiomeric excess was determined by HPLC @Qhiealpak AD (9:1 hexani/
PrOH ; flow rate: 0.8 mL/minA = 225 nm): t =8.30 min, {=8.75 min.
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(R)-methyl 3-(methoxyphenylamino)-3-(4-methoxypghempanoate

HN
/©)‘,,,,/CO0Me
MeO

This product was purified with a 97:3 hexane/etgtate mixture as eluent.

'H-NMR (300 MHz, CDC}): 52.75 (d, 2H); & 3.60 (s, 3H)p 3.70 (s, 3H);5 3.79 (s,
3H); 84.70 (t, 1H);0 6.55 (d, 2H)® 6.70 (d, 2H);3 6.85 (d, 2H)3 7.30 (d, 2H).

The enantiomeric excess was determined by HPLC @hiealpak AD (9:1 hexane/

PrOH ; flow rate: 0.8 mL/min\ = 225 nm): t =20.79 min, {=21.87 min.

(R)-methyl 3-(benzylamino)-3-(4-(trifluoromethylgwyl)propanoate

HN

F4C

This product was purified with a 95:5 hexane/etgtate mixture as eluent.

'H-NMR (300 MHz, CDC}): & 2.10 (br, 1H) 2.61 (dd, 1H)3 2.72 (dd, 1H) 3.53 (d,
1H); 6 3.64 (s, 3H) 3.64 (d, 1H);0 4.19 (m, 1H);d 7.22-7.33 (m, 5H)d 7.50 (d, 2H);
57.62 (d, 2H).

The enantiomeric excess was determined by HPLC Ghiglcel OD-H (9:1 hexane/

PrOH ; flow rate: 0.5 mL/min\ = 220 nm): t =12.11 min, {=13.46 min.
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(R)-methyl 3-(methoxyphenylamino)-3-(4-(trifluordm@phenyl)propanoate

HN
/©)A,,,//C00Me
FsC

This product was purified with a 95:5 hexane/etgtate mixture as eluent.

'H-NMR (300 MHz, CDC}): & 2.81 (d, 2H);d 3.66 (s, 3H)D 3.70 (s, 3H):3 4.80 (m,
1H); 6 6.50 (d, 2H)® 7.72 (d, 2H)d 7.47-7.61 (m, 4H).

The enantiomeric excess was determined by HPLC Ghiglcel OD-H (9:1 hexane/
PrOH ; flow rate: 0.8 mL/min\ = 270 nm): t =23.73 min, {=28.33 min.

(R)-methyl 3-(methoxyphenylamino)-3-(4-bromoph@ngpanoate

HN
Br

This product was purified with a 97:3 hexane/etggtate mixture as eluent.

'H-NMR (300 MHz, CDCY): §2.77 (d, 2H); & 3.65 (s, 3H)D 3.70 (s, 3H):d 4.70 (t,
1H); 8 6.50 (d, 2H) 6.69 (d, 2H) 7.25 (d, 2H)D 7.43 (d, 2H).

The enantiomeric excess was determined by HPLC Qhiealpak AD (9:1 hexani/
PrOH ; flow rate: 0.8 mL/minA = 210 nm): t =17.03 min, { =18.48 min.
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(R)-ethyl 3-(benzylamino)-3-(4-nitrophenyl)propatma

HN

O,N

This product was purified with a 97:3 hexane/etdgtate mixture as eluent.

'H-NMR (300 MHz, CDC}): 51.19 (t, 3H); 5 2.06 (br, 1H)d 2.65 (m, 2H)d 3.57 (q,
2H); 4.10 (q, 2H);04.22 (m, 1H)% 7.25 (m, 5H)5 7.57 (d, 2H)$ 8.21 (d, 2H).
3C-NMR (75 MHz, CDC}):  14.13 (1C); 42.53 (1C); 51.45 (1C); 58.34 (1C);880(1C
123.89 (2C); 127.25 (1C); 128.11 (2C); 128.23 (2128.50 (2C); 139.38 (1C); 147.55
(1C); 150.14 (1C); 170.95 (1C).

The enantiomeric excess was determined by HPLC Ghialpak OD-H (9:1 hexane/

PrOH ; flow rate: 0.8 mL/minA = 210 nm): t =13.03, { =16.19 min.
[a]%°p = +12.2 ¢ = 0.119/100 mL, CHGJ A = 589 nm)

(R)-ethyl 3-(methoxyphenylamino)-3-(4-nitrophenyjanoate

HN
O,N

This product was purified with a 97:3 hexane/etgtate mixture as eluent.

'H-NMR (300 MHz, CDCY): 51.22 (t, 3H);52.79 (d, 2H); 5 3.69 (s, 3H)p 4.11 (q,
2H); 6 4.85 (t, 1H);0 6.46 (d, 2H)d 6.69 (d, 2H);d 7.56 (d, 2H)$ 8.18 (d, 2H).

13C-NMR (75 MHz, CDC}): & 14.08 (1C); 42.21 (1C); 55.58 (2C); 61.05 (1C)4.82
(2C); 115.32 (2C); 123.99 (2C); 127.38 (2C); 139(2C); 147.33 (1C); 150.01 (1C);
152.84 (1C); 176.48 (1C).
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The enantiomeric excess was determined by HPLC @hiealpak AD (9:1 hexane/
PrOH ; flow rate: 0.8 mL/minA = 225 nm): t =42.66, { =46.69 min.

[a]%°p = + 5.76 ¢ = 0.30g/100 mL, CECI, A = 589 nm)

(R)-methyl 3-phenyl-3-((R)-1-phenylethylamino)pmopate

HN
©),,,,/Coow|e

This product was purified with a 95:5 hexane/etggtate mixture as eluent.

'H-NMR (300MHz, CDC4): (RR): & 1.31 (d, 3H);32.00 (b, 1H); & 2.53-2.80 (m, 2H)>
3.50 (g, 1H):5 3.61 (s, 3H)p 3.84 (dd, 1H)p 7.18-7.37 (m, 10H).

The enantiomeric excess was determined by HPLC Qhiealpak AD (9:1 hexani/

PrOH ; flow rate: 0.8 mL/minA = 225 nm): t =42.66, { =46.69 min.
[a]%°p = + 61.4 ¢ = 0.32g/100 mL, DCM)\ = 589 nm).

(R)-methyl 3-(4-bromopheny)-3-((R)-1-phenylethyilaojpropanoate

HN

/@) -+, ~-COOMe
Br

This product was purified with a 95:5 hexane/etipgtate mixture as eluent

'H-NMR (300MHz, CDCY): (RR): 8 1.29 (d, 3H);32.00 (b, 1H); & 2.53-2.71 (m, 2H)>
3.40(q, 1H);6 3.62 (s, 3H)d 3.80 (dd, 1H)d 7.08-7.47 (m, 9H).

The enantiomeric excess was determined by HPLC @hiealpak AD (9:1 hexane/

PrOH ; flow rate: 0.8 mL/minA = 225 nm): t =42.71, £ =51.69 min.
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[a]?° = + 98.7 ¢ = 0.20g/100 mL, CkCI, A = 589 nm)

(R)-methyl 3-(benzylamino)-3-(naphthalen-2-yl)pnopate

HN
w,,, _COOMe

This product was purified with a 9:1 hexane/etlodtate mixture as eluent.

'H-NMR (75 MHz, CDC}): & 2.0 (br, 1H) 2.62 (dd, 1H) 2.75 (dd, 1H)3 3.62 (q,
2H); 8 3.62 (s, 3H)P 4.3 (M, 1H);3 7.2 (M, 5H);3 7.5 (m, 3H):d 7.84 (m, 4H).

The enantiomeric excess was determined by HPLC orCharalpak AD (9:1
hexane/isopropanol; flow rate: 0.8 mL/minz= 230 nm): £=9 min,  =9.8 min.

