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Abstract

Main aim of this diploma work was to develop new method for preparation of
spiro compounds based on synergistic catalysis. First part deals with preparation of
corresponding starting materials, substituted pyrazol-3-ones and (F)-a,B-unsaturated
aldehydes. Second part is focused on cyclization reaction affording spiro compounds
and optimization of the conditions (metal and organocatalyst screening, solvent,

concentration screening). The last part is the study of scope of the reaction.

Keywords

Cascade reaction, Michael/Conia-Ene, spiro compounds, spiro pyrazolones, synergistic
catalysis.



Abstrakt

Hlavnim cilem této diplomové prace bylo vyvinout novou metodu piipravy spiro
sloucenin zalozenou na synergické katalyze. Prvni ¢ast se zabyva pfipravou
odpovidajicich ~ vychozich  materiala, substituovanych ~ pyrazol-3-oni  a
(E)-a,B-nenasycenych aldehydi. Druha cast je zaméfena na cyklizacni reakcei
poskytujici  spirozlouceniny a optimalizaci podminek (screening kovu a
organokatalyzatoru, rozpoustédel, screening koncentraci). Posledni ¢ast je vénovéana

studiu rozsahu cykliza¢ni reakce.

Kli¢ova slova

Kaskadovéa reakce, Michael/Conia-Ene, spiro slouceniny, spiro pyrazolony, synergicka

katalyza.
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Ar aryl
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1 Introduction

1.1 Catalysis

Catalysis is one of the most attractive phenomenon not only in chemical
laboratories and industry but also in Nature. Life is closely linked with catalysis. Each
cell is a complex catalytic factory using biocatalytic reactions. Long time ago Berzelius
J. J. defined catalysis as a process in which rate of chemical reaction is altered upon the
addition of a substance (the catalyst).! The catalyst is not consumed during the chemical
reaction and can continue to act repeatedly. Often only tiny amounts of catalyst are
required. Catalyst alters sactivation energy needed to perform a certain chemical
reaction and thus affect the reaction rate of a particular chemical process. Chemical
reactions can be more efficient, less environmentally demanding and more economic by
using catalysis. It is obvious that catalysis plays an important role in feasible approaches
to social, economic and industrial development. Traditional catalytic pathways in
organic synthesis generally rely on the interaction of catalyst with a substrate and this
newly emerged intermediate reacts with a second, unactivated substrate. While this
mono-catalysis strategy has successfully brought numbers of new reactions over many
decades, multi-catalysis concept has recently begun to allow access to many difficult

transformations.?

1.2 Multi-catalysis

This synthetic strategy 1s based on sequence multiply catalytic reactions
performed in one flask. There are a number of multi-catalytic mechanisms generally
accepted — bifunctional, cascade, double activation catalysis and synergistic catalysis.
Bifunctional catalyst activates substrates by different functional groups. One of many
possible applications of bifunctional catalysis in Morita-Baylis-Hilmann reaction was
developed in our laboratory.® Reaction of aromatic aldehydes 1 and acrylates 2 was

catalyzed by bifunctional (thio)urea-phosphine organocatalyst 3 (Scheme 1).



CH,Me

MeO,,
™ O S H Pr
MeO ~ N N
ome 1 H OH O
0 0] OMe PPh2
0,
Ar)J\H + \)J\OR 310 mol % Ar/kH)kOR
MTBE, RT
1 2 4 up to 85%

ee up to 87%

Scheme 1: Enantioselective Morita—Baylis—Hillman reaction using bifunctional

catalyst.

Similarly, if two catalysts activate the same reacting partner, but in a sequential
fashion, an activated substrate produces an intermediate, which is further activated by
the second catalyst, this strategy is classified as cascade catalysis. Dijk et al. applied
copper 6 and palladium 9 catalyst for asymmetric conjugate addition in the total

synthesis of natural product (—)-pumiliotoxin 11 (Scheme 2).*

O Cu(OTf), 6 0.5 mol%, ligand 7 1 mol% @
ij Me,Zn 8, toluene a
Pd(PPhs); 9 2 mol%, allyl acetate 10
5 11 84%
96% ee

Scheme 2: Asymmetric conjugate addition using cascade catalysis.

When both catalysts work in concert to activate only one of the reacting
partners, we talk about double activation catalysis. Combination of chiral amine 14 and
acid 15 can catalyze Michael addition of cyclic enone 12 and malononitrile 13 (Scheme

3).5

Ph Ph
< 14 20 mol%
H,N NH,
COOH 10
o ©: 15 20 mol% _
Ph
Z>ph + NC_CN SH NC. o
mesitylene ﬁ

CN

12 13 16 85%

98% ee

Scheme 3: The asymmetric Michael addition using double activation catalysis
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In contrast when the nucleophile and electrophile are simultaneously activated
by two separate catalysts to afford a single chemical transformation, it is called

synergistic catalysis. In the following chapter I will focus more on this type of catalysis.

1.3 Synergistic catalysis

The term ,,synergy* is explained in the online dictionary as ,,the interaction of
elements that when combined produce a total effect that is greater than the sum of the
individual elements, contributions, etc*.® In literature or in papers we can find many
reactions connected with dual or coopertaive catalysis. They are just other synonyms for
synergistic catalysis. This multi-catalysis concept became a powerful synthetic strategy
for new reaction development. In its simplest form (Figure 1), synergistic catalysis is
based on activation of both unactivated substrates, a nucleophile and an electrophile,
using distinct catalysts. The two reactive species are created synchronously, one with a
higher HOMO and the other with a lower LUMO. These activated species can rapidly
couple, in many cases enabling chemical reactions that are impossible or inefficient

using traditional mono-catalysis.?

Lumo A Lumo _A
T A TN — A
AE
AE /A— B
Homo _B - B Homo B -7
talyzed iti uncatalyzed synergistic
inesiayEe g:glt;g?:l y catalysis

Figure 1: The concept of traditional and synergistic catalysis.

While synergistic catalysis is now beginning to be important in developing
synthetic pathways, the concept itself is not a new one. Synergistic catalysts are
common in Nature’ as many processes in living organisms function through the
cooperation of two or more catalysts to afford a specific transformation. A research
group under the leadership of Ito T. focused on chromatin assembly. They studied
enzyme ACF (chromatin-assembly factor) which consists of two subunits, Acfland

ISWI. They isolated Acfl complementary DNA of fly Drosophila which can encodes
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two different forms of protein Acfl in ACF. Their research indicated that both Acfl and

ISWI cooperatively work in the chromatin assembly process.®

The increase in the number of publications with content of synergistic catalysis
clearly points to its growing popularity. There have also been many successful
applications reported in recent literature. The next chapter illustrates various literature

examples that demonstrate team-work of different catalysts in synergistic catalysis.

1.4 Synergistic catalytic system - general classes

Many different systems can catalyze in a synergistic way - combination of
metals, metal and nonmetal system as well as photoredox organocatalyst. The next

chapters will describe some examples but there are many others.

1.4.1 Metal-metal system

The first reaction which I want to mention from the group metal-metal catalytic
system is a combination of palladium and vanadium catalyst for coupling of two highly
reactive intermediates to get a-allylated o,B-unsaturated ketones 21. These kind of

ketones are especially hard to prepare by other methods (Scheme 4).

R/Y\ R
R

R = OSiPh319 5 mol%

(0]
OH Pd,(dba)s- CHCI3 20 2.5 mol% _
nBu—— + /\/OBOC ~ nBu |

Ph DPPM 6 mol%, DCE Ph

17 18 21 98%

Scheme 4: Coupling catalyzed by palladium and vanadium catalyst.

The mechanism described in Scheme 5 consists of two catalytic cycles which
work cooperativly. In vanadium cycle, vanadium catalyst 19 undergoes
transesterification with the propargylic alcohol 17 and vanadium ester 22 is formed.
1,3-Rearrangement generates vanadium-allenoate 23. Meantime m-allyl-palladium
intermediate 24 is formed by coordination of paladium 20 to the double bond of olefine
18. Reaction of these two intermediates gives desired product 21 and both catalysts are

regenerated.

12



%
OH nBu)k(\/

nBu%< 21 Ph

17 Ph ('\i ‘
R7ICR
R OBoc
19 Pd°
20 |
0]
nBu I /
% O/Y\OR 18
OR
Ph e
22 BocO
OR I
RO ®pd’
oo N
nBu/§°\ 24

Scheme 5: Mechanism of coupling.

Synergistic catalysis is also found in cross-coupling reactions. The earliest
example of Sonogashira carbon-carbon forming reaction is over 40 years old.
Meanwhile findings have been published of the same transformation using just the
palladium catalyst, however reaction required harsh conditions such as high
temperature.'®!! Sonogashira coupling form carbon-carbon bond between an aryl or

vinyl halide 25 and a terminal alkyne 26 at room temperature ( Scheme 6).!?

Pd(PPhs),Cl, 27 P R’
[ Cul 28 Z
R + H—FR’ R

NR; 29
25 26 30 up to 99%

Scheme 6: Sonogashira cross-coupling catalyzed by palladium and copper

catalyst.

This transformation proceeds through the two catalytic cycles described in
Scheme 7. In copper cycle the Cu(l) catalyst 28 is coordinated to the triple bond of
alkyne 26 and after deprotonation the activated alkyne is formed 32. At the same time
the palladium cycle start with oxidative addition of Pd(0) complex 27 into the aryl
halide bond 25. Pd(II) intermediate 33 is generated. Then the intermediates of these two
catalytic cycles transmetalate and the alkynylpalladium(II) complex 34 is formed. After

reductive elimination the product 30 is formed and Pd(0) catalyst 27 is regenerated.
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L Ar—I|

RaNH*I -
Cu——R~ Ar—ﬁ’d —I 25
L
RN 32
2 33
== R LoPd®
Cul 27
31
% ¥
H—— R’ Cul L—Pd"—Ar l
28
26 I Ar
R 30
34

Scheme 7: Mechanism of Sonogashira cross-coupling.

Another example of synergistic catalysis is cyanation of aryl halides through the

palladium-copper catalysis (Scheme 8).!

Pd(PPhs)s 9 5 mol%

XN | Cul 37 10 mol% N CN
R + KCN R
= MeCN or EtCN =
35 36 38 up to 92%

Scheme 8: Cyanation of aryl iodide catalyzed by palladium and copper catalyst.

There are certainly a lot of other interesting metal-metal catalysis reactions found in the

literature but I would like to also focus on metal-nonmetal catalytic systems.

1.4.2 Metal-nonmetal system

Another interesting area of catalysis is undoubtedly metal and nonmetal
cooperative catalysis. A combination of metal catalyst and Brensted acid has found
application in synergistic catalysis. Xiao et al. applied combination of (S)-TRIP 41 as
Brensted acid and iridium complex 42 in asymmetric reductive amination of ketones 39
(Scheme 9).!* This catalytic system was effective for the reductive amination of
aromatic ketones 39 and anilines 40 with molecular hydrogen to form amines 43 with

good results.
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(S)-TRIP 41 5 mol%

o K \N,Ar'
)J\ . Ar'-NH, Ir - complex 42 5 mol% /L
Ar” Me Ar” "Me
H,, toluene
39 40 43 up to 92%

ee up to 97%

Ar”’ ,?\r"
OO 6] O=§=O “A
(ONZ ’ d
> P\/ Ph,, _N \
OH Ir< 0
N/ Oo._.~

Ph

99
| p
. H> /7 0
Ar o

41 “'Ar
(S)-TRIP = H-A 42
Ir - complex
Ar’’ = 2,4,6-i-Pry-CgH,

Scheme 9: Reductive amination of aryl ketones via iridium and acid catalysis.

In the Scheme 10 there is described the proposed mechanism which starts with
condensation between ketone 39 and aryl amine 40 catalyzed by Brensted acid 41. The
protonated ketimine with a chiral TRIP phosphate counterion 44 is formed.
Synchronously, iridium complex 42 coordinates a molecule of hydrogen and induces
heterolytic cleavage to protonate the TRIP phosphate counterion and generate iridium
hydride 46. This proton transfer regenerates acid catalyst 41. In the next step the iridium
hydride 46 transfers a hydride to chiral iminium phosphate and secondary amine 43 is

formed. The iridium complex 42 is regenerated.

Ho+ Ar R -
AN CN\,r/CP H-A
N" H
Ar Me Hy
44 46
R s
CN\I /Cp—|
NTTNH O
H, H
45
R .
N_ _C
H-A Coon®
41 NTA H
(@] H, 2
Ar)J\Me +  Ar-NH, 42
A
39 40 SN
Ar Me
43

Scheme 10: Mechanism of reductive amination.
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Another example of metal-nonmetal catalytic system can be asymmetric
hydrogenation of imines using chiral iron catalyst and chiral Brensted acid.'® Selective
coupling of three components (diazoacetate, imine and benzyl alcohol) can be catalysed
by rhodium and phosporic acid.'®!” In addition Lewis acid was used in cooperation with
quinine for enantioselective aza-Henry reaction.'® Cyclizations'® and cycloadditions*
are possible to catalyze by Lewis base and metal catalyst. One of the first synergistic
Lewis acid and Lewis base strategies for enantioselective cyanation of carbonyls was

applied 25 years ago.?!

Phase-transfer catalyst commonly abbreviated as PTC is heterogenous catalyst.
It makes easier the migration of a reactant from one into another phase where reaction
can proceed. PTC 50 was cooperativly used with palladium catalyst 49 for a-allylic

alkylation (Scheme 11).2%%3

[Pd(n-allyl)CI], 49 9 mol%

X _Ar
\ PTC 50 10 mol% Ph /(V
S INSER YN
Ph)\N/\CoztBu + A ¢ BN

Ph” N” CO,tBu
P(OPh); 40 mol% 2

47 48 KOH, toluene 51 up to 89%
@ 0,
/zjl ee up to 96%

N

@

Scheme 11: a-Allylic alkylation of glycine iminoesters catalyzed by PTC and

palladium catalyst.

As illustrated in Scheme 12, the glycine imino ester 49 is deprotonated by the
aqueous base and enolate 52 is formed. This enolate 52 associates with PTC in the
organic phase of the biphasic mixture. The chiral ammonium PTC 50 acts as the
counterion to Schiff base enolate 52. Parralel palladium is coordinate to the double bond
of the allyl acetate 48 Enantioselective addition of enolate 52 to the m-allylpalladium
complex 53 form final allyl glycine imino ester 51. Both palladium catalyst 49 as well

as PTC 50 are regenerated.
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Ph”” N >CO,tBuU ®Pd"
Ny | .
NR4+ Ar/\J7
52 53
o
KI + H,0 OAc
KOH
. A "Nopc
NR4™T Pd°
Ph 50 49 48

NS
Ph)\N/\COQtBu o AT
. nr-

Ph” "N~ “CO,tBu
51

Scheme 12: Mechanism of a-allylic alkylation.

In next chapter I will take you closer into the photoredox organocatalysis as a last

example of most common catalytic system used in synergistic catalysis.

1.4.3 Photoredox organocatalysis

Another sector in which synergistic catalysis has found application is
photoredox organocatalysis. The reactive radical intermediate is formed in the
photoredox catalytic cycle. Very recently cooperative organocatalysis and
photocatalysis were applied to develope the first catalytic inverse hydroboration of
imines using N-heterocyclic carbene boranes 55 to form o-aminoboryl products 58

(Scheme 13).24

- NH
_Ph BH;  Ir(ppy)2(dtbbpy)PFg 56 1 mol%
|N < /& Bn-SH 57 20 mol% Ar” O EB-H
Ar) + N\\+/N" +)l
= NaH, MeCN, hv N7 N7
\—/
54 55 58 up to 79%

Scheme 13: Hydroboration of imines catalyzed by iridium and thiol catalyst.
It is also possible to avoid using toxic metal complexes, such as ruthenium,

iridium, and replace them with inexpensive eosin Y 62, which seems to be a powerful

photocatalyst. With metal free systems including eosin Y 62 and imidazolidinon 61

17



asymmetric intermolecular a-alkylation of aliphatic aldehydes 59 was executed (Scheme

14).»
Me. [ -TfOH
N
)\JgnlMe
tBu H

o 61 20 mol% O
eosin Y 62 0.5 mol%
HJ\/R , B_EWG ] H)H/\EWG
2,6-lutidine, DMF, hv R
59 60 63 up to 85%
O ee up to 96%
HOOC
Br / ‘ Br
(0) O OH
Br Br
62
eosin' Y

Scheme 14: a-Alkylation of aliphatic aldehydes catalyzed by amine and eosin Y.

Aldehyde 59 reacts with secondary amine 61 forming enamine 68. Meantime in
photoredox catalytic cycle eosin Y 62 is excited with visible light. After population of
more stable triplet state, the SET of alkyl halide 60 form radical 67. Then both catalytic
cycles are combined by addition of the alkyl radical 67 to the enamine 68. This addition
performs intermediate 69. After oxidation the iminium intermediate 70 is generated.
This oxidation provide the electron for the reductive quenching of the excited eosin Y
69. After hydrolysis the final product 63 is formed and secondary amine 61 is

regenerated (Scheme 15).
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-—EWG
i ()
Ao !
'H/\EWG
N R
= 69

“EY

H 64 \U
68

R

EY
62

C_/\ EY ©
o O ® 65 Br + -—EWG
N 66 67
R |
A N k‘/\EWG Bre_EWG

H
59 61 7‘? R 60
0 70
H)H/\EWG H20
R
63

Scheme 15: Mechanism of photoredox catalysis using secondary amine and

eosin Y.

In the following chapter, my centre of interest is synergistic catalysis used for

a,B-unsaturated carbonyls.

1.4.4 Organocatalytic activation of unsaturated carbonyls

Unsaturated carbonyls contain a carbon-carbon double bond as well as a
carbon-oxygen double bond and that leads to the properties characteristic for both of
the functional groups. In Figure 2 are shown possible resonance structures that represent
conjugation of a double bond to a carbonyl group and the electrophilic character of the
carbonyl carbon and also the B-carbon of the double bond. On the other side at the
carbonyl group it undergoes the nucleophilic substitution.?® In this chapter I will focus
on organocatalytic activation of carbonyl compounds and on the special reactions

characteristic for this conjugated system using synergistic approach.
\ .o \ H --- \+ oo
—C=C-C=0 =«—» —C=C-C-0: <=—>»—C-C=C-0:

/B o B /13 a ’ B o

Figure 2: Resonance structures of a,B-unsaturated carbonyl compound.

