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Abstract

This thesis describes the development of new thermal and oxidative radical cyclization
methodologies and their application to the total syntheses of alkaloids, particularly to bridged
diketopiperazine (DKP) alkaloids.

A practical solvent free approach to diverse DKPs and quinazolines is described. The
methodology proceeds by thermal silica gel mediated deprotection of the Boc protecting group and
intramolecular condensation of the resulting free dipeptides and tripeptides. It was applied to the total
syntheses of alkaloids glyantrypine and ardeemin.

A major part of the thesis concerns with the discovery and applications of novel diketopiperazine
derived alkoxyamines. Their propensity to undergo facile thermal C-O bond homolysis to generate
captodative DKP radicals and persistent TEMPO radical allowed using them as radical surrogates. The
methodology takes advantage of the persistent radical effect (PRE).

The methodology based on PRE was applied in an asymmetric approach to the alkaloid

asperparaline C. An asymmetric synthesis of a very advanced precursor to asperparaline C, 8-
oxoasperparaline C, was accomplished in 11 steps and 15% overall yield. The key steps of the synthesis
include a direct oxidative cyclization of DKPs, regioselective furan dearomatization with singlet oxygen
and a reductive radical spirocyclization. The PRE-based methodology was also applied as a conceptually
new approach to diverse bridged DKPs. DKPs with widely variable ring sizes were efficiently
synthesized. A formal synthesis of antibiotic bicyclomycin was achieved using this methodology.
The DKP derived alkoxyamines displaye some unusual features. An unusual trans/cis isomerization at
the anomeric center was discovered and its kinetics were determined by *H NMR spectroscopy. The
kinetics of the PRE mediated radical cyclizations were also investigated by *H NMR spectroscopy.
These studies provided deep insight into the mechanisms operating in these PRE mediated
transformations.

Souhrn

Tématem diserta¢ni prace je vyvoj nové metodologie termalni a oxidativni radikalové cyklizace
a jeji aplikace v totalni syntéze alkaloidli, konkrétné¢ piemosténych diketopiperazinovych (DKP)
alkaloidu.

Popisuje praktickou a rozpoustédel nevyuzivajici syntézu riznych DKP a quinazolint. Syntéza
je zaloZena na termalni deprotekci Boc-skupiny za pomoci silikagelu a nasledné intramolekularni
kondenzaci vzniklych volnych dipeptidi a tripeptidii. Metodologie byla uplatnéna v syntéze alkaloidt
glyantrypinu a adreeminu.

Hlavni ¢ast disertace je vénovana objevu a aplikaci novych, od DKP odvozenych alkoxyamind.
Jejich sklon snadno podléhat homolyze C-O vazby, kterou vznikaji kaptodativni DKP radikaly a
perzistetni TEMPO radikal, umoziuje jejich pouziti jakozto radikalovych prekurzori. V metodologii se
uplatiiuje vyhoda tzv. perzistetniho radikalového efektu (PRE).

Metodologie zalozend na PRE efektu byla pouzita v asymetrické syntéze alkaloidu
asperparalinu C. Asymetricka syntéza pokroé¢ilého prekurzoru asperparalinu C, 8-oxoasperparalinu C,
byla dokoncena v 11 krocich s celkovym vytézkem 15 %. Kli¢ové kroky syntézy zahrnuji ptimou
oxidativni cyklizaci DKP, regioselektivni dearomatizaci furanu singletovym kyslikem a reduktivni
radikalovou spirocyklizaci. Metodologie zaloZzena na PRE efektu byla taktéz pouzita jako konceptualné
nova cesta, ktera vede k rozliénym premosténym DKP. DKP se §irokym rozmezim velikosti kruhu byly
efektivné pfipraveny. Pouzitim této metodologie byla dosazena formalni syntéza antibiotika
bicyklomycin.

Alkoxyaminy odvozené od DKP vykazuji nékteré neobvyklé vlastnosti. Byla objevena
netypicka trans/cis izomerizace na anomerickém centru, jejiz kinetika byla stanovena H NMR
spektroskopii. Taktéz za pomoci *H NMR spketroskopie byla studovana kinetika PRE efektem
zprostiedkované radikalové cyklizace. Tyto poznatky umoznily hluboky vhled do mechanismu PRE
zprostiedkovanych transformaci.



1. Introduction

Bridged alkaloids, containing a central diazabicyclo[n.2.2]alkane ring system (n > 2), constitute an
ever-growing class of secondary metabolites. They are derived from simple DKP scaffolds by enzymatic
oxidative transformations by connecting positions 3 and 6 (Figure 1). Exceptional diversity is observed
among these alkaloids because of different bridge types and sizes (Figure 1.1.). Members of the
superfamily of prenylated indole alkaloids (n = 2) such as brevianamide A (1.1) are the most common
bridged DKP alkaloids in Nature.! Metacyclophane type azonazine? (1.2) (n = 6) and mycocyclosin (1.3)
(n = 8)2 are metabolites formed by oxidative coupling of aromatic side chains of the involved amino
acids tyrosine and tryptophan and have longer bridges. The unusual antibiotic bicyclomycin* (1.4) and
cottoquinazoline D (1.5) are examples of rarely encountered bridged DKP alkaloids with heteroatom
bridges. The latter has the DKP unit condensed with an anthranilic acid to form a quinazoline ring
system.® Epipolythiodioxopiperazines (ETP),® such as gliotoxin (1.6), bear bridges consisting of only

sulfur atoms.
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Figure 1.1. Diversity of bridged DKP alkaloids.

Brevianamide A is a prototypical representative of a prenylated indole alkaloids family,
containing the diazabicyclo[2.2.2]octane core structure, consisting of more than 70 members having
diverse structures (Figure 1.2). The structural diversity within the family results in a broad spectrum of
bioactivities exhibited by these alkaloids such as insecticidal, cytotoxic, anthelmintic, and antibacterial
properties. The dimeric stephacidin B shows strong antitumor activity. Its antiproliferative activity is
believed to be associated with its monomeric form avrainvillamide whose unusual vinyl nitrone moiety
can be attacked by thiol groups of biomolecules.”. The asperparalines show strong paralytic activities
against insects and recent studies aimed at elucidating their mechanism of action showed that
asperparaline A strongly and selectively blocks insect nicotinic acetylcholine receptor (hAAChR).2

(-)-stephacidin B (1.29)

H, H, asperparaline A (1.24) asperparaline B (1.25)  asperparaline C (1.26)
O, 16-keto aspergillimide (1.27)

Figure 1.2. Representative alkaloids that contain the diazabicyclo[2.2.2]octane ring system.

Because of their useful biological properties associated with challenging structures this family
of alkaloids attracted significant interest from synthetic chemists, especially in the last decade. A
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plethora of methods and approaches employing various reactive intermediates and strategies is a
testament to the importance of these natural products.® Many of them were synthesized but the
asperparaline subfamily, comprising asperparalines A, B, C and ketoaspergillimide (1.24-1.27), elude
total synthesis efforts despite that they were isolated almost twenty years ago and considerable interest
and efforts from leading laboratories.

Aims of the work: hypotheses and analysis of potential problems

In line with long-standing interests of the Jahn laboratory in the development of
heterointermediate reaction sequences it was decided to test the possibility of a heterointermediate
approach to these alkaloids (Scheme 2.1). Single electron transfer (SET) oxidation mediated by
ferrocenium hexafluorophosphate (1.84) would enable a redox switch from the DKP enolate 111 to a
DKP radical 1V, which was expected to undergo 6-exo-trig cyclization to pendant alkene to generate
the bridged ring system and tertiary radical V, which would further be oxidized to tertiary carbocation
VI followed by nucleophilic attack of the indole ring in the final stage to give II.
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Scheme 1.1. Heterointermediate reaction sequences toward prenylated indole alkaloids containing the
diazabicyclo[2.2.2]octane core structure and some possible pitfalls (dashed arrows).

However, analysis of the proposed approach reveals some issues that can hamper the possibility
of achieving the goal. Problems or difficulties might arise from the inherent reactivities of the involved
intermediates or unfavorable energetics of some key transformations. For example, dimerization and H-
atom abstraction are the main side reactions of radical species when the radical cyclization is too slow
and B-elimination of carbocations can terminate the reaction sequence prematurely. While the energetics
of 6-exo-trig radical cyclization is difficult to predict, it was hoped that, provided radical generation is
possible the cyclization will take place readily. The low temperature conditions under which the radical
has to be generated might be problematic if the radical cyclization is too slow.

Being aware of these challenges, the initial aims of this work were:

1) To develop efficient synthesis of advanced DKP intermediates and model
compounds to study the projected oxidative cyclization of DKP enolates;

2) To study oxidative enolate chemistry of DKPs using the methodologies developed
in the Jahn group;

3) If successful, to develop new approaches to bridged DKP alkaloids containing the
bicyclo[2.2.2]diazaoctane core structure;

4) To apply the developed methodology in the synthesis of selected alkaloids;



5) To study the possibility of extending the developed methodologies for the synthesis
of non-natural highly three dimensional conformationally constrained bridged DKPs
and bicyclomycin type architectures (bicyclo[n.2.2]piperazinediones, n>2).

In addition, the main aim of this study was to develop a unified, practical, general and
conceptually new radical approach to diverse bridged DKPs. We hypothesized that application of the
persistent radical effect (PRE) would be an attractive atom-economic solution to these
shortcomings.™* This powerful principle governs the selective cross-coupling of different radical
species one being transient and the other persistent, if they are generated at equal rates. A new class of
DKP derived alkoxyamines were developed for this purpose. Central to the developed method is the
facile and reversible thermal bond homolysis of hitherto unknown alkoxyamines A to generate
captodatively stabilized transient DKP radicals R and the persistent radical TEMPO (Scheme 1).1281
This degenerative process confers a sufficiently long lifetime for radical R to undergo irreversible
endo or exo cyclizations to pendant alkene units depending on the tether length and substitution
pattern, steering the equilibrium to the bridged DKP products.
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Scheme 1.2. Known polar approaches to the bridged DKP core of B and a new radical approach based
on the persistent radical effect (PRE)

An approach to asperparaline C was developed which allowed accessing advanced intermediates
to asperparaline C and unnatural analogs. Diverse bridged DKPs with variable ring sizes were
synthesized using this approach and a formal synthesis of bicyclomycin was also achieved. Additionally,
during these studies, a short and practical approach to quinazoline alkaloids was developed which led
to a four step total synthesis of a potent multidrug resistance inhibitor ardeemin:
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Results and Discussion

2. A practical approach to DKPs and quinazolinones and initial studies to achieve oxidative radical
cyclizations

To initiate studies which were proposed in the aims of the work a practical and scalable
approache to simple DKPs had to be developed. Unaible to reproduce the reported approach by Baran a
new solvent free silica gel mediated synthesis of DKPs were developed which consisted of heating the
silica gel preadsorbed Boc-protected dipeptides at high tempererature. Simple transfer of the solid



reaction mixture to short packed column and eluting the products gave various DKPs in high yields
(Scheme 2.1).
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Scheme 2.1. Silica gel mediated synthesis of diverse DKPs from dipeptides.

Double cyclization reaction to access quinazolines 2.28 was attempted. The desired transformation
took place when the tripeptides 2.27a-c, adsorbed on silica gel, were heated to 190 °C and
guinazolinones 2.28a-c were obtained in good yields (Scheme 2.2). The natural product (+)-
glyantrypine (2.28b) was formed in highest yield of 67% and a near-gram amount was obtained in a
single batch. Importantly, no racemization took place and 2.28b was obtained with a specific rotation
[a]*%> = +547 (c 0.12, CHCIs) after recrystallization from methanol in accordance with the literature
data, for which absolute values in the range of 522-541 were reported for both enantiomers.
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Scheme 2.2. Silica gel mediated double cyclization of tripeptides 2.28a-c.

Next, the tripeptide 2.33 was prepared from D-alanine methyl ester (2.31), isatoic anhydride and
Boc-protected L-tryptophan 2.9 with the aim of its cyclization. The double cyclization worked as
expected but significant epimerization at the tryptophan stereocenter was observed and the
chromatographically separable trans- and epimeric cis-diastereomers 2.34a-b were obtained in 37% and
46%, respectively (Scheme 2.3). This result reveals the lability of the Cl-stereocenter towards
epimerization under the reaction conditions which could be due to strongly conjugated C6-benzene-
N11-C1 system leading to enolization via intermediate such as 2.34c¢.!
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Scheme 2.3. Epimerization at C-1 via intermediate 2.34c.
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The trans-isomer 2.34a was converted to anti multidrug resistance agent ardeemin (2.37) and
its diastereomer 2.38 in a single step using the recently reported iridium-catalyzed reverse prenylation
method.*? Thus, this approach represents a biomimetic approach to ardeemin because it was recently
shown that in Aspergillus fischeri 2.37 is biosynthesized by the reverse prenylation of 2.34a by a prenyl
transferase enzyme ArdB. The stereochemistry of 5a,16a-epi-ardeemin side product 2.38 was assigned
based on the observed NOEs as shown in Scheme 3.4.
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Scheme 2.4. Biomimetic synthesis of ardeemin.

Initial studies to achieve direct oxidative cyclization using the tryptophan derived DKPs 2.39a
and 2.39b did not lead to the cyclization products. A dimeric DKP 2.41 was formed when the enolate
was oxidized at -78 °C. An interesting Chan-rearrangement took place that led to a ring contracted
product 2.44 when the enolate of 2.39b was warmed to enhance the desired cyclization.
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Scheme 2.5. Initial results to achieve direct oxidative radical cyclizations.

3. A PRE mediated approach to diazabicyclo[2.2.2]octanes

In parallel with the above indole side-chain containing model compounds, studies with less
complex model DKPs lacking the indole unit were also carried out. Although again no cyclization was
achieved, SET oxidation in the presence of TEMPO gave hemiaminal ether type alkoxyamine 3.1, 3.7
and 3.11a-d in high yield as a stable colorless solid after chromatography.
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Scheme 3.1. Synthesis of DKP derived alkoxyamines.
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Heating solutions of alkoxyamines 3.1 and 3.7 in degassed tBuOH at 130 °C in a sealed tube
for 1.5-2 h afforded diazabicyclo[2.2.2]octan-3,6-diones 3.5 and 3.8 resulting from 6-exo-trig
cyclizations in high yields indeed obtained in high yield, albeit with no diastereoselectivity. In case of
the 2-bromobenzyl protected alkoxyamine 3.7 a small amount of 7-endo-trig cyclization product 3.9
was also isolated.

