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Preface

Heterocyclic derivatives are important in organic chemistry as products (including
natural) and/or useful tools in the construction of more complicated molecular entities.
Their utilization in polymeric, medicinal and agricultural chemistry is widely
documented. Dyestuff, electronic, and tanning structures, as well as life molecules
frequently involve heterocyclic rings that play an important role in several chemical and
biochemical processes.

Volume 16 (2012) keeps the international standard of TARGETS IN
HETEROCYCLIC SYSTEMS — Chemistry and Properties (THS) series and contains
eleven chapters, covering the synthesis, reactivity, and activity (including medicinal) of
different heterorings. Authors from France, Germany, India, Italy, Poland, Russia,
Slovakia, Sweden, and United Kingdom are present in this book.

As yet, THS Volumes 1-16 published 221 reviews by 626 authors from 29 different
countries for a total of about 7.000 pages.

Comprehensive Reviews reporting the overall state of the art on wide fields as well
as personal Accounts highlighting significative advances by research groups dealing with
their specific themes have been solicited from leading Authors. The submission of articles
having the above-mentioned aims and concerning highly specialistic topics is strongly
urged. The publication of Chapters in THS is free of charge. Firstly a brief layout of the
contribution proposed, and then the subsequent manuscript, may be forwarded either to a
Member of the Editorial Board or to one of the Editors.

The Authors, who contributed most competently to the realization of this Volume,
and the Referees, who cooperated unselfishly (often with great patience) spending
valuable attention and time in the review of the manuscripts, are gratefully acknowledged.

The Editors thank very much Dr. Lucia De Crescentini for her precious help in the

editorial revision of the book.

Orazio A. Attanasi and Domenico Spinelli

Editors
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Abstract. The intramolecular Diels-Alder furan (IMDAF) cycloaddition reaction is a versatile pericyclic
reaction for the regio- and stereoselective synthesis of 6-membered carbocyclic and heterocyclic rings. In
this chapter, recent applications of this reaction in organic synthesis are reviewed, with a particular

emphasis on its utility as a key step in the total synthesis of complex natural products.
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1. Introduction

The Diels-Alder cycloaddition reaction is one of the most powerful and widely used methods for the
synthesis of 6-membered ring systems. This pericyclic process allows the construction of 6-membered rings
with a high degree of structural complexity in a single synthetic step, often with excellent regioselectivity
and stereoselectivity. It is thus not surprising that Diels-Alder cycloadditions, particularly intramolecular
Diels-Alder cycloadditions, have been so useful in the synthesis of natural products.1 Within this class, the
intramolecular Diels-Alder furan (IMDAF) cycloaddition reaction occupies a particular niche. In this
reaction, a compound containing a furan moiety 1, acting as the diene (4n-component), undergoes an
intramolecular cycloaddition reaction with a tethered dienophile (2n-component), forming a tricyclic
oxabicyclo[2.2.1] cycloadduct 2 (Scheme 1).

Scheme 1
1



The synthetic versatility of the IMDAF reaction largely stems from the fact that the oxabicyclo[2.2.1]
bridge of the initial cycloadduct 2 can be further manipulated or cleaved under a variety of conditions,

giving rise to several useful functionalized 6-membered ring systems.

2. General aspects of the IMDAF reaction

The IMDAF reaction is quite general with respect to the diene component, the dienophile component,
and the connecting tether between the two. A range of both electron-donating and electron-withdrawing
substituents on the diene (furan) component is well tolerated, with different substitution patterns, while a
wide variety of activated (electron-deficient) and unactivated dienophile components participate in the
cycloaddition reaction, including alkenes, alkynes, allenes and benzynes. However, it should be noted that
the IMDAF reaction is greatly accelerated by electron-withdrawing groups on the dienophile, as with all
normal electron-demand Diels-Alder reactions. In addition, a range of reaction conditions has been
developed to facilitate the IMDAF reaction, including the use of Lewis acids, microwave irradiation, high
pressure and photochemical excitation. Several excellent reviews have covered in detail various aspects of
the intramolecular Diels-Alder reactions of furans,” and thus these will only be mentioned very briefly here.
In this chapter, we review the recent literature on the applications of the IMDAF reaction in organic

synthesis, with a particular focus on its applications in the synthesis of complex natural products.

2.1. Regioselectivity and stereoselectivity

As with any intramolecular Diels-Alder cycloaddition reaction, the regioselectivity of the IMDAF
reaction is necessarily controlled by the length of the tether connecting the reacting diene and dienophile
components, and this can over-ride any electronic preferences in the reacting partners. Due to the
susceptibility of IMDAF reactions to cycloreversion, thermal IMDAF reactions with short tethers usually
give the thermodynamically more stable exo-cycloadducts where the tether sidearm connecting the
dienophile to the furan ring is oriented syn to the oxygen bridge of the oxabicyclo[2.2.1] product. This is
illustrated by the formation of exo-cycloadduct 4 as a single diastereomer in the thermal IMDAF reaction of
2-trifluoromethanesulfonamidofuran 3 (Scheme 2).3 In certain cases the less favoured endo-cycloadducts can

be isolated, particularly under conditions of kinetic control.

‘ 130°, 36 h \
SOCFq 85 % SO,CF;
3 4

Scheme 2

2.2. Nature of the diene and dienophile

While IMDAF reactions are favoured when the dienophile is activated by electron-withdrawing
groups, the origin of substituent effects on the furan diene component is less clear. In many cases,
substituted furans react with faster rates than their unsubstituted analogues. Padwa discovered that a bromo-
substituent in the 5-position of the furan ring had a significant effect on the rates of intramolecular Diels-
Alder reactions of N—allyl—2—amidofurans.4 While halo-substituted furans 5-7 (X = CI, Br, I) underwent
thermal IMDAF reaction to form cycloadducts 9-11 in high yields within 90 minutes, the reaction of the

2



unsubstituted compound 8 (X = H) required 7 days to reach completion under the same conditions to form
12 (Scheme 3). The marked increase in reaction rate on incorporating a halogen substituent in the 5-position

of the furan ring appeared to be general, and was attributed to an increase in the reaction exothermicity.

\L o
N”Bn toluene, 110°

N—Bn
X O X B

O 1.5 h, 92-100 % u
’ H
\/ (5-7: X = Cl, Br, )
7 days, 90 % (8: X = H)
5-8 9-12
Scheme 3

In a related study, Padwa explored the IMDAF reaction of 5-bromofuran 13 that had been synthesized
via a Rh(I)-catalyzed cyclization of a diazomalonate ester. Interestingly, thermal cycloaddition of 13
proceeded smoothly to afford bromide 14 (Scheme 4).** This product is assumed to arise from fragmentation
of the initial oxabicyclic cycloadduct giving a zwitterionic intermediate that expels bromide ion. The

bromide ion then attacks the adjacent methylene position of the oxonium ion, giving 14.

0]

0 o) 0
_— xylenes Br
o) 0] Ph - @) Ph
= 145°
Br 36 % S
13 14
Scheme 4

2.3. Influence of the tether

The length of the tether can significantly affect the course of the IMDAF reaction. Reactions involving
substrates with 3-atom and 4-atom tethers are usually successful, as they result in the formation of
thermodynamically favoured 5- and 6-membered bridging rings, respectively. However, reactions of
substrates with 2-atom and 5-atom tethers are rarely successful due to the formation of thermodynamically
less stable 4-membered rings or kinetically unfavoured 7-membered rings, respectively. The presence of
bulky substituents on the tether, particularly gem-dialkyl substituents, usually accelerates the rates of
IMDAF reactions, most likely an illustration of the Thorpe-Ingold effect.

It is known that the presence of heteroatom groups in the tether can often facilitate IMDAF reactions
that would otherwise not proceed with tethers composed only of carbon. A recent example is the

intramolecular Diels-Alder cycloadditions of furans 15 bearing haloalkenes as the dienophile component

(Scheme 5).5
Y
\[ toluene, 110°, 4 days R,

Y
R 7 examples

\ / 13-32 %

X = O/S/NBoc
15 Y = CI/Br 16

Scheme 5
3




These compounds undergo IMDAF reaction under thermal or microwave conditions generating
tricyclic cycloadducts 16 containing halogen-functionalized quaternary stereocentres in moderate yields. The
methodology is also successful with cyclic bromoalkenes as the dienophile component, which affords
complex tetracyclic products.®

Although absolute stereocontrol of substituents on the diene or dienophile is usually observed in
IMDAF reactions, this is often not the case for substituents attached to the tether connecting the two. In
these cases isomeric mixtures are frequently obtained where the substituent on the tether adopts an equatorial
position in the major isomer. A recent example of this is the thermal exo-selective IMDAF reaction of
1-acylamino(furan-2-yl)methyl phosphonates 17 which afforded mixtures of cycloadducts 18 and 19
differing only in the configuration of the phosphonate group (Scheme 6).” Under conditions of thermo-

dynamic control, the major isomers 18 had the phosphonate group in the endo-orientation in each case.

S R toluene H H
0 reflux, 1-20 h T T
P(OMe), — g NR * NR
\ " 7 examples B
0 28-99 % ,P(OMe), ,P(OMe),
O O
17 18 19
Scheme 6

2.4. Activation of substrates toward IMDAF reaction

For the IMDAF reaction to be successful, two barriers must be overcome; the removal of the
6m-aromaticity of the furan ring, and the formation of a strained oxabicyclo[2.2.1]heptane ring system.
Consequently, many methods have been studied to accelerate the IMDAF reactions of unactivated
substrates, such as the use of Lewis acid catalysts, high pressure conditions and microwave acceleration.
Microwave acceleration is particularly useful for facilitating IMDAF reactions of otherwise sluggish
substrates. For example, Mance showed that IMDAF reaction of unactivated substrate 20 under microwave
heating conditions gave higher yields of cycloadduct 21 in shorter reaction times compared to classical

thermal conditions (Scheme 7).8

/ 1\
e benzene N
N _— N
kS o
20 Conventional heating, 72 hrs: 12 % 21
Microwave heating, 5 min: 46 %
Scheme 7

A concise approach to 4-substituted indoles involving an IMDAF reaction as the key step has been
reported by Wipf. The intramolecular Diels-Alder furan reaction of a range of unsaturated N-(2-furanyl)
amino alcohols 22 (prepared by the addition of lithiated alkylaminofurans to unsaturated aldehydes) afforded
4-substituted indoles 23 in good yields under microwave conditions (Scheme 8). The reaction proceeded by
initial [4+2] cycloaddition, cleavage of the oxabicyclo[2.2.1] ring-system, double dehydration and
subsequent aromatization to generate the indole ring system.” Interestingly, attempted cycloaddition

reactions of 22 under thermal conditions (toluene, reflux, 48 hours) led to decomposition products. The
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4-substituted indole moiety is a common structural motif found in many biologically important compounds,

such as the Ergot alkaloid lysergic acid 24.

o-dichlorobenzene HO,C -Me
@\ microwave R N H
~__R 170°, 30 min R AN
o N )
Boc OH 12 examples N
36-84 % H N
22 23 24 H
lysergic acid
Scheme 8

In some cases Diels-Alder reactions can be accelerated in aqueous media compared to the analogous
reactions carried out in organic solvents. For example, Zhang and Fan showed that a range of 6H-benzo
[c]lchromenes and 6H-benzo[c]chromen-8-ols could be synthesized by thermal IMDAF reactions of
unactivated alkene and alkyne dienophiles in water.'” Furthermore, the reaction could be accelerated
significantly using microwave irradiation. Several 6H-benzo[c]chromen-8-ols 26 were readily synthesized
by thermal IMDAF reaction of unactivated alkynes 25 in water at elevated temperature in a sealed vessel

under microwave irradiation (Scheme 9).

|
R H,O/EtOH
) R microwave
R o 150°
R3 1) 10 examples
. AN s 52-82%
R R
25 26
Scheme 9

Frontier Orbital theory dictates that Diels-Alder furan reactions between electron-rich dienes and
dienophiles proceed with difficulty and often require harsh reaction conditions. However, such reactions can
be facilitated through radical ions or electronically excited states. Arai reported that intramolecular Diels-
Alder furan reactions of a range of trisubstituted electron-rich dienophiles 27 proceeded in high yields in the
presence of the photosensitizer 9,10-dicyanoanthracene (DCA) under UV irradiation (Scheme 10).11 The
expected cycloadducts 28 were obtained when the furan ring was substituted with an alkyl group. However,

aryl-substituted furans cyclized in a completely different manner, affording spirocyclic and tricyclic

products.
R4 hv R4 \R3R2
o) P DCA (5 mol %) R, M =
R2 benzene or
dioxane
27 28 9 examples
35-89 %
Scheme 10

Many IMDAF reactions can also be accelerated by chelation of the furan diene partner with a Lewis

acid. A recent example is the cascade Grignard addition/Diels-Alder cycloaddition reactions of aryl furanyl
5



ketones 29 bearing unactivated alkyne dienophiles reported by Liu and Li.'* Addition of Grignard reagents
to ketones 29 gives a chelated magnesium species that undergoes rapid thermal IMDAF cycloaddition
affording oxabicycles 30 in good to high yields (Scheme 11). The cycloadducts 30 were obtained as single
diastereomers where the oxygen bridge and the hydroxyl group were oriented syn, most likely due to

chelation control by the magnesium chelate formed in the initial Grignard addition step.

RS
Rl = R*MgBr
THF, 80°
/\ —
R? o) 15 examples
o 61-90 %
29 30
Scheme 11

3. Recent applications of the IMDAF reaction in total synthesis

De Clercq utilized an IMDAF reaction as a key step in the total synthesis of 10-epi-D-homo-
adrenosterone 33 (Scheme 12)."° Lewis acid-catalyzed IMDAF cycloaddition of precursor 31 under
conditions of kinetic control (Me,AlICl, DCM, -25 °C) afforded a high yield of exo-cycloadduct 32 as a
single diastereomer. In contrast, IMDAF cycloaddition of 31 under thermal conditions (25 °C, 24 h)
generated a mixture of 32 and predominantly a second, more stable exo-diastereomer. Cleavage of the
oxabicyclo[2.2.1] bridge of 32 and further synthetic elaboration generated the tetracyclic ring system of

10-epi-D-homoadrenosterone 33.

0]
M M62A|C|

O 0 o) : 0 DCM, —25°, 2 h
/ | 3 -
/ o 86 %

31

10-epi-D-homoadrenosterone

Scheme 12

Rodrigo employed the cycloadduct of an intermolecular Diels-Alder furan reaction between an
acrylamide and furan as a masked acryloyl ketone during the synthesis of the ABCD ring system of
(¥)-12a-deoxypillaromycinone 37. Retro-Diels-Alder reaction of racemic 34 under thermal conditions
generated the unsaturated acryloyl ketone dienophile that subsequently underwent IMDAF cycloaddition
under kinetic conditions affording a 1:1 separable mixture of diastereomeric cycloadducts 35 and 36

(Scheme 13)." Although the diastereomeric cycloadducts 35 and 36 were separated, the absolute
6



configuration of the methoxy-group in these compounds was immaterial as both cycloadducts were further
manipulated to generate advanced tetracyclic intermediates containing the ABCD rings of (+)-12a-deoxy-

pillaromycinone 37 and related natural products.

.\\\\O M e

0] 1: toluene, 110°
7\ 12h

O _—
OMe 2: MeAICl,

DCM, -78°
34 76 %

OH OHO

(x) 12a-deoxypillaromycinone @eeﬁ
OH

H
H

Scheme 13

In an elegant and concise approach to the total synthesis of the Amaryllidaceae plant metabolite
anhydrolycorinone 40, Boger employed a late-stage tandem intramolecular Diels-Alder reaction of a
1,3,4-oxadiazole with an alkene, followed by an IMDAF reaction of the resulting furan with a vinyl ether
dienophile (Scheme 14) as the key step.'® Initial intramolecular Diels-Alder reaction of an N-(1,3,4-oxa-
diazolyl)-2-vinylbenzamide with the 1,3,4-oxadiazole moiety at 165 °C generated furan cycloadduct 38 that
underwent a second intramolecular Diels-Alder reaction of the furan moiety at 230 °C with subsequent
aromatization to furnish 39. This sequence of cycloadditions was also conveniently performed in one-pot
(230 °C, 24 h, 72%). Subsequent removal of the ester group afforded the natural product 40.