In 2006 synergistic catalysis involving enamine and transition metal catalysis

was published by Cérdova and co-workers.’’” They worked on a direct o-allylic
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alkylation of unactivated aldehydes and cyclic ketones 71 with allyl acetate 72 (Scheme
16).

o) O 73 10 mol% 0
)H + \/\OAC R)W
Pd(PPhs)4 9 5 mol%

R’
DMSO
71 72 74

aldehydes up to 80%
ketones up to 95%

Scheme 16: Cérdova’s direct a-allylation of unactivated aldehydes and ketones

via enamine and palladium n-allyl intermediates.

The organocatalytic cycle begins by condensation of pyrrolidine 73 and carbonyl
compound 79 to form the activated pyrrolidine enamine 76. At the same time, allyl
acetate 72 form the m-allylpalladium(II) electrophile complex 75 with palladium(0).
Then electrofile 75 attacks nucleophile 76 and form a-allyl iminium ion 77. After
hydrolysis, the desired a-allyl carbonyl 74 is formed and both, the amine 73 and

palladium 9 catalyst, are regenerated (Scheme 17).

Scheme 17: Mechanism of the enantioselective a-allylation.

After 5 years the same research group expanded the nucleophile scope of

iminium catalyzed reactions in synergistic catalysis. They developed a catalytic

20



enantioselective silyl conjugate addition to enals using Me;PhSi-B(pin) 82 (Scheme

18).28

Ph
wph 80 25 mol%

0 Me\'?,’lMe ﬁ OTMS 0

Si
H /E',\ CuCl 81 10 mol% H
| + 0 0

R ﬁ—ﬁ 4- NO,CgH,CO,H 10 mol% R™ "'SiMe,Ph
t-BuOK 5 mol%
78 79 DCM 82 up to 80%
ee up to 94%

Scheme 18: Cordova’s catalytic enantioselective silyl conjugate addition to

a,B-unsaturated aldehydes via copper (I) and iminium catalysis.

Both aromatic and aliphatic enals reacted efficiently. According to mechanism
(Scheme 19) secondary amine 80 condenses with enal 78 and chiral transient iminium
ion 84 is formed. Treating 79 with copper 81 induces transmetallation to form
nucleophilic Cu(I)-silane 83. This complex intersects the iminium catalytic cycle and
adds to the B-position of 84. After protonation and hydrolysis of the amine catalyst the
resultant copper-bound B-silyl iminium ion 85 provides the desired enantioenriched

B-silyl aldehyde 82.

o

(0] Ph
[~ W+ CulL

N OTMS 81

J|)kH
H
R 78)/ 80 R™ "SiMe,Ph
82

Ph
I Ph LCu H
H ’
| 84 R” "SiMe,Ph

\/85
4

PhMe,Si -Cul
83
o
B(pin)

Cu(lL
81

PhMe,Si-B(pin)
79

Scheme 19: Mechanism of the enantioselective silyl conjugate addition.
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Another example of synergistic catalysis was reported by Melchiorre.”’
Combination of the chiral cinchona alkaloid 88 and the chiral phosphoric acid 89 can

provide excellent yield and enantioselectivity for the substituted enal 90 (Scheme 20).

NM62

amine 88 15-20 mol% H

le) OH
J\(/, acid 89 30-40 mol%
R 4
" SR
R MeyN NMe CHCl,
86 87

2
90 up to 98%

ee up to 95% NMe;
OH
=
X N O “oH
| C
N~ H
88 89

Scheme 20: Direct y-benzylic alkylation of a-branched enals via chiral

dienamine and Brensted acid catalysis.

It is believed that the cinchona alkaloid catalyst 88 activates enal 86 through
dienamine formation. Meanwhile, the chiral phosphoric acid catalyst 89 protonates
dibenzyl alcohol 87. The benzylic cation interacts with the dienamine through a network

of non-covalent interactions, leading to a highly organized transition state (Figure 3).

Figure 3: Transition state of y-benzylation.

In 2016 cyclization of vinylcyclopropanes bearing cyanoester groups and enals
through secondary amine 80 and palladium 93 catalysis was reported.®® This
transformation provided the desired cyclopentanes in good yields and excellent

enantioselectivities (Scheme 21).
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Scheme 21: [3 + 2] Cycloaddition of vinylcyclopropanes and o,B-unsaturated
aldehydes.

In the presence of a palladium complex 93, the vinylcyclopropane 91 is cleaved
by oxidative addition of palladium 93 and the corresponding zwitterionic intermediate
96 is generated. Meanwhile, the enal 92 reacts with the chiral secondary amine 80 to
form the iminium ion intermediate 91. The carbon anion of the dipole 95 acts as a
nucleophile through a Michael addition to the iminium intermediate leading to
intermediate 97. The enamine intermediate reacts intramolecularly with the previously
generated allylic palladium via a 5-exo-trig cyclization furnishing 98. After protonation
and reductive elimination of the Pd complex and hydrolysis of the iminium intermediate
98, the final cyclopentane compound 94 is formed. Catalysts are regenerated and

catalytic cycle is completed (Scheme 22).
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Scheme 22: Mechanism of asymmetric [3 + 2] cycloaddition of

vinylcyclopropane and a,B-unsaturated aldehydes.

1.5 Enantioselective synthesis of spiro compounds

Medicinal chemistry is rich in examples of naturally occurring compounds with
spiro moiety. Many of them have become drug candidates e.g. antibiotic (calcimycin),’!
investigative tool in neuroscience (coriamyrtin)*> or CNS stimulant (gelsemine).’
Similarly the clinically used spiro type synthetic drugs include diuretic

)34

(spironolactone), )

antineoplastic (carboplatin)® or anti-diabetic (sorbinil).>® Spiro
compounds present unique challenges for organic chemists. The enantioselective
synthesis of spiro compounds has been a long time "'nightmare’” for organic chemists.
The tetrahedral nature of the spiro linked carbon leads to important conformational
features. The creation of stereogenic quaternary carbon centers is a challenging work in
organic chemistry, because of their ability to generate a surrounding asymmetrical space
in spirans-centres.>’” In 1996 Tamao and co-workers prepared chiral spirosilans®® and
since that time many efforts have been devoted to the development of new asymmetric
methods. With the development of asymmetric organometallic chemistry and
organocatalysis, a new method started to appear in this synthetic field. Common
methods for the synthesis of spirocycles include alkylation methods, metal catalyzed
processes, ring closure methods, cycloaddition, radical and rearrangement strategies.>”

In next chapter the preparation of spiro compounds is based on organometallic,

organocatalyst or synergistic approache.
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1.5.1 Organometallic approaches

Rhodium catalysts have been shown as a challenging and attractive tool for
catalysis. Synthesis of spirocycles can be realized by olefin isomerization,
cyclopropanation or hydrosilation. It was already mentioned that Tamao and coworkers
were the first who prepared spirosilanes by Rh(I) complexes catalysis*®. In 2001
Hashimoto and co-workers developed the first enantioselective methodology for the
synthesis of all-carbon stereocenters.*’ The double cyclization of bis(a-diazo-B-keto
ester) 96 was based on Rh(II) catalysis. The reaction affords the final
1,10-spirobi[indan-3,30-dione] 99 in good yields and good enantioselectivities when
chiral dirhodium(Il) carboxylates are derived from N-phthaloyl-(S)-tert-leucine =
(S)-PTTL (Scheme 23).

O
CO,Me

N, Rhy(S-PTTL(ll))4 100 2 mol%
(0]
O toluene
CO,Me
N2
99 101 102 78%
80% ee
(0]
CO,H
N' "
Me
O Me Me
100
(S)-PTTL

Scheme 23: Synthesis of spirocycle catalyzed by dirhodium.

Another commonly used transition metal is palladium. Palladium catalysis is a
universal tool in organic synthesis from the point of view of fine-tunes reaction
conditions (temperature, solvents, ligands, bases and other additives). Furthermore,
catalysts based on palladium have a very high tolerance of various functional groups
and they are often able to provide excellent stereo- and regiospecificity. This highly
versatile group of catalysts is used in coupling reactions such as Heck,*' Suzuki*’ or
Stille* coupling. In 2001 Mikami and co-workers published the first enantioselective
synthesis of spirocycles catalyzed by Pd(II).** They used ene-type cyclization catalyzed
by palladium(IT) complex 104. The desired spirocyclic quinolines 106 were obtained

with excellent yields and enantioselectivities (Scheme 24).

25



_-COMe [(MeCN,PdI(BF,), 104 5 mol%
©\/ (S)-BINAP 105 10 mol%
N HCOOH, DMSO

103 106 > 99%
>99% ee

Scheme 24: Synthesis of spirocycle catalyzed by palladium.

Transition metals used for enantioselective synthesis of spiro compounds include

5 46

amongst others, iridium,* molybdenum,* copper*’ and silver.*® In all of the
enantioselective metal-catalyzed methodologies, the common limitation is the use of
complex structures, which can in some way damage the applicability of these

methodologies.

1.5.2 Organocatalytic approaches

Organocatalys is as a rapidly flourishing concept in this millennium and it be
also used for construction of spirocyclic compounds. For example, phosphine-catalyzed
asymmetric [3+2] annulation between N-phenylpyrazolone 107 derivatives and
Morita-Baylis—Hillman carbonates 108 for the preparation of spiro compound 110 was
reported.*” This transformation proceeded well under mild conditions to form
spiro[cyclopentene-3,3"-pyrazole] derivatives 110 containing three stereocenters

(Scheme 25).

1
'Tl/ - R OBoc O PBU3 109 10 mol% ’\Il/
* -R® g .
N RZJ\[HJ\O toluene N 1 "“R2
(0] (0]

107 108 110 up to 97%
Scheme 25: [3+2] annulation catalyzed by phosphine.

An intriguing methodology for the synthesis of spirocyclic compounds was
reported by Rios and co-workers®® (Scheme 26). The synthesis of spirooxindoles
catalyzed by Hayashi-Jeorgensen organocatalyst 80 starts with a double Michael
addition. Second step is an intramolecular aldol reaction and after dehydratation the

final spiropyrazolon 114 is obtained.
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Scheme 26: Spirocyclization catalyzed by secondary amine catalyst.

1.5.3 Synergistic approaches

Enders and his research group is long time interested in the combination of
oganocatalysis and metal catalysis in order to syntetize annulated heterocycles. They
synthesized five-membered spiropyrazolones in one-pot procedure using
dihydroquinine-derived squaramide 117 and silver 118 catalyst. Desired products were
obtained through Michael addition/Conia-ene reaction using pyrazolones and

alkynetethered nitroalkenes.”! This process involes low catalyst loading and mild

conditions (Scheme 27).

R2 R3
l\\ X -NO2 117 1 mol%
E/ F AN Ag,0 118 3 mol%
o X e
o)
115

CHCl3
116 119 up to 99%
O O ee up to 99%
HN CFs
/LN B
=N ¢y
MeO
117
DHQN-SA1

Scheme 27: Spirocyclization catalyzed by squaramide and silver catalyst.

There are many more reactions using synergistic catalysis for the preparation of

spiro compounds®>>® but I will focus on the aim of my work and achieved results.
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2 Aims of work

Synergistic catalysis is promising in the development of new and unprecedented
reactions where normal synthetic strategies failed. Number of works in the area of
enantioselective synthesis of spiro compounds is still limited (Chapter 1.5). Regarding
to above mentioned and our previous interest in construction of molecules with
quaternary stereocenter(s), the aim of this diploma work was to develop new catalytic
method for the preparation of enantiomerically pure spiro pyrazolones from readily
available starting materials, such as alkylated pyrazolones and a,B-unsaturated

aldehydes based on synergistic concept (Scheme 28).

|
|‘\1 R2 solvent, temperature N= CHO

o) CHO organocatalyst O
metal catalyst
N + % N v,
= 2
R1 \\ R1 R2

Scheme 28: Designed enantioselective spirocyclization reaction providing

chiral spiro compounds.

This aim included several work goals:

1. Preparations of starting materials - synthesis of pyrazol-3-ones and
non-commercial (E)-a,B-unsaturated aldehydes

2. Optimizing of the reaction conditions — catalyst, solvent and concentration
screening

3. Study the scope of the reaction with optimized conditions
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3 Results and Discussion

According to retrosynthetic scheme (Scheme 29) desired spiro compounds
should be synthesize from alkylated pyrazol-3-ones and o,B-unsaturated aldehydes.
Alkylated pyrazol-3-ones are available from the corresponding B-keto esters by
cyclization with phenyl hydrazine. o,B-Unsaturated aldehydes are commercially
available or can be prepared from simple aldehydes by Wittig reaction. Some parts of
the project were developed by my colleague Dr. Putatunta Salil, nevertheless, this

diploma work covers only my results.
o}

) Q o o o o
—— Ph< —
- N AN R OEt R1JJ\)J\OEt
CHO N= Q\
R'R? 1 %
R \\
+

2
R cHo ==  R2CHO

Ph<

z-Z

Scheme 29: Retrosynthetic scheme.

First I focused on preparation of starting materials suitable for designed
enantioselective spirocyclization reaction (Scheme 28). These starting materials were
pyrazol-3-ones bearing alkyne moiety 141a,b,c and (E)-a,B-unsaturated aldehydes
132d,g-k.

3.1 Preparation of aldehydes 124 and 129

First, aldehyde 124 and 129 suitable for preparation of (F)-a,p-unsaturated
aldehydes 132j and 132k were synthesized. 1-Methyl-1H-indole-2-carbaldehyde (124)
was prepared by two methods (method A and D, Scheme 30, Scheme 31), starting either
from ethyl 1H-indole-2-carboxylate (120) or indole (125). Both methods included
N-methylation of indole motif as first step. Method A included two steps, N-methylation
and formylation. Three-step method D consisted of N-methylation/reduction/oxidation
reaction sequence. Reduction of ester group using LiAlHs was problematic step in
method D. An excess of LiAlH4 (up to 4.4 eq.) was necessary for reduction of ester

group. Moreover, transesterification has occurred after quenching of reaction with
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EtOAc affording 1-(1-methyl-1H-indol-2-yl)propan-2-one (123) as byproduct (Figure
4).

NaH (60%) 1. LIAIH,, THF
@E\\rcoza _CHdl \coer ORT N cro
N DMF N 2. DMP, py N
0°C -RT DCM
120 121 124
65% 59%

Scheme 30: Preparation of aldehyde 124 by method D.

Figure 4: Byproduct - 1-(1-methyl-1H-indol-2-yl)propan-2-one.

NaH (60%) n-BuLi 2.5M
CHal
\ 3 @ DMF mCHO
H THF N\ Et,O N\
2
125 0°C -RT 126 RT- reflux 124
79 % 20 %

Scheme 31: Preparation of aldehyde 124 by method A.

Ethyl-3-formyl-1-methyl-1H-indole-2-carboxylate (129) was prepared in two steps
include Vilsmeier-Haack formylation of ethyl 1H-indole-2-carboxylate (120) and
N-methylation (Scheme 36).
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Scheme 32: Preparation of aldehyde.

3.2 Preparation of (E)-a,p-unsaturated aldehydes

Aromatic as well as aliphatic (E)-a,B-unsaturated aldehydes suitable for
enantioselective spirocyclization reaction (Scheme 28) were chosen (Figure 5). These
(E)-a,B-unsaturated aldehydes were selected in order to show the tolerance of
synergistic catalytic reaction to various functional groups, aromatic ring bearing EDG

or EWG. Aliphatic as well as heterocyclic (E)-a,B-unsaturated aldehydes were selected.

O\/\ _\_CHO ~_\_CHO
CHO

132a 132b 132¢
HgC 02N Br
O\©\/\ \©\/\ \©\/\
A cHo A cHo A cHo
132d 132¢ 132f
= ©/\/\
> CcHo cl CHO > CcHo
1329 132h 132i
CO,Et
\ \ N
|
;\1 A cHo ;\1 A cHo N cHo
132 132k 1321

Figure 5: Selected (E)-o,B-unsaturated aldehydes for the enantioselective

spirocyclization reaction.

Non-commercial available (E)-a,B-unsaturated aldehydes (Figure 6) were
prepared by Wittig reaction (Scheme 33). Unfortunately in this reaction both isomers (Z

and E) are formed. Moreover separation of these isomers was difficult. Because of that
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reasons the yields of isolated (E)-ao,B-unsaturated aldehydes were lower.
(E)-a,B-unsaturated aldehyde 132k was not prepared by Wittig reaction. 132i, 132f were
prepared by my colleagues. Prepared (E)-a,p-unsaturated aldehydes with isolated yields

are shown in Figure 6.

toluene

reflux, over night

130 131 132 133
1.0 eq. 1.4 eq.

Scheme 33: Wittig reaction.

_ .
ScHo  C CHO A cHo

1329 132h 132i
38% 41% 47%
H4CO Qj\/\ \ CO,Et
\©\/\ N~ F"CHo N~ cHo
CHO / /
132d 132 132k
19% 8% 0%

Figure 6: Prepared (E)-a,B-unsaturated aldehydes by Wittig reaction.

3.3 Alkylation of B-keto esters

Propargyl bromide (135) was used for alkylation of B-keto esters 134a and b. In
the reaction with alkyl halides was difficult to avoid formation of dialkylated products
139a,b (Scheme 34). The ratio of mono:di alkylated product 138a and 139a was 3:2 in
crude mixture. Column chromatography was problematic, thus fraction distillation using
Kugelrohr 95 — 100 °C was used. For preparation of 138b I followed published
procedure.®® After 48 hours the ratio of mono:di alkylated product 138b and 139b was
2:1 according to 'H NMR of crude mixture. Product 138b was obtained after
purification on silica in 48% yield. Prepared alkylated B-keto esters with isolated yields

are shown in Scheme 34.
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Scheme 34: Alkylation of B-keto esters.