PG PG
PG”N tBuOH N 2 N 2
o N N
| 19 S
3.1, PG =Me 3.5, 86%, d.r. 1:1 not observed
3.8, PG = 2-bromobenzyl 3.8, 78% ,d.r. 1.2:1 5%

Scheme 3.2. The PRE mediated thermal cyclioisomerization of alkoxyamines 3.1 and 3.8.

Thermal cyclizations of alkoxyamines 3.11a-d, having the pendant prenyl groups, were
investigated next. Instead of products 3.12a-d, containing TEMPO unit, proprenyl group contaning
products 3.13a-d were obtained as a result of elimination of TEMPOH. It is a known fact from the
literature, that alkoxyamines, in which TEMPO-fragment is attached to t-butyl-type fragments, are
unstable and easily undergo TEMPOH elimination.*

o /)
TMPO TMPO H / H
N 130°C - TEMPOH - /
PG - /PG PG
N e 2O + 1~ 0
PG” tBuOH N N
N N N
o
syn-3.13 anti-3.13
3.11a-d 3.12a-d
yield dr.
PG % syn:anti
a Me 88 1:1
b Bn 92 31

¢ benzhydryl 92 17:1

d Boc 73 1:1.3

Scheme 3.3. Thermal cyclizations of alkoxyamines 3.11a-d.

Clear influence of the bulkyness of the protecting groups on the diastereoselectivity is observed.
In the case of N-Me containing alkoxyamine 3.11a the reaction is not diastereselective, while N-benzy!l
group induced 3:1 diastereoselectivity and the diastereomers syn-3.13b and anti-3.13b could be
separated. Interestingly, little diastereoselectivity in favor of the anti-diastereomer was observed in the
case of N-Boc protected substrate 3.11d. Remarkably, the bulkiest benzhydryl group in 3.11c induced
17:1 diastereoselectivity in favor of the desired syn-diastereomer syn-3.13c. The structures of both syn-
3.13c and anti-3.13d were confirmed by X-ray crystallography.

Figure 3.1. X-ray structures of bicyclic compound syn-3.13c and anti-3.13d.



4. Evolution of a synthetic strategy for asperparaline C

With a new PRE mediated alternative approach to the core structures of alkaloids having the
core diazabicyclo[2.2.2]diazaoctane structure developed, three main strategies to asperparaline C were
investigated as a means to rapidly access advanced intermediates such as A and B (Scheme 4.1). In a
most straightforward approach (a), functionalization of the bridgehead C-H group of bicyclic
intermediates such as a-1 was envisioned. If successful, this strategy would allow developing a
modular synthesis of advanced intermediates such as B from already synthesized 3.13a-d.

b-2 ®) H tandem radical

b

(b addition/cyclization

P = bridgehead
»\H funct:onahzat:on pGO
/ [e) fr—
N
N

asperparaline C (ent-1.26)

Q=0o0rNR (c) 5 -exo-trig/6-exo-trig
cascade

{ @4 L
N - NG
S S
Scheme 4.1. Three approaches to asperparaline C.

Alternatively, intermediates such as B can also be approached convergently, where the PRE-
mediated methodology is extended to an inter- and intramolecular tandem process (approach (b)).
Radical R-, thermally generated by the homolysis of a suitable alkoxyamine such as b-2 in the
presence of an unsaturated DKP b-1, can attack the terminal double bond of b-1. Subsequent 6-exo-
trig cyclization/TEMPO-trapping/ TEMPOH elimination processes would also provide a modular
approach to bridgehead functionalized advanced intermediates. Finally, despite that no alkoxyamines
such as c-2 were neither observed nor isolated during the initial studies with tryptophan derived DKPs,
their in situ generation and thermal homolysis had to be tried (approach (c)). The direct construction of
all rings of asperparalines by a 6-exo-trig/5-exo-trig cascade process makes this approach very
tempting to try.

To test the feasibility of approach (a), an effort to functionalize the bridgehead position of
bicyclic compound syn-3.13b was undertaken. Upon reacting syn-3.13b with LDA in the presence of
TMSCI, product 4.1 which would form by silylation of bridgehead enolate, was not observed but an
efficient silylation of the benzylic position took place to give 4.2 as a 1.5:1 mixture of diastereomers.
The structure of the major diastereomer of 4.2 was proven by X-ray crystallography. Apparently,
benzylic position is significantly more acidic compared to the bridgehead position, deprotonation of
which would generate anti-Bredt enolate. The deprotonation seems to be governed by the well-known
complex-induced proximity effect (CIPE) pioneered by Beak and others.*®
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Scheme 4.2. An attempted bridgehead silylation of syn-3.12b and X-ray structure of actual product 4.2.



Next, proposal (b) was evaluated. Unsaturated DKP 4.6 was synthesized by two approaches.
When 4.6 and excess alkoxyamine 4.7 were heated in a microwave reactor at 180 °C for 15 min the
desired transformation took place with 61% isolated yield of the expected product 4.8, albeit with a
rather low 2:1 diastereoselectivity. It is important to note that, under conventional heating conditions in
a sealed tube at 130 °C or at higher temperatures little conversion was observed even after several hours.

(CH,0)n, NaH
THF, 100 °C,
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50-63% o o
o o ~ M P
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CH,=NMe,]*I" o) 15 min,
[CHo=NMe,] | 61%, d.r. 2:1
1. Mel, MeCN

3.10b 2. K,CO3, MeOH

71% overall

Scheme 4.3. A tandem radical addition/cyclization approach to the diazabicyclo[2.2.2]octane core.

Despite its attractiveness, there are some practical limitations of this approach. First and most
important is the low diastereoselectivity of the product, which is a consequence of high reaction
temperature. When the diastereomers are inseparable as is the case for 4.8, low diastereoselectivity
hampers further advancement.

4.4. Direct cyclization of DKPs by oxidative in situ generation of alkoxyamines

An asymmetric synthesis of DKP (R)-3.10a was then developed to initiate synthetic studies
towards ent-1.26. Seebach’s principle of self-regeneration of stereocenters (SRS)* was used to
introduce the asymmetric quaternary carbon center using 4.9. Thus, 4.9 was synthesized on gram scale
using the reported method.'” Prenylation of the enolate derived from 4.9 gave ozaxolidinone 4.11 in
high yield as the single diastereomer. When 4.11 was reacted with 2 M methylamine solution in
methanol poorly separable mixture of desired pyrrolidine 4.12 and the N-formyl pyrrolidine side product
4.13 was obtained. The fractions contaminated with formyl pyrrolidine 4.13 were deformylated by
refluxing with NaOH in ethanol. Pyrrolidine 4.12 was converted to DKP (R)-3.10 by a two-step/one-
pot protocol via bromoacetamide 4.14 which was cyclized to (R)-3.10 without isolation under phase-
transfer catalysis conditions.

NaOH,
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ClsC 79% ClsC 412 413
4.9 411 ° K,COy, .
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"\)‘L
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HLN NaOH, Et;NBn*CI, o N
N CH,ClHO,rt. | Nt
B 80-85% <
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| over two steps |
(R)-3.10a 414

Scheme 4.4. Prenylation of chiral oxazolizidnone 4.10 and conversion to (R)-3.10.

With chiral DKP (R)-3.10 in hand, DKPs 4.15a-c were obtained by enolate alkylation using
commercial or known bromides. Alkylation was highly diastereoselective giving only trans-
diastereomers when the temperature was carefully controlled. If the temperature was raised to room
temperature or even to -20 °C, small amounts of the more polar cis-diastereomers and even dialkylated
products could be isolated. The structure and configuration of 4.15c was confirmed unambiguously by
X-ray crystallography and configurations of 4.15a and 4.15b were assigned by analogy. Racemic 4.15d
was also obtained by analogous alkylation of (£)-3.10 with cinnamyl bromide.
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Scheme 4.5. Diastereoselective alkylations of (R)-3.10 and (£)-3.10, X-ray structure of 4.15c.

Next, DKPs 4.15a-d were deprotonated with LIHMDS, TEMPO was added and the enolate was
oxidized by portionwise addition of Cp,Fe*PFs at -40 °C in DME. After stirring for about 10 min the
cooling bath was removed and the reaction mixture was equipped with a reflux condenser and immersed
to a heating bath preheated to 100 °C and refluxed for 1.5 h. Evaporation to dryness after cooling the
reaction mixture to r.t and purification by column chromatography revealed that monocyclization
products 4.16a-d were formed in good yields and most importantly in >5:1 diastereomeric ratios: 5.4:1,
9.3:1, 8:1 and 5:1 for products 4.16a, 4.16b, 4.16¢ and (£)-4.16d, respectively.

J\\ NOE
o LiHMDS, -40 °C, DME, t%

R\A/\)LN 1.5 h, then TEMPO, \\
/N\H)'\/> Cp,Fe*PFg, -40 ‘c \H)\/> Reflux
3 (75 °C)

o o
4.15a-d syn-4.16a-d anti-4.16a-d
H
TBSO g I
Ph Io;
4.16a, 87%, d.r. 5.4:1 4.16b, 75%, d.r. 9.3:1  4.16¢c, 87-90%, d.r. 7:1  (+)-4.16d, 75%, d.r. 5:1

Scheme 4.6. Diastereoselective oxidative cyclizations of 4.15a-d to bridged DKPs 4.16a-d.

£ Nk R
A ot
\ O, z
R O} ’LN = N~
N N o
o
B
one sterically J two sterically
hindered syn-pentane hindered syn-pentane

interaction with CH,R group interactions with CH,R

and N-Me groups

syn - major anti - minor
Scheme 4.7. Origin of stereoselectivity in the radical cyclizations of substituted DKPs.

Analysis of the transition states for cyclizations of 4.15a-d reveals that in the transition state A,
leading to the major syn-diastereomer, the developing isopropyl radical is in a gauche or syn-pentane
interaction with the CH2R and C=0 groups. In transition state B, leading to the undesired and minor
anti-diastereomer, the incipient isopropyl radical is in a double syn-pentane interaction with the CHzR
and the N-Me groups. The difference in the relative steric bulk of the C=0 and N-Me groups makes
transition state A earlier and determines the outcome of the cyclization in favor of the desired syn-
diastereomer.8
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Recently Baran and coworkers reported Fe(acac)s/PhSiH; mediated reductive radical
cyclizations of compounds,® having both electron-rich and electron-deficient alkenes, inspired by
seminal studies by Mukaiyama (Scheme 4.15).2° The reaction could also be performed using
substoichiometric amounts of Fe(acac)s.

N\

[¢]
PhSiH; % H
M Fe(acac); ~ © e
d 65 °C, MeOH
N 97%

/
5 N

4.3?4 4.35
Scheme 4.8. A reductive cyclization of 4.34 and X-ray structure of 4.35.

Inspired by these reports, bicyclic compound 4.16b was deprotected was in two steps converted
to unsaturated methyl ester 4.34 by deprotection and sequential oxidation using MnQO,. The cyclization
was performed under stoichiometric conditions and proceeded in high yield giving product 4.35 as a
single diastereomer. This compound was crystallized from AcOEt/hexane and the configuration of the
newly formed stereocenter was unambiguously assigned by X-ray crystallographic analysis (Scheme
4.8).

With this promising result, the furan ring in 4.16¢ was subjected to oxidative dearomatization
via a hetero-Diels-Alder reaction with singlet oxygen as. Performing the singlet oxygen mediated
dearomatization in the presence of Hiinig’s base leads to highly regioselective opening of the
endoperoxide intermediate 4.39 as a result of deprotonation at the less hindered position. The -
hydroxybutenolide 4.40 was obtained typically in >80% vyields as ca 2:1 epimeric mixture at the
hemiacetal center.

OH
H
\_/ 0,,hv, R H ° M
J __Rosebengal | (07 y — = oX_ ;
N iPr,NEL, 0 N 80-96% N
d CH,Cly, 78 °C H N N

) o o
4.16¢c 4.39 4.40

Scheme 4.9. Furan dearomatization with singlet oxygen.

The y-hydroxybutenolide 4.40 was converted to model cyclization substrates. Treating 4.40 with
NaBH, in MeOH gave butenolide 4.41 in high yield, while in the presence of catalytic concentrated
H>SO., the y-methoxybutenolide 4.42 was obtained quantitatively as an inseparable 1:1 mixture of
epimers. Oxidation of 4.40 with Dess-Martin periodinane (DMP) gave unstable maleic anhydride
intermediate 4.43, which when treated immediately with heptamethyldisilazane in THF, and then heated
at 150 °C for 5 min gave 4.44 88% yield.

o H
NaBH, o
MeOH = /
93% N N
441 0
OH o OMe "
O H MeOH, o s
[ =\ '/ H,S0, (cat.) = N/
s,
N N quantitative N
440 o]
4.42,d.r. 1:1
DMP,
DCM
o) \ o]
N H
o H MeNTMS,, THF
o=__ ~/ then 150°C_  O=X__ ;
N 88% N
443 o 444 g

Scheme 4.10. Conversion of y-hydroxybutenolide 4.40 to model cyclization precursors.

The butenolide substrate 4.41 underwent very efficient cyclization giving an inseparable 3:1
mixture of diastereomers 4.45a and 4.45b at the newly generated spiro center in high yield. NOE
analysis of this mixture revealed that the desired diastereomer 4.45a with the correct configuration at
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the spiro center was the minor product. Nevertheless, this result demonstrated the feasibility of the
challenging spirocyclization that generates a contiguous quaternary C-C bond.

PhSiHz
Fe(acac);
o} H MeOH,
o reflux o
= / O _
N 83%
N 4.45a/4.45b = 1:3

[e)
4.41

Scheme 4.11. Successful reductive spirocyclization of butenolide 4.41.

