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Abstract

This work deals with the development of methodology, which couples reactive intermediates
of varying oxidation states, in tandem sequences comprising 1,2-organometallic
addition/transition metal catalyzed isomerization/Michael addition/SET oxidation/radical
cyclization/oxygenation steps in the synthesis of highly functionalized carbocycles.
Implementation of this sequence being catalytic in the SET oxidant was studied. 1,4-
Diketones were synthesized in a tandem 1,2-addition/ruthenium-catalyzed redox
isomerization/enolates oxidation/radical dimerization reaction and results were compared
with 1,4-diketones formation via oxidative coupling of ketone enolates. The total synthesis of
selective tetrahydrofuran lignans from 1,4-diketones obtained in a tandem

addition/isomerization/dimerization reaction is also documented.

Abstrakt

V této praci je predstavena metodika, spojujici reaktivni meziprodukty ve vice oxidacnich
stavech do tandemovych sekvenci. Zkoumana sekvence se sklada z 1,2-adice
organokovil/izomerizace katalyzované pirechodnymi kovy/Michaelovy
adice/jednoelektronové (SET) oxidace/radikalové cyklizace/oxygenace vedouci k vysoce
funkcionalizovanym karbocyklickym slou¢eninam. Byla studovano pouziti katalytického
mnozstvi SET oxidantu. Tandemovou 1,2-adici/rutheniem katalyzovanou redoxni
izomerizaci/oxidaci vzniklych enolati/radikalovou dimerizaci byly piipraveny 1,4-diketony a
vysledky byly porovnény s piipravou 1,4-diketonti oxidativnim kaplinkem enolati ketond.
Byla provedena totalni syntéza vybranych lignant s tetrahydrofuranovym jadrem z1,4-

diketont piipravenych tandemovou adici/izomerizaci/dimerizaci.



1. Introduction:

Cascade reactions also synonymously designated as tandem or domino or one pot reactions,
are an attractive tool in organic synthesis to quickly achieve molecular complexity and have therefore
grown to an appealing area of organic chemistry.! Cascade reactions have gained importance because
of their benefits in synthesis. They are step economic,? require less time and effort (time economic
and labor economic). If a cascade reaction is high yielding and uses minimum amounts of subsidiary
resources like catalyst or reagents, it also fulfills the criterion of being atom economic.®

Cascade reactions are classified on basis of type of reactions involved.?* Cascade reactions
with reaction steps of same type of intermediate or of the same mechanism are termed as
homointermediate, whereas cascades with reaction steps of diverse type of intermediates are
heterointermediate cascades.

The homointermediate reactions were the active intermediates responsible for multiple bond
forming transformations are in single oxidation state (Figure 1.1).* In these reaction active
intermediate RY, whether it is an anion or cation or radical is converted to other intermediates R?>-R?®
and finally to product P. However, oxidation state remains the same as that of initial intermediates R*.

Figure 1.1: Homointermediate reaction sequence.
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In heterointermediate cascade, the active intermediates responsible for multiple bond forming
transformations are in different oxidation state and can perform reaction for divers reactivity patterns.
For example, anion R? can be converted to anion R? and R® via anion transformation (Figure 1.2). On
single electron transfer (SET) oxidation anion R®forms radical R*. Radical performs radical reaction
giving new radical R®, which can be converted to product P1 or by another SET oxidation can lead to
a cation R®, which on cationic transformation gives product P2.°

Figure 1.2: Heterointermediate reaction sequence.
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The oxidation state of intermediates is changed by single electron transfer (SET).® The SET
process can be oxidative or reductive with respect to the initial oxidation state of intermediates.’
Reductive transformations are usually carried out by using electron rich metal or metal based
reagents. Most appreciated metals in this field are samarium (11),8 titanium (I11),° lithium,*® sodium,!
zinc,*? tin,*® indium®* etc.

The oxidation state of intermediate can also be changed in a catalytic photoredox process.
Most widely used photoredox catalysts are ruthenium(ll), Iridium(lll) and copper(l) based
complexes.’ Organic dyes are also used as catalysis in photoredox reactions.’* Whereas, the most
commonly used SET oxidants to change the oxidation state of intermediates are iron(lll),Y’
copper(I1),'® hypervalent iodine reagents,*® cerium(I\VV) ammonium nitrate (CAN),? manganese(l11)%
and oxoammonium salts.??



Ferrocenium hexafluorophosphate (FHFP) 1-13 with oxidation potential of 0.480 electron volt in
acetonitrile is one of the easily accessible ferrocenium salt and can be obtained from ferrocene 1-12
(Scheme 1.1).% This salt is successfully employed in oxidative SET reactions.?

Scheme 1.1: Synthesis of ferrocenium hexafluorophosphate by oxidation using sulfuric acid.
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Formation of a-carbonyl radical of enolate by ferrocenium hexafluorophosphate 1-13 was
introduced by Jahn and coworkers and was used in heterointermediate tandem reactions.? The first
step of activation in most of the cases was formation of enolates. The enolates were generated either
by a-deprotonation of carbonyl compounds using base or by Michael addition of a nucleophile. The
approach of using base in formation of enolates and SET oxidation using 1-13 was further developed
by Jahn’s group to achieve successful synthesis of dihydronepetalactone,?® 15-E2-Isoprostane,®’ a-
hydroxy ketones,® carbocycles?® and 1,4-dicarbonyl esters and ketones.’%? Whereas Michael
addition approach for formation of enolates, in a tandem SET oxidation using either stoichiometric
amounts of oxidant 1-13 or in situ generated catalytic amounts was also used in synthesis of
functionalized carbocycles and heterocycles.®! For example, in a catalytic SET reaction, the enolate 1-
58, which was generated by Michael addition was oxidized to a-carbonyl radical 1-59 by using a
catalytic amount of ferrocenium salt 1-13 (Scheme 1.2).32 This ferrocenium salt was generated in situ
from ferrocene 1-12 by oxidation with N-oxopiperidinium hexafluorophosphate 1-28*. The a-carbonyl
radical 1-59 undergoes radical cyclization and the resulting radical 1-60 was trapped by TEMPO 1-28,
generated after SET reduction of its salt 1-28*.

Scheme 1.2: Catalytic tandem Michael addition/SET oxidation/radical cyclization/oxygenation

reactions.
RZ
L
0
RNy
1-58 >(j<
e ®

PFs Ee® "o 1-28"
< 0 PFe
1413

./ Lk

|
©1 ” 0 128 N
R? - R? RZ O
L]
o) o) o
2 2 2
R “x R “x R™ >x
1-59 1-60 1-61




2. Aim of the work

The main objective of the work is to develop a new effective tandem process with diverse
intermediates based on anionic/radical crossover reactions and to devise tandem reaction, which is
envisioned to explain and in general demonstrate new ways to utilize diverse intermediates in
different oxidation states at several stages in the sequence. The strategic design is shown in a generic
oxidative tandem reaction in which a single substrate S is activated (Scheme 2.1). The active
intermediate R* formed, can be subsequently converted to products T via intermediates R?-R® of
diverse oxidation states and their typical and complementary reactivity patterns (anion, radical and
cation). Hence, reducing pre- and post- redox functionalization steps, which are necessary for
reactivation of intermediate compounds A and B if conventional reaction sequence is used.

Scheme 2.1: Obijective of the work
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The development of tandem reaction consisting nucleophilic addition of main group
organometallic reagent, transition metal catalyzed isomerization, Michael addition, SET oxidation,
radical cyclization and oxygenation or cationic termination steps is one of envisaged way, to
demonstrate idea of using diverse intermediates, as pointed above in scheme 2.1 and is also a topic of
this thesis. Hence, the following synthetic challenges will be addressed (see scheme 2.2):

Specific aims:

«»+ Study transition metal-catalyzed isomerization of allylic alkoxides I to ketones 11 via enolate
intermediate 111 (Scheme 2.2, Path A).

+» Investigate the formation of 1,4-diketones IV by SET oxidation/radical dimerization of
ketone enolate 111, which are generated by tandem isomerization of allylic alkoxides | (Path
Aand C).

¢+ Study formation of 1,4-diketones 1V by SET oxidation/radical dimerization of ketone enolate
111, which are generated from ketone 11 (Path B followed by Path C).

+» Synthesize of tetrahydrofuran lignans V using 1,4-diketone 1V obtained by isomerization of
allylic alkoxides I (Path A, C and D).

+ Examine asymmetric synthesis of a-hydroxy ketone VI from ketone enolate 111, generated by
isomerization of allylic alkoxides | (Path A and E).
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Synthesize differently substituted Michael acceptors VII as substrates for tandeml,2-
addition/isomerization/Michael  addition/SET oxidation/radical cyclisation/oxygenation
reactions.

Investigate tandem 1,2-addition/isomerization/Michael addition/SET oxidation/radical
cyclisation/oxygenation reactions for the synthesis of functionalized carbocycles Xl via
anionic and radical intermediates (Path A, F and G).

Perform dual catalyzed tandem reaction by applying catalytic SET oxidations for the
synthesis of functionalized five and six membered carbocycles XI (Path A, F and G).

Study tandem  1,2-addition/isomerization/Michael  addition/SET  oxidation/radical
cyclization/carbocationic termination forming X111 (Path A, F and H).