Preparation of 138c¢ using 4-bromobutyne (136) did not work (Scheme 35). According
to the literature® 4-iodobutyne (137) is better alkylation reagent. 4-Iodobutyne (137)
was prepared in two steps via mesylation and subsequent substitution with Nal. Crude
mesylate 143 was used without purification to substitution reaction. The desired
4-iodobutyne (137) was obtained by distillation under vacuum. Yield is lower due to
volatility of product and possible losses during work up. Thus 4-iodobutyne (137) was
used for preparation of 138¢ by published procedure.®

O O
o o NaH (60%) OEt
Br
+
Pz
OEt //\/ THE
134a 136 0°C-RT 138¢ ||
MsCI Nal
OH TEA OMs |
DCM acetone
142 230 °C 143 reflux 137
50%
O O
o) 0 NaH (60%) OEt
+ | —
gz
)J\/U\OEt z THF
0 °C - reflux
134a 137 138¢ ||

40%

Scheme 35: Alkylation of ethyl acetoacetate.
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3.4 Cyclization reaction to form pyrazol-3-ones 141a-c

Alkylated products 138a-c¢ were taken with phenyl hydrazine 140 to perform
cyclization reaction. Compound 141a was prepared in comparable yield using either
EtOH or AcOH as a solvent. More steric hindered pyrazol-3-one 141b was prepared at
180 °C without solvent (Scheme 36).

O
EtOH or AcOH ©\
NH2 - N
reflux N= \Q\

138a 141a
66% (EtOH)
74% (AcOH)

@No

neat
|
©\ _NH, ©/“\< 110 - 180 °C N=CON
138b 141b
81%
0
0
OEt AcOH
NH2 * - N
reflux N= =
138¢ || 141¢

Scheme 36: Preparation of cyclic alkylated pyrazol-3-ones.

3.5 Synergistic catalysis

In outset of the diploma work I started to screen reactivity between
pyrazol-3-one 141a and cinnamaldehyde (132a) under synergistic catalysis using
(S)-TMS-DPP (20 mol%) and Pd>(dba)s (5 mol%) in EtOAc, our catalytic system used
previously.”> To our delight, the reaction under these conditions formed spiro
compounds 144a and 144a’ in high yield (89/10%), with moderate diastereoselectivity
(2.1:1) and excellent enantiopurity for both diastereoisomers (94/91% ee) (Scheme 37).
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Scheme 37: Model enantioselective spirocyclization reaction.

Encouraged by this result, other secondary amine catalysts were tested (Figure
7). According the outcomes, MacMillan catalyst of 2" generation (III) and Jergensen
catalyst (IV) were not effective for the reaction. (R)-TMS-DPP (II) renders the product
144a with opposite enantiomeric purity in comparison to results obtained with

(S)-enantiomer (I) (Table 2, entry 1).

o= R

N  OTMS N  OTMS
H H

,  CFsCOOH

CH
TN}{—C;?,

N CH
H 3

] v

Figure 7: Organocatalysts used in enantioselective spirocyclization reaction.

Subsequently, I examined the role of palladium catalyst on the course of the
enantioselective spirocyclization reaction (Scheme 38). Apart from Pdx(dba)s, I tested

other metal catalysts such as Pd(PPh3)4, PAClL> or FeCls (Table 1).

¥ Qo
©\ 7 = (S) TMS-DPP 20 mol% /l/

metal catalyst 5 mol%

'\\’:\ + cCHo + N
\\ EtOAc
141a 132a 144a 144a°
Scheme 38: Enantioselective spirocyclization reaction — metal catalyst
screening.
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Table 1: Metal catalyst screening.

Yield Ee? .
Entry Metal catalyst 144a/144a’ 144a/144a’ Dr
(%) (%)
1 FeCl; - - -
2 AgOTf - - ;
3 In(OTf), - - -
4 PdCl, 72/21 91/95 4.5:1
(5 Pd,(dba), 89/10 94/91 211 )
6° Pd(PPh,), 66/6 95/93 1.1:1
7 Pd(OAc) , 62/10 94/93 1.7:1

Reaction conditions: 0.24 mmol of 141a, 0.12 mmol of 132a, at room temperature
under argone atmosphere in 1.0 mL of EtOAc.?determined by chiral HPLC,
bdetermined by 'H NMR of crude mixture,® 40% conversion.

Next step was using just organocatalyst or metal catalyst in the model reaction.
But non conversion was observed. It should be noted that the use of both catalysts is

crucial for the formation of these spiro compounds.

According to solvent screening, the reaction tolerates non-polar as well as polar
aprotic solvents (Table 2). My co-worker also tried toluene as nonpolar solvent, MeOH
as polar protic solvent and couple of polar aprotic solvents (CH3CN, THF, DCE) but
compounds 144a and 144a” were obtained with lower yields and enantioselectivities in
all cases. Solvent screening indicated that polar aprotic EtOAc remained the preferred

solvent.

s CL
©\ 0 _J (S)-TMS-DPP 20 mol%

Pd,(dba); 5 mol%

+
\\ solvent

N
|
N

141a 132a 144a 144a’

Scheme 39: Enantioselective spirocyclization reaction — solvent screening.
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Table 2: Solvent screening.

Yield Ee ° .
Entry Solvent 144a/144a’ 144a/144a’ Dr
(%) (%)
(1 EtOAc 89/10 94/91 2.1:1 )
2 DCM 48/33 93/86 1.4:1
3 CHCI, 71126 94/89 1.6:1
4° MTBE 62/19 93/88 2:1

Reaction conditions: 0.24 mmol of 141a, 0.12 mmol of 132a, at room temperature
under argone atmosphere in 1.0 mL of solvent, ®determined by chiral HPLC,
bdetermined by 'H NMR of crude mixture, conversion 89%.

Next, the effect of the concentration on the course of the reaction was studied

(Table 3). The optimal concentration for the model reaction was 1.2M.

CHO (0]
0 TMS. o i
Pz (S)-TMS-DPP 20 mol% N~

,\‘1\ . Pd,(dba)z 5 mol% N cHO +

" \\ EtOAc

141a 132a 144a 144a’

Scheme 40: Enantioselective spirocyclization reaction — concentration
screening.
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Table 3: Concentration screening.

Yield Ee?®

Entry Concentration Conversion 144a/144a” 144a/144a’ Dr’
(M) (%) (%) (%)

1 0.05 90 38/20 96/93 1.7:1

2 0.1 98 53/22 96/95 1.7:1

3 05 100 46/26 93/91 1.6:1

4° 0.1 50 43/12 93/7 2.2:1
(s 12 100 69/26 95/95 221 )

6° 1.2 100 89/10 94/91 2.1:1

Reaction conditions: 0.18 mmol of 141a, 0.12 mmol of 132a,at room temperature
under argone atmosphere for 24 hours. determined by chiral HPLC, Pdetermined
by "H NMR of crude mixture.®5 mol% of (S)-DPP-TMS, 2 mol% of Pd,(dba)s,
40.24 mmol of 141a, 0.12 mmol of 132a

The catalyst loading was decreased based on further optimization studies that
were performed by my co-worker. Thus, the optimal reaction conditions for synergistic
catalysis were determined to be 0.18 mmol of pyrazol-3-one 141, 0.12 mmol of
(E)-a,B-unsaturated aldehyde 132 in 1.0 mL EtOAc at room temperature under argone
atmosphere. The reaction was performed with catalyst loading 5 mol% of (S)-TMS-DPP
catalyst and 2 mol% of Pda(dba)s.

After the optimizing of the reaction conditions, I examined the scope and
limitations of the enantioselective spirocyclization reaction between cinnamadehyde
(141a) and various (E)-o,B-unsaturated aldehydes 132 (Table 4). The corresponding
spiro compounds 144d-j were obtained in moderate to good yields (12-75%), with
moderate to good diastereoselectivity (up to 3.6:1) and excellent enantioselectivity (up
to 92%). The reaction tolerated several functional groups, such as -OCH3, NO, or
halogens. Substitution of aromatic ring in cinnamic aldehyde with EWG in the para
position influenced reaction rate, yield and enantioselectivity (Table 4, entry 2,5).
Subsequently, the effect of substitution in ortho and meta position of benzene ring in
aromatic (E)-o,B-unsaturated aldehyde was examined (Table 4, entry 3,4). While
reaction of 141a with meta-substituted cinnamal afforded desire product 144h and
144h” in good yield 46% and 32%, respectively, with high enantiopurity (91/78%),

ortho-substituted cinnamal produces the product 144i, after prolong reaction time, in
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reduces yield (27%) as a mixture of two diastereoisomers (dr 1.9:1) wih high

enantiopurity (60, 92%) (Table 4, entry 4).

Beside aromatic, aliphatic (£)-o,B-unsaturated aldehydes 132b,c were also
explored. When valeraldehyde (132¢) was introduced, desired product 144c was
obtained in good yield (46%) as a mixture of two diastereoisomers (dr 2.5:1) with high
enantiopurity (85/85% ee). Interestingly, when crotonaldehyde (132¢) was used, longer
time was necessary for full conversion. Corresponding spiro compound 144¢ was
isolated in good yield (81%) also as a mixture of two diastereoisomers (dr 1.8:1) with
good enantiopurity (77/82% ee). Remarkably, indole motif of (E)-a,B-unsaturated
aldehyde was tolerated, but the full conversion was not achieved even after 7 days. Due
to decreased reaction rate, the yield of 144j was low (12%), but the enantiomeric purity
remained high (81/83%) (Table 4, entry 8). Beside, the formation of cyclic product 145
(Figure 8) was observed. Another (E)-o,B-unsaturated aldehyde derived from pyridine
1321 was used. According to '"H NMR of crude mixture (Table 4, entry 9), after seven

days just traces of desired product were observed.

e O f oy L8
©\ o % (S)-TMS-DPP 5 mol% N//l,, N
Pd,(dba)s 2 mol% | VS
Nll\l + R 2Adba)s 2 molte N= cHo + NN CHO
A EtOAc R R
141a 132 144b-g 144b"-h°

Scheme 41: Enantioselective spirocyclization reaction — scope of the reaction.
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Table 4: The scope of the reaction.

Yield Ee @

Entry Enal Time Product Major/Minor Major/Minor Dr °
(d) (%) (%)

1 4-Methoxyphenyl 4 144d 55/20 91/92 2.8:1
2 4-Chlorophenyl 4 1449 44/24 87/91 2.3:1
3 3-Chlorophenyl 7 144h 46/32 91/78 21
4° 2-Chlorophenyl 7 144i 27 60/92 1.9:1
5 4-Nitrophenyl 4 144e 46/21 86/53 1.4:1
6 Methyl 5 144b 81 77/82 1.8:1
7 Ethyl 1 144c 46 85/85 2.5:1
8°  N-methyl-(1H)-indole-2-yl 7 144j 12 81/83 3.6:1
9 2-Pyridyl 7 144] traces - -

Reaction conditions: 0.18 mmol of 141a, 0.12 mmol of 132, at room temperature under
argone atmosphere in 1.0 mL of EtOAc. 2determined by chiral HPLC, Pdetermined by 'H NMR of crude
mixture, °conversion less than 40%.

Figure 8: Cyclic byprodukt - 3-methyl-1-phenyl-1,4-dihydropyrano[2,3-
c]pyrazole

The cyclic reaction is highly sensitive to steric effect of the pyrazol-3-ones 141.
When the Me group was replaced by Ph group the reactivity decreased significantly. No
full conversion was observed using different aromatic (£)-a,B-unsaturated aldehydes
(Table 5, entries 1-5). Corresponding products 146 were obtained in acceptable yields
(17-44%), with moderate diastereoselectivity (dr up to 2.5:1) and excellent enantiomeric
purity (up to 97/99%). Surprisingly, formation of cyclic byproduct 147 was observed
(Figure 9). On the other hand, with aliphatic (E)-a,B-unsaturated aldehyde,

vareladehyde (132c¢), the full conversion was achieved in two days. (Table 5, entry 6).
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Scheme 42: Enantioselective spirocyclization reaction — scope of the reaction.

Table 5: The scope of the reaction.

. Yield Ee " )
Entry Enal Conversion Time Product Major/Minor  Major/Minor Dr
(d) (%) (%)
1 Phenyl 80 7 146a 26/18 96/99 2.5:1
2 4-Methoxyphenyl 47 7 146d 21/5 97/98 21
3 4-Chlorophenyl 28 7 1469 5/12 93/98 0.9:1
4 4-Bromophenyl 63 7 146f 23/20 86/97 1.21
5 4-Nitrophenyl 20 7 146e 19 78/98 21
6 Ethyl 100 2 146¢ 48 83/93 1:1.9

Reaction conditions: 0.18 mmol of 141b, 0.12 mmol of 132, 5 at room temperature under argone atmosphere
in 1.0 mL of EtOAc. determined by "H NMR of crude mixture, Pdetermined by chiral HPLC

147

Figure 9: Cyclic byprodukt - 1,3-diphenyl-1,4-dihydropyrano[2,3-c]pyrazole.

Then, I decided to expand the scope of the reaction to pyrazol-3-one with butyne
residue 141c. Even though, palladium/secondary amine catalyzed cyclization of
pyrazol-3-one 141¢ and cinnamaldehyde (132a) did not resulted in formation of spiro
compound, the formation of cyclic compound 148a was observed. Thus, I focused on
reactivity with crotonaldehyde (132b) and valeraldehyde (132c¢). Interestingly, the

formation of Michael adduct 148b,¢c was observed in both cases (Figure 10).
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Figure 10: Products.

3.6 The proposed reaction mechanism

The mechanistic pathways have been investigated using computational and
mechanistic studies carried out by my co-workers. The mechanism started with
condensation of secondary amine catalyst with cinnamaldehyde 132a. Subsequently,
Michael adduct 150 is formed from 149 and enolate derived from pyrazol-3-on 141a.
Cyclization step is catalyzed by palladium which activated triple bond to form
intermediate 152. Dienamine intermediate 153 is regenerated after B-hydrogen
elimination. Reductive elimination of palladium, followed by hydrolysis release the

spiro compound 144a and both catalyst are regenerated (Scheme 43).
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Scheme 43: Proposed reaction mechanism.

Absolute configurations of the newly formed stereogenic centers of the major
diastereoisomer were assigned by X-ray analysis of compound 155 (Figure 11). The
oxidation shown in Scheme 44 and preparation of monocrystalline 155 were performed

by my co-worker Dr. Salil Putatunta in the framework of cooperation on this project.

NaClO,, KH,PO,

Acetone/DMSO/H,0
RT

Scheme 44: Oxidation of compound 154.
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Figure 11: X-ray structure analysis of compound 155 with stereogenic centers

(5R,6R).
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4 Experimental part

4.1 General comments at the experimental section

All chemicals were purchased from commercial sources (Sigma-Aldrich, Acros
Organics and Alfa Aesar) in p.a. purity and they were used without further purification.
The solvents were purchased in HPLC grade from Lab-Scan analytical science and
Lach-Ner. Dry solvents were prepared by standard methods. Deuterated solvents were

purchased from Armar Chemicals and Sigma-Aldrich.

Reactions were monitored by TLC silica gel plates Kieselgel 60F254 (20 x 20
cm) from Merck. The detection of the substances was done under UV light (model NU-
6 KL; wavelength 254 nm and 366 nm). Silica gel plates were induced by rapid
immersion in the appropriate detection reagents and subsequently heated by heat gun.
These detection reagents were used: PMA [phosphomolybdic acid (25 g), Ce(SO4): -
H>O (10 g), sulfuric acid H2SO4 (1.2M in H>O, 1000 mL)], vaniline [vaniline (15 g),
ethanol (96%, 250 mL) and H>SO4 (96%, 2.5 mL)] and DNP [(DNPH (0.4 g), 2N HCI
(100 mL), ethanol (1.0 mL)].

The products were separated by column chromatography, in which the Kieselgel
60 silica gel (63-200 um, Merck 7734) was stationary phase, and the distilled solvents
were the mobile phase. The exact composition of the mobile phases is given for each
substance. The solvents were evaporated on a rotary vacuum evaporator Biichi

Rotavapor R-200. The products were dried on an oil vacuum pump.

NMR spectras were measured on Varian UNITY INOVA 300 MHz ('H spectra
at 299.95 MHz), Bruker AVANCE III HD 400 MHz ('H spectra at 400.13 MHz and *C
spectra at 100.61 MHz) and Bruker AVANCE III 600 ('H spectra at 600.17 MHz and
BC spectra at 150.91 MHz). The spectra were referenced to the residual peak of the
deuterated solvent. Chemical shifts 6 are reported in ppm units, interaction constants J
in Hz. The chemical shift of CD;0OD for 'H NMR spectra is § = 7.26 ppm and for 1*C
NMR spectra is § = 77.00 ppm, chemical shift of DMSO for 'H NMR spectra is & =
2.50 ppm and for '3C NMR spectra is § = 39.52 ppm.

Specific optical rotations were measured at 25 °C on the Autopol III automatic

polarimeter (Rudolphresearch, Flandres, New Jersey). Values for specific rotation are

45



reported in unites [10"'Deg-cm?-g']. The samples were measured in CHCl; and the
concentrations ¢ are reported in units [g/100 mL]. Melting points were measured on a
Melting-point apparatus with a microscope from Ningo Biocot Scientific Instrument Co.
HRMS mass spectras was measured on a LCQ Fleet. Samples were introduced into the
machine as a solution in CHCl3; or MeOH. The ESI and EI ionization techniques were
used. IR spectra were measured by Nicolet Avatar 370 FTIR. For the measurements
were used the diffusion refraction method (DRIFT) in the KBr tablet. In the

experimental section, the wavelengths are given in [cm™!] units.

The HPLC analyzes were performed on a Shimadzu liquid chromatography with
SPD-M20A diode array detector with columns Daicel Chiralpak IA, IB or IC without

calibration.

4.2 Preparation of starting materials

N-Methylation of indole 120 and 128 (Method A)**

NaH (60% dispersion in mineral oil) was added to the solution of indole 120 or 128 in
DMF (50 mL) under argon atmosphere at 0 °C. After stirring at 0 °C for 15 min, the
methyl iodide was added dropwise. The reaction mixture was allowed to reach RT and

stirred for indicated time.