Cyclization of y-methoxybutenolide 4.42, which was used as an inseparable 1:1 mixture of
epimers 4.42a and 4.42b, gave products 4.47a and 4.47b as an inseparable 1:1 mixture in 92-96% yield
when carried out on 70-100 mg scales. It seems that, each of the epimers 4.42a and 4.42b
stereoselectively cyclize to 4.47a and 4.47b via transition states 4.46a and 4.46b, respectively. Hence,
the methoxy group at the acetal stereocenter effectively controls the approach of the tertiary radical from
the opposite face. Although 4.47a and 4.47b were inseparable by column chromatography, the undesired
diastereomer 4.47b was poorly soluble in ethylacetate. Crystallization of 4.47b allowed unambiguously
proving its structure and configuration by X-ray crystallography.

2 OMe
oO—7 " o .
o 2 . .
- / O _ S
- N
" N
1:1 Ie) .
4.42a 4.42b
PhSiH, ﬂ )
Fe(acac)s, 92-96% \
MeOH, reflux | 4-47a/4.47b = 1:1 / ol
o

Figure 4.1. X-ray crystal structure of 4.47b.

By repeated fractional crystallization of a 1:1 mixture of 4.47a and 4.47b, pure undesired 4.47b
was obtained and the mother liquor was enriched in 4.47a (4.47a/4.47b, 5-5.5:1). This mixture was
subjected to a two-step reaction sequence, by treating with a 2 M methanolic methylamine solution for
2 h and subsequent oxidation of the hydroxy lactam intermediate 4.48 by PCC, which gave
spirocsuccinimide 4.49 in 77% yield.

OH 17 «
N o' 16 BH3*THF
MeNH,, \N s PCC, \N\_// g P

MeOH, \ H CH,CI )
2h,rt. |0 - ot © Et3SiH/BF;
7%

over 2 steps
o o

4.48 8-oxoasperparaline C (4.49) asperparaline C (ent-1.26)

/
N 18

[e)
N

Scheme 4.13. Synthesis of 8-oxoasperparaline C (4.49) and initial attempts to chemoselectively reduce
C-8 amide in 4.49.
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Compound 4.49 differs from asperparaline C only in the oxidation state of the C-8 atom, which
is fully reduced in asperparaline C and can be named as 8-oxoasperparaline C. Initial attempts to
chemoselectively reduce the C-8 amide group were not successful when treated with BHz*THF or
EtsSiH/BFs.

5. Synthesis of diverse bridged DKPs by using the persistent radical effect
5.1. Synthesis of carbon-bridged DKPs

With the discovery of stable alkoxyamines during initial studies and demonstration of their use
as radical surrogates, a methodology for the synthesis of diverse non-natural bridged DKPs based on the
PRE was developed. Several alkoxyamines 5.3a-f, 5.7 and 5.11 were synthesized by alkylation of DKPs
5.1 (R = Bn), 55 (R = benzhydryl) and 5.8 (R = (S)-PhCHMe) followed by oxidative enolate
oxyamination in good to high overall yields (Scheme 5.1).1% Products 5.3a-f, 5.7 and 5.11 were isolated

as 1:1 to 1:10 cis/trans-diastereomeric mixtures or as single trans-isomers.
=O0TMP

O LiIHMDS, then o

i TLlHMDS /Af 9szFe+PFe I
then
| X
pc “Hn | R PG PG

" 51-76% 12 74-97%

PG = benzyl, benzhydryl, (S)-PhCHMe

Scheme 5.1. Synthesis of DKP alkoxyamines 5.3a-f, 5.7 and 5.11.

Table 5.1. Synthesis of diverse diazabicyclo[n.2.2]alkanedione ring systems from alkoxyamines 5.3a-
f,5.7and 5.11.1

I Lg g& o
53d Bn’N5.16

Ifg

510

Entry  Alkoxyamine Bridged Yield Entry  Alkoxyamine Bridged Yield
DKPI [%0]t DKPI [%0]t
(d.r.)d (d.r.)d
TMPO TMPO 79 5 TMPO ph_éOI,,MP
Bn, e
O ",
I K/\ —@ I i)\/ Bnd 92ld]
Bn 6 OTMP 94
TMPOIN O 88 TMPOI L\/
PN o™ (3.3:1)
B .
s.gb (2:1) 53f N
B 5212
Bn 7 CHPhZ
TMPO N O
I TMPOI 97
o7 N xPh 9711
n
5.3c CHF’“Z oo (5.6:1)
syn 5.13b,
PG = Ph,CH
TMPO ?n 8 Ph>_.“n
TMPO 89

Oo. N

o Yl
F(,h 5.19

[a] General conditions: 0.02 M alkoxyamine in tBuOH, 130 °C, 1.5-2 h. [b] Only major diastereomer shown. [c] Isolated. [d]
Determined by *H NMR of the crude mixture. [e] Additionally, 10% of 7-endo-trig cyclization product isolated (see
Experimenthal part). [f] Overall ratio at exocyclic stereocenter: 3.4:2:2:1. [g] Ratio at exocyclic stereocenter could not be
determined. [h] (1S,5S):(1R,5R), (see Experimenthal part for details).
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Heating solutions of alkoxyamines bearing terminal, 1,2-di- or trisubstituted olefinic acceptors
in degassed tBuOH at 130 °C in a sealed tube for 1.5-2 h afforded diazabicyclo[2.2.2]octan-3,6-diones
resulting from 6-exo-trig cyclizations in high yields (Table 5.1, entries 1, 2, 3, 5, 7). The
diastereoselectivity was low with N-benzyl groups, but was significantly improved by using the more
bulky N-benzhydryl group (entry 7). Substrates 5.3d and 5.10 with 1,1-disubstituted alkene units
provided selectively 7-endo cyclization products 5.16 and the a-glucosidase inhibitor 5.19 (entries 4 and
8). Replacement of the allyl by a homoallyl unit in 5.3f surprisingly resulted in an efficient and exclusive
8-endo-trig cyclization providing four carbon atom-bridged DKP 5.21 in high yield with 3.3:1
diastereoselectivity (entry 6).

5.2. Synthesis of heteroatom-bridged DKPs.

The facility of the 8-endo-trig cyclization[?! of 5.3f immediately called for testing heteroatom-
bearing cyclization substrates 5.35abef, which were easily accessible and the methodlogy was also
applied to heteroatom bridged DKPs having the diazabicyclo[4.2.2]octane core structure (Scheme 5.2).
Cyclization were are efficient and both oxygen and nitrogen bridged DKPs can be obtained.

TMPO.

If

5. 35abef

130 °C
tBuOH
OTMP OTMP OTMP
O pvB O pmB
Ly R %i"
N N
N
PMB o)
5.36a 5. 36b 5. 36c 5. 3Gd
96%, d.r. = 2:1 94% 91%, d.r. = 1:1 90%, d.r. = 2:1

X=0,R=H X=0,R=CH; X=Nally, R=H X=NCO,Me, R=H
Scheme 5.2. Synthesis of O- and N-bridged diazabicyclo[4.2.2]decane ring systems.

Other cyclization modes such as 7-exo and 9-endo-trig cyclizations also worked well.
Alkoxyamine 5.40, was designed to study an intramolecular competition between the allyl (8-endo-trig
cyclization) and prenyl groups (7-exo-trig cyclization). The 8-endo-trig cyclization was found to be
almost 9 times faster than the 7-exo-trig cyclization.

7-exo-trig cyclization: Intramolecular competition:
P 130°C
_ BuOoH MB N
TMPO T™MPO PTMP
I I A/k91/ dr.=1.8:1 I I
7 -exo- trlg o) N 8-endo-

trlg O \
PMB 76/ N
5.35
9-endo-trig ¢ ::Iizatit:m'c d r. 1 1 | d.r.=1.5:1 Bn o)
e ) = 5-45 5.40 5.44
PMB
TMPO 11200?4 O PMB
. Q) 544 _ Koowomg _g
I I PN % N N 545 Krexotrig
PMB PMB (e}
5.35d 5.38

Scheme 5.3. Diversity of cyclization modes of alkoxyamines 5.35c¢, 5.35d and 5.40.

Finally, the methodology was applied to a formal synthesis of antibiotic bicyclomycin for which
a precursor with a so far unused allene group as the radical acceptor was designed. The required
alkoxyamine 5.58 was obtained in three steps from 5.31 via oxygenative cyclization to 5.56 under basic
conditions, Crabbe homologation?! to 5.57 and enolate oxygenation under internal quench conditions?
because an unexpected fast rearrangement of the enolate takes place under standard oxidative
alkoxyamination conditions. The key radical cycloisomerization of 5.58 took place very efficiently
providing bridged DKP 5.59 with an internal double bond. Reductive removal of the
tetramethylpiperidinyl unit with zinc in acetic acid afforded allylic alcohol 5.60. It is important to
mention that the sensitive hemiaminal functionality at the bridgehead position survived the acidic and
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reductive conditions. A reductive transposition of the internal double bond to the exo-position under the
conditions developed by Movassaghi?® furnished Williams’ central intermediate 5.49% in 6 steps and
38% overall yield.

PMB F’MB v  LiIHMDS,
= OH o (CHO, | o TMSCl then o o
i \i tBUOKi f CysNH, Cui f TEMPO*PFg I f tBuOH
Cl
O/\ o o=
PMB F’MB PMB F’MB
5.31 5.56 63% 5.57 93% 5.58 90%
OTMP 4t
PMB steps
o F‘MB\ AcOH/THF o PMB\ DIAD PPh3 _ ref2d _ i iy
50 °C,1h 0 °C-r.t., 2 h,
then TFE/H,0 PMB
11)
( 5.49 85"/ blcyclomycm (1.4)
5.59 90% 5.60 93% o
§ NH
o] N:<
NOz 561a

Scheme 5.4. Formal synthesis of bicyclomycin (1.4).

6. Features of DKP derived alkoxyamines
6.1. An unusual trans-cis isomerization of alkoxyamines and kinetic studies.

An attempted cyclization of an inseparable 11:1 mixture of trans/cis-5.25 at 150 °C did not lead
to radical cyclization onto aromatic ring. Upon checking the *H NMR-spectrum of the evaporated
reaction mixture only peaks corresponding to one diastereomer were found, and they belonged to the
minor diastereomer in the original mixture, i.e. complete and clean isomerization of the trans-
diastereomer to the cis-diastereomer took place. This was proven by crystallization of the resulting
product and X-ray crystallographic characterization unambiguously established the product to have the
cis relative stereochemistry and proved it as the thermodynamic product (vide infra). The isomerization
of trans-5.25 was monitored by *H NMR spectroscopy at three different temperatures in DMSO-ds
(Figures 6.1-6.3).

TMPO, TMPO

\ % 15

f
trans- 5 25 1 | cis-5. 25 m f; 106

55 54 53 52 51 50 49 4B 4T 46 45 44 43 42 41
1 (ppm)

Figure 6.1. *H NMR monitoring of trans-5.25 to cis-5.25 and *H NMR monitoring at 80 °C.

The experimental data for the conversion of trans-5.25 fit to first-order kinetics (Figure 6.3).
The half-life of trans-5.25 is significantly decreased upon increasing the temperature and at 85 °C it
equals to only 17 min. The activation parameters AH* = 130.73 kJ/mol (31.3 kcal/mol) and AS* =58.4
J/(K*mol) (14.0 cal/(K*mol)) for the overall transformation were obtained using Eyring equation
(Figure 6.4). This translates to activation energy of E, = 133.67 kJ/mol (32 kcal/mol) for the overall
transformation, taking 80 °C as the average temperature over the range of measurements. The Arrhenius
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plot (In(k) vs 1/T) gives the same value of E.. The Gibbs activation energy AG* at three temperatures
were also determined (Table 6.1). The observed rate constants for the overall isomerization process Kobs,
which should be approximately equal to the C-O bond homolysis rate constants (kq(trans)) of trans-5.25
were calculated and are in the range of 1-7x10* s in the 70-85 °C temperature range, because the
homolysis of trans-5.25 is the rate determining step.

70°C,trans  ¢70°C,cis [180°C,trans MBO°C,cis 485°Ctrans & 85°C,cis m70°C +80°C 485°C
1,0
00 8 - 4000 6000 8000 10000
. - .
=
0.8 o ah o . 0, "n.-. -
§ 07 B A" . 2 ;
- A0 4 g . * H @ ey y =-0,0001x- 0,113
£ 0,6 o - . g 3 e, R*=0,9987
g aar . 3 a e m
5 05 4w . ® J A u B D
v acm .t E T
2 04 » _ .* 15 ki
£ am DL, ' 3 y =-0,0004x- 0,0619
v 03  o5,t R*=0,9981
‘n o = *
02 . o 5 y=-0,0007x-0,0898  *
F ] oo - R?=0,9963
01 g o
0,0 5
0 2000 4000 8000 10000 12000 ’ time (s}

6
time (s)

Figure 6.2. Kinetic traces and first order plots for the isomerization of trans-5.25 to cis-5.25.
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Figure 6.3. Eyring and Arrhenius plots for isomerization of trans-5.25 to cis-5.25.

Table 6.1. Kinetic data obtained for isomerization of trans-5.25 to cis-5.25.
T(K)  Kkos(s?t) AGH (kcal/mol) ty (min)

343.15 1.00x10* 26.50 116
353.15 4.00x10* 26.34 29
358.15 7.00x10* 26.27 17

A similar isomerization was discovered during a temperature screening to find optimum
conditions for the cyclization reaction of 5.3a. Upon heating trans-5.3a, contaminated with small
amounts of cis-5.3a (ca 5:1), in tBuOH for 2 h at 80 °C, no cyclization was observed. However, again
complete and clean isomerization of the trans-diastereomer to the cis-diastereomer was found upon
checking the *H NMR-spectrum of the evaporated reaction mixture. The structure of the thermodynamic
product cis-5.3a was also proven with the help of X-ray crystallography.

Bn Bn
TMPO, r{j o) 80 °C TMPO, ,{‘ o) quantitative isomerization
I L\ tBuOH I L\ no cyclization
[¢] l}l X o ,}j B
Bn Bn
trans/cis-5.3a, 5:1 cis-5.3a

Scheme 6.1. Thermal isomerization of trans-5.3a to cis-5.3a.