Scheme 2.2: The development of new tandem reactions with multiple intermediate of diverse
oxidation states.
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3. Results and Discussion

3.1 Redox isomerization of allylic alkoxides

The first focus of the study was to perform vital and unexploited nucleophilic
addition/isomerization reaction sequences. Different catalysts such as Ni(PPhs).Cl2, Ru(PPhs)sCl> (11),
Ru(Ind)(PPhs).Cl, RuCI(PPhs)(3-phenylindenyl), n°-(PhsCs)Ru(CO).Cl (Backvall's catalyst) and
Ru2(CO)4(p-H)(C4sPhsCOHOCC4Phs) (Shvo catalyst) were used for initial screening for isomerization
of allylic alcohols to ketones. Two catalysts i.e. Wilkinson's catalyst 3-5 and dichloro(p-
cymene)ruthenium(ll) dimer 3-6 were selected from initial screening for further optimization. The
nucleophilic addition of phenyllithium 3-7 to crotonaldehyde 3-8a followed by allylic alkoxide 3-2
isomerization was tried using both catalysts (Scheme 3.1). Best condition for isomerization of allylic
alkoxide 3-2 were obtained by using 2 mol% of 3-6 in combination with equimolar amount of
trimethyl phosphite ligand (see scheme 3.1).

Scheme 3.1: Optimized conditions for nucleophilic addition/isomerization reaction.?

PPh;
PhsP— Rh—Cl
Ph3P CI

o) OLi 2 mol% [(p-cymene)RuCly]l, oL o
_ DME 2 mol% P(OMe)s H,0
Ph-Li + HJ\/\ o Ph)\/\ : Ph)\/\ _,Ph)l\/\
-5°C DME, 85 °C
3-7 3-8a 3-2 3-9 3-3
@ Reaction monitored by GC analysis, dodecane (20 mol%) used as internal standard. 99%

The existence of enolate was proven by performing control experiments. In the first
experiment, after completion of isomerization, the resulting solution was cooled to —45 °C and treated
with an excess of D,O (Scheme 3.2-a). This reaction provided phenone 3-3D in 76% yield and 90%
deuterium incorporation. The reduced mass balance (i.e. 76%) is possibly due to the volatility of 3-
3D.

Scheme 3.2: Control experiments to verify formation of enolate 3-9.
a) Nucleophilic addition/isomerization/deuteration:

2 mol% [(p-cymene)RuCl,l, 0]
Os 2 mol% P(OMe);, DME, 85 °C
NN b - Ph
H then D,0, 45 °C D
3-8a 3.7 3-3D 76% (90% D)

b) Nucleophilic addition/isomerization/enolate trapping by TMSCI:
2 mol% [(p-cymene)RuCl,],

OSiMe
OY\/ 2 mol% P(OMe),, DME, 85 °C 3
+ PhLi )\/\
H then TMSCI, —45 °C Ph
3-8a 3-7 3-12 quantitative

A second experiment, which was performed to verify the existence of enolate was trapping 3-9 as silyl
enol ether. The O-silylated compound (Z)-3-12 was obtained in quantitative yields on treating the
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reaction mixture obtained on isomerization with 1.45 equiv. TMSCI at —45 °C (Scheme 3.2-b). To
confirm the stereochemistry of the obtained product, the crude reaction mixture was analyzed by
NMR spectroscopy and the analytical data match with those reported for (2)-3-12.%

3.2 Synthesis of Dienes

Differently substituted Michael acceptors 3-16 were synthesized starting from alkylated
compounds 3-22 (Scheme 3.3). Compounds 3-23 with a PhSe-group at the a-position to the carbonyl
group were synthesized by reaction of the sodium enolates of compounds 3-22 with benzeneselenenyl
bromide (PhSeBr). The formed a-selenated compounds 3-23 were light sensitive and were handled
carefully under darkness with minimum exposure to light during reaction and purification processes.
Selenide oxidation using hydrogen peroxide to selenoxide and spontaneous syn-elimination®* provided
a,B-unsaturated compounds 3-16. This formal dehydrogenation of carbonyl compounds 3-22 provided
high yields of dienes 3-16.

Scheme 3.3: Synthesis of Michael acceptors 3-16.

R* 1) NaH R Ph. 4
§ R 2) PhSeBr Se H,0 R
R3 o REWR1 L» R3WR1
R5 R2 THF, 0°C, 5 min RS R2 CH,Cl,, 0 °C RS R?
3-22 3-23 3-16
. pl=_ 2 - _ 3 p4_ 5_
3-22a R1 - COOEt, R2 - COOEt, R3 , F:_ H, R5 : H 3-23a (97%) 3-16a (85%)
3-22b - R' =-COPh, R“=-COPh,R”’,R*=H, R°=H 3-23b (98%) 3-16b (93%)
3-22¢c - R'=-COOEt, R?=-CN, R}, R*=H, R®=H 3-23c (86%) 3-16¢ (86%)
3-22d - R' = -COOEt, R? = -COOEt, R® = -Me, R* = -Me, R®=H 3-23d (96%) 3-16d (94%)
3-22e - R' =COOEt, R? = -CN, R® = -Me, R* = -Me, R®= H 3-23e (86%) S ee (80%)
3-22f - R' = -COOEt, R? = -COOEt,R® = -Me, R* = H, R5=H ggg; Eggof’; 3169 5870/‘; ;
. = o -
3-22g - R' = -COOEt, R? = -COOEt, R3 = CH,SiMez, R*=H 3-23h (86%) 3-16h (95%)
3-22h -R" = -COOEt, R? = -COOEt, R®*=Ph,R*=H, R°=H  3-23i (91%) 3-16i (81%)

3-22h - R' = -COOEt, R = -COOEt, R® = H, R*=H, R%=Me

3.3 Tandem 1,2-addition/isomerization/Michael addition/SET oxidation/radical
cyclisation/oxygenation reaction in synthesis of functionalized carbocycles

With prerequisite optimized conditions for formation of lithium enolate by 1,2-addition of
phenyllithium to a,B-unsaturated aldehyde followed by catalyzed isomerization (section 3.1) and
Michael acceptors 3-16 in hand (section 3.2), the intended crossover tandem reaction with multiple
anionic and radical intermediates was performed. The tandem reaction consists of: 1) nucleophilic
addition of several aryllithium reagents 3-51 to o,p-unsaturated aldehydes 3-8, 2) isomerization
catalyzed by 3-6, 3) Michael addition of the resulting enolates 3-52 to acceptors 3-16, 4) SET
oxidation to the corresponding radicals by selective SET oxidant ferrocenium hexafluorophosphate 1-
13, 5) radical cyclizations to construct a five-membered ring and finally 6) C-O bond formation by
reaction with persistent radical TEMPO 1-28, providing functionalized five membered carbocycles 3-
53a-0 in one pot (Scheme 3.4). Only two diastereomers of cyclic oxygenated products 3-53a-m were
formed. Both the anti- and syn-diastereomers have exclusive trans-stereochemistry at the
cyclopentane ring. Four diastereomers of cyclic products 3-53n and 3-530 consisting exocyclic chiral
were formed.



Scheme 3.4; Tandem 1,2-addition/isomerization/Michael addition/SET oxidation/radical
cyclisation/oxygenation reactions.

. R2
Li
t-BuLi o 5 mol% 3-6, o )
- WG R3

Ar-Br (2 equiv.) Ar—Li + HJ\/\R1 5 mol% P(OMe); Ar)\/\ . EWGF 74
3-50 3-51 3-8 DME 3-52 3-16

3-8a R =Me

3-8bR=H

EWG! EWG2 R? RS

1413 *0
3-16a| COOEt COOEt H  H ) 1-28
316b| COPh  COPh H H
3-16¢| CN COOEt H H
3.16d| COOEt COOEt Me Me
3-16e | CN COOEt Me Me

3-16f | COOEt COOEt Me H
3-16h| COOEt COOEt Ph H

TMPO TMPQ
c
TH \''H
Ph
R anti/syn anti/syn anti/syn
3-53a R = Me 88% 2:1 3-53d 65% 2.2:1 R353e R=H 61%1:222

3-53bR=H 54% 2:1
-53f = 0 :
3-53c R=Et 56% 2:1 3-53f R=0OMe 61% 1:3

MeO anti/syn

3-53i R=H 65% 2:1 RY/SY
3-53j R=Me 52% 3:1 TMPO

R anti/syn
3-53g R=H 68%  3:1
3-53h R=0Me 68% 3:1

anti/syn 5'R*/5'S*
R anti/syn p=h 3-53n R=Ph 70% 3:1 3:1/3:1
3-53k R = Me 59% 2:1 anti/syn 3-530 R=Me 64% 1.8:1 1:1.8/1:2
3531 R=Et 61% 2:1 3-53m 49% 1:2.2°

@ Two additional diastereomers were detected in trace amounts in the NMR spectra.