13C NMR(75 MHz, CDCJ): 5 42.8 (1C); 51.3 (1C); 51.6 (1C); 60.7 (1C); 1261C);
126.3 (1C); 126.9 (1C); 127.7 (2C); 127.9 (1C); .226LC); 128.4 (1C); 128.5 (2C);
129.7 (2C); 133.1 (1C); 133.5 (1C); 139.8 (1C); .24QC); 172.2 (1C).

[a]?®5 =+ 30.69¢ = 0.216 g/100 mL, EtOH\ = 589 nm).

(R)-methyl 3-(naphthalen-2-y)-3-((R)-1-phenylefimylno)propanoate

HN
“) -, ~COOMe

This product was purified with a 85:15 hexane/etngtate mixture as eluent.
'H-NMR (300 MHz, CDC4): 5 1.29 (d, 3H);3 2.10 (br, 1H) 2.62 (dd, 1H)d 2.75 (dd,
1H); & 3.50 (g, 1H)D 3.62 (s, 3H)D 4.00 (m, 1H) 7.18-7.70 (m, 9H)d 7.79-7.85 (m,
3H).
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13C NMR(75 MHz, CDCJ): & 24,6 (1C); 42.4 (1C); 51.6 (1C); 55.1 (1C); 561CY;
125.9 (1C); 126.1 (1C); 126.5 (1C); 126.9 (1C); .2271C); 127.4 (1C); 127.8 (1C);
128.1 (2C); 128.2 (2C); 128.5 (1C); 133.0 (1C); .B3AC); 138.8 (1C); 144 (1C); 171.9
(1C).

[a]®° =+ 99.9 ¢ = 0.228g/100 mL, DCM)\ = 589 nm).

(S)-methyl 3-((R)-1-phenylethylamino)pentanoate

HN

S, _COOMe

This product was purified with a 95: 5 hexane/etdgtate mixture as eluent.

'H-NMR (300 MHz, CDC}): 80.95 (t, 3H); & 1.40-1.59 (m, 2H)3 1.64 (br, 1H) 2.45
(d, 2H);52.99 (g, 1H) 3.68 (s, 3H)D 3.78 (s, 2H)D 7.21-7.33 (M, 5H).

13C NMR(75 MHz, CDCJ): 8 9.91 (1C); 26.76 (1C); 38.62 (1C); 50.92 (1C);5(C);
55.49 (1C); 126.9 (1C); 127.33 (1C); 128.81 (209.05 (1C); 140.44 (1C); 173.07
(1C).

The enantiomeric excess was determined by HPLC orCh&ralcel OD (99:1

hexane/isopropanol; flow rate: 0.5 mL/minz= 210 nm): 1=12.53 min, $=16.16 min.
[a]*5 = +3.69 ¢ = 0.116g/100 mL, DCMA = 589 nm).

(S)-methyl 3-(benzylamino)-4-phenylbutanoate

Q2
.,,_COOMe

This product was purified with a 95: 5 hexane/etiggtate mixture as eluent.
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'H-NMR (300 MHz, CDCY): 82.45 (d, 2H); 5 2.75 (dd, 1H)p 2.9 (dd, 1H);5 3.35 (m,
1H); 8 3.65 (s, 3H)» 3.88 (s, 2H)d 7.10-7.33 (m, 10H).

The enantiomeric excess was determined by HPLC oiChaalpak AD (99:1
hexane/isopropanol; flow rate: 0.8 mL/minz= 210 nm): £=13.90 min, $=15.47 min.

(S)-methyl 4-phenyl-3-((R)-1-phenylethylamino)botan

L
.,,_COOMe

This product was purified with a 95: 5 hexane/etdngtate mixture as eluent.

'H-NMR (300 MHz, CDCY): (R,S): 3 1.27 (d, 3H);5 2.00 (br, 1H); & 2.23-2.28 (m, 2H);
2.68 (m, 1H); 2.92 (m, 2H)d 3.59 (s, 3H)P 4 (g, 1H);d 7.04-7.33 (M, 10H).

(RR): 31.32 (d, 3H); 8 2.23-2.28 (m, 2H):52.68 (m, 1H);52.92 (m, 2H);5 3.66 (s,
3H); 8 3.85 (q, 1H) 7.04-7.33 (m, 10H).

13C NMR(75 MHz, CDCJ): & 24.57 (1C); 38.84 (1C); 39.16 (1C); 51.40 (1C);333
(1C); 55.18 (1C); 126.32 (1C); 126.44 (1C); 126(8C); 128.75 (3C); 129.36 (3C);
138.20 (1C); 144.64 (1C); 172.69 (1C).

(R)-methyl 3-(benzylamino)-4-methylpentanoate

HN
/J\v/k\/COOMe

This product was purified with a 95: 5 hexane/etiggtate mixture as eluent.
'H-NMR (300 MHz, CDC¥): 30.95 (t, 6H); 8 1.56 (br, 1H)d 1.93 (m, 1H): 2.39 (dd,
1H); 6 2.49 (dd, 1H)p 2.94 (m, 1H) 3.70 (s, 3H)d 3.82 (s, 2H)d 7.26-7.36 (M, 5H).
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13C NMR(75 MHz, CDC}): 8 17.6 (1C); 18.8 (1C); 26.76 (1C); 29.7 (1C); 3€)151.5
(2C); 59.6 (1C); 125 (1C); 128.3 (2C); 129.0 (2T)0.1 (1C); 173.6 (1C).
The enantiomeric excess was determined by HPLC orCh&ralcel OD (99:1

hexane/isopropanol; flow rate: 0.8 mL/min= 210 nm): 1=9.13 min, =9.72 min.
[a]®°> =+ 9.2 ¢ = 0.459/100 mL, DCM) = 589 nm).

(R)-methyl 4-methyl-3-((R)-1-phenylethylamino)pantte

HN
Mcoowle

This product was purified with a 95: 5 hexane/etpgtate mixture as eluent.

'H-NMR (300 MHz, CDCY): (R,R): 50.81 (d, 3H);81.28 (d, 3H);51.92 (m, 1H); &
2.17 (dd, 1H)D 2.30 (dd, 1H)p 2.74 (g, 1H)D 3.60 (s, 3H)p 3.85 (M, 1H)D 7.21-7.32
(m, 5H).(R,S): 50.81 (d, 3H); 5 1.28 (dd, 6H);01.66 (m, 1H);d 2.35 (dd, 1H)d 2.45
(dd, 1H);3 2.65 (g, 1H)D 3.68 (s, 3H)D 3.85 (M, 1H)D 7.21-7.32 (M, 5H)

13C NMR(75 MHz, CDCJ): & 16.39 (1C); 18.98 (1C); 24.86 (1C); 29.01 (1C);329
(1C); 35.76 (1C); 54.89 (1C); 56.72 (1C); 126.7C)1126.80 (2C); 129.0 (2C); 145.8
(1C); 173.6 (1C).

[a]®p =+ 26.1 ¢ = 0.322 g/100 mL, DCM\ = 589 nm).

(R)-tert-butyl 3-(benzylamino)-3-phenylpropanoate

HN
: J..,_cootBu

This product was purified with a 95: 5 hexane/etngtate mixture as eluent.
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'H-NMR (200 MHz, CDC}): 5 1.35 (s, 9H);d 2.60 (m, 2H) 3.55 (dd, 2H)D 4.10 (m,
1H); 5 7.27 (m, 10H).
The enantiomeric excess was determined by HPLC o@haalcel OD-H (96:4

hexane/isopropanol; flow rate: 0.8 mL/min= 220 nm): 1=6.69 min, =7.5 min.

(S)-methyl 2-((4-methoxyphenyl)amino)-2-phenyldeeta

o
H

OMe
(Y

This product was purified with a 98:2 hexane/etipgtate mixture as eluent

'H-NMR (200MHz, CDC}): & 3.71 (s, 3H)p 3.73 (s, 3H)p 4.19 (b, 1H) 5.03 (s, 1H),
0 6.63 (dd, 4H)p 7.39 (m, 5H).