(0] O
O @)
{ N/I triisopropylbenzene  ( O N
o) o S - o)
- 230°, 18 h
77 %

CO,Me
2 39 CO,Me

KOH

Cu
quinoline
61 %

38

0]

0o N
Anhydrolycorinone < O

e
40

Scheme 14

A rapid approach to the pentacyclic [6,5,6,5,6] ring system of the indole alkaloid noryohimbane was

developed by Fokas, involving tandem N-acylation/ IMDAF reaction of 1-(2-furyl)-p-tetrahydrocarbolines.'®
7



Several 1-(2-furyl)-B-tetrahydrocarbolines 41 were prepared by Pictet-Spengler reactions of various
tryptamines with a 2-furyl-a-ketoester. Subsequent N-acylation of these compounds with acryloyl chlorides
42, or with maleic anhydride, and subsequent IMDAF cycloaddition of the resulting adducts furnished
functionalized exo-cycloadducts 43 containing the ABCDE ring system of the noryohimbane skeleton 44
(Scheme 15).

O 42
R1 NH R4/\)LC|
A RS
R2 N ~ o i-ProNEt, THF
rt-60°, 4-5 h
a 5 examples
70-94 %

c N
noryohimban [6,5,6,5,6] ring system @ B\ D
G
H

Scheme 15

The synthetic versatility of the oxabicyclo[2.2.1] bridge of IMDAF cycloadducts was illustrated by
Padwa during the total synthesis of (+)-epi-zephyranthine 47, a member of the Amaryllidaceae family of
alkaloids. The synthesis comprised a facile IMDAF reaction of a 2-amidofuran 45, followed by a
Rh(I)-catalyzed ring opening of the oxabicyclo[2.2.1] bridge of the resulting cycloadducts 46 as key steps.17
The IMDAF cycloaddition reaction of 45 was extraordinarily facile, and generated cycloadducts 46 under
mild conditions (Scheme 16). The isolation of cycloadducts 46 under mild conditions was attributed to the
electron-withdrawing effect of the carbonyl groups, which prevented the anticipated ring-
cleavage/rearrangement reactions encountered in related systems. Rh(I)-catalyzed nucleophilic ring opening
of cycloadduct 46 (R' = R* = H) established the cis-1,2-diol stereochemistry and further manipulation
furnished (+)-epi-zephyranthine 47.

@uz neat
N ~_ R - .

! rt, 12 h
Boc
5 examples
_ o,
45 41-77 %

epi-zephyranthine

Scheme 16
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Padwa employed an intramolecular Diels-Alder reaction of a 2-methylthiofuran as the key step in his
elegant total synthesis of the stemona alkaloid stenine 51. In a first generation approach, the furan
cycloaddition precursor 49 was generate in situ by a dimethyl(methylthio)sulfonium tetrafluoroborate-
mediated cyclization of imidodithioacetal 48 (Scheme 17).'® Treatment of 49 with acid generated the furan
ring in situ and subsequent IMDAF cycloaddition generated cycloadduct 50 as a single diastereomer.
However, difficulties with the subsequent reduction of the keto group of the cycloadduct 50 led to a slightly

modified and ultimately successful approach to (+)-stenine 51."

B CoMe |
| CO,Me
MeS
HO O [Me,(SMe)S][BF,]
MeS - . 0
N © Et;N HO ¥ "N~ 0
3
SMe MeCN
—40°
48 - -
49 p-TSOH
THF
I’t, 72 %
Stenine
Scheme 17

The facile IMDAF reactions of 2-amidofurans were exploited by Padwa during the total synthesis of
the Erythrina alkaloid 3-demethoxyerythratidinone 55 (Scheme 18).

n-BulLi

@ 10°-25°
NHBoc
O 53 O ,
52 M Boc' 0 54
BuO,CO CO,Me

87 % \ ‘

~CO,Me

55

3-Demethoxyerythratidinone

MeO

MeO

Scheme 18
9



Deprotonation of protected 2-aminofuran 52 and trapping with mixed anhydride 53 was followed by a
rapid IMDAF reaction generating exo-cycloadduct 54 in high yield.”® Rh(I)-catalyzed ring opening of the
oxabicyclo[2.2.1]heptene of 54 and further synthetic transformations (N-alkylation, Pictet-Spengler
cyclization, Barton decarboxylation and amide reduction) generated the natural product S5.

A stereoselective approach to the A and B rings of the acetylcholine esterase inhibitor arisugacin A 58
has been reported by Jung. The key step was a Lewis acid-catalyzed IMDAF reaction of the allenyl ketone
56 in the presence of dimethylaluminium chloride which led to the formation of cycloadduct 57 as a single
diastereomer in 91% yield (Scheme 19).?' Analogous IMDAF reactions of similar precursors having alkene
dienophiles gave the expected cycloadducts in significantly lower yields, presumably due to facile retro
Diels-Alder reactions.

M82A|C| DCM, —20° ‘@
@) 91 %

\ /

56

arisugacin A

Scheme 19

The isoindolone ring system is a key structural feature of several natural products of biological
significance, such as the alkaloid lennoxamine. A rapid entry to the isoindolone system using an IMDAF
reaction was reported recently.”? The reaction of 2-furylamines 59 with maleic anhydride 60 afforded the
exo-cycloadducts 61 in one-pot (Scheme 20). The reaction proceeded by initial N-acylation followed by
stereoselective intramolecular Diels-Alder cycloaddition. Opening of the oxygen bridge of the cycloadducts

61 and subsequent aromatization afforded the desired isoindolones.

o - O@%O o SoHo

benzene, rt, 10 h

5 examples
59 84-95 % 61

Scheme 20

Tandem intramolecular benzyne-furan Diels-Alder cycloaddition reactions have been developed by
Martin during synthetic studies towards the vineomycin family of antibiotics. After successful synthetic
10



studies on model compounds, the methodology was applied to the total synthesis of vineomycinone B,
methyl ester 64 (Scheme 21).” The key cycloaddition precursor 62 was treated with n-BuLi generating a
benzyne intermediate that was subsequently trapped by cycloaddition with the tethered furan moieties
generating, after a second iteration, cycloadduct 63. Further transformations resulted in a highly convergent
total synthesis of vineomycinone B, methyl ester 64. A notable feature of this methodology is the use of

temporary silicon tethers to control the regiochemical outcome of the key iterative IMDAF steps.

n-Buli, ether
—20°, 10 min

—_ >

85 %

vineomycinone B, methyl ester

Scheme 21

An eight-step regiospecific synthesis of the C and D rings of the furanosteroid antibiotic viridin 67 was

achieved by Keay using an IMDAF reaction as the key step.**

Me,AICI

DCM, s@
/3 Si —78°1t, 24 h d
o)
S 54 %
MeO,C—— HO
CO,Me
65 66
67 O

o
viridin MeO "
(e] \ (@]

O

Scheme 22
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Starting from 2-furaldehyde, cycloaddition precursor 65 was synthesized and subjected to IMDAF
reaction conditions. Although thermal conditions were not successful, 65 underwent [4 + 2] cycloaddition
under Lewis acid catalysis (Me,AICI) at low temperature to generate the aromatized cycloadduct 66 in 54%
yield (Scheme 22). Protected indanone 66 maps well onto the C and D rings of viridin 67.

Elegant and concise syntheses of the isoindolo[1,2-a]isoquinoline cores of the nuevamine, jamtine and

hirsutine alkaloids were recently reported by Zubkov.”

The reactions of 1-furyl-1,2,3,4-tetra-
hydroisoquinolines 68 and 69 (which were obtained by a three step procedure) with unsaturated carboxylic
acid derivatives (acryloyl chlorides, crotonyl chloride and maleic anhydride 60) afforded intermediates that
underwent subsequent IMDAF reaction in one-pot under mild reaction conditions to generate exclusively the
exo-cycloadducts (e.g.: 70 and 71) in high yield (Scheme 23). Interestingly, in the presence of activated
alkynes (e.g.: DMAD), only the corresponding Michael addition products were obtained. In a subsequent
report,”® aromatization of cycloadducts 70 and 71 to the nuevamine ring system was successfully
accomplished by exposure of 70 and 71 to hot aqueous sodium hydroxide.

R = R
o o0 w

NH

R R
Vi toluene
9 20°,2h
68—69 70: R =H:90 %
71: R = OMe: 97 %
Scheme 23

The total synthesis of a metabolite isolated from the tropical American tree Crescentia cujeta has been
reported by Wege.”’ This natural product contains the unusual and structurally rare furo[3,2-b]furan bicyclic
ring system. Following successful studies on simpler model compounds, the key cycloaddition intermediate
72 was synthesized. Thermal IMDAF reaction of 72 in refluxing toluene afforded an
oxabicyclo[2.2.1]heptadiene intermediate that was trapped by Diels-Alder reaction with 3,6-di(pyridin-2-yl)-
1,2.4,5-tetrazine 73.

Py
NN g
OMe N.__N OMe
0 T o
AN Py CO,Et
l toluene, reflux, o
OMe '/ 55h OMe
1% 74
72 1: CAN, MeCN
2: LiAIH,
25 % overall
o) 75
metabolite from Crescentia cujeta tree 0
J | OH
o) (6]
Scheme 24
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Subsequent extrusion of nitrogen and retro-Diels-Alder cycloaddition afforded the tetracyclic ester 74
in 11% yield (Scheme 24). Oxidative aromatization with ceric ammonium nitrate followed by reduction of
the ester group completed the synthesis and gave the natural metabolite 75.

It has been shown that 2-vinylfurans undergo Diels-Alder cycloaddition with doubly activated
dienophiles under ultra-high-pressure conditions via the diene comprising the exocyclic vinyl group as
opposed to the furan diene.” Realizing the potential of this methodology to access the colletofragarones
(fungal germination self-inhibitors), Harwood reported a concise approach to the macrocyclic core of these
fungal metabolites. In the key step, cycloaddition precursor 76, which was synthesized in 6 steps, underwent
ultra-high pressure-mediated intramolecular Diels-Alder reaction in an extra-annular fashion affording the
advanced intermediate 77 in 75% yield (Scheme 25).29

NC (@] - =
75 %
N
(6]
76 77
Scheme 25

Daich recently reported a concise approach to the pentacyclic ring system of the aromathecin alkaloids
which employed an exo-selective IMDAF reaction as the key step.3 * The key cycloaddition intermediate 78
was synthesized in 6 steps from aniline, and then underwent an exo-selective IMDAF reaction in refluxing
toluene in a sealed tube to generate the cycloadduct 79 as a single stereoisomer, albeit in an optimized yield

of only 13% (Scheme 26). The methodology was also successful with the corresponding isoindolinone.

toluene O
sealed tube
110°,12 h

_

13 %

Scheme 26

An unusual example of an IMDAF reaction involving a cationic iminium species was reported by
Zubkov.

R! RS
MeCN, rt, 7 d
N L) E)
R1 = +\/§
9 examples
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80
Scheme 27
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The authors found that N-allylation reactions of a range of 1-furyl-3,4-dihydroisoquinolines (easily
synthesized from readily available phenethylamines) afforded iminium salts 80 that underwent spontaneous
IMDAF reaction to generate only the exo-cycloadducts 81 in a one-pot reaction (Scheme 27).*' The adducts
contain the basic structural element of the isoindolo[1,2-alisoquinoline alkaloids jamtine and hirsutine, and
the methodology could thus permit facile access to these natural products in the future.

During synthetic studies towards the synthesis of the lycopodium alkaloid (+)-fawcettidine, Padwa
reported the efficient construction of the BCD ring core of this natural product via an intramolecular Diels-
Alder furan/rearrangement cascade sequence of a 2-amidofuran.” Following model studies which supported
the feasibility of this approach, cycloaddition precursors 82 and 83 were synthesized and subjected to
thermolysis at 180 °C in toluene, affording Diels-Alder cycloadducts which underwent rearrangement under
the reaction conditions to generate the desired tricyclic products 84 and 85 (Scheme 28). Unfortunately,
further manipulations aimed at closing the A-ring and completing the synthesis of (£)-fawcettidine were

unsuccessful.

O toluene,

o) 180°, 7 d
O L LI
o)

82-83 84: R = CH,CH=CHy: 67 %
85: R = CH,CH,CH,OTBS: 88 %

Scheme 28

Wipf has recently disclosed novel routes to the naturally occurring indole alkaloid (+)-cycloclavine 87
and its unnatural C(5)-epimer which employed a late stage IMDAF reaction as a key step.33 A first
generation approach afforded the unnatural C(5)-epimer of (+)-cycloclavine 87 which contained the cis-
configuration at the C(5)-C(10) ring junction. Subsequently, a second generation approach employed an
intramolecular Diels-Alder reaction of a methylenecyclopropane to install the correct relative
stereochemistry at the C(5)—-C(10) ring junction, giving rise to intermediate 86. IMDAF reaction of 86
occurred under microwave conditions with subsequent dehydration and aromatization to afford (£)-cyclo-

clavine 87 in two steps in 44% overall yield (Scheme 29).

1: trifluorotoluene

N microwave,
\ (0] 2, 180°, 30 min

2: LiAlH,4, THF
H 66°, 30 min
COyMe 44 % overall

86 cycloclavine
Scheme 29

The first total synthesis of solanoeclepin A, the hatch-stimulating substance of the potato cyst

nematode, was reported by Tanino and Miyashita.>* One of the key steps in the synthesis was the

14



construction of the oxabicyclo[2.2.1]heptan-2-one ring system of solanoeclepin A 90 via a stereoselective
intramolecular Diels-Alder furan reaction. A sequence of linear steps afforded the optically active
cycloaddition precursor 88. The crucial IMDAF reaction occurred when 88 was treated with
dimethylaluminum chloride in ether at low temperature which gave rise to cycloadduct 89 in 62% yield in a
stereoselective manner following treatment of the cycloadduct with aqueous acetic acid (Scheme 30).
Further manipulations gave access to solanoeclepin A 90.

Hy & 0Bn

1: Me,AICI
ether, —78°
2: AcOH/H,0

62 % overall

solanoeclepin A

Scheme 30

Kidamycin and isokidamycin are members of the pluramycin class of antibiotics isolated from
Streptomyces phaeoverticillatus and the first total synthesis of isokidamycin 93 was recently reported by
Martin.*® The approach featured a highly efficient intramolecular Diels-Alder reaction between a substituted
naphthyne and a glycosylated furan to form the tricyclic anthracene core. A notable feature of the synthesis
was the use of a temporary silicon tether to control the regiochemistry of the key IMDAF reaction. Linear
construction of 91 set the stage for the key IMDAF step. Treatment of 91 with n-butyllithium generated a
benzyne intermediate that underwent intramolecular Diels-Alder reaction generating the cycloadduct 92 in
92% yield. Removal of the silicon tether with TBAF and further elaboration led to isokidamycin 93 (Scheme
31).

The first total synthesis of the macrolide antibiotic pamamycin-649B 97 isolated from various
Streptomyces species was reported recently by Metz. A key step in the synthesis was the intramolecular
Diels-Alder reaction of the furan ring of 94 with a vinyl sulfonate ester formed in situ from the reaction of
94 with vinylsulfonyl chloride 95 (Scheme 32).*® This reaction gave cycloadduct 96 as a single diastereomer
in high yield, and established two of the stereogenic centres in one of the tetrahydrofuran rings of 97.