3.4 Tandem 1,2-addition/isomerization/Michael addition/SET oxidation/radical
cyclisation/oxygenation reaction using catalytic SET oxidant

Conditions for single electron transfer (SET) oxidation of ester and B-amino ester enolates
using in situ generated catalytic amounts of SET oxidant 1-13 and stoichiometric amounts of N-
oxopiperidinium hexafluorophosphate 1-28" were developed in the group (Scheme 1.2).%

Scheme 3.5: Synthesis of functionalized carbocycles in a tandem reaction, which combines both
catalytic redox neutral isomerization and catalytic SET oxidation processes.

t-BuLi o 2 mol% 3-6, o EWG?2 R
ArBr (2equiv)  Ar—Lj 4+ HJ\/\W 2 mol% P(OMe), )\/\ . MRz
3.50 DME 3-51 3.8 Ar 559 EWG' g3
- 3-16

3-8a R'=Me

3-8c R'=Et S

3-8d R'=n-Pr é >|\/G;|<

3-8¢ R'=Ph 1412 N )

3-8f R'=4-OMeCgH, (10 mol%) o +PF6

3-89 R' = 4-CICgH, 1-28

3-8h R'=4-FCg4H,

MeO
. , ) MeO .
anti/syn anti/syn anti/syn anti/syn

3-53a 69% 2:1 3-53p 71% 2:1 3-53g 58% 2.5:1 3-53q 69% 1:2

anti/syn anti/syn?® anti/syn anti/syn
3-531 66% 2:1 3-53m 59% 1:2.2 3-53r 76% 2:1 3-53s 71% 2.2:1
TMPO TMPO H
EtOOC
EtOOC
(e}

H

anti/syn anti/syn anti/syn
3-53t 77% 21 3-53u  78% 2:1 3-53v. 47% 1:1:1:1 3-53w  72% 2:1:2:1.5

3Two additional diastereomers were detected in trace amounts in the NMR spectra




Similar conditions of SET oxidation were adapted for 1,2-addition/transition metal catalyzed
isomerization/Michael addition/SET oxidation/radical cyclization/oxygenation reaction sequences
(Scheme 3.5). This unprecedented tandem reaction, combining redox neutral isomerization and
catalytic SET oxidation in which sacrificial reduced species ends up in the target molecule, makes the
tandem reaction dual catalytic as well as more atom economic. Nucleophilic addition of aryllithium
reagents 3-51 to a,B-unsaturated aldehydes 3-8, isomerization catalyzed by 3-6, Michael addition of
the resulting enolates 3-52 to acceptors 3-16, followed by addition of a catalytic amount of ferrocene
1-12 and subsequently addition of 1-28" in small portions, provided functionalized carbocycles 3-53
(Scheme 3.5).

The mechanistic course of both catalytic and stoichiometric tandem reactions can be rationalized as
follows (Scheme 3.6). 1,2-Addition of aryllithium 3-51 to a,p-unsaturated aldehydes 3-16 generates
lithium alkoxide 3-54. Formation of enolate 3-52 from 3-54 via transition metal catalytic
isomerization using 3-6 and the subsequent Michael addition to acceptor 3-16 leading to enolates syn-
and anti-3-59 take place reliably.®® The catalytic SET oxidation cycle begins with oxidation of
catalytic ferrocene 1-12 by N-oxopiperidinium salt 1-28" which was added in small portions, leading
to formation of catalytic amounts of ferrocenium hexafluorophosphate 1-13. Enolates syn- and anti-3-
59 on SET oxidation with catalytic amounts of 1-13 form a-carbonyl radicals syn- and anti-3-60.
Radicals 3-60 undergo 5-exo-trig cyclization (R®> = H in 3-16) to give radicals syn and anti-3-61,
which couple with persistent radical 1-28 generated in the catalytic redox reaction between 1-12 and
1-28*. Whereas, under stoichiometric conditions (Scheme 3.4), the radicals syn- and anti-3-60 are
generated using stoichiometric amount of 1-13 in presence of persistent radical 1-28, which is usually
added in stoichiometric amount before SET oxidation i.e. before addition of 1-13.

Scheme 3.6: Mechanistic course of the tandem reactions combining both two-electron and single-
electron catalysis.
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COR RS Ré
3-16 . +
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Ar)\/\ P(OMe)3, 2 mol% ( B
3-54 LnRuCl, | 84°C, 15 min.
RuLnCl - Fe® _PFo
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Ar R’ l}sc::rir;erlzatlon r 357 PF, O
355 y ] s
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3.5 Tandem 1,2-addition/isomerization/Michael addition/SET oxidation/radical
cyclization/carbocationic termination reaction

The oxidative tandem reaction with intermediates of three different oxidation states i.e. anion,
radical and cation was performed using SET oxidant 1-13. To carry out the SET oxidation of carbon-
centered anion to radical and radical to cation, substrate 3-16g with an allylic trimethylsilyl group at
the terminus, which can stabilize radicals and is capable to promote SET oxidation of radical to cation
was chosen (Scheme 3.7). The reaction sequence was carried out using crotonaldehyde 3-8a,
phenyllithium 3-7 and Michael acceptor 3-16g as starting compounds. In absence of TEMPO 1-28
and using two equivalence of SET oxidant 1-13 reaction furnished vinylcyclopentane 3-67 in 64%
yield and 2:1 anti:syn diastereoselectivity.

Scheme 3.7: Tandem 1,2-addition/isomerization/Michael addition/SET oxidation/radical
cyclization/desilylation reaction.

0 Me3Si 5 mol% 3-6
10 mol% P(OMe)s,
HJ\/\ + PheLi + FE0OC ¢ then2equiv. 1-13
3-8a 3-7 EtOOC \
3-16g

64%, anti/syn 2:1

Scheme 3.8: Mechanistic course of a tandem reaction with cationic termination.

SiMe3

EtO o SiMe;
EtO Fe® PFg /
@ COOEt
EtOOCte /
1-13 o] Etooc e COOF!
w—H * O)
Ar A y—H
1 ' R!
R H
)Oi/\ SiMe, syn-3-59¢g anti-3-59¢g syn-3-60g anti-3-60g
AN
" N 5-exo-trig
3-52

ant/'-+3-67 —SiMe3+

syn-3-67 8 Ar

anti-3-68 syn-3-61g anti-3-61g

The Mechanistic course of formation of vinylcyclopentane 3-67 from simple starting
compound 3-8a, 3-7 and 3-16g, is rationalized as follows: The enolate 3-52 obtained after two
electron anionic and transition metal catalyzed process (Scheme 3.1) undergoes Michael addition to 3-
16g forming syn- and anti-3-599.% SET oxidation of 3-59g by the first equivalent of 1-13 generates
radicals syn- and anti-3-60g, which on 5-exo-trig radical cyclization forms radicals syn- and anti-3-
61g. The radical cyclization takes place via a chair like Beckwith—Houk transition state. SET
oxidation of electron rich and easily oxidizable B-silyl radicals 3-61g with a second equivalent of 1-13
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forms carbocations syn- and anti-3-68. The carbocations 3-68 on desilylation furnish compounds syn-
and anti-3-67.

3.6 Synthesis of 1,4-diketones and tetrahydrofuran lignans

The enolate formed by tandem 1,2-addition/isomerization reactions was so far employed in
two electron processes - nucleophile in Michael addition. However, the resulting enolate was also
employed in a single-electron process i.e. in tandem 1,2-addition/isomerization/radical dimerization
reactions (Scheme 3.9). Using differently substituted aryl lithium reagents 3-51 and o,B-unsaturated
aldehydes 3-8, 1,4-diketones 3-69a-0 were obtained in high yields on catalytic isomerization and SET
oxidation with 1-13.

Scheme 3.9: Synthesis of 1,4-diketones in tandem 1,2-addition/isomerization/dimerization reactions.

Ar-Br o]
THF or DME [Ru(p-cymene)Cl,],: P(OMe);
3-50 oo > Arli+ Ar)v\R o Ar
+ -78°C 3-51 38 1:1 (2 mol%), 78 - 84 °C
t-BuLi -
then 1-13, ~78 °C 269
o] o] 0 0
OO 0 O b
d/l:meso d// meso d/l:-meso d/l:meso
3-69a 95% 6:1 DME 3-69b 62% 5:1 DME 3-69¢c 71% 3:1 THF 69% 7:1 DME
3-69d
Q Q 84% 611 THF
d/l:meso . d/l:meso
§ dimeso 389 62% 6.5:1 THF 3-699 60% 3:1 THF dimeso O
3-69e 61% 7:1 DME 369h 68% 3:1 THF

O o} ‘
Oy T O

0 d/l:meso 7<
d/l:meso 3-69) 41% 4.5:1 DME

3-69i 65% 3:1 THF (o)
3-69k d/:meso
65% 7:1 DME

C
. d/l:meso d/l:meso d/l:meso d/l:meso
3-691 51% 3:1 DME 3-69m 62% 4:1 DME 3-69n 74% 7:1 DME 3-690 61% 7:1 DME

The major diastereomer i.e. d/I pair of 1,4-diketones 3-69 obtained by SET oxidation/radical
dimerization of ketone enolates were partially or completely separable from minor. The d/I pairs of
dimers 3-69g, 3-69h, 3-69i and 3-69j were used in synthesis of tetrahydrofuran lignans (Scheme
3.10). Reduction of the major diastereomer of 3-69g with 1.1 equiv. of lithium aluminium hydride
(LAH) in THF at room temperature gave a crude mixture of diols in quantative yield and three
diastereomers in 1:1.6:5 ratio were formed. The crude mixture of diol was treated with mesyl chloride
and triethylamine in dichloromethane at 0 °C to give tetrahydrofuran lignan (+)-galbelgin 3-73a and
(*)-veraguensin 3-73b in 78% yield and 2:1 diastereomeric ratio. In a similar way, the dimer of 3,4,5-
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trimethoxypropiophenone 3-69h gave (+)-grandisin 3-74a and (+)-beilschmin B%* (epigrandisine) 3-
74b in a 3:1 ratio, whereas the dimer of 3,4-methylenedioxy-propiophenone 3-69i provided (%)-
galbacin 3-75a and its diastereomer 3-75b in a 2:1 ratio.%