The enantiomeric excess was determined by HPLC Ghiealcel OJ-H (7:3 hexarie/
PrOH ; flow rate: 0.8 mL/miny = 210 nm): t =39.85, { =44.96 min

iz

(S)-ethyl 2-(benzylamino)-2-phenylacetate

This product was purified by flash column chromasmipy on silica gel with a 9:1
hexane/ethyl acetate mixture as eluent.

'H-NMR (300MHz, CDC}): § 7.24-7.48 (m, 10H) 4.45 (s, 1H)p 3.70 (s, 2H)p 3.65
(s, 3H).

HPLC: Chiralcel OD-Hn-Hex/i-PrOH 95:5; 0,5 mL/min; t = 14.65 min; 16.45 min
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8.4 Deprotection protocols

Svynthesis of (R)-methyl 3-amino-3-phenylpropanoate

HN) o H,, Pd/C NH, O

ph/ULOMe MeOH, 15h i Ph/?\)J\OMe

A suspension ofR)-methyl 3-(benzylamino)-3-phenylpropanoate (0.5&at) and Pd/C
(10%, 36 mg) in methanol (3.5 mL) were stirred imder hydrogen atmosphere at room
temperature for 16 h. The catalyst was removedItsgtion through a pad of celite, and
the filtrate was concentrated and purified by caluchromatography (5:5 hexane/ethyl
acetate 100 mL, 4:6 hexane/ethyl acetate 100 mL,h&xane/ethyl acetate 100 mL
mixture as eluent).

Yield = 98%

'H-NMR (300 MHz, CDCY): 52.31 (br, 2H); 5 2.67 (d, 2H)d 3.66 (s, 3H)d 4.42 (t,
1H);  7.21-7.38 (m, 5H).
The enantiomeric excess was determined by HPLC o@haalcel OD-H (98:2

hexane/isopropanol; flow rate: 0.8 mL/min= 210 nm): 1=26.04 min, £=32.44 min
[a]*®5 =+ 10.5 ¢ = 0.258 g/100 mL, DCM\ = 589 nm).
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Synthesis of (R)-methyl 3-amino-3-(4-(trifluoronydithenyl)propanoate

Ph

— e

HN e} H, Pd/C

> OMe
* OMe MeOH, 15h, 15 atm
FsC
FsC

The deprotection oN-a-methyl benzyl amine required more drastic condgi and it

was successfully performed by hydrogenating thetis¢a material for 16 hours in
methanol with Pd/C at 15 atm.
Yield = 98%

'H-NMR (300 MHz, CDC}): 2.43 (br, 2H): 5 2.72 (d, 2H)d 3.68 (s, 3H): 4.52 (t,
1H); 5 7.51 (d, 2H)® 7.60 (d, 2H).
The enantiomeric excess was determined by HPLC orCharalpak AD (9:1

hexane/isopropanol; flow rate: 0.8 mL/minF 210 nm): £9.7 min, t=10.5 min

Deprotection of N-PMP group

General procedureA solution of ammonium cerium nitrate (4 eq) imter was added
slowly to a stirred solution of substrate (1 eq)aicetonitrile at 0°C. After 2 hours, a
solution of NaHCQ@ was added until pH 6. The mixture was extractdwe drganic layer
was separated and the water layer was washed thiyhacetate. The combined organic

solution was dried over N&Q,, filtered and the solvent was evaporated.
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8.5 Synthesis off-lactam

H o)
JEr =2
H
Ar OMe  THF, 4h, -78°C A

General procedurdo a solution of LDA (0.676 mmol) in THF (3 mL) af8°C was
added a THF (1 mL) solution of substrate . Stirnvegs continued at -78°C for 16 h after
which the reaction was quenched with NaH@@Q, and then extracted with ethyl acetate.
The combined organic layers were washed with brideed over NgSO, and
concentrated. The residue was purified by columroroatography (7:3 hexane/ethyl
acetate 100 mL, 5:5 hexane/ethyl acetate 100 mitungas eluent).

(R)-4-phenylazetidin-2-one

Yield = 84%

[a]?®5 =+ 106 ¢ = 0.02 g/100 mL, EtOH) = 589 nm).

"H-NMR (300 MHz, CDCY): 2.87 (dd, 1H);5 3.44 (dd, 1H) 4.71 (dd, 1H)3 6.30
(br, 1H); 5 7.30-7.43 (m, 5H).

GLC (B-cyclodextrin column, Isotherm 150°C):466.0 min,=74.0 min

(R)-4-(4-(trifluoromethyl)phenyl)azetidin-2-one

: S

FsC
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Yield = 80%

'H-NMR(500 MHz, CDC4): 5 2.87 (dd, 1H);3 3.44 (dd, 1H)p 4.81 (dd, 1H)p 6.50 (br,
1H); 7.5 (d, 1H); 5 7.55 (d, 1H).

3C NMR(125 MHz, CDGJ):d 47.46 (1C); 49.91 (1C); 125.00 (g, 1C); 126.00)(2C
126.55 (2C); 130.44 (g, 1C); 144.27 (1C); 167.62)(1

F-NMR (75 MHz, CDC}): & —63.46 (1 F).

The enantiomeric excess was determined by HPLC orCharalpak 1B (9:1

hexane/isopropanol; flow rate: 0.8 mL/minz= 225 nm): 1=16.13 min, £20.8.
[a]?°> =+ 61 €=0.2 g/100 mL, DCM) = 589 nm).
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8.6 Synthesis of substrates for reductive amination

Preparation of compoung0

O O
0] toluene X
H o+ —_—
PORP o b
NO, NO,
MW eq mmol g mL d (g/mL)
2-NO,-benzaldehyde  151.12 1 8.2 1.2
acetone 58.08 5 41 2.4 3 0.791
toluene 5

2-NO,-benzaldehyde was reacted in toluene with acetorsemicrowave reactor (PW =
200 W; T = 10°C; time: 2h). The mixture was concated and the crude product was
purified on silica flash.

Flash chromatography (diameter: 2.5 cm, h: 17 enpurification through silica gelwith

8:2 hexane/AcOEt as eluent allowed to obtain tleelpctin 43% yield.

'H-NMR (300 MHz, CDC}): 5 8.08 (d, 1H)3 7.99 (d, 1H, J = 15 Hz} 7.67-7.65 (m,
2H), 8 7.59-7.55 (m, 1H)Y 6.57 (d, 1H, J = 15 Hz} 2.43 (s, 3H).

3C-NMR (75 MHz, CDC}): 5198.0 (1C),d 148.3 (1C),5 138.9 (1C),d 133.7 (1C)5
131.9 (1C) 130.8 (1C)4 130.4 (1C)p 129.1 (1C)p 125.1 (1C)p 27.0 (1C).
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Preparation of compoungil

0] O
o toluene &
H + _—
)H< MW, 100°C,2 h
NO, NO,
MW eq mmol g mL d (g/mL)
2-NO,-benzaldehyde 151.12 1 8.2 1.2
methylt-butyl ketone  100.16 5 41 4.1 5.1 0.801
toluene S

2-NO,-benzaldehyde was reacted in toluene with mettyltyl ketone in a microwave
reactor (PW = 200 W; T = 10°C; time: 2h). The mnetwvas concentrated and the crude
product was purified on silica flash.

Flash chromatography (diameter: 2.5 cm, h: 17 enpurification through silica gelwith

8:2 hexane/AcOEt as eluent allowed to obtain tleelpctin 36% yield.

'H-NMR (300 MHz; CDC}):  8.02 (d, 1H, J = 15 Hz) 7.97 (d, 1K)7.68-7.64 (m, 2H),
&7.54-7.52 (m, 1H)5 7.03 (d, 1H J = 15 Hz), 1.21(s, 9H).

3C-NMR (75 MHz, CDC}): & 203.2 (1C) 148.7 (1C)5 138.0 (1C)5 133.5 (1C)
131.2 (1C), 130.2 (1C),3 129.2 (1C),3 125.5 (1C)5124.8 (1C),543.3 (1C),526.1
(3C).
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Preparation of compoungé?