No observable cyclization of trans-5.3a took place when it was heated in the 75-85 °C
temperature range which allowed carrying out kinetic experiments for isomerization process. The half-
life of trans-5.3a is 6 min at 85 °C compared to 17 min for trans-5.25 at the same temperature. The
isomerization rate constants kons are 2.5-3 times faster for trans-5.3a compared to trans-5.25 (Table 6.2).
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The activation parameters also differ and are lower: AH*= 122.10 kJ/mol (29.21 kcal/mol) and AS* =
41.80 J/(K*mol) (10.00 cal/(K*mol)), Ea = 125.04 ki/mol (30 kcal/mol.

W70°C #75°C 480°C +85°C
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Figure 6.4. Kinetic trace and first order plot for the isomerization of trans-5.3a to cis-5.3a.
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Figure 6.5. Eyring and Arrhenius plots for isomerization of trans-5.3a to cis-5.3a.
Table 6.2. Kinetic data obtained for isomerization of trans-5.3a to cis-5.3a.
T(K)  Kas(s?)  AGH (kcal/mol) ti (min)

343.15 3.00x10* 25.78 39
348.15 5.00x10* 25.73 23
353.15 9.00x10* 25.68 13
358.15 1.90x107 25.63 6

6.2. Solid state and solution phase structural studies.

Many of the DKP derived alkoxyamines are crystalline solids, which allowed to unambiguously
proving their structures by X-ray crystallography in cases when it was possible to separate the
diastereoisomers (Figure 6.7). The X-ray structures for both cis-5.3a and trans-5.3a were determined
by crystallization of pure samples. For the alkoxyamine 5.25 only the cis-diastereomer was possible to
characterize by X-ray crystallography. Additionally, X-ray structures for trans-5.3c and even the proline
derived alkoxyamine trans-3.11d were obtained. An interesting feature common to all structures is that
the TEMPO fragment always occupies a pseudoaxial position despite being a sterically demanding
substituent (Figure 6.7).

This observation prompts to propose anomeric effect as an explanation of the observed
tendency. In trans-5.3a and trans-5.3c, the allyl and cinnamyl groups occupy a pseudoequatorial
position while the TEMPO fragment occupies pseudoaxial position. In the X-ray structures of the cis-
5.3a and cis-5.25 both the TEMPO fragment and the allyl/benzyl groups at the a-position are in a
pseudoaxial position and do not reveal special stabilizing interactions.

17



cis-5.3a cis-5.25

Figure 6.7. X-ray crystal structures of some DKP-derived alkoxyamines trans-5.3a, cis-5.3a, cis-5.25,
trans-5.3c and trans-3.11d.

To see whether the pseudoaxial preference of the TEMPO fragment is present also in the
solution, NOE experiments were carried out on both cis-5.3a/trans-5.3a and cis-5.25/trans-5.25 pairs.
Indeed, strong NOE contacts can be seen between the TEMPO methyl groups and the CH.-groups of
allyl (cis-5.3a) and benzyl groups (trans-5.25). These observations suggest that even in the solution, the
diaxial conformation seems to be strongly preferred for the cis-diastereomers (Figure 6.8).

JJI R PPTY
=

'
cis-5.25

Figure 6.8. NOE contacts between CHarempo and CH2R groups in cis-5.3a and cis-5.25.
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t
4

trans-5.3a

Figure 6.9. An NOE contact between the nonanomeric aCH proton and CHarempo in trans-5.3a.

In a solution of trans-5.3a in DMSO-ds, a weak NOE contact between the TEMPO methyl
groups and the nonanomeric aCH proton is observed. This observation goes along with the solid state
structure in which the allyl group occupies a pseudoequatorial position and the TEMPO fragment is in
a pseudoaxial arrangement. However, no such NOE was observed in a solution of trans-5.25.

An alkoxyamine 6.11 with an isobutyl side chain was also synthesized from DKP 6.10. Under
the standard oxidative alkoxyamination conditions, i.e. under the kinetic conditions, an essentially 1:1
mixture of cis- and trans-diastereomers were formed.

o
LiIHMDS, -78 °C, NBn NBn
N et Y\* VQ e, Yﬁ; VQ
6.11

6.10 0 97%, d.r. 1.1:1 trans-6.11 ©

Scheme 6.2. Synthesis of trans-6.11.

Upon heating a tBuOH solution of this diastereomeric mixture at 130 °C, a clean and
quantitative conversion to a single diastereomer took place. The *H NMR signals of the thermodynamic
product corresponded to the signals of the major component in the original 1.1:1 mixture (Figure 6.10).

a) 1.1:1 mixture o o
before heating H
ot NBn 130 °C o NBn +2
n N ) = en m/k N
CHOTMP TW/LV\O 1BUCH h©
0 0 CHICH:l
1.2:1 mixture single product ‘ ‘ w
WU
Al Men 1 wll PN ““WJLHJ lLJ WM L
b) after heating
g
CHOTMP ‘ CH(CH:).
.J\_IU'M____ o _;U'__)"'“; i S N' LUl \_J l\-___ S

T T T T T T T T T T T T T T T T T T T T T T T T T T
56 54 52 50 48 46 44 42 40 3.8 3.6 34 3.2 3.21 (Z.E ) 26 24 22 20 18 1.6 1.4 1.2 1.0 08 0.6 04 02 0.0
ppm

Figure 6.10. Comparison of the *H NMR spectrum of 6.10 before and after heating.
The product could not be crystallized and NOE-experiments were carried out to assign the
configuration at the anomeric position of the thermodynamic product. Instead of NOE between the

nonanomeric and anomeric oCH protons in the thermodynamic product, the presence of which would
speak for cis-configuration, weak but clearly visible NOE interaction between the anomeric a«CH and
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the CH; protons of the isobutyl side-chain is observed. This indicated that the thermodynamic product
has the trans-configuration. When the NOE-experiments were done on the original 1.1:1 mixture, the
labile component which underwent thermal isomerization showed an NOE between the two aCH
hydrogen atoms. Thus, based on these evidences, a reversal of the thermodynamic stability from cis- to
trans-diastereomer was found when the aliphatic isobutyl side chain was present in the DKP.
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Figure 6.11. The NOE contacts observed in the stable and labile isomers of 6. 11.

6.3. 'H NMR monitoring of the PRE mediated cyclization

Having proven that the isomerization from trans- to cis-form occurs before the radical
cyclization, the cycloisomerization process was also monitored by heating a solution of pure cis-5.3a at
90 °C, 100 °C, 110 °C and 115 °C in DMSO-ds.
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Figure 6.12. Kinetic traces for cycloisomerization of cis-5.3 to bridged DKPs.

A clean decay of the signals corresponding to cis-5.3a and appearance of signals corresponding
to the cyclization products syn/anti-5.11 and 5.12 was observed over time. The 6-exo-trig cyclization
products 5.11 were not formed at equal rates and almost 2.3:1 mixture of syn/anti-products 5.11 was
formed at 90 °C but the reaction was too slow and did not reach completion even after 5 h. Upon
increasing the temperature, a small but measurable erosion of the diastereselectivity was observed. At
100 °C, the ratio of the 6-exo-trig cyclization products 5.11 at the end point was ca2:1, at 110 °C, 1.9:1;
and at 115 °C 1.7:1. It appears that increasing temperature leads to Ks-exo'~Ks-exo>. The ratio of syn/anti-
5.11 products to 7-endo-trig product 5.12 was 8:1 which virtually matches the isolated ratios.
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Figure 6.12. Kinetics of consumption of cis-5.3a at 90 °C, 100 °C, 110 °C and 115 °C.

The rate constants for the consumption of cis-5.3a were 9.00x10° s?, 1.00x10 s, 4.40x103 s
tand 1.54x102 s at 90 °C, 100 °C, 110 °C and 115 °C, respectively. A dramatic 11 times increase in
conversion rate upon raising the temperature from 90 °C to 100 °C is indicative of a very slow homolytic
cleavage of cis-5.3a at 90 °C, which is obviously the rate determining step of the cycloisomerization
process. Hence, the rate constants obtained for the conversion of cis-5.3a can be used as an estimate of
the kq values for cis-5.3a. The activation parameters for the overall transformation were determined as:
AH* = 229.34 kJ/mol (54.87 kcal/mol) and AS* = 308.36 J/(K*mol) (73.77 cal/(K*mol)), Ea = 232.46
kJ/mol (55.61 kcal/mol). The half life of cis-5.3a is also significantly reduced upon increasing the
temperature and at 115 °C it is even less than a minute.

Table 6.3. Kinetic data for the cycloisomerization of cis-5.3a to bridged DKPs 5.11-5.12.
T (K) Kobs (1) AG? (kcal/mol)  ti2 (min)

363.15 9.00x10° 28.10 128
373.15 1.00x10° 27.34 12

383.15  4.40x10° 26.60 2.6
388.15  1.54x10% 26.24 0.75

A significant difference in the activation entropies AS* of the trans/cis isomerization from trans-
5.3a to cis-5.3a (10 cal/(K*mol)) compared to the cycloisomerization process of cis-5.3a to bridged
DKPs 5.11-5.12 (73.77 cal/(K*mol)) is striking. Such large difference can be rationalized by generation
of a freely diffusing persistent and transient radicals so that a radical cyclization can occur, while in the
isomerization process a rapid rebound mechanism in the solvent cage might be largly operating. These
data are consistent with the mechanism, that a slow homolysis followed by a rapid radical cyclization

and a followed by fast radical trapping of the bicyclic radical intermediates.
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Scheme 6.4. A detailed mechanism of cycloisomerization of cis-5.3a to bridged DKPs syn/anti-5.11
and 5.12.
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1. Uvod

Premosténé alkaloidy, které obsahuji centrdlni diazabicyclo[n.2.2]alkanovy systém (n > 2),
predstavuji neustale rostouci tfidu sekundarnich metabolitl. Jsou odvozeny z jednoduchého DKP
skeletu skrze enzymatickou oxidativni transformaci, ktera spojuje pozice 3 a 6 (Obrazek 1.1). Tato tiida
alkaloidii vykazuje vyjimecnou rozmanitost, kterd plyne z rozliénych typt a velikosti mistk. K
nejbéznéjs§im prirodnim premosténym DKP alkaloidiim patii zastupci skupiny prenylovanych
indolovych alkaloidii (n = 2), napiiklad brevianamid A (1.1).! Azonazin? (1.2) (n = 6) a mycocyclozin
(1.3) jsou metabolity metacyclophanového typu vznikajici oxidativnim spojenim aromatickych
postranych retézcti aminokyselin tyrosinu a triptofanu (n = 8)° obsahujici delsi mustky. Netypicka
antibiotika bicyklomycin* (1.4) a cottoquinazolin D (1.5) jsou piiklady ziidka se vyskytujicich
piemostenych DKP alkaloidii s heteroatomem obsazenym v mistku.® Cottoquinazolin D obsahuje DKP
jednotku kondenzovanou s anthranilovou kyselinou, ¢im vznikd quinazolinovy cyklicky systém.®
Epipolythiodioxopiperaziny (ETP)®, naptiklad gliotoxin (1.6), obsahuji mistky sloZené jenom z atomii
siry.

NH
R2

DKPs
[lien

O
NH

HN w2

o
N Bridged DKP Alkaloids
N OHHO

1.5

azonazine (1 .2) O O cottoqumazollne D (1.5)
OH OH
o] H \z%L

bicyclomycin (1.4)

mycocyclosm (1.3)
Obrazek 1.1. Priklady z pestré tfidy pfemosténych DKP alkaloid

Brevianamid A je typickym zastupcem skupiny prenylovanych indolovych alkaloidd, které
obsahuji diazabicyclo[2.2.2]oktanové jadro. Tato skupina obsahuje vic nez 70 zastupct s rozlicnou
strukturou (Obrazek 2). Strukturalni rozmanitost v ramci této skupiny dava alkaloidtim razné bioaktivni
vlastnosti, napfiklad insekticidni, cytotoxické, anthelmintické a antibakterialni vlastnosti. Dimericky
stephacidin B vykazuje vysokou protinadorovou aktivitu. Pfedpoklada se, ze antiproliferacni aktivita
stephacidinu B se poji s jeho monomerni formou avrainvillamid, jejiz neobvykla vinyl nitronova skupina
miZe byt atakovana thiolovymi skupinami biomolekul.” Asperparaliny vykazuji silnou paralytickou
aktivitu vii¢i hmyzu. Nedavné studie zabyvajici se mechanismem jejich ucinku ukazaly, Ze asperparalin
A silng a selektivné blokuje nikotinovy acetylcholinovy receptor (nAChR) hmyzu.®

O .
ti2 =10 min
in cell culture

(-)-stephacidin B (1.29)

H, H, asperparaline A (1.24) asperparaline B (1.25)  asperparaline C (1.26)
O, 16-keto aspergillimide (1.27)

Y
Y

Obrazek1.2. Reprezentativni alkaloidy obsahujici diazabicyklo[2.2.2]oktanovy systém.
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Uzite¢né biologické vlastnosti této skupiny alkaloidii spojené s jejich komplexni strukturou
pritahuji zejména v poslednim desetileti z4jem syntetickych chemikid. Mnozstvi syntetickych piistupi a
metod pouzivajicich rozliéné reakéni intermediaty a strategie doklada vyznam téchto ptirodnich latek.®
Mnoho z téchto alkaloidu jiz bylo pfipraveno, ale asperparalinova podskupina obsahujici asperparalin
A, B a C a ketoapergillimid (1.24-1.27) odolava snaze o totalni syntézu i ptes zna¢né usili prednich
laboratofi, a i navzdory tomu, Ze tyto alkaloidy byly izolovany pfed témét dvaceti lety.

