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General Introduction

1. General Intoduction

One of the leading objectives of chemical biologythe identification of bioactive small
molecules that serve as efficient tools for studyibiological phenomend The chemical
space covered by small molecules is really hugedardto time and matter constraints it is
unfeasible to cover it by means of organic syngedi Therefore it is crucial to identify and

explore the biologically relevant fraction of thieeenical space.

Natural products are a major source of inspiratisrthey co-evolved with proteins and are
chemical entities that often show biological at¢ied. The pronounced biological activity
shown by natural products while participating irithbiological role is attributed to their
interaction with multiple proteins as substrated targets. Nature is very economical in its
design and synthesis of proteins and metabolitelsextploits only a small fraction of the
chemical space. Thus the chemical space used byahptoducts is not only compatible with
protein structural space but also the size of sialctural regions in the chemical space is
limited. Thus the space used by natural producesiEched with bioactive structures that are
regarded as biologically relevant and prevalidatdNatural products bind to a variety of
proteins during biosynthesis and often show divdyg#ogical activities. These insights
suggest that the structural parameters requiredifuting to evolutionary protein binding
sites may lie in the core scaffold of the natunaddoict which is fine tuned by substituent
decoration. Thus scaffolds characteristic of natpraduct classes are ideal starting points for

compound library synthesis for chemical biology ameticinal chemistry investigationis.

Natural product based synthesis employs the couetate of natural product as scaffolds for

library synthesis. Natural product derived moleswdenploy frameworks identical to the core

structure of a natural product in which differemntstituents are introduced at exactly the
same positions as predetermined by nature. Buase of natural product inspired synthesis
closely related frameworks of natural products baremployed in library synthesis. In this

approach the relative positions, nature of sulestitsi as well as the relative stereochemistry
patterns can be varied, which enables to coverrgedachemical space of a particular

structural clas§.

To satisfy the ever increasing number and typesbiofogical targets, bioactive small
molecules must be available in the form of librareé pure and well characterized molecules.
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Hence there is great demand for efficient synthetsthodologies that can yield libraries of

bioactive small molecules in fewer chemical staps ia a stereoselective manner.

This thesis is based on the synthesis of natuymt inspired compound collections. The
second chapter describes the synthesis of compoahection based on indole derived
indoloquinolizine and related analogs like harmaecataffolds. The third chapter describes the

asymmetric synthesis of a compound collection baseithe tetrahydroxanthone scaffold.
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Introduction

2.1 Introduction

The indole subunitl{) is a near-ubiquitous component of biologicallyiae natural products,
and its study has been a major focus of researcheierations™® The indole scaffold is
termed as a “privileged scaffold” because of itsitglio bind to multiple receptors, which has
led to substituted indoles being termed as prigitegtructures which have applications across

a wide range of therapeutic aré¢as®
COOH

NH2 NH2 HO NH2
N N
H N N H
Indole Tryptophan Tryptamine Serotonin
1 2 3 4

Scheme 1 Naturally occuring indole structures

The indole ring system has become an importantdimgjl block or intermediate in the
synthesis of vast number of biologically activeunat and synthetic products which comprise
of simple to complex indole derived scaffolds, Im@via wide range of therapeutic targets,
such as anti-inflammatories, phosphodiesterasebitohs, 5-hydroxytryptamine receptor
agonists and antagonists, cannabinoid receptorsisigoHMG-CoA reductase inhibitors and
many morée’"*°

An important class of indole derived scaffolds #re tetracyclic tetrahydfB-carboline ring
systems like harmicine, indoloquinolizine and rethénalogues as depicted in Scheme 2. The
indoloquinolizine scaffold and analogues have #teahydrog-carboline ring fused to a 6-
membered ring as the core scaffold e.g. yohimbile Vallesiachotamine6f and 10-
hydroxyaugustine) while the harmicine alkaloié® (9) has the tetrahydrg-carboline ring
fused to a 5-membered ring as the core scaffoldepscted in Scheme 2. Establishing new
methodologies for the facile synthesis of the iedderived indoloquinolizine and related
analogues is a highly demanding and challenging fgnahe synthetic organic community.
Compound collections built upon these complex stdéf might afford diversly bioactive

small molecules as drug and probe candidates.
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N
HY A N H }-CHO
MeO,C  OH
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Vallesiachotamine: O-Hydroxyaugustine
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NITD609 antiplasmodic, antipyretic, anticancer
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Scheme 2 Natural and synthetic small molecules with thesigyclic tetrahydres-carboline as core scaffold

Selected examples from the methods known for tmehsgis of the indoloquinolizine and
harmicine scaffolds are depicted in the followiegtson.

In 1976 Wenkert et al.?* reported a general two step procedure for the sgighof
indoloquinolizine wherein a dithionite reduction tfe pyridinium salt 10) (formed by
alkylation of the appropriate pyridines with trylgpp bromide) resulted in a 1,4-
dihydropyridine derivative 1(1), which without isolation is converted into theréeyclic
indoloquinolizine 12) on mild acid treatment in high yields. Despite thresence of two
enamine units in the intermediate the reaction geded regiospecifically (Scheme 3a). This
was followed by a report ih989by Lounasmaa et af? where they reported the reduction of
the pyridinium salts 13) with NaBH, followed by cyanide trapping resulting io-
aminonitriles {4) which on treatment with AcOH yielded the desinedoloquinolizine {5)

in moderate yield (Scheme 3b).

a) ©
@T\N Br  dithionite reduction QT\N HCV MeOH N \ N

N @ ; Q : \ CO,M
= MeO,C 12 2\e

10 1" High yielding
Wenkert et al.

R=H, CHs, C(CHy)s (92 - 96%) (48 - 54%)
13 Lounasmaa et al.

Scheme 3- Indoloquinolizine synthesis starting from pynidim salts
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In 1992 Waldmann et af® reported the synthesis of indolo[2,3-a]quinolini@-ones 19)
(Scheme 4a), wherein a Schiff base derived frgptamine {6) reacted with a Danishefskys
diene (7) in the presence of Zn@1o give enaminonel@) which was subjected to an acid
catalyzed cyclization resulting in indolo[2,3-a]galizidin-2-oneg(19) in trans/cisratio of 4-

5 : 1 and in moderate to high yields. These tetdaryaminoketones may serve as viable
intermediates in the construction of complex alldgoIn 2013 J. Carlos Menndez et &f.
reported a cerium(lV) ammonium nitrate (CAN)-carag sequential multicomponent
reaction between tryptamine3)( o,p-unsaturated aldehydes21j, and B-dicarbonyl
compounds Z0) affording highly substituted indolo[2,3-a]quindies 24) in moderate to
good vyields in a single synthetic operation. Thactien mechanism proceedeth CAN
catalyzed formation of3-enaminone 42) derived from tryptamine and th@dicarbonyl
compound, which underwent a Michael addition wille t,f-unsaturated aldehyde?1)
followed by a 6exactrig cyclization resulting in a hemiamin&3) which undergoes a Pictet-
Spengler cyclization affording the indoloquinoligiin excellent diastereoselectivity. In case
of an electon deficient indole ring the reactioadeo N-indolylethyl-1,4-dihydropyridines
(25), which was cyclized to the corresponding indo)df{2]quinolizines 24) in the presence

1:1 mixture of 35% aqueous HCI in methanol as defdicn Scheme 4b.

a) i MeOH:H2804
21 2 equiv ZnCl, | N R 10:1 N | H N. R
\ N —_— W\
N R THF, RT H Q 80°C, 3h H
H
16

TMSO

. OMe (40 - 79%) Trans:Cis = 4-5:1

Waldmann et al.

b)
NH,
N\ CAN, 5 mol%
3
N EtOH, reflux " | N. R
o o R HHT L re
1L \\_\ HCI/ MeOH
R? R2 21 \O RS O (1:1), 3h, RT
20 24 (62 - 86%) Br
CAN
21 PS cyclization
HN‘Q\_@ Michael addition HN N, R i N.R
0 EOT ) I ge
\ B-exo-trig cyclization R? 25
N R3 0
H 22 23 ©

J. Carlos. Menendez et al.

Scheme 4- Synthesis of indoloquinolizine$a enaminones
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In 2007 King?®® developed a racemic synthesis of harmicitieea simple three-step procedure
in which the indole amide2g) (obtained from N,N-dicyclohexylcarbodiimide (DCC)
coupling between indole-3-acetic acid and 4-amitgiaidehyde diethyl acetal, 95% yield)
was treated with BFELO, forming an acyliminium salt which then underwentPictet-
Spengler reaction to givelactam 7). Reduction ob-lactam with alane (formeid situfrom

LiAIH 4and sulfuric acid) gave the desired (+)-harmici2® (n 69% overall yield (Schemeb).

0 BF;.Et,O O  LiAlHg4, H,SO,
DCM, RT _—
| NH —_— LN LN

N N o i N
N ’ N THF, 0°C to heating H
EtO” OEt 27 28 Harmicine
26 King et al.

Scheme 5 Synthesis of harmicinga N-acyliminium stratergy

In 2007 D. J. Dixon et af® also came up with B-acyliminium ion stratergy for the synthesis
of harmicine and indoloquinolizidine analogs. Thdgveloped a Au(l) (Au(PRJOTf
(Imol%)) catalyzed one pot cascade sequence betleear alkynoic acids29) and
tryptamine 8), wherein a cyclic enol este8@ (formed by gold activation of the alkyn29)
followed by intramolecular cyclization with the baxylic acid) would undergo aminolysis
with tryptamine 8) followed by bronsted acid (Au(l) itself) catalyz&l-acylimminium ion
formation @1). Finally nucleophillic addition of the indole anthe iminium ion31 provided
the desired producBp). High yields were obtained when both hexyn@®ek) and pentnoyic
(29a) acids were employed (Scheme 6a)2013 Hong Liu et af’ reported a similar one pot
cascade polycylization reaction where non-lineamnatic 2-ethnyl benzoic aci®3b) or 2-
ethnyl phenyl acetic acids33a) were employed in place of linear alkynoic acidghw
tryptamine B8) in the presence of Au(l) (Au[P(t-Bifd-bipheny)][CHCN]SbF) (5mol%)
and TFA (20mol%) resulting in the formation of poyic analogues of harmicin@%a and
indoloquinolizidine 85b) in good to moderate yields. The reaction medrarwas similar to
the one described Wyixon et al (Scheme 6b).

In 2012 Ramanathan et a® reported a Bischler—Napieralski approach towaraisnicine
synthesis, where instead of PQGitiflic acid in combination with molecular siev@dS) was
used for the dehydrative cyclization of imid€s)-Harmicine 89a was obtained in this
manner, wherein condensation of tryptamiBewith succinic anhydride36a), followed by

imide 378 cyclization using the triflic acid/MS protocollfowed byin situ reduction with
8
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NaBH, yielded they-lactam B84d). The lactam was finally reduced with LiAJHielding the
desired harmicine alkaloid39a). Use of glutaric anhydrid€36b) in place of succinic

anhydride would lead to indoloquinolizidin@9b) based scaffolds following the similar

procedure as depicted in scheme 7.

Au(l) catalysed 0 QT\NHZ Qj/\
I~

a) intamolecular H 3 NS0
OH _cyclization o —FF— N /(J(\:f
m ( 1) aminolysis
n=0,10 n=0 1 2) Au(l) n=0,1
29a,n=0 30 31
29b, n=1 l
\ N O
N
H
n=0,1

32a, n = 0, Harmicine analogs, 87%
32b, n =1, Indoloquinolizidine analogs, 75%

Dixon et al.

b)
n=0,1
Au(lll)catalyst/

COOH TFA
| NH, E—— H
N + N 0
H N PhMe , 110°C, 6h
3

33a,n=0
’ 35a,n=0
33b,n=1 34 35b,n=1
Hong Liu et al.

Scheme 6— Synthesis of polycylic harmicine and indoloquinioe analouges using linear and non-linear
alkynoic acids

0]

e
O 1) TfOH (10 equiv
36a,n= ) DCM quiv), \ N 38a,n=0
36bn—1 N (0] 38b,n=1
| NH - H )
2 2) NaBH4/ MeOH n

” Toulene, reflux MS 4A° RT 24h
3 24h 37a,n=0 ’ LiAIHg,

37b, n =1 THF, RT, 24h

39a, n = 1, Harmicine, 45% overall yield
39b, n = 2, Indoloquinolizidine, 36%

Ramanathan.et.al
Scheme 7 Bischler—Napieralski approach towards harmicitkalaids.



Aim of the Project

2.2 Aim of the project

Organic synthesis has exploited only a limited redtproduct space in its collection of small
molecules. Efficient synthesis of complex natunadduct based frameworks and compound
libraries based on these scaffolds are formidabidlenges. However novel and privileged
polycyclic frameworks might yield molecules withettmost diverse physical, chemical and
biological properties. The fusion of several riflgads to geometrically well-defined rigid
polycyclic structures and thus holds the promisa diigh functional specialization resulting
from the ability to orient substituents in threemédnsionaispace. Therefore, efficient
methodologies resulting in polycyclic structuresonfr biologically active heterocyclic

templates are of interest to both organic and niealichemists.

In view of importance of the indoloquinolizine sicdfl as a biologically active heterocyclic
template, and a keen interest in finding new medhbdt are not only viable for synthesis but
would also generate more diversity around the mgaiholizine scaffold, a retrosynthetic

approach for the synthesis of the desired indolumjaine scaffolddOwas devised as depicted

in Scheme 8.
N catalysis Il
N N N
H . ' ( i/
desired indoloquinolizine catalysis | '\\ ,\' a1
scaffold 40 h
¥ ) @fC \_/
:
\ hydroamination ,‘ Pictet-Spengler

reaction cyclization 3 --
40 42 43

Scheme 8 Retrosynthetic analysis of the indoloquinolizeeaffold.

The desired indoloquinoliziné0 was dissected at two points on retrosyntheticysial The
first dissection at poind yielded the tetrahydrg-carboline ring tethered to an alkyné?).
The compound42 on being further dissected at poimtyielded simple precursors whose
synthetic equivalents turned out to be tryptamiBeapnd acetylenic aldehyded3d). It was
envisioned that the acetylenic aldehydes and tnypies would cyclize in a Pictet-Spengler

reaction to vyield the tetrahydgbearboline 42), which under suitable

10
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reaction conditions would undergo hydroaminatiorptovide the desired indoloquinolizine
(40).

2.3 Pictet-Spengler cyclization

The reaction was discovered in 1911 by Ame Pictet &heodor Spengler. The Pictet-
Spengler reaction, in its simplest form, consigtthe condensation of a beta-arylethylamine
with a carbonyl compound to yield a tetrahydroisoqline or tetrahydrgs-carboline This

reaction is best carried out under acidic or néwtaditions, although examples under basic

conditions are also reportéd*:

(j\/g\ R H44

Mechanism
O .
NH JU 46 6-endo-trig ®
N 2 R R \ ®  cyclization
\ ~ . N RZ—/<N'H NN
H H H R1 H HRZR‘I
3 47 l 48
: |
N NH
H R2R1
49

Scheme 9- General mechanism of the Pictet-Spengler cyatimat

The mechanism of the reaction begins with the pration of the carbonyl oxyged) by the
acid which is subsequently attacked by the amintme@ftryptamine ). Proton transfer steps
and loss of water molecule results in a protonateimhe intermediate 47), which then
undergoes a éndatrig cyclization reaction followed by a final deponation restoring the
aromaticity of the indole ring and resulting in thetrahydrog-carboline product 49)
(Scheme 9).

Nucleophillic aromatic rings such as indole andrphg result in good yields of the product
under mild conditions, while the less nucleophdromatic rings such as benzene or indoles

11
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with electron withdrawing substituents on the bem®zeng give poor yields even under harsh

conditions.

The PS reaction has been established as one ofdsiepowerful methods for the synthesis of
1,2,3,4-tetrahydrg-carboline and tetrahydroisoquinoline corg$ie tetrahydrgs-carboline
template possesses multiple sites for modificatiallpwing it to be ideally suited for
combinatorial elaborationhence combinations of various reactions with Pi&@eengler
condensation in a sequential tandem fashion hage s®idied by several research groups for

synthesis of complex indole scaffold$.>

The importance of this reaction as one of the Kepssin the synthesis of indole alkaloids
having thep-carboline core incorporated in them has led symth@rganic chemists to find
new catalysts or condensation agents as well asaa&ffor the synthesis of this heterocycle.
Over the years this reaction has been extensiveljifrad to different variants and promoted
by various catalysts described in many reviews.elv fexamples of the achiral catalyst
employed in the PS reaction over the years; we Ipastic acids like TFA* HCI*°, H,SO,

36 Lewis acids like BEELO *’, AuCly/AgOTf *® and lately lanthanide triflaté$™*' have also
come up as efficient Lewis acid catalysts; halosifa like chlorotrimethylsilané® and
molecular iodiné” are also used as efficient condensation agenthéoPS reaction. The PS
cyclization reaction has also been subjected tdergdift conditions from classic room
temperature and heating conditions, to being stégeto microwave** and ultrasound

treatment to obtain better conversions and yields.

In accordance with the retrosynthetic analysis based on a sound literature overview, the
Pictet-Spengler cyclization was found to be the kagthod for the synthesis of the

tetrahydrog-carboline core required to lead to the desiredlimgluinolizine scaffold40).

2.4 Hydroamination of alkynes

Hydroamination of alkynes is one of the most désgraransformations in organic chemistry.
It represents the most atom economic process &fdtmation of enamine$%) and imines

(56) which are important building blocks in organim#esis (Scheme 10). Hydroamination
is the direct addition of ammonia or primary anccoswary amines across a carbon-

carbon multiple bond of an alker&(j, alkyne 63), diene, or allene.

12



Hydroamination of Alkynes

— + H-NR2 ——MM H/\/NR2
50 51 52
1=

. R'=H H
+ HNRRT T W NRRT ——— H)VNR

53 54 55 56

Scheme 16- Hydroamination reaction of alkyne and alkene

Amines generally do not react spontaneously wikiyreds (as long as they are not activated
by electron withdrawing substituents) due to elestatic reasons as both species may be
regarded as electron rich. As a consequence, hyama#ons of alkynes is generally achieved
in the presence of electrophilic catalysts.

Over the years there have been many reviews ohytieamination of alkynes, stating the
developments with regard to newer catalysts (eaffgcnetals) used to catalyze this reaction
4649 As a short overview of the different metals usedr the years from these reviews, we
have stoichiometric Hg, Ca compounds, late tramsithetals like Ir, Pt, Rh, Ru, Ni and Pd;
group 4 metals (early transition metals) Ti , Zd &if ; Lanthanides (La, Sm and Nd) and
actinides (U and Th). Some of the drawbacks eneprdnith the use of these metals are as
follows; Hg and Th are higly toxic elements, lamtliee and actinide metals as well as early
transition metals are higly sensitive to air andstuve needing higly anerobic conditions, and
lastly as compared to early transition metals th ltransition metals show decreased
sensitivity to air and moisture as well as betterctional group tolerance, but are expensive.
An important metal that came up during the quest fioding a better catalyst for the
hydroamination reaction was goldl Gold catalysis has lately from the year 2000aat&d
great interest. A few characteristic that have eeaed gold catalyzed reactions synthetically
attractive are the diverse range of reactionsntaaalyze, mild reaction conditions, Au(l) is
generally tolerant of oxygen, minimum use of adesi, straight forward workups, easily
available precatalysts, orthogonal reactivity tongn&ransition metal cataylzed processes as

well as providing significant increase in the mollac complexity of the formed product.

Gold complexes behave as strong Lewis-acids witlegtonal ability to activate-systems

which has been attributed to relativistic effettsA diverse range of transformations in gold
catalysis is based on the activation of the alkypeyold salts and complexes especially for
nucleophilic attacks as depicted in Scheme 11.nUwteophile adds trans to the coordinating

gold complex $8) and results in a Markonikov produé0f in most cases.

13
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|Au| R’ -[Au] H>:<R

'AU] ( |: R Nu ] +H* R Nu
R’ >
H* ’

57 58 trans addition 60
59

Scheme 1% Activation of alkyne towards nucleophillic atkac

Gold catalyzed intramolecular hydroamination ofyakks has been identified as an important
synthetic reaction for the synthesis of variougfiand six-membered N-heterocycles such as
indoles, pyrroles, quinolones, and isoquinolinesamefficient and atom-economic manner

and has received considerable attention. A few @kesnof the hydroamination rectioma

gold catalyzed @ndadig cyclization in literature are described below.

In 2008 Takemoto et al® reported the synthesis of hydroisoquinoline a Au(l) catalyzed
hydroamination reaction, whereiN-Boc-o-alkynylbenzylamine 1) on treatment with
1mol% of Au(PPB)NTf, in 1,2-dichloroethane as solvent with 5 equivs ¢t®HE at room
temperature, underwent hydroamination reacti@an6-endedig mode yielding the desired
1,2-dihydroisoquinoline§2). The reaction resulted in good yields with aramatibstituents
on the alkynebut was not effective for alkyl substituents. Otlpeotecting groups such as
Cbz, Ms in place of Boc were also well toleratehlisTreaction also showed the importance of

EtOH as an additive for the acceleration of tharddshydroamination reaction (Scheme 12).

R AUCI(PPhs) (1 mol%)

.
= AgNT, (1 mol %) ©§(R
H\ N‘Boc

EtOH (5 equiv),
DCE, RT (79-83%)

62

61

Scheme 12 Synthesis of 1,2-dihydroisoquinolines through fmginination

In 2010 Hong Lui et al>® reported a silver and gold mediated intramoleculalization
(hydroamination in this case) to substituted tefthc isoquinolizinium hexafluorostilbates
(65). A mixture of o-alknyl phenyl tetrahydroisoquinolin&3) with 100mol% AgSbk and
10mol% Au(PPBRCI in toluene as solvent was refluxed for 12h diy the desired
tetracyclic isoquinolizinium stilbates6%). Mechanistically the reaction proceeded by the
initial activation of the alkyne by the gold catstiyfollowed by nucleopillic attack by amine
(hydroamination reactionyia 6-endedig mode forming the intermediaté&4), which on
subsequent oxidative aromatization followed by claxgtion with hexafloroantimonate
14
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anion generated the desired stilbat).(The reaction tolerated aromatic as well as aligh

substitutents on the alknyl group (Scheme 13).

(100 mol%) AgSbF, O O SbFg”
O NH NP N Ry N R

R (10 moI%) AuCI(PPhy) . “®)
/ D ——————
= Aul /
O PhMe, 110°C, reflux O
SbF
63 64 65

Scheme 13Synthesis of tetracyclic isoquinolizinium hexaftostilbates

In 2009 Liu-Zhu Gong et aP* developed a reaction which directly transforme¢2-2-
propynyl) aniline 66) derivatives into tetrahydroquinolineg(j in one operation with
excellent enantioselectivity under the relay catalyf an achiral Au complex (Au(PHEH;
(5mol%) and a chiral phosphoric aci®B). The reaction was a consecutive catalytic process
consisting of a Au-catalyzed intramolecular hydroation {ia 6-endedig cyclization)
furnishing the 1,4-dihydroquinoling7, followed by isomerization 067 by chiral bronsted
acid ©8) and ultimately the assymetric transfer hydrogematvith a Hantzsch este69)
producing optically activ@0. The reaction tolerated aromatic and aliphatisstuents on the
alkyne as well as electron donating and withdrawsudpstituents on the aniline moiety

resulting in very good yields and enantioseledagi{Scheme 14).

O
O-p
g™

XN s Au() catalyzed X 2 N
R X, hydroamination R°— | 68 R
% Ry 2= 7~ = N 'R
NH2 N R1 H 1
H Et0,C CO,Et 70
66 67 J\/I
N Yields - 87-99%
H ee - 90- 97%
69

Scheme 14 Synthesis of tetrahydroquinolines with good eieatiectivity

Inspired by these above results on gold catalymé@dmolecular hydroamination of alkynes

via 6-endadig cyclization and many other reports in literatdescribing similar reactions,
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gold was pursued as a catalyst for the hydroanunagiep in the reaction sequence leading to

the desired indoloquinolizin&@) as in Scheme 8.

2.5 Results and Discussion

Based on a sound literature overview on the devisedsynthetic approach (as in Scheme 8),
Pictet-Spengler cyclization was employed for thetlsgsis of the tetrahydg-carboline core
(42) followed by the gold catalyzed hydroamination ctean yielding the desired

indoloquinolizine core40).

Hereafter is described the synthesis of precurao optimizations leading to the three

different indole based scaffolds achieved in therse of this project.

2.5.1 Synthesis of indoloquinolizine based indoteaffold

In accordance with the retrosynthetic plasalknyl benzaldehydeg2 and tryptamines’l
were employed as starting precursors to achieveyhihesis of the desired indoloquinolizine
scaffold {5). The starting materials were expected to cydlizan Pictet-Spengler reaction
(step 3 to yield the tetrahydrg-carbolines 73), which under suitable reaction conditions

would undergo a hydroamination reactiostep B with the alkyne to give the desired

indoloquinolizine scaffold5 (Scheme 15).

R1
NH 7 NH /
R 2
N I step a
H O Pictet-Spengler

cyclization

/ step b
Hydroamlnatlon

or

One pot process

Cascade catalysis

(5-exo-dig mode) (6-endo-dig mode)
Scheme 15Proposed route for the synthesis of the desirddloquinolizine
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2.5.1.1 Optimization of individual steps#& and b)

Optimization of Pictet-Spengler cyclizationstep a

In an attempt to find a suitable catalyst for thetd?-Spengler cyclizatiomy-alknyl phenyl
benzaldehyd&6 and tryptamine3 were used as model substrates. The starting ralsterere
subjected to acid catalysis which is a classic itmmd for effecting the Pictet-Spengler
reaction (Scheme 16) as depicted in Table 1 anteTab

NH, = I
R & ST
N step a
H

| Pictet-Spengler
3 76 o cyclization

Scheme 16- Pictet-Spengler cyclization for the synthesig of

Table 1 Optimization of the Pictet-Spengler cyclizaon step catalyzedvia Br¢nsted acids

Entry %:;%?@t Temperature (°C) Solvent T(ihm)e Re(i/l:)ltéf\;i(;loe
1 TFA (1) RT DCM 24h 20
2 50 Toulene 24h 40
3 Benzoic aciti(1) RT to 50 Toulene 24h NR
4 p-TSA" (1) RT to 50 Toulene 24h 30
5 TfOH® (0.5) RT to 50 Toulene 12h <10

%Isolated yield of the Pictet-Spengler proddthe RM was stirred at RT for 12 h followed by hegtat 56C
for 12h

Treatment of the starting materials with 1 equivrdforoacetic acid in DCM (Table 1, entry
1) led to only 20% yield of the PS produ@¥) and even heating the reaction mixture t&&0
in toluene (entry 2)esulted only in 40% vyield of7. Meanwhile other Bimsted acids such as
p-TSA did not improve the yield of7 (entry 4), while benzoic acid resulted in no react

(entry 3). Subjecting the starting materials tdararger Bipnsted acid such as TfOH (entry 5)
also resulted in low yield of the PS produgt)(
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Table 2 Optimization of the Pictet-Spengler cycliation step catalyzedvia Lewis acids

Catalyst Time Result / Yield
Entry (Mol% ) Tempeature (C) Solvent h) (%) of 77
1 BFs ELO RT to 50 Toulene 24 Low yielding
(1 equiv)
2 Yb(OTf); (10) MW, 120 DCM 1 12
3 Yb(OITE)S (10), RT DCM 24 65
4 Yb(OITE)bs (10), MW, 120 DCM 1 74

3solated yield of the PS product, MW — Microwa®- ionic liquid [pbmim]CI-AlCl;— (0.32 ml/ mmol oB)

Without much success with &nsted acids as catalyst for the PS cyclization, ikeacid
catalysts were next employed to catalyze the Pizeagion (Table 2). As depicted in Table 2
treating the starting materials with 1 equiv ofsH%O0 resulted in low yields of 7. During
optimization, a literature overview on catalystspéomged for PS cyclization, led to reports on

the use of lanthanide triflates as Lewis acid gatalbyGanesan et af®

R1

Ri
O\
NHy ()
N + R2 R2
N Yb(OTf)3 (10 mol%), DCM H
H

MW, 120°C, 1h Q

80, yields (89 - 96%)

(Ry=H,CO,Me) (R2=Ph)
78 79

This study established Yb(OEfas a highly effective achiral Lewis acid catalyst PS
cyclization of tryptophans and tryptaming) with the latter needing the addition of 50 mol%
of ionic liquid [bmim]CI-AICl;. Motivated by the above results starting matergaknd 76
were treated with 10 mol% of Yb(OEfand subjected to microwave irradiation resulting i
very low yield of the PS product (Table 2, entry Bpwever addition of 50 mol% of ionic
liquid to the reaction mixture at room temperatendanced the yield af7 to 65% (entry 3)
and on microwave irradiation the yield @7 was further improved to 74% (entry 4). Thus
Yb(OTf); proved to be an effective catalyst for the PSizgtbn with substrate3 and76 in

the presence of ionic liquid as an additive.
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Optimization of the hydroamination step b

step b
Hydroamination

81
(6-endo-dig cyclization) (5-exo-dig cyclization)

Scheme 18- Hydroamination step resulting in the desiredloduinolizine.

With successful optimization of the first step e tPictet-Spengler cyclization the next task
was to find a suitable catalyst for the second s&pintramolecular hydroamination of the
alkyne in77 with the secondary aminga a 6endoedig mode of cyclization yielding product
81 orvia 5-exadig mode of cyclization yielding produB®2 The PS product7 was screened
with a few homogeneous silver and gold catalyst®aitn temperature in particular the latter
due to its high alkynophilicity for terminal andt@nnal triple bonds rendering them active for
nucleophillic attack.

Table 3 Optimization of the hydroaminationstep b.

Entry E:rr?;?lgf)t Solvent Time (h) Yield;(l%) of
1 AgOTT (10) DCE 24 trace
2 AgSbF (10) DCE 24 trace
3 AuCI(SMe) (10) DCE 1 25
4  Au(PPR)OTf (10) DCE 1 40
5  Au(PPh)SbR(10) DCE 1 35
6 AuCl (10) DCE 1 37
7 CatyY DCE 1 62
8 Cat X DCE 1 42
9 CatyY CHCN 1 48

10 Toulene 1 NR

4solated yield , all the reactions were performe@.2 mmol scale in 2 ml of solvent
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— Me T
+ ¢ SbFg

Me
%
N - N
Catalyst X- O Au SbFe Catalyst Y- O Au
P ﬁ/tBU
g EH ok

As depicted in Table 3 both silver salts AgOTf akgBbk; (Table 3, entryl and 2) failed to

provide any hydroamination product. The reactiors wa&xt examined with selected gold

complexes. Treatment af7 with 10 mol% of AuCI(SMg) at room temperature resulted in
25% yield of the hydroamination prodig1, but even on heating the reaction mixture tdC50
the reaction never went to completion. Resortingcationic Au(l) phosphine complexes
(entry 4) Au(PPROTTf generatedh situresulted in an improvement in the yield&df. Under
the same reaction conditions Au(Bf8bFR (entry 5) and AuGl (entry 6) were similarly
effective at room temperature. The use of stabksora Au(l) complexes with bulky
biphenyl-based phosphines ie catalyétand X (entries 7 and 8) at room temperature were
found to be effective hydroamination catalysts.DGE CatalystY provided a good yield
(62%) of the indoloquinolizine81. However its catalytic efficiency in GEN was
comparatively lower. Owing to very low solubility catalystY in toluene no hydroamination
product was observed. The screenings with gold ¢exep in all cases resulted exclusively in
the formation of 6endedig product81 (confirmed through'H NMR) and no Sexodig
product82 was observed. Two important observations notedewhionitoring the reaction
were, firstly longer reaction times resulted inueed yields of81 and secondly loss of
compound1 was observed over normal silica gel column chrogratphy. Basified silica gel
didn’'t show any improvement in the yields, due tbich the crude reaction mixture was
subjected to fast column chromatographic purifamatiThese observations were attributed to

the lower stability of the hydroamination prod8at

2.5.1.2 Attempted one-pot synthesis of indoloquitizine 81.

With successful optimization of the two individusieps & andb), the next challenge was to
develop a one-pot synthesis yieldipgoduct 81, with both the catalytic cycles working
sequentially (Scheme 19).
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e

step a
| Pictet-Spengler

76 cyclization

NH //
H

77

one-pot process

step b

ydroamination

(6-endo-dig cyclization)

cascade catalysis

Scheme 19 One-pot process for the synthesis of indoloq i 81

Table 4 Efforts for the one-pot cascade synthesid indoloquinolizine 81

Ent Catalyst (mol %) Sovent  Temp(c)y Time  Yield"(6)
ntr atalyst (mol % olven em
Y Y P (DR AT
1 Yb(OTf); (10)+ IL° DCM MW, 120 1 74 ;
2 Cat Y (10) DCE RT 1 i 62
3 Yb(OTf); (10)+IL° + Cat Y (10) DCM RT 24 50 i
4 Yb(OTf); (10)+IL°+ Cat Y (10) DCE reflux 24 30 -
5 Yb(OTf); (10) +IL° + Cat Y (10) DCE MW, 120 15 28 i
. X DCE:EtOH
6 Yb(OT; (10) #IL°+ Cat Y (10) e o7 MW, 120 15 20
7 Yb(OTf)s (10) +IL° + Cat Y (10)  i-PrOH MW, 120 15 15 i
b
g  'P(OTNs(10) JE'llb)J’ AUPPRIOTT o RT toreflux 24 20 ]
9 Yb(OTf); (10)+TMSCI (1 equiv) DC('Z'_:lT)HF RT 24 75 .
10 Yb(OTf); (10) +TMSCI (1 equiv) DCM:THF  RT to reflux 24 30 -
+ Cat Y (10) (4:1)

Asolated yield?IL- lonic liquid [bmim]CI.AICI; (0.32ml/ mmol o), “these reactions were also performed at
RT but failed to provide the hydroamination product

As shown in Table 4 the catalysts for the optimizedditions (entries 1 and 2) of stegpand

b were mixed and screened under different condittoresstablish a cascade/one-pot process.

A mixure of the substrateésand76 in the presence of 10mol% of Yb(O78nd ionic liquid

along with catalyst Y (10 mol%) in DCM at room teengture (entry 3) resulted only in the
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PS product77 and no hydroamination produ&l was observed. Refluxing the reaction
mixture in 1,2-dichloroethane (entry 4) or subjegtit to microwave irradiation (entry 5) at
120°C also resulted only in produg?. Use of solvents likéPrOH or DCE with 5 equivalents
of ethanol also failed to provide the prod@dt(entries 7 and 6). Use of Au(PHOTf as a
catalyst in place of cataly3t also resulted in the Pictet-Spengler addirctentry 8). Using 1
equivalent of TMSCI as an additive with Yb(OFin place of ionic liquid, which is also

known to catalyse the PS reaction (entry 9), redult product7.

An important criterion for a cascade reaction ig tompatibility between the reacting
substrates, solvent and especially the differetdalysts involved. Literature reports showed
Au as a catalyst working in harmony with Yb com@s¥ as well as with ionic liquid®”. In
order to check the compatibility of the variousatagy species in the present system (Scheme
20) some control experiments were set up to reaheeconversion of the Pictet-Spengler

product77 into indoloquinolizineB1 as depicted in Table 5.

O

NH // >
O > step b
N
H

O Hydroamination

77 (6-endo-dig cyclization)

Scheme 203- Control experiments to realize the conversioroihto 81.

Table 5 Control experiments

Entry Condition Yield ? (%) 81

1. PS Product + Cat Y (10 mol%) 62

PS Product + Cat Y (10 mol%) +
Yb(OTf)3 (10 mol%)

3. PS Product + fL+ Cat Y (10 mol%) NR

PS Product + IE.+ Cat Y (10 mol%) +
Yb(OTf); (10 mol%)
3solated yield°IL- lonic liquid [bmim]CI.AICI; (0.32ml/ mmol of3), the reactions were carried out in DCE as

solvent at 0.1 mmol scale,

59

4. NR

Addition of 10 mol% of Yb(OTH (entry 2) to the reaction mixture (in entry 1)uked in
product81 without much difference in the yield of the is@atproduct. Surprisingly addition
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of (IL) ionic liquid [bmim]CI.AICI3 (0.32ml/ mmol of3) (entry 3) to the reaction mixture (in
entry 1) failed to give the hydroamination prod@&i either at room temperature or by
refluxing the reaction mixture in DCE. Similar rédsuwvere also observed when 1 equivalent
of TMSCI| was used as an additive in place of theicidiquid. Based on the above
observations it was concluded that ionic liquid wagportant for the Pictet-Spengler
cyclization but was not compatible with the hydraaation step and hence impeded the one-
pot process (entry 4). Thus a two-step reactiquesece was developed to synthesize the

desired indoloquinolizin81.

2.5.1.3 Scope of the Reaction
With successful optimization of a two-step protofulthe synthesis of indoloquinolizirgd,

the scope of this two-step procedure was investijat

Synthesis ofO-Alknyl benzaldehydes
o-Alknyl benzaldehydes were prepared following thewn proceduré’ in whicho-bromo
benzaldehyde and the corresponding terminal alkygre subjected to a Sonogashira reaction

resulting in the desireo-alkynyl benzaldehydes (Scheme 21).

;
Pd(PPh3),Cl, (2 mol %), — R
Br Cul (1 mol %)
=
(:% / Et;N ( 0.25 M) , 50°C |
g3 O O 72
0 F

Z
O O l l
o) o
85 (80%) 86 (82%) 87 (87%) 88 (75%)

Scheme 21 Scope of the sonogashira reaction, isolatedyigépicted in brackets

Using the literatue procedure four different alkbgnzaldehydes with the acetylene bearing
neutral 85), electron rich §6) and electron poor8{) aryl moiety as well as a cyclopropyl
(88) moiety were prepared in good yields.
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Scope of the Pictet-Spengler cyclizatiorstgp a)

Using the optimized reaction conditions developmdlie Pictet-Spengler cyclizatiostép 3,

a mixture of tryptamine/5-substituted tryptaminédg-qQ ando-alkynyl benzaldehydes8%-
88) were treated with 10 mol% Yb(OEfand ionic liquid (0.32ml/ mmol o8) and the
reaction mixture was subjected to microwave irraoimat 120C yielding the Pictet-Spengler
products73 (Scheme 22).

R4
R
R NH, = Yb(OTfy) (10mol%) R Sy
\ N [bmim]CLAICI; (50 mol%) O N
N | DCM, MW, 120°C, 1h H O
R=H,71a 0
R=0Me, 71b 71 72 73
R=Cl, 71c
o ()
O NH O W NH
N\ 7 N 7
NS e
77,74% 89, 70% 90, 60%
0— F
O NH O \\_NH
O Qrfw = /
N
o W@ s
91 71% 92, 70% 93, 70%

Scheme 22 Scope of the Pictet-Spengler reaction, depidsntated yields

As depicted in Scheme 22, the reaction toleratedirale(71a) and electron rich 5-OMe/ Lb)
tryptamines yielding the corresponding PS prodirctgod yields. Surprisingly electron poor
5-Cl tryptamine 719 which is known to be a poor substrate for PSizgtibn requiring
harsh conditions and resulting in lower yields lnd PS product as compared to its electron
rich counterparts, under the optimized conditiosuled in moderate yield 080. This
demonstrated the synthetic utility of the reactseguence. Varying substituents on the
acetylene also provided good yields of the corredpw PS product®9(-93.
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Scope of the hydroamination reactiongtep b)

The pure PS produc®3 were treated with 10 mol% of catalyst Y in 1,2kdaroethane as
solvent at room temperature and the reaction wastored using TLC for completion. The
hydroamination reaction followed thee®«dadig mode of cyclization yielding produ¢d
(Scheme 23).