O 0] 0]
toluene
Ho o+ _ foluene X
MW, 100°C,2 h
N02 OMe N02 OMe

MW eq mmol g mL d (g/mL)
2-NO,-benzaldehyde 151.12 1 8.2 1.2
acetanisole 150.17 5 41 6.1 5.6 1.094
Toluene 5

2-NO,-benzaldehyde was reacted in toluene with aceti@msa microwave reactor (PW
=200 W; T = 10°C; time: 2h). The mixture was cartcated and the crude product was

purified on silica flash.

Flash chromatography (diameter: 2.5 cm, h: 17 enpurification through silica gelwith
8:2 hexane/AcOEt as eluent allowed to obtain tleelpctin quantitative yield.

'H-NMR (300MHz, CDC}): & 8.10 (d, 1H, J = 15 Hz}) 8.04-8.00 (m, 3H)p 7.73 (d,
1H), 8 7.75-7.72 (m, 2H),3 7.54 (t, 1H) 7.35 (d, 1H, J = 15 Hz} 6.97 (d, 2H)5 3.88
(s, 3H).

3C-NMR (75 MHz, CDC}): 5 188.5 (1C),d 163.7 (1C),d 148.6 (1C)5 139.1 (1C)5
133.5 (1C)H 131.4 (1C)p 131.1 (2C) 130.3 (1C)5130.2 (1C)5129.2 (1C) 5 127.2
(1C),5124.9 (1C)5 114.0 (2C)p 55.5 (1C).
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Preparation of compouné3-95

O O

X R Fe, HCI 37%cat e R
AcOEt/H,0, reflux
NO NH

2 2

General procedureto a stirred solution of substrate (1 eq) in AcBED 4:1 Fe powder
(5 eq)and catalytic amount of HCI 37% were adddte mixture was warmed to reflux
and stirred vigorously for 4 hours. Then it wasakd to cooled to room temperature, Fe
was filtrate through a celite pad and the solutoncentrated. The crude product was

purified on silica flash.

Compoun®3
)

w
NH

2

Yield quantivative. This product was purified wilB:2 hexane/AcOEt mixture as eluent.
'H-NMR (300 MHz, CDC}): 6 7.67 (d, 1H, J = 15 Hz} 7.38 (d, 1H),5 7.19 (t, 1H).5
6.79-6.71 (m, 2H)3 6.65 (d, 1H , J = 15 Hz),3.97 (br, 2H)H 2.35 (s, 3H).

Compound®4
o)

SO
NH

2

Yield 52%. This product was purified with a 8:2 her/AcOEt mixture as eluent.
'H-NMR (300 MHz; CDC}): & 7.85(d, 1H, J = 15 Hz}} 7.45 (d, 1H)d 7.18 (t, 1H),5
7.07 (d, 1H, J =15 Hz§ 6.78 (t, 1H),0 6.71 (d, 1H)d 3.99 (br, 2H)H 1.25 (s, 9H).
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13C-NMR (75 MHz; CDC}): 5 204.4 (1C)5 146.1 (1C),5 138.2 (1C)5 131.3 (1C)5
127.9 (1C),6 120.9 (1C),d 120.3 (1C)5 118.8 (1C)d116.7 (1C),d 43.2 (1C),5 26.4
(3C).

Compoun®5

O

CroC
NH2 OMe

Yield 45%. This product was purified with a 8:2 her/AcOEt mixture as eluent.
'H-NMR (300 MHz; CDC4): 8 8.06 (d, 2H)3 7.98 (d, 1H, J = 15Hz} 7.56-7.49 (m,
2H), 8 7.22 (t, 1H),8 7.01 (d, 2H) 6.82 (t, 1H),5 6.75 (d, 1H)d 4.15 (br, 2H)S 3.91
(s, 3H).

¥C-NMR (75 MHz, CDC}): & 188.0 (1C)5 162.9 (1C),5 138.0 (1C)d 133.5 (1C)5
131.2 (1C),8 130.2 (1C),3 129.2 (1C)d 125.5 (1C),5124.8 (1C),543.3 (1C),526.1
(3C).
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8.7 Reductive aminations
0)

cat 10%mol
NH DCM, 18h, 0°C H

2

General procedureTo a stirred solution of catalyst in the chosetvent (1M), the

substrate added. The mixture was then cooled to dhesen temperature and
trichlorosilane was added dropwise by means ofrm@g (in solution 1M of the chosen
solvent). After stirring at the proper temperatutie reaction was quenched by the
addition of a saturated aqueous solution of NagCDmL). The mixture was allowed to
warm up to room temperature and water (2 mL) acbldromethane (5 mL) were added.
The organic phase was separated and the combirgzthiorphases were dried over

NapSOy, filtered, and concentrated under vacuum at raamperature to afford the crude

product, purified on silica gel.

Compoun®6

s

This product was purified with a 9:1 hexane/AcOERttare as eluent.

'H-NMR (300 MHz, CDCY): & 6.99-6.96 (m, 2H)3 6.63 (t, 1H),3 6.50 (d, 1H)J 3.71
(br, 1H), 3 3.44-3.40 (m, 1H)$ 2.87-2.76 (m, 2H)d 1.99-1.92 (m, 1H) 1.70-1.61 (m,
1H), 5 1.28 (d, 3H)

HPLC (Chiralcel OJ-Hp-esandPrOH= 97:3; 0.8 mL min): tz= 20.4 min(S) 23.4 min
(R).

Compound®7
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N
IH P
OMe

This product was purified with a 9:1 hexane/AcOEttore as eluent

'H-NMR: (300 MHz, CDC}) &(ppm) 1.93-2.13 (m, 2H), 2.75 (m, 1H), 2.90-2.98 (m
1H), 3.83 (s, 3H), 4.00 (br, 1H), 4.39 (dd, 1HB®(dd,J = 8.0, 1.2 Hz, 1H), 6.66 (m,
1H), 6.89-6.92 (m, 2H), 7.00-7.04 (m, 2H), 7.314718, 2H).

HPLC (Chiralcel OD-Hn-esandtPrOH= 97:3; 0.8 mL mif): tz= 9.2 min(S) 14.5 min

(R).

Compoun®8

CLA

oA

This product was purified with a 9:1 hexane/AcOEttare as eluent.

'H-NMR (300 MHz, CDC}): 5 7.18 (m, 4H),d 4.84 (br, 1H),5 2.65-2.52 (m, 3H)p
2.42-2.32 (m, 1H)3 2.16 (s, 3H)p 1.14 (d, 3H)

¥C-NMR (75 MHz, CDCY): & 169.7 (1C)5 162.9 (1C),5 137.8 (1C) 127.4 (1C)
127.0 (1C),d 126.3 (1C),d 126.0 (1C),5 125.6 (1C),548.5 (1C),532.8 (1C),526.3
(1C),523.1 (1C),620.4 (1C).

MS (ESI) m/z (%): calc. for GHisNONa' = 212.10459; found = 212.10444.

HPLC (Chiralcel OJp-esand-PrOH= 7:3; 0.8 mL mil): t;= 12.9 min; $ 15.5 min

Compound®9

N
IH P
OMe
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This product was purified with a 9:1 hexane/AcOERxtore as eluent

'H-NMR: (300 MHz, CDC}) (ppm) ): 3 7.28-7.18 (m, 4H)3 7.12 (d, 2H)J 6.80 (d,
2H), 6 5.66 (br, 1H)p 3.77 (s, 3H)) 2.64 (m, 4H)p 2.17 (s, 3H).

3C-NMR (75 MHz, CDC}): 5 170.1 (1C),d 158.4 (1C),d 138.7 (1C) 135.5 (1C)5
134.2 (1C) 127.5 (2C)p 127.4 (1C)H 126.6 (1C) 125.9 (1C)p 125.5 (1C)H 113.8
(2C),356.4 (1C),555.2 (1C)5 34.8 (1C),5 26.8 (1C)5 23.2 (1C).