Subsequent cleavage of the oxabicyclo[2.2.1] bridge with ethyllithium and further steps generated an
15



advanced intermediate that was united with a smaller fragment in a double Yamaguchi esterification

protocol affording pamamycin-649B 97.

n-BuLi, THF
—25°%t

B ———

92 %

91 92
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Scheme 31
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OH OTBS g0,
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94 96
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Scheme 32

An early-stage intramolecular Diels-Alder furan cycloaddition reaction was employed by Li during the
total synthesis of (+)-6,14-epoxyeudesm-4(15)-en-1B-ol 102, a member of the eudesmane sesquiterpenoid

family of natural products. Acylation of furanyl amine 98 with homoprenylmaleic anhydride 99, subsequent
16



intramolecular Diels-Alder cycloaddition and methylation of the carboxylic acid products afforded a mixture
of 100 and its regioisomer 101 with complete stereoselectivity (Scheme 33).>” The cycloaddition reaction
installed the correct relative stereochemistry of three of the stereogenic centres of 102. Hydrogenation of the
cyclic double bond of 100 and further synthetic steps generated the natural product 102.
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6,14-epoxyeudesm-4(15)-en-1p-ol

Scheme 33

4. New synthetic methodology involving the IMDAF reaction

An efficient method for the synthesis of structurally complex polycyclic ring systems was reported by
Padwa involving a Rh(II)-catalyzed cyclization/IMDAF sequence. The Rh(Il)-catalyzed cyclization of diazo
malonate esters and related compounds with pendant propargyl groups generated furo[3,4-c]furans.
Subsequent IMDAF reactions of these compounds generated complex pentacyclic products that could be
useful precursors for the synthesis of natural products. For example, Rh(Il)-catalyzed cyclization of a diazo
B-amido ester generated 103 that underwent thermal IMDAF cycloaddition with subsequent cleavage of the
oxabicyclo[2.2.1]heptane affording pentacyclic lactam 104 in 68% yield (Scheme 34).%

o o O xylene
= 145°,13 h
P“O\\jo @ 68 %

Scheme 34

A rare example of an IMDAF reaction under free radical conditions was reported by Parsons.
Treatment of unsaturated furan 105 with tributyltin hydride/AIBN under thermal conditions afforded
cycloadduct 106 in 22% yield (Scheme 35).* No other products were detected arising from the anticipated
cyclization of the alkenyl radical onto the furan ring. Presumably, the reaction proceeds through radical
dehalogenation of 105 and subsequent thermal IMDAF cycloaddition of the resulting alkenyl species.
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Many IMDATF reactions require high pressures or Lewis acid catalysts to give satisfactory yields of the

4041 I contrast, furans containing heteroatoms in the tether directly attached to the furan ring

cycloadducts.
react more rapidly under milder conditions than those containing only carbon atoms in the tether. For
example, Diels-Alder cycloaddition of the sterically demanding dienophile of 107 generated enaminoketone
108 in good yield (Scheme 36).** The initially formed oxabicyclo[2.2.1]heptane was spontaneously cleaved,
generating an iminium oxyanion species that underwent a subsequent 1,2-hydride shift to generate the final

product 108.

O
@\ &/K toluene
© "\j 160°, 14 h
Boc 75’ % /N
Boc
107 108
Scheme 36

Uemura showed that (2-furyl)carbenoids generated by the Rh,OAcy-catalyzed cyclization of enyne
carbonyl compounds can be trapped using allylic sulfides to generate furanyl sulfides. In some cases,
IMDAF reactions are also observed depending on the steric properties of the substrate. In the case of
enynals, trapping of the (2-furyl)carbenoids with diallylsulfide afforded compounds 109 that subsequently
underwent thermal IMDAF cycloadditions to give tetracyclic cycloadducts 110 as mixtures of epimers
(Scheme 37).43

R1
—_—

e) DCM, 40°or DCE, 84°
~ /_/ T T

S 7-120 h
R2 5 examples
\ 43-92 %

109 110

Scheme 37

An unusual example of an IMDAF cycloaddition reaction involving a furan as the dienophile
component was reported by Plumet.** Reaction of methyl vanillate 111 with furfuryl alcohol 112 in the
presence of PhI(OAc), afforded the masked orthoquinone monoketal intermediate 113. Compounds such as
113 act as masked orthobenzoquinone intermediates and react as dienes in Diels-Alder cycloaddition
reactions. In the present case, intermediate 113 underwent rapid thermal IMDAF cycloaddition to generate
tricyclic compound 114 as the sole product (Scheme 38), which arises via cycloaddition of the unsubstituted

double bond of the furan ring onto the cyclohexa-1,3-diene component of 113.
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A versatile method for the synthesis of the carbocyclic scaffolds of the Ergot alkaloids was described
by Lallemand and Tillequin. The key step involved a facile thermal IMDAF reaction of a furanyl nitroalkene
generated in situ by dehydration of compounds 115 (Scheme 39).* This reaction proceeded with complete
exo-selectivity, and afforded mixtures of diastereomers 116 and 117 (15:1 ratio of 116:117) differing only in
the configuration of the nitro-group at C-2 of the tether.

NO, MsClI, Et3N
/N EtOAc, rt
O NO,
3 examples
R OH 41%

115 116 117
Scheme 39

A rapid and efficient synthesis of a range of biologically interesting isoindolo[2,1-b][2]benzazepines
was reported by Zubkov. Reactions of amines 118 (which were readily obtained from 2-furaldehydes) with
maleic anhydride 60 proceeded smoothly to afford the epimeric IMDAF cycloadducts 119 (Scheme 40).%

oo O o ° Q
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The reaction proceeds by initial N-acylation of amines 118 and subsequent exo-selective IMDAF
cycloaddition of the resulting amides. Further treatment of the cycloadducts 119 with polyphosphoric acid
led to cleavage and aromatization of the oxabicyclo[2.2.1]heptane and electrophilic cyclization of the
alkenyl group onto the aromatic ring, to generate a range of functionalized isoindolo[2,1-b][2]benzazepine
products 120.

As part of their studies on the synthesis of protein kinase inhibitors, Hotha et al. synthesized a range of
spiroannulated dihydroisobenzofurans via gold-catalyzed intramolecular Diels-Alder cycloadditions of
carbohydrate-derived furanyl propargyl ethers. Addition of 2-furyllithiums to carbohydrate-derived ketones
and subsequent propargylation generated cycloaddition precursors such as 121 and 123 (Scheme 41).
Cycloaddition of 121 and 123 and in situ aromatization of the cycloadducts was effected using catalytic
gold(IIT) chloride in acetonitrile, and gave cycloadducts 122, 124 and 125 in high yields under very mild
conditions.*” The methodology was general for a range of carbohydrate-derived substrates, and furnished

spirocyclic cycloadducts otherwise difficult to synthesize.

O ~OMe AuCl3 (3 mol %)

y O\ MeCN, rt, 10 min
\ %, O \\ -
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Scheme 41

The sequence of N-allylation/acylation of secondary furfurylamines, followed by intramolecular Diels-
Alder furan reaction constitutes a convenient method for the rapid synthesis of potentially biologically active
polycyclic amines. This is illustrated by the thermal IMDAF reactions of amine 126 that occur when 126 is
treated with acryloyl chloride 130, maleic anhydride 60, allyl bromide 128 or acetic anhydride (Scheme
42).% Interestingly, difuryl derivative 126 reacted in a completely regioselective way so as to form the most
substituted five-membered ring as illustrated by the exclusive formation of 127 (with maleic anhydride 60),
131 (with acryloyl chloride 130), 129 (with allyl bromide 128) and 132 (with acetic anhydride).

Building on this methodology, a versatile entry to a range of densely functionalized,
pharmacologically useful isoindolo[2,1-a]quinolines was reported by Zubkov.* In this approach, 2-furyl-
tetrahydroquinolines 133 (which were obtained by a three-component Povarov reaction) were reacted with
acryloyl chloride 130 or with maleic anhydride 60 affording intermediates that underwent thermal
intramolecular Diels-Alder reaction generating polycyclic isoindolo[2,1-a]quinolines such as 134 in good
yields (Scheme 43). It was also shown that the newly-formed oxabicyclo[2.2.1]heptene ring could be

aromatized on exposure of the cycloadducts to phosphoric acid at 70 °C.

20



C: o p J\@ JO
o /\/ Br ;
beg(z)%ne acetone
20 % reflux, 5 h 129
° 33 %
toluene
reflux, 2 h reflux, 4 h
64 % 23 %
ACQO
0 $ A 130
O
N

/131 132
Scheme 42

oAy=om ©

R1
5 O.__R* toluene, reflux, R?
R NN 48-55 h
R® 7 examples R4
133 60-83 % 134 1O€
Scheme 43

An unusual entry to a potentially useful class of o-diphenylphosphinophenol ligands using the IMDAF
reaction was reported by Wu.> According to the proposed mechanism, the base-catalyzed intramolecular
Diels-Alder reactions of furans 135 bearing propargyl ether dienophiles proceeded via the corresponding
allenyl ethers to generate cycloadducts that underwent cleavage of the oxanorbornene ring. Subsequent
nucleophilic 1,2-rearrangement of the diphenylphosphino-group in the resulting zwitterion and
tautomerization furnished the aromatized products 136 (Scheme 44).

— o +BuOK, +BuOH R' e
85° 6 h PhaP
Ph,P—_©O R' : o
2

\ / R 5 examples HO
70-80 %

135 136

Scheme 44

A rapid entry to complex tricyclic oxanorbornenes employing the IMDAF reaction has been reported.
The conjugate addition of various unsaturated carbon and heteroatom nucleophiles to B-furanylnitroalkenes
137 generates Michael addition products. These compounds undergo subsequent thermal IMDAF reactions
generating a range of tricyclic oxanorbornenes 139 (with heteroatom nucleophiles 138) and 141 (with
malonate nucleophiles 140) as separable diastereomeric mixtures (Scheme 45).5' The cycloaddition reactions

were highly selective for the epimers where the nitromethyl groups and oxygen bridges were oriented syn.
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The methodology is general for a range of nucleophiles, and allows the rapid synthesis of densely

functionalized tricyclic targets containing 5- and 6-membered carbocyclic and heterocyclic rings.

140 CO,FEt
, XH 138 _
12 1: 2 CO,E
NO2 +BuOK or Et;N NaH
THF THF
. 3 P L
H 2: toluene, xylene O NO,  2:toluene or H
EARL or mesitylene xylene, reflux = N
X reflux, 3—4 d 137 2-3( CO,Et
, 3 examples 2 examples / CO,Et
"’;\ 57-67 % 50-70 % 2\
NG, (X =0/S, n=1/2) NO,
139 141
Scheme 45

Similarly, this tandem Michael addition/IMDAF cycloaddition sequence was employed on other
Michael acceptors. The conjugate addition of various unsaturated carbon and heteroatom nucleophiles to
B-furanylenones and PB-furanylacrylates 142 provided Michael addition products that underwent facile
intramolecular Diels-Alder cycloaddition between the furan diene and the unsaturated tether to generate only
the exo-cycloadducts such as 144 (with allylmercaptan 143 as the nucleophile) and 145 (with malonates 140
as the nucleophiles) on heating in toluene or xylene (Scheme 46).”* Once again, the products were obtained

as separable mixtures of diastereomers epimeric at the -carbon of the Michael acceptor 142.

140 CO,Et
4. ~_SH 143 1: 21 O CO,E
COR? EtsN KOH
THF R! Et;BnNCI
Iy .
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3 examples 142 1-7 d CO,Et
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144 145
Scheme 46

A rare example of the participation of a furan moiety as the dienophile component in an intramolecular
Diels-Alder reaction was disclosed by Vanderwal.’® Thermal treatment of 5-amino-2,4-pentadienals (Zincke
aldehydes) generated zwitterionic intermediates that underwent a pericyclic reaction cascade to afford
unsaturated amides. However, with N-allyl-5-amino-2,4-pentadienals, trapping of one of the intermediates in
this cascade took place to afford bicyclic lactams as single diastereomers. Two such examples are shown in
Scheme 47 involving 2- and 3-furanyl-substituted starting materials 146 and 148 that afforded tricyclic
lactams 147 and 149, respectively, on microwave heating. The methodology constitutes a promising strategy

for the synthesis of complex, alkaloid-like scaffolds from simple starting materials.
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Hanson recently showed that the sequence of IMDAF reactions followed by cascade olefin metathesis
reactions is a powerful method to generate structurally complex small molecules in drug discovery and
diversity-oriented synthesis (DOS).”* A range of tricyclic sultams such as 152 were easily synthesized from
furfurylamine 150 via sulfonamide formation (using 151) followed by IMDAF reaction (Scheme 48). The
strained internal double bond of the cycloadducts then reacted in a ring-opening metathesis/ring-closing
metathesis/cross-metathesis cascade sequence of reactions in the presence of Grubbs 2nd generation catalyst
153, affording a range of skeletally diverse bi- and tricyclic sultams (as exemplified by the conversion of
152 to 154, Scheme 48).

R Mes—N_ N-Mes 153
1:07 > c1 151 c, ] pPh
“Ru=/
NH, EtsN, DMAP, y O cIv H

o DCM, 0° LS PCys, 0,0 140
\ /' 2. CH,=CHCH,Br @ N"N\__ GH,=CHCO.E {DI

Cs,CO3, MeCN, rt DCM, 50° :—y
150 152 154

Scheme 48

An unusual entry to hydronaphthalenes was reported by Herndon. The coupling of enynals 155 and
156 with y,0-unsaturated Fischer carbene complexes 157 generated bicyclic furans 158 and 159 bearing
pendant alkene groups. Subsequent thermal intramolecular Diels-Alder furan cycloaddition reaction afforded
cycloadducts that underwent ring-opening and subsequent dehydration, resulting in tricyclic
hydronaphthalene ring systems 160 and 161 (Scheme 49).% The same methodology was successfully
implemented using 2-alkynylbenzaldehydes to generate hydrophenanthrenes via IMDAF reactions of

. . . 56
isobenzofuran intermediates.

/ —
s (/(Q/Ie 157
Z Cr(CO)s

O
dioxane
"4 85°
155-156 158-159 160:n=0:64 %

161:n=1:60 %
Scheme 49
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A tandem multicomponent reaction/IMDAF sequence was reported by Wright for the rapid synthesis
of a range of fungal steroid precursors. Cycloaddition precursors 162 were assembled either by an Ugi or
Passerini multi-component condensation reaction. Thermal IMDAF cycloaddition of compounds 162
generated tricyclic lactones 163 and lactams 164 in high yields and with high diastereoselectivity (Scheme
50).”” Interestingly, the use of thermal conditions was successful and the use of Lewis acid conditions was
unsuccessful for the synthesis of lactams 164. However, the reverse was true for the synthesis of the lactones

163, which were prone to retro-IMDAF reactions at elevated temperatures or in the presence of acid.

toluene, 200°¢, 24 h

7\ O or Me,AICI, DCM
R2 ~78° @ HN-R?
N 1

R'. ~O -
\X H 11 examples R 0
68-81 % X
O

(0]

162 163: X =0
164: X = NR®
Scheme 50

Similarly, McCluskey disclosed an efficient entry to a family of substituted tricyclic lactams using the
IMDAF reaction as the pivotal step. The four component Ugi reaction of 2-furaldehyde, an isonitrile, an
alkynoic acid and a primary amine afforded furanyl alkyne derivatives 165 that underwent thermal
intramolecular Diels-Alder cycloaddition reactions in one-pot on healting.58 The products were isolated as
separable mixtures of syn- and anti-diastereomers 166 and 167, respectively (Scheme 51). The methodology

was tolerant of a wide range of different amines and isonitriles.

o) R! 0 R ')
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Scheme 51

A detailed study into the reactivity and stereoselectivity of the IMDAF reactions of a range of
allylamino- and allyloxy-(2-furyl)arenes was carried out by Gundersen. These compounds, containing a
2-furyl group bound to an aromatic ring, reacted with tethered allyl-groups at elevated temperatures (xylene,
150 °C or toluene, 100 °C) to give tetracyclic products with high or complete exo-selectivity.”” Interestingly,
a rare example of an IMDAF reaction of a 3-furyl-tethered compound was also reported (Scheme 52). Diels-
Alder cycloaddition of 168 proceeded under mild conditions to afford a mixture of cycloadducts 169 and
170 containing 7-membered rings. In this case, the endo-cycloadduct 169 was the major product while the
N-diallyl analogue of 168 cyclized with complete endo-selectivity.