Oa®
CatY (10 mol %)
_— =
Q DCE, RT

98 , 50% (35%)

96, 60% (43%) 97, 58% (39%)

Scheme 23Scope of the hydroamination reaction, yieldsrackets depict combined yields over two synthetic
steps

As depicted in Scheme 23 the reaction sequencetetetryptamines with electron rich and
poor substitutents on the indole ring affording darcis 81, 94-95 in moderate yields.
Electron rich 96) and poor aryl groups97) on the acetylene were similarly effective,

pleasingly cyclpropyl group on the acetylene atsuited in moderate yields 88.

Thus, the synthesis of the first indole derivadoloquinolizine scaffold 75via a catalytic

two-step process with varied substarte scope waessfully achieved.
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2.5.2 Synthesis of tetrahydrg#-carboline ring fused to a spirooxindole ring
system giving rise to hexacyclic indoloquinolizines

Having successfully established the synthesis @bloquinolizinesr5, the utility of this two
step process was investigated for the synthesis nafre complex hexacyclic
indoloquinolizines embodying a tetrahydtezarboline ring fused to a spirooxindole ring
system. In this system instead of acetylenic aldekly{2) acetylenic istains99) were

employed with typtamines()

I
O Lo o
N + o step a {}b g O

H N Pictet-Spengler
71 \ cyclization /
99 100
step b

Hydroamination

\ N or

101
(5-exo-dig mode)

=z

(6-endo-dig mode)

Scheme 24 A two step protocol for the synthesis of hexdicyindoloquinolizines.

As depicted in Scheme 24, it was expected thatadmmes 71) and acetylenic isatin®99)
would cyclize in a Pictet-Spengler reaction to ¢ipfoductsl00, which on treatment with a
gold catalyst would undergo a hydroamination reacteithervia a 6endedig mode of

cyclization yielding product02 or a 5exadig mode of cyclization yielding produt©l1

2.5.2.1 Optimization of the individual stepsd and b)

Optimization of the Pictet-Spengler cyclization $tep a)
For the reaction optimization tryptamir® @ndN-methyl 4-ethnyl phenyl isatirl03) were
employed as model substrates.
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NH, step a Il
> I o) O \ NH
H * Pictet-Spengler
3

O O cyclization le N O
N

\
103
Scheme 25-Pictet-Spengler cyclization step for synthesis@4

Initially the model substrate® and 103 were subjected to reaction conditions optimized fo
the synthesis of PS producB (Scheme 22), wherein the starting materig8lar{d103 were
treated with 10 mol% of Yb(OTH)and ionic liquid [bmim]CIL.AIC} (0.32ml/ mmol of3) in
DCM. Subsequently the reaction mixture was subjettenicrowave irradiation at 120 for

1h resulting in the PS produt®4in a moderate yield of 55%.

R1
1 R2 Q chiral bronsted O OO
NH 0O
O OH
s T 00
H R3 R4 / R
R* R3
yields = 68-87% R =2,4,6-(-Pr)s-Cef
ee = 71-92% Chiral bronsted acid

In literature®® reports of isatins undergoing PS cyclization witptamines in the presence of
(9-BINOL derived phosphoric acids as catalysts vgtod yields and enantioselectivities,
inspired the use of TFA as an achiral Bronsted eatdlyst in the PS cyclization (as depicted
in Scheme 25). As expected on treating the stanmiatgrials 8 and103) with 1 equivalent of
TFA for 24h at 56C enhanced the yield df04to 76% in DCE, use of toluene as a solvent
further improved the yield to 81%. Heating the ta@acmixture to higher temperature of°80

did not show any improvement in the yieldldi4. These results established TFA as an acid

catalyst for the PS cyclization in this system.

Optimization for the Hydroamination ( step b)

With TFA optimized as an acid catalyst for the R8lization @tep 3, finding a suitable gold

catalyst for the hydroamination stegigp ) was the next task.
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step b

| | hydroamination
(2w

105 106
(6-endo-dig mode) (5-exo-dig mode)

Scheme 26- The plausible hydroamination products that cafobmed on treatment aD4with Au catalyst

The PS product04 was initially treated with 10 mol% of catalygt(the optimized catalyst
for the hydroamination reaction yielding indologuiizines 75 (Scheme 23), yielding the
desired hydroamination produt65 with no traces of product06 (deterimedvia crudeH
NMR). In the proton NMR of the isolated hydroamioat product105 presence of a side
product 6-8% (determined by4 NMR) rendered the isolation of the pure compod&
difficult. Hence, in order to avoid the formatiori this undesired side product a small
screening of the PS produd®4 with selected gold complexes was set up as depict&able

6.

Table 6 Optimization of the hydroaminationstep b

Entry  Catalyst (mol %) Tem?)e(\:r)a ture Solvent Time (h) Yieldlaé;/o) of
1 Au(PPR)OTf (10) RT DCE 2 43
2 Au(PPRh)SbF; (10) RT DCE 2 30
3 AuCl (10) RT DCE 2 50
4 AuCI(SMe) (10) RT DCE 2 76
5 RT Toulene 2 65
6 RT CHCN 2 50

¥solated yield of product05

All the gold complexes employed in the screeninguted in the formation of the
hydroamination productO5 exclusively as a single diastereomer and formatibproduct
106 was not observed. As seen in Table 6 Au(l) phaspbomplexes Au(PRYOTf (entry 1)
and Au(PPBSbFs (entry 2) resulted in moderate yields1df5 at room temperature. Use of
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AuCl; showed slight improvement in yield (entry 3), lpléasingly catalyst AuCI(SMg
enhanced the yield of the product to 76% at roomperature. The efficiency of catalyst
AuCl(SMe)) was maximum in DCE (entry 4) as solvent and deabim toluene (entry 5) and
acetonitrile (entry 6). Based on these resli€|(SMe,) turned out to be the best catalyst for
the hydromaination reaction yielding produd5 As was the case with indoloquinolizines
(75) loss of compound was witnessed with longer readimes as well as during purification
using normal silica gel columns. In order to iseléte productl05in maximum yield, the
reaction was monitored by TLC for completion and tiude reaction mixture was subjected
to fast column chromatography for purification.

2.5.2.2 Scope of Reaction
With catalysts optimized for both the individuaggs & andb), the scope of the reaction was

investigated.

Synthesis of Starting Materials

Alknyl isatins were synthesized by Sonogashira tingpreaction between 4-lodd-methyl
isatin L07) and the corresponding terminal alkyd®) in the presence of PA{PPh), and
Cul as catalysts in a 1:1:1 mixture of degassedehau EtN: THF as solvent at 5C. 4-
lodo-N-methyl isatin was prepared according tolieeature procedur in 51% yield.

R1
o . PdCly(PPhs), (15 mol%) If
R Cul (10 mol%) O
o + # u °
N\ (1:1:1 v/v) Toulene: EtzN: THF O
107 108 50°C N
o~ F 9
o o o O
o o (- ([ [ -
CLre CLo (Lo (Lo
o)
N\ N N N N N °
\ \ \ \ \
103, 80% 109, 74% 110, 80% 111, 65% 112, 70% 113, 67%

Scheme 27 Scope of the Sonogashira reaction along witlated yields
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The reaction showed tolerance for varied groupshenacetylene, such as neutrfd® and
electron donatingl09 aryl groups, electron withdrawing groups suchla® at para 110
and meta 111) position resulted in good to moderate yields eesipely. Cyclopropyl 112
and isopropyl 113 groups on the acetylene were also obtained inenadel yields. In total six
of these songashira coupling products were preg&eteme 27).

Scope of the Pictet-Spengler cyclizatiorstgp a)

The synthesized Sonogashira produ@®salong with tryptamine/ 5-OMe tryptamine were
treated with 1equiv of TFA in toluene at®®&Dfor 24h yielding the PS product€0 (Scheme

28).
TFA (1 equiv),
\@C NH, O Toulene, 50°C , 24h
100 /
@
(104, 81%) (114, 71%) (118, 57%) (ie.70%)
F
® o
I 0 I
i o !
(117 80%) (118, 75%) (119, 65%) (120, 76%)

Scheme 28- Scope of the PS cyclization reaction with isedayields

As depicted in Scheme 28 the reaction toleratetedasubstituents on the acetylene from
electron donating1(16) and withdrawing 117, 118 aryl groups to cyclopropyl1(9 and
isopropyl 20) groups, resulting in good to moderate yields led PS product. Electron
donating 5-OMe group on tryptamine resulted in Adétd of the PS producti(4), while the
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electron withdrawing 5-Cl group on tryptamine résdlin trace amounts of the PS product
under the optimized reaction condition. Refluxihg teaction mixture in toluene also resulted
in trace amounts df15 Resorting to Yb(OT§) and ionic liquid [bomim]CI.AIC} as a catalyst
system for the PS cyclization resulted in moderaiettis of the desired produti5 (57%).
Hence PS produdtl5 was obtained following the procedure establisteeddrmation of PS
product73(Scheme 22).

In a nutshell the reaction tolerated varied sulbstits on the acetylene as well as electron
donating and neutral tryptamines; its only limibatiwas the inefficiency of TFA as an acid

catalyst with electron withdrawing substituentstiyptamine

Scope of the hydroamination reaction étep b))
The isolated PS produci®0 were treated with 10 mol% AuCIl(SMen 1,2-dichloroethane
at room temperature, affording the desired hydroation product102 via 6-endodig

cyclization.

R4

R
\ NH” AUCI(SMey) (10 mol%)
'ﬁb O DCE, RT
N

/
100

124, 72%, (58%) 125, 71%, ( 53%) 126, 68%, (44%) 127, 65%, (49%)

Scheme 29- Scope of the hydroamination reaction, yieldsatef in the brackets are over two reaction steps
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As depicted in Scheme 29 the hydroamination prad(®2) were obtained in good to
moderate yields giving the desired hexacyclic spinedole scaffold. The reaction resulted in
good yields with neutral and electron rich tryptaes whereas electron poor 5-ClI tryptamine
led to a drop in the yield df22 (60%). Substituents on the acetylene with electtomating
(123 and withdrawing 124, 125 substituents on the aryl group were equally éffec
Similarly cyclopropyl and isopropyl groups on theetylene also gave the desired products

126and127respectively in good yields.

With this we successfully achieved the synthesighef second Indole deriveaexacyclic

indoloquinolizine scaffold 102 showing a varied substrate scope.

2.5.3 Characterization of products 75 and 102 fornte via 6-endo-dig
cyclization of the corresponding Pictet-Spengler prducts.

R

\ N\ H,
a N H
H . a

’ - / ‘I \'
) ﬁl_)\‘ 6-endo-di rd t 129

N // -endo-dig produc

H o . ..
' ) ‘\\b R

. e Hp

Pictet-Spengler \ NZ

Product H,
128

5-exo-dig product 130

Scheme 36- NMR evidence for the formation oféidcedig product

As depicted in Scheme 30 the Pictet-Spengler mtoi28 would potentially undergo a
hydroamination reaction eithgra a 6endedig mode path g giving rise to an endocyclic 6
membered ring129 or a 5-exadig mode path B giving rise to an exocyclic 5--membered
ring (130). The isolated product in both the scaffold@s &nd102 was confirmed to be a 6-
endodig productvia proton NMR. In order to explain this result subtts with the
cyclopropyl group on the acetylene in both the fedd$ ie 98 and 126 were chosen. As
shown in Scheme 30, in produ@0the enamine protonHis allylic to proton H resulting in
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a splitting of both protons due to allylic couplinghereas in product29 absence of an

allylic proton for the enamine proton,Mould result in the enamine proton not being split

The 'H NMR spectrum 08 showed a singlet at 5.82 ppm (Figure 1) 426 showed a
singlet at 5.27 ppm (Figure 2) for the proton in each case. The presence of the enamine
proton as a singlet in the NMR spectrum of bothstnalbes ruled out the formation of the 5-
exadig product and strongly suggested that the hydmoation reaction proceedsa a 6-
endadig pathway resulting in produc®8 and126.

Figure 1: NMR spectra of 98 in deuterated DCM
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Figure 2: NMR spectra of 126 in deuterated DMSO
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2.5.4 Cascade polycylization of a designggtcarboline embodying a 1,5-
enyne providing analogs of the harmicine alkaloid.

Cycloisomerization of 1,n-enynes has emerged asfficient tool for the synthesis of
complex structures in an easy one-pot process uaingide range of transition metal
complexes®®2 Selective activation of alkynes, wide range afdiional group tolerance and
mild reaction conditions are important propertieatthave established Au as a versatile
catalyst for the intramolecular enyne metathesisfiostrates with carbon-carbon triple bonds
63—66.

A variety of internal nucleophiles like phenols,rimaxylic acids, sulfonamides, hydroxyl
functions have been successfully employed in thiel goediated polycyclization of 1,5-
enynes® % ©7 ® However presence of a tetrahydkamarboline core as an internal
nucleophile in gold mediated 1,5-enyne polycyli@aas is not known. In view of generating
polycylic indole scaffolds with higher structuradraplexity a gold mediated polycylization of
substarte 132 (having a tetrahydrg-carboline core appended to a 1,5-enyne) was
investigated. Herein the secondary amine in theahgtrog-carboline core 32 was

expected to behave as the terminating nucleophilled polycylization process.

PS cyclization
(step a) N\

132
l Au Catalyzed

R NH,

s

N 71
N g
o T Me H S

Z
e

131 hydroamination

(step b)

\\4\\_ -Au

Scheme 31 Proposed route for the polycyclization of theigeed substarte32
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The designed model substdtg2 has a tetrahydrg-carboline tethered to a 1,5-enyne with a
(E) configured alkene. This substrate could be obthilby a PS cyclization between
tryptamine71 and the non-enolisable aldehyt&l A successful polycylization df32would
ensure efficient access to indole polycycles witthaér structural complexity. It was assumed
that activation of the alkyne in the PS proda8@ by gold complexes would trigger the
addition of the alkene and a concomitant additibthe secondary amine it32to the more
stabilized carbocationic position on the alkgjpath g to provide the yohimbine based
alkaloid scaffold136. Alternatively a step wise process leading to theleaphilic opening of
the cyclopropyl gold carben&34, can either yield scaffold36 (path B or the harmicine
analoguel 35 (path c) (Scheme 3%).

2.5.4.1 Optimization of the reaction stepsa(and b)

Optimization of the Pictet-Spengler cyclizationstep a

NH (6] Me PS cyclization
4 2 )5/\/\/\ (step a)
+ H 7 S
N “
H
3 131

Scheme 32 Pictet-Spengler cyclizatisstep a
Model substrates tryptamin&)(and non-enoliazable aldehyd&3() were subjected to the
two previously optimized conditions for PS cyclipais to get scaffoldg3 (Scheme 22) and
100 (Scheme 28). In one condition the starting matei&hnd131) were treated with lequiv
of TFA in toulene at 5t for 24h which resulted in 50% vyield of the PSdwet 137.
Alternatively a mixture of the starting materialsttw10mol% of Yb(OTf} and ionic liquid
[bmim]CI.AICI3 (0.32ml/ mmol of3) in DCM was subjected to microwave irradiation idr
at 120C resulting in 70% yield 0£37. Use of DCE as solvent further enhanced the yoéld
137 to 84%. These results proved that Yb(QTdhd ionic liquid as a catalyst system were
more effective in inducing the PS cyclization ampared to TFA in this system.

Optimization of the hydroamination step b

NH Hydroaminaton
\ \ W\ _ stepb O
N S
H %3

Scheme 33- Gold mediated double cyclization 187 leading to either of the plausible products.
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A reaction screening for the catalytic double @atiion cascade was then attempted with

Pictet-Spengler produdt37 employing various gold complexes.

Table 7 Screening of the Au mediated double cyclization caade of PS product 137

Entry Catalyst (mol%) Solvent Temp °C) Time (h) Yield® (%) dr®

1 Au(PPR)OTT (10) DCE 80 24 30 1:15
2 AuCl; (10) DCE 80 24 20 1:1.4
3 Au(PPR)NTF, (10) DCE 80 24 33 1:1.4
4 AuCI(SMe) (10) DCE 80 24 43 1:1.4
5 AuCI(SMe) (10) i-PrOH 80 24 15 1:1.2
6 AuCI(SMe) (10) AcN 80 24 30 1:13
7 AuCI(SMe) (10) 1.4-dioxne 80 24 24 1:1.2
8 Catalyst Y (10) DCE 80 24 53 1:2
9 Catalyst Y (10) DCE 80, MW 1 70 1:1.6
10 Catalyst Y (10) DCE 120, MW 1 68 1:14
11 Catalyst Y (10) DCE:Ethanol(5eq) 80, MW 1 43 n2

3solated yield ofL39 (both the diastereomers togeth&dy, minor: major diastereomer determined using crude
'H NMR spectra.

As depicted in Table 7 the cascade double cyctimain the presence of Au(l)phosphine
complexes Au(PRHOTT (entry 1) and Au(PRINTT, (entry 3) resulted in harmicine analogs
139embodying a cyclopentyl ring in moderate yieldgasixture of diastereomers. The same
reaction at room temperature for 24h gave veryymid of productl39. Use of AuC} (entry

2) gave no improvement in yields, but AuCI(SiMas a catalyst enhanced the yield188
with best results in DCE (entry 4) as solvent.dstingly catalysY was again most effective
for the synthesis 0f39 when the reaction was perfomed af@on DCE under microwave
heating (entry 9). Subjecting the reaction mixttrel20°C in microwave (entry 10) resulted
in lower yield of the product. In the optimizatiomicrowave heating (entry 9) at ®for 1 h
proved to be more effective as compared to conveatiheating (entry 8) at 8D for 24h.
The screening resulted 89 as a mixture of diastereomers and formation oflpcol38was

not observed.
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2.5.4.2 Characterization of product 13%ia NMR

The double cyclization cascade reaction (Schemeal@dihg optimization always resulted in
the formation of product39as a mixture of diastereomers and formation oflpcdo138 was
not observed. The major and minor products formedhie double cyclization cascade
reaction were diasteromers was establishied a study of the NMR data of both the
diastereomers which includéd, **C and 2-D NMRs such agHMBC, gHSQC andgCOSy

experiments.

f ] Hydroaminaton
NH \ I step b

e W, — .

137 138

Scheme 34- Plausible products of the gold mediated douptdization of137

The NMR spectra of the major diastereomer of thebt cyclization product was used to
explain the formation of produdB9

Figure 3 — *C, gHSQC andgCOSY spectra of the major diastereomer of the doubl
cyclization product.

Section of thé*C NMR spectrum of the major diastereomer, showimpanse (71.46 ppm),
b (67.48 ppm)f (54.71) anch (51.41 ppm)
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Section of thggHSQC spectrum of the major diastereomer showinigaces;b ande (are not
guaternary carbons); carbbfis a quaternary carbon); double bond carbarsl]
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The spectra of the major diastereomer formed indbeble cyclization cascade reaction
(Scheme 34) depicted in Figure 3 favored the siracof productl39 due to the following
conclusions; a) as depicted in tH€ andgHSQC spectra of the major diastereomer both
carbond ande were not quaternary carbons and both of them apgawnfield (at 71ppm
and 67ppm respectively) due to the deshieldingceffaused by the electronegative nitrogen
atom present at position to both the carbons as in prodi8g b) absence of gCOSY
coupling (° coupling) between protortd® andH’ (in thegCOSY spectrum) that are attached
to carbons€ andj respectivelyy to each other in produdB8further supported the structure
of product139

The above results helped us establish the formedldayclization product as39 for the
major diastereomer. The structure of the minortdr@a®mer was also assigned on the basis of

similar analysis of the NMR spectra.

The syn configuration for the minor diastereomer 139 was established by &Oe signal
betweenH® and H®, whereas absence of thi©a signal in the major diastereomer 189

pointed towards aanti configuration (se&xperimental Part 5.2.3.1for 1-D NMR spectra).

2.5.4.3 Mechanism of the reaction

Cat 'Y (10mol %), DCE,
80°C, MW, 1h _

X 6 . 2

4
(oo s
\ y

6-endo-tet

138

139 Not formed

Major diastereomer

Scheme 35Proposed mechanism for the formation of prodi3&
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A mechanism was delineated to explain the doublelization cascade reaction. In
accordance with the proposal in ScheBfe the results indicate that the polycyclization
cascade was a stepwise process that occuedjold mediated @&ndodig cyclization
furnishing the cyclopropyl gold carbene intermegligt40). The selective formation of
harmicine analoguek39 suggests that the ring-closure by addition ofséeondary amine in
a 5exotet mode was favoured over aefidotet pathway which is in accordance with

Baldwin’s rules, affording analogs of harmicineadid 139 (Scheme 35).

2.5.4.4 Scope of the double cyclization cascade reaction
Synthesis of the aldehyde 131

The aldehydd.31was synthesized starting from geranyl acetate ower reaction steps with

an overall yield of 14.6%

OAc OAc OAc OAc
1) mCPBA (1.2 eq), 3) CBr4(2 eq) , PPhs(4.2 eq),
DCM, -20°C to RT | 2) HIO4.H20 (1.3 eq) | DCM, 0°C to RT |
e, e
I THF at 0°C
(@) | |
0 B g 144, 80%
Geranyl Acetate, 141 142, (80%) 143, 90%

4) K,CO3 (1.2 eq),
MeOH
7) Diisopropyl amine (1.3 eq)
0 nBuli (1.25 eq),

OH
Methylisobutyrate(1.3 eq), 6) NCS (1.2 eq),
o~ HMPT';*_'(; eq) Me,S (1.3 eq), 5) nBuli (3 eq) , THF |
DCM 78°C
I
|
Br

Z
7 148, 75% 147, 74%

146, 60% 145, 89%

8) DIBAL-H (2.2 eq)
DCM

9) DMSO(2.5 eq),
oxalyl chloride (1.2 eq),
EtsN (5.0 eq) ~0
DCM
|
Z
(149, 90%) 131, 91%

Overall yield - 14.6%

Scheme 36 Synthetic scheme for aldehytia1

Commerially available geranyl acetatetl) which already possesses a trisubstituted alkene

with (E) configuration was initially subjected to epoxidat with mCPBA followed by
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epoxide ring opening in the presence of Kigving aldehydel43 in 72% overall yield
starting from geranyl acetate. The aldehyldk3 was subjected to Correy —Fuchs reaction
resulting in the dibromoolefinléd4) in 80% yield. Treatment of the dibromoolefidd) to an
acetate hydrolysis-elimination reaction resultedpmoduct 146 in 54% overall yield. The
compound146 was subsequently transformed into the correspgnditylic chloride 147,
treatment of the chloride with lithium methyl isdiptate enolate resulted 48 with 55%
overall yield starting froml46. Subsequent reduction of the methyl estei4® to alcohol
with DIBAL-H followed by swern oxidation resulted the final aldehydé&31in overall yield

of 82% starting from148 (Scheme 36)

Scope of the polycyclization cascade reaction.

Tryptamines 71) with varied substituents at 5 position along wédldehydel131 were

subjected to the optimized conditions for bothgteps.

R { NH,
Yb(OTf3) (10 mol% ) R NH
ﬁ 7 [bmim]CI.AICI; ( 50 mol% ) N\ \ \\
0 * Me DCE, MW, 120°C, 1h N
H N N 137, R=H, 84%
. 150, R= OMe, 75%
131 CatY (10 mol% ), 151, R=Cl, 65%

DCE, 80°C, MW, 1h| 152, R=Me, 71%

139, R=H, 70%,dr1:16 R
163, R=OMe, 67%,dr1:1.7
164, R=Cl, 49%,dr1:1.5
165, R=Me, 62%, dr1:17

( Major diastereomer )

Scheme 37 Substarte scope for the double casade cylizagiaction.

As depicted in Scheme 37 the reaction toleratectrele donating and withdrawing
substituents on the tryptamine for both the stegsilting in good to moderate yields of the

harmicine analogsl@9, 153-15pas a mixture of diastereomers.
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With this, the synthesis of the third indole dedvscaffold 135 yielding analogs of the

harmicine alkaloid via a two step protocol was achieved.

2.5 Summary

In conclusion we successfully developed a two-stefalytic process, involving a Pictet-
Spengler cyclization step followed by hydroaminatioeaction yielding the desired
indoloquinolizine ¥5) and hexacyclic indoloquinolizinel@2) scaffolds. A Au(l) catalyzed
cascade polycylization was also developed to getsscto complex analogs of the harmicine

alkaloid (L35) via the two-step protocol.
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Chapter 3

Chapter 3

Bifunctional N-Acyl-Aminophosphine Catalyzed Asymmetric

[4+2] Annulation of Allenoates and 3-Cyano Chromons.
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Introduction

3.1 Introduction

The Xanthone nucleuk56 comprises of a class of oxygenated heterocyclés %-xanthen-
9-one or xanthone as the parent compound. Theysarally found as secondary metabolites
in higher plants, fungi and lichens. Xanthone moamsmoccur as either fully aromatized
dihydro- (157, 158, tetrahydro- 159, 160, or more rarely as hexahydroderivativégl) as
depicted in Scheme 38"*

0 (‘) m
0]
156 hexahydroxanthone

Xanthone
158 160
dihydroxanthones tetrahydroxanthones

Scheme 38 Xanthone monomers.

Xanthones have also been reccognised as “privilstyedtures” because of their ability to
interact with a diverse range of target biomolesutsulting in pronounced biological activity
within a broad spectrum of diseased states suchnémitotic, antimalarial, antiplatelet,
antitumour, antioxidant etc. They also behave asramigic blocking agents, calcium agonists
and are also known to show effects on enzymes asigltetylcholinesterase, aldose reductase,

aromatase et@ "

|
3) OH O OH Ho Q OH
o LT
O O HO 0 OH 4,0 OH
HO 0

gamma Mangostin

Bellidin exihibits antifungal activity inhibi Nidulalin A~
inhibits acetycholinesterase inhibitory activity against
162 163 DNA topoiosmerase Il and
antimodulatory activity
164
b
) OH O OH O COMe
- "
(6] " 0
O GH . "
N 3,4-Dihydroglobosuxanthone ) /
Blennolide A antibacterial . _ v OH
(hemisecalonic acid B) 166 _Secalonic acid D g
antibacterial, antifungal antibacterial , antitumour
165 167

Scheme 39- a) Naturally occuring xanthone dervatives, bjuxe products with the tetrahydroxanthone units
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A few examples of biologically active xanthone agales are depicted in Scheme 39a and b
(162-1673. Scheme 39b in particular represents natural ymtsd containing the
tetrahydroxanthone unit as for example in blenreoid* (165), 3,4-dihydroglobosuxanthone
(166) and secalonic acid467) "°. The study of xanthones and its derivatives hamn bf
interest not only from a descriptive or synthetmnp of view but also from a biological and
pharmacological point of view. In literature thealosynthesis of xanthone based natural
products has mostly been limited to fully aromatizeanthones, whereas synthesis of the

more challenging partially saturated xanthone @®tess frequently reportéd

Selected examples from the literature for the ssgithof tetahydroxanthenone scaffag0

and its derivatives are described in the follonsegtion.

In 1997 Hsung et al’’ reported a highly stereoselective [4+2] cycloadditreaction of 3-
cyanochromoneslg8 with electron rich dienes wherein the dienopldteyano chromone
(1683 and 1-methoxy-1,3-butadien&6@) in toluene were heated to 3@in a sealed tube
yielding the tetrahydroxanthone scaffold709, in good yields and with goo@&ndo
selectivity. Presence of substituents at C-6 pwsitif the chromone ring significantly affected
the rate of the reaction and tbedoselectivity. Electron withdrawing groups such asnbine
or chlorine (68b) at C-6 position resulted in shorter reaction smdower reaction
temperatures and higindoselectivity (70b). On the contrary electron-donating groups such
as the methyl groupl68q9 reduced the stereoselectivity and needed higimpératures and
longer reaction timesl{0d (Scheme 40a). 12011 Ramana et al® reported a successful
Diels-Alder reaction of 1,3,3-trimethyl-2-vinyl-lyclohexene 172) with chromones1(71) in
the presence of Ti¢las a Lewis acid resulting in the formation of ttetracyclic

tetrahydroxanthoned 73. The reaction was regio- and stereoselectived®e40b).

In 2011 Kumar et al’® reported a phosphine catalyzed [4+2] annulatioeleftron deficient
3-formyl chromones1(74) anda-alkyl substituted allened 75 that followed a deformylation
reaction resulting in the tricyclic cyclohexeneddschromone ringl(76) in moderate to good
yields and with good diastereoselectivites. Thectiea tolerated differently substituted
chromones and allenes. The stereodecorated comoadiold (176) was also subjected to
further transformations to yield other naturallycoring benzopyrone and related scaffolds
(Scheme 41).
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0 OMe
a) R CN N
| *
(@)
168 169
R =H, 168a
R =Cl, 168b
R =Me, 168c
b) 0

R2
| +
R3 0~ "R!

R' = H, Me, Ph 172

R? = H. OMe, NO,
=H, OMe
171

(0] OMe

CN:
300 °C, Toulene R
—_—
72 h (0]

H

170

R =H, 170a, 83% yield, 92 : 8 endo selectivity
R =Cl, 170b, 87%, 96 : 4
R =Me,170c, 60%, 43 : 57

Hsung et al.

TiCly, CH,Cl,

—_— -

rt, 7-10days

Yield - 52-57%
173

Ramana et al.

Scheme 40- Tetrahydroxanthone synthesia Diels-alder reactions

R CHO 3
R
L™, o
R? 0

CO,Et

R, = H, Me, Cl, Br
R, = H, Me

175
174

R3 = 002Et, Ph, H

CHCly, reflux, 12-24h RCOzEt
PnBus (30 mol%) R?2
Yields - 47-85%
good diastereoselecivity.

175a R - CO,Et 176

Kumar et al.

Scheme 41 Phosphine catalyzed [4+2] annulation resultmthe tetrahydroxanthone scaffold

o. 0
179
HN”  NH
0 E/(N TFA

RS CN (16 mols) CF3

Z>0 CHCls, DEA (8 equiv),

40-65°C ,
177 R, =H, Me, Ph Yields -59-98%
R,, R3 = H, Me ee - 85-97%
178 180

Jorgensen et al.

Scheme 42 Enantioselective synthesis of tetrahydroxantkone

47



Aim of the Project

In 2012 Jorgensen et af° reported a trienamine mediated enantioselectivehsgis of
tetrahydroxanthones which was based on a [4+2pbeydlition between 2,4-dienals78) and
3-cyanochromonesl{?) as dineophiles. The substrates were treated MAblond directing
squaramide based organocatalysty in the presence df,N-diethylacetamide (DEA) as an
additive in chloroform at 6 yielding the tetrahydroxanthone scaffoldB(). The reaction
tolerated differently substituted chromones as vesll substituted 2,4-dienals resulting in
products {80 with good vyields, high enantioselectivities andithw excellent

diastereoselectivities (>20:1) (Scheme 42).

3.2 Aim of the Project

The pronounced biological properties exhibited liy optically active tetrahydroxanthenone
derivatives, their wide occurrence in nature argk laf asymmetric synthetic protocols to
build this scaffold, inspired the development afyethetic methodology that would offer a

stereoselective access to a compound collectiosdb@as this naturally occurring scaffold.

The importance of the preparation of optical issma&rsmall molecules is obvious from the
fact that biological activity is often associatedhnone of the enantiomers in compounds of
natural and synthetic origin. There are severahougt known to obtain enantiomerically pure
compounds like the classical chemical resolutiarcedure, but unfortunately it suffers from
the disadvantage of obtaining a theoretical maxinofid0% yield of the optical isomer. The
same problem exists with enzymatic resolution winetlee racemic mixture is treated with
reagents of biological origin. In contrast asymmneetynthesis is a method that can provide a
theoretical yield of 100% of one of the enantiorfferThe importance and practicality of
asymmetric synthesis for obtaining enantiomericpliye compounds has been acknowledged
by synthetic organic chemists, and is also viskiyte¢he explosive boom in newer and more
efficient methods being developed in this regarthalast decadé$®>.

As already mentioned before (Sched® in 2011 Kamal et alreported a novel racemic
synthesis of the tetrahydroxanthone scaffdl@(f via PnBus catalyzed [4+2] annulation of
electron deficient chromone and allef@sAbsence of an asymmetric variant of the above
reaction inspired the development of an asymmaedyicthesis of a compound collection

embodying the tetrahydroxanthone scaffold by usiagleophillic chiral phosphine catalysts
86-88
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Nucleophillic phosphine catalysis of allenes witbcgrophiles like electron deficient alkenes,
imines, ketones etc. is one of the most powerfu atraight forward methods for the
synthesis of highly functionalized carbo- and hatgclic structural motifs present in
bioactive natural producf§®® The tremendous growth in nucleophilic phosphise a.ewis
base catalyst over the years is attributed to séwmportant features such as a) the reactions
are highly atom-economical and usually do not peedany byproducts, b) unique and fine
tunable properties of trivalent phosphines, c)réetions are metal-free allowing the reaction
to be performed on large scale , d) the reactigoltgies can be controlled by judicious
choice of phosphine catalyst as well as structuealations of starting materials and e)
trivalent phosphines are also known for their &pito stabilize adjacent carbanions to form

ylides and also their ability to behave as a geadihg group.

Despite that progress in the field of asymmetrgaoophosphine catalyzed reactions has been

8. 97 and remains unsubstantiated mainly due to the tdckuitable chiral catalysts

slow
available. Also the major part of successful work asymmetric cycloaddition between
electrophiles and allenes belongs to [3%¥2f? cycloaddition reactions whereas the [4+7]

198 variants need to be further explored. All thesmllenges acted as a motivation in

developing a phoshine catalyzed asymmetric syrghekithe tetrahydroxanthone scaffold

(160).

As depicted in Scheme 43, the tetrahydroxanthordfadd (160 could be dissected at
positions a and b leading to simple precursorseet®n deficient chromone4&1) and a 1,4-
dipole (182 that can be generated fromsubstituted allenesl83) in the presence of an

organophosphine catalyst (Scheme 43).

0] a O R R2
X LA XY WY-----o----- COQR3
C — R __ I | ®
0~ A 0" .07 "PR;
b 181 182, 1,4-dipole
160
R2
RZ COQR3
=C=(_ s * PR; I ] ®
COzR ©“ PR,
183 182, 1,4-dipole

Scheme 43 Retrosynthetic approach for the synthesis oftstdroxanthone derivatives.
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Chromones bearing electron withdrawing substituaattaC-3 position are quite reactive
molecules and behave as Michael acceptors, heteresli as well as dienophiles. A number
of chromones have been reported to undergo nudlepplddition reactions giving rise to
heterocyclic compounds as condensation prodict 1°°**1 The electron deficient allene on
the other hand behaves as a 1,4-dipole synthon wéated with catalytic tertiary phosphines

and traps various dipolarophiles in [4+2] annulagio

A few selected examples from literature depictimg assymetric [4+2] cycloaddition reaction
between activated olefins and allenes catalyzeorpgnophosphine catalysts.

In 2005 Fu et al'® reported an asymmetric synthesis of piperidinévegves (87) via
[4+2] annulation of imines184) and allenes1@85 catalyzed by the chiral phosphinkB6).
The reaction tolerated a range of imines resultimg excellent diastereo- and
enantioselectivities. The [4+2] annulation procekdest if the allene beared an R group that
can stabilize an anion (eg ester or aryl). For asubstituted allene (R = H) moderate

enantioslectivity was observed (Scheme 44).

P—t-Bu

Ts
RLfNTs ;R 5mol% 186 R\ _N._R? OO
R I/IR3

H C CHQC'Q, RT

3
g 99

R1 = aryl, heteroaryl ee = 60-98% 186

R = H, COJR, aryl
R3 = CO2R, COR

Scheme 44— Chiral phosphinel@6) catalyzed [4+2] annulation of imines and allefiesishing piperidine
derivatives 187)

In 2012Lu et al.**? reported the first highly enantioselective [4+2halation of activated
dicyano alkenes188 with a-alkyl substituted allenel@9 catalyzed by amino-acid based
bifunctional phosphinel@0 yielding optically enriched functionalized cycktenes 191).
The reaction tolerated different aryl groups on #iikene resulting in moderate to good
diastereoselectivities and excellent enantioseféies. However alkenes derived from
aliphatic aldehydes failed to provide the desiredudation. Similar reaction of isatin derived
alkene 192 with allene 189 in the presence of a dipeptide based phosphitatyst (193
afforded 3-spirocyclohexene-2-oxindol&9d) in high yields with excellent diastreo- and

enantioselectivities (Scheme 45a).
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CO,Me
a w2
) CN CO,Me cat 180 (10mol%) NG~ co,Bu PPh,
~ —c
Ar CN CO,'bu THF, RT, 24h ArU
188
189 Yields - 89-94%
ee - 91-99%
191
NC p CN
CO,Me
o =c O cat193(5mol%)
N\ CO,'bu toulene, RT
192 189
yield - 90-96% 193
ee - 89-93% Lu et al.
194
b) :
CO,Et — N
CO,Et COsEt cat196 (12mol%)  EtO,C X ° o PP,
=~ =C N
R CN CO,Et  1,2-DCE, -18°C U T
195
175a Yields - 79-94%
ee - 85-96%
197
Zhao et al.

Scheme 45 Phosphine catalyzed assymetric [4+2] annulat&iwéen activated alkenes anehlkyl substituted
allenes.

In the same yeaFhao et al.'** described a similar [4+2] cycloaddition reactiostveen
activated alkenesl95 anda-alkyl substituted buta-2,3-dienoatE76g in the presence -
acyl aminophosphine catalyst9) yielding the optically enriched cyclohexene addut97)
with three contiguous stereogenic centres. Theimratwlerated differently substituted olefins
yielding the corresponding adducts in good yieldswell as with excellent diastreo- and
enantioselectivities. Interestingly aliphatic suffosint such as isopropyl in place of the R
group (in195) also resulted in 92% yield and 97% ee. This tedahds out as in the previous
study alkenes derived from aliphatic aldehydes werable to undergo the [4+2] annulation
(Scheme 45b).
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3.3 Results and Discussion

In view of the biological importance of the tetraingxanthone scaffold and its derivatives, a
study on developing an organophosphine catalyzsgnaetric [4+2] cycloaddition reaction
between electron deficient chromoné81) anda-alkylsubstituted allenesl83) as depicted
in Scheme 43 was initiated.

Phosphine catalyzed [4+2] cycloaddition reaction wh 3-cyano chromone 168a andh-
alkyl substituted allene 175a.

3-Cyano chromonelE8g was chosen over 3-formyl chromone (Scheme 4I)galwith o-
alkyl substituted buta-2,3-dienoafier5a (Scheme 46) for the optimization of the [4+2]
annulation reaction for primarily 2 reasons; a) ithigerent instability of thegs-formyl group
tends to negatively influence the yield and diasiareric ratio of the ensuing product and b) a
cyano function would create an all-carbon-quatgrnacenter in  the desired
tetrahydroxanthones which is a formidable synthetiallenge. Initially the reaction df75a
andl68awas tested with 30 mol% ohBus; as catalyst in DCM at room temperature for 12h.
The cycloadduct198 was obtained in 75% isolated yield and with goaabstereoselectivity
(11:1). Heating the reaction to reflux in DCM impead the yields to 90% but reduced the
diastereoselctivity to 9:1. Use of toluene as aesul for the reaction at room temperature for
12h resulted in 80% vyield ofi98 but with a loss in diastereoselectivity (4:1).e8k results
indicate the importance of the role of solvent e §4+2] annulation, especially on the

diastereoselectivity of the reaction.