HPLC (Chiralcel OD-Hn-esand/tPrOH= 9:1; 0.8 mL mif): t;= 12.7 min; $=14.2 min
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8.8 Synthesis of thioesters

Preparation of compoungll

PO FaC”SH SR Fgc/\sj\/Ph
O DCM, RT
MW eq mmol mg mL d (g/mL)
2-phenylacetic acid 136.15 1 5 676 0.625 1.081
2,2,2-trifluoroethanethiol  116.11 1 5 580 0.445 063
HOBt 153.13 1.05 5.25 804
EDC-HCI 191.70 1.05 5.25 431
DCM 25

To a solution of carboxylic acid in DCM was addd®Bt at 0°C, and the resulting
solution was stirred for 10 min at the same tentpeea EDC-HCI| was added and the
mixture was stirred for 30 min at that temperattieally, 2,2,2-trifluoroethanethiol was
added at 0°C, and the mixture was allowed to warmobm temperature. After being
stirred overnight, the reaction mixture was dilutgdh DCM(10 mL) and water was
added (10 mL). Aqueous layer was extracted with D@Ml the extract was washed with
water and brine, dried over p&0,, and concentrated in vacuum at room temperature to
afford the crude product, that was purified by ecmtuchromatography to give the crude
product. It was purified by flash column chromatggry on silica gel with a 9:1

hexane/ethyl acetate mixture as eluent. Yield: 80%.

'H-NMR(300 MHz, CDC}): § 7.45-7.25 (m, 5H), 3.90 (s, 1H), 3.45 (o= 19.5 Hz,J =
9.9 Hz, 2H).

13C-NMR(75 MHz, CDC4): § 193.7, 132.4, 129.6, 128.8, 127.8, 124.8 &,275.8 Hz),
50.0, 30.8 (qJ = 34.1 Hz).
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8.9 Aldol condensation of thioesters with aldehydes

0 o) SiCl,, cat oH o ﬂj’\
4, cat.
+ _ = N P
Ph /\Hj\ +
Ar)LH \)ks/\oa — Ar sTOCF, t AT sTCR,
Ph Ph
anti syn

General procedureTo a stirred solution of phosphine oxide (0.1 e§30mmol) in the
chosen solvent (2 mL), the thioester (2 eq, 0.6(thand DIPEA (10 eq, 3 mmol) were
added. The mixture was then cooled to the chosempdrature and freshly distilled
tetrachlorosilane (1.5 eq, 0.45 mmol) was adde@wliise via syringe. After 15 min,
freshly distilled aldehyde (1 eq, 0.30 mmol) wasledl The mixture was stirred for 5 h
(if the operating temperature is 0°C) or 12 hlf# bperating temperature is -25°C), then
the same amount of tetrachlorosilane (1.5 eq, hA®mI) was added. After a proper time
(see tables of previous chapters) the reactionguasched by the addition of a saturated
aqueous solution of NaHGQ3 mL). The mixture was allowed to warm up to room
temperature and stirred for 30 min, then water (pand ethyl acetate (15 mL) were
added. The two-layers mixture was separated an@dheous layer was extracted with
ethyl acetate (15 mL). The combined organic layeese washed with saturated NME
(20 mL) and brine (20 mL), dried over p&O,, filtered, and concentrated under vacuum
at room temperature. The crude product was purifigccolumn chromatography with
different hexane:ethyl acetate mixtures as eluzatford the pure aldol adducts.

Yield and ee for each reaction are indicated in tdi@les of previous chapters. The
syn:anti ratio was calculated byH-NMR spectroscopy. Phosphine oxides were
guantitatively recovered by further elution with%aMeOH in DCM without any loss of

optical purity.
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S-2.2 2-trifluoroethyl 3-hydroxy-2,3-diphenylpropiioate 82)

This product was purified by flash column chromasmipy on silica gel with a 8:2

hexane/ethyl acetate mixture as eluent.

major diastereoisomer

'H-NMR(200 MHz, CDC}): & 7.37 (s, 5H), 7.31 (s, 5H), 5.35 (@= 9.0 Hz, 1H), 4.10
(d,J = 7.5 Hz, 1H), 3.42-2.24 (m, 2H), 2.37 (br, 1H).

¥C-NMR(75 MHz, CDC}): & 195.42 (1C), 140.27 (1C), 133.58 (1C), 129.43 (2C)
128.89 (2C), 128.52 (2C), 128.39 (2C), 126.64 (22K.23 (t,J = 281.2 Hz, 1C), 75.01
(1C), 68.21 (1C), 30.50 (4,= 33.75, 1C).

HRMS Mass (ESI+): m/z = calc for,@H15F30,S 363.06425, found 363.0632 [M+ Na].

minor diastereoisomer

'H-NMR(200 MHz, CDC}):  7.36 (s, 5H), 7.30 (s, 5H), 5.20 (ti= 10.0 Hz, 1H), 4.15-
3.90 (m, 2H), 3.6 (d] = 4.8 Hz, 1H), 1.73 (br, 1H).

The enantiomeric excess was determined by chirdlGHRith Daicel Chiralcel AD
column [eluent: 9:1 hexPrOH; 0.8mL/min flow rate, detection: 230 ntg; 13.8 min
(major-diast major)g: 15.1 min(minor-diast minor}g: 18.9 min (minor-diast majorjg:

23.5 min (major-diast minor)].
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S-2.2 2-trifluoroethyl 3-hydroxy-3-(4-methoxyphé&Bdhenylpropanthioate88)

This product was purified by flash column chromasmipy on silica gel with a 9:1
hexane/ethyl acetate mixture as eluent affordeakéune ofanti andsynaldol adducts.

synantimixture

'H-NMR(300 MHz, CDC}): & 7.45 (s, 5H), 7.25-7.15 (m, 3H), 6.90-6.80 (m, 25iB3
(dd,J =14.6 HzJ = 8.1 Hz, 1Hminor), 5.14 (ddJ=6.2J = 3.3 Hz, 1H,major), 4.10-
4.00 (m, 2H), 3.80 (s, 3H), 3.45-3.25 (m, 2H).

The enantiomeric excess was determined by chirdlGHRith Daicel Chiralcel AD
column [eluent: 9:1 hextPrOH; 0.8mL/min flow rate, detection: 230 ntg; 23.2 min
(major-diast majorjz: 28.7 min(minor-diast majorjgz: 32.6 min (minor-diast minorjg:

39.1 min (major-diast minor)].
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S-2.2 . 2-trifluoroethyl 3-hydroxy-2-phenyl-3-(4 fluoromethyl)phenyl)propanethioate
(84)

This product was purified by flash column chromasmipy on silica gel with a 9:1

hexane/ethyl acetate mixture as eluent affordedture ofanti andsynaldol adducts.

synanti mixture:

'H-NMR (300 MHz, CDCI3): 7.56 (d,J =8.2 Hz, 2H), 7.44-7.20 (m, 7H), 5.44 (ti=
9.0 Hz, 1Hmajor), 5.37 (d,J = 10.8, 1Hminor), 4.02 (d,J = 7.0 Hz, 1H), 3.60-3.31 (m,
2H), 2.48 (s, 1H).

13C-NMR (125 MHz, CDCI3)5 195.06, 144.04, 132.28, 128.93, 128.44, 128.28,48
124.72, 121.94, 76.56, 73.70, 67.25, 29.94.

HRMS Mass (ESl+): m/z = calc for,gH14Fs0,SNa’ 431.05, found 431.05.