A versatile and useful extension of the intramolecular Diels-Alder reaction to N-formylacrylamides
was recently reported by Danishefsky. These dienophiles were readily synthesized by the reactions of

isonitriles with acrylic acids under microwave irradiation, and were found to be more reactive towards
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intramolecular Diels-Alder cycloadditions than other acyl-activated dienophiles typically studied to date. An
example is the conversion of 171 to cycloadduct 172 under Lewis-acid conditions (Scheme 53).°° The
N-formyl group was found to be essential for cycloaddition, as the corresponding deformylated acrylamides
did not react at all under the same conditions. The enhanced reactivity of imides such as 171 towards

cycloaddition was attributed to efficient bidentate chelation of the carbonyl-groups of the substrates with the

Lewis acid.
/ /O ‘ toluene i H
40° N\
NH
70 % NH
03N cl ON ol
168 169 170
Scheme 52
8 Et,AICI Ph, O
0 DCM 0
Ph N.H ———— N
“1 T 89 % ‘E /f J<H
O O
171 172
Scheme 53

A convergent approach to a series of biologically important 3,4-disubstituted 5-hydroxyindoles has
been described by Wipf. Alkynylfurans 173 were synthesized by the addition of lithiated N-Boc-2-methyl-
aminofurans to alkynones, and then subjected to microwave irradiation at elevated temperatures. The initial
IMDAF cycloadducts underwent cleavage of the oxabicyclo[2.2.1] bridge, dehydration, aromatization and
N-Boc deprotection in a cascade reaction sequence to give 3,4-disubstituted S5-hydroxyindoles 174 in
moderate to good yields (Scheme 54).°' The methodology represents a convergent and unusual entry to both

benzene and pyrrole rings of the indole ring system.

DCE ;
U\ Boc  Microwave R R2
o N 180-220° HO {
R‘7<J2 17 examples N
Ho R 20-74 % H
173 174
Scheme 54

5. Asymmetric approaches

One of the most efficient strategies for the asymmetric synthesis of IMDAF cycloadducts and their
derivatives has been the use of chiral auxiliaries. In one such approach, a range of y- and d-sultams was
prepared by Metz using diastereoselective IMDAF cycloadditions of chiral amine-derived

vinylsulfonamides. IMDAF cycloaddition of enantiomerically pure sulfonamide 175 with two stereogenic
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centres under thermal conditions generated a 79:21 mixture of o-sultam cycloadducts 176 and 177. Under
high-pressure conditions (13 kbar, DCM) the diastereoselectivity was higher, and a 93:7 mixture of
cycloadducts 176 and 177 was obtained (Scheme 55).°* In the case of sulfonamide 178 with a single
stereogenic centre, lower diastereoselectivities were observed in the formation of y-sultams 179 and 180
under both thermal (58:42 mixture of 179 and 180) and high-pressure (66:34 mixture of 179 and 180)

conditions.

N
\ /'\ toluene, 110° H 22 H gz
0zS. 16h,87% > )
My F
Q\/\ or 13 Kbar, DCM
rt, 14 h, 98 %
175 176 177
t toluene, 110° Ij O H O,
Y $02 16 h, 73 % =8, S,
NI, P SN
0 7 or 13 kbar, DCM Ph Ph
Ph rt, 14 h, 94 %
178 179 180
Scheme 55

In a similar study, Brussee investigated the diastereoselectivity of IMDAF cycloaddition of some
chiral acrylamides bearing two asymmetric centres. Thermal Diels-Alder cycloaddition of chiral acrylamides
181 afforded diastereomeric cycloadducts 182 and 183, with the exo, anti-cycloadduct 182 being the major
product, or even the only product in some cases (Scheme 56).°* However, the degree of stereoselectivity was
dependent on the steric nature of the substituent R', with the more bulky substituents (R' = Et, Ph) switching
the selectivity in favour of the endo, anti cycloadducts 183. In most cases, the silyloxy-group and the oxo-

bridge resided on opposite sides of the bicyclic ring system.

OTBS OTBS

1 1
MR toluene ~R
\ /g — Nt
"R2 110° "R2
/3 24 h Ho

0]
6 examples
181 47-91 % 182 183

Scheme 56

Activated terminal allenes are known to be effective dienophiles in intramolecular Diels-Alder furan
cycloadditions. Jung found that chiral racemic allenyl ketone 184 with a terminal methyl group underwent
IMDAF reaction with complete exo-selectivity and complete chirality transfer, affording cycloadduct 186 as
a single diastereomer in high yield (Scheme 57).% Realizing the potential of this methodology to access
optically active cycloadducts, the analogous enantiomerically pure precursor 185 was synthesized. IMDAF
cycloaddition of 185 in the presence of a Lewis acid generated in high yield a single stereoisomer of the
tricyclic ketone 187, which can be considered a useful building block for the asymmetric synthesis of the

potent acetylcholine esterase inhibitor arisugacin A.
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An efficient asymmetric synthesis of enantiomerically pure perhydroepoxyisoindolones using a chiral
auxiliary approach has been described by Pedrosa. Chiral furanyl amines 188 were synthesized as single
diastereomers from (—)-8-aminomenthol. Acylation of these amines with acryloyl chlorides 189 and
subsequent thermal IMDAF reaction in situ furnished a range of cycloadducts 190 in moderate to good
yields as single diastereomers (Scheme 58).® The cycloadditions proceeded with complete facial selectivity
and exo-stereoselectivity with the creation of up to 5 new stereogenic centres in a single step. Subsequent
hydrogenation of 190 and hydrolytic cleavage (ethanolic HCI at reflux) of the auxiliary generated the

enantiopure perhydroepoxyisoindolones.

189 CI)S/AR?’
R2

Et;N, DCM, rt—60°

8 examples
33-73 %

Scheme 58

A practical, large scale (40 g) enantioselective synthesis of a key precursor to the tetracycline class of
antibiotics was developed by Myers. The addition of an enantiomerically enriched (93% ee), lithiated
isoxazole to 3-methoxy-2-furaldehyde afforded a 1.3:1 mixture of epimeric alcohols 191. Subsequent
thermal IMDAF cycloaddition of 191 proceeded with complete facial selectivity onto a single n-face of the
dienophile, giving a mixture of cycloadducts 192 and 193 following Swern oxidation of the intermediate
alcohols (Scheme 59).% Notably, the cycloaddition was also endo-selective, with the desired endo-
cycloadduct 192 predominating. Lewis acid-mediated cleavage of the oxabicyclo-bridge of 192 generated

the desired precursor in 93% ee.

MeN  O-N 1: FProNEt NM NM
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OH 2: (COClI),,
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OMe DCM 3 OMe O OMe O

57 %
191 192 193
Scheme 59

An enantioselective approach to the C,-symmetric central ring system of the potent antibiotic

lomaiviticin A was recently reported by Shair. The strategy relied on the stereoselective oxidative enolate
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dimerization of two identical fragments that were formed by an IMDAF reaction of a furanylsulfone bound
to an Evan’s chiral auxiliary.”” Enantioselective construction of furanylsulfone 194 was followed by an
endo-selective intramolecular Diels-Alder reaction of the vinyl sulfone with the furan moiety (as its enol
tautomer) to generate cycloadduct 195 after enol tautomerization (Scheme 60). Removal of the chiral
auxiliary and further steps afforded a ketone that was oxidatively dimerized [LiHMDS, then (Cp,Fe)PFg]
and further manipulated to generate the core structure of lomaiviticin A 196.

3:1dr

core structure of lomaiviticin A

Scheme 60

6. Conclusions

It is clear from the recent literature that the intramolecular Diels-Alder cycloaddition reaction of furans
continues to play a central role in the construction of annulated carbocyclic and heterocyclic compounds.
The synthetic utility of this reaction stems not only from the excellent regio- and stereoselectivity of the
cycloaddition step, but also from the many methods available for additional synthetic manipulation of the
oxabicyclic products. Further advances are anticipated in the applications of this important reaction in the

future.
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Abstract. Corynanthe and ipecac alkaloids constitute a large group of natural occurring alkaloids that
demonstrate a vast variety of bioactivity and have a long history of usage as herbal drugs. Both the
corynanthe and ipecac alkaloids share a common structural unit with a quinolizidine ring fused with a
benzo- or indolo-group and three stereocentres wherein one is a ring-junction stereocentre. From synthetic
point of view, these natural products represent an intriguing challenge and over the years several strategies
toward the asymmetric total synthesis of corynanthe and ipecac alkaloids have been devised and the
majority of these are target specific natural-pool based strategies. However, during the last few years,
several efficient and diverse strategies based on asymmetric catalysis and one-pot cascade protocols as the

key-steps have emerged. In this mini-review the attention is to give an overview of these strategies.
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1. Introduction

The indolo[2,3-a]quinolizidine and benzo[a]quinolizidine substructure build up the basic skeleton of a
vast number of structurally related natural products that belongs to the corynanthe and ipecac alkaloid
families (Figure 1).

The corynanthe alkaloids are found mainly in eight plant families, of which Apocynaceae,
Loganiaceae and Rubiaceae provide the best sources.' These plants have a long tradition as herbal drugs in
traditional folk medicine treating symptoms as inflammations, rheumatism, gastric ulcers, tumours,
dysentery, and birth control as well as promote wound healing. More modern studies of the indole alkaloids

2 as well as

of the corynanthe group reveals activity against hypertension and cerebrovascular disorders
antiparasitic, antiviral and analgesic activity.’ Over the years, there have been several studies on the
individual alkaloids pharmacological property and new interesting biological activities have been discovered.
One example is the alkaloid Hirsutine that exhibits antihypertensive effects and further studies also found
that it is displaying highly potent anti-influenza (subtype H3N2) activity that is 10—20 times more active
than the clinically used ribavirin.* Further, the epimeric compound dihydrocorynantheine and the analog
corynantheine operate through inhibition of multiple ion channels.’ The ipecac alkaloids, which are based on

the benzoquinolizidine substructure, mainly occur in three plant families: Alangiaceae, Icacinaceae and
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Rubiaceae where Psychotria ipecacuanha (Rubiaceae) is one of the main sources for these alkaloids.' The
main components of ipecac alkaloids, emetine, cephaeline and tubulosine are all potent inhibitors of protein
synthesis and they display antitumour and antiviral as well as antiamoebic activity,® but they have found
limited use as therapeutics due to the high toxicity. Tubulosine is a remarkably active agent against several
cancer cell lines’ and it has been studied for various other biological activities, such as inhibition of protein
biosynthesis® and HIV reverse transcriptase inhibitory activities.®

Ipecac alkaloids Corynanthe alkaloids
OMe OMe OMe

HO

(-)-Protoemetinol (+)-11b-60F  ().protoemetine | (-)-Dihydrocorynantheine (+)-Corynantheine  (-)-Dihydrocorynantheol (-)-Corynantheol
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OMe

OR'
(-)-Emetine (R'= Me)
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H H
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MeO
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Figure 1. Naturally occurring alkaloids from the corynanthe and ipecac families.
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Scheme 1. Biosynthesis of corynanthe and ipecac alkaloids.
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In nature, corynanthe and ipecac alkaloids share a similar biogenesis pathway that begins with
enzymatic decarboxylation of the corresponding amino acid to give tryptamine and dopamine. The biogenic
amines condense with secologanin 1 to form the tetrahydro-f-carboline alkaloid strictosidine 2 and
tetrahydroisoquinoline N-deacetylisoipecoside 3, respectively, in a Pictet-Spengler cyclization (Scheme 1).'
The secologanin fragment contains an acetal function that will be converted to aldehydes 4 and 5 by
hydrolysis of the glucoside moiety. The liberated aldehydes condense with the secondary amine to give the
quaternary Schiff bases 6 and 7 that are the key intermediates to the corynanthe and ipecac group of
alkaloids. Furthermore, allylic rearrangement of Schiff base 6 gives 8 that is the indoloquinolizidine
precursor of geissoschizine and its analogues (Scheme 1). Compound 8 has also been identified as the key
intermediate in the biosynthesis of several higher complexity alkaloids such as catharanthine, strychnine,
quinine, reserpine and vinblastine among others.

The common structural unit for the corynanthe and ipecac alkaloids is the quinolizidine ring fused
with an indolo- or benzo-group that contains three stereocentres of which one is a ring-junction stereocentre.
The ring junction stereocentre has a great impact on the conformation of the alkaloid as can be seen through
comparison of the two naturally occurring ring junction epimers, dihydrocorynantheine and hirsutine, where
the configuration of this stereocentre will lead to a distinguish difference in the conformation that these
molecules adapt. Dihydrocorynantheine is the thermodynamically most stable form and has all groups on the
quinolizidine substructure in equatorial position (Figure 2).” On the other hand, hirsutine has the aromatic
group in an axial position that forces the molecule to adapt a V-shaped form. Interestingly,
dihydrocorynantheine and hirsutine have been found to have different biological activities. Biological
studies show that dihydrocorynantheine, but not hirsutine, has a potent a-adrenoceptor blocking activity and
revealed that the planarity in the molecular structure is necessary for their affinity to o-adrenoceptors.'® In
the study of corynanthe group alkaloids as anti-influenza A drug candidates, hirsutine exhibited potent
inhibition of the replication of the strains of influenza A while its epimer dihydrocorynantheine lacked of

that activity.*

Tz,
\
o

O\ y ‘
12b-a-H : : 12b-B-H
Thermodynamic Dihydrocorynantheine Hirsutine Kinetic

Figure 2. Conformations of the epimeric natural products 12b-a-H-dihydrocorynantheine
and 12b-B-H-hirsutine.

From a synthetic point of view, these natural products are deceptively simple targets; however,
construction of the fused ring system of the corynanthe and ipecac alkaloids with high control of the relative
and absolute stereochemistry on the quinolizidine core structure represents a significant challenge'' and
considerable research focus has been placed on their laboratory preparation. In fact, the total synthesis of
aromatic quinolizidine alkaloids has an over 50 years long history, and several of the strategies developed
have been towards the synthesis of the racemic alkaloids.'? During the years, extensive focus has been put

on the asymmetric synthesis of corynanthe and ipecac alkaloids and the majority of these works has the
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target to the specific multi-step synthesis that relies on starting materials from the chiral pool."”” However,
chiral pool strategies are often encumbered with imperfections that require additional operations to remove
unnecessary chiral elements in the starting materials and they often include several functional group
transformations and protection/deprotection steps to assemble the desired molecule and each of these
operations usually involves tedious isolation and purification processes of synthetic intermediates. This
makes the total syntheses of Corynanthe and ipecac alkaloids and analogues thereof highly demanding with
respect to resources and time. Furthermore, the loss of material in each transformation and purification step
of a multi-step sequence dramatically decreases chemical efficiency, making larger scale preparation of the
target molecule almost impossible. Consequently, new approaches are required to overcome many of the
bottlenecks associated with conventional organic synthesis. The key to circumvent this problem is through
implementation of asymmetric catalytic one-pot multiple reactions or asymmetric catalytic cascade/tandem
reactions in a synthetic sequence.'* Such strategies will have the advantage of avoiding traditional stop-and-
go synthesis,'” thus avoiding tedious isolation and purification of synthetic intermediates and steps involving
the protection and deprotection of functional groups, thereby allowing for processes with high efficiency and
atom economy.