Cile prace: hypotéza a analyza potencialnich problému

V souladu s dlouhodobym zajmem laboratofe U. Jahna o rozvoj reakcénich sekvenci
vyuzivajicich meziprodukty v rizném oxidacnim stupni (heterointermediate), byla navrzena moznost
aplikace syntézy, ktera by vedla k vySe zminénym alkaloidim (Schéma A.1). Jednoelektronova oxidace
(SET = single electron transfer) za pomoci hexafluorofosforecnanu ferrocenia (1.84) by mohla umoznit
redox pifeménu DKP enolatu 111 na DKP radikal 1V, u kterého lze ocekavat, ze podlehne 6-exo-trig
cyklizaci na pfipojeny alken za vzniku pfemosténého cyklického systému a terciarniho radikalu V, kery
by mohl byt dale oxidovan na terciarni karbokationt VI, ktery nasledné v roli nukleofilu atakuje
indolovy kruh za vzniku I1.

dimeric DKPs
H - abstraction A

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

N N
a
N base
A PG O B A PG O
N
Pe PG
1 1. strong base n
2. @ 6-exo-trig
® N izati
Fe ® PFg 484 cyclization

n N

v 4

Schema A.1. ,,Heterointermediate reakéni sekvence vedouci k prenylovanym indolovym alkaloidtim,
které obsahuji diazabicyklo[2.2.2]oktanové jadro a nékteré mozné komplikace (pferusované Sipky).

Analyza navrhnutého pfistupu v§ak odhalila nékteré problémy, které mizou ztézovat dosazeni
vytyCenych cild. Problémy mitiZou pramenit z inherentni reaktivity meziproduktli nebo nevyhodného
energetického prubéhu nékterych kli¢ovych transformaci. Napiiklad hlavnimi vedlej§imi reakcemi
volnych radikald, ke kterym dochazi, je-li radikalova cyklizace piili§ pomala, jsou dimerizace a
abstrakce vodikového atomu. Dalsi mozna vedlejsi reakce, B-eliminace karbokation, mtize zase reakéni
sekvenci predcasné ukoncit. I kdyz je tézké predpoveédet energeticky pribéh radikalové 6-exo-trig
cyklizace, doufa se, ze pokud volny radikal vznikne, rychle dojde k jeho cyklizaci. Nizka teplota, pfi
které musi byt radikal generovan, muze v pfipade prili§ nizké reakeni rychlosti cyklizace pusobit
problémy.

S védomim téchto moznych problému, byly po¢ate¢ni cile prace stanoveny nasledovné:

1) Vyvinuti efektivni syntézy pokrocilych DKP intermediati a modelovych sloucenin,
na kterych bude mozné studovat navrhnutou oxidativni cyklizaci DKP enolatt

2) Studium oxidativni chemie DKP enolatti s pouzitim metodologie vyvinuté ve
skupiné U. Jahna

3) V piipadé Gspésného provedeni bodu 1) a 2) vyvinuti nové cesty k pfemosténym

DKP alkaloidtim, které obsahuji bicyclo[2.2.2]diazaoktanové jadro
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4) Aplikace vyvinuté metodologie v syntéze vybranych alkaloidii

5) Studium moznosti rozsifeni vyvinuté metodologie na syntézu nepfirodnich
trojrozmérnych premosténych DKP bicyclomycinovych struktur s omezenou
konformacni volnosti (bicyclo[n.2.2]piperazindiony, n>2).

Vedle téchto dil¢ich cild, je hlavnim cilem této prace je vyvoj ucelené, praktické, obecné a
konceptualné nové radikalové syntézy riznych premosténym DKP. Predpoklame, Ze aplikace PRE
efektu by mohla byt atraktivnim atomoveé hospodarnym fesenim vySe zminénych problémi. Tento
princip zajistuje selektivni zkrizenou reakci dvou volnych radikald, je-li jeden z nich persistentni a
druhy reaktivni, a za podminky, ze vynikaji stejnou rychlosti. Za timto tcelem byla vyvinuta nova tfida
alkoxyaminl odvozenych od DKP. Jadrem vyvinuté metody je snadna a reversibilni termalni homolyza
doposud nezndmych alkoxyaminti A, kterou vznikaji kaptodativné stabilizované kratce Zijici radikaly
R a perzistetni TEMPO radikal (Schéma A.2).18 Tento degenerativni proces poskytuje radikalu R
dostate¢né¢ dlouhou dobu Zzivota na to, aby nevratn¢€ reagoval s pfipojenou alkenovou jednotkou ve
smyslu endo nebo exo cyklizace v zavislosti na jeji délce a substituci. Tim se posouva rovnovaha
smérem k premosténym DKP produktiim.

o _Hax
oPG )
N—-  anionic PG A O#);>

—<_ cycllzatlons
PG (@) This work
Prewous @\EG radical
approaches approach

z

HO HW

( oPG cat|on|c oPG

<N/ cyclizations “— \7
N* N

pd O Z=0,NR, CH, PG o ©

Schéma A.1. Znamé polarni syntetické cesty k ptemosténym DKP jadrim sloucenin B a nova
radikalova cesta zalozena na PRE efektu.

Byla vyvinuta nova syntetickd cesta k asperparalinu C, kterd umoznila ptipravit pokrocilé
meziprodukty asperparalinu C a jeho neptirodni analogy. Pomoci tohoto ptistupu byly pfipraveny razné
premosténé DKP s variabilni velikosti kruhu a taktéZ bylo dosahnuto formalni syntézy bicyklomycinu.
V ramci této studie byla navic vyvinuta kratkd a prakticka cesta ke quinazolinovym alkaloidiim, ktera
byla pouzita ve ¢tyfkrokové totalni syntéze ardeeminu, ucinného pfi potlacovani vicenasobné resistentni
rakovinny.
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Vysledky a diskuze
2. Prakticka syntéza diketopiperazinii, quinazolini a pocatecni studie oxidativnich radikalovych
cyklizaci

Pro provedeni studii navrzenych v cilech prace bylo nutné vyvinout praktickou syntézu
jednoduchych DKP, vhodnou i pro praci ve velkém méfitku. Syntézu popsanou Baranem se nepodatilo
zreprodukovat a proto byla vyvinuta nova, bezrozpoustédlova syntéza DKP. Metoda je zalozena na
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zahtivani Boc-chranénych dipeptidi preadsorbovanych na silikagel na vysoké teploty. Jednoduchym
prenosem tuhé reakéni smési na kratkou kolonu a naslednou eluci produktii byly ziskdny riizné DKP ve
vysokém vytézku (Schéma 2.1).

.
R N coge 1% C, Si0, \HJ\NH

BocHN R th HN R?
N 23 92% 2,218 94% 221b 98% 222 99%
N
H / o H

N
»
) H O

N 8
N 2:20,99% N’ 2.23,83% 6.9, 90%
H

Schéma 2.1 Syntéza riznych DKP z dipeptidii za pomoci silikagelu.

Byla provedena dvojita cyklizace tripeptida s cilem ptipravit quinazoliny 2.28. Quinazolinony
2.28a-c byly ziskany v dobrém vytézku zahtivanim tripeptidd 2.27a-c adsorbovanych na silikagelu na
190 °C (Schéma 2.2). Ptirodni latka glyantrypin 2.28b byla pfipavena s vytézkem 67% a to v gramovém
mnozstvi. Dilezité je, ze latka 2.28b nepodléhala racemizaci a po rekrystalizaci z methanolu byla
ziskana se specifickou rotaci [a]?%o = +547 (¢ 0.12, CHCls), coZ je v souladu s hodnotou uvadénou v
literatute, kde se absolutni hodnota pohybuje v rozmezi 522-541 pro oba enantiomery.

q NHBoc 190 °C, 190°C. 8i0; CQ(Y\NH

\—Coch3

2.28a,R=H, 91%
2.28b, R = indolylmethyl, 63-67% (glyantrypine)
2.28c, R = jPr, 50%

Schéma 2.2. Dvojita cyklizace tripeptidu 2.28a-c za pomoci silikagelu.

Nasledné byl pro cyklizaci pfipraven tripeptid 2.33 syntézou vychazejici z methyl esteru D-
alaninu 2.31, 3,1-benzoxazin-2,4(1H)-dionu a Boc-chranéného L-tryptofanu. Dvojita cyklizace probéhla
dle o¢ekavani, av§ak v tomto pfipad¢ byla pozorovana nezanedbatelna epimerizace tryptofanového
stereocentra. Sloupcovou chromatografii oddelitélné epimerni trans a cis-diastereomery 2.34a-b byly
ziskany v 37% a 46% vytézku. Tento vysledek odhaluje sklon C1-stereocentra epimerizovat za
reakénych podminek, coz mize pramenit ze silné konjungace systému C6-benzen-N11-C1, ktera vede
k enolizaci skrze meziprodukt typu 2.34c.

epimerization via:
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NH N N ENAY
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Z "NH 234c R

2.34a 2.34b
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Schéma 2.3. Epimerizace uhliku C-1 pfes meziprodukt 2.34c.
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Trans-izomer latky 2.34a byl nasledné pteménen v jednom kroku na cytostaticky ardeemin 2.37
a jeho diastereomer 2.38. skrze nedavno publikovanou iridiem katalyzovanou reverzni prenylaci. Tento
pristup predstavuje biomimetickou syntézu ardeeminu, nebot’ bylo nedavno ukézano, ze ardeemin 2.37
je v Aspergillus fischeri biosyntetizovan reverzni prenylaci latky 2.34a a to za pomoci prenyl transferazy
ArdB. Stereochemie vedlejsiho produktu 5a,16a-epi-ardeeminu 2.38 byla ur¢ena na zakladé méfeni
NOE interakci (Schéma 3.4).
BocO}\/ O

5 O i
[{Ir(cod)Cl},], Et3B, tBUOK
2.34a
ardeemin (2.37)

1.3:1 mixture
88%

Schéma 2.4. Biomimeticka syntéza ardeeminu.

Prvni pokusy o ptfimou oxidativni cyklizaci DKP odovzenych od tryprofanu 2.39a a 2.39
nevedly k pozadovanym cyklizaénim produktim. V pftipadé oxidace enolatu pii -78 °C vznikal
dimericky DKP 2.41. V piipadé zahtati enolatu 2.39b s cilem urychlit Zadanou cyklizaci byl pozorovan
zajimavy Chaniiv ptfesmyk, kterym vznikal produkt se zmensenym kruhem 2.44.
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PG=Boc O Boc 242 Boc 2.43

not observed

Schéma 2.5. Pocatecni vysledky pfimé oxidativni radikalové cyklizace.

3. Syntéza diazabicyclo[2.2.2]oktanii za pomoci PRE efektu

Soubézné se studiem vySe zminénych modelovych latek, které obsahuji indolovy postranni
fetézec, byly studovany i méné komplexni modelové DKP, které neobsahuji indolovou jednotku. I v
tomto ptipadé nedochazelo k oxidativni radikalové cyklizaci. SET oxidaci v pfitomnosti TEMPO
radikalu byly ziskany hemiaminalové ethery alkoxyaminového typu 3.1, 3.7 a 3.11a-d ve vysokém
vytézku po sloupcové chromatografii, ve formé stabilni bezbarvé pevné latky.
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Schéma 3.1. Syntéza alkoxyamiinti odvozenych od DKP.
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Zahtivanim degasovanych roztokti alkoxyaminti 3.1 a 3.7 v tBuOH na 130 °C v uzaviené
nadob¢ po dobu 1,5-2 h byly ziskany diazabicyklo[2.2.2]oktan-3,6-diony 3.5 a 3.8, kter¢ vznikaji 6-exo-
trig cyklizaci ve vysokém vytézku, avSak s nulovou diastercoselektivitou. V piipadé 2-
bromobenzylovou skupinou chranéného alkoxyaminu 3.7 bylo izolovano i maié mnozstvi produktu 7-
endo-trig cyklizace 3.9.

3.1, PG=Me 3.5, 86%, d.r. 1:1 not observed
3.8, PG = 2-bromobenzy! 3.8, 78% ,d.r. 1.2:1 5%

Schéma 3.2. PRE efektem zprostfedkované termalni cykloizomerizace alkoxyamind 3.1 a 3.8.

Nasledné byly zkoumany termalni oxidace alkoxyamint 3.11a-d, které obsahuji pfipojenou
prenylovou skupinu. Namisto produktt 3.12a-d, které obsahuji TEMPO skupinu, byly ziskany produkty
obsahujici prenylovou skupinu 3.13a-d vznikajici eliminaci TEMPOH. Z literatury je znamo, ze
alkoxyaminy s TEMPO skupinou piipojenou ke zbytku t-butylového typu jsou nestabilni a lehce
podléhaji eliminaci TEMPOH.

Byl pozorovan jasny vliv velikosti chranici skupiny na diastereoselektivitu reakce. V ptipadé
alkoxyamint, které obsahuji N-Me skupinu 3.11, nebyla reakce diastercoselktivni zatimco pouziti N-
benzylové skupiny vedlo k poméru 3:1. Vznikajici diastereomery syn-3.13b a anti-3.13b bylo mozné
oddélit. V piipadé N-Boc chranéného substratu 3.11d byla piekvapivé pozorovana pouze mala
diastercoselektivita ve prospéch anti-diastercomeru. Nejvyraznéjsi diastereoselektivita 17:1 ve prospéch
pozadovaného syn-diastereomeru syn-3.13c byla dosazena pii pouziti nejobjemnéjsi benzhydrylové
chranici skupiny u alkoxyamiinti 3.11c. Struktury obou diastereomerd Syn-3.13c a anti-3.13d byly
potvrzeny pomoci rentgenové krystalografie.

o /)
TMPO H / H
130°C P - TEMPOH PO . PG
tBuOH \ N N
N N N
(0]
syn-3.13 anti-3.13
3.12a-d
yield d.r.
PG % syn:anti
a Me 88 1:1
b Bn 92 31

¢ benzhydryl 92 17:1

d Boc 73 1:1.3

Schéma 3.3. Termalni cyklizace alkoxyaminu 3.11a-d.