The enantiomeric excess was determined by chirdlGHRith Daicel Chiralcel AD

column [eluent:9:1 hexPrOH; 0.8 mL/min flow rate, detection: 230 nip; 37.2 min
(minor-diast major)r: 46.9 min (major-diast minorjg: 51.2 min (major-diast major),

tr: 64.9 min (minor-diast minor)].
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APPENDIX
Cyclopropenone

The broad importance of carboxylic acid derivatjvparticularly amides in peptide
bonds, has resulted in significant research effdirescted towards their synthesihile
the direct dehydrative coupling of a free carbaxyrcid and nucleophile is one of the
most attractive strategies towards this class ofpmunds, the poor leaving group ability
of the hydroxide ion can require high temperatumesthe direct coupling to proceed
(Figure 1). For the process to occur under milder conditiorabaxylic acids are
generally activated by forming a more reactive smse@rone to nucleophilic acyl
substitution. The simplest form of activation i®f@nation with a strong acid, however
these reactions are often limited by requiringrgdaexcess of the nucleophile as in the
Fischer esterificationpr are challenging due to the basicity of the nyglele as in the

case of amines.

@)

/\ea/ 180°C O
+  HoN —_— 98% yield
\M%OH 2 6 20 min \M%J\H/\Mg (A"

Figure |
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A large number of stoichiometric coupling reageinése been developed to overcome
this challenge and facilitate the direct couplifig@aboxylic acids and nucleophiles. One
of the earliest reported reagents for this goal Waddicyclohexylcarbodiimide (DCC)
which was first used in a peptide coupling by Slaeein 1955%¢!

Since that disclosure, new reagents based on $ealifeaent functionalities have been
developed and often have tailored properties sgciwaer solubility, low racemization,
or are designed to be particularly effective folidlsphase synthesis. Most of these
compounds however suffer from drawbacks in thay Hre relatively expensive and have
poor atom economy, producing chemical by-produttst tcan in some cases be

challenging to remove.

Recent progress has been made towards the develomheatalysts for direct acyl
substitution that overcome the limitations of shigenetric coupling reagent$?!

Particularly noteworthy, Hall and coworkers haveveleped boronic acid catalysts,
specifically ortho-iodophenylboronic acid, to facilitate the direaindensation of an
amine and carboxylic acid at ambient temperatuigu(g 11)*'? These catalysts have not

yet been successfully applied for mild peptide ¢iogg, a severe limitation of the

method.
OH
B.
™
©\/U\ N HzN/\© 10% mol N
OH - H
DCM, rt,2.5h

91% vyield

Figure Il

One of the oldest and most common strategies fueaing nucleophilic acyl substitution
is conversion of a carboxylic acid to an acid hali@he high reactivity and the ease with
which they can be transformed to almost all ottebaoxylic acid derivatives has given

acyl halides a prominent place in organic chemiditgny dehydrative conditions for
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forming acid chlorides, such as the use of thionlloride, oxalyl chloride, and
phosphorous chloride, are classic reactions foundniroductory textbooks (Figure
). ™" The majority of these traditional methods howeusffes from the generation of
an equivalent of hydrochloric acid, making them oimpatible with acid sensitive

functionalities.

0 0 0
J\ reagent J\ NuH )J\
R® "OH R™ °Ci R™ "Nu
Cl
SOCl, CCla PR |
coc Brecls i \i Cl
| h3 =
Reagent  (COCI, ccen | n cI” N el 1.
PCI H™SN
Cls (C14C),CO +TEA | or
+ TEA

S undesirable by-product long reaction lack structural and
Limitation  generate HCI . . -
(PhPO) time electronic tunability

Figure 1l

Several methods have been developed to allow threatoon of acid chlorides under
neutral conditions, but many have significant latibns. One common strategy relies on
the formation of adducts with triphenylphosphifé*>however the triphenylphosphine
oxide by-product of these reactions is notoriowsffycult to remove.

Other methods, such as the combination of cyarahioride and trialkylamine bases,
suffer from long reaction timesligh reactivity for forming acid chlorides under Ichi
conditions has seldom been achieved, with exceptiming the use of tetrameth-
halogenoenamin€s® or an immonium chloride with amine bds€! These methods
however both rely on reagents that lack easily fadale structural and electronic
properties, useful features for the developmerstyathetic methods.

A new method that improves on these deficiencie$dianing acyl chlorides would be of

great utility to the synthetic community. Also, neeagents that produce traceless or
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recyclable by-products would be a significant bér@dmpared to many of the coupling

reagents currently used for forming carboxylic aaeérivatives.

The Lambert group recently initiated a researclgganm utilizing aromatic ions for the

development of new synthetic methdt&!?) These compounds are interesting
molecules that satisfy Huckel's rule for possessangmatic stabilization and have an
ionic charge. Within this program my research leasi$ed on aromatic cations, primarily

cyclopropenium ions and related cyclopropenoneguei 1V).

R (@) 0)
R R R R R R
cyclopropenium ion cyclopropenone
Figure IV

Cyclopropenium cations, the smallest aromatic & cyclopropenones have been well
studied since Breslow first synthesized the trigh®yelopropenium ion in 195#241%5IA
number of different methods have been developedotwstruct these compounds and
permit a wide range of substitution (Figure V). kkre addition to alkynes, the first
approach to these structures, can be used to matke slymmetric and unsymmetric
cyclopropenium cations and cyclopropenones.

These compounds can also be created from tetraclyidopropene, a versatile
commercially available starting material that atlgancorporates the three-membered
ring*?®! Treatment of this compound with aluminum trichlerigenerates an electrophilic
trichlorocyclopropenium species that undergoe®dei-Crafts arylationsSecondary
amines can also be incorporated as they undergastision reactions with
chlorocyclopropenes?”

One method that has been particularly useful foe thrge-scale syntheses of
cyclopropenones is a Favorskii-type reaction,af-dibromoketone$->®!

Cyclopropenones can also be converted to cyclopiapeions through O-alkylation of
the carbonyl to furnish cyclopropenium ethéfd.
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The flexibility provided through these multiple $lgatic routes has facilitated detailed
studies of the properties of these compounds.

R._X
=

Cl Cl

R 0]
é or H
R R R R
NgEe AlCl, o 0
P :
ArH A /A
Ar Ar Ar Ar

X HNR,
—_—

cl R,N NR,

O @)
R \Hkr R base H
—_—

Cl

Br Br R R
O
RX OR
H —_—
R R R R
Figure V

A particularly interesting feature of cyclopropemiications is an equilibrium in which
they shuttle between neutral and charged statesighrassociation with electron lone
pairs or anions (Figure VI). The electronics gowuagrthis equilibrium can be evaluated
through a cation’s pk+ value, a measure that corresponds to the pH ofqalecais
solution where the aromatic charge is half neuteal*® The pke+ value can also be
interpreted as a measure of cation stability. Wthke parent unsubstituted cyclopropenyl
cation is relatively unstable with a pkof —7.4"*" pKr+values range to greater than +10

in the case of trisaminocyclopropenium ions, which even stable in hot waf&i?
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The tunability with regard to electronic and stegroperties achievable by adjusting the
ring substituents, in combination with the existiaquilibrium process, makes these

compounds attractive as potential reagents formecggynthesis.

R H,0 R__OH
A X HX A Keo = EMHT
R R R R [A]
A B
Figure VI

In researching the application of aromatic ionsasthetic reagents, the Lambert group
has initially focused on dehydrative reactions (FegVIl). Towards this goal, alcohols
were found to rapidly react with cyclopropenes l@ageminal leaving groups to form
cyclopropenium ethers. These cationic species tefedg activate the alcohol towards
nucleophilic substitution and this strategy hasnbemployed to develop mild methods

for the rapid chlorination of alcohols and the &ation of diols: %!