Scheme 3.10: Synthesis of racemic tetrahydrofuran lignans.
0o 0

\o = o/
3-69g

1) LAH 1.1 equiv. o
THF, RT -

B ———
2) EtsN, MsCl - \g
DCM, 0 °C

TSl

3-73a (+)-Galbelgin 78%, 2:1 3-73b (+)-Veraguensin

o

69%, 3:1

(0] O
1) LAH 1.1 equiv. O
THF, RT

O B S
N
0~ 2)EtN,MsCl O

o DCM, 0 °C
~  3-69h ~

3 69i

~0

3-74a (+)-Grandisin 3-74b (

)-Beilschmin B

@7 (@ d©>

70%, 2:1

) LAH 1.1 equiv.
THF RT

2) EtoN, MsCl
DCM, 0 °C

O

o/\

3-75a (+)-Galbacin 3-75b

3.7 Asymmetric synthesis of a-hydroxyl ketone

Application of the enolate formed by 1,2-addition/isomerization reaction for the formation of
a-hydroxy ketone via Rubottom oxidation of in situ generated silyl enol ether was examined. For
asymmetric oxidation, Sharpless asymmetric dihydroxylation conditions of using AD-mix-a and
methanesulfonamide in a mixture of t-butanol and water were adopted (Scheme 3.11). Lithium-
halogen exchange/1,2-addition of 3-81 to 3-8b followed by ruthenium catalyzed isomerization and
enolate trapping by trimethylsilyl chloride generated 3-82a (Scheme 3.11, Eq. 1). A mixture of AD-
mix-a and methanesulfonamide in t-butanol and water prepared at 0 °C in a separate flask was added
to the silyl enol ether 3-82a. Stirring the reaction mixture at 0 °C gave ketone 3-72e in 62% yield,
repeating the reaction by removal of DME after formation of 3-82a gave the same result. However,
using tert-butyldimethylsilyl chloride for enolate trapping provided low yields of product a-hydroxy
ketone 3-83 in one pot with 91% ee (Scheme 3.11, Eq. 2).

Scheme 3.11: One pot asymmetric synthesis of a-hydroxy ketone 3-83.

In one pot
Eq. 1 - -
o [Ru(p-cymene)Cl,], OTMS AD-mix-a. o
- Br P(OMe);, DME | O N NH,SO,Me _O
+ tBuli + J\/ —
~ . H then TMSCI - +BuOH:H,O
(6] 2 equiv. 78°C. 1h o) 0°C 0
3-81 3-8b - ,
3-72e 629
3-82a e 62%
Eq. 2 o
o Br o [Ru(p-cymene)Cl,], OTBS AD-mix-a o
- . P(OMe);, DME 0 ™ NH,SO,Me -~ -
+ t-BuLi + J\/ < o 6H
~ . H then TBSCI t-BUOH:H,0 ~
0 2 equiv. ~ O
N _ o o o
3-81 3-8b 78°Ctort, 15h 0°C 383 25.30%,91% ee

~ 3-82b (Z)-enol ether ™
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Summary

A new tandem process, which combines main-group organometallic, transition-metal-
catalyzed and radical reaction steps was investigated. The approach begins with catalyst
screening for the redox isomerization of alkoxide 3-2 to ketone 3-3 starting from allylic
alcohol 3-1. On the basis of this initial screening, optimized conditions for 1,2-addition of
phenyllithium 3-7 to crotonaldehyde 3-8a followed by isomerization via enolate 3-9 were
developed. The formation of enolate 3-9 was verified by performing control experiments like
trapping of the enolate as silyl enol ether 3-12 and deuteration experiments.

Michael acceptors 3-16 were synthesized by alkylation followed by a-
selenation/selenoxide elimination. With confirmed access to enolate 3-9 and Michael
acceptors 3-16a-j in hand, the tandem reaction intended to demonstrate the controlled use of
two- and single-electron-transfer (SET) steps was examine. By making use of divers
intermediates of different oxidation states, functionalized carbocycles 3-53a-0 were
synthesized in one pot. An exclusive trans diastereoselectivity at the cyclopentane ring was
observed in all cyclization reactions.

Moreover, the tandem 1,2-addition/catalytic isomerization/Michael addition/SET
oxidation/radical cyclization/oxygenation reaction was developed by adopting catalytic SET
oxidation conditions, in which stoichiometric oxidant 1-28* acts as reagent and gets
incorporated as functionality in the molecule, making the tandem reaction more efficient.
Using this double catalytic tandem reaction cyclopentanes and cyclohexane derivatives were
synthesized. The synthesis of vinylcyclopentane 3-67 using an excess of 1-13 by desilylation
via easily oxidizable cyclized radical 3-61g shows potential to extend the tandem sequence to
additional carbocationic reaction steps.

1,4-Diketones 3-69 were synthesized by making use of enolates 3-9 in a SET
oxidation/radical dimerization reaction using oxidant 1-13. The selectivity of 1,4-diketone
formation by oxidative dimerization of enolates obtained from ketones 3-72 was also
examined. From the variety of 1,4-diketones 3-69 obtained, the major d/I diastereomers were
used in total syntheses of tetrahydrofuran lignans (+)-galbelgin 3-73a, (+)-veraguensin 3-73b,
(x)-grandisin 3-74a, (£)-beilschmin B 3-74b, (£)-galbacin 3-75a, (x)-Fragransin A, 3-78a
and (z)-Odoratisol 3-78b.

Furthermore, the enantioselective synthesis of a-hydroxy ketone 3-83 in a one pot
reaction consisting 1,2-addition/isomerization/silyl enol ether formation and asymmetric

dihydroxylation was also attempted.
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Outlook: The developed tandem sequences couples main-group organometallic, transition-
metal-catalysis, radical reactions using catalytic or stoichiometric oxidation and cationic
elimination reaction. They demonstrate the way to utilize diverse intermediates in different
oxidation state at several stages in a reaction. The intermediate diversity in one pot shows
potentials to provide significant synthetic flexibility. Consequently, pave a way to design and
rapidly achieve the molecular complexity in target-oriented syntheses with redox economy.
Overall, the developed tandem reaction and individual parts of tandem such as the optimized

catalytic conditions for isomerization are useful for other applications.
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1. Uvod

Kaskadové reakce, jindy také nazyvané tandemové, dominové ¢i ,,one-pot™ jsou uzitecnym
nastrojem organické syntézy, umoziujicim rychle dosahnout slozité molekuly a staly se tudiz
atraktivnim objektem vyzkumu.! Mezi jejich hlavni vyhody patii Gspora reakénich krokd,? vyzaduji
také mén¢ Casu a usili. Pokud kaskddova reakce probiha s vysokym vytézkem a s pouzitim
minimalniho mnozstvi katalyzatori ¢i pomocnych reagentl, splituje také pozadavky ,,atomové
ekonomiky.*3

Kaskadové reakce tiidime podle typu reakci, které zahrnuji.!* Kaskadové reakce a dil¢imi
kroky obsahujicimi jeden typ meziproduktii nazyvame homointermediatové kaskady, zatimco
kaskady s reak¢nimi kroky vyuZzivajicimi rizné typy meziprodukti nazyvame heterointermediatové.

U homointermediatovych reakci jsou meziprodukty odpovédné za tvorbu Zadanych
chemickych vazeb vjednom oxidaénim stavu (Obr. 1.1).* V téchto kaskddach jsou reaktivni
intermedaty R! (anionty, kationty ¢&i radikaly) pfeméhovany na nasledné meziprodukty R?-R°® a
konec¢né na produkt P. Oxidacni stav meziproduktli vSak zlstava stale stejny.

Obréazek 1.1: Reak¢ni sekvence s meziprodukty jednoho druhu (homointermediatova).

SM —» RI"— »R¥— » R »R¥—>R"—5. P *=+ nebo — nebo *

V pfipadé heterointermediatové kaskady jsou aktivni meziprodukty odpovédné za tvorbu
novych vazeb v riznych oxida¢nich stavech a mohou tedy pusobit v rozdilnych reak¢nich reZimech.
Napiiklad anion R! miize byt pfemé&nén na anionty R? a R® anionickou reakci (Obr. 1.2). Naslednou
jednoelektronovou (SET) oxidaci aniontu R® vznikne radikal R*, ktery radikalovou reakci poskytne
radikdl R®, ktery se bud’ pfeméni na produkt P1 nebo dalsi SET oxidaci na kation R6, ktery
kationickou reakci dava produkt P2.°

Obréazek 1.2: Reak¢ni sekvence s meziprodukty riznych druhti (heterointermediatova).
o C] S]

[ ] L]
SM == R = R? == RR —R* = R == PI

oxidativni nebo reduktivni SET <:Iu

(single electron transfer) ®

RO —=. P2

Oxida¢ni stav meziproduktii mize byt ménén jednoelektronovym pienosem (SET).® Ten
mize byt oxidativni nebo reduktivni vzhledem k vychozimu oxidaénimu stavu meziprodukti.’
Reduktivni transformace jsou obvykle provadény pouzitim elektronové bohatych kovli nenbo kov
obsahujicich ¢inidel. Nejpouzivan&jsimi jsou samarium(Il),® titan(I11),° lithium,° sodik,'* zinek,?
cin,®® indium** atd.