Ethyl-1-methyl-1H-indole-2-carboxylate (121)
Compound 121 was prepared by method A from
©\/I\>7002Et ethyl-indole-2-carboxylate (120) (5.0 g, 26 mmol), methyl iodide
\ (2.5 mL, 40 mmol) and NaH (1.6 g, 40 mmol, 60% dispersion in
mineral oil). After 1 h the reaction mixture was quenched with water (15 mL) and
concentrated in vacuum. Brine solution solution (100 mL) was added to the residuals
and the suspension was extracted with EtOAc (3 x 100 mL). The combined organic
layers were washed with brine solution (100 mL), dried over anhydrous Na;SOs4,
filtered and concentrated in vacuum. The column chromatography (n-hexane/EtOAc
6:1) afforded 3.5 g (65%) of 121 as a white solid. M.p. = 59.9 °C. Ry= 0.57
(n-hexane/EtOAc, 5:1, PMA). 'H NMR data matched literature values.’> "TH NMR (400
MHz, CDCI3) 6 = 7.68 (dt, J=8.0 Hz, J"= 1.0 Hz, 1H), 7.44 — 7.29 (m, 3H), 7.15 (ddd,
J=8.0Hz,J ' =6.5Hz,J" " =1.4Hz, 1H),4.38 (q, /= 7.1 Hz, 2H), 4.09 (s, 3H), 1.42 (t,
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J=17.1 Hz, 3H) ppm. HRMS (ESI) m/z calcd for CiH;3NaNO; [M + Na]" = 226.0839,
found: 226.0841.

(1-Methyl-1H-indol-2yl) methanol (122)
Alcohol 122 was prepared according to the modified procedure.>®
mCHZOH LiAlHs (0.7 g, 19 mmol) was added to the solution of 121 (2.5 g,
12 mmol) in dry THF (30 mL) cooled to 0°C and then the reaction
mixture was stirred at RT. After 5 h another portion of LiAlH4 was added (1.6 g, 34

H

mmol) and the reaction mixture was stirred over night. The reaction mixture was
quenched with EtOAc (150 mL) and MeOH/NH4CIl (1:1, 10 mL), filtrated and
concentrated in vacuum. The column chromatography (n-hexane/EtOAc from 4:1 to
2:1) afforded 0.8 g (41%) of 122 as a white solid. M.p. = 102.9 °C. Rg= 0.20 (n-
hexane/EtOAc, 2:1, PMA). 'H NMR data matched literature values.’® "H NMR (400
MHz, CDCI3) 6 = 7.60 (dt, J = 7.8 Hz, J" = 0.9 Hz, 1H), 7.36 — 7.30 (m, 1H), 7.27 —
7.21 (m, 1H), 7.16 — 7.06 (m, 1H), 6.46 (s, 1H), 4.81 (d, J = 5.7 Hz, 2H), 3.81 (s, 3H),
1.55 (d, J =5.5 Hz, 1H) ppm. HRMS (ESI) m/z calcd for CioHi2NO [M + H]" =
162.09134, found: 162.09134.

Preparation of 1-Methyl-1H-indole-2-carbaldehyde (124)

Method B>®

Compound 124 was prepared according to the modified procedure®®. DMP (2.2 g, 5
mmol) was suspended in a mixture of DCM (25 mL) and pyridine (1.2 mL, 14 mmol).
After 5 min, the resulting white suspension was transferred to a solution of 122 (0.8 g, 5
mmol) in DCM (15.5 mL). After 1 h, the reaction mixture was quenched with Na2S>03
(10% aqueous solution, 5 mL) and a saturated NaxCOs (5 mL). The aqueous layer was
extracted with DCM (3 x 30 mL). The combined organic extracts were dried over

anhydrous Na>SOq, filtered and evaporated in vacuum. The column chromatography

(n-hexane/EtOAc 10:1) afforded 0.5 g (59%) of 124 as a yellow solid.

Method C°’

Compound 124 was prepared according to the procedure.’’ n-BuLi (2.5M, 17.2 mL, 43
mmol) was dropwise added to a solution of 1-methyl-1H-indole (126) (4.7 g, 36 mmol)
in anhydrous diethylether (50 mL) under an argon atmosphere. The reaction mixture
was stirred under reflux for 3.5 h, then DMF (4.2 mL, 54 mmol) was added dropwise

and again was stirred under reflux for 10 h. The reaction mixture was quenched with a
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saturated NH4Cl and extracted with EtOAc (3 x 50 mL). The combined organic layers

were dried over anhydrous NaSQg, filtrated and evaporated in vacuum. The column

chromatography (n-hexane/EtOAc 20:1) afforded 1.1 g (20%) of 124 as a white solid.

1-Methyl-1H-indole-2.carbaldehyde (124)
M.p. = 77.6 °C. Ry= 0.27 (n-hexane/EtOAc, 7:1, vaniline). 'H
mCHO NMR data matched literature values.”® 'H NMR (400 MHz,
\ CDCl3) & = 9.90 (s, 1H), 7.74 (dt, J = 8.1 Hz, J' = 1.0 Hz, 1H),
7.49 - 7.36 (m, 2H), 7.26 - 7.16 (m, 2H), 4.11 (s, 3H) ppm. HRMS (ESI) m/z calcd for
CioH10NO [M + H]" = 160.07569, found: 160.07589.

N-Methylation of indole (125) (Method D)’
1-Methyl-1H-indole (126)

NaH (3.0 g, 75 mmol, 60% dispersion in mineral oil) was added to a
©j,\> solution of indole (125) (5.9 g, 50 mmol) in THF (150 mL) at 0 °C. The

reaction mixture was stirred at 0 °C for 15 min, then 1h at RT and
subsequently methyl iodide was added (4.2 mL, 67 mmol) at 0 °C. The reaction mixture
was stirred for 1 h at RT, then cooled to 0 °C, quenched with a saturated NH4Cl1 (200
mL) and extracted with diethylether (3 x 50 mL). The combined organic layers were
washed with brine solution (100 mL), dried over anhydrous Na;SOs, filtrated and
concentrated in vacuum. The column chromatography (n-hexane/EtOAc from 20:1 to
15:1) afforded 5.2 g (79%) of 126 as a yellow liquid. Rr= 0.50 (n-hexane/EtOAc, 7:1,
vaniline). "H NMR data matched literature values.”® '"H NMR (400 MHz, CDCls) § =
7.67 (d, J=7.9 Hz, 1H), 7.40 — 7.05 (m, 4H), 6.55 — 6.50 (m, 1H), 3.82 (s, 3H) ppm.
GCMS (EI) m/z calcd for CoHoN = 131, found: 131.

Ethyl-3-formyl-1H-indole-2-carboxylate (128)

CHO Phosphoryl chloride (4.2 g, 28 mmol) and N-methylformanilide
©\/\ng02& (127) (3.4 mL, 28 mmol) in dry DCM (15 mL) were stirred for 15
H min. Ethyl-indole-2-carboxylate (120) (4.0 g, 21 mmol) was added

to the reaction mixture, stirred under reflux for 2 h, then cooled to RT. After, ice-water
solution of a saturated NaxCO3; was added and precipitate was filtered. The filter cake
was washed with water (15 mL), then with diethylether (3 x 5 mL) and dried under
reduce pressure. Compound 128 was obtained in 3.6 g (78%) as a pale yellow solid.

M.p. = 190.9 °C. Rr = 0.38 (n-hexane/EtOAc, 2:1, PMA). 'H NMR data matched
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literature values.>* "TH NMR (400 MHz, DMSO) & = 12.81 (br, 1H), 10.62 (s, 1H), 8.25
(dt, J=8.1 Hz, J"= 1.1 Hz, 1H), 7.58 (dt, /= 8.2 Hz, J" = 1.0 Hz, 1H), 7.40 (ddd, J =
83 Hz,J'=7.1 Hz,J""= 1.3 Hz, 1H), 7.30 (ddd, /=8.1 Hz,J'"=7.0 Hz, J"" = 1.1 Hz,
1H), 4.47 (q, J=7.1 Hz, 2H), 1.41 (t, J= 7.1 Hz, 3H) ppm. HRMS (ESI) m/z calcd for
C12Hi2NO3 [M + H]" =218.08117, found: 218.08108.

Ethyl-3-formyl-1-methyl-1H-indole-2-carboxylate (129)
Compound 129 was prepared by method A from

CHO
N ethyl-3-formyl-1H-indole-2-carboxylate (128) (2.5 g, 12 mmol),
N\ COEL methyl iodide (1.0 mL, 16 mmol) and NaH (0.8 g, 21 mmol). After

30 h the reaction mixture was poured into ice-water and jelly
mixture was filtrated through sinter. Filter cake was several times washed with water.
Compound 129 was obtained in 1.1 g (40%) as a yellow solid. M.p. = 111.4 °C. Rp =
0.49 (n-hexane/EtOAc, UV). 'H NMR data matched literature values.* "TH NMR (400
MHz, CDCls) 6 =10.62 (s, 1H), 8.51 (dt, J= 8.0 Hz, J" = 1.1 Hz, 1H), 7.46 — 7.32 (m,
3H), 4.52 (q, J = 7.1 Hz, 2H), 4.08 (s, 3H), 1.48 (t, /= 7.1 Hz, 3H) ppm. HRMS (ESI)
m/z calcd for C13H13NaNOs3 [M + Na]" = 254.07876, found: 254.07883.

General procedure for preparation of (E)-o,p-unsaturated aldehydes 132 d, g, h, i,
j (method E)

(Triphenylphosphoranylidene)acetaldehyde (131) (1.4 eq.) was added to the solution of
corresponding aldehyde 130 (1.0 eq.) in toluene. The reaction mixture was stirred under
reflux overnight and then concentrated in vacuum. The column chromatography

afforded the desired (E)-a,B-unsaturated aldehydes 132 d, g, h, i, j.

(E)-3-(4-Methoxyphenyl)acrylaldehyde (132d)
cHo (E)-o.p-Unsaturated aldehyde 132d was prepared by method E from
= anisaldehyde (2.0 g, 15 mmol) in toluene (50 mL). The column
chromatography (n-hexane/EtOAc 20:1) afforded 0.5 g (19%) of 132d as a
yellow solid. M.p. = 57.5 °C. Ry= 0.27 (n-hexane/EtOAc, 3:1, DNP). 'H
OCH;  NMR data matched literature values.®® "H NMR (300 MHz, CDCl3) § = 9.66
(d,J=7.7Hz, 1H), 7.53 (d, J = 8.8 Hz, 2H), 7.43 (d, /= 15.9 Hz, 1H), 6.95 (d, J= 8.8
Hz, 2H), 6.62 (dd, J =15.8 Hz, J" = 7.7 Hz, 1H), 3.86 (s, 3H) ppm. HRMS (ESI) m/z
calcd for C1oH1102 [M + H] = 163.07536, found: 163.07537.
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(E)-3-(4-Chlorophenyl)acrylaldehyde (132g)
CHO (E)-0,B-Unsaturated aldehyde 132g was prepared by method E from
Z 4-chlorobenzaldehyde (1.0 g, 7 mmol) in toluene (25 mL). The column
chromatography (n-hexane/EtOAc from 20:1 to 10:1) afforded 0.5 g (38%)
of 132g as a yellow solid. M.p. = 55.5 °C. Rr= 0.22 (n-hexane/EtOAc, 10:1,
Cl DNP). '"H NMR data matched literature values.’’ 'H NMR (400 MHz,
CDCl3) 6 =9.70 (d, J= 7.6 Hz, 1H), 7.50 (d, J = 8.5 Hz, 2H), 7.41 (m, 3H), 6.68 (dd, J
=16.0 Hz, J" = 7.6 Hz, 1H) ppm. HRMS (ESI) m/z calcd for CoHgCIO [M + H]" =
167.02582, found: 167.02582.

(E)-3-(3-Chlorophenyl)acrylaldehyde (132h)
CHO (E)-0,B-Unsaturated aldehyde 132h was prepared by method E from
= 3-chlorobenzaldehyde (1.0 g, 7 mmol) in toluene (25 mL). The column
chromatography (n-hexane/EtOAc from 20:1 to 7:1) afforded 0.5 g (41%) of
cl 132h as an orange solid. M.p. = 35.4 °C. Rr = 0.22 (n-hexane/EtOAc, 10:1,
DNP). 'H NMR data matched literature values.> '"H NMR (400 MHz, CDCl3) § = 9.73
(d, /J=7.6 Hz, 1H), 7.56 (t, J= 1.8 Hz, 1H), 7.48 — 7.35 (m, 4H), 6.72 (dd, J = 16.0 Hz,
J' =7.6 Hz, 1H) ppm. HRMS (ESI) m/z calcd for CoHsCIO [M + H]" = 167.02582,
found: 167.02582.

(E)-3-(2-Chlorophenyl)acrylaldehyde (132i)
cHo (E)-o,B-Unsaturated aldehyde 132i was prepared by method E from
= 2-chlorobenzaldehyde (1.0 g, 7 mmol) in toluene (25 mL). The column
Cl chromatography (n-hexane/EtOAc 7:1) afforded 0.6 g (47%) of 142i as a
yellow solid. M.p. = 52.6 °C. Rr = 0.27 (n-hexane/EtOAc, 10:1, DNP). 'H
NMR data matched literature values.®> '"H NMR (400 MHz, CDCl3) § = 9.66 (d, J= 7.7
Hz, 1H), 7.84 (d, J = 16 Hz, 1H), 7.57 (dd, J =7.6 Hz, J'= 1.9 Hz, 1H), 7.39 — 7.17 (m,

3H), 6.61 (dd, J=16.0 Hz, J"=7.7 Hz) ppm

(E)-3-(1-Methyl-1H-indol-2-yl)acrylaldehyde (132j)

\ —CHO (E)-a,B-Unsaturated aldehyde 132j was prepared by method E
©f|\>f from 124 (1.0 g, 6 mmol) in toluene (25 mL). The column

\ chromatography (toluene) afforded 98 mg (8%) of 132j as a red
solid. Rr=0.11 (toluene, vaniline). '"H NMR data matched literature values.** "TH NMR

(400 MHz, CDCls) 8 = 9.70 (d, J = 7.7 Hz, 1H), 7.67 — 7.62 (m, 1H), 7.56 (d, J= 15.8
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Hz, 1H), 7.37 — 7.28 (m, 2H), 7.14 (ddd, /= 8.0 Hz, J"= 6.5 Hz, J""= 1.4 Hz, 1H), 7.06
(s, 1H), 6.77 (dd, J = 15.7 Hz, J" = 7.6 Hz, 1H), 3.88 (s, 3H) ppm. HRMS (ESI) m/z
calcd for C12H;2NO [M + H]" = 186.09134, found: 186.09136.

4- lodobut-1-yne (137)
| /% Methanesulfonyl chloride (4.9 mL, 64 mmol) was rapidly added to the
vigorously stirred solution of 3-butyn-1-ol (142) (3.7 mL, 49 mmol) and
TEA (9.5 mL, 67 mmol) in DCM (100 mL) at -30 °C. After 1 h the reaction mixture
was quenched with IM HCI (100 mL), extracted with DCM (2 x 20 mL) and the
combined organic layers were washed with 1M HCI (50 mL), a saturated aqueous
NaHCOs3 (50 mL), brine solution solution (30 mL), dried over anhydrous Na>SOs,
filtrated and concentrated in vacuum. The yellow crude mesylate (7.2 g, 100%) was

immediately used without purification in the following step.

Sodium iodide (8.7 g, 58 mmol) was added to the solution of above prepared mesylate
(7.1 g) in acetone (120 mL). The reaction mixture was stirred under reflux for 36 h.
After cooling to the RT the precipitate was filtered, the filter cake was washed with
acetone (20 mL) and the filtrate was distilled at 80 °C. The residual oil was diluted with
diethylether (20 mL) and quenched with a saturated Na>S>O3 (10 mL). The aqueous
layer was extracted with diethylether (2 x 10 mL) and the combined organic extracts
were washed with brine solution solution (10 mL), dried over anhydrous Na>SO4. The
product was obtained by distillation under reduced pressure to give 4.4 g (50%) of 137
as a colorless liquid (b.p. 130 °C/200 mbar). 'H NMR data matched literature values.®’
'"H NMR (300 MHz, CDCl3) 8 = 3.24 (t,J = 7.3 Hz, 2H), 2.78 (td, J= 7.2 Hz, J = 2.6
Hz, 2H), 2.16 (t, J = 2.6 Hz, 1H) ppm. GCMS (EI) m/z calcd for C4HsI = 150, found:
150.

Alkylation of pB-keto esters
Ethyl 2-acetylpent-4-ynoate (138a)
o o Compound 138a was prepared according to the modified procedure.®
ot NaH (6.7 g, 154 mmol, 60% dispersion in mineral oil) was added to the

S solution of ethyl acetoacetate (134a) (19.4 mL, 154 mmol) in dry THF
A
(300 mL) under argon atmosphere at 0 °C. The reaction mixture was

stirred at RT for 1 h. Subsequently, propargyl bromide (135) (17.0 mL, 154 mmol, 80%
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solution in toluene) was added slowly. The reaction mixture was stirred at RT for 24 h
and then it was quenched with H>O (20 mL), IM HCI (60 mL), extracted with EtOAc (3
x 50 mL). The combined organic layers were dried over anhydrous MgSQa, filtered and
concentrated in vacuum. The product was obtained by distillation in vacuum using
Kugelrohr apparatus to give 7.1 g (28%) of 138a as a colorless oil (b.p 100 °C/2 mbar).
Ry= 0.39 (n-hexane/EtOAc, 7:1, vaniline). '"H NMR data matched literature values.®” 'H
NMR (400 MHz, CDCl3) 6 = 4.28 —4.17 (q, J = 7.1 Hz, 2H), 3.69 (t, /= 7.5 Hz, 1H),
2.71 (dt, J =7.5 Hz, J" = 2.6 Hz, 2H), 2.30 (s, 3H), 2.01 (t, J = 2.7 Hz, 3H), 1.29 (t, J
=7.1 Hz, 3H) ppm. HRMS (ESI) m/z calcd for CoH;303 [M + H]" = 169.08592, found:
169.08580.