Cyclopropenium activation has also been extended d&hydrative molecular
rearrangements in the form of the Beckmann reaemeqt, rapidly converting oximes to
amided™® As the derivatization of carboxylic acids is a défagive process with great
importance in organic synthesis, we were interestegxploring the application of this

strategy to nucleophilic acyl substitution.
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X X R O O
R-OH + X — A\ X 5 RNu  + A
R R R CI) R R
R
OH C/'K' cl
91% yield
@* RSN @* 10 mn
DCM, rt
o)
oH A 0
: In,, an 95% yield
P Ph Ph < 7
H - - 25h
OH MSQO
MeCN, rt
NI,OH cl. ¢l .,
A N o vi
Mes Mes \ﬂ/ 92% yield
©)\ Mes™  Mes ©/ o 30 min
MeCN, rt
Figure VII

Analogous to the activation of alcohols, they eiovied that a cyclopropene bearing
geminal leaving groups, formed from the correspogdiyclopropenone, would exist in
equilibrium with its ionized form (Figure VII). Retdon with a carboxylic acid would
furnish a cyclopropenium carboxylate intermedidtais species was then expected to be
prone to nucleophilic acyl substitution, generatengcyclopropenone and the desired
carboxylic acid derivative. While this strategy hagen successful for the activation of
alcohols, it was not clear if it would function famechanistically distinct acyl
substitution. The previous use of dichlorocyclomop reagents prompted us to examine
the formation of acid chlorides as a starting pdont the study of this new reaction

scheme.

A\c;r R~ “OH CI-A)OL

2
|

R R R (@] R'
Cl o o
O NH-R" "
DU T G
R (@] R' R R H
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Figure VIII

The group have also demonstrated aromatic catitmation as an effective strategy for
nucleophilic acyl substitutio'® Using tunable and recyclable carbon-based reagents
that are compatible with amine bases, they devdlagpaapid and mild method for
forming acid chlorides that is compatible with aga of acid-sensitive functional groups.

| 0]

Cl C
O CDCls, rt 0O
N S G BN G
OH 15 min Cl

Ph Ph Ph Ph
Figure IX

They recently proved that treatment of propioniédawith 1.2 equivalents of 3,3-
dichloro-1,2-diphenylcyclopropenan CDCk at room temperature gave quantitative
conversion to propionyl chloride and 2,3-diphenglopropenone within 15 minutes, as
observed byH NMR (Figure IX).

They hypothesized that treatment of a carboxylid agith a cyclopropenebearing
geminal leaving groups (X) would produce a cycl@ammium carboxylate intermediate.
Nucleophilic acyl substitution of this intermediat®uld then produce a carboxylic acid
derivative and cyclopropenone (Figure X).

R 0
(@) X 0 0]
BS R R A b NuH . /A
cyclopropenium
activated
Figure X
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The dichlorocyclopropene reagents were quantitgtiviermed in situ at room
temperature within 10 min through the action of lgkahloride on a solution of the
corresponding cyclopropenone.

In this contest, my work was focused on the reseafmew and mild activating agent for
cyclopropenone, which allows the formation of cyelgpenium carboxylate intermediate,
the effectively reactive species in the nucleophakyl substitution.

First of all, different cyclopropenones were preguhr

0
0 1. Br, AcOH
ph._JL_Ph 2. TEADCM A o

A

Figure XI

The reaction between 1,3-diphenyl acetone and @i glacial acetic acid affords the
intermediate 1,3-dibromo-1,3-diphenylpropan-2-oseaawhite solid, which was then
converted in diphenyl cyclopropenoAeby treatment with triethylamine in 48% overall
yield (Figure XI).

2,3-Di(4-metoxyphenyl)cyclopropenone B)( was synthesized starting from
terachlorocyclopropene by reaction with anisolepmesence of anhydrous aluminum
chloride in 76% yield (Figure XII).

Cl. ¢ €

O
| oM
/K\ N AICl; AN
A o
MeO

B

OMe

Figure XII

The same starting compound was employed for pregpaompoundC by reaction with
an excess of diethylamine, followed by basic hygbslin the presence of KOH (Figure

XIl1).
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Cl__Cl 1. HNEt,, DCM Q
¢l 2. KOH, H,0 Et,N NEt,
C

Cl

Figure XIII

Then the 3,5-dibromo-2,6-dimethylheptan-4-one wasnverted in the desired
diisopropylcyclopropand by simple treatment with NaH in tetrahydrofuran 28%

D —
THF

Br Br

yield.

Figure XIV

The first idea was to explore the use of commdiciavailable tetra sodium
pyrophosphate (TSPP) as activating agent, forahean that, thanks to its cheapness and
very low toxicity, would open the way for many ajpptions in pharmaceutical
chemistry.

We tested this compound in the amidation protodeleloped in this laboratory: a
stochiometric amount of sodium pyrophosphate wasle@adto a solution of
cyclopropenoné&?® After 15 min a solution of carboxylic acid and nhteiethylamine and

benzylamine were added and the mixture was stovednight (Figure XV).

A2

0 (@]
\)J\ TSPP (1 eq)
+ _— =
OH
R R

1eq 1.1eq

Figure 15

By running the reaction with all cyclopropenonenthgsized A-C) in different solvents,

this procedure unfortunately did not afford the iskb product, allowing only the
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recovery of the unreacted starting compounds. Alsnging the carboxylic acid or the

amines the result didn’t change: in all cases thgisg materials were recovered.

T 9 T 9
ol B0 e e
TSPP TEPP
Figure XVI

Therefore, in order to overcome the problem assedito the low solubility of sodium
pyrophosphate in organic solvents, we preparecdttyl pyrophosphate (TEPP), by
copper bromide catalysed aerobic oxidative couptihghosphonic acid diethyl ester in
presence of TMEDA, leading to the pyrophosphat@its yield.

We subsequently performed the same set of expetriosémg TEPP, but once again the
amidation reaction didn’t take place.

Looking for a different strategy, we decided to lexp the use of trifluoromethansulfonic
anhydride as activating agent in the amidationquait To a solution of cyclopropenone

and triflic anhydride propionic acid, TEA and belayine were added in this order with
the goal of obtainin@\-benzylpropionamide (Figure XVII).

R o TfO
R OJJ\/

Figure XVII

o)
TEA (2.2 eq) \/K
NHBn

BnNH, (1.1 eq)

0 (@)
\)]\ Tf,0 (1 eq)
+ —
OH A
R R

1eq 1.1eq

Also in this case we did not observe the desirediyst. For this reason we decided to
take a step backwards and carried out some andlysissing NMR spectroscopy to
identify the problematic step.

0 Q Ri
)J\ Tf,0 (1 eq) l (o)
+ [ —" .
! ! TfO-
1eq 1.1eq
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Figure XVIII

By running the experiment shown in Figure XVIII tvivarious substrates, instead of the
expecting activated cyclopropemiun, we observeddhaation of two different species,
as confirmed by botfH and**C NMR, both showing a limited stability.

The ratio between these two species was differeeach experiment, even if they were
conducted under the same reaction conditions. We therefore unable to determine the
structures of the adducts but, in any case, theesfjuent addition of the amine did not
lead to the formation of the desired product.

The reaction between 2,3-di(4-metoxyphemyl)cyclpprione and octanoic acid in
presence of triflic anhydride in CDglkd to the'H NMR spectrum shown in Figure XIX.

—  2,3-Di(4-metoxyphemyl cyclopropenone

—— Reoction shown in Scheme 18

Figure XIX
As Figure XIV clearly shown, all the proton signat¢ated to the cyclopropenone species

were affected by a downfield shift. It is also pbksobserve the presence of a second set

of signals related to a second species.
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Experimental Section

2.,3-Diphenylcyclopropenone

0] 0O

Ph\)OJ\/Ph Br, AcOH Phﬁ)&rPh TEA, DCM /A
Br Br Ph Ph
MW eq mmol g mL  d (g/mL)
1,3-diphenyl acetone 210.27 1 8.3 1.7 1.6 1.069
bromine 79.9 2.1 17.4 2.7 3.103
acetic acid 18
TEA 101.19 2.1 17.4 0.726