Oxidacni stav intermediati muze byt také meénén katalytickym fotoredoxnim procesem.
Nejrozsifengjsi fotoredoxni katalyzatory jsou na bazi komplexi ruthenia(Il), iridia(IIT) a mé&di(1)."®
V soucasnosti jsou &asto nahrazovany organickymi barvivy.®
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Oxidativni SET reakce jsou provadény slouc¢eninami zeleza(l11),}” m&di(11),*® hypervalentnimi
slou¢eninami jodu,’ dusi¢nanem amonno-ceri¢itym (CAN),? manganem(lI1)>* a oxoamoniovymi
solemi.?

Jednim z nejpouzivangjSich SET oxidanti je ferrocenium hexafluorofosfat (FHFP) 1-13
s oxidaénim potencidlem +0.480 V (v acetonitrilu).?? Je jednou Zznejsnadné&ji  dostupnych
ferroceniovych soli, piipravovanych oxidaci ferrocenu 1-12 (Schéma 1.1).%

Schéma 1.1: P¥iprava ferrocenium hexafluorofosfatu oxidaci kyselinou sirovou.

&> H,s0, KPRy, &

©
Fe Fe® PFg
- <
112 1-13

Vznik a-karbonyl radikal zenolatd pouzitim ferrocenium hexafluorofosfatu 1-13 byl
zaveden Jahnem a kol. a byl pouzit v heterointermediatovych tandemovych reakcich.?®> Prvnim
krokem vétSinou je vytvofeni enolati, bud’ a-deprotonaci karbonylovych slouc¢enin pisobenim baze
nebo Michaelovou adici nukleofilu. Deprotonace bazi a SET oxidace vzniklych enolatd s pouzitim 1-
13 byla dale rozvijena Jahnovou skupinou v spésné syntéze dihydronepetalaktonu,?® 15-E2-
isoprostanu,?” a-hydroxyketont,?® karbocyklt? and 1,4-dikarbonylesterti and ketoni.3*28

Pristup k enolatim Michaelovou adici s tandemovou SET oxidaci bud’ stechiometrickym
mnozstvim 1-13, nebo jeho in situ generovanym katalytickym mnozstvim byl pouzit pii syntéze
funkcionalizovanych karbo- a heterocyklt.®

V katalytické SET reakci byl enolat 1-58, piipraveny Michaelovou adici oxidovan na o-
karbonyl radikal 1-59 uzitim katalytického mnoZstvi ferroceniové soli 1-13 (Schéma 1.2).2 Tato stil
byla generovana in situ z ferocenu 1-12 oxidaci N-oxopiperidinium hexafluorofosfatem 1-28°.
Vznikly a-karbonyl radikal 1-59 cyklizuje na priméarni radikal 1-60, ktery je zachycen perzistentnim
radikdlem TEMPO 1-28, vzniklym SET redukci oxoiminiové soli 1-28*.

Schéma 1.2: Katalyticka tandemova Michaelova adice/SET oxidace/radikalova cyklizace/oxygenace.

R2
LiO
| 5 {
R2 7>y
oS ﬁ

PFs Fe® N"o 7 1-28"
(- O PFe
1-13
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2. Cile prace

Hlavnim cilem p¥edkladané prace je vyvoj novych ucinnych tandemovych postupt s intermediaty

v riznych oxidacnich stavech zalozeny na vyuziti aniontd a radikall a jejich vzajemnou transformaci
s pouzitim SET oxidace. Strategie je ptiblizena na generické oxidativni tandemové reakci, ve které je
aktivovan substrat S (Schéma 2.1). Vznikly aktivni meziprodukt R1 mtize byt pfeménén na produkt T
pies intermediaty R%-R® v rliznych oxidaénich stavech a jejich typickou a komplementéarni reaktivitu
(aniontovou, radikélovou ¢i kationtovou). Uzitim tandemového piistupu odpadaji pfed- a poredoxni
kroky, nutné pro reaktivaci intermediati A a B v pfipad¢ konvencni sekvence reakci.

Schéma 2.1: Tandemova strategie pro redukci reakénich kroki.

s Aktivace _pi® g€ > A
' Izolace/separace/purifikace
SET Oxidace Funkcionalizace (redukce nebo oxidace)
. ’," ;Aktivace
R? —_— > R4 » B
) Izolace.:/sepgrace/puriﬁkace Konvenéni
SET Oxidace l Funkcmnahzace metoda
’ ' ® s Aktivace
Nova strategie RS > T

Vyvoj tandemové reakce, slozené z nukleofilni adice organokovové slouceniny, izomerizace

katalyzované ptfechodnym kovem, Michaelovy adice, SET oxidace, radikalové cyklizace a oxygenace

je konkrétnim piikladem vyuziti strategie, navrzené ve Schématu 2.1 a je tématem piedkladané prace.
V jejim ramci jsou postupné feSeny nasledujici syntetické tkoly (viz Schéma 2.2):

Konkrétni cile préace:

Studium izomerizace allylickych alkoxidd | na ketony Il pifes enolatovy intermedat I,
katalyzované prechodnymi kovy (Schéma 2.2, cesta A).

Zkoumani vzniku 1,4-diketont 1V SET oxidaci/radikdlovou dimerizaci enolatt ketona 111,
ptipravenych tandemovou adici/izomerizaci allylickych alkoxidi I (cesty A a C).

Zkoumani vzniku 1,4-diketont IV SET oxidaci/radikdlovou dimerizaci enolatt ketonu 111,
generovanych z ketonu Il (cesta B nasledovana cestou C).

Syntéza tetrahydrofuranovych lignanti V s pouzitim 1,4-diketontt 1V vzniklych izomerizaci
allylickych alkoxidu I (cesty A, C a D).

VyzkousSeni asymetrické syntézy o-hydroxy ketonu VI zenolatu 111, generovaného
izomerizaci allylickych alkoxidu I (cesty A a E).

Syntéza rGzné substituovanych Michaelovych akceptori VII jakozto substratd pro
tandemovou 1,2-adici/izomerizaci/Michaelovu adici/SET oxidaci/radikalovou
cyklizaci/oxygenaci.
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«» Zkoumani tandemové 1,2-adice/izomerizace/Michaelovy adice/SET oxidace/radikalové
cyklizace/oxygenace pro syntézu funkcionalizovanych karbocykld XI pies anionické a
radikalové intermediaty (cesty A, F a G).

« Provedeni dualn¢ katalyzovanych tandemovych reakci aplikaci katalytickych SET oxidaci
v syntéze funkcionalizovanych péti- a Sesti¢lennych karbocyklu X1 (cesty A, F a G).

« Studium tandemové 1,2-adice/izomerizace/Michaelovy adice/SET oxidace/radikélové
cyklizace/karbokationtové terminace za vzniku terminalnich alkend X111 (cesty A, F a H).

Schéma 2.2: Piehled zkoumanych novych tandemovych reakci s vice intermediaty v riznych
oxidacnich stavech.

2
o} 0 R
R1J]\/\R2 ’ R' Cesta D l_i
R —_— Ar o) Ar
R2 o Tetrahydrofuranové Lignany
v Vv

Cesta B Cesta C
o ® Cesta A

]
.
S o
J\/\ J\/\ cesn s 11}\/\ i b
1 2

R R2 R " R Dihydroxylace R R EWG )
| v OH

n

I

EWG

Cesta F G

Michaelova adice X

Cesta G
[Radicalovy coupling} Ye
RS
. .
' (CyKiizace
SET Oxidace . EWG /,
EWG -
G n
X
CestaH
SET Oxidace
R3
Ny D,
EWG ! (Kationicka Eliminace) EWG
EWG - EWG -
_R3®
G n G g
X Xl
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3. Vysledky a diskuse

3.1 Redoxni izomerizace allylickych alkoxidi

Pocatkem této prace byl vyzkum klicovych a dosud nezndmych nukleofilné
adi¢nich/izomeriza¢nich sekvenci. Pro prvotni studii izomerizace allylickych alkoholi na ketony byly
pouzity ruzné katalyzatory, napt. Ni(PPhs).Cl,, Ru(PPhs)sClz, Ru(Ind)(PPhs).Cl, RuCI(PPhs)(3-
fenylindenyl), n®-(PhsCs)Ru(CO).Cl (Bickvalliv katalyzator) a Ruz(CO)a(pu-H)(C4sPhsCOHOCC4Phs)
(Shvo kat.). Dva z nich, Wilkinsondv kat. 3-5 a dichloro(p-cymen)ruthenium(ll) dimer 3-6 byly
vybrany pro dalsi optimalizaci. Byla vyzkousena nukleofilni adice fenyllithia 3-7 na krotonaldehyd 3-
8a, nasledovand izomerizaci allylického alkoxidu 3-2 s pouzitim obou katalyzatorti (Schéma 3.1).
Nejlepsi vysledky pro izomerizaci allylického alkoxidu 3-2 byly dosaZeny pfi pouziti 2 mol% 3-6
v kombinaci s ekvimolarnim mnozstvim trimethylfosfitu jako ligandu.