5 ¢ O L \FOE!
6 4 _CN CO,Et PnBuj (30 mol%) CO,Et
OO ot 2= o 1
20, 2 CO,Et RT, DCM, 12h o+

dr 11:1 (DCM)
dr 4:1 (Toulene)

Scheme 46 PnBu; catalyzed [4+2] annualtion reaction of 3-cyancochone with allend75a
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Characterization of the [4+2] annulation product 18 via NMR

Nucleophillic addition of RBus to allenel75a results in the formation of the phosphonium
dienolate intermediat&99, which can add to 3-cyano chromona they-carbon yielding the
[4+2] annulation product98 Although it seems quite difficult, a conjugateddihn of the
phosphonium enolate in isomeric for2d®0 to 3-cyanochromone would furnish the [4+2]
adduct201 A similar conjugated addition of the yli@d0 may trap the chromone in a [3+2]
annulation yielding addu@02

CO,Et
=C + PnBus
CO,Et
175a
O,Et
0 o©: o a
COEt MCOZE’( O co,Et O ‘
Ty L@ T > T COLEt
RsP  CO,Et RoP o COE! 201 CO,Et
198 (major) 199 0

CN
' l — N
(@)
1683 [3+2] CozEt
(@)

202 CO,Et

Scheme 47 Possible products formed on phosphine catalyzedlation of175a and168a

The major and minor products formed in the [4+2jaation reaction were diastereomers of
compoundl98resulting from the-addition of allene derived zwitterion. This wasagdished
via a study of NMR spectra of both the diastereomérishvincluded'H, **C and 2-D NMRs
such as gHSQC and gCOSy experiments.

Proton NMR of the major diastereomer was used fwa@x the formation of a [4+2] adduct
(either 198 or 201) and not a [3+2] addu@02 The presence of GHprotons H in the'H
NMR spectra 0fl98 as well as absence of a methyl peak as a simgtée spectrum ruled
out the formation of the [3+2] produ202 (Figure 6,'H NMR).

0 COQEt C[\t_I a CH
H 3
C COzEt CN
CLI O Lo
0) Hb aHa Hb COzEt

201 CO,Et CO,Et
198 (major)

Figure 4 — Possible products of the phosphine catalyzedlahon
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Figure 5 — *H NMR and gHSQC spectra of the major diastereomer formed @ [t+2]
annulation reaction.

0 CNTOzEt
N H\c\‘/coza

y O/ﬂ%a

213 (major)

Hb / Ha Ha

Section of the proton NMR spectrum of the majorstieeomer formed in the [4+2]
annulation reaction depicting proton& HP and H.

ok
J_u_ 1L L o

~100

T T T T T T T T - T T T T T T T T T :
75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -0.5 -L0 -5 2.0
72 (ppm)

Section of thegHSQC spectrum of the major diastereomer formechen [#+2] annulation
reaction depicting protons®as CH protons.

2-D gCOSY spectra (Figure 6) of the major diastereonmes used to explain the formation of
the [4+2]y-addition productl98 As seen in Figure 6 a strogG@OSY coupling between the
CH, protons (H) and proton P (J° coupling), and an absence of§@0SY coupling in the
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spectrum between protong ind H that are attached to carbamgo each other in product
201, helped us establish the [4+2] adduct ag-addition product198 for the major

diastereomer.

Figure 6 — Section ofgCOSY spectra of the major diastereomdi®8 depicting gCOSY
coupling between protonsitand H, and absence of gCOSY copling between protdhand

I IC
JLJ\J.—“ - JL/ A .J
P — - L‘ M S S L

0.5
J F1.0
1 - L4
4- 1.5
_]' +2.0
_' 2.5
Ha__;ij LR
Ha = " = 3.0
|
| 3.5
& |
C\ ‘ -4.0
—< * [}
| 4.5
Hb. 5.0

1

‘l i L6.5

J

T T T T T T T T T T T T T T T T T T
2.0 8.3 8.0 75 70 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0 0.5
£2 (npm)

The structure of the minor diastereomer was als@asd on the basis of similar analysis of
NMR spectra and further corroborated by singletcaysX-ray structure of one of the adducts

formed during our asymmetric reaction development.

3.3.1 Optimization of the phosphine catalyzed asymetric [4+2] annulation

reaction between 3-cyano chromone and-substituted allene esters.
With promising results with the racemic versiontlé [4+2] annulation we went ahead to

optimize the asymmetric version of the reaction.

Chiral organophosphine catalysts

The chiral organophosphine catalysts found in ditee can be divided in two broad
categories i.e. a) chiral phosphines without add#l functionalities, b) chiral phosphines
with hydrogen bond donors as depicted in Schenm&*48
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a) Chiral phosphines without additonal functionality
(H3C),HC
Ph

¢ \P
OO -é (HsCE%[J iPr\ﬂb"Pr

203 204

205

b) Chiral phosphines with hydrogen bond doners
OTBDPS

/'\./\PHZ S
HN Q )LNJ\H/Nan
N H

(@]
H
BocHN'i PPh; o
208

Scheme 48- Chiral phosphines used in nucleophilic phosphatalysis

[4+2] annulation of 3-cyano chromone with allenoatel75a catalyzed by chiral
phosphines without additional functionality.

o O . CO,Et

5 CN
4 3CN CO2Et 10 mol% of catalyst COEL
; | > + =C=X == e
207 CO,Et RT, DCM, 24h O
209
168a 175a
! PPh,
Catalysts :- % wCH(CH3),
P HR /O
4 2
(H3C)sC C(CHa)s PI
210 @
211

Scheme 49- [4+2] annulation in the presence of chiral orgamasphine catalysts without additional
functionality.

In the initial screening starting materials 3-cyaftwomone 1688 and a-alkyl substituted

buta-2,3-dienoatel 75a were treated with 10 mol% of chiral phosphines dapicted in

Scheme 49) along with cataly&®3 and204 (Scheme 48) in DCM at room temperature for

24h. All the chiral catalysts without additionahfttionality failed to provide the desired [4+2]
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adduct209. Neither refluxing the reaction mixture in DCM fadh nor changing the solvent

to toluene (at room temperature or reflux) resuitetthe desired [4+2] adduct.

[4+2] annulation of 3-cyano chromone with allenoatel75a catalyzed by chiral
phosphines with H-bond doners.

0 0 o \EO:E
CN CO,Et (10 mol%) 206 . COEt
[ =e O

o) COEt RT, DCM, 24h o

168a 175a 213

Scheme 50 H4+2] annulation in the presence of chiral phosplid6

With no success with chiral phosphine catalystdheut additional functionality203-204,
210-213, chiral phosphines with hydrogen-bond doner fioms were next employed to
catalyze the [4+2] annulation (Scheme 50). Basegrenious reports byu et al.**? and

Zhao et al.'®®

(as depicted in Scheme 45) amino-acid derivedatiphosphines were
employed as organophoshine cataysts in the de$#e€®] annulation between 3-cyano
chromone and allere75a'"®. Treatment of a mixture o168aand175awith 10 mol% of the
catalyst 206 (L-isoleucine based aminophosphin@) DCM at room temperature for 24h
yielded the desired [4+2] annulation produ2tl3 in 52% vyield, with moderate
diastereoselectivity 1: 3.5 and excellent enanksasiwity (93%) for the major diastereomer.
The asymmetric version of the [4+2] annulation g&al both the diastereomers as [442]
addition products similar to the ones in the racereaction (establisheda proton NMR),
however with a reversal of preferred diastereosigigc ie the major diastereomer in the
racemic reaction, turned out to be the minor onéherasymmetric variant of the reaction.
Encouraged by the initial result with cataly®6 a small library of amino-acid derived

phosphine catalysts were synthesized to furtherorgthe result.

3.3.2 Synthesis of amino acid derived phosphinatalysts

a-amino acid derived aminphosphines and thdqgrotected counterparts have been used as
efficient chiral ligands in metal catalyzed reanio Their modular backbones and

bifunctional structures have also established thsrafficient organocatalysts in recent years.
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The general structural design of the amino-acidvddr phosphine is depicted in Figure 7
which consists of a modular chiral backbone andalien H-binding site which is mostly

responsible for the assymetric induction and alligbicleophillic phosphine site.

Nucleophillic site

R1jﬂpphz/y

NH
Ry~

\

Tunable H- binding site

Modular chiral backbone \

Figure 7 — Structural design for the amino-acid derived jpidige catalysts

Based on the general structural design a smadrijpof aminophosphines was synthesized to

make a reaction screening and identify the best\sit

R R TFA
NHBoc Et3N, CH2C|2 NHBoc THF NHBoc
214, R - 2-(S)-sec-Bu 217, R - 2-(S)-sec-Bu 332 E - 2B-(S)-seC-Bu
215 R-Bn 218, R-Bn 222’R-tg
216, R - t-Bu 219, R-t-Bu , R-1-Bu
R'cocl
R
a) when R' - Ac b) when R' - 3,5-bis(CF3),CeHs j/\PPh or R'COOCOR! j/\Pth
ggg, E-ZB-(S)-seC-Bu 206, R - 2-(S)-sec-Bu, B NH,
, R-Bn 229, R-Bn
228, R-tBu 230, R - #Bu )=O o, CHaClz 223, R - 2-(S)-sec-Bu
c) when R - 3,5-diFCgH3 224 R - Bn
196, R - 2-(S)-sec-Bu 225 R - t-Bu

3,5-biS(CF3)2CsH3NCS

PPh, 5 PPh,
NH; CH,Cl, RT rzNH
223 231, R - 2-(S)-sec-Bu

2 - 3,5-bis(CF3),CeH3NCS

Scheme 51- a) Synthetic scheme for the preparation of iswtee-, valine-, phenyl alanine derived
aminophosphines; b) synthesis of aminophosp®8iefrom the corresponding free amine.

As depicted in Scheme 51;isoleucine-,L-tertleucine-,L-phenyl alanine basell- acyl
aminophosphines could be easily accessed from dhrespondingN-Boc protected amino

alcohols in four synthetic steps. The amino alcslf@14- 216 were initially subjected t@-
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mesylation using MsCI2(17-219, followed by treatment with potassium diphenylgploine
yielding the boc-protected aminophosphin220:223. The boc-protected aminophosphines
on treatment with TFA yielded the free amin283-225) which were subjected to treatment
with various acid chlorides or anhydrides resultingp) acetyl-protected226-228; b) 3,5-
(bistrifloromethyl)benzoyl protected26, 229-23p and lastly c) 3,5-diflorobenzoyl196)
protected aminophosphines. Thiourea protected grhmephine231 was obtained by treating
the corresponding free amin22@ with 3,5-bistrifloromethyl phenyl isothiocyanas¢ room

temperature in DCM as solvent.

o d —OH
sg\ 2 equiv \A 0 LAH (1 2 equiv )\AN

CSA
BOC 233 234

232 .
MsCI (1.3 equiv)

EtsN (2 equiv), DCM
O Cl

)YPth /é\ (1 equiv) /OMs
HN.__O OH
FaC CF, a) KPPh, (2 equiv) \A
/'\ﬁPth - —<
- NH, b) 4M HCl in THF 7\
F3sC

CF; Et3N (1.5 equiv)
237 236 235
RCI
Imidazole, DMF
OR

)\‘/\Pth

HN.__O
? 238, R- TIPS
239, R - TBDPS
240, R - TBS
F4C CFs,

Scheme 52- Synthetic procedure for the synthesis-tiireonine based aminophosphines.

The L- threonine based aminophosphines were synthesazedrding to the procedure
depicted in Scheme 52. Commercially availaNkBoc-L-threonine methyl este282) was
treated with methoxypropene in the presence of tamgsulphonic acid yielding the
oxazolidine ring 233, which was subjected to LAH reduction followed byesylation
furnishing the mesyl protected oxazolidine alcof®34) *'°. Compound34was treated with
potassium diphenyl phosphine followed by treatmerth 4M HCI in THF vyielding the
aminophosphin€36. The free amine 236 was subjected to amide protection with 3,5-
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(bistrifloromethyl) benzoyl chloride yielding amipbosphine Z37), followed byo-silylation
with varied acid chlorides providing aminophospisigga8- 240

Following the synthetic procedures stated in Sché&hend 52 a small library of amino-

phosphines was synthesized as depicted in Scheme 53

B b)
A PP,
NHR PPh,

L- isoleucine based aminophosphines NHR
223 R-H L- pheny! alanine based
220, R - Boc aminophosphines
226, R - Acetyl 221, R - Boc
206, R - 3,5-(bistrifloromethyl)benzoyl 227, R - Acetyl
196, R - 3,5-diflorobenzoyl 229, R - 3,5-(bistrifloromethyl)benzoyl
231, R - 3,5-(bistrifloromethyl)isothiocyanate
¢) g F QR
NHR N
L- tertleucine based aminophosphines o %gg E : '|I—'|IPS
222, R - Boc 239, R - TBDPS
228, R - Acetyl FEF 240,R - TBS

230, R - 3,5-(bistrifloromethyl)benzoyl
L- threonine based aminphosphines

Scheme 53 Amino acid derivedN-acyl aminophosphines.

3.3.3 Asymmetric [4+2] annulation of 3-cyano chromne with allenoate
175a catalyzed by amino-acid derived phosphines.
The catalytic efficiency of the amino-acid derivptdosphines (Scheme 53) for the [4+2]

annulation between 3-cyano chromone and allend@fa was studied and the results are
presented in Table 8. The reactions were performigd 10 mol% of catalyst in DCM

(resulting in 1M concentration of the reaction ranef) at room temperature for 24h.

The influence of differentN-protecting groups (Brgnsted acid moieties) on [#e2]
annulation was examined with catalysts derived froimsoleucine. Phosphines with free
amine group (Table 8, entry 1) and strong hydrdgmmd donating group ie thiourea (entry 2)
failed to provide sufficient activation for the otimn and no [4+2] produ@13 was formed.
Phosphines with less acidic acetyl (entry 3) antbroate (entry 4) groups were found to be
better catalyst yielding the [4+2] add@&&3 with good enantioselectivites but poor yields and
diastereoselectivities. Aminophosphir#9§) bearing the 3,5(bistrifloromethyl)benzoyl group
(entry 5) turned out to be the best in the groumifihing the cycloaddu@13 in moderate
yield (52%) and diastereoselectivity (1: 3.5) buthwexcellent enantioselectivity (93%).

Examination of catalysts with other chiral back ésrsuch as-phenyl alanine (entries 7-9),
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L-tertleucine (entries 10-12), did not result in any ioyament. It appears that the
3,5(bistrifloromethyl)benzoyl group (entries 9 ah2) is a more efficienN-protecting group
as compared to the carbmate (entries 7 and 10gneeiyl (entries 8-11). Among the three
aminophosphines derived catalystsodeucine (entry 5206), L-tertleucine (entry 12230
andL-phenyl alanine (entry 229 bearing the 3,5-(bistrifloromethyl)benzoyl groupe one
with L-isoleucine chiral backbon2@6) was found to be the best catalyst in this asymimet

[4+2] annulation reaction.

Table 8 — [4+2] annulation catalyzed by amino-aciderived phosphines.

Entry Catalyst (10 mol%) Yield® % (minogrrbnajor) e€ (%)
1 223 NR - -
2 231 NR - -
3 226 29 1:1.7 87
4 220 30 1:1.2 72
5 206 52 1:3.6 93
6 196 60 1:35 91
7 221 <15 ND ND
8 227 29 1:15 85
9 229 32 1:2 89
10 222 25 1:1 57
11 228 30 1:1.2 63
12 230 55 1:3 93
13 238 NR - -
14 237 83 1:35 95

2isolated yield of product 213Determinedvia '"H NMR analysis of the crude poddagnantioselectivity of the
major diastereomer was determined by chiral HPLC.

o-silylated (TIPS).-threonine based phoshine amide (entry2B®) that also supported by the
3,5-(bistrifloromethyl)benzoyl group turned outlie the most effective catalyst yielding the
[4+2] cycloadduct with excellent enantioselectivi{95%) and enhanced yield (83%).
Unfortunately the reaction still suffered from podiastereoselectivityL-threonine based

phoshine amide with a free —OH group (entry 237) failed to catalyze the above [4+2]

annulation reaction.
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3.3.4 Effect of solvent on the [4+2] annulation.

A catalyst screen in the earlier section revealethreonine based phosphine amida&§j to
be the most effective catalyst for the above animiayielding the [4+2] addu@13in good
yield and with excellent enantioselectivity, bufanunately the reaction suffered from poor
diastereoselectivity. In order to improve the dasbselectivity of the above reaction
(Scheme 50) the effect of solvents on the aminguos 238 catayzed [4+2] annulation was
investigated. The reaction was stirred at room tmatpre for 24 h, with 1 M concentration of

the reaction mixture.

Table 9 — Effect of solvent on the [4+2] annulatiocatalyzed by aminophosphine 238.

Entry Solvent Yield® % (minogrr:ajor) e€ (%)
1 CH.CI, 83 1:35 95
2 THF 51 1:5.6 93
3 Toulene 43 1:45 97
4 Ether <20 1:1.8 ND
5 1,4-dioxane 81 1:11 96.7
6 Ethyl acetate 35 1:4.8 93

2isolated yield of product 213Determinedvia '"H NMR analysis of the crude poddagnantioselectivity of the
major diastereomer determined by chiral HPLC.

As depicted in Table 9, non-polar solvents sucb@M (entry 1), toluene (entry 3) and 1,4-
dioxane (entry 5) resulted in better yields, eras#iectivities and diastereoselectivities as
compared to polar aprotic solvents such as THRy&)tand ethyl acetate (entry 6). The most
prominent effect was displayed by 1,4-dioxane whigflded the [4+2] adduct in excellent
enantioselectivity of 96.7%, high vyield (81%) andnportantly with very high

diastereoselectivity (1:11).

With solvent playing an important role in the réat the effect of solvent concentration on
the [4+2] annulation reaction was studied as degdiat Table 10, in the presence of 10 mol%

of catalyst238at room temperature for 24 h.
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Table 10 — Effect of solvent concentration on the4f2] annulation catalyzed by
aminophosphine 238

drP

. - ag o
Entry Molarity Yield % (minor: maijor) ee (%)
1 1M 81 1:11 96.7
2 2M 72 1:11 96.6
3 05M 61 1:11 95

2jsolated yield of product 218 Determinedvia '"H NMR analysis of the crude podiagnantioselectivity of the
major diastereomer determined by chiral HPLC.

All the earlier optimizations were carried out aMlconcentration of the reaction mixture,
increasing the concentration to 2 M (entry 2) ocrdasing the concentration to 0.5 M (entry
3) in both the cases resulted in a drop in thedyadlthe [4+2] annulation product without
affecting the diastereo- and enantioselectivitynég¢efurther studies were performed with 1 M
solvent concentration of the reaction mixture. Bilegly addition of molecular sieves 3A to
the reaction mixture in entry 1 Table 10 resultedmn increase in the yield (93%) of the [4+2]

adduct213without any change in the enantio- and diasteteuteity.

3.3.5 Effect ofo-protecting groups (on theL- threonine based phosphine
amide) on the [4+2] annulation.

0 \EOE
CN CO.Et  catalyst (10 mol%) CO,Et
e sas
0 COEt  RT.1.a-dioxane, 24h o
168a 175a 213
F OTIPS OTBDPS OTBS
F
F )YPth £ PPh2 Pth
NH
Catalyst:-
o)
F F F
238 d 1 10 d 1 10
. 1. r: r:1:
egr_' ;6 1710/ ee —95% ee —95%
Vield - 81% Yield — 84% Yield — 83%

Scheme 54~ Effect ofo-protecting groups (on- threonine based phoshine amides) on the [4+2]latian (ee
is depicted for major diastereomer and was detexthirsing chiral HPLC).

As depicted in Scheme 54, all tlesilylatedL- threonine based phoshine amides bearing the
3,5-(bistrifloromethyl)benzoyl group were equallffeetive and yielded the [4+2] adduct in

excellent enantio-and diastereoselectivity. Thectreas were performed in 1,4-dioxane
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(resulting in 1M concentration of the reaction rape), with 10 mol% catalyst loading at

room temperature for 24 h in the presence of 3Aemdbr sieves.

In accordance with the above results reaction ¢mmdi for the enantioselective [4+2]
annulation of 3-cyano chromones with allenoates @sablished. According to the reaction
protocol, 3-cyano chromone and 10 mol% of the gat&38in the presence of 3dolecular

sieves were dissolved in 1,4-dioxane (resultin@ M concentration of the reaction mixture),
followed by addition of 1.3 equiv of allene esfigfbato the reaction mixture. The reaction
mixture was stirred at room temperature for 24 dewnan inert atmosphere yielding the

desired [4+2] addu@13 which could be purified using silica gel coluntir@matography.

3.3.6 Scope of the asymmetric [4+2] annulation.

Having established the optimal conditions for the€Z] annulation reaction, the generality and

scope of this reaction was explored.

3.3.6.1 Synthesis of 3-cyano chromones

Differently substituted 3-cyano chromones were Isgsized according to the procedure
depicted in Scheme 55, wherein various 2-hydroxgt@ahenones were subjected to a
Vilsmeier-Haack reaction with DMF and PQGIit OC, followed by addition of hydroxyl
amine hydrochloride to the reaction mixture at ro@mperature yielding the corresponding

3-cyano chromones in moderate to good yiétds

R" O R" O
Rb\){ a) DMF/ POCl; Rbf‘j/CN
|
R3 OH b) NH,OH.HCI R® 0
241 242
: o R OL8
| | (1]
(o) O F (@) (@)
243 244 245 246
(51 %) (57 %) (55 %) (69 %)
F O 0 0
| |
0 0 0
247 248 249
51%) (50 %) (45 %)

Scheme 55- General procedure for the synthesis of 3-cydmomones, isolated yields in brackets.
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The reaction tolerated electron withdrawing substits 244, 245, 24y and electron
donating substituent®46, 248, 24pat positions B R?and R yielding the desired 3- cyano
chromonef42in moderate yields.

3.3.6.2 Synthesis ad-substituted allenes.

o-Substitued allene esters were prepandd a Wittig reaction between triphenyl

phosphonium sal50and an acid halid251 as depicted in Scheme 56.

COR' CHCl3 N J: 2.2 eq Et3N —c R
_ =
PhsP * '\R reflux PhsP” “COR" 4 4 eq Acm CO.R!
CH,Clp, RT
X-Br, | 252 2> 253
250 251
CO,Et CO,Me CO,CH,Ph CO,'Bu
=C =C =C =C=(_
CO,Et CO,Et CO,Et CO,Et
175a 254 255 256
(70%) (69%) (65%) (60%)
CO,Et Ph _ NO
=C =c ~ o =C 2
CO,'Bu CO,Et gse 2 t CO,Et
257 258 47%) 260
(59%) (54%) ° (63%)

Scheme 56 General procedure for the synthesis of alleisedated yields over 2 steps in brackets.

The reaction tolerated variations at positions B BN yielding the desired allené53 in

good to moderate yields.

3.3.6.3 Scope of the asymmetrip4+2] annulation reaction: Employing
substituted electron deficient chromones.

1
) R' o R" o o COE
R | CN CO,Et 10 mol% 238 R? CO,Et
+ =C >
R3 o) COzEt 1,4-dioxane (1 M), R3
R4 175a RT, 24h, 3A° MS R

Scheme 57 Scope of the reaction using varied cyano chrason

65



Results and Discussion

Table 11 — Scope of the [4+2] annulation with vargéchromones.

Entry Product  R® R? R R Yioe/;da (minogr;ajor) e (%)
1 213 H H H H 03 8: 92 96
2 263 H F H H o1 10: 90 95
3 264 H cl H H o1 9:91 96
4 265 H Br H H 92 9:91 96
5 266 H Me H H 81 20 : 80 93
6 267 H  CH(CH), H H 80 25 : 75 86
7 268 H OMe H H 60 20 : 80 96
8° 269 Benzene H H 81 16: 84 91
9 270 H H Me  H 83 16 : 84 91
10 271 H H F H 89 16 : 84 96
11 272 H cl Me  H 89 16 : 84 95
12 i F H H H NR i i
13 i H cl H cl NR i i

2 isolated yields of produc62 (both the diastereomers togethéreterminedvia '"H NMR analysis of the
crude poduct§,enantioselectivity of the major diastereomer watednined by chiral HPLC® 20 mol% of
catalyst238at RT for 48h715mol% of catalysp38at RT for 48h.

A careful study of the scope of the reaction withri®d cyanochromones revealed the
following (Table 11), in general substrates bearglgctron withdrawing and donating
substituents on the phenyl ring of the chromonddgie the [4+2] adducts with excellent
enantoselectivities and yields. The C-6 positiorthef chromone ring (ie 4 showed good
tolerance for both electron donating and withdrawisubstituents. While the electron
withdrawing substituents at?Table 11, entries 2-4) vyielded the [4+2] adductgxcellent
yields, as well as enantio-and diastereoseleasitihe electron donating counterparts (entries
5-6) showed a loss in yield and diastreosoelegtiitresence of highly electron donating
substituents at Rlike methoxy (entry 7) and naphthalene based cydmomones (entry 8)
required higher catalyst loading (20 mol% and 13%noespectively) and longer reaction
times (48h for both at room temperature), yieldihg corresponding cycloadducts with
excellent enantoselectivities and in moderate giedahd diasteroselectivites. Heating the

reaction mixture to 5 for 24h did not show any improvement in eithee ¥ields or
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reaction times in both the cases. Such resultsyirti@ importance of having sufficiently
electron deficient chromones that can behave asdéicacceptors. Electron donating (entry
9) and withdrawing substituents (entry 10) at Céaition on the chromone ring (ie®R
behaved similarly yielding the [4+2] adduct in gogdlds and diastereoselectivites and with
excellent enantioselectivities. Suprisingly eleotraithdrawing substituents at 5 and 8
positions (Floro and chloro group respectively)ttd chromone ring ie 'Rand R failed to
provide the the [4+2] annulation product. Heatihg treaction mixture uptill 8C also

showed no effect on the reaction in both the cases.

3.3.6.4 Scope of the asymmetr{d+2] annulation: Employing e-substituted

allene esters.
With an established scope of the [4+2] annulatidth waried cyanochromones, the feasibility

of the [4+2] reaction was checked with differenthgubstituted allenes as depicted in Scheme
58.

0]

O — ,
CN LR 10 mol% 238 g COR’
S R O
o B CO,R' 1,4-dioxane (0.1 M), o B

RT, 24h, 3A° MS Y
168a 253 273

<

Scheme 58- [4+2] annulation of cyano chromone with diffelgni-substituted allenes.

All the synthesized allenes as in Scheme 58 alatiy 3vcyano chromone were subjected to

[4+2] annulation using the optimized reaction cdiodi as depicted in Table 12.

Employing various allenoates (Table 12, entries) If5the [4+2] reaction with 3-cyano
chromone resulted in the desired addu@83 in good vyields and with excellent
enantioselectivities. Increase in the stearic lmilkhe substituents on the ester moiety led to
slightly lower diastereoselectivity (entry 3, 4 afda-benzyl allene ester (entry 6) as well as
a-methyl allene ester (entry 7) in the reaction wBtleyano chromone failed to provide the
desired [4+2] adducts. Heating the reaction mixtar8C or increasing catalyst loading had
no effect in both the cases. Lastly an electrorr poomatic ringp-NO,Ph (entry 8) in place of
the ester moiety at thepostion of the allenoate resulted in low yieldtloé cycloadduc278
(determinedvia NMR) with almost no diastereoselectivity. Theseutessled to the following

conclusions; presence of an electron-poor moi&ty din ester group at tfié-position of the
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allenoate increases steric hinderance at thatipogiius favours the-addition to the C-2
position of the chromone. Secondly presence of sker ggroup increases the acidity of the
B"proton and thus facilitates the reaction discotwgerds cyclization by attack of chromonyl

enolate on th@ -postion of allene (Scheme 59, mechanism).

Table 12 — Scope of the [4+2] annulation with alless.

Entry Product R R* Yield® % (mino?:rrbnajor) e€ (%)
1 213 CO.Et COJEt 93 8:92 96
2 274 COMe COEt 88 10:90 96
3 275 CO,Bn COEt 91 14 : 86 97
4 276 CO,Bu COJEt 89 14 : 86 96
S) 277 CO.Et CO,Bu 85 16 : 84 94
6 - Ph CO,Et NR - -
7 - H CO,Et NR - -
8 278 p-NO,Ph CQEt <15 46 : 54 ND

3solated yields of both the diastereomers toget@@®), ® Determinedvia 'H NMR analysis of the crude
poducts’ enantioselectivity of the major diastereomer daieed by chiral HPLC.

3.3.7 Absolute configuration of the [4+2] annul@gon product 264 (major
diastereomer)

The absolute configuration of the annulation prasluwas unambiguously assigned by
determining the X-ray crystal structure of thejonadiastereomer 0264, formed in the
reaction of 6-Cl-3-cyanochromone and allene e%#a catalyzed by 10 mol% of amino
phosphine238
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23
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Figure 8 - Absolute configuration of molecuk64

The Crystals of compoun®64 were obtained by dissolving 20mg of the compo@6d in
0.5ml of DCM + 0.5ml of isohexane + 0.05mligbropanol. The solution was left to stand in
a quiet corner for the solvent to evaporate slaavigt yield the desired crystal.

3.3.8 Proposed mechanism for the [4+2] annulation

The first step of the annulation reaction involtee formation of the phosphonium enolate
279 by the nucleophillic addition of the aminophosghto allenel75a A y-addition of the
dienolate speci279to the electron deficient chromone rih§8aleads to the formation of the
zwitterionic specie280. In light of previous studie¥™ 1% 133 possible transition state for
intermediate280is proposed in Scheme 60. The stabilization ofithesition state is assisted
by hydrogen bonding interaction between the amitiedlthe catalyst and the enolate and a
P-O interaction. Asi-face attack by the dienolate on the chromone ieped (TS-3, Scheme
60) to avoid the stearic bulk of the triisopropybgp (catalyst backbohas well as the two
phenyl rings on the phosphine (TS-2 and 1, Sche@)e TBvo consecutive proton transfer
steps shuffle the proton on tif§e-carbon to theB-carbon leading to the formation of an
allyphosphonium zwitterionic spec283. A conjugated addition of the chromonyl enolate
followed by B-elimination of the aminophosphine furnishes the2lcycloadduct213 in
excellent enantio-and diastereoselectivity (96%reddr - 1:11 respectively).
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p

Y B COQEt
=Cc=a
CO,Et
175a
213 PR3

238

Rp Fcok

® o
R:P  COLE
279 1)

Proton transfer

PPh,
HN_O
PR;= 238
Proton

transfer
F3C

CO,Et

TS-1 not favored TS-2 not favored

larger groups
not tolerated

— TS-3 favored

Scheme 60- Possible transition state 280
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3.3.9 Feasability of the [4+2] annulation with 3nethyl ester chromoneand
allene ester 175a

After studying the [4+2] annulation with variousc@ano- chromones, the feasibility of the
reaction with 3-methyl ester substituted chromoB84) as depicted in Scheme 61 was

checked

The 3-Methyl ester chromon2&4) with allenoatel 75awas subjected to the [4+2] annulation
using the optimized reaction conditions for 3-cy@hoomones. The reaction resulted in very
low vyield of the [4+2] cycloadduct286 (<20%, determinedvia NMR) with no
diastereoselectivity (1: 1.5).
(]
2
0 O O CO,Et

(@]
CO,R :
| = COEt 40 mol% 238 COEt
+ =C
o CO,Et o

1,4-dioxane (0.1 M),
RT, 24h, 3A° MS
R = Me, 284 175a R = Me, 286
R = Ethyl, 285 R = Ethyl, 287

Scheme 61 [4+2] annulation between 3-methyl ester chromame: allenoaté75a

Increasing catalyst loading to 20 mol% or heatimg teaction to higher temperatures®@®0
and 80C) showed only slight improvement in the yieldstloé reaction. Attempts with few
more aminophosphines  with  different chiral backlsneand having the
3,5(bistrifloromethyl)benzoyl group as tieprotecting group 206, 229, 23Pand also the
ones derived from-isoleucine having differeni-protecting groups20, 226, resulted in
low or trace amounts of the [4+2] add&®6. The feasibility of the [4+2] annulation in
different solvents in the presence of 10 mol% ofrenphosphine238 was checked. Only in
case of DCM as solvent the reaction showed aro®™do-yield (determinedia NMR) but
with no diastereosectivity (1: 1). Lastly usingygtbster chromone2@5 with allenoatel 75a
for the [4+2] annulation also showed similar resulike the methyl ester substituted
chromone. Although its difficult to predict the sauof the low reactivity of the ester
substituted chromonex84-285as compared to cyano substituted chromones, wenasthat

in a highly packed transition state of the com@®8g (TS-3, Scheme 60) does not prefer any
bigger group that sterically interacts with tlresubstitution on the allene ester resulting in

very low yield of the product.
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3.4 Summary

In summary, an enatioselective [4+2] annulationctiea between electron deficient and
differently substituted 3-cyano chromones andubstituted allenoates catalyzed by amino
acid derived phosphine catalyst was developed. réhetion yielded enantiomerically pure
tetrahydroxanthones supporting three consecutivealckenters including an all carbon
guaternary center. A small compound collectioncfelhg the optimized reaction conditions

was built and shall be explored for its biologipaebperties.
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4.1 Summary

Natural product inspired compound collections enmybsttuctural scaffolds derived from
biologically relevant and prevalidated fractions afemical structure space explored by
nature. These structural scaffolds are also refetoeasprivileged given the fact that the
number of structural motifs of protein and natysedducts is limited. The probability that
compound libraries inspired by natural productd| ke biologically relevant is high and is
also a viable guiding principle for the identificat of small molecules for chemical biology
and medicinal chemistry research.

This present work addresses the synthesis of congpbloraries inspired by natural product
scaffolds. The synthesis of a small library of iledderived indoloquinolizine and related
scaffolds and the synthesis of an asymmetric comgowollection based on the

tetrahydroxanthone scaffold was developed.

A compound library based on indole derived indoloqtnolizine and related scaffolds.

In view of the importance of the indoloquinolizirseaffold and related analogs like the
harmicine scaffold as biologically active heterdoydemplates which occur widely in the
alkaloid world, a two-step reaction sequence waasdd, which involves a Pictet-Spengler
cyclization followed by a Au(l) catalyzed intramolg¢ar hydroamination reaction of
acetylenes to access the desired indole derivdtbktsa(75, 102, 13h

The synthesis of the indoloquinolizine scaffalé, was achievedriia a two-step protocol,
wherein acteylenic aldehydes2] and tryptamines/(l) cyclized in a Pictet-Spengler reaction
catalyzed by (10 mol%) of Yb(OT)n the presence of ionic liquid [bmim]CI-Alg(0.32 ml/
mmol of tryptamine) yielding the corresponding aétydrog-carbolines 73). Treatment of
the pure adducts/3 with (10 mol%) of the gold catalys¥ afforded the desired
indoloquinolizines 75 (Scheme 62). The reaction showed tolerance for and alkyl
substituents on the acetylene yielding the cormedipg indoloquinolizine§'5 in moderate to
good yields. Notably electron poor tryptamines l&ehloro tryptamine {10 that are poor
substrates for the Pictet-Spengler cyclization glstwled the desired indoloquinolizin@g) in

moderate yield under the conditions of the develgmetocol.
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With encouraging results with indoloquinolizing%), the utility of this two-step protocol for
the synthesis of hexacyclic indoloquinolizinel0? (Scheme 62) was examined. Herein
acetylenic isatins90) and tryptamines7(l) were subjected to Pictet-Spengler cyclization in
the presence of 1 equiv of TFA yielding the desiféctet-Spengler adduct&@0), which on
treatment with (10 mol%) AuCI(SME yielded the desired hexacyclic indoloquinolizines
(202 in good yields over two synthetic steps. Onlycase of 5-chloro tryptaming 1o the
Pictet-Spengler cyclization with TFA resulted inryw@oor yields ofL15 and hence resorting
to Ytterbium catalysis resulted in moderate yiedfld 15 (57%). The reaction in this case also

showed good tolerance for varied aryl and alkylssitieents on the acetylene.

R1
Yb(OTf3) (10 mol% ) NH
R! [bmim]CI.AICI5 (50 mol% ) O N CatY(10 mol %)
= = 2
DCE, RT
DCM, MW, 120°C, 1h O CE. 75
CI) 73 ( 6-endo-dig mode )
72 Yields - (35% - 46%)
R1
0
R1
o F I
R NH, N O AUCI(SMe;) (10 mol%)
N\ 99 \ \ NH AR VTR
N {I{o O DCE, RT
7 H TFA (1 equiv), N 102
Toulene, 50°C , 24h 100 ( 6-endo-dig mode )
Yields - (34% - 62%)
(@] Me
=
H 77, A CatY (10 mol%), R
R NH .
131 A \\ DCE, 80°C, MW, 1h
N 2
H N

Yb(OTf3) (10 mol% ) 135
[bmim]CI.AICI5 (50 mol%) 132 o
(major diastereomer)

Yields - (49% - 70%)

4 SbFe

N
Catalyst Y- \
4 O Alsu,tBu

Scheme 62- Three different indole based scaffold$,(102, 13pwere synthesized, a) the yields are depicted

over two reaction steps for scaffold® and 102, b) the yields depicted for scaffold35 are for the gold
catalyzed polyclization cascade step.
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In view of generating polycylic indole scaffoldstlvinigher structural complexity acetylenic
aldehyde of type 31 with tryptamines/1 were employed in the devised two-step protocol.
The Pictet-Spengler cyclization between substrd@s and 71 catalyzed by (10 mol%)
Yb(OTf)s in the presence of ionic liquid [bmim]CI-Al€(0.32 ml/ mmol of tryptamine)
yielded the tetrahydrg@-carbolines 132) tethered to a 1,5 enyne witB){ configured alkene.
The designed substrat&32 on treatment with gold cataly$t (10 mol%) underwent a double
cascade polycyclization yielding harmicine analbdgS as a mixture of diastereomers in good
yields (Scheme 62). The reaction tolerated bothctele donating and withdrawing
substituents on the indole ring of the tryptamine.

In conclusion a two-step catalytic reaction seqeewnas developed to afford indole derived
indoloquinolizines T5) and hexacyclic indoloquinolizine scaffolds0@). A Au(l) catalyzed

cascade polycylization gave efficient access topiermanalogs of the harmicine alkaloid

(135.

N-acyl aminophosphine catalyzed asymmetric [4+2] armutation of allenoates and 3-
cyanochromones yielding enantiomerically pure tetraydroxanthones.

The wide occurrence of the tetrahydroxanthone akhffin nature and among
pharmacologically active compounds, as well asptiedound biological activities showcased
by the optically active tetrahydroxanthone derwegiinspired the development of a synthetic
methodology that offers an easy stereoselectivesacto this class of compounds. We relied
on an organophosphine mediated [4+2] annulatiorwdsst electron deficient cyano
chromones andu-allene esters yielding the desired optically actitetrahydroxanthone
scaffold 89).