Lately, there have been several reports on efficient synthesis of optically active corynanthe and ipecac
alkaloids and different analogs based on asymmetric catalysis. Moreover, cascade reactions, domino
reactions and one-pot processes have been implemented in these strategies enhancing efficiency and
economy of the whole process.'® In this review, we intend to provide an account on the research that has
appeared in the recent years concerning the asymmetric synthesis of corynanthe and ipecac alkaloids. The
focus is especially put on those based on asymmetric catalysis and cascade/one-pot protocols in one or

several of the key steps.

o-trans B-trans B-cis o-cis

Figure 3. Nomenclature used through this review (o and B refers to the ring junction configuration,
trans and cis refers to the relative relationship between C* and C°).

2. Synthetic strategies for the synthesis of corynanthe and ipecac alkaloids
The synthetic strategies that have evolved during the last years can generally be summarized in two
general approaches (Scheme 2):

Route A: asymmetric catalytic construction of the ring-junction stereocentre followed by
diastereoselective formation of the C*C> stereocentres. The protocols based on this
strategy almost all commence from the synthesis of chiral tetrahydro-B-carboline or
tetrahydroisoquinoline derivatives which are the practical forerunner for the synthesis of
aromatic quinolizidine compounds.

Route B: asymmetric catalytic formation of the C”> and/or the C’ stereocentre followed by

diastereoselective formation of the of the ring-junction stereocentre.
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Scheme 2. General strategies for asymmetric catalytic synthesis of aromatic quinolizidine natural products.

2.1. Route A: early enantioselective formation of the ring-junction stereocentre

Two early examples of the total syntheses of both dihydrocorynantheine and ipecac alkaloids based on
asymmetric catalysis and domino-reactions were reported by Tietze and coworkers in a series of papers.'’
Their retrosynthetic analysis leads back to ester A having both the a- and B-configuration on the ring
junction stereocentre. Further disconnections leads back to strictosidine or deacetylisoipecoside analogues B
and C that can be obtained through optically active tetrahydro-B-carboline 9a,b or tetrahydroisoquinoline 9c,

Meldrums’s acid and enol ether 10.
Three component OR2 Enantioselective

.- dominoreaction _ i hydrogenation )
Emetine //7 : - ‘:, Ar | — ‘:' Ar |
. . 10 o NR? \ _NR!
.. i .
CHO
OR?®

Tubulosine

Dihydro-
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N “n,
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H]’O x 9a (Ar=indolo, 1-0-H)
0 9b (Ar=indolo, 1-B-H)
A B (Ar=indolo) 9¢ (Ar=dimethoxybenzo, 1-a-H)
C (Ar=dimethoxybenzo)

Scheme 3. Tietze’s retrosynthesis of Corynanthe and Ipecac alkaloids.

The optically active 1-o-H-tetrahydro-B-carboline 9a and 1-o-H-tetrahydroisoquinoline 9¢ were
accessible through enantioselective transfer-hydrogenation of the corresponding imine using triethyl
ammonium formate in the presence of Noyori’s ruthenium catalyst (R,R)-11(Scheme 4).'"® 1-B-H-Tetra-

hydro-B-carboline 9b was obtained through chiral resolution.'”

To construct the quinolizidine ring,
aldehydes 9a—c were treated with a mixture of Meldrum’s acid and enol ether 10 in a three-component
Knoevenagel/hetero-Diels-Alder cascade catalyzed by ethylenediammonium diacetate (EDDA). At first
Meldrum’s acid reacted with aldehydes 9 to give the Knoevenagel adducts 12. These latter underwent a
hetero-Diels-Alder reaction with inverse electron demand to give 13 that, under the reaction conditions, lost
acetone and CO, forming strictosidine and deacetylisoipecoside analogues 14. Treatment of the latter with
K,CO3/MeOH and catalytic amount of Pd/C under hydrogen atmosphere revealed the latent aldehyde moiety
and deprotected the piperidine nitrogen (15, Scheme 4). Subsequent reductive amination gave the methyl
esters 16. It is interesting to point out the facial selectivity in the hetero-Diels-Alder reaction that favours
Re-addition starting from both 1-o-H-tetrahydro-B-carboline 9a and 1-B-H-tetrahydro-B-carboline 9b
(Scheme 9). This was explained by the authors to be an effect of the different conformations of the two
Knoevenagel adducts 1-a-H-12a and 1-B-H-12b. For the 1-a-H-12a with the free indole-NH, a possible
interaction of the nonbonding electrons at the indole nitrogen with the m*-orbital of the alkylidene-1,3-di-
carbonyl group, accompanied by the formation of a hydrogen bond between the N—H and one of the
carbonyl groups might stabilize the conformation of intermediate 12a and render the Re-face more
accessible to approach of the enol ether. In contrast, using the N-indol-protected aldehyde 1-B-H-tetrahydro-
B-carboline 9b, the Re-face of the alkylidene 12b is blocked by the Cbz-group leading to high Re-facial
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selectivity. In addition, the indolo-derivated enamines 16a and 16b were hydrogenated in a highly
stereocontrolled reaction to give esters 17a and 17b with good to excellent diastereoselectivity. In
contradiction, the 1-a-H-tetrahydroisoquinoline 16¢ showed poor selectivity in the Knoevenagel/hetero-
Diels-Alder cascade and the subsequent hydrogenation and a mixture of diastereomers were isolated as the

products where the desired stereoisomer 17¢ unfortunately was the minor one.
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Scheme 4. Schematic overview of Tietze’s three-component Knoevenagel/hetero-Diels-Alder domino-
reaction of corynanthe and ipecac alkaloids (EDDA: ethylenediammonium diacetate).
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cat. EDDA
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Re-attack
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Scheme 5. Origin of selectivity in the Knoevenagel/hetero-Diels-Alder cascade.

Through the implementation of this Knoevenagel/hetero-Diels-Alder cascade, Tietze and co-workers
successfully performed the concise synthesis of hirsutine, dihydrocorynantheine, emetine and tubulosine as

well as a small library of their analogues in order to investigate their potential pharmaceutical applications.
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Scheme 6. Itoh’s emetine synthesis.

In a work related to Tietze’s corynanthe and ipecac alkaloid synthesis (vide supra), Itoh et al.
developed a catalytic asymmetric allylation reaction'’ as the key step for the formal total synthesis of
emetine (Scheme 6).° Cu(I)-tol-BINAP was used as the chiral catalyst for the allylation of cyclic imine 18
with allyl trimethoxysilane to give the I-allyl-tetrahydroisoquinoline 19 in high yield and moderate
enantioselectivity (71% ee). However, the optical purity was improved to 97% by recrystallization with
dibenzoyl tartaric acid. The allylic double bond was further converted to the unsaturated ester 20 by a cross-
metathesis with ethyl acrylate. After removed the Cbz-protection group on the nitrogen, an elegant double
Michael annulation sequence was performed between the unsaturated ester 20 and acrolein that gave the
benzoquinolizidine core unit 21 in high yield. The high a-trans stereochemistry observed in the annulation,
which correlate with the stereochemistry of emetine is proposed to originate from the thermodynamic
stability of the all-equatorial transition state. Subsequent Wittig olefination gave compound 22 followed by
hydrogenation of the 3-vinyl group to give 23 that was transformed into naturally occurring emetine by the

method developed by Tietze'” in 8.5 % overall yield starting from 18.

o)
Té H“w T$
25 26

H\\‘;vw
MeOZC/\/OMe

OH
dihydrocorynantheol dihydrocorynantheine 24 g

Scheme 7. Itoh’s retrosynthetic analysis of dihydrocorynantheol and dihydrocorynantheine.

Organocatalytic reactions have been found to be powerful participants in asymmetric one-pot and

2122 This can mainly be accounted for by the

domino reactions for total synthesis of natural products.
robustness of the catalysts, insensitivity towards air and moisture and extensive functional group tolerance.
This was nicely illustrated by Itoh’s approach to the synthesis of dihydrocorynantheol and dihydro-

.23
corynantheine.
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There retrosynthetic analysis leads back to ketone 24 that can be accessed through the annulation of
dihydro-B-carboline 25 with 3-ethyl-3-buten-2-one 26.

v [
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d.r. > 99:1 45% (three steps)

1 3-propanediol (88% overall yield
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77% 90%

dihydrocorynantheine 50% (two steps)

Scheme 8. Itoh’s total synthesis of dihydrocoryantheol and dihydrocorynantheine.

Their approach starts from the reaction between 3-ethyl-3-buten-2-one 26 and N-tosyl-dihydro-p-car-
boline 25 in the presence of 30 mol% (R)-proline. This cyclization was believed going through a Mannich-
Michael cascade sequence via a typical enamine-iminium cascade activation mode to give the key
intermediate 24 in 85% yield (Scheme 8).2! Extremely high enantioselectivity (99% ee) and almost complete
diastereomeric control was observed. The ketone functionality of 24 was next converted to the o,f3
unsaturated ester through a Horner-Wadsworth-Emmons olefination. Reduction of the ester group and tosyl
deprotection by Red-Al followed by double bond hydrogenation upon Pd/C gave dihydrocoryantheol as a
single isomer with the correct a-frans stereochemistry in only 4 steps and 38% overall yield from N-tosyl-
dihydro-B-carboline 25. The analog strategy was also implemented for the formal synthesis of
dihydrocorynantheine (Scheme 8).*

Iminium ion %
formation /
C-C bond asymmetric
formation Q\‘(\ Pictet- Spengler
Scheme 9. Synthetic strategy of Corynanthe alkaloids based on asymmetric Plctet Spengler cyclization.

The Pictet-Spengler reaction is a classical transformation frequently used in organic synthesis as well
as by various organisms to synthesize tetrahydro-B-carbolines or tetrahydroisoquinolines from carbonyl
compounds and tryptamines and phenyl ethylamine, respectively.25 A general retrosynthetic analysis of
quinolizidine alkaloids based on an asymmetric Pictet-Spengler reactionis outlined in Scheme 9. Jacobsen et
al. have extensively studied the thiourea-catalyzed enantioselective acyl-Pictet-Spengler reaction and they
discovered that pyrrole-containing thiourea 27 was able to promote the intramolecular addition of indoles to
N-acyl-iminium ions generated in situ from imines and acetyl chloride to afford the chiral tetrahydro-3-car-
bolines.*
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Scheme 10. Jacobsen’s total synthesis of Yohimbine based on an asymmetric catalytic Pictet-Spengler
cyclization and an intramolecular Diels-Alder reaction.

This reaction was applied by the same group as an early key step in their enantioselective total
synthesis of (+)-yohimbine.”’ The synthesis started by the condensation of tryptamine and the protected
hydroxyaldehyde 28 to generate the corresponding imine (Scheme 10). Subsequent treatment of the latter
with acetyl chloride in the presences of thiourea catalyst 27 gave the intermediate chiral tight ion pair
complex 29, with the thiourea catalyst H-bonded to the chloride counterion, that was proposed to account for
the high enantioselectivity in the formation of 30. The tetrahydro-B-carboline 30 was further functionalized
to 31 in six steps to install the functional groups required for the following Diels-Alder annulation that
would build up the final two fused rings of the yohimbine skeleton. When compound 31 was treated with an
excess amount of Sc(OTf)s, the intramolecular Diels-Alder annulation proceeded smoothly with excellent
diastereoselectivity and yielded the protected yohimbine analog 32 as a single observed diastereoisomer with
the correct relative stereochemistry. Finally, the protecting group was removed and the olefin was
hydrogenated in two additional steps to give (+)-yohimbine.

Shortly after Jacobsen, Hiemstra and co-workers implemented a similar strategy for the total synthesis
of the indole alkaloids, arboricine,”™ corynantheine, corynantheidine® and yohimbine.® Alternatively to
Jacobsens chiral thioureas, Hiemstra et al. applied chiral phosphoric acids as the catalysts for the asymmetric
Pictet-Spengler reaction.”® The phosphoric acid 33 catalyzed iminium ion formation of N-substituted
tryptamines 34 and 35 and functionalized aldehydes 36 and 37 to form a tight chiral ion pair. The chiral
counterion controls the stereoselectivity of the Pictet-Spengler reaction giving optically active tetrahydro-
B-carboline 38 and 39 in moderate enantioselectivity (see Scheme 11). Thus, bearing the appropriate
functionalized side chains for further transformations, tetrahydro-B-carboline 38 was reacted in a highly
stereoselective intramolecular Pd(0)-catalyzed a-vinylation, according to the method developed by Bonjoch
and co-workers.”’ Subsequent deprotection and recrystallization gave enantiomerically pure (—)-arboricine
as a single diastereomer in 33% overall yield in six steps starting from tryptamine.’> Alternatively, in the
total synthesis of corynantheine and corynantheidine, an intramolecular Pd(0)-catalyzed allylic alkylation of
39 to 40 was used as the key step to build up the carbon skeleton of the target molecule. However, this
reaction showed moderate to no diastereoselectivity and a mixture of epimers with the opposite

configuration at C> was obtained in a 1:1 to 1:4 ratio, depending on the base used in the allylic alkylation
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(Scheme 11). However, after separation of a-trans-41 and o-cis-41, corynantheine and corynantheidine

could be accessed in a few additional steps, according to Scheme 11.
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Scheme 11. Hiemstra’s synthesis of arboricine, dihydrocorynantheine, corynantheine and
corynantheidine based on a Pictet-Spengler cyclization.

2.2. Route B: late diastereoselective formation of the ring-junction stereocentre

In addition to the strategy of constructing optically active aromatic quinolizidine compounds through
early installation of the ring junction stereocentre (vide supra), early construction of the C* or C’-stereo-
centre has also be used as an efficient pathway to guide the relative formation of the remaining stereocentres.
Several novel approaches based on this strategy have successively emerged since 2009 when we first
reported our initial study on asymmetric catalytic one-pot synthesis of chiral quinolizidine derivatives. It is
also worth pointing out that all of these approaches exploited organocatalysis and cascade/one-pot reactions
as the key step to assemble the aromatic quinolizidine skeleton. In general, such approaches allow for fast
access to molecular complexity and provide high levels of atom and step economy.

Our strategy for the asymmetric synthesis of aromatic quinolizidine derivatives is based on a two-step
one-pot process.”> From the retrosynthetic analysis, we envisioned that the ring-junction stereocentre could

be constructed through an acyl-Pictet-Spengler cyclization (Scheme 12).** Taking into account the higher
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thermodynamic stability of the flat a-epimer compared to the V-shaped B-epimer (c¢f. 12b-o-H dihydro-
corynantheine and 12b-B-H hirsutine, Figure 2) and the fact that acyl-Pictet-Spengler cyclization are known

to be under kinetic control,***

we envisioned that it could be possible to find stereodivergent one-pot reaction
conditions that could selectively favour the formation of either the B-epimer (kinetic reaction conditions) or
the a-epimer (thermodynamic reaction conditions) (Scheme 12). Such a diastereomeric switch will provide
an efficient protocol for the enantio- and diastereoselective synthesis of both the ring-junction epimers of the
quinolizidine skeleton. Furthermore, we wanted to broaden the scope of the one-pot sequence to access

different fused aromatic and heteroatom aromatic quinolizidine ring systems.
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Scheme 12. Retrosynthetic analysis of both ring-junction isomers through a diastereodivergent cyclization.
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Scheme 13. Asymmetric catalytic one-pot reaction for the formation of aromatic quinolizidine compounds.