Schéma 3.1: Optimalizované podminky pro nukleofilni adici/izomerizaci.?

\\PPh3
PhsP—Rh—Cl CI?{GCI'R”
PhyP "~ cl Cl
3-5 3-6
fe) OLi 2 mol% [(p-cymene)RuClyl; oL o
_ DME 2 mol% P(OMe), Hx0
PhLi + HJ\/\ ; Ph)\/\ . Ph)\/\ - Ph)J\/\
-5°C DME, 85 °C
3-7 3-8a 3-2 3-9 3-3
@ Reakce sledovana pomoci GC analyzy, dodekan (20 mol%) pouzit jako interni standard. 99%

Existence enolatu byla ovérena kontrolnimi pokusy. V prvnim byla po dokonéeni izomerizace
reakéni smés zchlazena na —45 °C a rozlozena piebytkem D,O (Schéma 3.2-a). Tato reakce poskytla
fenon 3-3D v 76% vytézku a s 90% obsahem deuteria. Snizeny vytézek (76%) lze piicist tékavosti 3-
3D.

Schéma 3.2: Ovéfeni tvorby enolatu 3-9.
a) Nukleofilni adice/lizomerizace/deuterace:

2 mol% [(p-cymene)RuCl,], 0]

O AN 2 mol% P(OMe);, DME, 85 °C
NN L pnu ——— Ph
H nasledné D,0, —45 °C D
3-8a 3-7 3-3D 76% (90% D)

b) Nukleofilni adice/izomerizace/zachyt enolatu pomoci TMSCI:

2 mol% [(p-cymene)RuCls,],

OSiMe
OY\/ 2 mol% P(OMe)3, DME, 85 °C s
+ PhLi )\/\
H nasledné TMSCI, -45 °C Ph
3-8a 3-7 3-12 kvant.

Dal$im potvrzenim existence enolatu bylo zachyceni 3-9 jako silyl enoletheru. O-Silylovana
sloucenina (Z)-3-12 byla obdrzena v kvantitativnim vytézku po pifidani 1.45 ekviv. TMSCI k reakéni
smési po izomerizaci, ochlazené na —45 °C (Scheme 3.2-b). Struktura a stereochemie produktu byla
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potvrzena NMR analyzou surové reakéni smési, ktera se se shodovala s daty diive publikovanymi pro
latku (2)-3-12.%

3.2 Syntéza dient

Ruzné substituované Michaelovy akceptory 3-16 byly piipraveny z alkylovanych latek 3-22
(Schéma 3.3). Latky 3-23 s fenylselenylovou skupinou v a-poloze ke karbonylové skupiné byly
pfipraveny reakci sodnych enolatti latek 3-22 s fenylselenyl bromidem (PhSeBr). Vzniklé a-seleno
slouceniny 3-23 jsou citlivé na svétlo a béhem syntézy a ¢isténi je nutno s nimi manipulovat ve tme.
Oxidace selenidli peroxidem vodiku na selenoxidy nasledovana spontanni syn-eliminaci* vede k a.,B-
nenasycenym latkdm 3-16. Tato formalni dehydrogenace karbonylovych sloucenin 3-22 poskytla
vysoké vytézky diend 3-16.

Schéma 3.3: Syntéza Michaelovych akceptoru 3-16.

4 4
) 1 ;) Eﬁg B i " se H,0 R’
R eBr
st ) R3MR1 22 RSWW
RS R2 THF, 0°C, 5 min RS R2 CHxClp, 0°C RS R2
3-22 3-23 3-16
3-22a - R' = -COOEt, R? = -COOEt, R3,R*=H, R®=H

3-23a (97%) 3-16a (85%)

3-22b - R'=-COPh, R?=-COPh,R%,R*=H, R%=H 3-23b (98%) 3-16b (93%)
3-22c - R' =-COOEt, R?=-CN, R®,R*=H, R%=H 3-23c (86%) 3-16¢ (86%)
3-22d - R' = -COOE, R? = -COOEt, R3 = -Me, R* = -Me, RS = H 3-23d (96%) 3-16d (94%)

3-22e - R' =COOEt, R2 = -CN, R® = -Me, R* = -Me, R5=H
3-22f - R' = -COOEt, R? = -COOEt,R® = -Me, R* = H, R®=H

3-23e (86%)
3-23f (97%)
3-23g (86%)

3-16e (80%)
3-16f (95%)
3-16g (87%)

3-22g - R' = -COOEt, R? = -COOEt, R® = CH,SiMe;, R*= H 3-23h (86%) 3-16h (95%)
3-22h - R' = -COOEt, R = -COOEt, R®=Ph,R*=H, R®=H  3.23i (91%) 3-16i (81%)
3-22h - R' = -COOEt, R? = -COOEt, R® = H, R*=H, R®=Me

3.3 Tandemova 1,2-adice/izomerizace/Michaelova adice/SET oxidace/radikalova
cyklizace/oxygenaéni reakce v syntéze funkcionalizovanych cyklickych uhlovodikii

S vyuzitim Michaelova akceptoru 3-16 (podkapitola 3.2) a predbézné optimalizovanych
podminek pro tvorbu lithného enolatu pomoci 1,2-adice fenyllithia na a,p-nenasyceny aldehyd a
nasledné katalytické izomerizace (podkapitola 3.1) byla provedena zamyslena zkiizend tandemova
reakce s nékolika anionickymi a radikalovymi intermediaty. Tandemova reakce se sklada z: 1)
nukleofilni adice riznych aryllithnych ¢inidel 3-51 na o,-nenasycené aldehydy 3-8, 2) izomerizace
katalyzované pomoci 3-6, 3) Michaelovy adice vyslednych enolati 3-52 na akceptory 3-16, 4) SET
oxidace na odpovidajici radikaly s vyuzitim selektivniho SET oxida¢niho cinidla - ferrocenium
hexafluorofosfatu 1-13, 5) radikalové cyklizace pro vystavbu péticlenného kruhu a nakonec 6)
vytvoteni C—O vazby reakci s persistentnim TEMPO radikélem 1-28, za vzniku funkcionalizovanych
péti¢lennych cyklickych uhlovodikt 3-53a-0 (Schéma 3.4). Tento sled reakci vedl k vytvoieni pouze
dvou diastereomerti cyklickych kyslikatych produktd 3-53a-m. Oba diastereomery, anti- a syn-
vykazuji trans-stereochemii na cyklopentanovém kruhu. Tato reakce vedla také ke Ctyfem
diastereomertim cyklickych produkti 3-53n a 3-530 obsahujicim exocyklické chiralni centrum.
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Schéma 3.4: Tandemova 1,2-adice/izomerizace/Michaelova adice/SET oxidace/radikalova
cyklizace/oxygenace.

2
Li R
t-BuLi o 5 mol% 3-6, o )
0,
Arpr _(2ekviv) Ar—Li + HJ\/\W 5 mol% P(OMe)3= Ar)\/\ . EWGF 7
3-50 3-51 3-8 DME 3-52 3-16
3-8aR =Me
3-8b R=H
3-8¢c R = Et (N o
Fe® PFg
(- N
EWG' EWG2Z R? R3 0
113
3-16a| COOEt COOEt H H 1-28
3-16b| COPh  COPh  H H
3-16¢c| CN COOEt H H 3
3-16d| COOEt COOEt Me Me oN
3-16e | CN COOEt Me Me +
3-16f | COOEt COOEt Me H T oTMP
3-16h| COOEt COOEt Ph H
anti-3-53
TMPO TMPQ
Y \''H
Ph
R antifsyn anti/syn anti/syn
) - o o 3-53d 65% 2.2:1 R
SoaRIYe o ’ 353¢ R=H 61% 1:2.2°
3B R - bt 26% 21 3-53f R=OMe 61% 1:3
- = o <£:
TMPO
o
MeO -
) R antlisyn 3-53i R=H essmgiy "
3-53g R=H  68% 3:1 s R= o - R*/S*
3-53h R=0OMe 68% 3:1 3-53) R=Me 52% 31 1ypg
EtO,C R
TMPO EtO,C
o} TH

Ph

Ph L , anti/syn 5'R*/5'S*
R anti/syn =" ' 3-53n R=Ph 70% 3:1 3:1/3:1

3-53k R = Me 59% 2:1 anti/syn 3-530 R=Me 64% 1.8:1 1:1.8/1:2

3-531 R=Et 61% 2:1 3-53m 49% 1:2.22

@ Dva dalsi diastereomery byly detekovany v NMR spekirech ve stopovém mnozstvi.
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3.4 Tandemova 1,2-adice/izomerizace/Michaelova adice/SET oxidace/radikalova
cyklizace/oxygenace s vyuzitim katalytického mnoZstvi SET oxidantu

Podminky pro jednoelektronovou (single electron transfer - SET) oxidaci esteru a B-amino
ester enolati s vyuzitim in situ pfipraveného katalytického SET oxidantu 1-13 a stechiometrického
mnozstvi N-oxopiperidinium hexafluorofosfatu 1-28* byly vyvinuty v nasi skupiné (Scheme 1.2).%?

Schéma 3.5: Syntéza funkcionalizovanych cyklickych uhlovodiki v tandemové reakci, ktera
kombinuje katalytickou redoxné neutralni izomerizaci s katalytickou SET oxidaci.