Initially electron deficient 3-cyanochromorié8aanda-allene estedl75awere treated with
various chiral organophosphines for catalyzing [#€2] annulation. Amino acid derived
aminophosphine206) was found to be effective in catalyzing the [4-8Phulation affording
the desired tetrahydroxanthone scaff@d3) as two diastereomer¥he asymmetric version
of the [4+2] annulation yielded both diastereomas44+2]y-addition products similar to the
ones in the racemic version of the reaction (detexdvia NMR), however with a reversal of
preffered diastereoselectivity. A small library aminophosphines was synthesized and
screened for their catalytic efficiency in the [44ghnulation between 3-cyano chromone

168a and allenoate 175a L-threonine derived aminophosphine238 with
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3,5(bistrifloromethyl)benzoyl group as theprotecting group was found to be most effective
in catalyzing the [4+2] annulation reaction afferglithe [4+2] adduc{213 in excellent
enantioselectivity (95%) and yield (83%) but withoderate diastereoselectivity (1: 3.5) in
DCM as solvent. Solvent played an important rolemnproving the diastereoselectivity of the
reaction, wherein carrying out the [4+2] annulationl,4-dioxane (1M concentration of the
reaction mixture) afforded the [4+2] add®&13 in excellent enantioselectivity 96.7%, high
yield (81%) and most importantly with very high sliereoselectivity (1:11) (Scheme 63).
Lastly addition of 3A molecular sieves to the réactmixture further improved the yield to

93% without any change in enantio- and diasterecseity.

0 238 O L PO:E ',:: /'\A/\PHZ

CN CO,Et 10 mol% CO,Et
QL™ =™ e oy :
O COZEt O\’ O

RT, solvent (1M), 24h

168a 175a 213, major diastereomer

DCM - Yield - 83%, ee — 95%, dr: 1: 3.5
1,4-dioxane - Yield - 81%, ee — 96.7%, dr : 1: 11

Scheme 63— [4+2] annulation catalyzed by chiral aminophasph238 in different solvents, the
enantioselectivity of the major diastereomer wasmined by chiral HPLC.

With an optimized reaction condition for the [44&]jnulation, the scope of this reaction was
investigated. Initially differently substituted eyachromoneg261) were employed for the
[4+2] annulation with allenoat&75a The reaction showed good tolererance for electron
donating and withdrawing substituents &t(R-6 position) and R(C-7 position) position on
the chromone, yielding the [4+2] addu289)in excellent yields and enantioselectivities and
with good to moderate diastereoselectivities (S&héd). Electron withdrawing substituents
at position R and R failed to provide the desired [4+2] adduct. Nexsubstituted allene
esters 288 were tested for the [4+2] annulation with cyariwomone (689 yielding the
[4+2] adducts(289) in good yields and excellent enantioselectivitiés.slight drop in
diastereoselectivity was observed with increasthénstearic bulk of substituents on the ester
moiety (R and . a-benzyl ando-methyl allene esters failed to provide the debsirer2]
adduct289
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R' o ,
R% CN /R 10 mol% 238
| + = < ] -
R3 o) P COR 1 4-dioxane (1 M),
R* 288 RT, 24h, 3A°MS
261 175a , R = CO,Et 289 (major diastereomer)
168a-R', R2 R% R*=H RS = Et Yields - (60% - 93%)

ee - (91% - 97%)

Scheme 64 [4+2] annulation with differently substitutedc$ano chromones angtsubstituted allene esters,
the enantioselectivity of the major diastereomes determined by chiral HPLC.

In conclusion we successfully developedNacyl amino acid derived asymmetric [4+2]
annulation reaction between differently substitudyano chromones andsubstituted
allenoates, affording enantiomerically pure tetdabyxanthones supporting three consecutive

chiral centers including an all carbon quaternanyter.
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4.2 Zusammenfassung

Von Naturstoffen inspirierte Substanzbibliothekerkarporieren biologisch relevante und
pravalidierte Bereiche des chemischen Strukturrauba die Anzahl an natirlichen
Strukturmotiven von Proteinen und Naturstoffen kegt ist, werden die Grundgeruste
solcher Substanzbibliotheken alsvilegiert bezeichnet. Die Wahrscheinlichkeit, dass die von
solchen privilegierten Grundgerusten inspiriertarbsanzbibliotheken biologisch relevante
Wirkung zeigen, ist hoch. Somit ist die Synthese n vanaturstoffinspirierten
Substanzbibliotheken ein leistungsfahiges Prinzyy #entifikation biologisch aktiver
niedermolekularer Substanzen fur die chemische oBiel und die medizinalchemische

Forschung.

Die vorliegende Arbeit beschaftigt sich mit der #wse von solchen naturstoffinspirierten
Substanzbibliotheken. Sie beschreibt die Syntheseer e kleinen Indol-basierten
Indochinolizin-Bibliothek und verwandten Grundgeadis und die Synthese einer

asymmetrischen, auf dem Tetrahydroxanthongerugtieaslen Substanzkollektion.

Eine auf dem Indolgerust basierende Substanzbiblibek von Indolochinolizinen und

verwandten Strukturen.

Im Hinblick auf die biologische Relevanz des Inddloinolizingerists und verwandter
Analoga wie Harmicin als aktive heterozyklischeu&turen mit weiter Verbreitung in der
Welt der Alkaloide wurde eine zweistufige Reaktseguenz zum Aufbau dieser Strukturen
(75, 102, 13% entwickelt. Diese beinhaltet eine Pictet-Spenglgklisierung, gefolgt von
einer Au(l)-katalysierten intramolekularen Hydroamrung von Acetylenen.

Das Indolochinolizin75 wurde in zwei Stufen erhalten, wobei acetylenisAlsehyde 72)
und Tryptamine {1) durch eine Pictet-Spengler Reaktion unter Yb(@Kftalyse (10
mol%) in Anwesenheit der ionischen Flussigkeit [MCI-AICI; (0.32 ml/mmol des
Tryptamins) zu Tetrahydrf-carbolinen T3) zyklisiert wurden. Behandlung der
aufgereinigten Produkt@3 mit 10 mol/% des Goldkatalysato¥s fuhrte zum gewinschten
Indolochinolizin 75 (Abbildung 62) in moderater bis guter Ausbeute. Reaktion tolerierte
sowohl Aryl- als auch Alkylsubstituenten am Acetyléduch elektronenarme Tryptamine wie

5-Chlorotryptamin 710, die nur schlechte Substrate fur die Pictet-Sgngyklisierung
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sind, fuhrten zum gewtnschten Indolochinoliz8b)(in moderaten Ausbeuten unter diesen
Bedingungen.

Aufgrund der erfolgreichen Synthese von Indolochmmeen (75) wurde die oben dargestellte
Reaktionssequenz auf die Synthese von hexazykhsbkiaolochinolizinen 102, Abbildung
62) Ubertragen. Dazu wurden acetylenische Isat®® (nd Tryptamine 1) in der
Anwesenheit von TFA durch Zyklisierung zum gewunenohPictet-Spengler-Produkiq0)
umgesetzt. Dieses fuihrte nach anschlieRender Beimgndiit 10 mol/% AuCI(SMg zum
gewulnschten hexazyklischen Indolochinolizia02 in zwei Schritten und mit guten
Ausbeuten. Nur im Falle des 5-Chlorotryptamins geldie Zyklisierung in Anwesenheit von
TFA nicht und es wurde auf Ytterbiumkatalyse zugegriffen, womit115 in moderater
Ausbeute von 57% erhalten wurde. Auch in dieserh Zeagite die Reaktion grof3e Toleranz

gegenuber verschiedenen Alkyl- und Arylsubstituersia Acetylen.

R1
Yb(OTfs) (10 moL%) R NH /)
R! [bmim]CLAICI; ( 50 molL% ) O N Kat Y (10 mol % )
N

- VO e
DCM, MW, 120°C, 1h DCE, RT
0 73 ( 6-endo-dig Modus )

72 Ausbeuten - (35% - 46%)
R % O \ | | AUCI(SMe2) ( 10 mol% )
N DCE, RT
H
71 TFA 1 aq 102
Toluol, 50°C , 24h 100 ( 6-endo-dig Modus )
Ausbeuten - (34% - 62%)
O Me
¥
HM : \H Kat'Y (10 moL% ),
131 N ) \\ DCE, 80°C, MW, 1h
N 2
H '3

Yb(OTf3) (10 moL% )

[bmim]CLAICI; ( 50 moL% ) 132 135
(Hauptdiastereomer)

Ausbeuten - (49% - 70%)

i SbF6

N
Kat Y-
O Abu/ tBu
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Abbildung 62 — Drei im Rahmen dieser Dissertation hergestéfitol-basierte Strukturen
(75, 102, 135, a) Ausbeuten fur5 und 102wurden Uber zwei Stufen, b) Ausbeuten I35
nach der goldkatalysierten Zyklisierung.

Um polyzyklische Indolstrukturen mit hoherer studeler Vielfalt herzustellen, wurden
acetylenische Aldehyde des TydS81 mit Tryptaminen des Typ§1l den entwickelten
Reaktionsbedingungen unterworfen. Die Pictet-Spangyklisierung vonl31 und 71 fihrte
unter Yb(OTf} —Katalyse (10 mol/%) in Anwesenheit der ionischéiissigkeit [bmim]CI-
AICI3 (0.32 ml/ mmol Tryptamin) zu dem mit einem 1,5 Bmrknipften Tetrahydr@-
carbolin 132 mit (E)-Konfiguration der Doppelbindund.32 vollzog bei Behandlung mit 10
mol% des Goldkatalysatory eine zweifache Polycyclisierungskaskadenreaktiom zu
Harmicinanalogoril35 als Diastereomerengemisch und mit guter Ausbeubbi{@dung 62).
Die Reaktion tolerierte sowohl elektronenziehendks &auch elektronenschiebende
Substituenten am Indolring des Tryptamins.

Zusammenfassend wurde eine katalytische Reaktignese zur Synthese von Indol-
basierten Indochinolizin-76) und hexazyklischen Indochinolizingeruststruktur@2) in
zwei Stufen entwickelt. Eine Au(l)-katalysiertelyayklisierungskaskade erlaubt den Zugang

zu komplexen Harmicinanaloga3b).

N-Acylaminophosphin-katalysierte asymmetrische [4+2Anellierung von Allenoaten

und 3-Cyanochromonen zur Synthese enantiomerenrein@ etrahydroxanthonen.

Da das Tetrahydroxanthongerists in der Natur underumpharmakologisch aktiven
Verbindungen und insbesondere von optisch aktivetrahydroxanthonderivaten weit
verbreitet ist wurde eine Syntheseroute zu entdtickiee einen einfachen stereoselektiven
Zugang zu dieser Substanzklasse ermoglicht. Eingar@phosphin-vermittelte [4+3]-
Anellierungsreaktion zwischen elektronenarmen Cghrmmonen unda-Allenoaten fuhrte

zu dem gewiinschten optisch aktiven Tetrahydroxaugjiuiis289.

Hierbei wurde das elektronenarme 3-Cyanochrorh68a mit dem a-Allenester175a mit
diversen chiralen Organophosphinen umgesetzt. Asdim@basierte Aminophosphine stellten
sich dabei als effektive Katalysatoren fir die [BARnelierung zur Herstellung des

gewilnschten Tetrahydroxanthongeridi8 als Gemisch zweier Diastereomere heraus. Die
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asymmetrische Version dieser Reaktion fuhrte zlduBig beider Diastereomere als [4+42]
Additionsprodukte, ahnlich wie die racemische VangiBestimmung durch NMR), allerdings
unter Inversion der relativen Stereochemie. Zudenrdes eine kleine Kollektion von
Aminophosphinen hergestellt und auf ihre katalytescEffizienz in der beschriebenen
Annelierungsreaktion getestet. Mit demThreonin-basierten, mit 3,5-(Bistrifloromethyl)-
benzoylamid versehenen Aminosphosphz88 konnte das [4+2]-Addukt213 in
Dichlormethan in exzellenter Enantioselektivitanv@b% und mit einer Ausbeute von 83%,
jedoch lediglich mit moderater Diastereoselektiv{tte 3.5) erhalten werden. Die Wahl des
Losungsmittels erwies sich als kritischer Faktarilgdich der Diastereoselektivitat heraus. So
konnte in 1,4-Dioxan (1M Konzentration des Realdgegmisches) eine exzellente
Enantioselektivitat von 96.7%, eine gute Ausbeuten v81% und eine sehr hohe
Diastereoselektivitat von 1:11 erreicht werden. dduZugabe von &-Molekularsieb konnte

die Ausbeute unter Erhalt der Enantio- oder Diasteelektivitat auf 93% gesteigert werden.

OTIPS

0 0 . CO,Et F /K‘/\
238 2 PH
CN CO,Et (10 mol% o CO,Et F N
I o DRG
O COZEt O\’ (@]
F
38

)
RT, Lésemittel (1M), 24h

168a 175a

F
. FF
213, Hauptdiastereomer
2

DCM - Ausbeute — 83%, ee — 95%, dr: 1: 3.5
1,4-Dioxan - Ausbeute - 93%, ee — 96.7%, dr: 1: 11

Abbildung 63 — Durch das chirale Aminophosph#88 katalysierte [4+2]-Annelierung in
verschiedenen Losemitteln. Die Enantioselektiwitétde mittels chiraler HPLC bestimmt.

Die optimierte Reaktion mit Allenoall75a zeigte hohe Toleranz sowohl gegenuber
elektronenziehenden als auch elektronenschiebeBdbstituenten R(C-6 Position) und R
(C-7 Position) des Chromons. Dabei wurden die geefiten [4+2]-Addukte289 in
exzellenten Ausbeuten, guter Enantioselektivitatd ummit guter bis moderater
Diastereoselektivitat erhalten. Mit elektronenzieten Substituenten an der-Foder R-
Position wurde kein [4+2]-Addukt gefunden. In Bezagf verschiedenu-substituierte
Allenoate £88) wurden, dass bei der Reaktion mit Cyanochroi@®agute Ausbeuten bei
exzellenter Enantioselektivitdt erreicht werden. neEi leichte Verringerung der
Diastereoselektivitat wurde in Anwesenheit von Sitdeenten am Ester mit grol3em sterischen
Anspruch beobachtet. Bei Verwendung woiBenzyl- anda-Methylallenestern fand keine
[4+2]-Annelierung statt.
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, R" o N

R CN a/—R 10 mol% 238
| + =C:(7 >

3 0 " B COsR® .

R 1,4-Dioxan (1 M),
R 288 RT, 24h, 3AMS R* 89
261
175a , R = CO,Et Ausbeuten - (60% - 93%)

1 R2 R3 R4=
168a -R', R%, R°, R*=H RS = Et ee - (91% - 97%)

Abbildung 64 — [4+2]-Annelierung mit verschieden substituierB2@€yanochromonen mit-
substituierten Allenestern. Die Enantioselektivitit das Hauptdiastereomer wurde mittels
chiraler HPLC bestimmt.

Zusammenfassend wurde eine asymmetrisbhAcylaminophosphin-katalysierte [4+2]-
Annelierungsreaktion zwischen verschieden substiiem 3-Cyanochromonen und-
substituierten Allenoaten zu enantiomerenreinemahigtiroxanthonen mit drei Stereozentren

entwickelt, von denen eins ein quartares Kohlefetimin tragt.
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5. Experimental Part

5.1 General Methods and Materials

Techniques: All reactions involving air or moisture sensitiv@agents or intermediates were
carried out under argon atmosphere. All the glasswavere dried by heat gun under high
vaccum prior to use. Concentration of the reactinrture was performed under reduced
pressure at 4C at the appropriate pressure. Purified compounei® iurther dried under

high vacuum.

Solvents and reagentsDichloromethane and Triethyl amine was distillednfr Cahb. Dry
acetonitrile, toluene and 1,4-dioxane, diehyl ethed ethyl acetate stored over molecular
sieves were received from Aldrich and Acros anddusghout any further purification. All
other solvents or reagents were purified accordingtandard procedures or were used as
received from Aldrich, ABCR, Alfa-Aesar, Acros, ki and TCI.

TLC: TLC was performed using precoated Merck silicaGeF254 glass plates, detection of
compounds were performed by UV254 light and/or migpnto a solution of KMnO4 (1.5 g
in 400 mL KO, 5 g NaHCQ) followed by heating with a heat gun.

Flash Chromatography: Was performed using silica gel Merck 60 (40-p@), argon
pressure approximately 0.5 bar, eluent is givgpairantheses.

'H-NMR and *C-NMR: Were recorded on a Bruker DRX400 (400 MHz) andkBru
DRX600 (600 MHz), using CDglor DMSO+s or CD,Cl; as solvent. Data are reported in the
following order: chemical shifté) values are reported in ppm with the solvent rasoe as
internal standard (CD€I8 = 7.26 ppm for'H, § = 77.16 ppm for*C), (DMSO4ds: & = 2.50
ppm for *H, § = 39.52 for'3C), (CD:Cly: & = 5.32 ppm for'H, 5 = 53.84 for*C),
multiplicities are indicated br s (broadened sit)jgls (singlet), d (doublet), t (triplet), q
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(quartet), m (multiplet), dd (doublet of doubled},(doublet of triplet); coupling constanty (

are given in Hertz (Hz).

MS: HRMS (ESI): Spectra were recorded on a LTQ Orpitreass spectrometer coupled to
an Acceka HPLC-System (HPLC column: Hypersyl GOBD,mm x 1 mm, particle size 1.9

pKm, ionization method: electron spray ionization.

GC: Were recorded on a gas chromatograph (Agilent 789@olumn DB-5MS) with
downstream mass spectrometer (Agilent 5975 inerivgD)

Microwave Reactions:were performed using CEM Intellivent Explorer 5464machine at
the desired temperature using 300 W power and 1at priessure.

Melting points: Were measured on a melting point device 540 bynBi#dl melting points

are uncorrected.

5.2 Experimental part for chapter 2

5.2.1 Synthesis of indoloquinolizine based indogeaffold

General Procedure 1 (GP1) for the synthesis @kalkynyl benzaldehydes 72.
2-bromobenzaldehyd@3 (1 equiv) was dissolved in & (0.25 M) and the reaction mixture
was degassed for 5 min by argon bubbling. Then(Cuhol%) and PdG(PPh3) (2 mol%)
were introduced and the mixture was further deghfsel0 min by argon bubbling. Finally,
the corresponding alkyr (1.2 equiv) was added and the reaction was statésD °C and
monitoredvia TLC. After completion of the reaction, it was qubed by addition of distilled
water and was extracted by &E (3 times). The combined organic layers were wastdd
brine, dried over MgSO4, filtrated and concentrateder reduced pressure. The crude
reaction mixture was purified by column chromatqima using silica gel with ethyl acetate

and petroleum ether as eluents.
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1
Pd(PPh3),Cl, (2 mol%), R
Br R Cul (1 mol% ) =
= ’
©/} + & Et;N (0.25 M), 50°C |
84

g3 O O 72

General Procedure 2 (GP2) for the synthesis of Pet-Spengler Derivatives 73

To a mixture of the corresponding tryptamine/5-sitilted tryptamine71 (0.36 mmol),O-
alkynyl benzaldehyd&?2 (1.2 equiv, 0.43 mmol) and Yb(O3)f(10 mol%, 22.51 mg) was
added dry DCM (1.2 ml) under an argon atmosphetie stirring, followed by the addition of
ionic liquid [bmim]CI.AICIz (0.32 ml/mmol). The reaction mixture was then sutgd to
microwave irradiation for 60 min at 12C. The crude reaction mixture was directly purified

by column chromatography using basified silica &h methanol and dichloromethane as

eluents.

R R
R NH, Z " Yb(OTfy) (10mol%) R NH

N N [omim]CLAIC ( 50 mol% ) O \

N

N , DCM, MW, 120°C, 1h H O
0
71 72 73

General Procedure 3 (GP3) for the gold catalyzed llyoamination reaction yielding
indoloquinolizines 75.
To a solution of the tetrahydiB-carboline73 (0.1 mmol) in dry DCE (2 ml) under argon

atmosphere was added the gold Cat Y (10 mol%, mg@gp and the reaction mixture was
stirred at RT until the completion of the reactiomonitoredvia TLC. The solvent was
removed in vacuo and the crude reaction mixture puasied by flash chromatography using
silica gel with petroleum ether and ethyl acetatelaents.

R
R1
N\ NH// CatY (10 mol%)
—_—

H

Q DCE,RT
73
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2-(Phenylethynyl) benzaldehyde (85)

od

|

0
Compoundd5 was synthesized according to 61 as a yellowish liquid in 80% yield,:R=
0.55 ( 5% EtOAc/ Petroleum ether ¥ NMR ( 400 MHz, 25 °C, CDGI): & 10.66 ( dJ =
0.8Hz,1H),7.96 (ddl=7.8,1.4Hz,1H), 7.67 - 7.64 (m, 1H ), 7.8555 (m, 3H ), 7.48
—7.43(m, 1H), 7.41 — 7.37 ( m, 3HC NMR (100 MHz, 25 °C, CDG): 6 191.8, 136.0,
133.9, 133.3, 131.8, 129.2, 128.7, 128.6, 127.4.012122.4, 96.4, 85.0; HRMS (ESI)
Calculated for gH100 [M+H™]: 207.08044, Found: 207.08144.

2-((4-Methoxyphenyl)ethynyl)benzaldehyde (86)

Compound86 was synthesized according to 6®1 as a pinkish solid in 86% vyield,rR=
0.56 ( 5% EtOAc/ Petroleum ether4 NMR ( 400 MHz, 25 °C, CBCl,): § 10.63 (s, 1H ),
7.91(dJ=7.9Hz,1H), 7.67 —7.57 (m, 2H ), 7.55 — 7(B4, 2H ), 7.45 (t) = 7.5 Hz, 1H

), 6.96 — 6.89 (m, 2H ), 3.84 (1,= 1.4 Hz, 3H );**C NMR (100 MHz, 25 °C, CBCl,): &
191.4, 160.3, 135.6, 133.6, 133.1, 132.9, 128.7,012127.0, 114.2, 114.0, 96.2, 83.6, 55.2;
HRMS (ESI) Calculated for GsH1,0, [M+H"]: 237.09101, Found: 237.09215.

2-((4-Fluorophenyl)ethynyl)benzaldehyde (87)
F

J

Z

®

&
Compound7 was synthesized according to 81 as a brownish yellow solid in 87% yield,
Rr = 0.54 ( 5% EtOAc/ Petroleum ether4 NMR ( 400 MHz, 25 °C, CBCl,): & 10.67 —
1057 (m, 1H), 796 — 7.88 (m, 1H ), 7.69 — 7(58, 4H ), 7.51 — 7.45 (m, 1H ), 7.15 —

7.08 (m, 2H )*C NMR (100 MHz, 25 °C, CBClp): & 191.7, 163.3 ( dJc.r = 250.2 Hz ),
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136.3, 134.2, 134.1 (d,= 8.5 Hz ), 133.6, 129.1, 127.7, 126.8, 119.0J€d 3.5 Hz ), 116.2
(d,J=223Hz), 95.3, 85.1; HRMS (ESI): Calculated @sHsFO [M+H']: 225.07102,
Found: 225.07181.

2-(Cyclopropylethynyl)benzaldehyde (88)
Z
|
o}

Compound88was synthesized according to 61 as a yellowish liquid in 88% yield,/R=
0.6 ( 5% EtOAc/ Petroleum ether %1 NMR ( 400 MHz, 25 °C, CBECl,): & 10.53 — 10.43 (
m, 1H ), 7.83 (dJ = 7.8 Hz, 1H ), 7.57 —= 7.45 (m, 2H ), 7.42- 7(38, 1H ), 1.58 — 1.48 (
m, 1H ), 0.97- 0.91 (m, 2H ), 0.89 — 0.81 ( m, RC NMR ( 100 MHz, 25 °C, CBCl,): &
192.1, 136.5, 134.0, 133.6, 128.1, 127.2, 101.6/,A.1, 0.5; HRMS (ESI)Calculated for
C1oH100 [M+H]: 171.08044, Found: 171.08065.

Compound 77

\ NH/
e

Compound/7 was synthesized according to B®2 as a sticky reddish brown solid in 74%
yield, R = 0.43 ( 10% MeOH/ DCM )H NMR ( 400 MHz, 25 °C, CDGI): 6 7.75 (s, 1H,
NH), 754 (m, 1H), 7.47 (m, 1H ), 7.40 ( m, 2H.28-7.23 (m, 3H ), 7.23-7.15 (m, 2H ),
7.15-7.09 (m, 2H ), 7.07-7.01 (m, 2H ), 5.74 1H,), 3.23 (m, 1H), 3.07 (m, 1H), 2.81 (m,
2H), 2.20 ( bs, 1H, NH )*C NMR ( 100 MHz, 25 °C, CDGI): 5 143.7, 136.0, 134.0, 132.8,
131.7, 128.8, 128.69, 128.67, 128.5, 127.9, 12122,9, 122.6, 121.7, 119.4, 118.2, 110.9,
110.4, 94.5, 87.1, 55.4, 42.2, 22.5; HRMS (ESQalculated for GHiN, [M+H:
349.16993, Found: 349.17088.
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Compound 89

Compound39 was synthesized according to B®2 as a sticky reddish brown solid in 70%
yield, R = 0.45 ( 10% MeOH/ DCM }H NMR ( 400 MHz, 25 °C, CDGI): 6 7.61 (m, 1H

), 7.57 (s, 1H,NH ), 7.47 (m, 2H), 7.35-7.2M(5H ), 7.23 (m, 1H ), 7.13 (dd~= 8.7, 0.5
Hz,1H), 7.0 (dJ=2.4Hz,1H), 6.8 (ddl=8.7, 2.5 Hz, 1H), 5.81 (s, 1H), 3.87 ('s,3H
3.33(m, 1H), 3.18 (m, 1H ), 2.86 ( m, 2H ),®2(0bs, 1H, NH )**C NMR ( 100 MHz, 25
°C, CDCk): 6 154.2, 143.6, 134.9, 132.9, 131.7, 131.1, 12&8,73, 128.70, 128.5, 127.9,
127.8, 122.9, 122.7, 111.64, 111.61, 110.2, 1016, 87.1, 56.1, 55.6, 42.4, 22.6; HRMS
(ESI): Calculated for &H23N,0 [M+H™]: 379.18049, Found: 379.18026

Compound 90

Compoundd0 was synthesized according to G&2 as a sticky reddish brown solid in 60%
yield, R- = 0.47 ( 10% MeOH/ DCM )*H NMR (400 MHz, 25 °C, CECl,): 6 8.14( s, 1H,
NH ), 7.63(m, 1H), 7.49(d,= 1.4 Hz, 1H ), 7.45(m, 2H ), 7.37-7.24( m, 5H.20( dd,J =
7.2,0.6 Hz, 1H ), 7.11(dd,= 8.6, 0.6 Hz, 1H ), 7.04 (m, 1H ), 5.76 (s, 118.27 (m, 1H),
3.09 (m, 1H), 2.84 (m, 1H), 2.75 (m, 1H ),2(bs, 1H, NH )}*C NMR ( 100 MHz, 25
°C, CDCl,): 6 143.9, 136.4, 134.7, 133.1, 131.9, 129.1, 1298,9, 128.89, 128.85, 128.2,
125.1, 123.1, 122.9, 121.8, 117.9, 112.2, 110.37,987.3, 55.8, 42.5, 22.6; HRMS (ESI)
Calculated for GsH2oN>Cl [M+H"]: 383.13095, Found: 383.13142

Compound 91
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Compoundd1 was synthesized according to tG&2 as a sticky reddish brown solid in 71%
yield, R- = 0.48 ( 10% MeOH/ DCM )H NMR ( 400 MHz, 25 °C, CBCl,): 6 7.92 (s, 1H,
NH), 7.61 (m, 1H), 7.42 (m, 2H ), 7.29 ( m, PH.26-7.18 (m, 3H ), 7.08 (m, 2H ), 6.87 (
m, 2H ), 5.80 (s, 1H ), 3.81 (s, 3H ) 3.30 (M, ). 3.13 (m, 1H ), 2.85 (m, 2H ), 2.03 ( bs,
1H, NH );13C NMR ( 100 MHz, 25 °C, CBCl,): 6 160.2, 143.8, 136.1, 134.5, 133.2, 132.6,
128.6, 128.5, 127.8, 123.0, 121.6, 119.3, 118.3,011114.2, 113.7, 110.9, 110.2, 94.5, 86.0,
55.63, 55.53, 42.4, 22.6; HRMS (ESITalculated for GH,3N,O [M+H']: 379.18049,
Found: 379.18131

Compound 92

Compoundd2 was synthesized according to G&2 as a sticky reddish brown solid in 70%
yield, R- = 0.46 ( 10% MeOH/ DCM )H NMR ( 400 MHz, 25 °C, CDGI): 56 7.8 (s, 1H,
NH ), 7.61(m, 1H ), 7.55 (m, 1H ), 7.42 (m, 2H/)28 (m, 2H ), 7.23-7.18 (m, 2H ), 7.13 (
m, 2H), 7.02 (m, 2H ), 5.78 (s, 1H ), 3.32 (M 12.2, 5.1 Hz, 1H ), 3.16 (m, 1H ), 2.88 (
m, 2H ), 2.24 ( bs, 1H, NH }*C NMR ( 100 MHz, 25 °C, CDGI): 6 162.7( dJ = 250.2 Hz,
CF ), 143.6, 136.0, 133.9, 133.6 (Hz 8.4 Hz, 2CH ), 132.8, 128.9, 128.7, 127.9, 127.4
122.5,121.8,119.5, 119.0 (¥ 3.5 Hz), 118.3, 115.8 (d] = 22.1 Hz, 2CH ), 110.9, 110.4,
93.4, 86.8, 86.7, 55.6, 42.3, 22.5; HRMS (ESQalculated for GHuN.F [M+H']:
367.16050, Found: 367.16184.

Compound 93

Compoundd3 was synthesized according to B®2 as a sticky reddish brown solid in 70%
yield, R- = 0.46 ( 10% MeOH/ DCM );*H NMR ( 400 MHz, 25 °C, CECl»): 6 7.96 (s,
1H,NH ), 7.52 (m, 1H), 7.47 (dd,= 7.5, 1.1 Hz, 1H ), 7.26-7.12 (m, 5H ), 7.07,(2Hl ),
5.65(s,1H),3.26 (df=12.1,5Hz, 1H), 3.10 (m, 1H ), 2.88 (m, L, 2B0 ( m, 1H ),
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2.22 (bs, 1H, NH ), 1.48 (m, 1H ), 0.88 ( m, 2H)76 ( m, 2H )**C NMR ( 100 MHz, 25
°C, CD,.Cly): 6 144.2, 136.3, 134.8, 133.0, 128.6, 128.1, 127.9,712123.6, 121.7, 119.4,
118.3,111.1, 110.2, 99.1, 73.7, 55.5, 42.5, 2®, 8.97, 0.58; HRMS (ESITalculated for
CooH21N, [M+H']: 313.16993, Found: 313.17066.

Compound 81

CompoundBl was synthesized according to {63 as a orangish red solid in 62% vyield; R
= 0.47 ( 5% EtOAc/Petroleum ether'f{ NMR ( 400 MHz, 25 °C, CBECl,): 6 8.03 ( bs, 1H,
NH ),7.68 (m, 2H), 7.52 (d,= 7.8 Hz, 1H ), 7.4 (m, 4H), 7.26 (m, 1H ), 7£mh, 2H ),
7.13 (ddJ =13, 4.7 Hz, 2H ), 7.11 (m, 1H ), 6.25 (s, 1H)63 (s, 1H ), 3.23 (m, 1H),
3.14 (m, 1H), 2.86 (m, 1H), 2.66 ( m, 1H3¢ NMR ( 100 MHz, 25 °C, CECl,): 6 149.9,
137.4, 136.6 134.5, 132, 129.6, 128.9, 128.8, 1288, 127.7, 126.7, 125.2, 124.2, 122.1,
119.8, 118.5, 111.3, 109.6, 108.3, 57.3,43.1, 22HRMS (ESI) Calculated for gH,1N,
[M+H"]: 349.16993, Found: 349.17038.

Compound 94

Compound4 was synthesized according to {63 as a orangish red solid in 62% vyield; R
= 0.45 ( 5% EtOAc/Petroleum etherff NMR ( 400 MHz, 25 °C, CBCl,): 6 8.07 ( bs, 1H,
NH ), 7.64 (dJ=8.7 Hz, 2H ), 7.53 (dl= 7.5 Hz,1H ), 7.41 (d] = 8 Hz, 1H ), 7.29-7.08 (
m, 6H ), 6.95 (dJ = 8.6 Hz, 2H ), 6.26 (s, 1H ), 5.45 (s, 1H BB('s, 3H ), 3.13 (m, 2H ),
2.89 (m, 1H), 2.67 (dd = 15.3, 3.9 Hz, 1H }**C NMR ( 100 MHz, 25 °C, CBCl,): 6
160.6, 149.7, 136.6, 134.8, 131.9, 129.7, 129.6.312128.1, 127.7, 126.4, 125.1, 124.0,
122.1, 119.8, 118.6, 114.2, 111.3, 109.7, 107.5]1,5%85.7, 42.7, 22.3; HRMS (ESI):
Calculated for GsH230ON, [M+H™]: 379.18049, Found: 379.18127.
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Compound 95

Compound95 was synthesized according to tB4°3 as a yellowish orange solid in 53%
yield, R- = 0.46 ( 5% EtOAc/Petroleum ether'y NMR ( 400 MHz, 25 °C, (CB),SO ):6
11.37(s, 1H, NH ), 7.74 (dd,= 8.1, 1.3 Hz, 2H ), 7.51 ( d,= 2.0 Hz, 1H ), 7.48-7.38 ( m,
4H), 7.31-7.20 (m, 3H ), 7.11 (ddi= 8.6, 2.1 Hz, 2H ), 6.62 ( s, 1H ), 5.35 ( s, 113.00-
2.79 (m, 3H ), 2.62 ( m, 1H }3C NMR ( 100 MHz, 25 °C, (CE.SO ): 6 148.4, 135.9,
134.7, 133.3, 133.2, 129.6, 128.7, 128.6, 127.6.5,2127.0, 126.6, 125.2, 123.8, 123.1,
120.8, 117.1, 112.6, 109.2, 107.5, 55.8, 41.3,; ARMS (ESI) Calculated for H,oN.Cl
[M+H"]: 383.13095, Found: 383.12930.

Compound 96

Compound6 was synthesized according to {683 as a orangish yellow solid in 60% vyield,
Re = 0.43 ( 5% EtOAc/Petroleum ether'lf NMR ( 400 MHz, 25 °C, CBCl,): 6 7.88 ( bs,
1H, NH ), 7.68 (ddJ =8, 1.6 Hz, 2H ), 7.45-7.36 ( m, 3H ), 7.29-7(24, 2H ), 7.2 (m, 2H

), 7.14 (dJ=7.3Hz, 1H), 6.97 (dl = 2.4 Hz,1H ), 6.82 ( dd} = 8.8, 2.5 Hz, 1H ), 6.22 ( s,
1H), 5.51 (s, 1H), 3.84(s,3H ), 3.24 (m, 1814 (m, 1H ), 2.81 (m, 1H), 2.62 (m, 1H
); 3C NMR ( 100 MHz, 25 °C, CBCl,): 6 154.3, 149.7, 137.2, 134.2, 132.7, 131.4, 129.3,
128.7, 128.6, 128, 127.9,127.8,126.4, 125, 124,71111.6, 109.2, 107.9, 100.6, 57.2, 55.9,
43, 22; HRMS (ESl)Calculated for gsH»30N, [M+H*]: 379.18049, Found: 379.18130.
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Compound 97

Compound7 was synthesized according to {63 as a orangish red solid in 58% vyield; R
= 0.45 ( 5% EtOAc/Petroleum etherH NMR ( 400 MHz, 25 °C, CBECl,): 6 8.03( bs, 1H,
NH ), 7.69 (m, 2H ), 7.53 (dd,= 7.8, 0.5 Hz, 1H ), 7.40 (m, 1H ), 7.28 (m, 1H.24-7.15
(m, 4H ), 7.15-7.09 (m, 3H ), 6.27 (s, 1H ),BM@s, 1H ), 3.12 (m, 1H), 2.87 (m, 1H),
2.66 (dt,J = 15.4,4.3 Hz, 1H )**C NMR ( 100 MHz, 25 °C, CECl,): 6 163.4( dJ = 247.2
Hz, CF ), 148.9, 136.6, 134.4, 133.5 (Jd; 3.2 Hz), 131.8, 129.8 ( d]) = 8.2 Hz, 2CH ),
129.7, 128.3, 127.7, 126.8, 125.2, 124.2, 122.9,8,1118.6, 115.7 ( dl = 21.6 Hz, 2CH ),
111.3, 109.6, 108.6, 57.1, 42.8, 22.2 ; HRMS (ESllculated for gHaoNoF [M+H]:
367.16050, Found: 367.16107.

Compound 98

Compound8was synthesized according to 883 as a orangish red solid in 50% yield, R
= 0.45 ( 2.5% EtOAc/Petroleum ether }H NMR ( 400 MHz, 25 °C, CBCl,): 6 7.56 ( s,
1H,NH ), 7.46 (m, 1H), 7.25-7.15 (m, 3H ), 2182 (m, 3H ), 6.84 (d = 7.6 Hz, 1H),
5.82 (s, 1H), 5.18 (s, 1H), 4.48 (m, 1H ),683(4m, 1H ), 3.12 (m, 1H ), 2.78 (m, 1H ),
1.66 (m, 1H ), 0.82 (m, 2H ), 0.71 (m, 1H ),®6m, 1H );**C NMR ( 100 MHz, 25 °C,
CD.Cl,): 6 150.1, 135.9, 134.8, 134.0, 128.7, 128.2, 12&8,5|, 125.0, 123.4, 121.8, 119.7,
118.2, 111.3, 108.8, 97.7, 59.0, 45.2, 21.7, 18.8, 6.2; HRMS (ESI) Calculated for
C2oH21N2 [M+H™]: 313.16993, Found: 313.16868
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5.2.2 Synthesis of tetrahydrgs-carboline ring fused to a spirooxindole ring
system giving rise to hexacyclic indoloquinolizines

General Procedure 4 (GP4) for the synthesis of alktisatins 99.

To a mixture of 4-loddN-methylisatin®® (500 mg, 1.74 mmol) and Pd{®Ph), (15 mol%,
182.49 mg) under an argon atmosphere was addeddmanisy EN (12 mL), anhydrous
Toluene (12 mL), anhydrous THF (12 mL) followed the addition of the corresponding
terminal alkyne (1.4 equiv, 2.43 mmol). The abosaction mixture was stirred at RT for 10
mins before the addition of Cul (10 mol%, 33.13 mbhe resulting reaction mixture was
heated to 50C and stirred at that temperature until the congiedf the reaction (monitored
via TLC). The solvent was then removed vacuo and the residue was purified by flash
column chromatography using silica gel to yield tdoeresponding Sonogashira product as

orange or red solids.

R1

0 . PdCl(PPhs), (15 mol%) Il
//R Cul (10 mol%) o

o + =z 2 :
N\ (1:1:1viv) Touleone: EtzN: THF 0]
N
107 108 50°C {
99

General Procedure 5 (GP5) for the synthesis of Pet-Spengler Derivatives 100

To a mixture of Tryptamine/5-OMe Tryptamine (0.25mol) and the corresponding
Sonogashira produ®9 (0.25 mmol) under an argon atmosphere was adaeld &f toluene
and the reaction mixture was stirred at RT for iBsrfollowed by the addition of TFA (1
equiv, 0.25 mmol) . The resulting reaction mixturas heated to 5% for 24 h. The solvent
was then removed imacuoand the residue was purified by flash column clatmgraphy

using basified silica gel with methanol and dicbloethane as eluents.