Ethyl 2-benzoylpent-4-ynoate (138b)

O O Compound 138b was prepared according to the modified
oet procedure.’® NaH (3.1 g, 78 mmol, 60% dispersion in mineral oil)
N was added to the solution of ethyl 3-oxo-3phenylpropanoate (134b)
(4.5 mL, 26 mmol) in dry THF (250 mL). under argon atmosphere
at 0 °C. The reaction mixture was stirred at RT for 10 min. Subsequently, propargyl
bromide (135) (4.2 mL, 39 mmol, 80% solution in toluene) was added slowly. The
reaction mixture was stirred under reflux 48 h and then it was concentrated in vacuum.
H20 (100 mL) was added to the residuals and the suspension was extracted with DCM
(3 x 200 mL). The combined organic layers were washed with brine solution solution
(200 mL) and dried over anhydrous MgSOQs, filtered and concentrated in vacuum. The
column chromatography (n-hexane/EtOAc from 20:1 to 6:1) afforded 2.9 g (48%) of
138b as a yellow oil. Rp= 0.54 (n-hexane/EtOAc, 20:1, UV). '"H NMR data matched
literature values®®. "TH NMR (400 MHz, CDCl3) § = 8.13 — 7.96 (m, 2H), 7.70 — 7.43
(m, 3H), 4.59 (t, J=7.4 Hz, 1H), 4.16 (qd, /= 7.1 Hz, J"= 1.4 Hz, 2H), 3.01 — 2.82 (m,
2H), 2.01 (t, J=2.7 Hz, 1H), 1.20 (t, J= 7.1 Hz, 3H) ppm. HRMS (ESI) m/z calcd for

C14Hi1503 [M + H]" =231.10157, found: 231.10179.

Ethyl 2-acetylhex-ynoate (138c)
o O Compound 138¢ was prepared according to the modified procedure.®
oet NaH (0.4 g, 11 mmol, 60% dispersion in mineral oil) was added to the
solution of ethyl acetoacetate (134a) (1.3 mL, 10 mmol) in dry THF (20

| | mL). under argon atmosphere at 0 °C. The reaction mixture was stirred
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at RT for 10 min. Subsequently 4-iodobut-1-yne (137) (1.8 mg, 10 mmol) was added.
The reaction mixture was stirred under reflux for 44 h and then it was quenched with a
saturated NaHCO3 (10 mL) and extracted with diethylether (3 x 20 mL). ). The
combined organic layers were dried over anhydrous MgSOQs, filtered and concentrated
in vacuum. The column chromatography (n-hexane/EtOAc 7:1) afforded 0.7 g (40%) of
138¢ as a colorless oil. Rr= 0.61 (n-hexane/EtOAc, 2:1, vaniline). 'H NMR data
matched literature values.® Ratio keto:enol form = 6:1. 'TH NMR (300 MHz, CDCl;,
keto form) 8 =4.21 (q, J=7.2 Hz, 2 H), 3.71 (t, J=7.1 Hz, 1 H), 2.32 - 1.97 (m, 5 H),
2.28 (s,3 H), 1.28 (t,J=7.2 Hz, 3 H) ppm. HRMS (ESI) m/z calcd for CioH14NaO3; [M
+ Na]" =205.08352, found: 205.08353.

General method for preparation of cyclic pyrazol-3-ones 141a,b,c

Method F

Pyrazol-3-ones 141a, ¢ were prepared according to the modified procedure.”’ Phenyl
hydrazine 130 (1.0 eq.) was added to the solution of propargylated ethyl acetoacetate
138a or ¢ (1.0 eq.) in AcOH. The reaction mixture was stirred under reflux overnight
under an argon atmosphere and then it was concentrated in vacuum. Saturated NaHCO3
was added to the residuals and the suspension was extracted with EtOAc. The
combined organic layers were washed with brine solution solution and dried over

anhydrous Na2SOs, filtered and concentrated in vacuum.

5-Methyl-2-phenyl-4-(prop-2-yn-1-yl)-2,4-dihydro-3 H-pyrazol-3-one (141a)

o Cyclic pyrazol-3-one 141a was prepared by method F from
Q\N 138a (2.0 g, 12 mmol) in AcOH (30 mL). The crystallization
N= \\\‘ from EtOAc afforded 1.5 g (40%) of 141a as a pale brown solid.

M.p. = 139.3 °C. Re= 0.38 (n-hexane/EtOAc, 1:1, PMA). 'H NMR (400 MHz, CDCl)
§=7.91—7.86 (m, 2H), 7.44 — 7.36 (m, 2H), 7.22 — 7.15 (1H), 3.36 (ddq, J = 6.6 Hz, J'
=5.1 Hz, J” = 0.8 Hz, 1H), 2.91 — 2.74 (m, 2H), 2.26 (s, 3H), 2.02 (t, J = 2.7 Hz, 1H)
ppm. HRMS (ESI) m/z caled for C13H13N>0 [M + H]" = 213.10224, found: 213.10239.
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Method G

2,5-Diphenyl-4-(prop-2-yn-1-yl)-2.4-dihydro-3 H-pyrazol-3-one (141b)

@\ o Cyclic pyrazol-3-one 141b was prepared according to the
N modified procedure’! (method G). A mixture of ethyl
Ni/?—’\\ 2-benzoylpent-4-ynoate  (138b) (2.3 g 10 mmol) and

Ph phenylhydrazine (140) (1.2 mL, 12 mmol) was heated for 4 h at

110 °C. and then for 6 h at 180°C. The reaction mixture was extracted with a saturated

NaHCOs3 (10 mL) and EtOAc (20 mL). The combined organic layers were washed with

brine solution (20 mL) and dried over anhydrous Na>SOs, filtered and concentrated in

vacuum. The column chromatography (n-hexane/EtOAc from 10:1 to 5:1) afforded 1.7

g (62%) of 141b as a pale pink solid. M.p.= 67.0 °C. Rr= 0.14 (n-hexane/EtOAc, 5:1,

PMA). "TH NMR (400 MHz, CDC]l3) 8 = 8.08 — 7.94 (m, 2H), 7.84 — 70 (m, 2H), 7.55 —

7.39 (m, 5H), 7.26 — 7.21 (m, 1H), 3.91 (dd, J= 5.4 Hz, J" =4.6 Hz, 1H), 3.08 (ddd, J =

16.9 Hz, J"=4.6 Hz, J""= 2.7 Hz, 1H), 2.91 (ddd, /= 17.0 Hz, J'=54 Hz, J"" = 2.6

Hz, 1H), 1.90 (t, J= 2.6 Hz, IH) ppm. HRMS (ESI) m/z calcd for CisHisN2O [M + H]"

=275.11789, found: 275.11810.

4-(But-3-yn-1-yl)-5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one (141c)

@\ o Cyclic pyrazol-3-one 141c¢ was prepared by method F from
N — 138c¢ (300 mg, 2 mmol) in AcOH (5.0 mL). The column
N< chromatography (n-hexane/EtOAc from 15:1 to 2:1) afforded

03 g (78%) of 141c as a yellow liquid. Rr= 0.61
(n-hexane/EtOAc, 2:1, vaniline). Ratio of keto:enol forms = 1:1. 'H NMR (400 MHz,
CDCl;, keto form) 6 = 7.86 (d, J = 7.6 Hz, 2H), 7.39 (t, /= 7.6 Hz, 2H), 7.18 (t, /= 7.4
Hz, 1H), 3.40 (t, /= 5.7 Hz, 1H), 2.55 — 2.02 (m, 4H), 2.20 (s, 3H), 2.00 (t, /= 2.6 Hz,
1H) ppm. 3C NMR (101 MHz, CDCI3, keto and enol form) 8 = 172.73, 159.44, 147.88,
137.87, 136.60, 128.84 (2C), 128.81 (2C), 125.33, 125.02, 119.96, 118.74 (4C), 84.40,
82.17,77.20, 70.05, 68.61, 50.74, 26.37, 21.58, 18.27, 15.85, 15.17, 11.38 ppm. HRMS
(ESI) m/z caled for C14HisNoO [M + H]" = 227.11789, found: 227.11787. FT-IR
(KBr): v = 3291, 3079, 2926, 2857, 2606, 2346, 2116, 1811, 1715, 1595 cm’".
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General enantioselective spirocyclization reaction of spirocyclic compounds from

cyclic pyrazol-3-one 141a and (E)-o,p-unsaturated aldehydes 132a-j (method H)

S)-TMS-DPP 5 mol%

0 o)
R1 Pd dba)z 2 mol% oy R!
CHO 2(dba); ° R\l\ll/z,’c . \l\‘l \
A\ I /l/ EtOAc / RT N= cHo N=y CHO

Argon atm. R2R R2R

141a 132a-j 144a-j 144a’-h’

R = 2-Chlorophenyl, 3-chlorophenyl, 4-chlorophenyl, ethyl, 4-methoxyphenyl, methyl,
4-nitrophenyl, N-methyl-2-indolyl, phenyl

R' = Phenyl

R? = Methyl

Cyclic pyrazol-3-one 141a (0.18 mmol) was dissolved in EtOAc (1.0 mL) in a screw
cap septum vial. Then a,B-unsaturated aldehyde 132 (0.12 mmol), (S)-TMS-DPP (0.006
mmol), Pdx(dba); (0.0024 mmol) were added. The reaction mixture was purged with
argon and it was stirred at RT under argon atmosphere. The reaction mixture was
monitored using 'H NMR. After the complete consumption of the (E)-a,B-unsaturated
aldehyde (or after 7 days) the reaction mixture was concentrated in vacuum. The
column chromatography (n-hexane/EtOAc) afforded desired spiro compounds 144a-j
and 144a’-h".

(5R,6R)-1,8-Dimethyl-4-0x0-3,6-diphenyl-2,3-diazaspiro[4.4]nona-1,7-diene-7-
carbaldehyde (144a)

©\ o Compound 144a (major diastereomer) was prepared by
g/ method H. The column chromatography (n-hexane/EtOAc

CHO from 20:1 to 2:1) afforded 35 mg (89%) of 144a as a brown

oil. Rr = 0.22 (n-hexane/EtOAc 2:1, DNP). [a]3® = -213° (c =

1.00, CHCI3). "TH NMR (600 MHz, CDCl3) 6 =10.07 (s, 1H),
7.86 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 7.8 Hz, 2H), 7.26 — 7.18 (m, 4H), 7.00 — 6.97 (m,
2H), 4.84 (s, 1H), 2.96 (q, J = 18.8 Hz, 2H), 2.41 (s, 3H), 1.44 (s, 3H) ppm. 1*C NMR
(151 MHz, CDCIs) 6 = 186.80, 176.08, 161.25, 159.29, 137.85, 136.60, 136.55, 128.88
(20), 128.69 (2C), 127.87, 127.46 (2C), 125.13, 118.82 (2C), 61.66, 59.09, 44.91,
15.02, 14.71 ppm. HRMS (ESI) m/z calcd for C»H2iN20> [M + H]" = 345.15975,
found: 345.15998. FT-IR (KBr): v = 3061, 3034, 2920, 2848, 2756, 1712, 1664, 1595,
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1488, 1434 cm’'. Enantiomeric excess (ee = 94%) was determined by chiral HPLC
with an IA column (mobile phase: n-heptane/propan-2-ol 95:5, A = 249 nm, V = 1
mL/min, T = 25 °C) tg =36.1 min (major enantiomer), tr = 41.3 min (minor

enantiomer).

(55,6R)-1,8-Dimethyl-4-0x0-3,6-diphenyl-2,3-diazaspiro[4.4]nona-1,7-diene-7-
carbaldehyde (144a°)

Compound 144a” (minor diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
from 20:1 to 2:1) afforded 4 mg (10%) of 144a” as a yellow
oil. Rr = 0.14 (n-hexane/EtOAc 2:1, DNP). [a]3® = 135.7° (¢
= 0.07, CHCIl3). 'TH NMR (600 MHz, CDCls) 8 =10.05 (s,
1H), 7.45 — 7.43 (m, 2H), 7.27 — 7.18 (m, 5H), 7.10 — 7.07 (m, 1H), 7.01 — 7.00 (m,
2H), 4.55 (s, 1H), 3.16 (d, J = 18.5 Hz, 1H), 2.77 (d, J = 18.9 Hz, 1H), 2.39 (s, 3H),
2.19 (s, 3H) ppm. ¥C NMR (151 MHz, CDCl3) & = 186.69, 172.78, 161.62, 160.15,
137.43, 136.71, 135.60, 128.63 (2C), 128.18 (2C), 127.95 (2C), 127.80, 124.92, 118.97
(20), 61.05, 57.56, 44.71, 14.64, 13.68 ppm. HRMS (ESI) m/z calcd for C22H21N20:
[M + H]" = 345.15975, found: 345.15972. FT-IR (KBr): v = 3058, 3028, 2986, 2920,
2851, 1709, 1670, 1634, 1598, 1503 cm. Enantiomeric excess (ee = 91%) was

determined by chiral HPLC with an [A column (mobile phase: n-heptane/propan-2-ol
90:10, A =249 nm, V = 1 mL/min, T = 25 °C) tg = 11.3 min (major enantiomer), tr =

23.7 min (minor enantiomer).

(SR/S,6R)-1,6,8-Trimethyl-4-0x0-3-phenyl-2,3-diazaspiro[4.4]nona-1,7-diene-7-
carbaldehyde (144b)

o Compound 144b was prepared by method K. The column
©\N/[ chromatography (n-hexane/EtOAc from 20:1 to 2:1) afforded
N= CHO 27 mg (81%) of 144b as a brown oil as a mixture of
diastereomers (dr = 2:1). Rr = 0.10 (n-hexane/EtOAc 2:1,
UV). [a]3® = -43.3° (¢ = 0.90, CHCl3). '"H NMR major diastereomer (600 MHz, CDCl5)
6 =10.05 (s, 1H), 791 (d, J = 7.8 Hz, 2H), 7.41 — 7.37 (m, 2H), 7.20 - 7.16 (m, 1H),
3.64 —3.60 (m, 1H ), 3.04 (d, /= 18.6 Hz, 1H), 2.59 (d, J = 18.6 Hz, 1H), 2.21 (s, 3H),
2.09 (s, 3H), 1.2 (d, J = 7.4 Hz, 3H) ppm. 3C NMR major diastereomer (151 MHz,
CDCI3) 6 = 187.38,175.30, 161.76, 157.98, 138.20, 137.94, 128.88 (2C), 125.09, 118.69
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(2C), 61.96, 48.70, 44.62, 14.60, 14.33, 13.49 ppm. Enantiomeric excess major
diastereomer (ee = 82%) was determined by chiral HPLC with an IB column (mobile
phase: n-heptane/propan-2-ol 98:2, A = 247 nm, V = 0.5 mL/min, T = 25 °C) tr = 46.8
min (minor enantiomer), tr = 59.4 min (major enantiomer).

TH NMR minor diastereomer (600 MHz, CDCl3) & = 10.02 (s, 1H), 7.89 (d, J = 7.8 Hz,
2H), 7.41 — 7.37 (m, 2H), 7.20 - 7.16 (m, 1H), 3.39 — 3.34 (m, 1H ), 3.10 (d, /= 18.8
Hz, 1H), 2.66 (d, J = 18.9 Hz, 1H), 2.21 (s, 3H), 2.03 (s, 3H), 1.27 (d, J= 7.1, 3H) ppm.
13C NMR minor diastereomer (151 MHz, CDCl3) &= 187.09, 173.81, 162.58, 157.89,
139.53, 137.94, 128.84 (2C), 124.97, 118.69 (2C), 59.54, 45.70, 45.08, 15.80, 14.21,
13.55 ppm. Enantiomeric excess minor diastereomer (ee = 76%) was determined by
chiral HPLC with an IB column (mobile phase: n-heptane/propan-2-ol 98:2, A = 247
nm, V = 0.5 mL/min, T =25 °C) tr = 37.2 min (major enantiomer), tr = 42.5 min (minor
enantiomer). HRMS (ESI) m/z calcd for C17H19N2O, [M + H]" = 283.14410, found:
283.14408. FT-IR (KBr): v = 3056, 2971, 2923, 2917, 2847, 2762, 2724, 1711, 1670,
1597 cm™.

(SR/S,6R)-6-Ethyl-1,8-dimethyl-4-0x0-3-phenyl-2,3-diazaspiro[4.4]nona-1,7-diene-
7-carbaldehyde (144c)

o Compound 144c¢ was prepared by method K. The column
©\N P chromatography (n-hexane/EtOAc from 20:1 to 3:1) afforded
N= cHo 16 mg (46%) of 144c as a white solid as a mixture of

diastereomers (dr = 2.5:1). Rr = 0.10 (n-hexane/EtOAc 2:1,
UV, 3 times eluted), [a]3° = -24°(c = 0.38, CHCl;). "H NMR major diastereomer (400
MHz, CDCI3) & = 10.04 (s, 1H), 7.89 (d, J = 7.7 Hz, 2H), 7.43 — 7.38 (m, 2H), 7.22 —
7.16 (m, 1H), 3.56 — 3.49 (m, 1H), 3.05 — 3.00 (m, 1H), 2.54 (d, J = 18.5 Hz, 1H), 2.21
(s, 3H), 2.11 (s, 3 H), 1.30 — 1.22 (m, 2H), 0.76 (t, J =7.5 Hz, 3H) ppm. ¥*C NMR
major diastereomer (101 MHz, CDCl3) &= 187.72, 175.73, 162.00, 157.94, 138.03,
137.83, 128.91 (2C), 125.14, 118.80 (2C), 61.04, 55.84, 46.25, 21.60, 15.87, 14.36,
12.07 ppm. Enantiomeric excess major diastereomer (ee = 85%) was determined by
chiral HPLC with an IA column (mobile phase: n-heptane/propan-2-ol 90:10, A = 276
nm, V=1 mL/min, T = 25 °C) tr = 10.4 min (minor enantiomer), tr = 13.7 min (major
enantiomer).
TH NMR minor diastereomer (400 MHz, CDCI3) 6 = 10.01 (s, 1H), 7.89 (d, J= 7.7 Hz,
2H), 7.43 — 7.38 (m, 2H), 7.22 — 7.16 (m, 1H), 3.21 — 3.17 (m, 1H), 3.15 — 3.10 (m,
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1H), 2.62 (d, J = 19.0 Hz, 1H), 2.46 — 2.38 (m, 1H), 2.22 (s, 3H), 2.03 (s, 3H), 1.92 —
1.83 (m, 1H), 0.79 (t, J = 7.3 Hz, 3H) ppm. '3C NMR minor diasterecomer (101 MHz,
CDCl3) 6 =187.18, 173.91, 163.20, 158.07, 138.96, 137.97, 128.88 (2C), 125.01, 118.75
(20C), 58.37, 53.30, 46.14, 21.76, 14.18, 13.48, 12.78 ppm. Enantiomeric excess minor
diastereomer (ee = 84%) was determined by chiral HPLC with an TA column (mobile
phase: n-heptane/propan-2-ol 90:10, A = 276 nm, V = 1 mL/min, T = 25 °C) tr
= 8.2 min (major enantiomer), tr = 12.3 min (minor enantiomer). HRMS (ESI) m/z
caled for CisH2i1N2O, [M + H]" = 297.15975, found: 297.15940. FT-IR (KBr): v =
3064, 2962, 2929, 2923, 2881, 2848, 2753, 1709, 1667, 1628 cm™.