-BuLi 0 2 mol% 3-6, Li

_ o EWG?
ar GO ar—ti (N 2moPOMer | T |, N
DME 3-51 3-8 Ar Ewe! LR

3-50 3-52 3-16

3-8a R'=Me -

3-8¢c R'=Et ~

3-8d R' = n-Pr @e >|\/G;|<

3-8¢ R'=Ph 1-12 N SO

3-8f R!=4-OMeCgH, (10 mol%) e

3-89 R'=4-CICgH, 1-28

3-8h R'=4-FCgH,

MeO MeO

anti/syn anti/syn anti/syn anti/syn
3-53a 69% 2:1 3-53p 71% 2:1 3-53g 58% 2.5:1 3-53q 69% 1:2

OMe
anti/syn anti/syn?® anti/syn anti/syn
3-531 66% 2:1 3-53m 59% 1:2.2 3-53r 76% 2:1 3-53s 71% 2.2:1
TMPO
EtOOC
EtOOC
0]
anti/syn anti/syn anti/syn
3-53t 77% 21 3-53u  78% 2:1 3-53v. 47% 1:1:1:1 3-53w  72% 2:1:2:1.5

@ Dva dal$i diastereomery byly detekovany v NMR spektrech ve stopovém mnoZstvi.
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Obdobné podminky SET oxidace byly vyuzity v sekvenci 1,2-adice/izomerizace katalyzované
prechodnym kovem/Michaelova adice/SET oxidace/radikalové cyklizace/oxygenaéni reakce
(Schéma 3.5). Tato bezprecedentni tandemova reakce, spojujici redoxné neutrdlni izomerizaci a
katalytickou SET oxidaci, ve které zredukované oxidacni Cinidlo skon¢i jako soucast cilové
molekuly, je proto dvojité katalyticka a zaroven ,, atomové usporna.* Nukleofilni adice aryllithného
¢inidla 3-51 na o,B-nenasycené aldehydy 3-8, izomerizace katalyzovand 3-6, Michaelova adice
vyslednych enolati 3-52 na akceptory 3-16, nasledovana adici katalytického mnozstvi ferrocenu 1-12
a nasledné postupné pridavani 1-28" poskytla funkcionalizované cyklické uhlovodiky 3-53
(Schéma 3.5).

Mechanismus katalytickych i stechiometrickych tandemovych reakci mize byt zdivodnén
nasledovné (Schéma 3.6). 1,2-Adici aryllithia 3-51 na a,B-nenasycené aldehydy 3-16 vznikne lithny
alkoxid 3-54. Vznik enolatu 3-52 z 3-54 s vyuzitim katalytické izomerizace pfechodnym kovem
pomoci 3-6 a nasledna Michaelova adice na akceptor 3-16 vede ke vzniku syn- a anti-enolat 3-59.%°
Cyklus katalytické SET oxidace za¢ina oxidaci katalytického ferrocenu 1-12 N-oxopiperidiniovou soli
1-28", ktera byla ptidavana po malych davkach, a vede ke vzniku katalytického mnozstvi ferrocenium
hexafluorofosfatu 1-13. Enolaty syn- a anti-3-59 diky SET oxidaci katalytickym mnozstvim 1-13
vytvoii a-karbonyl radikaly syn- a anti-3-60. Radikaly 3-60 se icastni 5-exo-trig cyklizace (R®*=H v
3-16) za vzniku radikalta syn a anti-3-61, které reaguji s perzistentnim radikélem 1-28, vzniklym
katalytickou redoxni reakci mezi 1-12 a 1-28*. Naproti tomu za stechiometrickych podminek (Schéma
3.4), radikdly syn- a anti-3-60 vznikaji uzitim stechiometrického mnozstvi 1-13 v piitomnosti
perzistentniho radikalu 1-28, ktery je obvykle pfidan ve stechometrickém mnozstvi pfed SET oxidaci,
napf. pred adici 1-13.

Schéma 3.6: Mechanismus tandemovych reakci kombinujicich  dvouelektronovou i
jednoelektronovou katalyzu

-Li
e M 749
Ar ©)
COR* R3 R4 R4
+
X
H H

3-
onse R2 R2
Ar-Li 3.51 )\/\R1 R® R
3-52 anti-3-58
OLi
)\/\ [Ru(p-cymene)Cl,], 3-6
Ar R’ P(OMe)s, 2 mol% (1:1)
3-54
/E-HRUCIZ 84°C, 15 min.
LiCl
@/RULHC| ORuLnClI Dvouelektronové déje

Redoxni N

Al’%w izomerizaéni 3.57 __,—“'/
3-55 cyklus / T
. .RuLnC

Jednoelektronové déje

anti-3-53 syn-3-53 anti-3-61 syn-3-61
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3.5 Tandemova 1,2-adice/izomerizace/Michaelova adice/SET oxidace/radikalova
cyklizace/karbokationicka terminaéni reakce

Oxidativni tandemova reakce s intermediaty tii riznych oxidacnich stavli (anion, radikal a
kation) byla provedena s pouzitim SET oxidantu 1-13. Aby byla zajisténa SET oxidace uhlikatého
aniontu na radikal a radikalu na kation, byl zvolen substrat 3-16g s allylickou trimethylsilylovou
skupinou, kterd stabilizuje radikaly a umozituje SET oxidaci radikdlu na kation (Schéma 3.7).
Reakéni sekvence byla provedena s vyuzitim krotonaldehydu 3-8a, fenyllithia 3-7 a Michaelova
akceptoru 3-169 jako vychozich latek. V nepfiromnosti TEMPO 1-28 a s vyuzitim dvou ekvivalenti
SET oxidantu 1-13 reakce poskytla vinylcyklopentan 3-67 v 64% vytézku s 2:1 anti:syn
diastereoselektivitou.

Schéma 3.7: Tandemova 1,2-adice/izomerizace/Michaelova adice/SET oxidace/radikalova
cyklizace/desilylace.

: 5 mol% 3-6
o MesS 10 mol% P(OMe)s,
HJ\/\ + PhLi + E0OC ¢ poté 2 ekviv. 1413
3-8a 3-7 EtOOC \
3-16g

64%, anti/syn 2:1

Schéma 3.8: Mechanismus tandemové reakce s kationickych zakonéenim.

SiMe3

EtO o SiMes
EtO Fe® PFg )
- COOEt
EtooC e /
1-13 0 EtooC e COOF!
w—H * O)
Ar A sy —H
1 ' R'
R H
)oi/\ SiMes syn-3-59g anti-3-59g syn-3-60g anti-3-60g
NS
m : 5-exo-trig
3-52

anti-+3-67 —SiMe;
syn-3-67

anti-3-68 anti-3-61g

Mechanismus vzniku vinylcyklopentanu 3-67 z jednoduchych vychozich latek 3-8a, 3-7 a 3-
169, je vysvétlen takto: enolat 3-52 ziskany dvouelektronovym anionickym a pfechodnym kovem
katalyzovanym procesem (Schéma 3.1) podléha Michaelové adici na 3-16g za vzniku syn- a anti-3-
599.%° SET oxidace 3-59g prvnim ekvivalentem 1-13 generuje radikaly syn- a anti-3-60g, které 5-exo-
trig radikalovou cyclizaci vytvafi radikaly syn- a anti-3-61g. Radikalova cyklizace probiha pies
zidlickovou konformaci - Beckwith-Houkuv tranzitni stav. SET oxidace elektronové bohatych a lehce
oxidovatelnych [B-silyl radikala 3-61g druhym ekvivalentem 1-13 poskytuje syn- a anti-3-68.
Karbokationty 3-68 po desilylaci poskytuji syn- a anti-3-67.
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3.6 Syntéza 1,4-diketonu a tetrahydrofuranovych lignani

Enolat vytvofeny tandemovou 1,2-adici/izomerizaci byl doposud zapojovan do
dvouelektronového dé&je - jako nukleofil v Michaelové adici. Tento enolat vSak muze byt také
zapojen do jednoelektronového déje napi. v tandemové 1,2-adici/izomerizaci/radikalové dimerizaéni
reakci (Schéma 3.9). S vyuzitim rizné substituovanych aryllithnych ¢inidel 3-51 a a,f3-nenasycenych
aldehydua 3-8 byly ziskany 1,4-diketony 3-69a-0 katalytickou izomerizaci a SET oxidaci s 1-13 ve

vysokych vytézcich.

Schéma 3.9: Syntéza 1,4-diketona v tandemové 1,2-adici/izomerizaci/dimeriza¢ni reakci.