We found that conjugate addition® of indole-substituted amide 42 to cinnamaldehyde derivatives 43,
catalyzed by prolinol derivative (S)-44, smoothly gave the hemiaminal intermediate 45 with the trans
stereochemistry between C* and C° (Scheme 13).%° The absolute configuration at C> was controlled by the
catalyst through the iminium ion activation conjugate addition. The C’-stereocentre would spontaneously
epimerize to the thermodynamically most stable trans-configuration (46—45). After full conversion of
amide 42, TFA was added to the reaction mixture inducing loss of water to give the N-acyl iminium ion 47.
This compound reacted in an acyl-Pictet-Spengler cyclization to give the a- and B-epimer 48 as a 1:1
mixture in high yield and good enantioselectivity. However, the tuning of the acid and temperature of the
second step of the one-pot procedure (catalytic HCI, in Et,O, =78 °C) revealed that the kinetically favoured

o-epimer 0-48 could be obtained as the major isomer in moderate to good diastereoselectivity. After further
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tuning of the acid conditions, we found that the thermodynamically favoured product 3-48 could be obtained
by using excess amounts of TFA at elevated temperatures. The scope of the reaction was further investigated
with respect to aromatic group and acidic conditions and we were able to identify three major modes of
diastereocontrol in the acyl-Pictet-Spengler cyclization that was dependent on the character of the aromatic
moiety, kinetic, thermodynamic and chelation control. A plausible mechanistic rationalization of the

diastereoselection is outlined in Figure 4.
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Figure 4. Origin of selectivity in the acid-promoted second step of the one-pot sequence.

The approach of the aromatic ring to the N-acyl iminium ion 47 from the Re-face to give the kinetic
o-isomer is believed to be faster due to the favoured axial attack in the transition state (T'S-1). This is to be
compared to the equatorial Si-face attack that gives the higher energy transition state TS-2 leading to the
thermodynamically more stable all-equatorial B—epimer.37 However, we found that for indolo- and the 3,5-di-
methoxybenzo-derivatives, the N-acyl-Pictet-Spengler cyclization was reversible under acidic conditions at
elevated temperatures and the equilibrium lies toward the thermodynamically favoured epimer. Thus,
applying these conditions in the one-pot sequence, the thermodynamically favoured products could be
isolated in moderate diastereoselectivity. In contrast, the 3,4-dimethoxylphenyl and thionyl substrates were
not under kinetic and thermodynamic control and only the kinetically favoured epimers were observed as the

major product with low d.r. even under thermodynamic conditions.

OMe OMe

HCI(-78 °C) HCO.H HCO,H  TFA(-78 °C) HCI(-78 C)  HclI(-78 «C)| TFA(4) TFA (A) SnCly SnCly
d.r:91:9 d.r:90:10  d.r:83:17  d.r: 87:13 d.r: 83:17 dr>955 | d.r:86:14 d.r:76:24 | d.r:76:24 d.r:77:23
to 72:28 to >95:5 to 68:32 to 78:22 to 67:33 t0 84:16 to 78:22 to 72:28 to 66:34 to 74:26

Kinetic Thermodynamic Chelation
control control control

Figure 5. Scope of the diastereodivergent asymmetric catalytic one-pot reaction.
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Alternatively, SnCly was found optimal to generate the thermodynamic favoured product that probably
cyclized through a chelation pathway (TS-3), rather than the thermodynamically controlled pathway. Figure
5 displays the structural and stereochemical diversity of aromatic quinolizidine derivatives that are
accessible through this methodology.

Next we turned our attention towards the development of this diverse one-pot sequence into a synthetic
strategy of corynanthe and ipecac alkaloids as well as their non-natural analogs and epimers.*® Keeping in
mind the structural similarity of the quinolizidine alkaloids, where the only difference is variation on the
ring-junction stereocentre, the substituents on C* and C° and the fused aromatic group (see Figure 1), we
anticipated that an array of naturally occurring quinolizidine alkaloids, their epimers and analogs, could be
prepared via a single and general strategy. Our plan was to develop a common synthetic route to a series of
functionalized quinolizidine intermediates with skeletal and stereochemical variation. These epimeric
structurally different intermediates are to be designed in such a way that they can be rapidly modified, in a
few synthetic operations, to the desired alkaloids with correct absolute and relative stereochemistry. We
were also determined to put a considerable focus on the over all efficiency of the synthetic strategy through
the implementation of asymmetric one-pot and cascade/tandem reactions. We came to the conclusion that
the four different epimers of quinolizidine derivatives D would be prominent precursors for a broad series of
corynanthe and ipecac alkaloids, their epimers and different analogs (Scheme 14). The strategy should be
based on asymmetric catalysis and we also envisioned a stereodivergent introduction of the following
stereocentres by taking advantage of thermodynamic and kinetic reaction conditions. This will allow for fast
construction of different epimeric intermediates from common starting materials. We anticipated that it
would be possible to hydrolyzed the enol ether moiety of compound E in a diastereodivergent manner, thus
achieving the C>~C? cis- or trans-configuration. From compound E, the first C—C bond disconnection leads
back to the N-acyliminium ion F. Based on our previous developments in stereoselective N-acyliminium ion
cyclizations (vide supra), we proposed that the annulation could be controlled to give either the - or
B-epimer in a second diasterodivergent reaction. Further disconnections leads back to the o,-unsaturated
aldehyde 49 and B-ketoamide 50 (Scheme 14).
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Scheme 14. Stereodivergent retrosynthetic analysis of quinolizidine alkaloids.
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Following our outlined synthetic strategy, we found that B-keto amide 50a—c smoothly reacted with
5-hydroxyl pentenal 49 in the presence of catalyst (R)-44, giving a diastereomeric mixture of lactols Sla—c
(Scheme 15). The mechanism for this reaction is proposed to proceed through iminium ion activation and
conjugate addition, generating the C’-stereocentre with the desired absolute configuration. Subsequent
addition of TFA to the reaction mixture containing lactol 51 triggers an acid-catalyzed cascade reaction
consisting of: lactol ring opening, enol ether formation, hemiaminal formation and acid-catalyzed loss of
water to give N-acyliminium ion 52. Subsequent N-acyl-Pictet-Spengler cyclization gives a 1:1 mixture of
o-53a—c and P-53a—c in good yields and high enantioselectivity in a two-step one-pot process. After
extensive acid screening, we found a series of conditions that allowed for a diastereomeric switch (see Table
in Scheme 15). Thus, quenching the reaction of indole substituted -ketoamide 50a with acetyl chloride, the
thermodynamically favoured indolo[2,3-a]quinolizidine a-53a as the only observable isomer was formed.
Interestingly, when using benzoyl chloride, we observed a switch in diastereoselectivity and the kinetically

favoured product B-53a was obtained as the major isomer in 82:18 diastereoselectivity.

Thermodynamic
conditions
Ph
{ \ Ph -53a- a-54a-c
H OTMS \®/(
| mixture
Y ; o
o} See Table 1

49 50a (Ar=indolyl) 51a-c 52a-c
50b (Ar=3,4-dimethoxyphenyl)

50c (Ar-thlophenyl)
iti

1 ) EthB F4,
DTBP

2) NaBHy,,
- B-53a-c
Ar Conditions  [Acid] Dr. ee. Major Overall Yield
[T/K] [%] Product (from 50)[ %]
©\/§1 T AcCl  >95/5 99  o-54a 31
N K BzCl 18/82 95 B-54a 54
50a
MeO - T EO-BF, 7030 92 0-54b 63
MeO  50b K SnCly 22/78 92  [B-54b 66
Dy T Et;0-BF, 67:33 95  a-54c 65
®s0c K BzCl 33:67 94  PB-54c 57

Scheme 15. Enantioselective and diastereodivergent one-pot synthesis of the quinolizidine skeleton.

Unfortunately, the optimized acid conditions for the indole-compound could not be directly applied for
selective ring junction formation of the benzo[a]- or the thieno[3,2-a]quinolizidines 53b,c. Eventually, we
found that triethyloxonium tetrafluoroborate promoted formation of the thermodynamically favoured ring

junction stereocentre o-53b,c with moderate selectivity. One-pot conditions favouring the kinetic epimers

44



benzo[a]- and thieno[3,2-a]quinolizidines [-53b,c with moderate selectivity were identified to be
tin(IV)chloride and benzoyl chloride, respectively. The exact role of the acid with respect to selectivity in
the formation of the ring junction stereocentre is not clear and we have not been able to detect any obvious
trends between different acids during the screening. Direct reduction of the crude reaction mixture of amides
53 from the one-pot-cascade was accomplished by initial alkylation with triethyloxonium tetrafluoroborate,
followed by NaBH,4 reduction to give the corresponding amines 54a—c in high to moderate overall yields
from their corresponding [B-ketoamides 50 (Scheme 15). At this stage, the o- and B-epimers of amines 54a—c

could be easily separated by flash column.
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Scheme 16. Diastereodivergent hydration of enol ether 54a—c.

The lactols 55 were isolated by extraction and subsequently treated with acetic anhydride and tosyl
hydrazide to give the corresponding hydrazones 56 (Scheme 16). Any undesired epimer from the previous
hydration of enol ether 55 was separated by flash column and the a-trans, B-trans and B-cis epimers of
hydrazones S6a—c were isolated as single isomers in good to excellent overall yields from amines without
purification of the synthetic intermediates. We decided to proceed through the hydrazone intermediate
because from here we have a choice between full reduction to the saturated C° alkyl 57 chain or partial
reduction under Shapiro conditions to give the C vinyl-group 58. The full reduction of hydrazones 56 to the
ethyl group (57) gave the natural product (—)-protoemetinol in 92 % and 49 % overall yield from
B-ketoamide 50b (Scheme 17). In the same manner, the natural products (—)-dihydrocorynantheol and (+)-
hirsutinol together with a series of non-natural analogs were prepared in high yields. Partially reduction of
the hydrazone moiety under Shapiro conditions gave the terminal vinyl-group at the C’ position (58)

providing access to the natural product (—)-corynantheol and several non-natural analogs in moderate to
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good yields (Scheme 17). It is worth to point out that through this synthetic pathway, it is possible to
selectively access to three of the four possible epimers of several of the corynanthe and ipecac alkaloids in

good overall yield using a common synthetic strategy.
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Scheme 17. Chemodivergent reduction of hydrazone 56 for the synthesis of corynanthe
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and ipecac alkaloids, their epimers and analogs.

Dess Martin
periodinane
(-)-Dihydrocorynantheal (-)-Corynantheal
DCM, r.t. 78 %
(78 %) OMe (82 %)
OMe

) 11b-epi-
(-)-Protoemetine  p, hydroprotoemetine 10b-a-trans-59¢
92 %) (90 %) (78 %)

Scheme 18. Dess-Martin oxidation of alcohol 57 and 58.
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Scheme 19. Purification and protecting group free total synthesis of (—)-(15S)-hydroxydihydrocorynantheol
and its non-naturally occurring epimer (/5R)-hydroxydihydrocorynantheol.

The hydroxy-quinolizidines were smoothly oxidized using Dess-Martin periodinane to give the
naturally occurring alkaloids (—)-dihydrocorynantheal, (—)-corynantheal and (—)-protoemetine and the
analogs (+)-11b-epi-dehydroprotoemetine and thieno[3,2-a]quinolizidine 10b-o-trans-59¢ in high overall
yields (Scheme 18).

This methodology was also applied in the protecting group free total synthesis of alkaloid
(—)-(15S)-hydroxydihydrocorynantheol (155)-60, and its non-naturally occurring epimer (/5R)-hydroxy-
dihydrocorynantheol (15R)-60.° Lactol 12b-o-trans-55a was prepared without purifications of
intermediates and the crude compound was directly reduced with NaBH; to give the non-natural
(15R)-hydroxydihydrocorynantheol 12b- a-trans-60 (d.r. 81:19) in 57% combined overall yield from amide
S50a (Scheme 13). However, opening of the lactol 12b-a-frans-55 with acetic anhydride to the ketone
12b-a-trans-61 and subsequent reduction using L-Selectride gave the natural product (—)-(155)-hydroxy-
dihydrocorynantheol 12b-a-trans-60 was obtained with 77:23 diastereoselectivity and 50 % combined

overall yield from B-ketoamide 50a.
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Scheme 20. Zhao’s asymmetric catalytic total synthesis of 2-epi-geissoschizol.

Zhao and co-workers used the B-keto-amide 50a and MOM-protected hydroxy-enal 62 as a starting
material in the synthesis of 2-epi-geissoschizol (Scheme 20).40 Prolinol (S)-44 and TFA were used as the
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catalysts for the two-step one-pot reaction to give 63 and 64 as a 1:1 mixture of keto/enol tautomes. The
mechanistic aspects of this reaction are analog to ones of the reaction developed by Franzén et al.*® (vide
supra). The keto/enol tautomes were directly reduced and dehydrated under telescoping conditions to give
65 in low yield but with excellent enantioselectivity. The high frans-diastereoselectivity in the formation of
the ring-junction stereocentre is very interesting and unexpected under these reaction conditions. Final

reduction of the amide functionality and deprotection gave the target molecule 2-epi-geissoschizol.
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Scheme 21. Zhao’s three-component asymmetric one-pot processes to indoloquinolizidines
based on B-keto esters.
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Scheme 22. Zhao’s three-component asymmetric one-pot processes to indoloquinolizidines
based on 1,3-diketones.
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Scheme 23. Zhao’s three-component asymmetric one-pot processes to indoloquinolizidines
based on ethyl propiolate.

Zhao and co-workers also developed a series of three-component one-pot processes for the asymmetric
catalytic preparation of indoloquinolizidines. In their first example, they employed P-ketoester 66,
o,B-unsaturated aldehydes 67 and tryptamine.*’ The one-pot sequence starts with the conjugate addition of
the B-ketoester 66 to the o,B-unsaturated aldehyde 67 catalyzed by prolinol (S)-68 yielding the optically
active hemiacetal 69 (Scheme 21). The latter is trapped by tryptamine in the second step of this one-pot
reaction giving iminium ion 70. The subsequent intramolecular Pictet-Spengler cyclization resulted in the
quinolizidine compounds 71 with excellent yields, enantiomeric purity and trans-diastereoselectivity. In

2011, Rueping” and Zhao™ independently developed the analog three-component process using
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1,3-diketones 72 instead of B-ketoesters as the nucleophile (Scheme 22).44 Similar hemiacetals 73 and
iminium ion intermediates 74 were involved and the whole sequence proceeded smoothly and again
enantiomeric enriched products 75 with high trans-selectivity of the formed stereocentres were obtained.
Later, Zhao et al. developed an alternative approach toward generation of iminium ion intermediates 79
through a one-pot three-component cascade sequence of tryptamines, ethyl propiolate 76 and
o,B-unsaturated aldehydes 67 (Scheme 23).* They found that the Michael addition of tryptamines to ethyl
propiolate 76 gave -enaminoesters 77. The latter was an efficient nucleophile in the conjugate addition to
o,B-unsaturated aldehydes 67 through the prolinol (S)-68 catalyzed iminium ion activation to give adduct 78.
In the presence of benzoic acid, the iminium ion 79 was spontaneously formed after lost of water and
subsequent Pictet-Spengler cyclization completed the formation to indoloquinolizidines 80. This interesting
one-pot cascade involves the formation of two new rings, two C—N and two C—C bonds with high trans-dia-
stereoselectivity, moderate to high ee and moderate to high yields. In all cases, the authors ascribe the high
trans-selectivity of C2 to and the ring junction stereocentre to selective formation kinetically favoured
product (cf: TS1 and TS2, Figure 4).

Recently, Ma*® and Cérdova®’ simultaneously reported on the total synthesis of corynanthe and ipecac
alkaloids. In the retrosynthetic analysis by Ma et al., they focused on lactam G as an advanced intermediate.
Further disconnections lead back to their key intermediate, aldehyde H, which was suggested to be a
common precursor for both the corynanthe and ipecac alkaloids through reaction with tryptamine and
3,4-dimethoxyphenethylamine, respectively.