Obrazek 3.1. Rentgenové struktury bicyklickych sloucenin syn-3.13c and anti-3.13d.
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4. Vyvoj syntetické strategie vedouci k asperparalinu C

S nove vyvinutou, PRE efektem zprostiedkovanou syntézou vedouci k alkaloidim obsahujicim
diazabicyclo[2.2.2]diazaoktanové jadro, byly zkoumany tfi hlavni strategie vedouci k asperparalinu C a
umoziuji rychly ptistup k pokrocilym meziproduktim, jako jsou A a B (Schéma 4.1). U nejptimé;jsi
cesty (a) se predpoklada funkcionalizace C-H skupiny na uzlu (bridgehead) bicyklického intermediatu
a-1. Pokud bude tato cesta tspeésna, umozni vyvinuti modularni syntézy pokrocilych indermediatii jako
B zjiz pfipravenych 3.13a-d. Intermediaty jako B muzou byt alternativné pfipraveny konvergentni
cestou, ve které je PRE efektem zprostfedkovand metodologie rozsifena na inter- a intramolekularni
tandemovy proces (cesta (b)). Radikal R, ktery vznika pfi termalni homolyze vhodného alkoxyaminu
jako je b-2 v ptitomnosti nenasyceného DKP b-1, mize atakovat terminalni dvojnou vazbu u b-1.
Nésledny proces 6-exo-trig cyklizace/TEMPO zachyt/ TEMPOH eliminace by taktéz mohl poskytnout
modularni cestu k pokrocilym intermediatim funkcionalizovanym na uzlovém atomu. Konecné, i kdyz
nebyly alkoxyaminy jako c-2 pozorovany ani izolovany v prub&éhu pocateénich studii s DKP
odvozenych od tryptofanu, bylo potieba vyzkouset jejich tvorbu a naslednou termalni homolyzu in situ
(cesta (C)). Tato cesta je velice lakava diky pfimému vzniku vSech kruht asperparalinu skrze kaskadu
6-exo-trig/5-exo-trig cyklizace.

tandem radical
addition/cyclization

\ o 7 7
N—/"% E bridgehead H
O 5 H funct:onahzat:on PGQO
/O — N
N N
N o}

asperparaline C (ent-1.26)

o
N
s
—

Q=00rNR (c) 5 -exo-trig/6-exo-trig
cascade

{ vﬂ .

Scheme 4.1. Tti cesty k asperparalinu C.

Pro otestovani schiidnosti cesty (a) byl uskutecnén pokus o funkcionalizaci uzlového atomu
bicyklické slouceniny syn-3.13b. V prabéhu reakce syn-3-13b s LDA v piitomnosti TMSCI nebyl
pozorovan produkt 4.1, ktery by vznikal silylaci enolatu v pozici uzlu kruhd. Doslo vSak k efektivni
sylilaci benzylické pozice za vzniku 4.2 jakozto 1,5:1 smési diastereomerd. Struktura hlavniho
diastereomeru slouceniny 4.2 byla prokazana pomoci rentgenové krystalografie. Benzylicka pozice je
oc¢ividné vyrazngji kyselejsi ve srovnani s pozici lezici na uzlu kruhti, deprotonaci které¢ by vznikal
enolat odporujici Bredtovu pravidlu. Deprotonace je ziejmné fizena zndmym tzv. CIPE efektem
(complex-induced proximity effect), ktery byl zkouman Beakem a dalSimi.

LDA, TMSCI O
THF, 78 °C
85%
d.r. 1.5:1 —

Schama 4.2. Pokus o silylaci uzlové pozice v syn-3.12b a rentgeno;/é struktura skutecného produktu
4.2.
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Jako druhy byl otestovan pfistup (b). Nenasyceny DKP 4.6 byl piipraven dvéma raznymi
postupy. KdyZ byl 4.6 zahiivan v mikroviném reaktoru pii 180 °C po dobu 15 min s prebytkem
alkoxyaminu 4.7, vzniknul ocekavany produkt v 61% vytézku avsak s nizkou diastereoselektivitou 2:1.
Nutno podknout, ze v pfipad¢ klasického zahfivani v uzaviené nadob¢ na teplotu 130 °C a vice, bylo i
po nékolika hodinach dosazeno jen malé konverze.

(CH,O)n, NaH
THF, 100 °C,
sealed tube
ﬁm o o
o o \Ouo/ (3-5¢eq.)
%N 1. LIHMDS, N
N THF, -78 C N 4.7 OTMP
Bn~ then . Bn” DMF, 180 °C,
— - 15 min
[CHo=NMe,I'l ° | 61%5,d.r. é:1
1. Mel, MeCN

3.10b 2. K,CO3 MeOH

71% overall

Schéma 4.3. Tandemova radikalova adice/ cyklizace vedouci k diazabicyklo[2.2.2]oktanovérnu jédru.

vvvvvv

nizka diastereoselektivita, ktera je dusledkem vysoké reakéni teploty. Pakhze neni mozné diastereomery
oddgélit, jako je tomu v piipadé latky 4.8, je dalsi postup v syntéze vyrazné ztiZen.

4.4. PFima cyklizace DKP skrze oxidativni in situ tvorbu alkoxyaminu

Nasledné byla vyvinuta asymetricka syntéza DKP (R)-3-10a, potfebného k zahajeni syntézy
ent-1.62. Pro zavedeni asymetrického kvartérniho uhlikového centra na 4.9b byl pouzit Seebachtiv
princip regenerace stereocentra SRS (self-regeneration of stereocenters). Takto byl piipraven 4.9
Vv gramovém mnozstvi pomoci popsané metody. Prenylace enolatu odvozeného od 4.9 poskytla jediny
diastereomer ozaxolidinonu 4.11 ve vysokém vytézku. Pfi reakci 4.11 s 2 M roztokem methylaminu
v methanolu vznikla Spatné rozdélitelnd smés zadaného pyrrolidinu 4.12 a vedlejsiho produktu N-
formylpyrrolidinu 4.13. Frakce kontaminované formylpyrrolidinem 4.13 byly podrobeny deformylaci
zahtivanim s NaOH v ethanolu. Pyrrolidin 4.12 byl pfeveden na DKP (R)-3.10 ve dvou krocich skrze
bromoacetamide 4.14, ktery byl ve stejné nadobé bez izolace cyklizovan na (R)-3.10 za podminek

phase-transfer katalyzy.
3_ NaOH,
4 \F EtOH \F
H LDA, -78 °C, MeNH,, ,/mm

O THF then o MeOH rt.
—men
N /\)\ 89% after NaOF NaOH
o o

N Br Z }/ treatment of 4.13 N Newe \CH NHMe
ClsC 79% ClsC 412 13
49 411 o KOs

Brksr CH,Cly/H,0,
0°C,1h
o o

B
#N NaOH, Et;NBn*CI, r%u
N CHClyHO, rt. | Nt
B 80-85% B
o] (o]
| over two steps |
(R)-3.10a 4.14

Schéma 4.4. Prenylace chiralniho oxazolizidonu 4.10 a jeho pfeména na (R)-3.10.

Z takto ptipraveného DKP (R)-3.10 byly ziskany DKP 4.15a-c pomoci alkylace enolati
komerénimi nebo znamymi bromidy. Byla-li reakéni teplota peclivé kontrolovana, probihala alkylace
vysoce diastereoselektivné za vzniku pouze trans-diastereomert. Kdyz byla teplota zvySena na
laboratorni teplotu nebo dokonce jen na -20 °C, vznikaly v malém mnozstvi i vice polarni cis-
diastereomery a dokonce i dialkylované produkty. Struktura a konfigurace 4.15C byla jednoznacné
potvrzena rentgenovou krystalografii a konfigurace latek 4.15a a 4.15b byly uréeny na zakladé analogie.
Analogickou alkylaci latky (£)3.10 cinnamyl bromidem byl ziskan racemicky 4.15db.
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o ™

o E (g
mBuli,-78°C, o oI w e
T{'TD THF, then R N
N . R N e
- : A
B //\/,\/Br e B
[¢]

o | -50 °C ]
(R)-3.10 4.15ac

i S G g |
4.15a 87% 4.15b 85% 4.15¢ 90% (+)-4.15d 82%

Schéma 4.5. Diastercoselektivni alkylace latek (R)-3.10 a (¢)-3.10, rentgenova struktura latky 4.15c.

DKP 4.15a-d byly nasledn¢ deprotonovany pomoci LIHMDS, byl ptidan TEMPO radikal a
vznikajici enolat byl oxidovan po davkach piidavanim Cp.Fe*PFs pii -40 °C v DME. Po 10 min
michdni byla odstranéna chladici 14zen, na reak¢ni baiiku byl nasazen zpétny chladi¢ a baiika byla
ponofena do lazné vyhiaté na 100 °C. Reakéni smés byla zahfivana k refluxu po dobu 1,5 h. Po
vychladnuti byla reakéni smés odpafena do sucha a nasledné precisténa pomoci sloupcové
chromatografie. Monocyklické produkty 4.16a-d vznikly v dobrém vytézku s diastereoselektivitou
54:1,9,3:1,8:1a5:1pro 4.16, 4,16b, 4,16¢ a (+)-4.16d.

o LiHMDS, -40 °C, DME, W\N\ 0

SN

o
R\A/\(U\N 1651[::; TETOPQOC’ R’ &J\N Refl
- eflux
_N : poFe Fre, _N L N
o | (75 °C)
syn-4.16a-d anti-4.16a-d

4.16a, 87%, d.r. 5.4:1 4.16b, 75%, d.r. 9.3:1 4.16c, 87-90%, d.r. 7:1  (+)-4.16d, 75%, d.r. 5:1
Schéma 4.6. Diastereoselektivni oxidativni cyclizace 4.15a-d vedouci k ptemosténym DKP 4.16a-d.

Analyza tranzitnich stavi cyklizaci latek 4.15a-d odhalila, Ze v tranzitnim stavu A, ktery vede
k hlavnimu syn-diastereomeru, je vznikajici isopropylovy radikal v gauche nebo syn-pentanové
interakci s CH2R a C=0 skupinami. V tranzitnim stavu B, ktery vede k nezadoucimu minoritnimu anti-
diastereomeru, je vznikajici isopropylovy radikal v dvojité syn-pentanové interakci s CH-R a N-Me
skupinami. Rozdil sterické narocnosti C=0O a N-Me skupin zpisobuje realativné brzky (early
TS) tranzitni stav A a tim urcuje vysledek cyklizace ve prospéch syn-diastereomeru.

two sterically

hindered syn-pentane
interactions with CH,R
and N-Me groups

one sterically
hindered syn-pentane
interaction with CH,R group

syn - major anti - minor

Schéme 4.7. Plivod stereoselektivity radikalovych cyklizaci substituovanych DKP.

Baran et al. nedavno publikoval reduktivni radikalové cyklizace s vyuzitim Fe(acac)s/PhSiHz u
latek, které obsahuji zaroven elektronové bohaté i elektronové chudé alkeny, inspirované ptvodnimi
pracemi Mukaiyamiho (Schéma 4.15). Reakce muze probihat i pfi pouziti podstechiometrického
mnozstvi Fe(acac)s. Pod vlivem téchto praci byla bicyklicka slouc¢enina 4.16b transformovana ve dvou
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krocich na nenasyceny methyl ester 4.34 skrze odstranéni chranici skupiny a naslednou oxidaci pomoci
MnO;. Na této modelové slouceniné byla vyzkousena radikalova cyklizace za pouZiti stechiometricych
podminek popsanych Baranem. Cyklizaci byl ve vysokém vytézku ziskan jediny diastereomer produktu
4.35. Tato latka byla vykrystalizovana zroztoku AcOEt/hexan a konfigurace nové vzniklého
stereocentra byla jednoznacné uréena pomoci rentgenové krystolgrafie (Schéma 4.8).

N\

o
PhSiH, %\ H
Fe(acac);  © R
65 °C, MeOH
97%

Schéma 4.8. Reduktivni cyklizace latky 4.34 a krystalova struktura latky 4.35.
Vzhledem Kk témto slibnym vysledktim byla latka 4.16¢ obsahujici furanovy kruh podrobena

meziprodukty pro syntézu asperparalinu C. Dearomatizace Singletovym kyslikem V pfitomnost
Hiinigovy baze vedla k vysoce regioselektivnimu otevieni endoperoxidového intermediatu 4.39
deprotonaci méné branéné pozice. y-hydroxybutenolid 4.40 byl ziskan typicky ve vice nez 80%
vytézcich jako 2:1 smés epimerti na hemiacetalovém centru.

o
OH
H
\_| 0, hv, M H ° M
N __Rosebengal | (07 y s oX_ /
€ TPrNEL, 0 N 80-96% N
d CH,Cl, -78 °C H N N
d d
4.16¢ RN 439 4.40

Schéma 4.9. Dearomatizace furanu pomoci singletového kysliku

y-Hydroxybutenolid 4.40 byl nasledné pieveden na modelové slouceniny pro cyklizaci.
Sloucenina 4.40 byla pisobenim NaBHs v methanolu pfevedena na butenolid 4.41, za pfitomnosti
kataliticky koncentrovaného H»SOs byl ziskan y-methoxybutenolide 4.42 jako nerozdélitelna smés
epimerl v stoprocentnim poméru 1:1. Oxidaci latky 4.40 pomoci DMP (Dess-Martinovo ¢inidlo) byl
jako meziprodukt ziskan nestabilni anhydrid kyseliny maleinové 4.43, ze kterého byla pusobenim
heptamethyldisilazanu v THF pii 150 °C po dobu 5 min ziskana latka 4.44 v 88% vytézku.

NaBH,
MeOH

93%

MeOH,
H,S0Oy (cat.)
— >

quantitative

MeNTMS, THF
then 150 °C

88%

o

4.44 o

443 J

Schama 4.10. Pfeména y-hydroxybutenolidu 4.40 na modelovy prekurzor cyklizace.

Cyklizace butenolidového substratu 4.41 probéhla efektivné a poskytla ve vysokém vytézku
smés diastereomert na noveé vzniklém spiro centru 4.45a a 4.45b v poméru 3:1. NOE analyza této smési
odhalila, Ze zadany diastereomer 4.45a je minoritnim produktem. Nicméné¢ tento vysledek demonstroval
proveditelnost naro¢né spirocyklizace, skrze kterou vznikaji dvé plné substituovana stereocenta kolem
nove vzniklé C-C vazby.
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PhSiH;

Fe(acac);
o H MeOH,
° reflux o
== / 9
N 83%
N 4.45a/4.45b = 1:3

o

4.41
Schéma 4.11. Uspésna reduktivni spirocyklizace butenolidu 4.41.

Cyklizace y-methoxybutenolidu 4.42, ktery byl pouzit jako nerozdélitelna 1:1 smés epimert
4.42a a 4.42b, poskytla produkty 4.47a a 4.47b jako nerozdélitelnou 1:1 smés ve vytézku 92-96% pii
nasad¢ 70-100 mg. Zda se, ze kazdy z epimert 4.42a a 4.42b cyklizuje stereoselektivné na latky 4.47a
a 4.47b skrze tranzitni stavy 4.46b a 4.46b. Methoxy skupina na acetalovém stereocentru tedy efektivné
kontroluje pfistup terciarniho radikalu z opacné strany kruhu. Ackoliv latky 4.47a a 4.47b nebylo mozné
rozdélit sloupcovou chromatografii, nechtény diastereomer 4.47b byl §patné rozpustny v ethylacetatu a
bylo tedy mozné po krystalizaci jednoznacne prokazat jeho strukturu pomoci rentgenové krystalografie.