(5R,6R)-6-(4-Methoxyphenyl)-1,8-dimethyl-4-0x0-3-phenyl-2,3-iazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (144d)
Compound 144d (major diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
from 20:1 to 1:1) afforded 24 mg (55%) of 144d as a yellow
oil. Rr = 0.19 (n-hexane/EtOAc 2:1, DNP). [a]3® = -252.7°(c
= 0.44, CHCI3). 'H NMR (600 MHz, CDCl3) & = 10.05 (s,
OCH, 1H), 7.87 (d, J=7.9 Hz, 2H), 7.40 (t, J= 7.9 Hz, 2H), 7.19 (t,
J=17.4Hz, 1H), 6,91 (d, J= 8.7 Hz, 2H), 6.78 (d, J= 8.6 Hz, 2H ), 4.78 (s, 1H), 3.76 (s,
3H), 2.92 (q, J = 18.8 Hz, 2H), 2.38 (s, 3H), 1.48 (s, 3H) ppm. 3C NMR (151 MHz,
CDCl3) 6 = 186.91, 176.15, 161.44, 159.11, 159.02, 137.89, 136.70, 128.88 (20),
128.65, 128.52 (2C), 125.09, 118.80(2C), 114.07(2C), 61.77, 58.56, 55.22, 44.79,
15.17, 14.73 ppm. HRMS (ESI) m/z caled for C23H23N203 [M + H]" = 375.17032,
found: 375.16998. FT-IR (KBr): v = 2953, 2923, 2860, 1709, 1670, 1613, 1592, 1515,
1398, 1365 cm’'. Enantiomeric excess (ee = 91%) was determined by chiral HPLC

with an IC column (mobile phase: n-heptane/propan-2-ol 60:40, A = 252 nm, V = 1
mL/min, T = 25 °C) tr =22.4min (major enantiomer), tr = 42.4 min (minor

enantiomer).
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(5S5,6R)-6-(4-Methoxyphenyl)-1,8-dimethyl-4-oxo-3-phenyl-2,3-iazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (144d")
Compound 144d” (minor diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
from 20:1 to 1:1) afforded 9 mg (20%) of 144d” as a brown
oil. Rr = 0.10 (n-hexane/EtOAc 2.0:1.0, DNP). [a]3® = 12.5°
(c =0.20, CHCI3). 'TH NMR (600 MHz, CDCl3) & = 10.03 (s,
OCH, 1H), 7.48 (d, J = 8.0 Hz, 2H), 7.28 (t, J = 7.8 Hz, 1H), 7.09 (t,
J=17.3 Hz, 2H), 6.93 (d, J= 8.5 Hz, 2H), 6.76 (d, J= 8.5 Hz, 2H ), 4.51 (s, 1H), 3.73 (s,
3H), 3.16 (d, J=19.0 Hz, 1H), 2.75 (d, J = 18.9 Hz, 1H), 2.39 (s, 3H), 2.18 (s, 3) ppm.
13C NMR (151 MHz, CDCl3) & = 186.79, 172.88, 161.79, 159.82, 159.01, 137.50,
136.91, 129.05 (2C), 128.65 (2C), 127.72, 124.90, 118.97 (2C), 113.61 (2C), 61.09,
57.02, 55.11, 44.63, 14.64, 13.68 ppm. HRMS (ESI) m/z calcd for C23H23N203 [M +
H]" = 375.17032, found: 375.17014. FT-IR (KBr): v = 2953, 2926, 2854, 1715, 1673,
1634, 1613, 1598, 1515, 1500 cm™!. Enantiomeric excess (ee = 92%) was determined

by chiral HPLC with an IA column (mobile phase: n-heptane/propan-2-ol 80:20, A =
261 nm, V =1 mL/min, T = 25 °C) tg =9.0 min (major enantiomer.), tr = 24.1 min

(minor enantiomer).

(5R,6R)-1,8-Dimethyl-6-(4-nitrophenyl)-4-o0xo0-3-phenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (144e)

Compound 144e (major diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
from 20:1 to 2:1) afforded 21 mg (46%) of 144e as a
colorless oil. Rr = 0.40 (n-hexane/EtOAc 2:1, DNP, 3 times
eluted). [a]3° = -107.7°(c = 0.33, CHCl;). "TH NMR (600
MHz, CDCl3) 6 = 10.13 (s, 1H), 8.11 (d, J = 8.6 Hz, 2H),
7.84 (d, J=7.9 Hz, 2H), 7.42 (t, J = 8.0 Hz, 2H), 7.22 (t, J= 7.2 Hz, 1H), 7.14 (d, J =
8.6 Hz, 2H), 4.89 (s, 1H), 3.10 (d, J = 18.9 Hz, 1H), 2.91 (d, J = 18.9 Hz, 1H), 2.43 (s,
3H), 1.58 (s, 3H) ppm. 3C NMR (151 MHz, CDCl3) & = 186.23, 175.24, 161.06,
160.06, 147.38, 144.00, 137.51, 135.78, 129.01 (2C), 128.33 (2C), 125.52, 123.76 (2C),
118.79 (2C), 61.74, 58.80, 45.07, 15.23, 14.76 ppm. HRMS (ESI) m/z calcd for
C22H19N304 [M + H]" = 390.14483, found: 390.14494. FT-IR (KBr): v = 3079, 2926,
2851, 1709, 1667, 1598, 1518, 1503, 1458, 1437 cm™'. Enantiomeric excess (eec = 86%)
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was determined by chiral HPLC with an IB column (mobile phase: n-heptane/propan-2-
ol 80:20, A =206 nm, V = 1 mL/min, T = 25 °C) tg= 25.1 min (minor enantiomer), tr=

33.0 min (major enantiomer).

(58,6 R)-1,8-Dimethyl-6-(4-nitrophenyl)-4-o0xo0-3-phenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (144e”)

Compound 144e” (minor diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
from 20:1 to 2:1) afforded 10 mg (21%) of 144e” as a yellow
oil. Rr = 0.29 (n-hexane/EtOAc 2:1, DNP, 3 times eluted).
[a]3° = -20.0° (¢ = 0.28, CHCl). 'H NMR (600 MHz,
CDCl3) 6 =10.07 (s, 1H), 8.09 (d, J = 8.7 Hz, 2H), 7.47 (d, J
= 7.6 Hz, 2H), 7.29 — 7.26 (m, 2H), 7.17 (d, J = 8.5 Hz, 2H), 7.11 (d, J = 7.5 Hz, 1H),
4.57 (s, 1H), 3.21 (d, J=19.1 Hz, 1H), 2.85 (d, J = 19.1 Hz, 1H), 2.43 (s, 3H), 2.21 (s,
3H) ppm. 3C NMR (151 MHz, CDCls) & = 186.13, 172.18, 161.45, 161.24, 147.35,
143.39, 137.14, 136.33, 128.98 (2C), 128.81 (2C), 125.31, 123.38 (2C), 118.69 (20),
60.63, 56.58, 45.15, 14.66, 13.61 ppm. HRMS (ESI) m/z calcd for C22H20N304 [M +
H]" = 390.14483, found: 390.14468. FT-IR (KBr): v = 3082, 2929, 2857, 1721, 1655,
1637, 1598, 1521, 1434, 1398 cm "'. Enantiomeric excess (ee = 53%) was determined

by chiral HPLC with an IB column (mobile phase: n-heptane/propan-2-ol 80:20, A =
206 nm, V = 1 mL/min, T = 25 °C) tg=21.4 min (minor enantiomer), tr= 27.5 min

(major enantiomer.).

(5R,6R)-6-(4-Chlorophenyl)-1,8-dimethyl-4-oxo-3-phenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (144g)

Compound 144g (major diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
from 20:1 to 4:1) afforded 20 mg (44%) of 144g as a yellow
oil. Rr = 0.53 (n-hexane/EtOAc 2:1, DNP, 3 times eluted).
[a]3® = -272.7°(c = 0.50, CHCl;). '"H NMR (600 MHz,
CDCI3) 6 = 10.08 (s, 1H), 7.85 (d, J = 7.8 Hz, 2H), 7.41 (t, J
=17.9 Hz, 2H), 7.22 (m, 3H), 6,92 (d, J = 8.4 Hz, 2H), 4.78 (s, 1H), 3.00 (d, J = 18.9 Hz,
1H), 2.89 (d, J = 18.9 Hz, 1H), 2.39 (s, 3H), 1.52 (s, 3H) ppm. *C NMR (151 MHz,
CDCl3) 6 = 186.54, 175.77, 160.81, 159.98, 137.72, 136.27, 135.12, 133.64, 128.93
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(20), 128.83 (2C), 128.75 (2C), 125.27, 118.80 (2C), 61.66, 58.53, 44.92, 15.21, 14.72.
HRMS (ESI) m/z calcd for C22H20CIN2O2 [M + H]" = 379.12078, found: 379.12057.
FT-IR (KBr): v = 3061, 2953, 2929, 2854, 1712, 1670, 1595, 1503, 1494, 1398 cm''.
Enantiomeric excess (ee = 89%) was determined by chiral HPLC with an IB column
(mobile phase: n-heptane/propan-2-ol 80:20, A = 252 nm, V = 1 mL/min, T = 25 °C) tr

= 12.8 min (minor enantiomer), tr = 16.3 min (major enantiomer).

(58,6 R)-6-(4-Chlorophenyl)-1,8-dimethyl-4-0x0-3-phenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (144¢g")

Compound 144g” (minor diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
from 20:1 to 4:1) afforded 11 mg (24%) of 144g” as a yellow
oil. R = 0.42 (n-hexane/EtOAc 2:1, DNP, 3 times eluted).
[a]3° = 0. '"H NMR (600 MHz, CDCl3) § = 10.05 (s, 1H),
747 (d,J=17.6 Hz, 2H), 7.31 — 7.27 (m, 2H), 7.20 (d, J = 8.5
Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H), 6,94 (d, J = 8.4 Hz, 2H), 4.49 (s, 1H), 3.17 (d, J =
18.9 Hz, 1H), 2.78 (d, J = 19.0 Hz, 1H), 2.40 (s, 3H), 2.19 (s, 3H) ppm. 13C NMR (151
MHz, CDCl3) & = 186.46, 172.59, 161.50, 160.62, 137.32, 136.61, 134.25, 133.56,
129.33 (20), 128.74 (2C), 128.38 (2C), 125.11, 118.92 (2C), 60.79, 56.74, 44.84, 14.62,
13.64. HRMS (ESI) m/z caled for Cx»nH2CIN2O> [M + H]" = 379.12078, found:
379.12067 ppm. FT-IR (KBr): v = 2923, 2848, 1709, 1670, 1643, 1595, 1500, 1491,
1413, 1398 cm’'. Enantiomeric excess (ee = 91%) was determined by chiral HPLC

with an TA column (mobile phase: n-heptane/propan-2-ol 80:20, A = 252 nm, V =1

mL/min, T =25 °C) tr = 6.9 min (major enantiomer), tr = 16.3 min (minor enantiomer).

(5R,6R)-6-(3-Chlorophenyl)-1,8-dimethyl-4-ox0-3-phenyl-2,3-diazaspiro[4.4|nona-
1,7-diene-7-carbaldehyde (144h)

Compound 144h (major diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
from 20:1 to 2:1) afforded 21 mg (46%) of 144h as a brown
oil. Rr = 0.23 (n-hexane/EtOAc 2:1, UV). [a]3® = -245.3°%(c =
0.27, CHCl3). "TH NMR (600 MHz, CDCl3) & = 10.08 (s, 1H),
7.85 (d,J=8.0 Hz, 2H), 7.41 (t, J= 7.9 Hz, 2H), 7.24 — 7.17 (m, 3H), 6,96 (s, 1H), 6.88
(d, J=7.5Hz 1H), 4.76 (s, 1H), 2.95 (q, J = 18.9 Hz, 2H), 2.40 (s, 3H), 1.49 (s, 3H)
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ppm. 3C NMR (151 MHz, CDCls) § = 186.42, 175.74, 160.66, 160.09, 138.79, 137.68,
136.22, 134.60, 130.01, 128.92 (2C), 128.08, 127.45, 125.83, 125.31, 118.93 (20),
61.45, 58.55, 44.88, 15.14, 14.71 ppm. HRMS (ESI) m/z calcd for C22H20CIN2O; [M +
H]" = 379.12078, found: 379.12022. FT-IR (KBr): v = 3061, 2923, 2759, 2726, 1712,
1667, 1589, 1574, 1503, 1428 cm’!. Enantiomeric excess (ee = 91%) was determined
by chiral HPLC with an IB column (mobile phase: n-heptane/propan-2-ol 80:20, A =
249 nm, V = 1 mL/min, T = 25 °C) tg=11.8 min (minor enantiomer), tr= 13.4 min

(major enantiomer).

(5S5,6R)-6-(3-Chlorophenyl)-1,8-dimethyl-4-0xo0-3-phenyl-2,3-diazaspiro[4.4|nona-
1,7-diene-7-carbaldehyde (144h")

o Compound 144h” (minor diastereomer) was prepared by
©\N method K. The column chromatography (n-hexane/EtOAc
N cHo from 20:1 to 2:1) afforded 15 mg (32%) of 144h” as a brown

oil. R = 0.11 (n-hexane/EtOAc 2:1, UV). [a]3® = 0. '"H NMR
Cl (600 MHz, CDCl3) 6 = 10.05 (s, 1H), 7.49 (d, J = 7.6 Hz, 2H),
7.29 (t,J=8.0 Hz, 2H), 7.19 — 7.09 (m, 3H), 6,99 (s, 1H), 6.89 (d, J= 7.1 Hz, 1H), 4.47
(s, 1H), 3.18 (d, J=19.0 Hz, 1H), 2.77 (d, J = 19.0 Hz, 1H), 2.41 (s, 3H), 2.18 (s, 3H)
ppm. 13C NMR (151 MHz, CDCls3) & = 186.37, 172.43, 161.43, 160.79, 137.80, 137.33,
136.43, 134.11, 129.37, 128.70 (2C), 128.07, 128.00, 126.27, 125.07, 118.95 (20),
60.72, 56.85, 44.81, 14.64, 13.63 ppm. HRMS (ESI) m/z calcd for C22H20CIN202 [M +
H]" = 379.12078, found: 379.12072. FT-IR (KBr): v = 3061, 2920, 2854, 2759, 2720,
1712, 1670, 1595, 1571, 1500 cm™!. Enantiomeric excess (ee = 78%) was determined

by chiral HPLC with an IB column (mobile phase: n-heptane/propan-2-ol 80:20, A =
249 nm, V = 1 mL/min, T = 25 °C) tg=7.1 min (major enantiomer), trg= 13.0 min

(minor enantiomer).

(SR/S,6R)-6-(2-Chlorophenyl)-1,8-dimethyl-4-0x0-3-phenyl-2,3-iazaspiro[4.4]nona-

1,7-diene-7-carbaldehyde (144i)
o Compound 144i was prepared by method K. The column
©\N/Z q chromatography (n-hexane/EtOAc from 20:1 to 3:1) afforded
N= CHO 7 mg (27%) of 144i as a yellow oil as a mixture of

Cl
O diastereomers (dr = 2:1). Rr = 0.11 (n-hexane/EtOAc 2:1,
UV), [a]g®= -242 (¢ = 0.17, CHCl;). '"H NMR major
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diastereomer (400 MHz, CDCI3) 6 = 10.06 (s, 1H), 7.62 (d, J = 7.5 Hz, 2H), 7.43 — 6.99
(m, 7H), 4.98 (s, 1H), 3.20 (dd, J = 19.0 Hz, 1H), 2.71 (d, J = 19.0 Hz, 1H), 2.43 (s,
3H), 2.18 (s, 3H) ppm. 3C NMR major diastereomer (151 MHz, CDCl3) 8= 186.15,
171.97, 160.60, 159.71, 137.74, 135.38, 133.61, 129.45, 128.87 (2C), 128.70 (2C),
126.40, 124.94, 119.06 (2C), 59.41, 52.32, 46.06, 14.60, 13.69 ppm. Enantiomeric
excess major diastereomer (ee = 65%) was determined by chiral HPLC with an TA
column (mobile phase: n-heptane/propan-2-ol 80:20, A =218 nm, V =1 mL/min, T =25
°C) tr = 7.2 min (major enantiomer), tr = 13.0 min (minor enantiomer).

TH NMR minor diastereomer (400 MHz, CDCl3) & = 10.05 (s, 1H), 7.87 (d, J = 8.0 Hz,
2H), 7.43 — 6.99 (m, 7H), 5.20 (s, 1H), 2.95 (dd, J = 19.0 Hz, 2H), 2.41 (s, 3H), 1.32 (s,
3H) ppm. 3C NMR minor diastereomer (151 MHz, CDCls3) 6= 186.23, 176.50, 161.67,
160.02, 134.05, 130.21 129.00 (2C), 128.77 (2C), 126.49, 125.10, 118.94 (2C), 59.65,
55.29, 46.07, 14.78, 14.11 ppm. Enantiomeric excess minor diastereomer (ee = 90%)
was determined by chiral HPLC with an IA column (mobile phase: n-heptane/propan-
2-01 80:20, A =218 nm, V =1 mL/min, T =25 °C) tr = 16.5 min (major enantiomer), tr
= 17.9 min (minor enantiomer). HRMS (ESI) m/z calcd for C22H20CIN2O; [M + Na]™ =
401.10273, found: 401.10266. FT-IR (KBr): v = 3061, 2956, 2923, 2851, 1715, 1667,
1598, 1503, 1458, 1440 cm™.