R R1
| | TFA (1 egunv)
NH Toulene, 50°C , 24h
ord s L SR T g ]
; T T TR
H N N
7 99 100 /
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General Procedure 6 (GP6) for the gold catalyzed llyoamination reaction yielding
hexacyclic indoloquinolizines 102.
To a solution of the Pictet-Spengler compod@® (0.1 mmol) in dry DCE (2 mL) under an

argon atmosphere was added the gold catalyst AM&{)S(10 mol%, 0.01 mmol). The
reaction mixture was stirred at RT until the comiple of the reaction (monitoreda TLC).
The solvent was then removedviacuoand the crude reaction mixture was purified bgtila

chromatography (silica gel) using petroleum ethref @thyl acetate as eluents.

CompoundlO3was synthesized according to B4 as a red solid in 80% yield R 0.30 (
30% EtOAc/Petroleum ether in.p. — 175.3- 175%; *H NMR ( 400 MHz, 25 °C, CDG)): 6
768 (m,2H),7.54(m, 1H), 7.39 (m,1H ), 7(28d,J = 7.9, 0.8 Hz, 1H ), 6.82 ( dd,=
7.9, 0.7 Hz, 1H), 3.26 ( s, 3H)C NMR ( 100 MHz, 25 °C, CDGI): 5 181.2, 158.1, 151.3,
137.3, 132.5, 129.5, 128.6, 127.4, 122.3, 122.7,2,1109.1, 98.26, 85.6, 26.3; HRMS (ESI):
Calculated for GH1,0,N [M+H"]: 262.08626, Found: 262.08669
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4-((4-Methoxyphenyl)ethynyl)-1-methylindoline-2,3-done (109)

Compoundl09was synthesized according to 1884 as a reddish orange solid in 74% vyield,
Rr = 0.32 ( 30% EtOAc/Petroleum ether ); m.p. — 17828.5C; 'H NMR ( 400 MHz, 25
°C, CDC}): 6 7.63(m, 2H ), 7.51 (m, 1H ), 7.16 (dds= 8.0, 0.8 Hz, 1H ), 6.91 (m, 2H ),
6.78 (dd,J = 7.9, 0.7 Hz, 1H ), 3.84 (s, 3H ), 3.25 ( s, BHC NMR ( 100 MHz, 25 °C,
CDClz): 6 181.3, 160.8, 158.3,151.5, 137.3, 134.3, 127.2,742117.1, 114.5, 114.4, 108.7,
99.0, 85.0, 55.58, 26.4; HRMS (ESI): Calculated @gsH140sN [M+H"]: 314.07876, Found:
314.07906.

4-((4-Fluorophenyl)ethynyl)-1-methylindoline-2,3-done (110)

Compoundl10was synthesized according to B4 as a red solid in 80% yield R 0.36 (
30% EtOAc/Petroleum ether ); m.p. — 202.2- 262;7H NMR ( 400 MHz, 25 °C, CDG)): 5
7.68(m,2H), 754 (td=7.9,1.0Hz,1H), 7.18 (dd=7.9, 0.7 Hz, 1H ), 7.09 (m, 2H ),
6.83 (m, 1H ), 3.26 ( d] = 0.9 Hz, 3H ):*C NMR ( 100 MHz, 25 °C, CDGI): 56 181.33,
163.47 ( dJ = 251.6 Hz, CF ), 158.16, 151.6, 137.4, 134.6 J €,8.6 Hz, 2CH ), 127.3,
122.0, 118.6( dJ = 3.6 Hz), 117.3, 116.1 ( d) = 22.2 Hz, 2CH ), 109.2, 97.2,85.4, 26.4;
HRMS (ESI): Calculated for GH1:0,NF [M+H"]: 280.07683, Found: 280.07728.
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4-((3-Fluorophenyl)ethynyl)-1-methylindoline-2,3-done (111)

Compoundlllwas synthesized according to B4 as a red solid in 65% yield R 0.35 (
30% EtOAc/Petroleum ether ); m.p. — 192.6- 192:9'H NMR ( 400 MHz, 25 °C, CDGI):
5756 (tdJ=7.9,1.1Hz 1H), 7,47 (m, 1H), 7.36 (m, RH.21 (dd]) = 7.9, 0.8 Hz, 1H
), 7.11 (m, 1H), 6.86 ( dd,= 7.9, 0.7 Hz, 1H ), 3.27 ( d,= 1.0 Hz, 3H )*C NMR ( 100
MHz, 25 °C, CDC}): 6 181.2, 162.5 ( dJ = 247.1 Hz, CF ), 158.0, 151.6, 137.5, 130.3{ d,
= 8.5 Hz), 128.53 (dJ = 3.1 Hz), 127.5, 124.2 ( d] = 9.5 Hz), 121.6, 119.2 (d]) = 22.1
Hz), 117.4, 117.0 ( dJ = 21.2 Hz), 109.6, 96.6, 86.2, 26.4; HRMS (ESQalculated for
C17H140.NF [M+H"]: 280.07683, Found: 280.07705.

4-(Cyclopropylethynyl)-1-methylindoline-2,3-dione {12)

Compoundl12was synthesized according to #8@4 as a reddish orange solid in 70% vyield,
Rr = 0.41 ( 30% EtOAc/Petroleum ether ); m.p. — 16268.3°C; *H NMR ( 400 MHz, 25
°C, CDCk): 6 7.46 (m, 1H ), 7.02 (df, = 10.8, 5.4 Hz, 1H ), 6.74 (dd= 7.9, 0.7 Hz, 1H),
3.22 (s, 3H), 1.54 (m, 1H ), 0.99 ( m, 4H3% NMR ( 100 MHz, 25 °C, CDGI): 5 181.2,
158.2, 151.3, 137.1, 127.6, 123.2, 117.5, 108.2,5,072.4, 26.3, 9.7, 0.9; HRMS (ESI)
Calculated for ¢H1,0,N [M+H]: 226.08626, Found: 226.08631.

1-Methyl-4-(3-methylbut-1-yn-1-yl)indoline-2,3-diore (113)
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Compoundl13was synthesized according to {64 as a reddish orange solid in 67% yield,
Re = 0.42 ( 30% EtOAc/Petroleum ether ); m.p. — 156855.9°C; *H NMR ( 400 MHz, 25
°C,CDCk): 6 7.47 (m, 1H ), 7.06 (m, 1H), 6.76 (dd=7.9, 0.7 Hz, 1H ), 3.23 (s, 3H ),
2.88 (dt,J = 13.8, 6.9 Hz, 1H ), 1.32 ( m, 6HYC NMR ( 100 MHz, 25 °C, CDGI): &
181.2, 158.1, 151.3, 137.1, 127.8, 123.1, 117.8,510105.8, 76.2, 26.3, 22.6, 21.7; HRMS
(ESI): Calculated for gH140,N [M+H"]: 228.10191, Found: 228.10232.

Compound 104

Compoundl04was synthesized according to B@5 as a reddish brown solid in 81% vyield,
Re = 0.45 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C, CDG): 5 7.57 (m, 1H ), 7.48
(s, 1H,NH), 7.36 (dd] = 10.4, 5.4Hz, 1H ), 7.25-7.11 (m, 7H ), 6.87 ( db= 8.3, 1.3 Hz,
3H),3.95(m, 1H), 3.31 (m, 1H ), 3.24 (s, B2.92 (m, 1H ), 2.78 (m, 1H ), 2.35 ( bs,
1H, NH); 3C NMR (100 MHz, 25 °C, CDGI): 6 175.9, 144.7, 136.3, 131.7, 131.1, 130.1,
129.3, 128.7, 128.2, 127.6, 126.6, 122.4, 122.0,a,4219.7, 118.5, 113.4, 111.2, 108.5, 95.4,
83.9, 61.2, 39.9, 26.6, 22.5; HRMS (ESQalculated for gH,,0N3 [M+H™]: 404.17574,
Found: 404.17563.

Compound 114
-0

|l
H; NN

/

Compoundl1l4was synthesized according to B@5 as a reddish brown solid in 71% vyield,
Rr = 0.48 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C, CDG): 5 7.29 (m, 1H ), 7.26
(s, 1H,NH), 7.15 (m, 1H), 7.06 (m, 3H ), @d{,J = 8.7, 0.5 Hz, 1H ), 6.94 (d= 2.4 Hz,
1H), 6.81 (m, 3H ), 6.71 (df,= 8.8, 2.2 Hz, 1H ), 3.88 (m, 1H ), 3.81 ( s, .25 ( m,
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1H), 3.17 (s, 1H), 2.8 (m, 1H), 2.66 ( m, 1H.)P5 ( bs, 1H, NH )**C NMR ( 100 MHz,

25 °C, CDC}): 6 175.9, 154.3, 144.7, 131.7, 131.5, 131.2, 13(8R,1, 128.7, 128.2, 128.0,
126.6, 122.0, 120.1, 113.3, 112.3, 111.7, 108.8,6.®5.4, 83.9, 61.3, 56.1, 39.9, 26.6, 22.6;
HRMS (ESI) Calculated for GgH240.N3 [M+H*]: 434.18630, Found: 434.18655.

Compound 115

Compoundl15was synthesized according to B2 as a reddish brown solid in 57% yield,
Re = 0.5 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C, CBECl,): 6 7.95 (s, 1H, NH ),
753 (m,1H), 737 (m,1H), 7.28 (m, 1H ), 9(@m, 3H ), 7.07 (m, 2H ), 6.91 (m, 3H),
3.81(m, 1H),3.23(m, 1H), 3.18 (s, 3H),2(8Mm, 1H ), 2.72 (m, 1H), 2.30 ( bs, 1H, NH
); °C NMR (100 MHz, 25 °C, CECl,): 6 175.9, 145.1, 134.8, 131.77, 131.75, 131.2, 130.5,
129.1, 128.8, 128.6, 126.8, 125.5, 122.7, 122.0,21218.1, 113.3, 112.5, 109.0, 95.4, 84.3,
61.4, 39.9, 26.7, 22.6; HRMS (ES@alculated for gH,;ONsCI [M+H™]: 438.13677, Found:
438.13722

Compound 116

Compoundl16was synthesized according to 1B€5 as a reddish brown solid in 70% yield,
R = 0.49 ( 10% MeOH/DCM )*H NMR (400 MHz, 25 °C, CDGl): 6 7.57 (m, 1H ), 7.43
(s,1H,NH), 7.34 (tJ=79Hz,1H), 7.2 (m, 1H), 7.213 (m, 3H ),&8dd,J = 7.9, 0.8
Hz, 1H ), 6.8 (m, 2H ), 6.65 (m, 2H ), 3.96 (1Y ), 3.77 (s, 3H ), 3.33 (m ,1H), 3.25 (s,
3H),2.93(m, 1H), 2.78 (m, 1H ), 1.99 ( bs, NH ); **C NMR ( 100 MHz, 25 °C, CDGl

): 6 175.9, 160.0, 144.7, 136.3, 133.2, 130.8, 13@9,41, 127.6, 126.5, 122.4, 120.5, 119.7,

100



Experimental Part

118.4, 114.1, 113.9, 113.4, 111.2, 108.2, 95.78,881.2, 55.4, 39.9, 26.6, 22.5; HRMS
(ESI): Calculated for ggH240,N3[M+H™]: 434.18630, Found: 434.18640.

Compound 117

Compoundl17was synthesized according to B@5 as a reddish brown solid in 80% vyield,
Re = 0.51 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C, CDGI): 6 7.55 (m, 1H ), 7.48
(s,1H,NH), 7.36 ()= 7.9 Hz, 1H), 7.19 (m, 1H), 7.16-7.11 ( m, B16.88 ( dd,) = 7.9,
0.8 Hz, 1H ), 6.83-6.78 (m, 3H ), 3.95 (m, 1882 (m, 1H ), 3.25 (s, 3H ), 2.93 (m, 1H),
2.74 (m, 1H), 2.09 ( bs, 1H, NHYC NMR ( 100 MHz, 25 °C, CDGI): 6 175.8, 162.7 ( d,

J = 250.5 Hz, CF ), 144.8, 136.3, 133.6 (Jds 8.5 Hz, 2CH ), 131.1, 130.2, 129.3, 127.5,
126.5, 122.5,120.0, 119.7, 118.4, 118.1Jd,3.4 Hz), 115.6 (dJ =22.1 Hz, 2CH ), 113.3,
111.2, 108.6, 94.3, 83.6, 61.2, 39.8, 26.7, 22 BMS (ESI) Calculated for gH,10ONsF
[M+H™]: 422.16632, Found: 422.16615.

Compound 118
Cr

\ NHII
o< 1)

Compoundl18was synthesized according to B€5 as a reddish brown solid in 75% yield,
Re = 0.49 ( 10% MeOH/DCM )*H NMR (400 MHz, 25 °C, CBCl»): 6 7.75 (s, 1H, NH ),
7.60 (m, 1H), 7.38 (dd,= 10.3, 5.5 Hz, 1H ), 7.20-7.10 ( m, 5H ), 6.9%,(1H ), 6.92 ( dd,
J=7.9,09Hz 1H),6.72(m, 1H), 6.62 (m, LKB.85 (m, 1H), 3.26 (m, 1H ), 3.21 (s,
3H),2.91(m, 1H), 2.78 (m, 1H ), 2.09 ( bs, NH ); **C NMR ( 100 MHz, 25 °C, CECl,

): 6 175.9, 162.3( d) = 246.2 Hz, CF ), 145.0, 136.3, 131.6, 130.2,a30d,J = 8.6Hz),
129.7, 127.6 (d) = 3 Hz), 127.3, 126.6, 124.0 ( d,= 9.5 Hz), 122.5, 119.8, 119.5, 118.5,

118.2( d,J = 23.0 Hz), 116.1( dJ = 21.2 Hz), 113.2, 111.1, 109.1, 93.6 (&= 3.4 Hz),
101



Experimental Part

85.1, 61.3, 39.8, 26.5, 22.6; HRMS (ESDalculated for gH»;ONsF [M+H"]: 422.16632,
Found: 422.16617.

Compound 119

V

I
N; NN

/

Compoundl19was synthesized according to B@5 as a reddish brown solid in 65% vyield,
Rr = 0.51 ( 10% MeOH/DCM )H NMR ( 400 MHz, 25 °C, CDG): 6 7.54( m, 1H ), 7.29 (
m, 2H ), 7.18-7.06 (m, 3H ), 7.01 (8= 7.9 Hz, 1H ), 6.81 (d] = 7.9 Hz, 1H ), 3.97 ( m,
1H), 3.36 (m, 1H ), 3.21 (s, 3H ), 2.96 (m, ,i2.88 (m, 1H ), 2.03 ( bs, 1H, NH ), 1.06 (
m, 1H ), 0.54 (m, 2H ), 0.22 (m, 1H ), -0.01(1H ); **C NMR ( 100 MHz, 25 °C, CDG):

6 175.9, 144.5, 136.3, 131.0, 129.9, 129.5, 12724.8, 122.2, 120.9, 119.5, 118.5, 113.0,
111.0, 107.7, 100.3, 70.6, 61.1, 39.7, 26.6, 2214, 8.4, 0.05; HRMS (ESI): Calculated for
C24H2,0N; [M+H™]: 368.17574, Found: 368.17656.

Compound 120

I
N; A4

/

Compoundl20was synthesized according to B@5 as a reddish brown solid in 76% vyield,
Re = 0.51 ( 10% MeOH/DCM )H NMR ( 400 MHz, 25 °C, CBCl,): 6 7.73 (s, 1H, NH ),
7.55(m, 1H), 7.31 (m, 1H), 7.11 (m, 3H ),&4(Om, 1H ), 6.82 (dd] = 7.9, 0.9 Hz, 1H),
3.84(m, 1H), 3.29 (m, 1H), 3.15 (s, 3H ),®(@n, 2H ), 2.41 ( dt) = 13.8, 6.9 Hz, 1H ),
2.24 (‘bs, 1H, NH ), 0.80 ( d, = 6.9 Hz, 6H );*C NMR ( 100 MHz, 25 °C, CECl,): &
176.2, 144.9, 136.5, 131.3, 130.1, 127.6, 126.2.412121.0, 119.6, 118.6, 113.1, 111.2,
108.2, 102.4, 74.9, 61.4, 39.9, 26.6, 22.6, 2228541, 21.3; HRMS (ESI)Calculated for
Co4H240N3 [M+H*]: 370.19139, Found: 370.19219.
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Compound 105

Compoundl105 was synthesized according to {66 as a white solid in 76% vyield,-R=
0.38 ( 25% EtOAc/Petroleum ether ); m.p. — 277372.8C; *H NMR ( 400 MHz, 25 °C,
(CDs3),S0 ):6 10.51 (s, 1H, NH ),7.44-7.35 (m, 4H ), 7.35-7(2%, 3H ), 7.22 (dd]) = 8.1,
0.8Hz,1H), 7.04 (m, 1H ), 6.96 (m, 2H ), 6(64 J= 7.8 Hz, 1H ), 5.39 (s, 1H ), 4.39 (m,
1H), 3.63 (ddJ = 13.6, 3.9 Hz, 1H ), 3.18 (s, 3H ), 2.43 ( m, RFC NMR ( 150 MHz, 25
°C, (CDs),S0 ):6 176.3, 151.6, 141.9, 137.5, 136.0, 130.9, 13@®8,8, 127.9, 126.6, 121.4,
118.6, 117.6, 116.9, 115.7, 111.4, 109.4, 106.8,51361.2, 42.7, 26.3, 19.8; HRMS (ESI)
Calculated for G;H,,0ONsz [M+H™]: 404.17574, Found: 404.17552.

Compound 121

Compoundl21 was synthesized according to 66 as a white solid in 76% vyield,,R=
0.36 ( 25% EtOAc/Petroleum ether ); m.p. — 315%15.7°C; *H NMR ( 400 MHz, 25 °C,
(CDs),SO ):6 10.33('s, 1H, NH ), 7.41(m, 3H ), 7.35-7.25( H, 3 7.11 (dJ = 8.7 Hz, 1H

), 6.95(dJ=7.8Hz,1H), 6.87 (d]=2.3 Hz, 1H), 6.69 (dd,= 8.8, 2.5 Hz, 1H ), 6.64 (
d,J=7.8Hz,1H), 5.38 (s, 1H ), 4.39 (m, 1H YB(s, 3H ), 3.62 (m, 1H ), 3.17 (s,3H),
2.42 (m, 2H )*C NMR ( 100 MHz, 25 °C, (CB),SO ):6 177.0, 153.9, 152.3, 142.6, 138.2,
131.7, 131.6, 131.2, 131.0, 128.6, 128.1, 127.4,711116.3, 112.7, 112.1, 109.8, 107.1,
105.1, 100.3, 62.0, 56.0, 43.4, 27.0, 20.6; HRMSI\ECalculated for ggH240,N3 [M+H™]:
434.18630, Found: 434.18653.
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Compound 122

Compoundl22 was synthesized according to {66 as a white solid in 60% vyield,-R=
0.39 ( 25% EtOAc/Petroleum ether ); m.p. — 302303.0°C; *H NMR ( 400 MHz, 25 °C,
(CD3),S0 ):6 10.75 (s, 1H, NH ), 7.46-7.37 (m, 4H ), 7.3577(2n, 3H ), 7.22 (d) = 8.6
Hz, 1H), 7.05 (dd) =8.6, 2.1 Hz, 1H ), 6.98 (d,= 7.8 Hz, 1H ), 6.65 (d = 7.7 Hz, 1H),
5.4 (s,1H), 4.38 (m, 1H), 3.62 (dtk 14.0, 4.7 Hz, 1H ), 3.18 (s, 3H ), 2.4 (m, gHC
NMR ( 150 MHz, 25 °C, (CB.S0O ):6 176.1, 151.5, 141.9, 137.4, 134.5, 131.7, 13(B0,64,
128.0, 127.7, 123.3, 121.3, 117.1, 116.6, 115.2,991109.4, 106.6, 104.6, 61.1, 42.5, 26.4,
19.7; HRMS (ES!) Calculated for g;H2:0NsCl [M+H™]: 438.1367, Found: 438.13728.

Compound 123

Compoundl23 was synthesized according to 66 as a white solid in 74% vyield,,R=
0.37 ( 25% EtOAc/Petroleum ether ); m.p. — 275.25.€°C; 'H NMR ( 600 MHz, 25 °C,
(CD3),S0 ):6 10.51 (s, 1H, NH ), 7.37 (d,= 7.9 Hz, 1H ), 7.32-7.20 (m, 4H ), 7.04 ( m,
1H), 6.96 (m, 4H ), 6.62 (m, 1H), 5.33 (s, 1H4.38 (m, 1H ), 3.79 (s, 3H ), 3.62 ( m,1H
), 3.18 (s, 3H ), 2.44 ( m, 2H *C NMR ( 150 MHz, 25 °C, (CE),SO ):6 176.4, 158.8,
151.4, 141.9, 136.0, 131.1 130.5, 129.8, 129.6,612621.4, 118.6, 117.6, 116.8, 115.5,
113.6, 111.4, 109.4, 106.3, 103.9, 61.2, 55.1,,42673, 19.8; HRMS (ESI)Calculated for
CagH240,N3 [M+H"]: 434.18630, Found: 434.18621.
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Compound 124

Compoundl24was synthesized according to {G€6 as a white solid in 72% vyield,R= 0.4

( 25% EtOAc/Petroleum ether ); m.p. — 285.4 — 2887'H NMR ( 600 MHz, 25 °C,
(CDs3),S0 ):6 10.53 (s, 1H, NH ), 7.38 (d,=7.7Hz,3H ), 7.3 (1) =7.8 Hz, 1H ), 7.23 (
m, 3H), 7.04 (m, 1H ), 6.96 (m, 1H ), 6.64 (1K ), 5.38 (s, 1H ), 4.4 (m, 1H ), 3.57 ( dd,
J=14.2,49Hz, 1H), 3.18 (s, 3H ), 2.44 ( m, REC NMR ( 150 MHz, 25 °C, (CE),SO

): 6 176.3, 161.6 ( d) = 244.9 Hz, CF ), 150.5, 141.9, 136.0, 133.81d,3.1 Hz), 130.8,
130.5, 129.7, 126.6, 121.4, 118.6, 117.6, 116.9,711111.4, 109.3, 106.6, 104.7, 61.2, 42.6,
26.3, 19.8; HRMS (ESI)Calculated for gH,;0NsF [M+H™]: 422.16632, Found: 422.16647.

Compound 125

Compoundl25 was synthesized according to {66 as a white solid in 71% vyield,:R=
0.38 ( 25% EtOAc/Petroleum ether ); m.p. — 279379.7°C; *H NMR ( 600 MHz, 25 °C,
(CD3),S0 ):6 10.54 (s, 1H,NH ), 7.46 (m, 1H ), 7.39 Uk 7.9 Hz, 1H ), 7.3 (m, 1H),
7.25-7.15(m, 4H), 7.04 (m, 1H ), 6.99 (m, 1 H6.96 (m, 1H ), 6.66 (m, 1H ), 5.46 ( s,
1H), 4.41 (m, 1H), 3.64 (m, 1H ), 3.18 (s, BK2.51 (m, 1H ), 2.44 ( m, 1H}C NMR (
100 MHz, 25 °C, CDGI): 6 176.2, 150.23, 150.22, 141.9, 139.8(Jds 8.0 Hz), 136.0,
130.6( d,J = 4.9 Hz), 129.7, 126.6, 123.6, 121.4, 118.6, 117.7, 11713,8, 114.8, 111.4,
109.4, 106.8, 105.2, 61.2, 42.7, 26.3, 19.9; HRNESI¥ Calculated for &H>1ONsF
[M+H™]: 422.16632, Found: 422.16645.
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Compound 126

Compoundl126 was synthesized according to t6€6 as a white solid in 68% vyield,cR=
0.45 ( 25% EtOAc/Petroleum ether ); m.p. — 302302.8°C; *H NMR ( 400 MHz, 25 °C,
(CD3),S0 ):6 10.43 (s, 1H, NH ), 7.43 (d,= 7.6 Hz, 1H ), 7.22 (m, 2H ), 7.03 ( dil=
11.0, 4.0 Hz, 1H ), 6.97 (§,= 7.4 Hz, 1H ), 6.85 (dl = 7.7 Hz, 1H ), 6.54 ( d] = 7.8 Hz,
1H), 5.27 (s, 1H), 4.53 (m, 1H ), 4.30 (dd; 14.2, 5.7 Hz, 1H ), 3.11 (m, 4H), 2.78 ( dd,
J=16.1,4.7Hz, 1H), 1.76 (m, 1H ), 0.79 ( m, R19.66 (m, 1H ), 0.34 (m, 1H}C NMR

( 100 MHz, 25 °C, (CB,SO ):6 176.6, 151.8, 142.0, 135.8, 131.7, 130.3, 13025,.8,
121.3, 118.5, 117.5, 116.8, 115.1, 111.3, 109.5,51®8.0, 61.3, 40.1, 26.2, 20.1, 12.5, 6.6,
6.1; HRMS (ESI) Calculated for gH»,0Ns [M+H™]: 368.17574, Found: 368.17698.

Compound 127

Compoundl127 was synthesized according to {66 as a white solid in 65% vyield,-R=
0.47 ( 25% EtOAc/Petrolether ); m.p. — 283.5 — 7283. 'H NMR ( 400 MHz, 25 °C,
(CD3),S0 ):610.41 (s,1H,NH), 7.41 (d,=7.7 Hz, 1H ), 7.25 (dd,= 12.4, 4.7 Hz, 1H),
719 (m, 1H), 7.02 (m, 1H), 6.96 (m, 1H ), B(&d,J = 7.8 Hz, 1H ), 6.59 ( dl = 7.8 Hz,
1H), 5.39(s,1H),4.58 (m, 1H), 3.81 (dd& 14.4,49Hz, 1H), 3.12 (s, 3H ), 2.86 ( m,
2H), 2.75 (dd)J = 16.0, 4.6 Hz, 1H ), 1.06 ( dd= 21.4, 6.6 Hz, 6H 3°C NMR ( 100 MHz,
25 °C, (CDR),SO ):6 176.7, 156.7, 141.7, 135.8, 131.7, 130.5, 1302B.4, 121.2, 118.5,
117.5, 116.8, 115.1, 111.3, 109.6, 105.4, 96.24,610.8, 27.5, 26.2, 24.5, 20.5, 20.3; HRMS
(ESI). Calculated for gH240Ns [M+H™]: 370.19139, Found: 370.19153.
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5.2.3 Cascade polycylization of a designggtcarboline embodying a 1,5-
enyne providing analogs of the harmicine alkaloid.

Synthesis of the aldehyde 131

Procedure for the synthesis of compound 142

To a solution of geranyl acetate (5g, 25.47 mmolCH,Cl, (80 ml) at -26C was dropwise
added a solution omCPBA (5.27g, 30.56 mmol) in G&l, (40 ml) over 60 mins. After
stirring the reaction from -28C to RT over a period of 2 h, the reaction was gbed with
saturated aqueous solution of NaH{80 ml). The aqueous layer was extracted withCH
(2 X 15 ml) and the combined organic layers wershea with brine dried over anhydrous
MgSO.. The residue was purified by flash chromatograpsing EtOAc and petroleum ether
as eluents.

(E)-5-(3,3-Dimethyloxiran-2-yl)-3-methylpent-2-en-1-yacetate (142)

OAc OAc
mCPBA (1.2 eq),
| DCM,-20°CtoRT ||

—_—
| 0
Geranyl acetate, 141 142

Compound 142 was obtained as a colourless oil in 80% vyield; R 0.48 (20%
EtOAc/Petroleum ether ¥H NMR ( 400 MHz, 25 °C, CDGI) : 8 5.35 (td,J = 7.1, 1.2 Hz,
1H), 4.55 (d,J = 7.1 Hz, 2H), 2.66 (dd] = 7.8, 4.7 Hz, 1H), 2.23 — 2.07 (m, 2H), 2.01 (s,
3H), 1.69 (s, 3H), 1.66 — 1.59 (m, 2H), 1.26 (s),3H22 (s, 3H)>*C NMR (100 MHz, 25 °C,
CDCl3) : 6 171.0, 141.2, 119.0, 63.9, 61.2, 58.4, 36.2, 22418, 21.0, 18.8, 16.%IRMS
(ESI): Calculated for GH,00sNa [M+Na']: 235.13047, Found: 235.13150.

Procedure for the synthesis of compound 143

To a solution of periodic acid (6.9 g, 30.27 mmiol)water (30 ml) at ®C was added a
solution of the compound.42) in THF (30 ml), after stirring the reaction mixéufor 30 min
the solution was diluted with an ageous solutionNaHCG (40 ml) and stirred for an

additional 15 min. The reaction mixture was filegetrougha pad of celite, and the filter cake
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was washed with ether (2 X 20 ml) and the combifiégrates were extracted with ether
washed with water, sat NaHG@nd brine and dried over MgSO4. The residue wasigul
by column chromatography using EtOAc and petroletimer as eluents.
(E)-3-Methyl-6-oxohex-2-en-1-yl acetate (143)

Qhe OAc
| HIO4H0 (1.3 eq),
THF at 0°C |
o i
o}
142 143

Compound 143 was obtained as a colourless oil in 90% vyield; R 0.51 (10%
EtOAc/Petroleum ether }H NMR ( 400 MHz, 25 °C, CDGI): 8 9.76 (t,J = 1.6 Hz, 1H),
5.37 — 5.26 (m, 1H), 4.56 (dd= 7.0, 0.5 Hz, 2H), 2.62 — 2.46 (m, 2H), 2.43 302(m, 2H),
2.03 (s, 3H), 1.72 — 1.69 (m, 3HYC NMR ( 100 MHz, 25 °C, CDGI): & 201.7, 171.0,
140.0, 119.4, 61.1, 41.8, 31.5, 21.0, 16.6.; GC{M&) : Calculated for &4,,03 - 170.09,
Found: 170.02.

Procedure for the synthesis of compound 144

To a solution of triphenyl phosphine (9.62 g, 37rihol) in 60 ml of CHCI, at 0°C was
dropwise added a solution of CB{.83 g, 17.7 mmol) in 15 ml of GBI, The reaction
mixture was stirred for 5 mins followed by the datdi of aldehydel43in 15 ml of CHCl,
and the resulting solution was warmed t8Q0 After stirring for 2 h the phosphonium salts
were precipitated with pentane (60 ml) and filtetbdough celite. The resulting organic
extracts were evaporat@dvacuoand the residue was purified by flash chromatdagyagsing

ethyl acetate and petroleum ether as eluents.
(E)-7,7-Dibromo-3-methylhepta-2,6-dien-1-yl acetatel@4)

OAc OAc
CBry4(2 eq) , PPh3(4.2 eq),

DCM, 0°C to RT |
'

Br”~ Br
144

143
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Compoundl44was obtained as a yellow oil in 80% yield; R0.61 ( 10% EtOAc/Petroleum

ether ); the spectral data for the obtained comg@aua in agreement with the reported data.

Procedure for the synthesis of compound 145

To a solution of the compouri#4 (3 g, 9.2 mmol) in MeOH (8 ml) was added potassium
carbonate (635 mg, 4.6 mmol) at room temperatufeer Atirring for 30 mins the potassium
carbonate was filtered off and MeOH was evaporaled.reside was extracted with ether ( 2
X 8 ml), washed with NECI (10 ml) and brine (15 ml) and the organic exsagere dried

over MgSO4. The solvent was removiedvacuoand used in the next step without further

purification.
(E)-7,7-Dibromo-3-methylhepta-2,6-dien-1-ol (145)
OAc OH
I K2CO3 (1.2 eq),
MeOH I
>
l |
Br Br Br Br
144

145
Compoundl45was obtained as a yellow oil in 89% yield; 0.34 ( 20% EtOAc/Petroleum

ether ); the spectral data for the obtained comg@aua in agreement with the reported data.

Procedure for the synthesis of compound 146

To a solution of compound45 (24 mmol, 6.7 g), in dry THF (35 mL) was addesotution

of n-BuLi (2.5 M, 74.4 mmol) at -78C. After 0.5 h, the mixture was allowed to reachmo
temperature and then quenched with a saturateticgohf NH,Cl (35 mL) and extracted with
ether (2x30 mL). The organic layer was washed twvd@ brine (60 mL) and dried with
MgSO, and the solvent was removed under reduced presbereesidue was then subjected
to flash column chromatography using silica gelhwethyl acetate and petroleum ether as

eluents.
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(E)-3-Methylhept-2-en-6-yn-1-ol (146)

OH OH

_—

nBuli (3 eq) , THF
5 | 5 -78°C Z
r r

145 146

Compoundl46was obtained as a yellow oil in 60% yield; 0.38 ( 20% EtOAc/Petroleum
ether );*H NMR ( 400 MHz, 25 °C, CDGI): 6 5.46 (m, 1H ), 4.15 (d,= 6.8 Hz, 2H ), 2.31
(m, 2H), 2.24 (m, 2H ), 1.95 (m, 1H ), 1.68, 381 ) ppm;**C NMR (100 MHz, 25 °C,

CDCly): 6 137.6, 124.8, 83.9, 68.8, 59.3, 38.1, 17.3, 1@;pHRMS (ESI): Calculated for
CgH130 [M+H"]:125.09609, Found: 125.09577.

Procedure for the synthesis of compound 147

To a solutionN-chlorosuccinimide (7.57 mmol, 1.0 g) in dry DCML(&L) at -30°C was
added freshly distilled dimethyl sulfide (8.20 mm6l6 mL) dropwise with a syringe. The
mixture was warmed to @C and maintained at that temperature for 5 minsthed again
cooled to -40°C. To the resulting milky white suspension was adbi46 (6.31 mmol, 0.78 g)
dissolved in dry DCM (3 mL). The suspension wasmed to 0°C and stirred at that
temperature for 2 h, then the suspension was aflolwewarm to room temperature, and
stirring was continued for additional 15 mins. Tsulting clear colorless solution is washed
with NaCl (30 mL) and extracted with pentane (20xrBL), the pentane extracts are further
washed with NaCl (60 mL) and dried over MgS®he residue was directly used for the next

step.

(E)-7-Chloro-5-methylhept-5-en-1-yne (147)

H
NCS (1.2 eq), Me,S Cl

| (1.3 eq), DCM |
ﬁ

=
Z z

146 147

Compoundl47was obtained as a yellow oil in 74% yield; R0.48 ( 2.5% EtOAc/Petroleum

ether );*H NMR ( 400 MHz, 25 °C, CDG): 5.51 ( m, 1H ), 4.10( dd,= 7.9, 0.5 Hz, 2H ),
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2.36-2.25 (m, 4H ), 1.96 (3,= 2.5 Hz, 1H ), 1.75 (m, 3H ) ppriC NMR ( 100 MHz, 25
°C, CDCk): 5 140.7, 121.7, 83.6, 69.0, 40.8, 38.1, 17.2, pp10.

Procedure for the synthesis of compound 148

To a solution of diisopropylamine (6.5 mmol, 0.91) m dry THF (12 ml) was addeatBuLi

( 2.5 M in hexane, 6.45 mmol, 2.58 mL) dropwiseD&C . After stirring for 10 mins the
reaction mixture was cooled to -78 and a solution of methyl isobutyrate (6.5 mmo¥40
mL) in dry THF (4.5 mL) was added dropwise. The pemature was allowed to reacfi® for

15 mins and then decreased again to°@8To the resulting reaction mixture was added a
solution 0f147 (5.42 mmol, 0.77 g) in dry THF (2.5 mL) and thenfeerature was allowed to
warm to RT. The reaction mixture was diluted withez (20 mL) and washed with N@lI (2

x 30 mL) and then brine (2 x 30 mL). The organigelawas dried over MgSQand the
solvent was removed under reduced pressure andrtige mixture was purified by Flash

Chromatography using silica gel with EA and petnateether as eluents.
Methyl (E)-2,2,5-trimethylnon-4-en-8-ynoate (148)

Diisopropyl amine (1.3 eq)
cl nBuli (1.25 eq),
Methylisobutyrate(1.3 eq), o~
| HMPA(1 eq), THF

Z
7
147 Z 48

Compound 148 was obtained as a light yellow oil in 75% vyieldg B 0.49 ( 5%
EtOAc/Petroleum ether H NMR ( 400 MHz, 25 °C, CDGI): §5.16 (m, 1H ), 3.65 ( s, 3H
), 2.32-2.17 (m, 6H ), 1.93 (3= 2.5 Hz, 1H ), 1.61 (m, 3H ), 1.17 ( s, 6H ) ppAi¢ NMR

( 100 MHz, 25 °C, CDGl): &6 178.4, 136.0, 121.4, 84.3, 68.6, 51.8, 43.2, 38336, 24.9,
17.7, 16.0 ppm; GC-MS (m/z) : Calculated fagd»c0O,— 208.14, Found: 208.30.

Procedure for the synthesis of compound 149

To a solution of thd48 (5.3 mmol, 1.1 g) in dry DCM (53 mL) at°C was added DIBAL-H
(2 M in THF, 13.2 mmol, 13.2 mL), the reaction nus¢ was stirred for 1 h. The reaction
mixture was then diluted with ether, followed by thddition of MeOH (0.5 mL) and (0.5
mL) H,O and was warmed to room temperature and stirne8danins. A saturated solution

of Na'/K* Tartrate (55 mL) was added to the reaction mixtamd stirred for 1 h at room
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temperature. The mixture was then extracted wittMD@ x 40 mL) and the organic layers
were washed with brine (80 mL) and dried over MgSthe solvent was removed under
reduced pressure and the compound purified by ftlsbmatography using silica gel with

EA and petroleum ether as eluents.
(E)-2,2,5-Trimethylnon-4-en-8-yn-1-ol (149)

0]

O/
DIBAL-H (2.2 eq)
DCM I

y o
//

g
7 148 149

Compound 149 was obtained as a light yellow oil in 90% vyieldg R 0.38 ( 25%
EtOAc/Petroleum ether H NMR ( 400 MHz, 25 °C, CDGI): §5.31 (m, 1H ), 3.34 (s, 2H
),2.31(m, 2H), 2.24 (§=7.1Hz,2H), 1.98 (dl=7.8 Hz, 2H ), 1.95 (m, 1H ), 1.64 ( s,
3H ), 0.90 (s, 6H ) ppm=C NMR ( 100 MHz, 25 °C, CDGI): 3 135.2, 122.4, 84.4, 72.0,
68.7, 38.8, 37.0, 36.4, 24.0, 17.6, 15.9 ppm; HRMESI): Calculated for GH,;0 [M+H]:
181.15869, Found:181.15858.

Procedure for the synthesis of compound 131

To a solution of oxalyl chloride (6 mmol, 0.51 mih)dry DCM (39 mL) at -78C was added
DMSO (12.5 mmol, 0.88 mL) dropwise. After stirrifigr 15 mins the reaction mixture was
treated slowly with the compourddt9 (5 mmol, 0.9 g) dissolved in dry DCM (7 mL), stidr
for 20 mins and treated slowly with treithylamin25(mmol, 0.58 mL). After 5 min the
reaction was warmed to RT and stirred for additidn&.The reaction mixture was poured
into water (45 mL) and extracted using DCM (2 xmMD), the organic layer was dried using
MgSQO, and solvent removed under reduced pressure. Botiaer mixture was purified by

flash chromatography using silica gel with EA ardrpleum ether as eluents.
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(E)-2,2,5-Trimethylnon-4-en-8-ynal (131)

OH DMSO(2.5 eq),
oxalyl chloride (1.2 eq),
| Et3N (5.0 eq), DCM>

AN

149 Z 131

Compound 131 was obtained as a light yellow oil in 89% vyieldg R 0.46 ( 10%
EtOAc/Petroleum ether H NMR (400 MHz, 25 °C, CDG): 8 9.49 (m, 1H), 5.17 (m, 1H),
2.28 (m, 2H), 2.20 (dd] = 16.3, 7.1 Hz, 4H), 1.94 (m, 1H), 1.62 (s, 3HP6L(s, 6H) ppm;
¥C NMR (100 MHz, 25 °C, CDG): 6 206.4, 136.5, 120.3, 84.2, 68.8, 46.7, 38.7, 35143,

17.6, 16.1 ppm; HRMS (ESI) Calculated for @H:0O [M+H']: 179.14304,
Found:179.14268.