OMe OMe

O—- H O H
o = * o0 =
= / 0 = / 9
N N
N N
4.42 1 ° 0
a 4.42b
PhSiH; . o
Fe(acac)s 92-96% K
MeOH, reflux | 4-47a/4.47b = 1:1 / MeO
o

o
4.47a

Schéma 4.12. Efektivni spirocyklizace y-methoxybutenolidu 4.42.

Obrazek 4.1. Rentgenova krystalova struktura latky 4.47b.

Opakovanim frakéni krystalizace 1:1 smési latek 4.47a a 4.47b byla ziskana nezadouci latka
4.47b v gisté formé a mate¢ny roztok byl obohacen o 4.47a (4.47a/4.47b 5-5,5:1). Smés byla nasledné
pouzita ve dvoukrokové reakéni sekvenci, kde v prnim kroku byl pouzit 2 M rozok methylaminu
v methanolu a v druhém kroku byl hydroxylaktamovy meziprodukt 4.48 oxidovan pomoci PCC na
spirosukcinimid 4.49 v 77% vytézku. Sloucenina 4.49 se li$i od asperparalinu C jen oxida¢nim stavem
uhliku C-8, ktery je v pripadé asperparalinu pln¢ zredukovan a mize tedy byt pojmenovana jako 8-
oxoasperparalin C. Poc¢ate¢ni pokusy o chemoselektivni redukci C-8 amidové skupiny za pouziti
BH3*THF nebo Et:SiH/BF3 byly neuspésné.

OH 7 *
MeNH,, \N B pCC, \ /o,_: 16 BH30|THF
gAﬁor»-t! o M CHyCly, B Et;SiH/BF5

2h,rt.
L,
7%

over 2 steps
o o

4.47 4.48 8-oxoasperparaline C (4.49) asperparaline C (ent-1.26)

/ O
N
N

Schama 4.13. Syntéza 8-oxoasperparalinu C (4.49) a pocate¢ni pokusy o chemoselektivni redukci C-8
amidu u latky 4.49.
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5. Syntéza ruznych premosténych DKP s pouzZitim PRE efektu
5.1. Syntéza DKP s uhlikovym mistkem

Na zakladé pfedchoziho objevu stabilnich alkoxyaminii a demonstrovani jejich aplikace jako
zdroje radikal byla vyvinuta metodologie syntézy rozlicnych nepfirodnich pfemosténych DKP
zalozena na PRE efektu. Alkylaci DKP 5.1 (R = Bn), 5.5 (R = benzhydyl) a 5.8 (R = (S)-PhCHMe)
nasledovanou oxidativni oxyaminaci enoldtu byly v dobrych celkovych vytézcich pfipraveny
alkoxyaminy 5.3a-f a 5.11 (Schéma 5.1). Produkty 5.3a-f, 5.7 a 5.11 byly izolovany jako smési cis/trans
diastereomerd v poméru 1:1 az 1:10, nebo jako jediny trans-izomer.

ﬁOTMP
O LiIHMDS, then o

i TLlHMDS ; 9, Cp,Fe’PFy I
then
X

F'>G ) R’ PG PG

" 51.76% 74-97%
PG = benzyl, benzhydryl, (S)-PhCHMe

Schéma 5.1. Syntéza DKP alkoxyamint 5.3a-f, 5.7 a 5.11.

Tabulka 5.1. Syntéza ruznych diazabicyklo[n.2.2]alkandionovych cyklickych sytému z
alkoxyamint 5.3a-f, 5.7 a 5.11.14

Poloz  Alkoxyamin Piemostény  Vytézek Poloz  Alkoxyamin Premosteny  Vytézek
a DKPLI e @ DKPUI [96]¢1
(d.r.)t (d.r.)t
1 TMPO 5 Bn OTMP
TMPO = 79 T™PO, N.__O Ph—< Me
j\ KA N5 oIN&Ph /8 9214
53a O 5.448n (LD 5B.2e - N
O 517 Bn
2 TMPO 88 6 ™MPO. R o i 94
I i/ﬁ/ OINK/\/ oBr{ (3.331)
B ) B N
5;b (2:1) 5.::f N
syn-5.13a B 52120
3 TMPO OTMP 7 SRz
I LV TMPO;[ 97
Ph g7If
5. 3c CHPh2 pG (5.6:1)
syn 5.13b,
PG = Ph,CH
4 TMPoI :i/& 8 Ph}"-m -
TMPO o N
9 ;[ f oYy
5.5a /g . ,\?/5 (4.6:1)M
Ph o
5.10 pn 5.19

[a] Obecné reakéni podminky: 0.02 M alkoxyamin v tBuOH, 130 °C, 1.5-2 h. [b] Zobrazen jenom hlavni
diastereomer. [c] Izolovan. [d] Stanoveno pomoci *H NMR surového reakéniho produktu. [e] Bylo izolovéno i
10% produktu 7-endo-trig cyklizace (viz experimentalni ¢ast). [f] Celkovy pomér na exocyclikém stereocentru:
3.4:2:2:1. [g] Pomér na exocyklickém stereocentru nebylo mozné stanovit. [h] (1S,5S):(1R,5R)

Zahiivanim roztokd alkoxyamint, které obsahuji terminalni, 1,2-di- nebo trisubstituované
olefinické akceptory vtBuOH na 130 °C vuzavréné nadobé po dobu 1,5-2 h, byly ziskany
diazabicyklo[2.2.2]oktan-3,6-diony, které ve vysokém vytézku vznikaji 6-exo-trig cyklizaci (Tabulka
1, polozka 1, 2, 3, 5, 7). V ptipadé N-benzylové skupiny byla diastercoselektivita nizka, jeji zvyseni
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bylo dosazeno pouZzitim objemné&jsi N-benzhydrylové skupiny (polozka 7). Substraty 5.3d a 5.10, které
obsahuji 1,1-disubstituovany alken, selektivné posyktly produkty 7-endo cyklizace 5.16 a inhibitor a-
glucosidazy 5.19 (polozky 4 a 8). Zaména allylové skupiny za homoallylovou u latky 5.3f ptekvapiveé
vedla kefektivni a vyhradni 8-eno-trig cyklizaci, kterou vznikl ve vysokém vytézku DKP
se ¢tyfuhlikovym muistkem 5.21 s diastereoselektivitou 3,3:1 (polozka 6).

5.2. Syntéza O- a N-pFemosténych DKP.

Snadna 8-endo-trig cyklizace latky 5.3f byla motivaci pro otestovani moznosti cyklizovat lehce
dostupné substraty obsahujici hetereotam 5.35 (Schéma 5.2). Metodologie byla taktéz pouzita na O- a
N-pfemostené DKP obsahujici diazabicyclo[4.2.2]oktanové jadro. Cyklizace téchto substrati jsou
efektivni a podafilo se ziskat O- i N-pfemosténé DKP.

TMPO.

ZEI

5. 35abef

130 °C
tBuOH
OTMP
O pmB O pmB
Dy @”
N N
N
PMEB' 0
5.36a 5 3eb 5. 36c 5. 36d
96%, d.r. = 2:1 94% 91%, d.r. = 1:1 90%, d.r. = 2:1

X=0,R=H X=0,R=CHz X=Nally, R=H X=NCO,;Me, R=H
Schéma 5.2. Syntéza O- a N-pfemosténych diazabicyklo[4.2.2 |dekanovych systémii.

Dobie fungovaly i dalsi cykliza¢ni mody jako 7-exo a 9-endo-trig cyklizace. Pro piimé
porovnani rychlosti cyklizace v 7-exo-trig moédu (prenyl) a v 8-endo-trig modu (allyl) byl
piipraven substrat 5.40. Bylo zjisténo, Ze cyklizace v 8-endo-trig modu je skoro 9 krat rychlejsi
nez cyklizace v 7-eXo-trig modu.

Intramolecular competition:
130 °C
VPO tBUOH MB N OTMP

PMB
I I/\)\Sﬂ/ PREPPRR W TMPOI f
o8
n 7-exo- trlg o) N/\/ 8-endo- trlg \

7-exo-trig cyclization:

PMB
5.35¢ 5.37

9-endo-trig cyclization: d r. 1 1 ‘ dr. 1 5:1 Bn o)

5.44

PMB 150 °C
O PMB
TMPO tBuOH \O | 544 _ Kgensotig  _g
I I o 48% R N 545 Krexourig
oMB PME. O
5.35d 5.38

Schéma 5.3. Rizné mody cyklizaci alkoxyamimu 5.35¢, 5.35d a 5.40.

Na zavér byla vyvinutd metodologie pouZzita ve formalni syntéze antibiotika
bicyklomycinu. Pro tyto ucely byl navrzen prekurzor obsahujici dosud nepouzitou allenovou
skupinu, kterd vystupuje jako radikalovy akceptor. Pottebny alkoxyamin 5.58 byl pfipraven ve
tiech krocich ze slouceniny 5.51 skrze oxygenativni cyklizaci v bazickych podminkach na 5.56,
Crabbeho homologaci na 5.57 a oxygenaci enolatu za podminek vnitiniho zhaseni (internal
quench), protoze pii pouziti standatnich podminek oxidativni alkoxyaminace dochazelo
k neoc¢ekavanému a rychlému piesmyku enolatu. Klicova radikalova cykloizomerizace latky
5.58 probéhla velmi efektivné za vzniku premosténého DKP 5.59, ktery obsahuje interni
dvojnou vazbu. Nasledujicim reduktivnim odstranénim tetramethylpiperidinylové skupiny za
pomoci zinku v kyselin€ octové vznikl allylicky alkohol 5.60. Je dilezité zdtraznit, Ze za kyselych a
reduktivnich podminek nedoslo k poskozeni citlivé hemiaminalové skupiny na pozici uzlového atomu.
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Reduktivnim pfesunutim vnitini dvojné vazby do exo-pozice za podminek vyvinutych Movassaghim
byl ziskdn Williamstv klicovy meziprodukt v 6 krocich a v 38% celkovém vytézku.

PMB PMB MB LiHMDS,
/\OH o (CH2O) w o TMSCl, then _130°C
i \i tBUOKi f Cy,NH, Cui f TEMPO‘PFG I f tBuOH
Cl
PMB PMB PMB PMB
5.31 5.56 63% 5.57 93% 5.58 90%
OTMP
Zn, 5.61a, PMB 4 steps O H
oopMa\ ACOH/THF O pMBY _ DIAD, PPhs, _refxX
o > (®]
k*‘ N 50°C, 1h @3,\“ Tocrt2n,
N N then TFE/H,O PMB
1 / (171
PMB 0 PMB 0 ) 5.49 85% HO bicyclomycin (1.4)
5.59 90% 5.60 93% H
S-NH
(e} N:<
NO: 561a

Schéma 5.4. Formalni syntéza bicyklomycinu (1.4).

6. Vlastnosti alkoxyamini odvozenych od DKP
6.1. Neobvykla trans-cis izomerizace alkoxyamina a kinetické studie.

Zkusma cyklizace neoddélitelné smési 11:1 trans/cis-5.25 pti 150 °C nevedla k radikalové
cyklizaci na aromaticky kruh. V *H NMR spektru odpafené reakéni smési byly nalezeny piky jediného
diastereomeru, ktery byl v plivodni smési minoritni, tj. probéhla uplna a Cistd izomerizace trans-
diastereomer na cis. Toto bylo prokdzano krystalizaci vysledného produktu a rentgenostrukturni
analyzou, ktera potvrdila relativni stereochemii jakozto Cis a prokazala, Zze jde o termodynamicky
produkt (viz niZe). Izomerace trans-5.25 byla sledovana *H NMR spectroskopii pfi tfech riznych
teplotaich v DMSO-ds (Obrazky 6.1-6.3). Experimentalni data pro konverzi trans-5.25 odpovidaji
kinetice prvniho fadu (Obrazek 6.3). Polocas zivota trans-5.25 se vyznamné sniZuje pii zvyseni teploty
— pfi 85 °C je roven pouhym 17 min. Aktivaéni parametry AH* = 130.73 kJ/mol (31.3 kcal/mol) a AS* =
58.4 J/(K*mol) (14,0 cal/(K*mol)) byly ziskany z Eyringovy rovnice (Obrazek 6.4). Tyto vedou k
aktivaéni energii E; = 133,67 kJ/mol (32 kcal/mol) pro celkovou pfeménu, berouci 80 °C jakozto
prumérnou teplotu napti¢ méfenimi. Arrheniovo zobrazeni (In(k) vs 1/T) dava stejnou hodnotu E.. Déle
byla uréena Gibbsova aktivaéni energie AG* pii tfech teplotach (Tabulka 6.1). Pozorované rychlostni
konstanty pro celkovy izomeraéni proces Kops, ktera by méla byt piiblizné rovna rychlostni konstanté
homolyzy vazby C-O (kq(trans)) v trans-5.25, byly spocteny a nachazeji se v rozmezi 1-7.10% st v
intervalu 70-85 °C, nebot” homolyza trans-5.25 je zde rychlost uréujicim krokem.

TMPO, TMPO

| J:an\  heat IBHT\

f
| w trans- 525 | | cis-525 [106

55 54 53 52 51 50 49 4B 4T 46 45 44 43 42 41
1 (ppm)

Obriazek 6.1. Sledovani pfemény trans-5.25 na cis-5.25 v *H NMR spektru pii 80 °C.
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Obrazek 6.2. Zavislost koncentrace na ¢ase pro izomeraci trans-5.25 na cis-5.25 a jeji linearizovana

forma pro reakci prvniho fadu.
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Obrazek 6.3. Graf linearizované formy Eyringovy a Arrheniovy rovnice pro izomeraci trans-5.25 na
Cis-5.25.