(SR/S,6R)-1,8-Dimethyl-6-(1-methyl-1H-indol-2-yl)-4-0x0-3-phenyl-2,3-
diazaspiro[4.4]nona-1,7-diene-7-carbaldehyde (144j)
Compound 144j was prepared by method K. The column

©\ /ZO chromatography (n-hexane/EtOAc from 10:1 to 5:1)
’;l\\l\ ‘ Ho afforded 6 mg (12%) of 144j as a green solid as a mixture of
diastereomers (dr = 3.6:1). Rr = 0.38 (n-hexane/EtOAc 2:1,

vaniline, 2 times eluted). [a]3® = -171.1 °(c = 0.19, CHCl5).

O TH NMR major diastereomer (400 MHz, CDCls) & = 10.03,

7.92 — 7.89 (m, 2H), 7.53 — 7.40 (m, 3H), 7.24 — 7.06 (m, 4H), 6.18 (s, 1H), 4.95 (s,
1H), 3.51 (s, 3H), 3.11 (d, J = 18.5 Hz, 1H), 2.90 (d, J = 18.8 Hz, 1H), 2.42 (s, 3H),
1.33 (s, 3H) ppm. '3C NMR major diastereomer (101 MHz, CDCl3) 8= 186.44, 161.39,
158.38, 144.70, 137.83, 136.02, 135.87, 129.00 (2C), 127.07, 125.26, 121.92, 120.51,

119.89, 118.60 (2C), 109.45, 109.41, 101.73. 50.02, 45.26, 30.17, 29.72, 14.73, 14.34

Z N~

ppm. Enantiomeric excess major diastereomer (ee = 82%) was determined by chiral

HPLC with an IC column (mobile phase: n-heptane/propan-2-ol 80:20, A = 216 nm, V
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= 1 mL/min, T = 25 °C) tg=31.8 min (minor enantiomer), tg= 47.1 min (major
enantiomer).

TH NMR minor diastereomer (400 MHz, CDCl3) & =10.06 (s, 1H), 7.92 — 7.89 (m, 2H),
7.53 — 7.40 (m, 3H), 7.24 — 7.06 (m, 5H), 5.01 (s, 1H), 3.51 (s, 3H), 3.23 (d, J = 18.6
Hz, 1H), 2.97 (d, J= 18.8 Hz, 1H), 2.38 (s, 1H),1.55 (s, 3H) ppm. Enantiomeric excess
minor diastereomer (ee = 94%) was determined by chiral HPLC with an IC column
(mobile phase: n-heptane/propan-2-ol 80:20 , A = 216 nm, V = 1 mL/min, T = 25 °C)
tr=25.8 min (major enantiomer), tr= 54.9 min (minor enantiomer). HRMS (ESI) m/z
calcd for C2sH23NaN3O, [M + Na]™ = 420.16825, found: 420.16791. FT-IR (KBr): v =
3058, 2923, 2848, 1706, 1670, 1598, 1539, 1500, 1491, 1470 cm™.

3-Methyl-1-phenyl-1,4-dihydropyrano[2,3-c]pyrazole (145)

0 Compound 145 was prepared during preparation of 144j as a
byproduct. The column chromatography (n-hexane/EtOAc from10:1
to 5:1) afforded 6 mg (15%) of 145 as a green solid. Rr = 0.62
(n-hexane/EtOAc 2:1, vaniline, 2 times eluted). "H NMR (400 MHz, CDCl3) & = 7.75 —
7.68 (m, 2H), 7.44 — 7.40 (m, 2H), 7.25 — 7.20 (m, 1H), 6.51 (dt, /= 6.2 Hz, J" = 2.1
Hz, 1H), 5.07 (dt, /= 6.3 Hz, J" = 3.4 Hz, 1H), 3.22 (dd, /= 3.4 Hz, J" = 2.1 Hz, 2H),
2.26 (s, 3H) ppm. 3C NMR (101 MHz, CDCls) § = 146.02, 143.34, 139.79, 130.51,
129.28, 128.96, 128.39, 127.10, 125.37, 121.34, 102.58, 18.03, 12.01 ppm. HRMS
(ESI) m/z calcd for CisHisN2O [M + H]" = 213.10224, found: 213.10245. FT-IR
(KBr): v=3052, 2923, 2854, 1715, 1664, 1622, 1593, 1518, 1500, 1455 cm™".

General enantioselective spirocyclization reaction of spirocyclic compounds from

cyclic pyrazol-3-one 141b and (E)-a,B-unsaturated aldehydes 132a,c-g (method 1)

S)-TMS-DPP 5 mol% o o

R CHO sz(dba) 2mol% R! N y R
i KL
|
A\ EtOAc / RT N= CHO Nti CHO

Argon atm. R?R R2R

141b 132a,c,d,e,f,g 144a-g 144a"-g’

R = 4-Bromophenyl, 4-chlorophenyl, ethyl, 4-methoxyphenyl, 4-nitrophenyl, phenyl
R' = Phenyl
R? = Phenyl
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Cyclic pyrazol-3-one 141b (0.18 mmol) was dissolved in EtOAc (1.0 mL) in a screw
cap septum vial. Then a,B-unsaturated aldehyde 132 (0.12 mmol), (S)-TMS-DPP (0.006
mmol), Pdx(dba); (0.0024 mmol) were added. The reaction mixture was purged with
argon and it was stirred at RT under argon atmosphere. The reaction mixture was
monitored using 'H NMR. After the complete consumption of the (E)-a,B-unsaturated
aldehyde (or after 7 days) the reaction mixture was concentrated in vacuum. The
column chromatography (n-hexane/EtOAc) afforded desired spiro compounds 146a-g
and 146a’-g’.

(5R,6R)-8-Methyl-4-0x0-1,3,6-triphenyl-2,3-diazaspiro[4.4|nona-1,7-diene-7-
carbaldehyde (146a)

Compound 146a (major diastereomer) was prepared by method
K. The column chromatography (n-hexane/EtOAc 10:1) afforded
CHO 13 mg (26%) of 146a as a brown oil. Rr = 0.26 (n-hexane/EtOAc
2:1, vaniline). [a]3® = 0. '"H NMR (600 MHz, CDCl3) & = 10.14
(s, 1H), 7.86 — 7.80 (m, 2H), 7.52 — 7.47 (m, 3H), 7.38 — 7.09 (m, 8H), 7.02 — 6.99 (m,
2H), 5.07 (s, 1H), 3.29 (s, 2H), 2.46 (s, 3H) ppm. ¥C NMR (151 MHz, CDCls) §
=187.07, 174.33, 160.85, 159.37, 137.09, 136.17, 135.93, 130.64, 129.62, 129.24 (2C),
128.60 (2C), 128.60 (2C), 127.99 (2C), 127.66, 125.99 (2C), 125.32, 119.53 (20),
60.24, 59.96, 47.15, 14.86 ppm. HRMS (ESI) m/z calcd for C27H23N20, [M + H]" =
407.17540, found: 407.17551 ppm. FT-IR (KBr): v = 3064, 3028, 1718, 1670, 1640,
1595, 1497, 1389, 1326, 1311 cm’'. Enantiomeric excess (ee = 96%) was determined

]
Ph. N J,,//

N

Ph

by chiral HPLC with an IA column (mobile phase: n-heptane/propan-2-ol 80:20, A =
318 nm, V=1 mL/min, T = 25 °C) tr= 7.4 min (major enantiomer), tr= 9.4 min (minor

enantiomer).

(5S,6R)-8-Methyl-4-0x0-1,3,6-triphenyl-2,3-diazaspiro[4.4|nona-1,7-diene-7-
carbaldehyde (146a°)

Compound 146a” (minor diastereomer) was prepared by method K.
The column chromatography (n-hexane/EtOAc 10:1) afforded 9
mg (18%) of 146a” as a brown oil. Rr = 0.29 (n-hexane/EtOAc
2:1, vaniline). [a]3° = 0. '"H NMR (600 MHz, CDCl3) & = 10.09 (s,
1H), 8.02 — 7.99 (m, 2H), 7.50 — 7.44 (m, 2H), 7.36 — 7.18 (m,
6H), 6.96 — 6.85 (m, 3H), 6.67 — 6.64 (m, 2H ), 5.06 (s, 1H), 3.32 (q, J = 19.0 Hz, 2H),

65



2.46 (s, 3H) ppm. C NMR (151 MHz, CDCl3) & =187.14, 177.19, 160.14, 159.52,
137.88, 136.76, 135.50, 131.13, 129.95, 128.98 (2C), 128.06 (2C), 127.70 (2C), 127.59
(20), 127.22, 126.51 (2C), 125.54, 119.21 (2C), 61.60, 61.50, 47.38, 14.96 ppm.
HRMS (ESI) m/z calcd for C27H23N>0, [M + H]" = 407.17540, found: 407.17539.
FT-IR (KBr): v = 3064, 3028, 2923, 2851, 1709, 1673, 1637, 1598, 1500, 1491 cm.
Enantiomeric excess (ee = 99%) was determined by chiral HPLC with an IA column
(mobile phase: n-heptane/propan-2-ol 80:20, A = 318 nm, V = 1 mL/min, T = 25 °C)

tr= 14.4 min (major enantiomer), tr= 17.3 min (minor enantiomer).

(SR/S,6R)-6-Ethyl-8-methyl-4-0xo0-1,3-diphenyl-2,3-diazaspiro[4.4]nona-1,7-diene-
7-carbaldehyde (146c¢)

o Compound 146¢ was prepared by method K. The column
Ph\N/Z chromatography (n-hexane/EtOAc from 20:1 to 2:1) afforded 31
CHO ' mg (48%) of 146¢ as a brown solid as a mixture of diastereomers

(dr = 2:1). Rr = 0.54 (n-hexane/EtOAc , 2:1, 2 times eluted ).
[a]Z® = -18.4° (c = 0.44, CHCI3). "H NMR major diastereomer (600 MHz, CDCl3) § =
10.09 (s, 1H), 8.05 — 8.00 (m, 2H), 7.73 — 7.70 (m, 2H), 7.42 — 7.40 (m, 5H), 7.26 —
7.21 (m, 1H), 3.75 — 3.68 (m, 1H), 3.23 — 2.97 (m, 2H), 2.28 (s, 3H), 2.20 — 2.13 (m,
1H), 1.96 — 1.87 (m, 1H), 0.70 (t, J = 7.4 Hz, 3H) ppm. 3C NMR major diastereomer
(151 MHz, CDCl3) 6 = 187.69, 175.31, 161.25, 158.50, 138.77, 137.92, 130.55, 129.62,
129.05 (2C), 128.95 (2C), 126.08 (2C), 125.36, 119.08 (2C), 59.16, 55.94, 49.17, 21.57,
14.28, 12.22 ppm. Enantiomeric excess major diastereomer (ee = 87%) was
determined by chiral HPLC with an IB column (mobile phase: n-heptane/propan-2-ol
90:10 A =321 nm, V=1 mL/min, T = 25 °C) tr= 6.8 min (major enantiomer), tr= 9.0
min (minor enantiomer).

TH NMR minor diastereomer (600 MHz, CDCl3) & = 10.12 (s, 1H), 8.05 — 8.00 (m, 2H),
7.83 —7.81 (m, 2H), 7.42 — 7.40 (m, 5H), 7.26 — 7.21 (m, 1H), 3.75 — 3.68 (m, 1H), 3.23
—2.97 (m, 2H), 2.26 (s, 3H), 1.38 - 1.29 (m, 1H), 0.69 (t, J =7.4 Hz, 3H) ppm. 3C
NMR minor diastereomer (151 MHz, CDClz) 6 = 187.64, 177.79, 160.84, 158.50,
138.77, 138.02, 131.29, 130.43, 129.00 (2C), 128.84 (2C), 126.74 (2C), 125.48, 119.14
(2C), 59.23, 57.21, 48.63, 21.65, 14.26, 12.27 ppm. Enantiomeric excess minor
diastereomer (ee = 94%) was determined by chiral HPLC with an IB column (mobile
phase: n-heptane/propan-2-ol 90:10, A = 321 nm, V =1 mL/min, T = 25 °C) tg= 7.6 min

(minor enantiomer), trg= 9.9 min (major enantiomer). HRMS (ESI) m/z calcd for
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C23H2NaN;O> [M + Na]" = 381.15735, found 381.15736. FT-IR (KBr): v = 3058,
2962, 2929, 2875, 2851, 1715, 1670, 1595, 1551, 1494, 1446 cm™.

(5R,6R)-(4-Methoxyphenyl)-8-methyl-4-oxo-1,3-diphenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (146d)

Compound 146d (major diastereomer) was prepared by method
K. The column chromatography (n-hexane/EtOAc from 20:1 to
N= CHO  2:1) afforded 17 mg (21%) of 146d as an orange oil R = 0.22
(n-hexane/EtOAc 2:1, DNP, 2 times eluted). [a]3® = -13.3°(c =
OCH; 0.45, CHCI3). 'TH NMR (600 MHz, CDCl;) & =10.11 (s, 1H),
7.83 — 7.81 (m, 2H), 7.50 — 7.47 (m, 3H), 7.41 (d, J = 7.6 Hz, 2H), 7.28 (t, J = 7.8 Hz,
2H), 7.12 (t, J=7.3 Hz, 1H), 6.93 (d, J = 8.5 Hz, 2H), 6.71 (d, J = 8.7 Hz, 2H), 5.03 (s,
1H), 3.70 (s, 3H), 3.27 (s, 2H), 2.45 (s, 3H) ppm. 13C NMR (151 MHz, CDCl3) 8 =
187.17, 174.46, 160.59, 159.48, 158.97, 137.18, 136.32, 130.61, 129. 66, 129.21 (20C),
129.09 (2C), 128.61 (2C), 128.09, 125.99 (2C), 125.29, 119.51 (2C), 113.47 (20),
60.40, 59.44, 55.15, 47.04, 14.88 ppm. HRMS (ESI) m/z calcd for C23H24NaN>O3 [M +
Na]" =459.16791, found: 459.16793. FT-IR (KBr): v = 3061, 2998, 2953, 2923, 2836,
1715, 1673, 1643, 1613, 1598 cm™!. Enantiomeric excess (ee = 98%) was determined

by chiral HPLC with an IA column (mobile phase: n-heptane/propan-2-ol 80:20, A =
206 nm, V = 1 mL/min, T = 25 °C) tg=16.3 min (minor enantiomer), tr= 18.9 min

(major enantiomer).

(5S5,6R)-(4-Methoxyphenyl)-8-methyl-4-0xo0-1,3-diphenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (146d")
Compound 146d” (minor diastereomer) was prepared by
method K. The column chromatography (n-hexane/EtOAc
10:1) afforded 4 mg (5%) of 146d” as a yellow oil. Rr = 0.27
(n-hexane/EtOAc 2:1, DNP, 2 times eluted). [a]3° =-118.9° (¢
OCH; = 0.19, CHCIl3). "TH NMR (600 MHz, CDCl3) § =10.07 (s, 1H),
8.00 (d, J=7.6 Hz, 2H), 7.46 (t, J = 7.7 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 7.30 — 7.20
(m, 4H), 6.58 (d, J = 8.5 Hz, 2H), 6.41 (d, J = 8.8 Hz, 2H), 5.01 (s, 1H), 3.61 (s, 3H),
3.30 (q, J = 19.1 Hz, 2H), 2.45 (s, 3H) ppm. 13C NMR (151 MHz, CDCl3) § = 187.24,
177.21, 160.27, 159.32, 158.56, 137.89, 136.88, 131.26, 129.94, 128.97 (2C), 128.66
(20), 128.07 (20), 127.67, 126.58 (2C), 125.49, 119.19 (2C), 113.16 (2C), 61.77, 61.20,
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55.10, 47.15, 14.98 ppm. HRMS (ESI) m/z calcd for C2sH24NaN2O3 [M + Na]' =
459.16791, found: 459.16762. FT-IR (KBr): v = 3064, 2953, 2926, 2851, 1706, 1673,
1595, 1518, 1494, 1443 cm’'. Enantiomeric excess (ee = 98%) was determined by
chiral HPLC with an IA column (mobile phase: n-heptane/propan-2-ol 80:20, A = 206
nm, V = 1 mL/min, T = 25 °C) tg= 10.5 min (major enantiomer), trg= 23.3 min (minor

enantiomer).

(S5R/S,6R)-8-Methyl-6-(4-Nitrophenyl)-4-oxo-1,3-diphenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (146¢)
o Compound 146e was prepared by method K. The column
Ph\N/Z q chromatography (n-hexane/EtOAc from 20:1 to 2:1) afforded 10
l\\l\ cHO mg (19%) of 146e as a brown solid as a mixture of diastereomers
Ph O (dr=2:1). Ry = 0.11 (n-hexane/EtOAc 2:1, UV), [«]2° = -69.6 (c
= (0.56, CHCI3). "TH NMR major enantiomer (600 MHz, CDCl3)
0 =10.17 (s, 1H), 8.04 (d, J = 8.8 Hz, 2H), 8.00 (d, J = 7.6 Hz,
2H), 7.53 —7.12 (m, 10H), 5.08 (s, 1H), 3.35 (d, J = 6.9 Hz, 2H), 2.50 (s, 3H) ppm. 3C
NMR major enantiomer (151 MHz, CDCI3) 6 = 186.45, 173.73, 162.36, 159.01, 147.24,
143.60, 136.86, 135.76, 131.04, 129.42 (2C), 129.15, 129.03 (2C), 128.83 (2C), 125.96
(20), 125.70, 123.16 (2C), 119.05 (2C), 60.78, 59.02, 47.60, 14.86 ppm. Enantiomeric

excess major enantiomer (ee = 73%) was determined by chiral HPLC with an IB

NO,

column (mobile phase: n-heptane/propan-2-ol 80:20 , A = 254 nm, V =1 mL/min, T =
25 °C) tg= 15.2 min (major enantiomer), tr= 24.0 min (minor enantiomer).