General Procedure 7 (GP 7) for the synthesis of Ret-Spengler derivatives 132

(0] M
R A\ " W er e ) D g \ \\
N + H .,// \\ N )
H H

m 132
To a solution of the corresponding aming (0.28 mmol) and Yb(OT$) (10 mol%, 0.028
mmol) in dry DCE (0.6 mL), was added the aldeh$8& (0.28 mmol) dissolved in (0.4 mL)
dry DCE followed by the addition of the ionic ligufbmim]CI-AlCI; (0.32 mL/mmol of

aldehyde). The resulting suspension was heate@@8C under microwave irradiation for 60

mins, 300 W power and 14 mbar pressure. The solwastremovedn vacuoand the crude
reaction mixture was purified by flash chromatodmapusing basified silica gel with
dichloromethane and methanol as elutants.

General Procedure 8 (GP 8) for the gold-catalyzedadible cyclization cascade.

To a solution of the catalyst Y (10 mol%, 0.01 mmal dry DCE (1 mL) was added the
corresponding Pictet-Spengler compoW32 (0.1 mmol) dissolved in 2 mL of dry DCE. The
suspension was heated to D under microwave irradiaton for 60 mins. The sotveas
removedin vacuoand the crude reaction mixture was purified udlagh chromatography
with petroleum ether and ethyl acetate as eluents.
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Compound 137

H
N

N

~"NH

Compoundl37 was synthesized according to 67 as a reddish brown thick oil in 84%
yield, Re = 0.47 ( 10% MeOH/DCM Y*H NMR ( 400 MHz, 25 °C, CECl,): 6 7.98 (br s,
1H),7.48 (dJ=7.7Hz,1H), 7.33 (dl=8 Hz, 1H), 7.13 (t)=7.5 Hz, 1H ), 7.07 (m,
1H), 5.43 (tJ=7.2 Hz, 1H ), 4.02 (s, 1H), 3.36 (dt= 12.0, 4.0 Hz, 1H ), 2.90 (m, 1H),
274 (m, 2H), 2.59kr s, 1H ), 2.36-2.23 (m, 5H ), 2.13 (dds 14.8, 7.6 Hz, 1H ), 1.98 (
m, 1H ), 1.68 (s, 3H ), 1.14 (s, 3H ), 1.08 @k, ) ppm;**C NMR ( 100 MHz, 25 °C,
,CD,Cly): 6 136.1, 135.9, 134.7, 127.6, 122.5, 121.7, 11918,11, 112.1, 110.9, 84.7, 68.9,
60.8, 43.8, 39.8, 39.0, 38.2, 25.5, 24.9, 23.28,176.2 ppm; HRMS (ESl)Calculated for
C2oH2oN> [M+H™]: 321.23253, Found: 321.23308.

Compound 150

AN

H
N
~"NH

o
\

Compoundl50was synthesized according to 67 as a reddish brown thick oil in 75%
yield, R- = 0.45 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C, CBCl,): 6 7.86 (br s,
1H),7.20(dJ=88Hz, 1H ), 6.93 (d =2.4 Hz, 1H), 6.76 (dd} = 8.8, 2.4 Hz, 1H ),
540 (tJ=7.2Hz,1H),4.04 (s, 1H), 3.82 (s, 3H BB( dt,J=12.0, 4.0 Hz, 1H ), 3.10 (
brs, 1H), 2.92 (m, 1H), 2.72 (m, 2H), 2.3522(2m, 5H ), 2.12 (dd] = 14.4, 7.2 Hz, 1H

), 1.98 (tJ=2.4Hz, 1H), 1.66 (s, 3H ), 1.13 (s, 3H PI( s, 3H ) ppm**C NMR ( 100
MHz, 25 °C, CDCl,): 6§ 154.4, 136.1, 134.9, 131.2, 127.9, 122.3, 1111364, 111.63,
100.4, 84.6, 68.9, 60.9, 56.1, 43.8, 39.8, 39.01,3%.4, 24.9, 22.8, 17.8, 16.2 ppm; HRMS
(ESI): Calculated for ggH3:N>,O [M+H']: 351.24309, Found: 351.24369.
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Compound 151
N Z

“"NH

Cl

Compoundl51 was synthesized according to &7 as a reddish brown thick oil in 65%
yield, Re = 0.5 ( 10% MeOH/DCM )*H NMR (400 MHz, 25 °C, CBCl,): 5 8.01 (br s, 1H)
,7.43(dJ=2.0Hz, 1H), 7.24 (m, 1H ), 7.07 ( db= 8.6, 2.0 Hz, 1H ), 5.40 (td,= 7.4,
1.2 Hz, 1H),3.96 ()= 1.7 Hz ,1H), 3.31 (m, 1H ), 2.86 (m, 1K2)65 (m, 2H ), 2.34-
2.21 (m, 5H), 2.09 ( dd, = 14.4, 7.2 Hz, 1H ), 1.95 (4,= 2.6 Hz, 1H ), 1.87 kr s, 1H ),
1.66 (s, 3H), 1.12 (s, 3H ), 1.05 (s, 3H ) ppi NMR (100 MHz, 25 °C, CECl,): &
136.9, 135.9, 134.4, 128.8, 124.9, 122.4, 121.6,611112.1, 111.9, 84.6, 68.8, 60.7, 43.6,
39.8, 39.0, 38.2, 25.6, 25.0, 23.3, 17.8, 16.1 pHRMS (ESI) Calculated for gHgN.Cl
[M+H™]: 355.19355, Found: 355.19429.

Compound 152

H
N

AN

~"NH

Compoundl52 was synthesized according to &7 as a reddish brown thick oil in 71%
yield, Re = 0.45 ( 10% MeOH/DCM Y*H NMR ( 400 MHz, 25 °C, CBECl, ): 5 7.88 (br s,
1H), 7.26 (s, 1H), 7.21 (d,= 8.2 Hz, 1H ), 6.96 (dl = 8.0 Hz, 1H ), 5.41 (1] = 7.3 Hz,
1H), 4.02 (s, 1H ), 3.37 (di,= 12.1, 4.1 Hz, 1H ), 3.02K s, 1H ), 2.90 (m, 1H ), 2.70 (
m, 2H ), 2.44 (s, 3H), 2.35-2.22 (m, 5H ), 2(1d,J = 14.5, 7.3 Hz, 1H ), 1.98 (m, 1H ),
1.67 (s, 3H), 1.13 (s, 3H), 1.08 (s, 3H ) ppre, NMR ( 100 MHz, 25 °C, CECl,): 6
135.8, 134.9, 134.4, 128.6, 127.8, 123.2, 122.%,81111.6, 110.5, 84.7, 68.8, 60.9, 43.8,
39.8, 39.1, 38.2, 25.5, 24.9, 23.3, 21.5, 17.82;1BRMS (ESI) Calculated for gH3iN>
[M+H™]: 335.24818, Found: 335.24877.
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Compound 139 Yield: 70%, dr 1 : 1.6, synthesized using the gaingroceduré&sP8

Minor Diastereomer:

Obtained as a light yellow giRe = 0.6 ( 20% EtOAc/Petroleum ether® NMR (400 MHz,
25°C,CDCl,): 6 7.79 (brs,1H), 7.44 (d)=7.6 Hz, 1H), 7.32 (dl = 8.0 Hz, 1H ), 7.10 (
m, 1H), 7.04 (m, 1H ), 5.64 (m, 1H ), 5.58 (IH ), 3.62 (ddJ = 11.1, 5.8 Hz, 1H ), 3.23 (
s,1H),2.83(m, 1H), 2.65(m, 2H), 2.41 (2H ), 2.27-2.12 (m, 2H ), 1.78 ( ddiz= 12.8,
9.2 Hz, 1H), 1.7 (m, 1H), 1.56 (d#i= 12.8, 8.0 Hz, 1H ), 1.37 (s, 3H ), 1.03 ( s,)30.97
(s, 3H) ppm:=C NMR ( 100 MHz, 25 °C, CECl,): 5§ 140.9, 136.3, 134.9, 128.6, 127.6,
121.3, 119.5, 118.2, 111.0, 110.7, 71.8, 69.9,,58318, 45.2, 37.5, 34.6, 32.1, 29.1, 26.3,
23.4, 23.1 ppm; HRMS (ESI)Calculated for @H.N, [M+H™]: 321.23253, Found:
321.23253.

Major Diastereomer:

Obtained as a yellow oil; )R= 0.35 ( 20% EtOAc/Petroleum ether'ft NMR ( 400 MHz, 25
°C,CDCl,): 6 7.79 (brs, 1H), 7.47 (d)=7.8 Hz, 1H ), 7.33 (dl= 7.9 Hz, 1H ), 7.11 ( m,
1H), 7.05(m, 1H),5.68 (m, 1H), 5.60 (m, 18.92 (s, 1H), 3.14 (m, 3H), 2.71 (m, 2H
), 2.36 (m, 2H), 1.97 (m, 1H ), 1.86 ( dds 12.5, 7.3 Hz, 1H ), 1.55 (m, 2H ), 1.32 (s, 3H
), 1.09 (s, 3H), 0.84 (s, 3H ) ppHC NMR ( 100 MHz, 25 °C, CECl,): 6 139.5, 136.7,
134.2,129.4, 127.1, 121.5, 119.4, 118.3, 111.0,99171.6, 67.4, 54.7, 51.4, 44.6, 43.4, 33.3,
32.3, 27.9, 25.0, 23.9, 22.1 ppm; HRMS (ESIhlculated for gHaoN, [M+H™]: 321.23253,
Found: 321.23280.
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Compound 153 Yield: 67%, dr 1 : 1.7, synthesized using the geherocedureGP8

Minor Diastereomer:

Obtained as a yellow oil; )R= 0.57 ( 20% EtOAc/Petroleum ethef), NMR ( 400 MHz, 25
°C, CD,Cl,): 6 7.67 (br s, 1H), 7.20 (dd) = 8.8, 0.4 Hz, 1H ), 6.90 ( d,= 2.4 Hz, 1H ),
6.73(ddJ=8.8,2.4Hz,1H),5.64 (m, 1H), 5.57 (m, 11.82 (d, 3H,) = 0.7 Hz, 3H),
3.61(m,1H),3.21(s,1H),2.80 (m, 1H),12(6n, 2H ), 2.40 (m, 2H ), 2.26-2.11 (m, 2H
), 1.77 (ddJ =12.9, 9 Hz, 1H ), 1.69 (m, 1H ), 1.55 ( dd 12.9, 7.9 Hz, 1H ), 1.35 (s, 3H
), 1.02 ('s, 3H), 0.96 (s, 3H ) ppHC NMR ( 100 MHz, 25 °C, CECl»): 6 154.4, 140.8,
135.8, 131.3, 128.6, 128.0, 111.5, 110.9, 110.6,71(0r1.9, 69.9, 56.1, 52.1, 48.8, 45.2, 37.5,
34.6, 32.1, 29.1, 26.3, 23.4, 23.2 ppm; HRMS (ESllculated for HsN,O [M+H]:
351.24309, Found: 351.24360.

Major Diastereomer:

Obtained as a yellow oil; /R= 0.34 ( 20% EtOAc/Petroleum ether'it NMR ( 400 MHz, 25
°C, CD:Cly): 6 7.67 (br's, 1H ), 7.21 (dJ =.8.7 Hz, 1H ), 6.94 (d] = 2.4 Hz, 1H ), 6.75 (
dd,J=8.7, 2.5 Hz, 1H), 5.68 (m, 1H ), 5.60 (m, 113.89 (s, 1H ), 3.83 (s, 3H ), 3.14 (m,
3H), 2.67(dd, J = 6.3, 4.5 Hz, 2H), 2.36 (m, 2H), 1.96 (m, 1HB&.(dd,J = 12.5, 7.3 Hz,
1H), 1.54 (m, 2H ), 1.30 (s, 3H ), 1.09 (s, 3K.B4 (s, 3H ) ppm3C NMR ( 100 MHz, 25
°C, CD.Cl,): 86 154.4, 139.5, 135.2, 131.7, 129.4, 127.6, 11113,1, 110.7, 100.7, 71.6,
67.5, 56.1, 54.7, 51.4, 44.6, 43.4, 33.3, 32.39,225.0, 23.9, 22.2 ppm; HRMS (ESI)
Calculated for GaHz1N-0 [M+H"]: 351.24309, Found: 351.24357.
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Compound 154 Yield: 49%, dr 1 : 1.5, synthesized using the geherocedureGP8

Minor Diastereomer:

Obtained as a yellow oil; /R= 0.61 ( 20% EtOAc/Petroleum ether'ft NMR ( 400 MHz, 25
°C,CDCl;): 6 7.85 (brs, 1H), 7.41 (s, 1H), 7.25 (d= 8.5 Hz, 1H ), 7.05 ( dd, = 8.6,

1.7 Hz, 1H ), 5.64 (m, 1H ), 5.56 ( m, 1H ), 3(6dd,J = 11.0, 6.1 Hz, 1H ), 3.21 (s, 1H),
279(m, 1H),2.62 (m, 2H), 2.40 (m, 2H ),&209 (m, 2H ), 1.78 (dd,= 12.9, 9.1 Hz,
1H),1.69 (m, 1H), 1.56 (dd,= 14.2, 6.6 Hz, 1H ), 1.36 (s, 3H ), 1.02 ( s,)310.96 ( s,
3H ) ppm;**C NMR ( 100 MHz, 25 °C, CECl,): 6 140.8, 136.7, 134.6, 128.8, 128.7, 125.1,
121.3,117.8, 112.0, 110.6, 71.7, 69.8, 52.1, 486, 37.5, 34.5, 32.1, 29.1, 26.3, 23.4, 23.0
ppm; HRMS (ESI) Calculated for gH»eN>Cl [M+H]: 355.19355, Found: 355.19403.

Major Diastereomer:

Obtained as a yellow oil; /R= 0.36 ( 20% EtOAc/Petroleum ether'ft NMR ( 400 MHz, 25
°C, CD,.Cl,): 6 7.86 (brs, 1H ), 7.44 (s, 1H ), 7.26( d#i= 8.5, 0.5 Hz, 1H ), 7.07 (m, 1H ),
568 (m, 1H), 559 (m, 1H), 3.90 (s, 1H ),38(Im, 3H ), 2.67 (m, 2H ), 2.36 (m, 2H),
1.94 (m, 1H), 1.85 (dd, = 12.5, 7.4 Hz, 1H ), 1.54 (m, 2H ), 1.31 (s, 3H.08 (s, 3H ),
0.83 (s, 3H ) ppm**C NMR ( 100 MHz, 25 °C, CECl, ): 6 139.4, 136.1, 135.0, 129.6,
128.3, 125.0, 121.5, 117.8, 112.0, 110.8, 71.53,69#4.6, 51.1, 44.6, 43.4, 33.3, 32.3, 27.9,
24.9, 23.9, 22.0; HRMS (ESI)Calculated for gH»sN.Cl [M+H']: 355.19355, Found:
355.19399

Compound 155 Yield: 62%, dr 1 : 1.7, synthesized using the geherocedureGP8
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Minor Diastereomer:

Obtained as a yellow oil; /R= 0.58 ( 20% EtOAc/Petroleum ether'ft NMR ( 400 MHz, 25
°C, CD,Cl,): 6 7.68 (br s, 1H ), 7.20 (m, 2H ), 6.92 (d= 8.3 Hz, 1H ), 5.64 (d] = 5.6
Hz, 1H), 5.57 (dJ=5.5Hz, 1H), 3.60 ( dd,= 10.7, 5.9 Hz, 1H ), 3.21 (s, 1H ), 2.79 ( m,
1H), 2.61 (m, 2H ), 2.40 (m, 5H ), 2.25-2.11 (2 ), 1.77 ( dd)J = 12.9, 9.0 Hz, 1H ),
1.70 (m, 1H ), 1.55 (ddl = 12.9, 7.8 Hz, 1H ), 1.35 (s, 3H ), 1.02 (s, )318.96 (s, 3H )
ppm; *C NMR ( 100 MHz, 25 °C, CBCl ): 6 140.9, 135.0, 134.6, 128.7, 128.6, 127.9,
122.8, 118.0, 110.6, 110.2, 71.9, 69.9, 52.1, 4868, 37.5, 34.6, 32.1, 29.1, 26.3, 23.4, 23.1,
21.5 ppm; HRMS (ESi)Calculated for gsHz:N» [M+H™]: 335.24818, Found: 335.24871.

Major Diastereomer:

Obtained as a yellow oil; (R= 0.33 ( 20% EtOAc/Petrolether’d NMR ( 400 MHz, 25 °C,
CD.Cl,): 6 7.68 (brs, 1H), 7.26 (s, 1H), 7.21( 8= 8.2 Hz, 1H ), 6.94 (dl = 8.2 Hz, 1H

), 5.68 (m, 1H ), 5.60 (m, 1H ), 3.89 (s, 113 (m, 3H ), 2.67 (m, 2H ), 2.43 (s, 3H),
236 (m,2H),1.96 (m, 1H), 1.85 (dds 12.5, 7.3 Hz, 1H ), 1.55 (m, 2H ), 1.30 ( s, BH
1.09 (s, 3H ), 0.83 (s, 3H ) ppiC NMR ( 100 MHz, 25 °C, CECl,): 6 139.5, 135.0,
134.4,129.4, 128.7, 127.4, 123.0, 118.1, 110.6,41171.6, 67.5, 54.7, 51.4, 44.6, 43.5, 33.3,
32.3, 27.9, 25.0, 23.9, 22.1, 21.5 ppm; HRMS (ESlculated for gHziN, [M+H:
335.24818, Found: 335.24844.

5.2.3.1 1-D NOE experiments for product 139

The double cyclization cascade reaction of PS mbti87 yielded producti39 as a mixture
of diastereomers (Scheme 65). By&configuration for theninor diastereomer of 139was
established by observation of @& signal between Hand H (Figure 9), whereas absence of
this e signal in themajor diastereomer of 139 pointed towards amnti-configuration
(Figure 10).
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Cat'Y (10mol%)

DCE, 80°C, 1h, MW

139 (major diastereomer) 139 (minor diastereomer)

137

Scheme 65 Gold mediated double cyclization cascadel8# affords productl39 as a
mixture of diastereomers.

nOe coupling 139 (minor diastereomer)

Figure 9- Proton NMR spectra df39 (minor diastereomer)in deteurated DCM, depicting
signal enhancement due t&& coupling beween protons kind H

Section of the proton NMR spectrum 89 (minor diastereomer) depicting protond H”
and H
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Proton H on irradiation show2% rOe signal enhancemenia H® and 1% e signal
enhancementia H?
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Proton H on irradiation show8% rOe signal enhancemenia H° and 2% ®e signal
enhancementia H?

Hb\ /Ha

M }l Mo ah Jl

e e T S AN Enam m e s o e e L e e B e an s a o e S e e
4.3 4.1 3.9 37 35 33 3.1 2.9 25 23 2.1 19 17 1.5 1.3 11 0.9 0.7
f1 (ppm)

NOE

3D model depicting the®e coupling for the minor diastereomerld9

nOe coupling 139 ( major diastereomer )

A TFA salt of the major diastereomer was used terd@ne the @e coupling, in which

protons K and Hwere well separated as seen in Figure 10.

Figure 10 — Proton NMR spectrum of TFA salt of major diastener in deteurated DCM,
depicting absence of signal enhancement du®eavupling beween protons Bind H
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Proton NMR spectrum df39 (major diastereomer) depicting protonatd H

Hb He
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Proton H on irradiation showso rOe signal enhancemevia H®
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Proton H on irradiation showso rOe signal enhancemevit H°
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5.3 Experimental part for chapter 3

5.3.1 Synthetic scheme for the preparation of iselicine-, valine-, phenyl
alanine derived aminophosphines.

General Procedure 9 (GP9) for the preparation of mgylates (217- 219)

Y\OH ﬁ/\OMS

NHBoc  EtyN, CH,Cl, NHBoc
(214-216) (217-219)

To an ice-cooled solution of the commercially aabié boc-protected amino alcoh@14-
216) (13.8 mmol) and triethylamine (15.18 mmol, 1.1lig)in DCM (55 mL), a solution of
methanesulfonyl chloride (14.35 mmol, 1.04 equiv)DCM (27 mL) was added dropwise
over a period of 30 min, After completion of thacgon monitorediia TLC, the solvent was
evaporated undevacuo and ethyl acetate (30 mL) and water (30 mL) wedded to the
residue. The organic layer was washed with aquB&udlaHCQ (50 mL) and brine (50 mL),
and dried over N&O,. The organic solvent was evaporated to give theesponding

mesylatesZ17- 219 as white solids in quantitative yields.

General Procedure 10 (GP10) for the preparation oboc-protected aminophosphines
(220- 222)

Rjﬂowls KPPh, RY\Pth

—_—

NHBoc THF NHBoc
(217-219) (220-222)

Potassium diphenylphosphide (0.5 M THF solutionp@3 28 mmol), was added dropwise to
a solution of a corresponding mesyla?d{- 219 (13.27 mmol) in THF (30 mL) at -40 °C
under argon. The reaction mixture was stirred ait $ame temperature overnight.The solution
was allowed to warm to room temperature and wadsrditl through celite. The reaction
mixture was concentrateth vacuo The residue was purified by silica gel column
chromatography with EtOAc and petroleum ether asrdk to give the desired boc-protected

aminophosphine2R0- 223 as a viscous liquid.
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General Procedure 11 (GP11) for the preparation chminophosphines (223- 225)

Rjﬁpphz TFA R%Pth

NHBoc NH,
(220-222) (223-225)

To a solution of the boc-protected aminophosphR20{ 222 (3.68 mmol) in CHCI, (68

mL) was added trifluoroacetic acid (13.5 mL, 177md®ol) at O °C under argon. The solution
was stirred at 0 °C for 1 h and then at room teatpee overnight. The reaction mixture was
guenched with water (50 mL) and the biphasic mixtwas separated. The aqueous layer was
neutralized with 10 M NaOH solution and extractathwzHCl2 (3 X 75 mL). The combined
organic layers were washed with saturated aqueatCO® (100 mL)and brine (100 mL),
dried over MgS@ and concentrated under vacuum to give aminophosg@s viscous liquid
(223-225).

(2S,3S)-2-((tert-butoxycarbonyl)amino)-3-methylpentl methanesulfonate (217)

OMs
NHBoc

Compound217 was synthesized according to tG&9 as a white solid in quantitative yield,
Re = 0.37 ( 10% EtOAc/Petroleum ethelt):NMR ( 400 MHz, 25 °C, CDG)): & 4.67 (d,J
=9.0Hz,1H),4.33-4.20(m, 2H ), 3.68 (m, 11.01 (dJ=1.9 Hz, 3H ), 1.65 — 1.47 (
m, 2H ), 1.43 (s, 9H ), 1.22 — 1.09 (m, 1H ),60-:90.86 ( m, 6H )**C NMR ( 100 MHz, 25
°C, CDCk ): & 155.6, 79.8, 69.8, 53.8, 37.4, 35.7, 28.4, 2585,111.2; HRMS (ESI)
Calculated for GH,s0sNNaS [M+Na]: 318.13456, Found: 318.13567.

(S)-2-((tert-butoxycarbonyl)amino)-3-phenylpropyl methanesulfonate (218)

Bn\‘/\OMs

NHBoc
Compound218 was synthesized according to t6&9 as a white solid in quantitative yield,
Re = 0.31 ( 10% EtOAc/Petroleum ethel);NMR ( 400 MHz, 25 °C, CDG)): § 7.39 — 7.15
(m,5H), 4.76 (s, 1H ), 4.31 —4.05 (m, 3HD13(s, 3H ), 2.95-2.81 (m, 2H ), 1.42 (s,
9H ); *C NMR ( 100 MHz, 25 °C, CDG): 6 155.2, 136.7, 129.3, 128.8, 127.0, 80.0, 69.9,
50.9, 37.3, 28.4; HRMS (ESICalculated for @H,sNOsNaS [M+H']: 352.11891, Found:

352.11994.
124



Experimental Part

(S)-2-((tert-butoxycarbonyl)amino)-3,3-dimethylbutyl methanesulfonate (219)

OMs
NHBoc

Compound219was synthesized according to tG&9 as a white solid in quantitative yield,
Rr = 0.34 ( 10% EtOAc/Petroleum ether); the spectath for the obtained compound are in
agreement with the data reportéd. HRMS (ESI) Calculated for GH,sNOsNaS [M+N&]:
318.13456, Found: 318.13533.

Tert-Butyl ((2S,3S)-1-(diphenylphosphanyl)-3-methypentan-2-yl)carbamate (220)

PPh,
NHBoc

Compound220was synthesized according to #8810 as a viscous colourless liquid in 58%
yield, Re = 0.41 ( 10% EtOAc/Petroleum ethett NMR ( 400 MHz, 25 °C, CDGI): § 7.48
—7.41(m,4H),7.37-7.29 (m, 6H ), 4.45 0, 7.8 Hz, 1H ), 3.67 (s, 1H ), 2.27 (ddk
13.6,3.5Hz,1H),2.16 - 2.04(m, 1H ), 1.651d ), 1.46 — 1.34 (m, 11H ), 1.12 — 0.99 (
m, 1H ), 0.88 — 0.77 ( m, 6H}’C NMR ( 100 MHz, 25 °C, CDG)): § 155.3, 138.2 ( dlc.p=
12.7 Hz ), 133.2 ( dJc.p= 19.4 Hz ), 132.7 ( dJc.p= 18.6 Hz ), 130.8 ( dJc.p= 4.1 Hz ),
130.7 (dJcp=3.9Hz), 128.9, 128.6 ( d¢c.p= 1.5 Hz ), 128.5 (dlc.p= 1.0 Hz ), 78.9, 52.6
(d,Jep=14.4 Hz ), 39.4, 31.3 (dcp= 12.0 Hz ), 28.5, 25.2, 15.0, 11%P NMR ( 121
MHz, 25 °C, CDCJ): § -21.2;HRMS (ESI) Calculated for ggHzsNO.P [M+H']: 386.22434,
Found: 386.22512.

Tert-butyl (S)-(1-(diphenylphosphanyl)-3-phenylpropan-2-yl)carbamate (221)

Bn
PPh,

NHBoc

Compound221 was synthesized according to 610 as a white solid in 51% yield,R=
0.45 ( 10% EtOAc/Petroleum ether ); the spectraa dar the obtained compound are in
agreement with the reported dat. m.p. — 153.8- 154.9C; HRMS (ESI) Calculated for
C26H3:NO-P [M+H']: 420.20869, Found: 420.20969.
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Tert-butyl (S)-(1-(diphenylphosphanyl)-3,3-dimethybutan-2-yl)carbamate (222)

PPh,
NHBoc

Compound222was synthesized according to #6810 as a viscous colourless liquid in 52%
yield, R- = 0.43 ( 10% EtOAc/Petroleum ethetfit NMR ( 400 MHz, 25 °C, CDG): & 7.49
—7.42(m,4H),7.37-7.29 (m, 6H ), 4.37 {¢,10.4 Hz, 1H ), 3.58 — 3.47 (m, 1H ), 2.42
~231(m,1H),2.01-1.93(m, 1H), 1.459H,), 0.88 (s, 9H }**C NMR ( 100 MHz, 25
°C, CDCk): & 155.5, 139.4 (d)c.p= 12.6 Hz), 138.2 (dlc.p= 13.9 Hz), 133.3 (dlc.p= 19.5
Hz), 132.5 (dJc.p= 18.7 Hz), 128.8, 128.5, 128.4, 128.3, 78.7, %6,3c.p = 13.5 Hz), 35.7
(d, Je.p = 6.3 Hz), 31.2 (dJc.p = 12.4 Hz), 28.5, 26.2'P NMR ( 121 MHz, 25 °C, CDG): 5
-20.3;HRMS (ESI) Calculated for gsH330,NP [M+H"]: 386.22434, Found: 386.22567.

(2S,3S)-1-(diphenylphosphanyl)-3-methylpentan-2-ame (223)

\/\‘APth

NH,

Compound223was synthesized according to #8811 as a viscous colourless liquid in 85%
yield, Re = 0.38 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C, CDGI): § 7.53 — 7.44 (
m,2H),7.44-7.36 (m, 2H), 7.36 — 7.27 (m,HR.83 - 2.73 (m, 1H), 2.43- 2.23 (m, 3H
), 2.03-1.94(m,1H),1.53-1.44(m, 1H),3-41.32 (m, 1H ), 1.19-1.07 (m, 1H), 0.90
(d,J=6.8Hz, 3H), 0.80 (t] = 7.4 Hz, 3H );*C NMR ( 100 MHz, 25 °C, CDG): & 139.3
(d,Jep=11.9 Hz ), 138.0 ( dlc.p= 13.1 Hz ), 133.3 (t)cp=17.5 Hz ), 132.4 (dlcp=
18.1 Hz ), 131.9, 131.1 ( d¢.p= 9.5 Hz ), 130.6 ( dJc.p= 9.4 Hz ), 129.0, 128.8 ( dc.p=
11.7Hz), 128.6 (dlcp=7.1 Hz ), 128.5 (dlcp= 6.4 Hz ), 128.3, 53.0 ( dcp= 13.6 Hz ),
41.2 (dJcp= 7.0 Hz), 33.6 ( dlc.p= 12.0 Hz ), 24.9, 14.8, 11.88P NMR ( 121 MHz, 25
°C, CDCk): & -20.3;HRMS (ESI) Calculated for @HosNP [M+H']: 286.17191, Found:
286.17255.
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(S)-1-(diphenylphosphanyl)-3-phenylpropan-2-amineZ24)

BHY\PPhZ

NH,

Compound224 was synthesized according to @311 as a viscous colourless liquid in 87%
yield, R- = 0.4 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C, CDGI): § 7.27 —6.94 ( m,
15H ), 2.98- 2.87 (m, 1H), 2.74 (dbz 13.3, 5.1 Hz, 1H ), 2.47 (ddz= 13.3, 8.1 Hz, 1H),
2.21-2.14 (m, 1H), 1.92 (dddi= 13.7, 8.4, 1.4 Hz, 1H ), 1.38 ( s, 2H3C NMR ( 100
MHz, 25 °C, CDG}): § 139.1, 139.0 (dlc.p = 12.1 Hz ), 138.0 (dlc.p = 12.3 Hz ), 133.0 (
d,Jcp=19.2Hz), 132.6 (dlcp=18.6 Hz ), 129.4, 128.8, 128.6, 128.5, 128.8.4,2126.3,
50.7 ( d,Jc.p = 15.1 Hz ), 45.8 ( dlc.p = 8.2 Hz ), 37.3 ( dJcp = 12.8 Hz )P NMR (121
MHz, 25 °C, CDCJ): § -21.2; HRMS (ESI): Calculated for,@,sNP [M+H']: 320.15626,
Found: 320.15712.

(S)-1-(diphenylphosphanyl)-3,3-dimethylbutan-2-amie (225)

j\ﬁpphz

NH,

Compound225was synthesized according to @311 as a viscous colourless liquid in 83%
yield, Re = 0.37 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C, CDGI): 5 7.55 — 7.48 (
m,2H), 7.42 -7.35(m, 5H), 7.34 - 7.27 (m,38.54 — 2.42 (m, 2H ), 1.84- 1.75 ( m, 1H
), 1.44 (bs, 2H ), 0.88 (d,= 1.8 Hz, 9H )**C NMR ( 100 MHz, 25 °C, CDGI): 5 139.9 ( d,
JJcp=12.1Hz), 137.8 (dlcp=13.6 Hz ), 133.6 (dlcp= 19.7 Hz ), 132.3 (dlc.p= 17.9
Hz ), 129.1, 128.5 (dlcp=7.2 Hz ), 128.4 (dlc.p= 6.2 Hz ), 128.2, 57.8 ( dc.p= 12.3 Hz

), 35.0 (d,Jcp= 6.5 Hz ), 32.7 (dJcp = 11.0 Hz ), 26.0°'P NMR ( 121 MHz, 25 °C,
CDCl): & -19.6; HRMS (ESI) Calculated for GHsNP [M+H']: 286.1719, Found:
286.17248.

General Procedure 12 (GP12) for the preparation oBminophosphines (196, 206, 226-
230)
To a solution of aminophosphin@23- 225 (0.2 mmol) and triethylamine (0.3 mmol) in

CH.CI, (1.5 ml) at C, a solution of acyl chloride (0.3 mmol) in @&, (1.5 mL) was added
dropwisevia a syringe at GC and the mixture was then warmed to RT. The reactias
monitored by TLC for completion. On completion theaction mixture was diluted with
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CH.CI; (20 mL), washed with saturated NaHC(Q@O mL) and dried over N&8Q,, and
concentrated under reduced pressure. The residsi@wdied by silica gel chromatography

using petroleum ether and EtOAc as the eluentffaodathe desired aminophosphine.

N-((2S,3S)-1-(diphenylphosphanyl)-3-methylpentan-2Hacetamide (226)

PPh,

HN\fO
Aminophosphine 223 was treated with acetyl chloride followingsP12 vyielding
aminophosphin@26 as a white solid in 71% vyield,sR= 0.35 ( 30% EtOAc/Petroleum ether);
m.p. — 154.3— 154°¢; 'H NMR ( 400 MHz, 25 °C, CDGI): & 8.00 (s, 2H , 7.93 (s, 1H ),
7.57-7.38(m,4H),7.34-7.23 (m, 6H), 6:341H ), 4.39 —4.27 (m, 1H ), 2.59 — 2.42 (
m,2H),1.96-182(m,1H), 1.59 - 1.42 (m,1H.24 —1.12 (m, 1H ), 0.98 (d~ 6.8
Hz, 3H ), 0.89 (tJ) = 7.4 Hz, 3H )*C NMR ( 100 MHz, 25 °C, CDG): 163.8, 136.6, 133.0
(d,Jcp=8.1Hz), 132.8 (dlc.p=8.1 Hz ), 132.0 ( 9)c.r= 33.8 Hz ), 129.6 ( dlc.p= 9.6
Hz ), 128.9 (dJcp= 6.4 Hz ), 128.9 ( dlc.p= 6.4 Hz ), 127.36 ( dlc.p= 2.7 Hz ), 124.9,
124.4,121.7, 52.7 (dcp=12.0 Hz ), 39.4 (dlc.,=8.3 Hz ), 29.8 (dJc.p=8.4 Hz ), 25.7,
15.0, 11.6;*'P NMR ( 121 MHz, 25 °C, CD@I): § -22.5;HRMS (ESI) Calculated for
Co7H27NOFsP [M+H']: 526.17290, Found: 526.17411.

(S)N-(1-(diphenylphosphanyl)-3-phenylpropan-2-yl)acetande (227)

anﬁPth
HN\fO

Aminophosphine 224 was treated with acetyl chloride followingsP12 vyielding
aminophosphin@27 as a white solid in 68% yield,-R= 0.38 ( 30% EtOAc/Petroleum ether
); m.p. — 168.3— 168°€; 'H NMR ( 400 MHz, 25 °C, CDGJ): § 7.37 — 7.05 (m, 15H ), 5.30
(d,J=8.0Hz, 1H), 4.25-4.16 (m, 1H ), 2.97 — (84, 2H ), 2.27 (ddd] = 14.1, 5.5, 1.5
Hz, 1H), 2.14 (dd) = 14.1, 7.7 Hz, 1H ), 1.66 ( s, 3HYC NMR ( 100 MHz, 25 °C, CDGI
):6169.4,138.1 (dJep=11.3 Hz ), 137.9 (dlcp = 11.6 Hz ), 137.7, 132.9 (Gecr = 6.5
Hz ), 132.8 (dJcp = 6.3 Hz ), 129.6, 128.9 (decp = 7.7 Hz ), 128.7 (dJcp = 7.0 Hz ),
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128.5, 126.6, 48.8 ( dc.p = 14.8 Hz ), 41.1 ( ddlc.p = 26.5, 7.8 Hz ), 33.0 ( dc.p = 14.1
Hz ), 23.3;3P NMR ( 121 MHz, 25 °C, CD@): & -22.7 HRMS (ESI) Calculated for
CaaHosNOP [M+H']: 362.16683, Found: 362.16813.

(S)N-(1-(diphenylphosphanyl)-3,3-dimethylbutan-2-yl)aceamide (228)

>‘\‘APPh2

NH/\:O
Aminophosphine 225 was treated with acetyl chloride followingsP12 vyielding
aminophosphin@228 as a white solid in 65% yield;R= 0.33 ( 30% EtOAc/Petroleum ether
); m.p. — 208.8 — 209%6; *H NMR ( 400 MHz, 25 °C, CDGJ): 6 7.52 — 7.38 (m, 4H ), 7.36
—-7.28(m,6H),518 (d,=10.1 Hz,1H ), 4.04 —3.88 (m, 1H), 2.41- 2(38, 1H ), 2.06-
1.97 (m, 1H), 1.77 (s, 3H), 0.88 ('s, 9HC NMR ( 101 MHz, CDG}): & 169.56, 139.0 (
d,J=12.8 Hz), 138.2 (dJcp= 13.3 Hz), 133.0 ( dJc.p= 15.0 Hz), 132.8 (dJcp=15.3
Hz), 128.8, 128.7, 128.6, 128.6 (M,,= 1.5 Hz), 128.5, 54.9 ( dJc.p= 14.0 Hz), 35.5 ( d,
Je.p= 6.9 Hz), 30.6 ( dJc.p= 13.0 Hz), 26.3, 23.3*'P NMR ( 121 MHz, 25 °C, CDG): & -
19.6;HRMS (ESI) Calculated for gH,7ONP [M+H']: 328.18248, Found: 328.18364.

N-((2S,3S)-1-(diphenylphosphanyl)-3-methylpentan-2})-
3,5bis(trifluoromethyl)benzamide (206)

\/Y\Pphz

HN__O

F3C CF3

Aminophosphine223 was treated with 3,5-(bistrifloromethyl)benzoyl laide following
GP12 yielding aminophosphin€06 as a white solid in 60% vyield; [R= 0.41 ( 5%
EtOAc/Petroleum ether ); m.p. — 117.9 — 128:4H NMR ( 400 MHz, 25 °C, CDGI): &
8.00(s,2H),7.93(s,1H), 7.57-7.38 (,)47.34 -7.23 (m, 6H ), 6.34 (s, 1H), 4.39
- 427 (m,1H), 259 —-2.42 (m, 2H ), 1.96 -21(8n, 1H ), 1.59 — 1.42 (m, 1H ), 1.24 —
1.12 (m, 1H ), 0.98 (dl = 6.8 Hz, 3H ), 0.89 ( 1] = 7.4 Hz, 3H )}*C NMR ( 100 MHz, 25
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°C, CDCh): 163.8, 136.6, 133.0 (dep= 8.1 Hz ), 132.8 ( dJc.p= 8.1 Hz ), 132.0 ( lc.r=
33.8 Hz ), 129.6 ( dJc.p= 9.6 Hz ), 128.97 ( dlc.p= 6.4 Hz ), 128.90 ( dlcp= 6.4 Hz ),
127.36 ( dJcp= 2.7 Hz ), 124.9, 124.4, 121.7, 52.7 Jdp= 12.0 Hz ), 39.4 ( d)c.p= 8.3
Hz ), 29.8 (dJcp=8.4 Hz ), 25.7, 15.0, 11.8'P NMR ( 121 MHz, 25 °C, CDG): & -22.5;
HRMS (ESI): Calculated for £H,;NOFRP [M+H"]: 526.17290, Found: 526.17411.