Step 1 1,3-diphenyl acetone was added to a 100-mL rdaottbmed flask, followed by

glacial acetic acid (6 mL). A dropping funnel cantag bromine in glacial acetic acid
(12 mL) was fitted to the flask. The solution wakled over a period of 15 min at 23 °C.
After addition was complete, the mixture was stirfer an additional 15 min. The
mixture was then poured into water (25 mL). Soliee$Oz was added to the mixture
until the initial yellow color disappeared and ttméxture was allowed to stand for 1 h.
The light yellow solid was filtered and air-driethe yellow solid was recrystallized from
petroleum ether (with a few drops of benzene), dned under vacuum to afford the

intermediate di-bromide as a white solid with 798d/

Step 2 To a 100-mL round-bottomed flask containing 2CH (5 mL), was added
triethylamine (24.0 mL, 172 mmol). The flask wasteld with a dropping funnel
containing the intermediate di-bromide (24.0 g,26B1mol) in CHCI2 (110 mL). This
solution was added over 1 h. After addition was plete, the solution was stirred for an
additional 30 min. The red mixture was then wastwtth 3 N HCI (3 x 40 mL). The
organic layer was transferred to a 500- mL Erlenendhask and cooled to O °C in an ice

bath. To this stirring solution was slowly addedo#d solution of sulfuric acid (12.5 mL)
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in water (6 mL). Upon addition, a pink precipitdtemed, which was collected on a
fritted funnel and washed with GBI2. The solid was returned to the flask and diluted
with CH2Cl2 (60 mL) and water (125 mL). After neutralization agldition of NaCQOs
(2.1 g) in small portions, the layers were separated the aqueous layer was extracted
with CH2Cl2 (3 x 60 mL). The combined organics were washed Wwithe (100 mL),
dried (MgSQ) and concentrated under vacuum to afford a pinkl.s®he crude pink
solid was purified by silica gel chromatography%@Q00% EtOAc:hexanes) to provide

the title compound as a white solid.

Flash chromatography (diameter: 2.5 cm, h: 17 anjurification through silica gel

chromatography with 8:2 hexane/AcOEt as eluentwadtbto obtain the produat 60%
yield.

'H-NMR (400MHz, CDCY): § 7.97-7.94 (m, 4H ), 7.57-7.55 (m, 6H).

13C NMR (100 MHz, CDGJ): § 155.7, 148.3, 132.6, 131.4, 129.3, 128:024-7.78 (m,
10H),5 4.78 (s, 2H)$ 3.98 (s, 3H).
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2.3-Di(4-metoxyphemyl)cyclopropenone

O

OMe
Cl
oL e A
oo o YT

MeO OMe
MW eq mmol mg mL  d (g/mL)
terachlorocyclopropene  177.84 1 2.6 500

Anisole 108.14 2 5.3 572 575 0.995
AICl 3 133.24 1.1 2.8 370
DCM 6

A solution of anisole in 1 mL of dichloromethane svadded dropwise to a stirred
suspension of terachlorocyclopropene and anhydebusiinum chloride in 5 mL of
dichloromethane at -78°C. The mixture was stin@d2fh and cooling bath was removed.
Reaction mixture was stirred at room temperaturdil uURLC showed complete
consumption of the aromatic compound. The reaatiotiure was poured into 10 mL of
water, organic layer was separated, aqueous lagerextracted with two 10 mL portions
of dichloromethane, combined organic layers wershsd with 15 mL of brine, and
dried with anhydrous sodium sulfate. Solvent wasnaeed in vacuum, crude

cyclopropenone recrystalized from hexanes-dichl@tbiane mixture. Yield 76%.
'H NMR (400MHz, CDC3): § 3.91 (s, 3H), 7.05 (d=8.8, Hz, 2H), 7.92 (d}=8.8 Hz,

2H).
13C NMR (100MHz, CDGCJ): § 55.7, 114.1, 114.9, 117.3, 133.7, 144.3, 155.8,9.6
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2,3-Bis-diethylaminocyclopropenone

0]

Cl_ _cCl 1. HNEt,, DCM
Cl/z\cn 2. KOH, H,0 EtQNANEtZ
MW eq mmol mg mL  d (g/mL)
terachlorocyclopropene  177.84 1 2.6 500
diethylamine 73.14 5 13 949 1.3 0.707
DCM 6

Step 1 Excess diethylamine was added to tetrachloropyofmene in dichloromethane at
0°C and stirred at this temperature for 5 hourentht room temperature overnight and
then refluxed for 3 hours. After cooling to roonmigerature, 7% perchloric acid was
added to the solution followed by further stirrifty several minutes. The organic layer
was separated and dried over sodium sulfate. Afmoval of the solvent,

trisdimethylaminocyclopropenyl perchlorate was ditatively obtained.
'H NMR (400MHz, CDC#) & 1.30 (t, 3H, J = 6.5 Hz), 3.36 (g, 2H, J = 6.5 Hz)]

Step 2.Hydrolysis of this salt in 15% aqueous KOH at 65f&€ 2 hour provided, after
evaporative distillation (130°C, 0.3 mm), the bistdylaminocylopropenone in 81%

yield.

'H NMR (400 MHz, CDC}) § 1.2 (t, 3 H, J= 7 Hz), 3.25 (q, 2H, J=7 Hz).
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O
W 60% NaH W/A(
THF
Br Br
MW €q mmol g mL  d(g/mL)
3,5-dibromo-2,6-
dimethyiheptan-4-one >0 1 5.7 1.7
60% NaH 23.99 2 11.4 0.164
THF 12

At -80°C, NaH (60% suspension in oil ) was added,&dibromo-2,6-dimethylheptan-4-

one in tetrahydrofuran over a period of three hotitee resulting mixture was stirred

overnight at ambient temperature. The mixture viwes tcooled at -78°C and 2 mL of

10% HCI was added dropwise. The solution was altbteevarm to ambient temperature
and the precipitated salts were filtered off andsheal with tetrahydrofuran. The

washings and filtrate were combined, and the tgthadfuran was removed in vacuo. The

resulting yellow oil was redissolved in petroleuthex and any residual NaBr filtered off.
The cyclopropenone was extracted with portions atiew (2 x 10 mL) and then extracted

from the water with ChCl, (2 x 10 mL). The solvent was removed in vacuo twvéea

pale yellow oil. Yield 28%.

'H-NMR (400 MHz CDCJ): 5 2.76 (septet) = 7 Hz, 2H ), 1.09 (d) = 7 Hz, 12H).

Y¥C-NMR (100 MHz CDCS[): 0 163.4, 159.3, 27.1, 20.2.
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NMR Experiment General Procedure

0] R4
X A . A3
+
R R CDCl3 R; 0" 'R
TfO

Carboxylic acid (7.5uL, 0.10 mmol) was added to cyclopropenone (31.3 2
mmol) in CDCE (1 mL). The reaction was transferred to an NMR tubeler Ar and
monitored by"H NMR.

Amidation General Procedure

Activating agent (1 equiv) was added to a solutdrdiisopropylcyclopropenone (1.1
equiv) in chosen solver{0.2 M) at room temperature. After 15 min, a sauatiof
carboxylic acid (1 equiv) and triethylamine (2.2u8q in solvent(0.2 M) was added in
one portion. After stirring for 5 min, the amineX*quiv) was added in one portion. The
reaction was diluted with Gi&l, to 3 times the reaction volume and washed with
saturated NaHCg&and brine. The organic phase was dried witbS@ and concentrated.

The crude residue was analyzed by NMR spectroscopy.
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LIST OF COMMON ABBREVIATIONS

AcC

AcOEt

DBU

DCM

DIPA

DIPEA

DMF

DMSO

EDC

ee

Et

€q

acetyl

ethyl acetate

1,8-diazoabicycloundec-7-ene
dichloromethane
N,N-diisopropylamine
N,N-diisopropylethylamine
N,N-dimethylformamide

dimethylsulfoxide

1-(3-dimethylaminopropyl)-3-ethylcarbodiimidielarohydrate
enantiomeric excess
ethyl

equivalent
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HOBT

i-PrOH

LDA

MeOH

n-Hex

PMP
PPA

Py

rac

rt

TEA
THF

TFA

1-hydroxybenzotriazole hydrate

iso-propanol

lithium didiopropylamide

methanol

normakhexane

p-methoxy-phenyl

polyphosphoric acid

pyridine

racemic

room temperature

triethylamine
tetrahydrofuran

trifluoroacetic acid
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