Ar-Br o
THF or DME [Ru(p-cymene)Cl,],: P(OMe);
3-50 4()» Ar-Li + Ar)K/\R Ar
o -78°C 3.51 2.8 1:1 (2 mol%), 78 - 84 °C
#Buli nasledné 1-13, -78 °C 3-69
o} (o} O 0
OO NS O »
/ o o
d/l:meso d// meso d/l:meso d/l:meso
3-69a 95% 6:1 DME 3-69b 62% 5:1 DME 3-69¢c 71% 3:1 THF 69% 7:1 DME
(0] (0] 3-69d 84% 6:1 THF
(0]
00 e
a: \0
d/l:meso meso
Wimeso 389F 62% 6.5:1 THF 3-69g 60% 3:1 THF dimeso O
3-69e 61% 7:1 DME 369h 68% 3:1 THF
(0] O ‘
O
<o > O O y
SI _Si Ly
Ne} (0]
© X | d/l:meso \7<
d/l:meso 3-69) 41% 4.5:1 DME
3-69i 65% 3:1 THF

(0)
3-69k d/:meso
65% 7:1 DME

d/l:meso d/l:meso c d/l:meso
3-691 51% 3:1 DME 3-69m 62% 4:1 DME 3-69n  74% 7:1 DME 3-690 61% 7:1 DME

Prevazujici diastereomery, napf. d/l dvojice 1,4-diketonu 3-69, piipravena SET
oxidaci/radikalovou dimerizaci enolat ketonu, byly ¢astecn€ nebo Upln€ oddélitelné od minoritnich.
Par d/l dimert 3-69g, 3-69h, 3-69i a 3-69j byl vyuzit v syntéze tetrahydrafuranovych lignant
(Schéma 3.10). Redukce pievazujiciho diastereomeru 3-69g 1.1 ekvivalenty lithium aluminium
hydridu (LAH) v THF za pokojové teploty poskytla surovou smés diola - tfi diastereomeri v poméru
1:1.6:5 v kvantitativnim vytéZku. Surova smés diolti byla podrobena reakci s mesylchloridem a
triethylaminem v dichlormethanu pii 0 °C za vzniku tetrahydrofuranového lignanu (z)-galbelginu 3-
73a a (x)-veraguensinu 3-73b v 78% vytézku a 2:1 diastereomernim poméru. Obdobné, dimer 3,4,5-
trimethoxypropiofenonu 3-69h poskytl (+)-grandisin 3-74a a (z)-beilschmin B* (epigrandisin) 3-74b
v poméru 3:1, zatimco dimer 3,4-methylenedioxy-propiophenonu 3-69i poskytl (+)-galbacin 3-75a a
jeho diastereomery 3-75b v poméru 2:1.%7
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Schéma 3.10: Syntéza racemickych tetrahydrofuranovych lignand.

o RN

80/0, 2:1

1) LAH 1.1 ekviv.
THF, RT

B ———————
2) EtzsN, MsCl \
DCM, 0 °C

—0

O

3-73a (+)-galbelgin 3-73b (+)-veraguensin

@JQ@(

3-74b (

LAH 1.1 ekviv. O
THF, RT

LI
0~ 2)Et;N,MsCl O
DCM, 0 °C J
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@7 (@ d©>

70%, 2:1 3-75b

69%, 3:1 )-beilschmin B

o

o ,

( 1) LAH 1.1 ekviv.

0 73 THF, RT ©
_—
2)Et;N,MsCl O

DCM, 0 °C

3-69i

3-75a (+)-galbacin

3.7 Asymetricka syntéza a-hydroxyketont

Bylo prozkoumano vyuziti enolatu vzniklého 1,2-adici/izomerizaci pro vznik o-hydroxy
ketoni Rubottomovou oxidaci in situ pfipraveného silyl enoletheru. Podminky Sharplessovy
asymetrické dihydroxylace s vyuzitim AD-mixu-a a methansulfonamidu ve smési s t-butanolem a
vodou byly vyuzity pro asymetrickou oxidaci (Schéma 3.11). Lithium-halogenova vyména/1,2-adice
3-81 na 3-8b nasledovana rutheniem katalyzovanou izomerizaci a zachycenim enolatu trimethylsilyl
chloridem poskytla 3-82a (Schéma 3.11 nahote). Smés AD-mixu-o a methansulfonamidu v t-butanolu
a vodg, pripravena za 0 °C Vv jiné bance, byla pfidana k silyl enol etheru 3-82a. Reakce pii 0 °C
poskytla keton 3-72e v 62% vytézku. Zopakovanim reakce po odstranéni DME po vzniku 3-82a
poskytlo stejny vysledek. Bohuzel, pouziti terc-butyldimethylsilyl chloridu na zachyceni enoléatu
vedlo k nizkym vytézkam a-hydroxy ketonu 3-83 s 91% ee (Schéma 3.11 dole).

Schéma 3.11: Asymetricka syntéza a-hydroxy ketonu 3-83.

Provedeni "one pot"

Reakce. 1 r 7
o [Ru(p-cymene)Cly], OTMS AD-mix-a 0
/O Br P(OMe);, DME /O N NH,SO,Me /o
+ t-Buli + JI\/ —_——
~o 5 ekviv. nasledng TMSCI | ~_ t-BuOH:H,0 o
3-81 ~ 3-8b —78°C,1h © o 3-72e 62Y%
L 3-82a - °
Reakce. 2 0
o Br o [Ru(p-cymene)Cl,], OTBS AD-mix-a o
- . P(OMe)3;, DME 0 ™ NH,SO,Me -~ -
+ t-BuLi + J\/ _° ° . 6H
~o0 o ekviv. nasledné TBSCl | _ +BUOH:H,0 g
: i o A
3-81 3-8b 78°Ctort,15h 0°C 3.83 25.30%,91% ce
+

~ 3-82b (Z)-enol ether™
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Souhrn

Byl prozkoumén novy tandemovy proces kombinujici reakéni kroky zprostiedkované
kovy hlavnich skupin, katalyzu pfechodnymi kovy a radikalové kroky. Prace zapocala
vybérem katalyzatoru pro redoxni izomerizaci alkoxidu 3-2 na keton 3-3, vychazejici z
allylového alkoholu 3-1. Na zakladé poc¢ate¢niho vybéru katalyzatoru byly optimalizovany
podminky pro 1,2-adici fenyllithia 3-7 na krotonaldehyd 3-8a, nasledovanou izomerizaci pies
enolat 3-9. Vznik enoldtu 3-9 byl potvrzen kontrolnimi experimenty, napiiklad zachytem
tohoto enolatu za vzniku silyletheru 3-12 a také deutera¢nimi experimenty.

Michaelovské akceptory 3-16 byly ptipraveny alkylaci nasledovanou o-selenaci a
eliminaci selenoxidu. Poté, co byl potvrzen piistup k enolatu 3-9 a dostupnost akceptora 3-
16a-j, byla prozkoumana zamyslena tandemova reakce za ucelem prokazani fizené¢ho vyuziti
dvou- a jednoelektronového pienosu. Vyuzitim rozmanitych intermediati v rdznych
oxidac¢nich stavech byly v jedné barnce piipraveny funkcionalizované karbocykly 3-53a-0. Ve
vSech cyklizaénich reakcich byla pozorovana vyluéné trans- diastereoselektivita vzniku
cyklopentanového kruhu.

Tandemova 1,2-adice/katalytickd izomerizace/Michaelovska adice/jednoelektronova
oxidace/radikalova cyklizace/oxidace byla vyvinuta s vyuzitim katalytickych podminek pro
jednoelektronovou oxidaci, pii které stechiometricky oxidant 1-28" putisobi jako ¢inidlo a
zaroven je zabudovan jako funk¢ni skupina do molekuly, coz zvySuje efektivitu tandemové
reakce. S vyuzitim této dvojité Kkatalytické tandemové reakce byly pfipraveny vysoce
funkcionalizované derivaty cyklopentanu a cyklohexanu. Syntéza vinylcyklopentanu 3-67
za pouziti nadbytku 1-13, probihajici skrze desilylaci a snadno oxidovatelny cyklicky radikal
3-61, poukazuje na potencial k rozsifeni tandemové sekvence o dal$i karbokationické reakéni
kroky.

1,4-Diketony 3-67 byly pfipraveny za vyuziti enolati v jednoelektronové
oxidaci/radikélové dimerizacni reakci s oxidantem 1-13. Byla téz prozkoumana selektivita
tvorby 1,4-diketonti vzniklych dimerizaci enolatti odvozenych od ketonti 3-72. Z knihovny
ziskanych 1,4-ketont 3-67 pak byly majoritni d/I-diastereomery vyuzity k totalni syntéze
tetrahydrofuranovych lignant (+)-galbelginu 3-73a, (£)-veraguensinu 3-73b, (z)-grandisinu
3-74a, (x)-beilschminu B 3-74b, (%)-galbacinu 3-75a, (%)-fragransinu A; 3-78a a (%)-
odoratisolu 3-78b.
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Rovnéz byla prozkoumana moznost enantioselektivni syntézy a-hydroxyketonu 3-83
kaskadou reakci, sestavajici se z 1,2-adice/izomerizace/tvorby silyl enol etheru a asymetrické

dihydroxylace, vSe v jedné barce.

Vyhled do budoucna: Vyvinuté tandemové sekvence spojuji reakce kova hlavni skupiny,
piechodnych kovt, radikélové reakce za vyuziti katalytické ¢i stechiometrické oxidace a
kationické elimina¢ni reakce. Ukazuji zptisob jak vyuzit rozmanité meziprodukty v odlisnych
oxidacnich stavech v jednotlivych stadiich reakce. Rozmanitost intermedidt v jedné bartice
mé potencidl ke ziskani zna¢né syntetické flexibility. Tato prace otvird cestu k rychlému
dosazeni molekularni komplexity v cilenych, redoxné ekonomickych syntézach. Celkové
muze byt vyvinuta tandemova reakce i jeji dil¢i ¢asti, naptiklad optimalizované podminky

katalytické izomerizace, uzite¢né i pro dalsi aplikace.
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