(S)N-(1-(diphenylphosphanyl)-3-phenylpropan-2-yl)-3,5-s(trifluoromethyl)benzamide
(229)

Bn PPh,

HN.__O

F3C CF3

Aminophosphine224 was treated with 3,5-(bistrifloromethyl)benzoyl laide following
GP12 yielding aminophosphin@29 as a white solid in 60% vyield; (R= 0.47 ( 5%
EtOAc/Petroleum ether ); m.p. — 166.5 — 18Z:1'"H NMR ( 400 MHz, 25 °C, CDGI): &
7.85(s,3H),7.41-7.27 (m, 4H), 7.24 — 112 11H ), 6.38 (s, 1H ), 4.57 - 4.41 (m, 1H
), 3.06 (qd,J = 13.6, 6.8 Hz, 2H ), 2.58 — 2.41 ( m, 2H3¢ NMR ( 100 MHz, 25 °C, CDGI
): 6 163.9, 137.4, 136.5, 132.9 (&, =2.7 Hz ), 1328 (dlc.p = 2.6 Hz ), 132.0 ( glc-r =
33.9Hz), 129.6 (dJcp=9.5Hz), 129.5, 128.9 (dcp=7.3 Hz), 128.8, 127.3 (dcp =
2.7 Hz), 127.0, 124.9, 124.3, 121.6, 50.1 Jock = 13.2 Hz ), 41.5 (dlc.p = 9.3 Hz ), 32.1 (
d, Jep = 8.7 Hz ):*'P NMR (121 MHz, 25 °C, CDG): § -23.7; HRMS (ESI): Calculated for
CzoH2sNOFsP [M+H']: 560.15725, Found: 560.15900.

(S)N-(1-(diphenylphosphanyl)-3,3-dimethylbutan-2-yl)-35-
bis(trifluoromethyl)benzamide (230)

PPh,
HN.__O
FsC CF3

Aminophosphine225 was treated with 3,5-(bistrifloromethyl)benzoyl laide following
GP12 yielding aminophosphin@30 as a a white solid in 57% vyield;rR= 0.40 ( 5%
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EtOAc/Petroleum ether ); m.p. — 172.3 — 198;0'H NMR ( 400 MHz, 25 °C, CDGI): &
8.24 (s, 2H), 7.95 (s, 1H), 7.73- 7.61 (m,¥H.55 - 7.39 (m, 6H ), 7.19 (8= 9.3 Hz,
1H), 4.43-4.34 (m, 1H), 2.74 — 2.61 (m, 2K.99 ( s, 9H )**C NMR ( 100 MHz, 25 °C,
CDCl;): & 164.2, 136.9, 132.5 (dc.p= 2.8 Hz ), 132.1 ( dJc.p= 2.7 Hz ), 131.9 ( oJc.r=
33.8 Hz ), 130.8 ( dlc.p= 9.5 Hz ), 130.5 ( dlcp= 9.5 Hz ), 129.0 ( dJc.p= 8.7 Hz ), 128.9
(d,Jcp=8.6 Hz ), 127.7 (dlcp= 3 Hz ), 124.7, 124.54, 121.84, 53.70 Jelo = 6.0 Hz),
36.72 (dJcp= 8.4 Hz), 30.29 ( djc.p= 8.3 Hz ), 26.3*'P NMR ( 121 MHz, 25 °C, CDG):
§ -23.5;HRMS (ESI) Calculated for gH,7ONFsP [M+H"]: 526.17290, Found: 526.17443.

N-((2S,3S)-1-(diphenylphosphanyl)-3-methylpentan-2¥)-3,5-difluorobenzamide (196)

\/Y\Pth

HN__O

F F

Aminophosphine223 was treated with 3,5-diflorobenzoyl chloride felimg GP12 yielding
aminophosphin&96 as a white solid in 69% vyield;zR= 0.45 ( 5% EtOAcPetroleum ether );
m.p. — 118.4 — 118°C; *H NMR ( 400 MHz, 25 °C, CDGI):  7.50 — 7.39 (m, 4H ), 7.35 —
7.28 (m, 6H ), 6.98 - 6.92 (m, 2H ), 6.90 - 6(84, 1H ), 5.83 (dJ=8.7 Hz, 1H ), 4.35 -
420(m,1H),2.44-229(m,2H),1.92 - (80, 1H ), 1.54 - 1.42 (m, 1H), 1.22 — 1.09 (
m, 1H ), 0.94 (dJ = 6.8 Hz, 3H ), 0.89 ( t] = 7.4 Hz, 3H );**C NMR ( 100 MHz, 25 °C,
CDCl;): 6 164.2, 164.1, 164.0, 161.6 (Jp,=12.0 Hz ), 138.4 ( dlc.p= 12.3 Hz ), 138.2 (
d,Jcp=3.7 Hz ), 138.1, 138.0, 133.0 (J&,r= 19.3 Hz ), 132.8 ( dlc.p= 19.2 Hz ), 129.0 (
d,Jcp=6.7Hz), 128.8 (dlc.p=5.8 Hz ), 128.7 (dlc.p=5.9 Hz ), 110.1 ( dJc.p= 26.3 Hz
), 110.0 (dJcp=11.2 Hz ), 106.6 (tc.r= 25.3 Hz ), 52.6 ( dJc.p= 13.6 Hz ), 39.2 ( dlcp
=8.0 Hz ), 30.4 ( dJc.p= 14.7 Hz ), 25.6, 14.9, 11.7P NMR ( 121 MHz, 25 °C, CDG): &
-22.2;HRMS (ESI): Calculated for £H,7NOFRP [M+H']: 426.17928, Found: 426.18036
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Synthetic scheme for the synthesis of 1-(3,5-bisftuoromethyl)phenyl)-3-((2S,3S)-1-
(diphenylphosphanyl)-3-methylpentan-2-yl)thiourea 231)

, \/\‘/\Pth
: 3,5-bis(CF3),CeHsNCS s _NH
\/Y\Pth Y

NH, CH,Cly, RT HN CF;
223

231
CF;

To a solution of aminophosphing23 (300 mg, 1.05 mmol) in C¥l, (10 mL), 3,5-
bistrifloromethyl phenyl isothiocyanate (241.68 mig26 mmol) was added. The reaction
mixture was stirred for 4h at RT. The solvent wasoved in vacuo and the crude reaction
mixture was directly purified by silica gel colurshromatography with EtOAc and petroleum
ether as eluents yielding the aminophospl28& as a white solid in 68% yield;:R= 0.43 (
5% EtOAc/Petroleum ether ); m.p. — 167.5- 1678 NMR ( 400 MHz, 25 °C, CDGI): &
8.41(s,1H),7.67(s,2H), 7.64 (s, 1H)6/~47.37 (m,4H), 7.35-7.27 (m, 6H ), 6.31 (
s,1H), 4.66 (s, 1H), 253 -2.46 (m, 1H)32.221 (m, 1H), 1.94 (s, 1H ), 1.49 — 1.37 (
m, 1H), 1.19 — 1.06 (m, 1H), 0.92 (X 6.8 Hz, 3H ), 0.86 (] = 7.4 Hz, 3H )*C NMR
(100 MHz, 25 °C, CDGl): 6 179.8, 138.9, 137.4 (dcp=11Hz), 137.0 (dJcp =9 Hz),
133.1 (dJcp=19.3 Hz ), 132.7, 132.6 (dscp = 18.7 Hz ), 129.4, 129.0, 128.8 (dd.,p =
7.0, 3.9 Hz ), 122.9 ( qlc.r= 271 Hz ), 123.3, 119.0, 57.4 (@, = 12.3 Hz), 38.6, 29.9,
25.8, 15.0, 11.5*'P NMR ( 121 MHz, 25 °C, CDGI): § -22.9;:HRMS (ESI) Calculated for
Co7H28NoF6PS [M+HT: 557.16095, Found: 557.16282.

5.3.2 Synthesis of-threonine based aminophosphines

Aminophosphine36was synthesized according to literature procedueg 4 synthetic steps
116 35 a colourless sticky oil,sR= 0.35 ( 10% MeOH/DCM )*H NMR ( 400 MHz, 25 °C,
CDCl3): 8 7.50 — 7.38 (m, 4H ), 7.37 — 7.29 (m, 6H ), 3.8%5 (m, 1H), 2.74 (s, 3H),
2.67—-257(m,1H),2.43-2.36(m, 1H), 202 (m, 1H), 1.14 (dl = 6.3 Hz, 3H )*C
NMR (100 MHz, 25 °C, CDG): 6 138.6 ( dJcp = 11.3 Hz ), 137.5 (dlcp = 12.3 Hz ),
133.2 (dJcp=19.5Hz), 132.6 (dlc.p = 18.4 Hz ), 129.2, 128.7 ( dds.p = 10.7, 6.9 Hz ),
70.8 (d,Jc.p = 8.4 Hz ), 55.0 (dlc.p = 13.3 Hz ), 34.3 (dlc.p = 12.3 Hz ), 20.13'P NMR (
121 MHz, 25 °C, CDG): & -22.0; HRMS (ESI) Calculated for GH»:NOP [M+H:
274.13553, Found: 274.13636.
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Procedure for the synthesis oN-((2S,3R}1-(Diphenylphosphino)3-hydroxybutan-2-yl)-
3,5-bis(trifluoromethyl)benzamide (237) .

Oy Cl
OH
)YPth
FsC CF

OH 3 ) 3 HN._O
(1 equiv)
)\ﬁPth _—
NH; EtsN (1.5 equiv)
236 F3C CF3
237

To a solution of aminophosphir@36 (546 mg, 2 mmol) and B (417 ul, 3 mmol) in
anhydrous ChLCl, (30 mL) was added dropwise a solution of-Bi&(trifluoromethyl)benzoyl
chloride (360ul, 2 mmol) in CHCI, (30 mL) at-50°C over 30 min. The resulting reaction
mixture was stirred at the same temperature foarddh then warmed to room temperature.
Water (45 mL) was added to the reaction mixture #aedaqueous phase was extracted with
CH.CI, (2 x 15 ml). The combined organic layers were \edsWwith brine (45 ml) and dried
over NaSQO,. Solvent was removeth vacuo and the residue was purified by column
chromatography on silica gel with EtOAc and petitde as eluents to afford the desired
aminophosphin@37 as a white solid in 75% yield;R= 0.38 ( 20% EtOAc/Petroleum ether );
'H NMR ( 400 MHz, 25 °C, CDGl): 6 7.91 (s, 2H ), 7.87 (s, 1H), 7.43 — 7.32 ( H, 4
7.25—-7.13(m, 6H), 6.44 (d=7.3Hz, 1H), 4.28 — 4.08 (m, 2H ), 2.50 (& 6.8 Hz,
3H), 1.14 ( dJ = 6.3 Hz, 3H )*C NMR ( 100 MHz, 25 °C, CDGI): § 164.5, 136.3, 132.9 (
d,Jcp=8.7Hz), 132.7 (dlc.p=8.6 Hz ), 132.0 ( glcr = 33.9 Hz ), 129.2 (dlcp = 2.7

Hz ), 128.8 (dJcp=1.4Hz), 128.7 (dlcp=1.5Hz ), 127.35 (dlc.p = 2.8 Hz ), 125.0,
124.3, 69.6 ( dJc.p = 8.6 Hz ), 53.7 (dJc.p = 14.2 Hz ), 31.8 (dlc.p = 13.9 Hz ), 20.8%'P
NMR ( 121 MHz, 25 °C, CDGl): 6 -22.73; HRMS (ESI): Calculated for,£,3NO,PF;
[M+H"]: 514.13651, Found: 514.13736.

General Procedure 13 (GP13) for the synthesis ob-silylated L-threonine based
aminophosphines (238- 240)
OH OR

/'\ﬁPPh
Imidazole, DMF 238, R - TIPS
239, R - TBDPS
240, R -TBS
FsC CF, FsC CF3
237

To a solution of aminophosphirg37 (150 mg, 0.29 mmol) in dry DMF (1 ml) was added
imidazole (60.41mg, 0.87 mmol) and triisopropylsithloride (77ul, 0.36 mmol) at room
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temperature under NThe solution was stirred at RT and monitoved TLC for completion.
The reaction mixture was directly purified by colurshromatography on silica gel with

EtOAc and petroleum ether as eluents affordinglds@red aminophopshirg38.

N-((2S,3R)-1-(Diphenylphosphino)-3-(triisopropylsilyloxy)butan -2-yl)-3,5
bis(trifluoromethyl)benzamide (238)

OTIPS

PPh,
HN._O

Fsc/é\CF

Aminophosphin€238 was synthesized according to #6&13 as a white solid in 78% yield,
Re = 0.54 (5% EtOAc/Petroleum ether); m.p. — 12223.4C: 'H NMR ( 400 MHz, 25 °C,
CDCl;):68.09 (s,2H), 798 (s,1H), 7.61-7.53 (M,)27.43 -7.36 (m, 2H ), 7.36 —
7.27 (m, 6H ), 6.61 (dl = 8.5 Hz, 1H ), 4.50 (gl = 6.2 Hz, 1H ), 4.20 (ddl = 15.1, 8.0
Hz, 1H ), 2.72- 2.62 (m, 1H ), 2.45- 2.35 (m, 1H.23 (dJ=6.2 Hz, 3H ), 1.14 — 1.10 (
m, 21H );"*C NMR (101 MHz, CDC}) & 163.6, 136.6, 133.1 ( dec.p = 19.6 Hz ), 132.6 ( d,
Jep =18 Hz ), 132.2 (9lcr = 33.9 Hz ), 129.1, 128.7 (dsp = 6.9 Hz ), 128.6 (dlcp =
6.8 Hz ), 127.2 (d) Jc.p = 2.8 Hz ), 124.9, 124.4, 69.8 (i, = 10.3 Hz ), 54.0 (dlcp =
16.3 Hz ), 32.0 (dJc.p = 14.1 Hz ), 21.4, 18.3 (de.p= 7.7 Hz ), 12.8*PNMR ( 121 MHz,
25 °C, CDC}): § -22.0; HRMS (ESI): Calculated fora@43sNOFsPSi [M+H']: 670.26994,
Found: 670.27268.

3

N-((2S,3R)-3-(tert-Butyldiphenylsilyloxy) -1-(diphenylphosphino)butan-2-yl)-3,5
bis(trifluoromethyl)benzamide (239)

OTBDPS

PPh,
HN._O

Fsc/é\CF

Aminophosphine239 was synthesized according to G&13 ( usingtert-butyldiphenylsilyl
chloride ) as a white solid in 73% vyieldg R 0.58 ( 5% EtOAc/ Petroleum ether ); m.p. —
154.3 — 154.9'"H NMR (400 MHz, 25 °C, CDGI): § 8.04 (s, 2H ), 7.97 (d,= 7.4 Hz, 1H

), 7.73 —7.67 (m, 2H ), 7.66 — 7.60 ( m, 2H %97—-7.33 (m, 8H ), 7.30 — 7.22 ( m, 8H ),
6.49 (dJ=8.8Hz, 1H), 4.35-4.29 (m, 1H), 4.27 — 4Xd, 1H ), 2.63 — 2.53 (m, 1H),

3
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2.24 (dd,J = 13.9, 5.8 Hz, 1H ), 1.11 (s, 9H ), 1.08 (d; 6.3 Hz, 3H );"*C NMR ( 100
MHz, 25 °C, CDC}): & 163.7, 136.6, 135.9 (dcp = 1.4 Hz ), 133.7, 133.2, 133.0 (H&,p =
19.6 Hz ), 132.6 (djcp = 19 Hz ), 132.2 ( Jc.r = 33.8 Hz ), 130.1 ( dlcp = 7.6 Hz ),
129.1, 128.7 ( dJc.p = 6.8 Hz ), 128.6, 128.6 ( dec.p = 6.9 Hz ), 127.9 (dJc.p = 16 Hz ),
127.2 (dJcp=2.9 Hz ), 124.9, 124.4, 71.4 (&, = 10.4 Hz ), 53.8 ( dlc.p = 15.7 Hz ),
32.4 (d,Jcp = 13.9 Hz ), 27.2, 21.2, 19.8'P NMR ( 121 MHz, 25 °C, CDGI): & -21.87;
HRMS (ESI): Calculated for H4NO.FsPSi [M+H']: 752.25429, Found: 752.25747.

N-((2S,3R)-3-(tert-Butyldimethylsilyloxy) -1-(diphenylphosphino)butan-2-yl)-3,5
bis(trifluoromethyl)benzamide (240)

OTBS

PPh,
HN._O

Fsc/é\CF

Aminophosphine240 was synthesized according to 613 ( usingtert-butyldimethylsilyl
chloride ) as a white solid in 74% yieldg R 0.55 ( 5% EtOAc/ petroleum ether ); m.p. —
137.5 — 138C; 'H NMR ( 400 MHz, 25 °C, CDGI): 5 8.10 (s, 2H ), 7.98 (s, 1H ), 7.61 —
755(m,2H),7.42-7.28 (m, 8H), 6.64 0d; 8.5 Hz, 1H ), 4.36- 4.30 (m, 1H ), 4.21 —
4.10(m,1H), 2.69 -2.60 (m, 1H), 2.31- 2.28,(1H ), 1.16 (dJ = 6.2 Hz, 3H ), 0.95 (s,
9H ), 0.16 (s, 3H ), 0.14 (s, 3H)C NMR ( 100 MHz, 25 °C, CDGI): & 163.6, 136.6,
133.0 (d,Jcp = 19.4 Hz ), 132.7 ( dJcp = 18.8 Hz ), 132.3 ( gJc.r = 33.0 Hz ), 129.2,
128.9, 128.8 (dJcp = 7.1 Hz ), 128.7 (dlc.p = 6.9 Hz ), 127.2 ( dJc.p = 2.7 Hz ), 125.0,
124.4, 69.3 (dJcp =10.7 Hz ), 53.5 (d)cp = 15.9 Hz ), 32.2 ( dJc.p = 13.6 Hz ), 25.9,
21.4, 18.0;*'P NMR ( 121 MHz, 25 °C, CDG): & -22.43, HRMS (ESI): Calculated for
Cz1H3/NOsFsPSi [M+H']: 628.22299, Found: 628.22483.

3

5.3.3 General Procedure 14 (GP14) for the synthesisf differently
substituted 3-cyano chromones 242

A mixture of dimethylformamide (46.8 mmol, 3.76 mahd phosphorus oxychloride (23.4
mmol, 2.17 mL) was stirred at @ for 30 min. To this a solution of the correspapR-
hydroxyacetophenon241 (5.86 mmol) was added dropwise af@. The reaction mixture

was stirred at room temperature for 4 h. After clatipn of the reaction as indicated by TLC,
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the reaction mixture was diluted with dichlorometba(22 mL). The resulting reaction
mixture was cooled to 6C followed by addition of hydroxylamine hydrochidei (17.58
mmol, 1.2g) in DMF (6 mL) and the reaction mixtuvas stirred at room temperature for 3—4
h. After the reaction was complete, as indicated'b¢, it was diluted with cold water (58
mL) and extracted with DCM (2 X 29 mL). The comldnarganic phases were washed with
water (2 X 29 mL), saturated NaH@®olution (10 mL) and finally with water (29 mL)h&
combined organic extracts were dried over anhydi&S$0O,. The solvent was removed
vacuoand the residual solid was directly crystallizeahf methanol to give the desired cyano
chromone242

R" O R" O
szi)\)\ a) DMF/ POCl, RWCN
|
OH b) NH,OH.HCI RS o]

241 242

6-Chloro-7-methyl-4-oxo-4H-chromene-3-carbonitrile(243)

Compound243 was synthesized according to 614 as a yellowish brown solid in 51%
yield, R = 0.43 ( 30% EtOAc/Petroleum ether); m.p. — 175.676.£C; *H NMR ( 400
MHz, 25 °C, CDC}): 6 8.36 (s, 1H ), 8.10—8.09 (m, 1H ), 7.58 (14,)12.49 ( s, 3H )**C
NMR ( 100 MHz, 25 °C, CDGl): 5 171.8, 162.0, 154.1, 142.1, 136.4, 127.4, 12118,9,
112.0, 103.3, 19.9; LCMS (ESI): Calculated farlNCIO, [M+H™]: 219.00, Found: 220.13.

6-Fluoro-4-oxo-4H-chromene-3-carbonitrile (244)

F CN
|
O

Compound244 was synthesized according to tB€14 as a yellowish orange solid in 57%
yield, R = 0.52 ( 30% EtOAc/Petroleum ether ); m.p. — 173.674.3C; 'H NMR ( 400
MHz, 25 °C, CDC4): 6 8.44 (s, 1H), 7.88 (dd,= 7.8, 3.0 Hz, 1H ), 7.59 (dd,= 9.2, 4.1
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Hz, 1H ), 7.54- 7.48 ( m, 1H ¥*C NMR ( 100 MHz, 25 °C, CDGI): § 171.8 (dJ = 2.4 Hz),

162.2, 160.5 ( dJ = 250.8 Hz, CF ), 152.1 (d,= 2.0 Hz ), 124.8 (d] = 7.8 Hz ), 123.7 (d,
J=254Hz), 121.0 (d) = 8.3 Hz ), 112.0, 111.5 (d,= 24.4 Hz), 102.5; HRMS (ESI)
Calculated for GHsNFO, [M+H™]: 190.02988, Found: 190.02978.

7-Fluoro-4-oxo-4H-chromene-3-carbonitrile (245)
0

CN
|
F 0

Compound245was synthesized according to 8814 as a yellowish solid in 55% vyield,rR
= 0.53 ( 30% EtOAc/Petroleum ether); m.p. — 159160.3C; *H NMR ( 400 MHz, 25 °C,
CDCl; ): 6 8.40 (s, 1H ), 8.31 —8.26 (m, 1H ), 7.29 — A.22, 2H );**C NMR ( 100 MHz,
25 °C, CDC}): 8 171.43, 166.48 ( d] = 259.1 Hz, CF ), 162.27, 156.90 (M5 13.3 Hz),
129.17 (dJ =10.7 Hz ), 120.41 (d, = 2.7 Hz ), 116.15 ( dl = 22.8 Hz ), 111.90, 105.71 (
d, J = 25.9 Hz ), 103.59HRMS (ESI) Calculated for gHsNFO, [M+H"]: 190.02988,
Found: 190.02977.

1-oxo0-1H-benzo[flchromene-2-carbonitrile (246)

Compound246was synthesized according to B®14 as a pale white solid in 69% vyield; R
= 0.41 ( 30% EtOAc/Petroleum ether ); m.p. — 182183.£C; *H NMR ( 400 MHz, 25 °C,
CDCl;3):69.89 (dJ=8.7Hz,1H ), 8.43 (s, 1H), 820 (x 9.1 Hz,1H), 795 (d=8.1
Hz, 1H ), 7.84- 7.79 (m, 1H ), 7.72 — 7.66 ( m, 1H.55 (dJ = 9.1 Hz, 1H )*C NMR (
100 MHz, 25 °C, CDGI): 6 173.8, 159.7, 157.3, 137.4, 131.3, 130.4, 1298.4, 127.9,
127.3, 117.3, 117.0, 112.5, 105.8RMS (ESI) Calculated for @H;NO, [M+H"]:
222.05496, Found: 222.05530.

5-Fluoro-4-oxo-4H-chromene-3-carbonitrile (247)
F O

CN
|
0

Compound247was synthesized according to 814 as a orangish solid in 51% vyield; R

0.54 ( 30% EtOAc/Petroleum ether ); m.p. — 1643855.3C; *H NMR ( 400 MHz, 25 °C,
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CDCl;): 5 8.36 (s, 1H), 7.74 (td,= 8.4, 5.4 Hz, 1H ), 7.39- 7.34 (m, 1H ), 7.21t57( m,
1H ); *3C NMR ( 100 MHz, 25 °C, CDGJ): 5 170.2 ( d,J = 1.8 Hz), 161.5, 160.5 ( dJ = 267
Hz, CF), 156.5 (dJ = 3.1 Hz), 135.7 (d,J = 10.7 Hz), 114.5 (d,J = 4.6 Hz), 114.3 (d,J =
20.3 Hz), 114.0 ( d,J = 10.6 Hz), 111.8, 104.2; HRMS (ESICalculated for GHiNFO,
[M+H]: 190.02988, Found: 190.02980.

6-Methoxy-4-o0xo0-4H-chromene-3-carbonitrile (248)

_0 CN
|
o

Compound248was synthesized according to tB@14 as a yellowish solid in 50% yield R
= 0.54 ( 30 % EtOAc/Petroleum ether ); m.p. — 188188.4C; 'H NMR ( 400 MHz, 25 °C,
CDCl): 6 8.39 (s, 1H), 7.57 (d,= 3.1 Hz, 1H ), 7.48 (dl = 9.2 Hz, 1H ), 7.34 (dd}, =
9.2, 3.1 Hz, 1H), 3.91 ( s, 3HYC NMR ( 100 MHz, 25 °C, CDG)): § 172.5, 161.7, 158.3,
150.7, 125.2, 124.3, 120.1, 112.5, 105.5, 102.2;56RMS (ESI) Calculated for GH;NOs
[M+H"]: 202.05017, Found: 202.04987.

7-Methyl-4-o0x0-4H-chromene-3-carbonitrile (249)
0

CN
|
0

Compound249 was synthesized according to 614 as a pale yellow solid in 50% vyield,
Re = 0.38 ( 30 % EtOAektroleum ether ); m.p. — 189.8 — 1RC3'"H NMR ( 400 MHz, 25
°C,CDCE): 68.36 (dJ=0.8Hz,1H), 8.15-8.10 (m, 1H ), 7.37 — 7(30, 2H ), 2.52 (s,
3H ); **C NMR ( 100 MHz, 25 °C, CDGI): § 172.3, 161.9, 156.0, 147.3, 128.7, 126.1, 121.2,
118.3, 112.4, 103.1, 22.1; HRMS (ESKalculated for gH;NO, [M+H']: 186.05496,
Found: 186.05474.

5.3.4 General Procedure 15 (GP15) for the synthssiof a-substituted
allenes 253.

To a stirred solution ofethoxycarbonylmethylene)triphenylphosphorgbg, 14.36mmol) in
chloroform (40 mL) was added 1.3 equivalents ofetig/l bromoacetate at room temperature.

The reaction mixture was refluxed and monitordd TLC for completion and then
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concentrated to give the phosphonium bromide asrawrb solid. To the resulting

phosphonium salt was added dichloromethane (50anH)2.2 equivalents of triethylamine
(4.4 mL) and the mixture was stirred for 2 h. Atetlgloride (1.1 equivalents, 1.1 mL) in

dichloromethane (5 mL) was added dropwise overahdh the reaction mixture was stirred
overnight. The resulting reaction mixture was pduirgo a buchner funnel that was packed
with silica gel and was washed with dichloromethoreseveral times. The combined filtrate
was concentrated and the residue was subjectddsio ¢olumn chromatography with ethyl

acetate and petroleum ether as eluents.

Diethyl 2-vinylidenesuccinate (175a)

CO,Et
=cC

CO,Et
Compoundl75awas synthesized according to {15 as a colourless oil in 70% yieldgR
= 0.47 ( 10% EtOAc/Petroleum ethetit NMR ( 400 MHz, 25 °C, CDG): 6 5.21 (t,J = 2.2
Hz, 2H), 4.24 — 4.13 (m, 4H), 3.25 {t= 2.2 Hz, 2H), 1.29 — 1.23 (m, 6HC NMR ( 100
MHz, 25 °C, CDG): 6 214.6, 170.6, 166.4, 94.8, 79.6, 61.4, 61.0, 3MRB, 14.3; HRMS
(ESI): Calculated for gH140sNa [M+Na']: 221.07843, Found: 221.07915.

1-Ethyl 4-methyl 2-vinylidenesuccinate (254)

CO,Me
—° CO,Et
Compound254 was synthesized according to B@15(14.36 mmol scale using 1.3 equiv of
methyl bromoacetategs a colourless oil in 69% yieldgR 0.44 ( 10% EtOAc/Petroleum
ether );'H NMR ( 400 MHz, 25 °C, CDC}): § 5.23 — 5.20 (m, 2H ), 4.25- 4.17 (m, 2H ),
3.70 (d,J=1.1 Hz, 3H), 3.28- 3.26 (m, 2H ), 1.27 (dck 7.1, 1.1 Hz, 3H )**C NMR (
100 MHz, 25 °C, CDGl): 6 214.6, 171.0, 166.4, 94.6, 79.6, 61.5, 52.2, 38473; GC-MS

(m/z) : Calculated for §4,,0, - 184.07, Found: 184.0.

4-Benzyl 1-ethyl 2-vinylidenesuccinate (255)

CO,CH,Ph
=C

CO,Et
Compound255was synthesized according to B@15(14.36 mmol scale using 1.3 equiv of

benzyl bromoacetateggs a colourless oil in 65% vyield R 0.44 ( 10% EtOAc/Petroleum
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ether );'"H NMR (400 MHz, 25 °C, CDG)): 6 7.39 — 7.30 (m, 5H ), 5.20 (3= 2.2 Hz, 2H
), 5.15 (s, 2H ), 4.19 (d,= 7.1 Hz, 2H ), 3.33 (] = 2.2 Hz, 2H ), 1.25 (t] = 7.1 Hz, 3H);
3¢ NMR (100 MHz, 25 °C, CDGI): 6 214.6, 170.4, 166.3, 135.9, 128.6, 128.3, 94.6/,79
66.8, 61.5, 34.9, 14.3; HRMS (ESQalculated for gH1604Na [M+Na']: 283.09408, Found:
283.09439.

4-(tert-Butyl) 1-ethyl 2-vinylidenesuccinate (256)
CO,Bu

=C

CO,Et
Compound256 was synthesized according to B@15(14.36 mmol scale using 1.3 equiv of
t-butyl bromoacetateas a colourless oil in 60% yieldR 0.51 ( 10% EtOAc/Petroleum
ether );'H NMR ( 400 MHz, 25 °C, CDG): § 5.20 (td,J = 2.2, 0.6 Hz, 2H ), 4.24- 4.17 ('m,
2H), 3.17 (tdJ = 2.2, 0.7 Hz, 2H ), 1.45 ( d,= 0.7 Hz, 9H ), 1.30 — 1.24 ( m, 3HYC
NMR ( 100 MHz, 25 °C, CDGI): § 214.6, 169.8, 166.5, 95.2, 81.2, 79.4, 61.4, 38301,
14.3;HRMS (ESI) Calculated for H1g04Na [M+Na']: 249.10973, Found: 249.10995.

1-(tert-Butyl) 4-ethyl 2-vinylidenesuccinate (257)

CO,Et
- CO,'Bu
Compound 257 was synthesized according to tl&P15 (using 14.36 mmol offtert-
butoxycarbonylmethylene)triphenylphosphoraared 1.3 equiv of ethyl bromoacetats a
colourless oil in 59% yield, R= 0.49 ( 10% EtOAc/Petroleum ethert NMR ( 400 MHz,
25°C,CDC}):65.16 (tdJ=2.2,1.0Hz,2H),4.19-4.10(m, 2H), 3.28,0 = 2.2, 1.0
Hz, 2H), 1.46 (dJ = 1.1 Hz, 9H ), 1.28 — 1.23 (m, 3HJC NMR ( 100 MHz, 25 °C, CDGlI
): 6 214.6, 170.6, 166.4, 94.8, 79.6, 61.4, 61.0, 3MRB, 14.3; HRMS (ESI)Calculated for

C1o,H1804Na [M+Na+]: 249.10973, Found: 249.10987

Ethyl 2-benzylbuta-2,3-dienoate (258)
Ph
=C
CO,Et
Compound258was synthesized according to B@15(14.36 mmol scale using 1.3 equiv of
benzyl bromideps a pale yellow oil in 54% vyield,R= 0.45 ( 5% EtOAc/Petroleum ether );
'H NMR (400 MHz, 25 °C, CDG): & 7.31 — 7.17 (m, 5H ), 5.09 (1= 2.6 Hz, 2H ), 4.23 —

415 (m, 2H ), 3.57 (1] = 2.6 Hz, 2H ), 1.28 — 1.24 ( m, 3HJC NMR ( 100 MHz, 25 °C,
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CDCl3): 6 214.5, 166.9, 139.2, 129.00, 128.3, 126.4, 100043, 61.2, 35.0, 14.35C-MS
(m/z) : Calculated for GH140, - 202.09, Found: 202.1.

Ethyl 2-methylbuta-2,3-dienoate (259)

=C
CO,Et

Compound259was synthesized according to B@15(14.36 mmol scale using 1.3 equiv of
methyl iodide)as a yellow oil in 47% yield, R= 0.5 ( 5% EtOAc/Petroleum ether'ty NMR
(400 MHz, 25 °C, CDGI): 3 5.06 (q,J = 3.2 Hz, 1H ), 4.20 (gl = 7.1 Hz, 1H), 1.87 (td}
=3.2, 0.7 Hz, 1H ), 1.30 — 1.25 ( m, 1H'SC NMR ( 100 MHz, 25 °C, CDGI): & 214.1,
167.7, 95.6, 77.9, 61.1, 14.8, 14.4; GC-MS (m/€plculated for H,00, - 126.06, Found:
126.0.

Ethyl 2-(4-nitrobenzyl)buta-2,3-dienoate (260)

NO,
=C
CO,Et

Compound260was synthesized according to B@15(14.36 mmol scale using 1.3 equiv of
p-nitro benzyl bromidepas a colourless oil in 63% yieldgR 0.48 ( 10% EtOAc/Petroleum
ether); *H NMR (400 MHz, 25 °C, CDGJ): 5 8.10 (d,J = 8.2 Hz, 2H ), 7.37 (dl = 8.2 Hz,
2H),5.13(s,2H),4.15(q4,=7.1 Hz,2H ), 3.63 (s, 2H ), 1.22 (dbs 7.1, 6.6 Hz, 3H);
3C NMR ( 100 MHz, 25 °C, CDGI): § 214.3, 166.3, 146.9, 146.7, 129.7, 123.5, 99.17,79

61.3, 34.8, 14.1; GC-MS (m/z) : Calculated fQgH;3sNO, - 247.08, Found: 247.0.

5.3.5 General Procedure 16 (GP16) for the asymmetr [4+2] annulation
reaction between differently substituted 3-cyano alomones (261) anda-
substituted allenes (253).

To a mixture of 3-cyano chromone or anal@gl (0.175 mmol, 1 equiv), 3/Ahowdered

molecular sieves (30mg) and aminophosphine cataB&{0.01 equiv, 11.75 mg) dissolved
in anhydrous 1,4-dioxane (1.75 mL) in a well drezhlenk flask charged with argon was
added thexr-substituted allen253 in one portionvia a microsyringe. The resulting reaction
mixture was vigorously stirred at RT for 24h. Tleaction mixture was then directly purified
by column chromatography with EtOAc and petroleuhee as eluents to yield the desired

[4+2] adduct. The diastereoselectivity of the reactwas determinedia analysis of the
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proton NMR spectrum of the crude reaction mixturae enantioselectivity for the major

diastereomer was determingd chiral HPLC.

Compound 213

O _ CO.Et
L

Compound213was synthesized according to 1B@ 1§using commerially available 3-cyano
chromone and allenoafier5g as a colourless thick oil in 93% vyield (both thasiereomers
together) withdr = 8 : 92 andcee = 96% ( for the major diastereomer }; R 0.42 ( 25 %
EtOAc/ petroleum ether, minor diastereomer),/0.40 ( 25% EtOAc/Petroleum ether, major
diastereomer),

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): 5 8.00 - 7.96 (m, 1H), 7.56 —
7.50 (m, 1H), 7.32 — 7.27 (m, 1H), 7.17 — 7.11 (), 6.99 - 6-95 (m, 1H), 4.88 — 4.79 (m,
1H), 4.30 — 4.16 (m, 3H), 3.68 (d#j= 10.8, 7.1 Hz, 1H), 3.14 (dd,= 10.8, 7.2 Hz, 1H), 3.07
—2.91 (m, 2H), 1.27 (1 = 7.1 Hz, 3H), 0.89 (1] = 7.2 Hz, 3H)*C NMR ( 100 MHz, 25 °C,
CDCl;): 6 183.5, 167.0, 164.6, 160.3, 137.1, 136.0, 12&86,2, 123.2, 119.2, 118.2, 116.0,
74.3, 62.0, 61.4, 49.4, 43.4, 29.6, 14.2, 13.4; HRKESI) Calculated for GH1oNOs
[M+H"]: 370.13034, Found: 370.12854]1% = -312 ( CHC}, ¢ = 1 ); HPLC conditions:
CHIRAPAK IC column, ethanol/ iso-hexane = 20/100, flow rate = 1 ml Timajor

enantiomer:g = 21.0 min; minor enantiomeis £ 17.2 min.

Compound 263

E
onCOE

(@)
N>
@

Compound263was synthesized according to B&16 (using commerially available 6- floro
3-cyano chromone and allenoat&5g as a colourless thick oil in 91% vyield (both the
diastereomers together) withh = 10 : 90 ancee = 95% ( for the major diastereomer ), the
diastereomers are separated by reverse phase H&digg(the C18 column with a gradient of
20/100 AcN / (Water/TFA = 1000/1) to 100% AcN ovarperiod of 30mins) they are
inseparableria column chromatography.
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Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGJ): & 7.63 (ddJ = 7.9, 3.2 Hz, 1H
), 7.30-7.22 (m, 2H ), 6.98 (d#i= 9.1, 4.1 Hz, 1H ), 4.83 (dd,= 4.0, 0.8 Hz, 1H ), 4.28
—-4.17 (m, 3H), 3.73 (dg,= 10.8, 7.1 Hz, 1H ), 3.29 ( dd,= 10.7, 7.1 Hz, 1H ), 3.11 —
2.92 (m, 2H), 1.31- 1.25 (m, 3H ), 0.98- 0.98,(3H );™*C NMR ( 100 MHz, 25 °C, CDGI
): 6183.0 (dJ=2.0Hz), 165.7 (d) = 243.9 Hz ), 159.3, 156.9, 156.54 (J&5 1.8 Hz ),
135.8, 126.1, 124.6 ( d,= 24.6 Hz ), 120.0 (dd, = 7.2, 4.4 Hz ), 115.8, 113.0 (3= 24.0
Hz ), 74.6, 62.1, 61.4, 49.2, 43.3, 29.5, 14.251BRMS (ESI) Calculated for gH;1sNFOs
[M+H"]: 388.11909, Found: 388.12066]1% = -300 ( CHC}, ¢ = 1.1 ); HPLC conditions:
CHIRAPAK IC column,iso-propanol / iso-hexane = 20/100, flow rate = 1 min'fp major

enantiomer:g = 25.3 min; minor enantiomeis £ 22.2 min.