J

O Ar LA {ar )
= = —
o A o} \/S
"N (A) SN MeO,C.__CO,Me MeOZC CO,Me
f * f\; f‘) IT
HO ~
HO™ G HO” H
LA 0
(B) e I
| e— *fN | m—t H2N [m—
. H COM . COgMe
CcO:Me 2:_0 M2 ° CO M
COMe HO 2Me ga ~-2ve

HO
Scheme 24. Ma’s (A) and Cérdova’s (B) retrosynthetic analysis of the corynanthe and ipecac alkaloids.

Following their strategy, Ma et al. applied the prolinol (5)-44-catalyzed enamine conjugate addition of
n-butanal to alkylidene malonate 81 (Scheme 25). The resulting chiral aldehyde 82 posses an ethyl group
and a hydroxyethyl moiety that correlate it to the target alkaloids. Interestingly, the reaction performed best
in water and aldehyde 82 was isolated in 6.2:1 diastereomeric ration and 91% ee. Unfortunately, the
enantioselectivity of the reaction dropped drastically to 82% ee when the reaction was scaled up to 1 mmol

scale.
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Scheme 25. Preparation of Ma’s key intermediate.
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Subsequent reaction of aldehyde 82 with tryptamine under reductive amination conditions gave
compound 83 followed by decarboxylation to lactam 84 as a 2—3:1 mixture of inseparable diastereoisomers
(Scheme 26).
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Scheme 26. Application of key intermediate 82 in the total synthesis of corynanthe and ipecac alkaloids.

In their approach, Ma et al. applied the Bischler-Napieralski reaction, followed by reduction with
NaBHy, to construct the piperidine ring which at this point gave separable diastereoisomers 85 and 86 in 26%
and 62% isolated yield, respectively. It is interesting to point out that the ring-junction stereocentre is formed
exclusively with the a-configuration. Finally, hydrogenation of the benzyl-protecting group of
diastereoisomers 85 and 86 gave corynantheidol and dihydrocorynantheol, respectively. In a second
application toward the formal synthesis of mitragynine, reaction of aldehyde 82 with 4-methoxytryptamine
under non-reductive conditions gave enamine 87 in high yield as a single diastereoisomer (Scheme 26).
Stereoselective hydrogenation of enamine 87 upon PtO, and subsequent decarboxylation gave the lactam 88.
Further side chain manipulation and Bischler-Napieralski reaction followed by reduction gave ester 89 with

the a-cis-configuration corresponding to that of mitragynine.
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In their final application of aldehyde 82 for the synthesis of protoemetinol, reductive amination with
3.,4-dimethoxyphenethylamine gave poor or no diastereoselectivity. To avoid epimerization aldehyde 82 was
converted to lacton 90 (Scheme 26). Subsequent reaction of the latter with 3,4-dimethoxyphenethylamine
followed by Bischler-Napieralski reaction and reduction gave protected protoemetinol 91 with the correct

o-trans-configuration. In this case, the o-cis diastereoisomer was isolated in only 9% yield.
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Scheme 27. Cérdova’s total synthesis of the corynanthe and ipecac alkaloids.

Cérdova’s total synthesis is based on a one-pot strategy previously developed by Zhao et al.**where
the three stereogenic centres of the target molecules are generated in a asymmetric conjugate addition/Pictet-
Spengler/lactamization process and the retrosynthetic analysis leads back to malonate, 5-benzyloxypentenal
92 and tryptamine or 3,4-dimethoxyphenethylamine (Scheme 24).

The one-pot sequence was initiated by the asymmetric conjugate addition by reaction of malonate and
5-benzoxylpentenal 92 in the presences of catalyst (R)-44 to give the key-intermediate 93 (Scheme 27).

From this point, the reaction can be directed either towards the corynanthe or ipecac alkaloids by adding
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tryptamine or 3,4-dimethoxyphenethylamine. Thus the addition of tryptamine and TFA to the reaction
mixture containing intermediate 93 initiated a cascade sequence leading up to the a-trans-indoquinolizidine
derivative o-trans-94 together with its ring-junction epimer -tran-94 as the major by-product in the ratio of
87:13. The a-trans-indoquinolizidine derivative o-trans-94 with the stereochemistry correlating to dihydro-
corynanthenol was obtained as a single diastereoisomer in 40% overall yield and 92% ee after flash column.
A straightforward reduction/oxidation/olefination/deprotection sequence of o-trans-indoquinolizidine 94
gave dihydrocorynanthenol (Scheme 27). In an attempt to apply this strategy for the synthesis of ipecac
alkaloids, the authors investigated the three-component one-pot reaction of malonate, 5-benzyloxypentenal
92 and 3,4-dimethoxyphenethylamine in the presences of catalyst (R)-44. However, under these conditions,
no Pictet-Spengler cyclization was observed which is most likely a result of the lower nucleophilicity of the
dimethoxyphenyl-group compared to the indole-group. In order to increase the reactivity of the system they
used the N-Boc-3,4-dimethoxyphenethylamine as the amine component, that, upon condensation with
aldehyde 93, will form the N-Boc-iminium ion which is a considerable stronger electrophile compared to the
corresponding protonated iminium ion. Thus, reaction of N-Boc-3,4-dimethoxyphenethylamine in the one-
pot sequence gave the benzoquinolizidine a-cis-95 together with its B-trans-epimer in a 3:1 ratio (Scheme
27). The benzoquinolizidine a-cis-95 was directly applied to reduction/oxidation/olefination/deprotection
sequence used in the synthesis of dihydrocorynanthenol to give the non-natural epimer 3-epi-protoemetinol.
However, to install the relative stereochemistry corresponding to natural protoemetinol the diastereomeric
mixture of benzoquinolizidine 95 was epimerized using LDA which converted the o-cis-benzoquinolizidine
o-cis-95 to the required o-trans-epimer o-trans-95. These latter was isolated as single diastereoisomer in
92% ee and 41% overall yield from N-Boc-3,4-dimethoxyphenethylamine. Further elaboration through the

reduction/oxidation/olefination/deprotection sequence as previously gave protoemetinol.

3. Conclusions

The often low availability of natural products from their natural sources and their generally complex
molecular scaffold, combined with the lack of structural analogues, create a need for efficient and selective
laboratory synthesis. This is especially true if these compounds are to be used as biological probes for drug
discovery programs. However, as complexity and size increase, as well as the number of chemical
transformations required to assemble the desired molecule, the larger scale preparation of the target
molecule is almost impossible. The key to efficiency is to implement asymmetric one-pot multiple reactions
and asymmetric cascade/tandem reactions in synthetic strategies. Here the most recent developments of such
synthetic strategies are summarized that allow for efficient preparation of a vast number of corynanthe and
ipecac alkaloids, their epimers and analogs. As a result of their efficiency, these strategies open up for
quantitative preparations of this class of natural products but also, and more importantly from a
pharmaceutical perspective, they provide easy access to a multitude of epimeric and structural analogs that
will allow for a much more comprehensive biological study of these natural products, their epimers and

analogs.
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Abstract. Vinylogy and the reactions inspired by this principle occupy a rewarding position in the arsenal of
chemical transformations. This review celebrates this principle, as applied to three enabling carbon—carbon
bond formations, the aldol, Mannich and Michael reactions. Highlighted are those reactions involving
heterocyclic vinylogous nucleophilic or pro-nucleophilic candidates, through which myriad of
multifunctional molecular frameworks and targets could be synthesized. In this review, we mainly discuss
investigations focusing on furan- and pyrrole-based donors, which appeared in the literature during the
20102012 triennium.
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1. Introduction

About 80 years ago, Reynold C. Fuson' published a limpid paper entitled “The Principle of Vinylogy”.
It was 1935 and organic chemistry had just finished celebrating its first hundredth birthday, with many
pillars of organic synthesis being firmly established. The first sentence of the article read: “It has long been
recognized that, in a molecule containing a system of conjugated double linkages, the influence of a
functional group may sometimes be propagated along the chain and make itself apparent at a remote point
in the molecule”. In other words, it simply states that a given functional group within a molecule may exert
its function beyond the boundaries of the attached atoms and it may be relayed to a distant point in the
molecule provided that interposed conjugated unsaturated linkages are present. Fuson’s principle took the
following form: ”When in a compound of type A—E;=E> or A—E|=E>, a structural unit of type (CH=CH),—
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is interposed between A and E|, the function of E, remains qualitatively unchanged, but that of E; may be
usurped by the carbon atom attached to A”.!

Typical examples of vinylogous series are displayed in Figure 1. Thus, glutaconic ester 2, oxalyl
crotonic ester 3 and homophthalic ester 4 are the vinylogous extensions of malonic ester 1, while
acrylonitrile 6, sorbic nitrile 7 and p-methyl-substituted aryl cyanides 8—10 are the vinylogous counterparts
of acetonitrile 5. As a consequence, the molecules within these series share common properties, such as the
acidic character of the methylene or methyl groups, as well as the pro-nucleophilic reactivity of the

enolizable positions.

H4C”

>~

Figure 1. Malonic ester- and acetonitrile-based vinylogous series. Arrows show
the reactive points in the molecules. Reactivity is qualitatively independent of the
number of interposed conjugated vinylene linkages.

0 0 0
/\Tih\ /\*‘\ I /\*‘\ I
H3C ~-"OEt H3C R OEt H3C SR n OEt
11 12 13
B-M |-B-H &MyBH &MyBH
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’T?J\oa r??f\éJ\OEt TN T ok
14 15 16

Figure 2. Acetate ester-based vinylogous series. Arrows show the reactive points in the molecules.
Reactivity is qualitatively independent of the number of interposed conjugated vinylene linkages.

Focusing on the aldol domain, a classical vinylogous series is given by ethyl acetate 11, ethyl crotonate
12 and higher homologues 13 (Figure 2). Considering the carbonyl electrophilicity as a function, the
“normal” 1,2-nucleophilic addition in 11 may be usurped by the 1,4-, 1,6-, 1,8-, etc. additions in 12 and 13.
Thus, the popular Michael addition reaction can be viewed as the vinylogous version of the simple

1,2-nucleophilic addition to a carbonyl. Swapping from acceptor to donor character, say for example by
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base-promoted enolization, an emblematic vinylogous donor series is unveiled, including the normal enolate
ester 14, the vinylogous enolate 15 and higher enolates 16. Here, the normal electrophilic attack at the
a-position may be usurped by the competing y-, €-, -, etc. sites, thus extensively widening the synthetic
opportunities of the aldol chemistry.

In the same manner, imine-to-enamine swapping generates two additional acceptor/donor vinylogous
series, with imines 17-19 and enamines 20—22 involved (Figure 3). In this special case, enamines 20—22 are

the nitrogen counterparts of the enolate scaffolds, possibly sharing similar reactivity.

NR' NR' NR'
ki oy SN
H3C R H3C R R H3C SR n R
17 18
‘ 19
NHR' NHR' NHR'
/? R "T‘N\R r? = n/ R
20 21 22

Figure 3. Imine- and enamine-based vinylogous series. Arrows show the reactive points in the molecules.
Reactivity is qualitatively independent of the number of interposed conjugated vinylene linkages.
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Figure 4. The evolution of the aldol/Mannich chemistry: how vinylogy impacts
the product complexity (X=0, NR).

Noteworthy, products arising from vinylogous transformations — be they aldol, Mannich or Michael
adducts — inherently embody much higher complexity as compared to their normal addition counterparts, as
shown in Figures 4 and 5. Strictly speaking, a reaction may be translated to its vinylogous counterparts by
using either an extended donor (the most common practice, e.g. Figure 4, eqs 2 and 3), an extended acceptor
(the Michael-type technology, e.g. Figure 5, eqs 1 and 3) or both (almost neglected for highly extended
executions, e.g. Figure 5, eqs 2 and 4).

Thus, in passing from normal to vinylogous extensions, the distance between the emerging
functionalities within the products increases, as the number of the interposed conjugated double bonds
increases. However, the higher the molecular complexity, the greater the critical issues concerning the
reaction become: that is, production and control of the (poly)enolate geometry; channeling correct reactivity;
governing chemo-, regio- and stereoselectivity; directing the geometry and positioning of the emerging
double bonds. Full mastery of these issues gauges how vinylogy has evolved within these fundamental
domains of organic chemistry.

58



o)
| 2
(3) HWW L R
n

(ID oM
4 2
( )HWR1 + R\/\WR

m

Michael

vinylogous
Michael

hypervinylogous
Michael

hypervinylogous
Michael

H ¥R
e
3§ 8
H NOR
e
GRS
H N R
n-R2

RPN
n. R2 m

Figure 5. The evolution of the Michael chemistry: how vinylogy impacts the product complexity.

2. About this review

Both indirect and direct methodologies using vinylogous carbon nucleophiles and featuring an
heterocyclic scaffold are covered in this article. Attention is paid to reactions involving vinylogous and
multi-vinylogous donor entities, while examples where simple donors and extended acceptors are involved
do not fall within the scope of this review.” Prototypical donors in this review are listed in Figure 6,
including Mukaiyama-type furan- and pyrrole-based silyl dienolates and polyenolates, their pro-nucleophilic

counterparts, as well as few candidates embodying the indole, y-pyrone, phthalide, phenol and azlactone

skeletons.

R']

X
o

o)

Figure 6. The structures of nucleophilic and pro-nucleophilic vinylogous donor heterocycles in this review.

While the reactivity of these compounds spans a wide synthetic domain, with a number of carbon-
carbon and carbon-heteroatom bond-forming reactions involved, it is the aim of this article to direct the
focus to pivotal transformations related to aldol, Mannich and Michael chemistry. Our choice here is to

highlight examples covering the very recent literature (2010-2012), with a brief digression to condense

59

R




previous important achievements of the new millennium. Special emphasis is due to asymmetric syntheses
allowing access to chiral nonracemic substances, exploiting both diastereoselective and enantioselective
catalytic strategies. This review is intended to be selective rather than exhaustive; for comprehensive
coverage of this emerging topic we direct the reader to general and specialized review articles in the current

literature.>

3. Indirect Mukaiyama-type methodologies

Indirect executions are those reactions where the donor substrates are stoichiometrically activated prior
to the reactant approach. The most common practice involves preparation of relatively stable silicon enolates
— Mukaiyama-type donors — which can be either isolated or generated in situ. In the vinylogous realm,
useful matrices are y-enolizable o,3-unsaturated carbonyl frameworks which can be embodied into variously
shaped molecules, spanning from linear carbon skeletons to alicyclic or heterocyclic scaffolds. Remarkably,
silicon lends a big hand to vinylogy, since extended silyl enolates have the intrinsic propensity to privilege
reactions at their remote sites, as demonstrated by a plethora of experimental evidences, as well as confirmed
by calculations.™ Analyses here are organized according to the nature of the heterocyclic donors, with aldol,
Mannich and Michael executions grouped and discussed sequentially.

3.1. Furan-based silicon enolates

Furan compounds, including tetrahydrofuran and 7y-butenolide polyketide scaffolds, are privileged
structures widely encountered in Nature and their synthesis has therefore received considerable attention.
Among the various ways to access these compounds, the elaboration and functionalization of furan-based
precursors occupy a relevant position, owing to the intrinsic directness and simplicity of execution. In this
context, y-functionalization of nucleophilic 2-silyloxyfurans by means of proper electrophilic acceptors, such
as carbonyl compounds, imine or iminium derivatives and o,B-unsaturated carbonyls has been definitely
established as an attractive synthetic technique, through which realms of simple and complex molecular
entities have been assembled.