TH NMR minor enantiomer (600 MHz, CDCl3) § = 10.18 (s, 1H), 8.00 (d, J = 7.6 Hz,
2H), 7.73 (d, J = 8.7 Hz, 2H), 7.53 — 7.12 (m, 8H), 6.79 (d, J = 8.5 Hz, 2H), 5.06 (s,
1H), 3.44 — 3.38 (m, 2H), 2.51 (s, 3H) ppm. '3C NMR minor enantiomer (151 MHz,
CDCl3) 6= 186.30, 176.53, 161.51, 159.32, 146.80, 143.25, 137.58, 136.28, 130.77,
130.58, 129.10 (2C), 128.49 (2C), 128.41 (2C), 126.25 (C), 125.87, 122.77 (2C), 119.10
(2C), 60.91, 59.88, 47.64, 14.86 ppm. Enantiomeric excess minor enantiomer (ee =
98%) was determined by chiral HPLC with an IB column (mobile phase:
n-heptane/propan-2-ol 80:20, A = 254 nm, V = 1 mL/min, T = 25 °C) tg=20.0 min
(minor enantiomer), trk= 34.9 min (major enantiomer). HRMS (ESI) m/z calcd for
C27H2N304 [M + H]" = 452.16048, found: 452.16040. FT-IR (KBr): v = 2920, 2854,
1712, 1670, 1595, 1521, 1494, 1443, 1389, 1347cm’".
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(5R,6R)-6-(4-Bromophenyl)-8-methyl-4-oxo0-1,3-diphenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (144f)

Compound 144f (major diastereomer) was prepared by method

K. The column chromatography (n-hexane/EtOAc from 20:1 to
N= CHO  3:1) afforded 13 mg (23%) of 144f as a brown solid. Rr = 0.43
(n-hexane/EtOAc 2:1, UV, 3 times eluted). [a]3® = -105.9 (c =
gr 0.11, CHCL). 'TH NMR (600 MHz, CDCl3) & = 10.13 (s, 1H),
7.83 —7.78 (m, 2H), 7.51 — 7.28 (m, 9H), 7.17 — 7.13 (m, 1H), 6.87 (d, J = 8.3 Hz, 2H),
4.99 (s, 1H), 3.29 (s, 2H), 2.46 (s, 3H) ppm. 3C NMR (151 MHz, CDCl3) 6 = 186.78,
174.14, 161.50, 159.23, 137.00, 135.99, 135.04, 131.11 (2C), 130.79, 129.73 (2C),
129.43, 129.31 (2C), 128.75 (2C), 125.96 (2C), 125.55 (2C), 121.67, 119.47 (20),
59.98, 59.24, 47.26, 14.85 ppm. HRMS (ESI) m/z calcd for C27H»BrN>O, [M + H]" =
485.08592, found: 485.08568. FT-IR (KBr): v = 3064, 3049, 2920, 2854, 2756, 1712,
1670, 1643, 1595, 1551 cm™. Enantiomeric excess (ee = 86%) was determined by
chiral HPLC with an IA column (mobile phase: n-heptane/propan-2-ol 80:20, A = 206
nm, V=1 mL/min, T = 25 °C) tg= 8.1 min (major enantiomer), trg= 12.1 min (minor

enantiomer.).

(5S,6R)-6-(4-Bromophenyl)-8-methyl-4-oxo-1,3-diphenyl-2,3-diazaspiro[4.4|nona-
1,7-diene-7-carbaldehyde (144f")

0o Compound 144f" (minor diastereomer) was prepared by method

K. The column chromatography (n-hexane/EtOAc from 20:1 to
CHO " 3.1) afforded 11 mg (20%) of 144f” as a yellow solid. Rr = 0.51
O (n-hexane/EtOAc 2:1, UV, 3 times eluted). [a]3® = -50° (c =

Br  0.09, CHCl3). '"H NMR (600 MHz, CDCl3)  =10.11 (s, 1H),
8.00 (d, J=7.6 Hz, 2H), 7.49 — 7.44 (m, 2H), 7.35 — 7.21 (m, 6H), 6.99 (d, J = 8.5 Hz,
2H), 6.51 (d, J = 8.3 Hz, 2H), 4.97 (s, 1H), 3.33 (q, J =19.3 Hz, 2H), 2.46 (s, 3H) ppm.
13C NMR (151 MHz, CDCl3) & = 186.70, 176.89, 160.42, 159.90, 137.75, 136.55,
134.67, 131.09, 130.72 (2C), 130.22, 129.21 (2C) 129.02 (2C), 128.23 (2C) 126.44
(2C), 125.65, 121.12, 119.14 (2C), 61.27, 60.90, 43.37, 14.89 ppm. HRMS (ESI) m/z
caled for C27H2BrN>O» [M + H]" = 485.08592, found: 485.08624. FT-IR (KBr): v =
2917, 2854, 1712, 1670, 1640, 1598, 1491, 1443, 1386, 1326 cm’'. Enantiomeric

excess (ee = 97%) was determined by chiral HPLC with an IA column (mobile phase:
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n-heptane/propan-2-ol 80:20, A = 206 nm, V = 1 mL/min, T = 25 °C) tg= 13.0 min

(major enantiomer), tr= 16.4 min (minor enantiomer).

(5R,6R)-6-(4-Chlorophenyl)-8-methyl-4-0x0-1,3-diphenyl-2,3-diazaspiro[4.4|nona-
1,7-diene-7-carbaldehyde (146g)

Compound 146g (major diastereomer) was prepared by method
K. The column chromatography (n-hexane/EtOAc from 20:1 to
6:1) afforded 6 mg (12%) of 146g as a yellow solid. Rr = 0.59
(n-hexane/EtOAc 2:1, UV). [a]3® = -28.6° (c = 0.18 CHCl3). 'H
NMR (600 MHz, CDCI3) 6 = 10.11 (s, 1H), 8.00 (d, J= 7.6 Hz,
2H), 7.52 — 7.21 (m, 8H), 6.84 (d, J = 8.5 Hz, 2H), 6.57 (d, J = 8.3 Hz, 2H), 4.99 (s,
1H), 3.34 (q, J = 19.2 Hz, 2H), 2.47 (s, 3H) ppm. 3C NMR (151 MHz, CDCls) & =
186.73, 176.92, 160.36, 159.90, 137.77, 136.61, 134.15, 132.97, 132.36, 131.09,
130.22, 129.03 (2C), 128.89 (2C), 128.23 (2C), 127.80 (2C), 126.45 (2C), 125.66,
119.15 (2C), 61.34, 60.89, 47.36, 1490 ppm. HRMS (ESI) m/z calcd for
C27H20CIN202 [M - H] =439.12133, found: 439. 12370. FT-IR (KBr): v =3414, 3067,
2923, 2848, 2756, 1712, 1670, 1643, 1598, 1548 cm™'. Enantiomeric excess (eec = 94%)

was determined by chiral HPLC with an IA column (mobile phase: n-heptane/propan-
2-0l 80:20 , A =244 nm, V = 1 mL/min, T = 25 °C) tg= 7.1 min (major enantiomer), tr=

15.2 min (minor enantiomer).

(55, 6R)-6-(4-Chlorophenyl)-8-methyl-4-oxo-1,3-diphenyl-2,3-diazaspiro[4.4]nona-
1,7-diene-7-carbaldehyde (146g")

0 Compound 146g” (minor diastereomer) was prepared by method

Ph\N K. The column chromatography (n-hexane/EtOAc from 20:1 to
| N

Nti\ CHO 6:1) afforded 3 mg (5%) of 146g” as a brown solidl. Rr = 0.54

(n-hexane/EtOAc 2:1, UV). [a]3’= 0. "TH NMR (600 MHz,
o1 CDCl) 8 = 10.14 (s, 1H), 7.82 7.80 (m, 2H), 7.50 — 7.29 (m,
8H), 7.15 (d, J = 7.5 Hz, 2H), 6.93 (d, J = 8.3 Hz, 2H), 5.01 (s, 1H), 3.29 (s, 2H), 2.47
(s, 3H) ppm. 3C NMR (151 MHz, CDCl3) § = 186.80, 174.16, 161.44, 159.25, 137.02,
136.04, 134.53, 133.46, 130.79, 129.44, 129.38 (2C), 129.30 (2C), 128.74 (2C), 128.17
(20), 125.97 (2C), 125.52, 119.43 (2C), 60.06, 59.18, 47.26, 14.85 ppm. HRMS (ESI)
m/z caled for C27H»CIN2O2 [M + H]™ = 441.13643, found: 441.13608. FT-IR (KBr): v
= 3064, 2926, 2851, 1712, 1673, 1598, 1568, 1497, 1455, 1392 cm™'. Enantiomeric
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excess (ee = 98%) was determined by chiral HPLC with an IA column (mobile phase:
n-heptane/propan-2-ol 80:20, A = 244 nm, V = 1 mL/min, T = 25 °C) tg= 13.1 min

(minor enantiomer), trg= 15.9 min (major enantiomer).

1,3-Diphenyl-1,4-dihydropyrano|2,3-c]pyrazole (147)

Compound 147 was prepared during preparation of 146a and
146e as a Dbyproduct. The column chromatography
(n-hexane/EtOAc 10:1) afforded 16 mg (49%) of 147 as a red
liquid. Rr = 0.63 (n-hexane/EtOAc 2:1, vaniline). 'H NMR (600
MHz, CDCI3) 6 = 7.86 — 7.80 (m, 4H), 7.49 — 7.42 (m, 4H), 7.38
—7.29 (m, 2H), 6.57 (dt, /= 6.2 Hz, J"= 2.0 Hz, 1H), 5.15 (dt, /= 6.3 Hz, J" = 3.5 Hz,
1H), 3.59 (dd, J = 3.4 Hz, J" = 2.1 Hz, 2H) ppm. 3C NMR (151 MHz, CDCl3)
=147.43, 147.43, 139.67, 137.35, 132.69, 129.10 (2C), 128.69(2C), 128.37, 126.82,
126.61 (2C), 121.60 (2C), 102.67, 94.25, 20.64 ppm. HRMS (ESI) m/z calcd for
CisHisN2O [M + H]" = 275.11789, found: 275.11814. FT-IR (KBr): v = 3064, 2923,
2845, 1667, 1598, 1574, 1509, 1485, 1455, 1392 cm™.

General enantioselective spirocyclization reaction of spirocyclic compounds from

cyclic pyrazol-3-one 141¢ and (E)-o,p-unsaturated aldehydes 132a,b,c (method L)

o O __ cHo S)-TMS-DPP 5 mol% Z
N :1?_/—_+ /”/ Pd,(dba); 2 mol%
N R EtOAc /RT CHO
Argon atm. R
141c 132a,b,c 148b,c
R = Ethyl, phenyl, methyl,

Cyclic pyrazol-3-one 141¢ (0.18 mmol) was dissolved in EtOAc (1.0 mL) in a screw
cap septum vial. Then (£E)-a,p-unsaturated aldehyde 132a,b,c (0.12 mmol),
(S)-TMS-DPP (0.006 mmol) and Pdx(dba); (0.0024 mmol) were added. The reaction
mixture was purged with argon and it was stirred at RT under argon atmosphere. The
reaction mixture was monitored using '"H NMR. After the complete consumption of the
(E)-a,B-unsaturated aldehyde (or after 7 days) the reaction mixture was concentrated in
vacuum. The column chromatography (n-hexane/EtOAc) afforded desired spiro

compounds 148a,b,c.
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3-Methyl-1-phenyl-4,5-dihydro-1H-oxepino|2,3-c|pyrazole (148a)

Compound 148a was prepared by method L. The column
chromatography (n-hexane/EtOAc 10:1) afforded 26 mg (95%) of
148a as a yellow liquid. Rr = 0.47 (n-hexane/EtOAc 2:1, UV). H
NMR (600 MHz, CDCl3) 6 = 7.95 —7.91 (m, 2H), 7.41 — 7.37 (m, 2H), 7.17 (t, J= 7.4
Hz, 1H), 6.30 (dt, J = 5.4 Hz, J" = 2.3 Hz, 1H), 5.39 (dt, / = 5.4 Hz, J" = 2.2 Hz, 1H),
2.81-2.76 (m, 1H), 2.66 — 2.60 (m, 1H), 2.41 —2.36 (m, 1H), 2.20 — 2.16 (m, 1H), 2.06
(s, 3H) ppm. 13C NMR (151 MHz, CDCl3) & =175.70, 162.75, 138.99, 138.27, 128.80
(20), 127.43, 124.77, 118.57 (2C), 67.16, 33.10, 31.86, 13.70 ppm. HRMS (ESI) m/z
caled for C14HisN2O [M + H]" = 227.11789, found: 227.11805. FT-IR (KBr): v =
3067, 3037, 2944, 2854, 1712, 1622, 1592, 1500, 1491, 1461 cm™.

3-(4-(But-3-yn-1-yl)-3-methyl-5-0xo0-1-phenyl-4,5-dihydro-1H-pyrazol-4-yl)butanal
(148b)
Compound 148b was prepared by method L. The column
@\ chromatography (n-hexane/EtOAc from 10:1 to 5:1)
afforded 19 mg (54%) of 148b as a yellow liquid as a
mixture of diastereomers (dr = 1.4:1). R = 0.38
(n-hexane/EtOAc 2:1, vaniline). [a]3° = 0. "H NMR major diastereomer (400 MHz,
CDCl3) 6 =9.81 (d, J = 1.1 Hz, 1H), 7.91 — 7.84 (m, 2H), 7.43 — 7.38 (m, 2H), 7.22 —
7.17 (m, 1H), 2.96 (dd, J=17.9 Hz, J"= 3.0 Hz, 1H), 2.58 — 2.52 (m, 1H), 2.35 — 1.83
(m, 6H), 2.15 (s, 3H), 0.88 (d, J = 6.7 Hz, 3H) ppm. '*C NMR major diastereomer (101
MHz, CDCl3) 6 = 200.67, 173.81, 161.54, 137.52, 128.86 (2C), 125.28, 118.84 (2C),
81.17,69.67, 60.57, 44.43, 31.64, 31.52, 15.66, 14.28, 14.24, ppm.
TH NMR minor diastereomer (400 MHz, CDCl3) § = 9.70 (d, J = 1.2 Hz, 1H), 7.91 —
7.84 (m, 2H), 7.43 — 7.38 (m, 2H), 7.22 — 7.17 (m, 1H), 2.65 (dd, J=9.1 Hz, J" = 1.5
Hz, 1H), 2.60 (dd, J = 9.0 Hz, J" = 1.4 Hz, 1H), 2.58 — 2.52 (m, 1H), 2.35 — 1.83 (m,
5H), 2.11 (s, 3H), 1.13 (d, J = 6.8 Hz, 3H) ppm. 3C NMR minor diastercomer (101
MHz, CDCl3) 6 = 199.84, 173.67, 161.35, 137.55, 128.88 (2C), 125.32, 118.77 (2C),
81.85, 69.82, 60.24, 45.77, 31.81, 31.18, 14.63, 14.50, 13.68 ppm. HRMS (ESI) m/z

caled for C1sH20NaN20, [M + Na]" = 319.14170, found: 319.14170. FT-IR (KBr): v =
3411, 3285, 3064, 2962, 2926, 2884, 2839, 2726, 2119, 1700 cm’..
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3-(4-(But-3-yn-1-yl)-3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazol-4-
yl)pentanal (148c¢)

@\ = Compound 148c was prepared by method L. The column
O

chromatography (n-hexane/EtOAc from 10:1 to 6:1) afforded

N
N cHO 13 mg (35%) of 148c as a white solid as a mixture of

diastereomers (dr = 1.8:1). Rr = 0.43 (n-hexane/EtOAc 2:1,
vaniline). [a]3’ = -2.9° (¢ = 0.18 CHCl3;). 'TH NMR major diastereomer (600 MHz,
CDCl3) 6 =9.90 (s, 1H), 7.85 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.19 (t, J =
7.4 Hz, 1H), 3.35 (dd, J = 19.1 Hz, J'= 5.2 Hz, 1H), 2.53 — 2.44 (m, 2H), 2.15 (s, 3H),
2.06 — 1.86 (m, 5H), 1.33 — 1.25 (m, 1H), 1.15 — 1.06 (m, 1H), 0.83 (t, / = 7.4 Hz, 3H)
ppm. ¥3C NMR major diastereomer (151 MHz, CDCl3) & = 200.95, 174.12, 162.02,
137.60, 128.87 (2C), 125.27, 118.89 (2C), 81.79, 69.62, 60.39, 42.26, 37.32, 32.11,
23.44, 14.31, 14.10, 11.90 ppm. HRMS (ESI) m/z calcd for Ci9H22N>O, [M + H]" =
311.17540, found: 311.17552. FT-IR (KBr): v = 3414, 3291, 3064, 2965, 2935, 2923,
2875,2732,2125,1727cm™.
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5 Conclusion

In this study, new catalytic method for the preparation of enantiomerically pure
spiro pyrazolones using synergistic catalysis was developed. This new synthetic strategy
merges secondary amine and palladium catalysis (both with low catalyst loading)
affording the corresponding spiro pyrazolones in good yields with high

enantioselectivities.

The first part deals with preparation of starting materials suitable for designed
synergistic catalytic reaction. Pyrazol-3-ones 141a,b,c were prepared by sequence of
alkylation/cyclization reaction. Non-commercial (E)-o,B-unsaturated aldehydes 132

were prepared by Wittig reaction.

Second part is focused on study of reactivity between pyrazol-3-one 141a and
cinnamaldehyde (132a) under synergistic catalysis by (S)-TMS-DPP (5 mol%) and
Pdz(dba); (2 mol%) in EtOAc. The reaction under these conditions led to formation of
compounds 144a and 144a” in high yield (89/10%), with moderate diastereoselectivity
(2.1:1) and excellent enantiopurity for both diastereoisomers (94/91% ee). The scope of
enantioselective spirocyclization reaction between pyrazol-3-one 141a and various
aromatic (E)-o,B-unsaturated aldehydes 132 was studied. The corresponding spiro
compounds 144d-j and 144d"-h" were obtained in good yields (12-75%), with moderate
to good diastereoselectivity (up to 4.1:1) and excellent enantioselectivity (up to 92%).
Aliphatic (E)-o,B-unsaturated aldehydes 132b,c also provided corresponding spiro
compounds 144b,c and 144b’,c’. The studied cyclisation reaction is highly sensitive to
bulkiness of the pyrazol-3-ones 141. When the Me group in pyrazol-3-one was replaced
by Ph group, the reactivity decreased significantly.

The scope of the enantioselective spirocyclization reaction was expanded to
pyrazol-3-one with butyne residue 141c. Unfortunately, pyrazol-3-one 141c and
cinnamaldehyde (132a) formed product of intramolecular cyclization 148a. In addition,
the reaction with aliphatic (F)-o,B-unsaturated aldehydes 132b,c and pyrazol-3-one
141c¢ provided only Michael adducts 148b,c .
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