Compound 264
CO,Et

0
(LU

Compound264 was synthesized according to tkdP16 (using commerially available 6-
chloro 3-cyano chromone and allenoa#g as a colourless thick oil in 91% yield (both the
diastereomers together) witr = 9 : 91 andee = 96% ( for the major diastereomer ), the
diastereomers are separated by reverse phase H&digg(the C18 column with a gradient of
20/100 AcN / (Water/TFA = 1000/1) to 100% AcN ovarperiod of 30mins) they are
inseparablevia column chromatography.

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI) : 6 7.93 (d,J = 2.6 Hz, 1H ),
7.47 (ddJ=8.8,2.6 Hz, 1H ), 7.28 (§,= 3.8 Hz, 1H ), 6.94 (d = 8.8 Hz, 1H ), 4.85 -
4.80 (m,1H), 4.27 —4.18 (m, 3H), 3.73 (dg; 10.8, 7.1 Hz, 1H ), 3.28 (dg~= 10.8, 7.1
Hz, 1H), 3.14 - 2.92 (m, 2H ), 1.26 0t= 7.1 Hz, 3H ), 0.94 (t] = 7.2 Hz, 3H )*C NMR

( 100 MHz, 25 °C, CDGI): ¢ 182.8, 167.0, 164.5, 158.7, 136.9, 135.8, 12920,3, 126.2,
120.3, 119.9, 115.8, 74.6, 62.3, 61.6, 49.3, 4396, 14.3, 13.5 ppm; HRMS (ESI)
Calculated for GH1gNCIOg [M+H*]: 404.08954, Found: 404.09108]1% = -316.2 ( CHQ,

c =1.06 ); HPLC conditions: CHIRAPAK IC column, B{J iso-hexane = 20/100, flow rate

=1 mL min', major enantiomerkt= 46.6 min; minor enantiomeg; £ 42.4 min.

Compound 265
opCOE

0]
N>
BF“COZEt
L0
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Compound265 was synthesized according to tkd16 (using commerially available 6-
bromo 3-cyano chromone and allenoai®g as a colourless thick oil in 92% yield (both the
diastereomers together) witr = 9 : 91 andee = 96% ( for the major diastereomer ), the
diastereomers are separated by reverse phase H&digg(the C18 column with a gradient of
20/100 AcN / (Water/TFA = 1000/1) to 100% AcN ovarperiod of 30mins) they are
inseparableria column chromatography.

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): § 8.14 — 8.01 (m, 1H ), 7.60 (
dd,J=8.8,25Hz, 1H), 7.29- 7.25 (m, 1H ), 6.98.83 (m, 1H ), 4.85 — 4.75 (m, 1H),
4.32 -4.17 (m, 3H), 3.72 (d§= 10.8, 7.2 Hz, 1H ), 3.27 (dg= 10.2, 6.9 Hz, 1H ), 3.12
—2.90 (m, 2H), 1.26 (8= 7.1 Hz, 3H), 0.94 (1] = 7.2 Hz, 3H )}*C NMR ( 100 MHz, 25
°C, CDCk): 6 182.5, 166.9, 164.5, 159.1, 139.6, 135.7, 13(24,11, 120.6, 120.1, 116.0,
115.6, 74.5, 62.2, 61.5, 49.1, 43.39, 29.53, 1424, HRMS (ESI): Calculated for
CooH1gNBrOs [M+H™]: 448.03903, Found: 448.0403%]1% = -278.4 ( CHQ, ¢ = 1.13 );
HPLC conditions: CHIRAPAK IC column, EtOH / iso-heme = 20/100, flow rate = 1 mL

min, major enantiomerit= 29.9 min; minor enantiomeg £ 32.0 min.

Compound 266
opCOE

0
COzEt
oV

Compound266 was synthesized according to tkP16 (using commerially available 6-
methyl 3-cyano chromone and allenoha?g as a colourless thick oil in 81% vyield (both the
diastereomers together) witlt = 20 : 80 andke= 93% ( for the major diastereomer ); R
0.46 ( 25% EtOAc/ Petroleum ether, minor diasterenR- = 0.43 ( 25% EtOAc/Petroleum
ether, major diastereomer)

Major Diastereomer = *H NMR (400 MHz, 25 °C, CDGI): § 7.78 — 7.74 (m, 1H ), 7.35 —
7.31(m,1H),7.28 (11=3.8 Hz, 1H ), 6.86 (d=8.5 Hz, 1H ), 4.79 (dd,= 4.5, 0.9 Hz,
1H), 4.28 —4.17 (m, 3H), 3.69 (dbs 10.8, 7.2 Hz, 1H ), 3.19 (dd= 10.8, 7.2 Hz, 1H),
3.08-2.92(m,2H), 2.33(s,3H),1.27J& 7.1 Hz, 3H ), 0.90 (] = 7.2 Hz, 3H );®C
NMR ( 100 MHz, 25 °C, CDGl): 5 183.7, 167.1, 164.6, 158.4, 138.1, 136.0, 1330,6,
126.2, 118.9, 117.9, 116.2, 74.3, 62.0, 61.4, 48354, 29.7, 20.6, 14.2, 13.4; HRMS (ESI)
Calculated for GiH,:NOg [M+H"]: 384.14416, Found: 384.14606(1% = -292.33 ( CHGJ,

¢ =0.72); HPLC conditions: CHIRAPAK IC column, BHJ iso-hexane = 20/100, flow rate

=1 mL min?, major enantiomergt= 46.6 min; minor enantiomeg £ 42.5 min.
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Compound 267
CO,Et

0
Wcoza
O O\\‘ ‘

Compound267 was synthesized according to tkd16 (using commerially available 6-
isopropyl 3-cyano chromone and allenoai®g as a colourless thick oil in 80% vyield (both
the diastereomers together) with = 25 : 75 anege= 86% ( for the major diastereomer }; R
= 045 ( 25 % EtOAc/ petroleum ether, minor dissbener), R = 0.43 ( 25%
EtOAc/Petroleum ether, major diastereomer)

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): § 7.81 ( d,J = 2.0 Hz, 1H ),
7.40 (ddJ=8.6,2.4 Hz, 1H), 7.30 (3,=3.8 Hz, 1H ), 6.90 (d} = 8.5 Hz, 1H ), 4.81 ( dd,
J=25,20Hz,1H),4.33-4.11 (m, 3H), 3.68(J=10.7, 7.1 Hz, 1H ), 3.11 — 2.97 ( m,
3H ), 2.90 (dgJ = 13.6, 6.9 Hz, 1H ), 1.32 = 1.18 (m, 9H ), 0(88J = 7.2 Hz, 3H )*C
NMR ( 100 MHz, 25 °C, CDGl): 6 183.7, 167.1, 164.6, 158.5, 144.0, 136.2, 13626,2,
124.9, 118.7, 118.1, 116.2, 74.2 ()5 2.1 Hz ), 61.96, 61.4, 49.5, 43.3, 33.5, 29%92
23.8, 14.2, 13.4; HRMS (ESI)Calculated for @H,sNOs [M+H™]: 412.17546, Found:
412.17727; §)*p = -282.1 ( CHGJ, c = 0-92 ); HPLC conditions: CHIRAPAK IC column,
iso-propanol / iso-hexane = 30/100, flow rate = 1 mib'fpmajor enantiomergt= 30.7 min;

minor enantiomergt= 19.3 min.

Compound 268
opCO2E

O
N-
/O“COzEt
L

Compound268 was synthesized according to t&#16 (using 3-cyano chromon248 and
allenoatel75aand 20mol% of the catalygB8for 48 h)as a colourless thick oil in 60% yield
(both the diastereomers together) wdth= 20 : 80 anegke= 96% ( for the major diastereomer
), the diastereomers are separated by reverse ptRIs€ ( using the C18 column with a
gradient of 20/100 AcN / (Water/TFA = 1000/1) to0%0 AcN over a period of 30mins) they
are inseparableia column chromatography.

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): § 7.36 ( d,J = 3.1 Hz, 1H ),
7.30-7.26 (m, 1H), 7.12 (dd,= 9.1, 3.2 Hz, 1H ), 6.90 (d,= 9.1 Hz, 1H ), 4.82 — 4.75 (
m, 1H ), 428 —4.17 (m, 3H), 3.82 ( s, 3H ),23(®tg,J = 10.8, 7.1 Hz, 1H ), 3.24 (dd~=
10.8, 7.2 Hz, 1H), 3.09-291 (m, 2H), 1.28J+ 7.1 Hz, 3H ), 0.92 (] = 7.2 Hz, 3H);

13%C NMR ( 100 MHz, 25 °C, CDGI): § 183.7, 167.0, 164.6, 155.3, 154.9, 136.0, 126.3,
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126.2, 119.5, 119.3, 116.2, 108.0, 74.5, 62.0,,664, 49.4, 43.4, 29.7, 14.2, 13.5; HRMS
(ESI): Calculated for §H»:0/NNa [M+H']: 422.12102, Found: 422.12241]1% = -357.8 (
CHCI3;, ¢ = 1.13 ); HPLC conditions: CHIRAPAK IC columiso-propanol / iso-hexane =
30/100, flow rate = 1 mL mih major enantiomergt= 43.9 min; minor enantiomer £ 28.6

min.

Compound 269

Compound269 was synthesized according to tk&P16 (using 3-cyano chromong46,
allenoatel75aand 15mol% of the cataly@88for 48 h)as a colourless thick oil in 81% yield
(both the diastereomers together) with= 16 : 84 aneke= 91% ( for the major diastereomer
), Re = 0.40 ( 25% EtOAc/Petroleum ether, minor diasierer), R = 0.37 ( 25%
EtOAc/Petroleum ether, major diastereomer)

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): § 9.45 ( d,J = 8.7 Hz, 1H ),
7.97 (dJ=9.0Hz, 1H), 7.78 (dl=8.0 Hz, 1H ), 7.74 - 7.69 (m, 1H ), 7.510 & 7.5 Hz,
1H), 7.33 (tJ=3.7 Hz, 1H), 7.06 (d1 = 9.0 Hz, 1H ), 5.05 — 4.96 (m, 1H ), 4.31 — 4(11
m, 3H ), 3.50- 3.40 (m, 1H ), 3.15-2.97 (m,2R.66 (dqJ=10.8, 7.2 Hz, 1H ), 1.26 ( q,
J=6.9 Hz, 3H), 0.53 (] = 7.2 Hz, 3H )*C NMR ( 100 MHz, 25 °C, CDGI): 5 184.0,
167.4, 164.6, 162.6, 139.0, 136.0, 131.1, 130.B,712128.9, 126.4, 126.0, 125.8, 118.1,
116.5, 110.5, 73.8 (d,= 3.5 Hz) , 61.9, 61.4, 50.3, 43.7, 29.56, 141229; HRMS (ESI):
Calculated for GiH»NOg [M+H*]: 420.14416, Found: 420.14594]7% = -379.6 ( CHQJ, ¢
=1); HPLC conditions: CHIRAPAK IA columnso-propanol / iso-hexane = 20/100, flow

rate = 1 mL mift, major enantiomerigt= 14.1 min; minor enantiomeg £ 16.1 min.

Compound 270
opCOE

0
“CozEt
L

Compound270 was synthesized according to t8#16 (using 3-cyano chromon249 and
allenoatel75g as a colourless thick oil in 83% yield (both theslereomers together) with
dr = 16 : 84 ancte= 91% ( for the major diastereomer }; R0.43 ( 20% EtOAc/Petroleum
ether, minor diastereomer)gR 0.40 ( 25% EtOAc/Petroleum ether, major diasterer)
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Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): § 7.85 ( d,J = 8.1 Hz, 1H ),
7.30-7.27(m,1H), 6.96-6.92(m, 1H), 6.80./3 (m, 1H ), 4.85-4.76 (m, 1H ), 4.28 —
4.17 (m, 3H), 3.69 (dg,= 10.7, 7.1 Hz, 1H ), 3.16 (dg= 10.7, 7.2 Hz, 1H ), 3.08 — 2.91
(m, 2H), 2.35(s, 3H), 1.27 (3= 7.1 Hz, 3H ), 0.91 (] = 7.2 Hz, 3H )}*C NMR ( 100
MHz, 25 °C, CDC}): 6 183.1, 167.1, 164.6, 160.3, 149.1, 136.1, 12728,2, 124.6, 118.1,
116.8, 116.2, 74.2, 62.0, 61.4, 49.3, 43.4, 2961,214.2, 13.4; HRMS (ESICalculated for
CoiH21NOs [M+H™]: 384.14416, Found: 384.146061]% = -292.1 ( CHGJ, c = 1.72 );
HPLC conditions: CHIRAPAK IA columniso-propanol / iso-hexane = 20/100, flow rate = 1

mL min’, major enantiomergt= 11.1 min; minor enantiomeg £ 27.6 min.

Compound 271

E
oNZOEL

(0]
N
F oV

Compound271 was synthesized according to t&#16 (using 3-cyano chromon245 and
allenoatel75g as a colourless thick oil in 89% yield (both thesiereomers together) with
dr = 16 : 84 ancte= 96% ( for the major diastereomer }; R0.46 ( 20% EtOAc/Petroleum
ether, minor diastereomer)rR 0.43 ( 25% EtOAc/Petroleum ether, major diasterer)

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): & 8.00 ( ddJ = 8.9, 6.3 Hz, 1H
), 7.29 - 7.25(m, 1H ), 6.88- 6.82 ( m, 1H ),6(&ld,J = 9.3, 2.4 Hz, 1H ), 4.89 — 4.84 ( m,
1H), 4.29 —4.16 (m, 3H), 3.72 (dbz 10.8, 7.1 Hz, 1H), 3.27 (dg= 10.8, 7.2 Hz, 1H),
3.09 - 2.93 (m, 2H), 1.27 (1,= 7.1 Hz, 3H ), 0.94 (1) = 7.2 Hz, 3H );*C NMR ( 100
MHz, 25 °C, CDX): 6 182.2, 167.7 ( d] = 256Hz, CF ), 166.9, 164.5, 162.QE 3.7 Hz ),
135.7, 130.7 (d) =11.3 Hz ), 126.1, 116.1 (d,= 2.6 Hz ), 115.8, 111.9 (d,= 24.7 Hz ),
105.2 ( d,J = 24.7 Hz ), 74.7, 62.1, 61.5, 49.1, 43.4, 29.42113.5; HRMS (ESI)
Calculated for GoH:gNFOs [M+H™]: 388.11909, Found: 388.12036]7% = -295.4 ( CHG,

c = 1.1 ); HPLC conditions: CHIRAPAK IC columiso-propanol / iso-hexane = 30/100,

flow rate = 1 mL mif, major enantiomerigt= 36.3 min; minor enantiomeg £ 19.5 min.

Compound 272
opCOE

0
NS
CwCOZEt
® O\\\

Compound272 was synthesized according to t&#16 (using 3-cyano chromon243 and

allenoatel75g as a colourless thick oil in 89% yield (both theslereomers together) with
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dr = 16 : 84 ancte= 95% ( for the major diastereomer }; R0.46 ( 25% EtOAc/Petroleum
ether, minor diastereomer)rR 0.43 ( 25 % EtOAc/Petroleum ether, major diasigarer)

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): & 7.82 (dJ = 0.5 Hz, 1H ),
7.30-7.22(m, 1H),7.00 (s, 1H), 4.85 — 476, 1H ), 4.83 - 4.77 (m, 1H ), 4.28 — 4.18 (
m, 3H ), 3.73 (dgJ = 10.8, 7.1 Hz, 1H ), 3.32 (dgd,= 10.8, 7.2 Hz, 1H ), 3.09 — 2.90 ( m,
2H), 2.37 -2.32 (m, 3H), 1.27 (&= 7.1 Hz, 3H ), 0.94 (1 = 7.1 Hz, 3H );*C NMR (
100 MHz, 25 °C, CDGIl): 5 182.9, 167.0, 164.5, 158.5, 143.4, 135.7, 13128,2, 126.1,
118.5, 117.9, 115.94, 74.7, 62.1, 61.5, 49.3, 4395, 19.3, 14.2, 13.4; HRMS (ESI):
Calculated for GH»NCIOg [M+H*]: 418.10519 , Found: 418.10688]7’% = -283 ( CHC}, ¢

= 1.53); HPLC conditions: CHIRAPAK IA column, ethol / iso-hexane = 30/100, flow rate

=1 mL min', major enantiomerkt= 16.5 min; minor enantiomeg; £ 30.0 min.

Compound 274
c (_302Me

0]
L0

Compound274was synthesized according to BB16 (using commerially available 3-cyano
chromone and allenoab4) as a colourless thick oil in 88% vyield (both thasiereomers
together) withdr = 10 : 90 andee = 96% ( for the major diastereomer ) R 0.45 ( 25%
EtOAc/Petroleum ether, minor diastereomep,40.42 ( 25% EtOAc/Petroleum ether, major
diastereomer).

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI) § 7.97 (ddJ = 7.9, 1.7 Hz, 1H

), 7.56-7.50 (m, 1H ), 7.30 (dd= 4.3,3.4 Hz, 1H ), 7.17 - 7.11 (m, 1H), 7.06.95 ( m,
1H),4.84 (dd)=4.4,1.7Hz,1H), 429 -4.17 (m, 3H), 3.12.94 (m,5H ), 1.27 (1 =
7.1 Hz, 3H )*C NMR ( 100 MHz, 25 °C, CDG)) § 183.5, 167.4, 164.5, 160.0, 137.1, 136.2,
128.0, 126.0, 123.3, 119.0, 118.1, 115.9, 74.14,682.3, 49.4, 43.3, 29.6, 14.2]1% = -
320.3 ( CHCY4, ¢ = 1.13 ); HRMS (ESI) Calculated for gH;7NOg [M+H™]: 356.11286,
Found: 356.11425; HPLC conditions: CHIRAPAK IA coila, iso-propanol / iso-hexane =
30/100, flow rate = 1 mL mih major enantiomergt= 17.4 min; minor enantiomer £ 28.2

min.

Compound 275

B
one 02BN

0]
N
L0
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Compound275was synthesized according to 816 (using commerially available 3-cyano
chromone and allenoab5) as a colourless thick oil in 91% yield (both thesiereomers
together) withdr = 14 : 86 ancee= 97% ( for the major diastereomer ) R 0.47 ( 25%
EtOAc/Petroleum ether, minor diastereomep /.44 ( 25% EtOAc/Petroleum ether, major
diastereomer).

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CDGI): § 7.86 (ddJ = 7.9, 1.7 Hz, 1H

), 7.55—-7.49 (m, 1H), 7.34 - 7.27 (m, 4H 1,27- 7.03 (m, 3H ), 6.98 — 6.91 (m, 1H),
486 (ddJ=4.5,18Hz,1H),4.68 (d,=12.6 Hz, 1H ), 4.32 (d,=0.8 Hz, 1H ), 4.19 —
4.11(m,2H), 4.08 (dl=12.6 Hz, 1H ), 3.15—2.95 (m, 2H ), 1.19J % 7.1 Hz, 3H )}*C
NMR ( 100 MHz, 25 °C, CDGI) é 183.5, 166.9, 164.4, 160.1, 137.1, 136.2, 13428,5,
128.3, 128.1, 127.8, 126.0, 123.2, 119.0, 118.048,Q1, 74.1, 67.4, 61.4, 49.4, 43.5, 29.6,
14.1; HRMS (ESI) Calculated for gsH,:NOg [M+H"]: 432.14416, Found: 432.1463&;]10[)
=-249.2 (CHG, c = 1.26 ); HPLC conditions: CHIRAPAK IA colummso-propanol / iso-
hexane = 30/100, flow rate = 1 mL rifirmajor enantiomerit= 10.7 min; minor enantiomer:
tr = 16.9 min.

Compound 276

CO,'B
cNE 2R

o)
N
o

Compound276was synthesized according to B16 (using commerially available 3-cyano
chromone and allenoas6) as a colourless thick oil in 89% vyield (both thasiereomers
together) withdr = 14 : 86 ancee = 96% ( for the major diastereomer ) R 0.42 ( 20%
EtOAc/Petroleum ether, minor diastereomep),#0.39 ( 20% EtOAc/Petroleum ether, major
diastereomer).

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CBCl»): § 7.99 (ddJ = 7.9, 1.7 Hz,
1H), 7.58-7.51 (m, 1H ), 7.23 - 7.15(m, 2HN1 - 6.97 (m, 1H ), 4.85—-4.81 (m, 1H),
424 -4.16(m,3H),3.08-2.99(m, 1H), 2980 (m, 1H), 1.31 - 1.26 ( m, 3H ), 0.97 (
s, 9H );°C NMR ( 100 MHz, 25 °C, CECl,): § 184.3, 166.0, 165.0, 161.1, 137.2, 135.4,
128.4, 127.0, 123.7, 120.5, 118.7, 116.7, 83.2,#4L.6, 50.0, 44.6, 29.9, 27.1, 14.3; HRMS
(ESI): Calculated for §H.30sNNa [M+Na']: 420.14176, Found: 420.14299]1% = -277.6 (
CHCI3;, ¢ = 1.03 ); HPLC conditions: CHIRAPAK IC columiso-propanol / iso-hexane =
20/100, flow rate = 1 mL mify major enantiomerkt= 25.3 min; minor enantiomer; £ 22.3

min.
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Compound 277

CO,Et
CNZ ™2

@]
o

Compound277was synthesized according to 8816 (using commerially available 3-cyano
chromone and allenoab7) as a colourless thick oil in 85% vyield (both thasiereomers
together) withdr = 16 : 84 ancee = 94% ( for the major diastereomer ) R 0.38 ( 20%
EtOAc/Petroleum ether, minor diastereomep),/0.35 ( 20% EtOAc/Petroleum ether, major
diastereomer).

Major Diastereomer = *H NMR ( 400 MHz, 25 °C, CECl,): § 7.94 (ddJ = 7.9, 1.7 Hz, 1H

), 7.58 =752 (m, 1H), 720 - 7.12 (m, 2H %6~ 6.95 (m, 1H ), 4.90 - 4.80 (m, 1H),
4.14 (dJ=0.9 Hz, 1H), 3.60 ( dg, = 10.8, 7.1 Hz, 1H ), 3.16 ( dd= 10.8, 7.2 Hz, 1H),
3.07-2.88(m, 2H), 1.45 (s, 9H ), 0.91 4 £ 7.2 Hz, 3H );*C NMR ( 100 MHz, 25 °C,
CD.Cl,): 6 184.0, 167.3, 163.6, 160.4, 137.2, 135.1, 12&80,4, 123.2, 119.1, 118.2, 116.3,
81.9, 74.3, 62.0, 49.5, 43.8, 29.6, 27.8, 13.4; HRWESI) Calculated for gH,30sNNa
[M+Na']: 420.14176, Found: 420.14251¢]1% = -208.3 ( CHGJ, ¢ = 0.92 ); HPLC
conditions: CHIRAPAK IC columniso-propanol / iso-hexane = 30/100, flow rate = 1 mL

min’?, major enantiomergt= 15.4 min; minor enantiomeg £ 12.0 min.
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5.4 Absolute configuration of the [4+2] annulationproduct 264 (major
diastereomer): Crystal Structure data
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Table 1 Crystal data and structure refinement for 312¢.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/lA

b/A

c/A

a/®

pre

vI°

Volume/A’

Z

pcalcglcn?

w/mmt

F(000)

Crystal size/mm
Radiation

3128
GcH1sCINOg
403.80
150(2)
orthorhombic
R2:2,

7.4088(2)

12.5634(3)

20.4594(7)

90

90

90

1904.36(10)

4

1.408

0.238

840.0

?2x?2x?
Mok (. = 0.71073)

20 range for data collectior 5.136 to 56

Index ranges
Reflections collected

Independent reflections
Data/restraints/parameters

Goodness-of-fit on ¥

Final R indexes [I>=2 (I)]
Final R indexes [all data]

-9 h<9,-16<k<16,-2651<26

38821

4580 0.0411, Rym: = 0.0266

4580/0/255
1.045
R; =0.0331, wRR=0.0720
1R= 0.0388, wRR= 0.0741

Largest diff. peak/hole / e’A0.23/-0.25

Flack parameter

-0.030(17)

Table 2 Fractional Atomic Coordinates (x10) and Equivalent Isotropic Displacemen
Parameters (Kx10%) for 3128. U is defined as 1/3 of of the trace of the orthogoriakd

U; tensor.

Atom X

Clh 6009.5(9)
O1 5953.1(19)
02 4242(2)
03 1459(2)
o4 1841.3(18)
05 651(2)

y z
11431.8(4) 6137.0(4)
6857.7(11) 6724.5(6)
7771.8(11) 4923.1(6)
5962.3(12) 6840.4(7)
7413.9(11) 6216.7(6)
4195.3(12) 5676.0(8)

U(ea)

41.13(17)
18.4(3)
22.1(3)
29.6(4)
18.6(3)
30.4(4)
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06
N1
C1l
Cc2
C3
C4
C5
C6
C7
C8
C9
C10
Cl1
C12
C13
Cl4
C15
C16
C17
C18
C19
C20

2158(2)
6116(3)
5953(3)
5462(3)
5459(2)
5933(3)
6374(3)
6390(3)
4850(3)
5035(3)
6489(2)
6731(3)
5098(3)
3534(3)
3212(3)
5649(3)
2109(3)
582(3)

1537(3)
1959(3)
734(3)

1034(3)

3044.0(11)
5253.4(15)
10073.1(15)
9375.6(16)
8284.7(15)
7923.4(15)
8641.4(18)
9719.1(18)
7520.3(15)
6328.5(15)
6207.2(15)
5066.0(15)
4375.1(16)
4686.2(15)
5815.9(15)
5737.2(15)
6402.3(16)
8006.1(16)
8513(2)
3967.0(16)
2256.6(17)
1379.0(17)

6320.3(7)
4615.7(9)
6308.1(11)
5819(1)
5952.3(9)
6575.4(9)
7067.1(10)
6931.8(11)
5448.5(9)
5640.0(9)
6175.3(9)
6402.5(10)
6333.8(10)
6083.3(9)
5855.3(9)
5052.2(9)
6375.9(9)
6631.6(10)
7200.1(12)
5999.1(10)
6221.5(12)
6701.8(11)

25.4(3)
28.5(4)
25.2(5)
21.0(4)
16.4(4)
17.0(4)
23.3(4)
27.4(5)
15.0(4)
14.7(4)
16.4(4)
21.4(4)
19.4(4)
17.3(4)
15.2(4)
17.7(4)
17.2(4)
20.7(4)
30.6(5)
19.8(4)
34.0(5)
31.5(5)

Table 3 Anisotropic Displacement Parameters (A10°) for 3128. The Anisotropic
displacement factor exponent takes the form: #[h%a*?U;1+2hka*b*U 1o+...].

Atom U1 U Uss Uas Uis Uiz
ciL  37.93) 16.0(2) 69.4(4) 7.73) 0.73) -3.4(2)
o1 203(7)  22.0(6) 12.7(6) -0.3(5) -0.4(5) 1.3(6)
02 20.6(8)  21.5(7) 15.4(7) 2.6(5) -1.6(6) 2.1(6)
03 36.409)  25.8(8)  26.5(8) 7.7(6) 14.7(7) 7.5(7)
04 18.3(7) 17.9(6) 19.6(7) 1.5(5) 4.3(6) 4.5(5)
05 2548)  26.7(8)  39.0(9) 6.3(7) 6.7(7) 5.6(7)
06 25.6(8) 17.7(7)  33.08) 3.6(6) -1.4(6) -6.2(6)
N1 35.3(11)  26.3(9)  23.9(9) 5.9(8) 5.6(8) -0.2(8)
c1 17.2(10)  15.8(9)  42.6(13)  -5.2(9) 3.0(9) .0.8(8)
c2 16.39)  20.2(9)  26.4(11)  -0.7(8) 2.8(8) 0.7(8)
c3 12.8(9) 16.5(9) 19.8(9) 11.8(7) 1.6(7) -0.8(7)
c4 11.98)  20.7(9) 18.3(9) 11.9(7) 2.3(7) -0.1(8)
c5 153(10)  33.8(11)  20.7(10)  -7.8(9) 0.1(8) 0.2(8)
c6 18.1(11)  30.4(11)  33.9(12) -18.1(10) -0.7(9) (90
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C7

C8

C9

C10
Cl1
C12
C13
Cl4
C15
C16
C17
C18
C19
C20

13.9(9) 16.5(9)
15.8(9) 15.2(9)
16.1(9) 17.8(9)
18.4(9) 20.1(10)
23.2(10)  15.3(9)
20(1) 15.5(8)
14.9(8) 15.8(9)
18.9(9) 16.1(8)
14.1(9) 19.2(9)
17.9(10)  20.3(10)
23.8(11)  33.0(11)
21.6(10)  17.5(9)
35.8(13)  23.7(11)
39.4(13)  22.4(10)

Table 4 Bond Lengths for 3128.
Atom Atom Length/A

Cl1
o1
o1
02
O3
04
04
05
06
06
N1
Cl
Cl
Cc2
C3

Cl 1.743(2)
C4 1.373(2)
C9  1.445(2)
C7 1.208(2)
C15 1.200(2)
C15 1.327(2)
C16 1.464(2)
C18 1.207(3)
C18 1.341(2)
C19 1.461(3)
C14 1.134(3)
C2 1.379(3)
C6 1.390(3)
C3 1.397(3)
C4 1.398(3)

14.6(8)
13.0(8)
15.3(9)
25.6(10)
19.6(10)
16.3(9)
15.0(9)
18.1(9)
18.4(9)
23.8(10)
35.0(12)
20.4(10)
42.6(14)
32.7(12)

Atom Atom Length/A

C3 C7v
C4 C5
C5 Co
Cr C8
C8 Cil4
c8 C9
Cc8 Ci13
Cc9 C10
C10 C11
Cll1 C12
Cl2 C18
Cl2 Ci13
Cl13 C15
Cl6 C17
C19 C20

Table 5 Bond Angles for 3128.

Atom Atom Atom Angle/’

C4
C15
C18
C2

o1 OC9
04 Cile
o6 C19
Cl Ceo

112.43(14)C9
116.07(15)C7
115.99(16)01
121.63(19)01

1.479(3)
1.390(3)
1.382(3)
1.554(3)
1.485(3)
1.543(3)
1.560(3)
1.518(3)
1.495(3)
1.326(3)
1.486(3)
1.513(3)
1.531(3)
1.503(3)
1.494(3)

Cc8 Ci13
Cc8 Ci13
Cc9 C10
Cc9 C8

1.8(7)
-0.3(7)
0.8(7)
5.2(8)
3.0(8)
0.2(7)
1.2(7)
2.9(8)
1.4(8)
0.3(8)
-13.1(10)
-2.2(8)
2.2(10)
-0.5(9)

Atom Atom Atom Angle/’

111.30(15)
113.10(15)
109.17(15)
107.72(14)

2.3(7)
0.3(7)
0.3(7)
-1.0(8)
3.7(8)
3.4(7)
-0.8(7)
1.0(8)
-2.6(7)
4.7(8)
6.0(9)
3.2(8)

-1.6(11)
10.2(10)

1.0(7)
0.3(7)
1.0(7)
2.1(8)
1.4(8)
0.0(7)
-0.4(7)
-1.7(8)
1.2(7)
6.2(8)
769)
-0)3(8
.91x0)
6(80)
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C2 Cl1 Cl1 118.89(18)C10
C6 Cl1 Cl1 119.48(16)C11
Cl1 C2 C3 118.83(19)C12
C2 C3 C4 119.74(18)C11l
C2 C3 C7 120.09(18)C1l1
C4 C3 C7 120.08(17)C18
Ol C4 C5 117.98(18)C12
Ol C4 C3 121.47(17)C12
C5 C4 C3 120.54(18)C15
C6 C5 C4 119.52) N1
C5 C6 Cl1 119.69(19)03
02 C7 C3 124.34(18)03
02 C7 C8 120.64(17)04
C3 C7 C8 115.02(16)04
Cl4 C8 C9 108.15(15)05
Cl14 C8 C7 107.75(15)05
C9 C8 C7 109.62(15)06
Cl4 C8 C13 106.71(15)06

Table 6 Torsion Angles for 3128.

A B CD
C6 C1C2C3
Cl1 C1C2C3
Cl C2C3C4
Cl C2C3C7v
C9 0O1C4C5
C9 0O1C4C3
C2 C3C401
C7 C3C401
C2 C3C4C5
C7 C3C4C5
01 C4C5C6
C3 C4C5C6
C4 C5C6C1
C2 C1C6C5

Cl1
Cc2
C4
Cc2
C4

C1C6C5
C3C702
C3C702
C3C7C8
C3C7C8

Angle/®
-1.9(3)

C9

C10
Cl1
C12
C12
C12
C13
C13
C13
Cl4
C15
C15
C15
C16
C18
C18
C18
C19

C8
C9
C10
C18
C13
C13
C15
C8
C8
C8
04
C13
C13
C17
06
C12
C12
C20

113.14(15)
115.09(17)
124.90(18)
123.50(18)
122.24(18)
114.26(16)
108.72(15)
109.74(15)
117.38(15)
177.6(2)

125.13(18)
122.91(18)
111.70(15)
111.34(17)
124.21(19)
123.31(18)
112.48(17)
107.53(19)

A B C D Angler
C7 C8 C9 C1a78.77(16)

178.51(15) C13C8 C9 C1062.9(2)

0.6(3)

01 C9 C10C1192.7(2)

176.88(18) C8 C9 C10C11-27.3(2)
-147.21(17)C9 C10C11C121.5(3)

33.7(2)

C10C11C12C18177.60(18)

-179.71(17) C10C11C12C13-2.2(3)

4.0(3)
1.3(3)

C11C12C13C15-102.1(2)
C18C12C13C1578.1(2)

-175.05(17) C11C12C13C8 27.5(3)
179.13(18) C18C12C13C8 -152.28(16)
C13C1266.12(19)
C13C12-51.7(2)

-1.8(3)  C14C8
0.5(3) C9 C8
1.3(3) C7 C8
-179.04(16) C14C8
43(3) C9 C8

172.04(19) C7 C8
175.96(17) C1604
7.7(3)  C1604

C13C12-175.58(14)
C13C15-169.14(16)
C131573.1(2)
C13C15-50.8(2)
C1503 -3.0(3)
C15C13171.33(15)
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02 C7C8C1439.6(2)  C12C13C1503 -8.0(3)

C3 C7C8C14-140.58(17) C8 C13C1503 -133.3(2)
02 C7C8C9 157.10(17) C12C13C1504 177.48(15)
C3 C7C8C9 -23.1(2) C8 C13C1504 52.2(2)
02 C7C8C13-78.1(2) C1504 C16C1789.0(2)
C3 C7C8C13101.73(19) C1906 C1805 4.6(3)

C4 01C9C10172.18(16) C1906 C18C12-175.32(17)
C4 01C9C8 -64.60(19) C11C12C1805 -167.3(2)
C14C8C901 175.24(15) C13C12C1805 12.5(3)
C7 C8C901 58.01(18) C11C12C1806 12.7(3)
C13C8C901 -67.86(18) C13C12C1806 -167.54(16)
C14C8C9C10-64.0(2) C1806 C19C20-170.41(18)

Table 7 Hydrogen Atom Coordinates (Ax16¢) and Isotropic Displacement Parameter
(A%x10% for 3128.

Atom X y z U(eq)
H2 5133 9632 5399 25
H5 6661 8393 7493 28
H6 6700 10216 7264 33
H9 7666 6476 6002 20
H10A 7730 4742 6150 26
H10B 7096 5074 6868 26
H11 5188 3660 6481 23
H13 2438 5771 5456 18
H16A -361 7516 6797 25
H16B -19 8565 6369 25
H17A 2119 7961 7464 46
H17B 662 8901 7469 46
H17C 2454 9010 7038 46
H19A 781 1975 5770 41
H19B -465 2585 6292 41
H20A 2248 1084 6642 47
H20B 135 818 6632 47

H20C 917 1659 7147 a7
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5.5 Representative NMRs

NMR of compound’7 measured in CDglas solvent, 400MHz
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NMR of compound1 measured in DCM as solvent, 400MHz
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NMR of compoundLO3 measured in CDglas solvent, 400MHz
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NMR of compoundL04 measured in CDglas solvent, 400MHz
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NMR of compoundL05 measured in DMSO as solvent 400MHE) and 600MHz ¥C).
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A

NMR of compoundL31 measured in CDglas solvent, 400MHz
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NMR of compoundL37 measured in DCM as solvent, 400MHz

80T~
PIT—

81
9T /
87T
€T
€€'T
€€'T
€€T

1744
€T
vz
87
067~
w6t
33
se'e
o€'E
£
8E'E
6€'E

w0r—

A?”m V
s/

S0
S0
0L
60'L
60'L

e

ETL %
STL
€L
bE'L
L
6v°L

86'L —

133
(43

Pz
Feot
Feor

oo

1.0

15

2.0

2.5

3.0

35

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

f1 (ppm)

TIT—
S8LT—

PTET~L
W6V~
6557 "

YTBE~_
60'6E —
86"
18ey —

£€8°09 —

689 —

Ly —

¥6'0TT ~—
£TTIT—

18T~
15611 —
€T~
15721

9T —
OLVET~

€6'SET ~
proer "

90

100

110

120

130

140

150

163

f1 (ppm)



Experimental Part

(Minor Diastereomer), NMRs measured in CIQl, as solvent, 400 MHz

NMR of compoundL39
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(Major Diastereomer), NMRs measured in CICl,as solvent, 400 MHz
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NMR of compoundlL75ameasured in CDglas solvent, 400MHz
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NMR of aminophosphin238 measured in CDglas solvent, 400MHz
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Experimental Part

NMR of compound@®13( major diastereomer ) measured in Cp&3 solvent, 400MHz
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List of Abbreviations

| List of Abbreviations

Ac

Au (I
Au (1)
Boc
Bn
CDCls
CHCl3
CSA
DCM
DCE
DMF

DMSO

ee
ESI

Et

Et,O
Equiv
GC-MS
gCoOSY
gHMBC

HPLC

Acyl

Au in oxidation state |
Au in oxidation stat Il
tert-butoxycarbonyl
Benzyl

Deuterated chloroform
Chloroform

Camphor sulphonic acid
Dichloromethane
Dichloroethane
Dimethyl formamide
Dimethyl sulfoxide
Eisomer

Enantiomeric excess

Electron spray inonisation

Ethyl
Diethylether

Equivalent

Gas chromatography mass spectrometry

Gradient enhanced correlation spectroscopy

Gradient enhanced hetronuclear multiple boowelation

High performance liquid chromatography
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List of Abbreviations

HR-MS

iPr

LAH

mCPBA

Me

MeCN

MeOH

MHz

Ms

MW

NCS

NMR

NOE

NR

Nu

Ph

PS

RT

High resolution mass spectroscopy

isopropyl

lonic liquid

Coupling constant

Ligand

Lithium Aluminium Hydride
Metal

metachloro perbenzoic acid
Methyl

Acetonitrile

Methanol

Megahertz

Mesyl

Microwave

N-chloro succinimde
Nuclear manetic resonance
Nucler overhauser effect
No reaction

Nuclophile

Phenyl

Pictet-Spengler

Retention factor

Room temperature

Temperature
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List of Abbreviations

TBDPS
TBSCI
'‘Bu
THF
TIPSCI
TLC

Ts

THF

uv

tert-butyldiphenylsilyl chloride
tert-butyl dimethyilsilyl chloride
tert-butyl

Tetrahydrofuran
Triisopropylsilyl chloride

Thin Layer Chromatography
Tosyl group

Tetrahydrofuran

Ultaviolet

Watt

Z- Isomer
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