Tabulka 6.1. Kineticka data ziskana pro izomeraci trans-5.25 na cis-5.25.
T(K)  Kkos(s?) AG* (kcal/mol) ty, (min)

343,15 1,00.10* 26,50 116
353,15 4,00.10* 26,34 29
358,15 7,00.10* 26,27 17

Podobna izomerace byla objevena i béhem hledani optimalni teploty pro cyklizaci 5.3a. Pfi
zahtivani trans-5.3a, kontaminované malym mnozstvim cis-5.3a (cca 5:1), v tBuOH po dobu 2 h pii 80
°C nebyla cyklizace pozorovana. Nicméné, znovu byla pozorovana uplnd a Cistd izomerace
trans-diastereomeru na cis. Struktura termodynamického produktu cis-5.3a byla téz prokazana pomoci
rentgenostrukturni analyzy.

Bn Bn
{ 80 °C ! kvantitativni izomerace
TM"OINf/\ {BUOH TMPOINf/\ zadna cyklizace
o l?l X o ITI X
Bn Bn
trans/cis-5.3a, 5:1 cis-5.3a

Schéma 6.1. Trans/cis isomerizace 5.3a.

Polocas Zivota trans-5.3a je 6 min pii 85 °C v porovnani k 17 min pro trans-5.25 pfi stejné
teploté. Rychlostni konstanty izomerace Kops JSOU 2.5-3krat vétsi pro trans-5.3a v porovnani k trans-
5.25 (Tabulka 6.2). Aktiva¢ni parametry jsou taktéz odlidné a jsou nizsi: AH* = 122.10 kJ/mol (29.21
kcal/mol) and AS*=41,80 J/(K*mol) (10.00 cal/(K*mol), E. = 125.04 kJ/mol (30 kcal/mol).
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Obrazek 6.4. Zavislost koncentrace na ¢ase pro izomeraci trans-5.3a na cis-5.3a a jeji linearizovana
forma pro reakci prvniho fadu.
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Obrazek 6.5. Graf linearizované formy Eyringovy a Arrheniovy rovnice pro izomeraci trans-5.3a na
cis-5.3a.

Tabulka 6.2. Kineticka data ziskana pro izomeraci trans-5.3a na cis-5.3a.
T(K)  kos(st) AG* (kcal/mol)  tiz (min)

343,15 3,00.10* 25,78 39
348,15 5,00.10* 25,73 23
353,15 9,00.10* 25,68 13
358,15 1,90.10° 25,63 6

6.2. Strukturni studie v pevném stavu a v roztoku

Mnoho z alkoxyaminti odvozenych z DKP jsou krystalické latky, které umoznily jednoznacné
urceni struktury v pfipadech kdy byly diastereomery oddélitelné (Obrazek 6.6). Rentgenové struktury
pro cis-5.3a i trans-5.3a byly ziskany krystalizaci Cistych vzorkd. U alkoxyaminu 5.25 bylo mozné
charakterizovat pomoci rentgenostrukturni analyzy jen cis-diastereomer. Navic byly ziskany struktury
od trans-5.3c a dokonce pro alkoxyamin trans-3.11d odvozeny od prolinu. Zajimava vlastnost spole¢na
pro vSechny struktury je, ze TEMPO vzdy obsazuje pseudoaxialni polohu, navzdory tomu Ze je stericky
velmi objemné (Obrazek 6.6). Toto pozorovani vede k navrhnuti vysvétleni této tendence pomoci
anomerického efektu . V trans-5.3a a trans-5.3c allylova a cinnamylova skupina obsazuje
pseudoekvatorialni polohu, zatimco TEMPO obsazuje pseudoaxialni polohu. V rentgenovych
strukturach cis-5.3a a cis-5.25 jak TEMPO, tak i allylova/benzylova skupina v a-poloze jsou
v pseudoaxialni poloze a nevykazuji zvlastni stabilizujici interakce. Toto nevylucuje piitomnost
stabilizujicich stereoelektronickych efekti v cis-konfiguraci. Naptiklad, relativné blizky C-H---O
kontakt mezi O-atomem v TEMPO a CH:-skupinou substituentt je pfitomen jak v cis-5.3a, tak v cis-
5.25 se vzdalenostmi 2.45, respektive 2.67 A. Je oviem obtizné pfipsat tato pozorovani nekonvenéni C-
H---O vodikové vazbé. Navic, konformacni sterické pnuti miize byt divodem, pro¢ jsou trans-
diastereomery mén¢ stabilni. Toto je podpofeno faktem, ze dokonce i jednoduchd optimalizace
geometrie v modelu MM2 naznacuje, Ze Cis-5.25 a cis-5.3a jsou stabilnéjsi nez trans-5.25 a trans-5.3a
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0 5.2 kcal/mol respektive 9.1 kcal/mol. K hlubSimu porozuméni preference cis-konfigurace by bylo
nicméné tfeba detailnéjSich kvantové-chemickych vypocti.

cis-5.25

Obrazek 6.6. Rentgenové struktury vybranych alkoxyamini odvozenych od DKP trans-5.3a, cis-5.3a,
Cis-5.25, trans-5.3c a trans-3.11d.

K zjisténi zda-li je preference pseudoaxidlni polohy TEMPO fragmentu pfitomna i v roztoku,
byly provedeny NOE experimenty s dvojicemi cis-5.3a/trans-5.3a a cis-5.25/trans-5.25. Silné NOE
kontakty mezi methylovymi skupinami v TEMPO a CH.-skupinami v allylové (cis-5.3a) resp.
benzylové skupiné (trans-5.25) vskutku pozorovany byly. Tato pozorovani naznacuji, ze dokonce i v
roztoku je diaxialni konformace cis-diastereomert vyrazné preferovana (Obrazek 6.7).

N VI P “.]J JJL JM_J_._.JU_,JLJ Mﬂll
= EP- = =

z 2

) cis-5.3a | -4 | cis-5.25

Obrazek 6.7. NOE kontakty mezi CHstempo @ CH2R skupinami v cis-5.3a a cis-5.25.
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trans-5.3a

Obrazek 6.8. NOE kontakt mezi neanomernim aCH protonem a CHsrempo V trans-5.3a.

V roztoku trans-5.3a v DMSO-ds byl pozorovan slaby NOE kontakt mezi methylovymi
skupinami TEMPO a neanomernim aCH protonem. Toto pozorovani odpovida se strukturou v pevném
stavu, kde allylova skupina zaujima pseudoekvatorialni polohu a TEMPO fragment je v pseudoaxialnim
usporadani. Nicméne zadny obdobny NOE nebyl pozorovan v roztoku trans-5.25.

Alkoxyamin s isobutylovym postrannim fetézcem byl syntetizovan z DKP 6.10. Za stadardnich
oxidativnich podminek pro alkoxyaminaci, tj. za kinetickych podminek, vznikla smés cis- a trans-
diastereomeru témef v poméru I:1.

o
, LiHMDS, -78 °C, NBn 7870 NBn
__then TEMPO, _
T Co.Fe'PF- B”N “tBuoH ~ | BN . N
poFe*PFg “o
6.11

6.10 O 97%, d.r. 1.1:1 trans-6.11 ©

Schéma 6.2. Syntéza trans-6.11.

Po zahtati tBuOH roztoku této smési diastereomert na 130 °C doslo k ¢isté a kvantitativni
premeéné na jediny diastereomer. Protonové NMR signaly termodynamického produktu odpovidaly
signalim majoritni slozky pivodni smési 1.1:1 (Obrazek 6.9).

a) 1.1:1 mixture o o
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ot NBn 130 °C o NBn k2
n N )~ Bn Y% N
CHOTMP WW/L“O tBuOH n©
0 0 CHICH:l2
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T Py R V"-»‘IRJLHJ LM A L
b) after heating
8!
CHOTMP ‘ CH(CH:)2
Il Il AW \‘ |
A MM | __)llu;._ _ M"_/‘\_J""-'/ N”‘"" JJ‘ (S e

T T T T T T T T T T T T T T T T T T T T
56 54 52 50 48 46 44 42 40 3.8 3.6 34 3.2 3.21 [Z.E ) 2.6 2.4 2.2 Z.U 1.8 1.6 1.4 1.2 1.U U.E 0.6 04 0.2 0.0
ppm

Obriazek 6.9. Porovnani *H NMR spektra 6.10 pied a po zahtati.

Tento produkt nekrystalizoval a tak byla  konfigurace anomernich oCH protont
termodynamického produktu urcena z NOE experimentli. Namisto NOE mezi neanomernimi a
anomernimi aCH protony v termodynamickém produktu, kterazto by hovofila pro cis-konfiguraci, byla
pozorovana slaba, ale zietelné viditelnd NOE interakce mezi anomernim aCH a CH; protony
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isobutylového postranniho fetézce. Toto naznacovalo trans-konfiguraci termodynamického produktu.
Kdyz byly NOE experimenty provedeny na ptivodni smési 1.1:1, labilni slozka, kterd podléhala termalni
izomeraci, vykazovala NOE mezi dvéma aCH vodikovymi atomy. Na zaklad¢ téchto dikazi 1ze fici, Ze
termodynamicka stabilita Cis- a trans-diastereomert je u DKP s alifatickym isobutylovym postrannim
fetézcem obracena.

H [o] /‘(\ /\
|
stable form: e @;,N \ 385
trans-6.11 G e = H
‘ ; 1‘“ 0‘15/ W g labile form: .
\ v v \ ‘ cis-6.11 J s
-\ %kzw»\mwwq AT A et ey LW;M 'M \ \ T ‘Z"
\ \
\ | "
‘ ’ 4‘ [l I 15
\ " \ _:5_\ T 2
J;“” “ 7’ 1\ B A A J,,V *‘ Lk ‘ Ul = *
[ "

Obrazek 6.10. NOE kontakty pozorované u stabilniho a labilniho izomeru 6. 11.

6.3. 'H NMR sledovani cyklizace Fizené pomoci PRE

Po prokazani izomerace z trans- na cis-formu pied radikalovou cyklizaci byl sledovan také
cykloizomeraéni proces pomoci zahfevu roztoku ¢istého cis-5.3a v DMSO-ds pii 90 °C, 100 °C, 110 °C
and 115 °C.
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Obrazek 6.11. Zavislost koncentrace na ¢ase pro cykloizomerizaci cis-5.3 na premosténé DKP.

Cisty ubytek signalti odpovidajici cis-5.3a a narist signali odpovidajici cyklizaénim produktiim
syn/anti-5.11 a 5.12 byl pozorovan v zavislosti na ¢ase. 6-Exo-trig cykliza¢ni produkty 5.11 nevznikaly
se stejnou rychlosti. Smés produktti syn/anti- 5.11 vznikala pfi 90 °C v poméru témét 2.3:1, ovSem
reakce byla ptili§ pomala a nedosdhla Giplné konverze ani po 5 h. Po zvySeni teploty byl pozorovan maly
ale méfitelny ubytek diastereoselektivity. Pfi 100 °C bylo slozeni smési 6-exo-trig cykliza¢nich
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produktt 5.11 na konci reakce cca. 2:1, pfi 110 °C 1.9:1 a pti 115 °C 1.7:1. Ukazuje se, ze zvySujici
teplota vede K Ks-exo'~Ke-exo?. Pomér syn/anti-5.11 produktti k 7-endo-trig produktu 5.12 byl 8:1, coz
veelku odpovida pomértim izolovanych produktd.

90°C 100°C 110°C 115C
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o
R=0,9914 time (s)

Obrazek 6.12. Kinetika tbytku cis-5.3a pii 90 °C, 100 °C, 110 °C a 115 °C.

Rychlostni konstanty pro ubytek cis-5.3a byly 9.00.10° s, respektive 1.00.10°s?, 4.40.103 s
a1.54.102 s pii 90 °C, respektive 100 °C, 110 °C a 115 °C. Dramatické 11-ndsobné zvySeni rychlosti
konverze pii zvySeni teploty z 90 °C na 100 °C naznacuje velmi pomalé homolytické §tépeni cis-5.3a
pti 90 °C, coz je ocividné rychlost urcujici krok celého cykloizomeriza¢niho procesu. Tudiz, rychlostni
konstanty ziskané pro konverzi Cis-5.3a mohou byt pouzity pro odhad kg hodnot pro cis-5.3a. Aktiva¢ni
parametry pro celkovou pfeménu byly uréeny jako: AH* = 229,34 kJ/mol (54.87 kcal/mol) a AS* =
308.36 J/(K*mol) (73.77 cal/(K*mol)), Ea = 232.46 kJ/mol (55.61 kcal/mol). Polocas zivota cis-5.3a je
taktéz vyznamné€ snizen pii zvysujici se teploté a pii 115 °C je dokonce mensi nez jedna minuta.

Tabulka 6.3. Kineticka data pro cykloizomeraci cis-5.3a na premosténé DKP 5.11-5.12.
T (K) Kobs (1) AG* (kcal/mol)  ty, (min)

363.15 9.00*10° 28.10 128
373.15 1.00*10° 27.34 12

383.15  4.40*10° 26.60 2.6
388.15  1.54*10% 26.24 0.75

Vyznamny rozdil mezi aktiva¢ni entropii AS*trans/cis izomerace z trans-5.3a na cis-5.3a (10
cal/(K*mol)) v porovnani k cykloizomeriza¢nimu procesu z Cis-5.3a na piemosténé DKP 5.11-5.12
(73.77 cal/(K*mol)) je ohromujici. Takto velky rozdil mize byt zdivodnén tvorbou volné difundujiciho
persistentniho a ptrechodného radikalu, umoznujici radikalovou cyklizaci, zatimco v izomeracnim
procesu se milze UCastnit mechanismus fizeny rychlym zpétnym odrazem zminénych radikald v
solvata¢ni kleci. Tato data odpovidaji mechanismu, kdy je pomald homolyza nasledovana rychlou
radikalovou cyklizaci a poté rychlym zachytem bicyklického radikalového itermediatu persistentnim

radikalem.
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