In 2002-2004, Casiraghi and co-workers*’ designed and exploited a general, diastereoselective
methodology to access cyclitol and carbasugar compounds in a chiral, nonracemic form by starting with
heterocyclic dienoxy silane compounds and sugar-related enantiopure carbonyls. Key to the success of the
technique was a sequence of two diastereoselective manoeuvres, a vinylogous aldol reaction followed by a
highly productive silylative intramolecular aldolization. As an example, Scheme 1 illustrates how 2-tert-bu-
tyldimethylsilyloxy furan 23 served in the synthesis of both five-membered and six-membered cyclitols of
type 28 and 31. Initially, the vinylogous aldol reaction between 23 and protected D-glyceraldehyde 24 under
BF;:-OEt, agency gave the expected butenolide adduct 25 in high yield, with complete y-site-selectivity and
excellent diastereoselectivity in favour of the syn-configured isomer. Subsequent manipulation, including
one-carbon shortening of the carbon skeleton, provided protected aldehyde 26 ready for the crucial
carbocyclization. After extensive optimization, this manoeuvre was successfully accomplished by exposure
of 26 to a balanced mixture of TBSOT{ and DIPEA (3.0 equiv each), to furnish the bicycle 27 in high yield
and 80:20 dr. With the carbocycle installed, simple reductive excision of the lactone ring and global
deprotection finally provided the targeted carbasugar 28 in good yield. Paralleling this chemistry, butenolide
25 was advanced to carbapyranose 31 via the intermediacy of aldehyde 29 and bicycle 30.
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Q 1.NiCl,, NaBH, S
TBSO o) 2. TBSOTf
ﬂ_<\"' BFyOE -80°C \ 5, 3 aqAcOH
75% O\\\ ,/:I' 4. Nal7(g§,/
[~ 55 OH b
>95:5 dr (5,1'-syn:anti)
1. LiBHy, THF
2. aq HCI, THF, HO
TBSOTf, DIPEA, 25 °C MeOH \\Q,OH
78% 85%
TBSO ,, OTBS HO ,g OH
80:20 dr (trans:cis)
1.NiCl,, NaBH;  ©Q 0 o 1.LiBH,, THF  OH
2. TBSOTf o) TBSOT, b H 2. aq HCI, THF, OH
3. aq AcOH / DIPEA : ; MeOH
4. TESOTS O\ H 9% TBSO” > “OTBS  81% HO” > ""OH
' TESO OTBS OTES OH
61%
29 30 31

Scheme 1. Synthesis of 4a-carba-f-D-xylofuranose 28 and 5a-carba-f3-D-gulopyranose 319

The utility of furan-based dienoxy silane nucleophiles was further demonstrated by Porco Jr. et al.’ in

a concise diastereoselective synthesis of racemic blennolides C and B, representative members of the

tetrahydroxantone class of mycotoxins. As shown in Scheme 2, addition of furan 34 to benzopyryllium salt

33, generated in situ from hydroxychromone 32, gave butenolide adduct 35 as a 2:1 mixture of epimers

(thermodynamic control). After double bond

saturation, Dieckmann cyclization using NaH in THF led to

blennolide C (+)-36 in 23% overall yield for the entire sequence. In about a similar manner, blennolide B

(£)-37 and few epimeric congeners were also prepared.

2,6-lutidine,

i-Pr,Si(OTf)s,,
CH2C|2, rt
CO,Me

1. NiCl,, NaBH,
2. NaH, THF
23%
MeOzC O (overall yield
from 32)

(£)-35
2:1 dr (syn:anti)

i- Pr\ ,/ Pr -
= Et;N-3HF,
0/ 78 °C
+
CO,Me OTMS
TfO 34
E OH O OH
g E ‘ O II'I,
Me02 - | MeO,C OH
| +)-37
(£)-36 ! (£)-3
blennolide C I blennolide B

Scheme 2. Diastereoselective entry to blennolide C (i)—36.6

The imine-containing marine toxin (—)-gymnodimine 42 was the target of a brilliant total synthesis by

Romo and co-workers (Scheme 3).” The butenolide moiety of this complex metabolite was introduced at a

late stage of the synthesis employing a vinylogous Mukaiyama aldol addition of a silyloxy furan to a

complex cyclohexanone intermediate. Thus, brief exposure of ketone 38 and methyl-substituted furan 39 to
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TiCly in CH,Cl, gave an almost 1:1 mixture of epimeric butenolides 40 in 61% yield. Subsequent
enrichment in the desired epimer, dehydration and protecting groups adjustment produced 41, the immediate
precursor of the target. Treatment of protected amine 41 with TFA cleaved the N-Boc group with
concomitant desilylation. Upon standing under high vacuum, the free amine underwent smooth cyclization

to provide the corresponding imine 42. In an analogous fashion the C4 epimer of the target was prepared.

NHCOCF, NHCOCF;
0 )/ O )/

TiCly,
I OTIPS CH20|2, rt E“‘
\ 61% “”'/\I/K‘\N
OH ©
39
NHBoc 1:1 dr (syn:anti)

- TFA, CH,Cls, "
3 steps \ h|gh vacuum \
° 0]

OH
a1 42
(-)-gymnodimine

Scheme 3. Synthesis of (-)-gymnodimine 42.”

The vinylogous aldol reaction of furan-based silyl dienolates proved to work well even in an

. . . 8
enantioselective environment.
(I )
N, _o

p?
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OO
~ O Me Me

\_0 )J\ 2

* H R (R,R)-45 (3 mol%), N
78BS0 23 43a-g SiCl,, DIPEA (10 mol%),
7 examples CH,Cl,, -78 °C

44a 0 44b © 0 44c o 44d
95% yield 80% yield 51% yield 95% yield
77:23 dr (anti:syn) 74:26 dr (anti:syn) 83:17 dr (anti:syn) 77:23 dr (anti:syn)
>99% ee (anti) >99% ee (anti) 89% ee (anti) 93% ee (anti)

OH OH OH

4de 44f Br 449
0 95% yield 0 95% yield 0 90% yield
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Scheme 4. Catalytic, asymmetric vinylogous Mukaiyama-aldol reactions of furan silyl dienolates.*
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After scrutinizing a series of known chiral metal- and organocatalysts, Zanardi et al.** found that the
bis-phosphoramide/silicon tetrachloride dual system — introduced and widely exploited by Denmark’ in the
aldol and vinylogous aldol chemistry — catalyzed the asymmetric addition of furan 23 to aromatic aldehydes
43 (Scheme 4).

Irrespective of the nature of the substituents in the aromatic aldehydes, be they neutral, 7 or ¢ electron-
donating or electron-withdrawing groups, all reactions were productive using as little as 3 mol% catalyst and
gave rise to the desired vinylogous adducts 44a—g in excellent yields, perfect regioselectivity and good
diastereoselectivity in favour of the anti-isomers, with outstanding levels of enantioselectivity (for
comparison with the behaviour of the pyrrole counterparts, see Section 3.2.).

A valuable advance toward the multivinylogous variant of these heterocycles was introduced by the
same research group very recently,'® by synthesizing variously elongated polyene furans of type 46—49 via
mild ®w-deprotonation and silyl trapping of the corresponding butenolide polyene precursors. The reactivity
of these extended matrices was explored in the asymmetric aldol reaction domain by using the previously

mentioned Denmark’s catalyst system 45-SiCls. Emblematic examples are given in Scheme 5 (eqs 1-4).

o (R,R)-45 (3 mol%), OH
YA LE SiCl,, DIPEA (10 mol%)
I 4, ,
e G CH,Cl,, -78 °C 2 d
\_0 o}
50
TBSO 46 43a 84% ®) o,y >99:1
80:20 dr (Z'E); 94% ee (2)
(R,R)-45 (3 mol%), OH

SiCly, DIPEA (10 mol%),

CH,Cl,, -78 °C
2) = - =
( \_0 / tBu Br
83% e} 51

g0,y >99:1
(R R)-45 (5 mol%), C05:5 dr (2.1 68% ee (7
SiCl,. DIPEA (10 mol%), S dr(ZE), oH )
n CH,Cl,, -60 °C
\\ X \ z 5/ = 5
0 70% o 2 5 o
;
TBSO 48 o n:a,y,e >99:1
>91:9 dr (5Z,2'E:other isomers)
(R,R)-45 (5 mol%), >96% ee (52,2' E)
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CH,CI ,-50 °C
“”w h - M
42%
TBSO Br Br
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O N >96% ee (5Z,2'E,4'E)
AN /O
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'}" "N—F(CHo)s
LT e e
2
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Scheme 5. Catalytic, asymmetric hypervinylogous Mukaiyama-aldol reactions
of extended furan silyl dienolates."

A matter of concern with the elongated nucleophiles 46—49 might be the concomitant activation of

more than one nucleophilic site. Density Functional Theory (DFT) and Fukui function calculations were
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performed to support the rationale for a favoured activation at the most remote site of the chain. Indeed,
atomic Fukui indices at the reacting carbon atoms foresee a preferential electrophilic attack of the aldehyde
carbonyl at the terminal carbon sites of the nucleophiles. Actually, results went beyond the expectations and
reactions performed well with all candidates, providing the desired elongated butenolides of type 50-53
(Scheme 5) in moderate-good yields, perfect m-site selectivity, and excellent enantioinduction. Noteworthy,
in many instances, control of the geometry of the newly installed double bonds was rewarding.

In 2010, Deng and co-workers'' and Wang and co-workers'? independently reported the first examples
of asymmetric vinylogous aldol reactions of silyloxy furans utilizing bifunctional Cinchona alkaloid-

thiourea organocatalysts. Salient results are grouped and confronted in Scheme 6.
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OH OH OH OH
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44a e} 55 e} 56 o 57 O 58
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Conditions B 12: 54 (20 mol%), CHCl5, -20 to 0 °C; 13 examples
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0] 44a 0] 44f O 44c o] 59
78% vyield 75% yield 78% yield 82% vyield
89:11 dr (anti:syn) 88:12 dr (anti:syn) 88:12 dr (anti:syn) 86:14 dr (anti:syn)
86% ee (anti) 84% ee (anti) 91% ee (anti) 86% ee (anti)

Scheme 6. Organocatalyzed asymmetric vinylogous aldol reactions of silyloxy furans with aldehydes.'""?
Deng'' found that a carboxylate ammonium salt prepared from thiourea-quinine 54 and trifluoroacetic
acid in a 1:1 CH,Cl/Et,O solvent mixture was extremely effective to trigger the reactions of variously
substituted silyloxy furan donors with aromatic and aliphatic aldehydes. Reactions performed well and
furnished the corresponding anti-disposed butenolides in high yields, good diastereoselectivity and
enantioselectivity for the (SR,1'S)-configured isomers. A catalytic cycle was proposed where the carboxylate
of the organocatalytic complex is postulated to serve a dual role: activating the silyloxy furan and facilitating

the silyl transfer from the nucleophile to the aldolate product. Of note, stereostructures were diligently
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established by X-ray crystallographic analyses and chiro-optical measurements. In a parallel work, Wang'?
studied the same reaction utilizing free quinine-thiourea base 54 as the catalyst. With 20 mol% catalyst
loading in CHCl; at —20 to 0 °C, unsubstituted furan donor coupled to various aromatic aldehydes to return
anti-adducts with good results. Although the relative and absolute configuration of the aldols were not
adequately certified, the major products were claimed to possess an anti-(SR,1'S)-configuration, in line with
the previously reported results of Deng and co-workers.

The classical Mukaiyama aldol reaction is carried out under the agency of Lewis acid activators.
Indeed, a couple of years ago, Curti e al."> performed the vinylogous aldol reaction of furan (and pyrrole,
see Section 3.2.) silyloxy dienes in an aqueous environment without any other catalyst or additive. Simply
using salty water in methanol, silyloxy furan 23 underwent smooth addition to various aromatic and
o,B-unsaturated aldehydes at about 40 °C under ultrasonic irradiation (Scheme 7). Interestingly, reactions
proved to be syn-selective, providing butenolides of type 60 in good isolated yields, with complete ‘y-site-
selectivity and moderate to excellent diastereomeric excesses. It was speculated that the reaction occurs at
the boundary between water and dispersed droplets of lipophilic reactants, with some molecules of water
acting as H-bond donor species. With furan-based nucleophiles, a stacking synclinal transition state model

would seem favoured with both the aldehyde carbonyl and furan oxygen exposed to the aqueous interface.

o OH
S5 brine/MeOH (1:1), 5
NN ), 3840 °C /Y 1°R
H R 0
TBSO 23 O ()60
_______ A oo TR
§;|:a\ §;|)6;©\ o) §r\|)6;©\ §;I)60\eﬁ
80% yield 75% yield 90% yield 62% yield 65% yield

92:8 dr (syn -anti)y 75:25dr (syn anti) >99:1dr (syn:anti) 75:25dr (syn -antiy >99:1 dr (syn anti)
Scheme 7. Uncatalyzed, diastereoselective vinylogous Mukaiyama aldol reactions in aqueous media."

Axially chiral phosphine-oxazoline ligands of type 61 and 62 (Scheme 8) were found to be fairly
effective chiral ligands in silver(I)-catalyzed asymmetric vinylogous Mannich reactions of trimethyl silyloxy
furan 34 to N-Boc aldimines,'* or fluorinated and chiral imines." Specifically, Shi et al.'*** discovered that
the reaction behaviours proved to be extremely efficient, furnishing the expected chiral adducts with good
anti-selectivity and moderate to excellent margins of enantioselectivity. While exploitation of
(aR,S)-configured catalyst 61 produced (5S)-anti products 63, reaction with (aS,S)-catalyst 62 led to
(SR)-anti products of type 64, highlighting the crucial role of the axial chirality in the chirality transmittal to
the products. The phenyl-ethyl chiral auxiliary within the imines only exerts a moderate matched effect that
proved beneficial to the overall diastereo- and enantiocontrol.

Furan-based silyloxy dienes 65 and 34 were the scaffolds of choice during two remarkable total
syntheses of 9-epi-sessilifoliamide J 68'® and sessilifoliamide J 71,"” two members of the polycyclic alkaloid
family isolated from plants of the genus Stemona (Scheme 9). In the first contribution, Huang and co-
workers'® utilized a diastereoselective vinylogous Mannich addition of methyl-substituted furan 65 as the

key reaction, with which intermediate 67 was assembled.
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Scheme 8. Diastereo- and enantioselective vinylogous Mannich reactions
of 2-trimethylsilyloxy furan 34140
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Scheme 9. Key vinylogous Mannich reactions during the total synthesis of Stemona alkaloids 68 and 71.'%"7
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Advancement to the target 68 required four additional steps to conclude the synthesis in 10 steps, with

a 4.3% overall yield. Here, the furan matrix 65 was used to forge the non-spirocyclic butanolide fragment of

the molecule.
On the other hand, in a subsequent contribution, the same authors'” utilized furan 34 to assemble the

fused piperidin-2-one core of the alkaloid via a highly diastereoselective vinylogous Mannich reaction with
the iminium ion derived from N,O-acetal 69, followed by ring enlargement. Overall, the entire sequence to

sessilifoliamide J encompassed 12 steps with a 7.7% global yield.

t-Bu
t-Bu a
:S ) HN/S‘O
\\ N"°"O  TMSOTF, CH,Cl,, -78 °C =
o + N /1 R
H R (o)
TBSO 54 Y 72
R = alkyl, aryl; 11 examples
t-Bu t-Bu t-Bu t-Bu
/: = /: = /: = /:S:O
HN S=0 HN S=0 HN S$=0 HIN
- - Ph z = OMe
/ 7 / Ph /
O o] O )
MeO
72a © 72b 72c 72d
86% yield 80% yield 75% yield 82% yield
97:3 dr (anti:syn) 91:9 dr (anti:syn) 93:7 dr (anti:syn) 78:22 dr (anti:syn)

Scheme 10. Asymmetric vinylogous Mannich reactions of furan 23 with chiral nonracemic
N-tert-butanesulfinimines.'®

A chiral auxiliary-type asymmetric approach to functionalized aminated butenolide scaffolds and
chiral nonracemic piperidine derivatives was developed by Huang’s research group'® utilizing various
N-tert-butanesulfinimines as the chiral amine templates. Reactions with furan dienoxy silane 23 eventually
returned a repertoire of aminated butenolides of type 72 where anti-disposed representatives uniformly
predominated (typically >90:10 dr) (Scheme 10). The utility of the butenolide products in this study was
nicely demonstrated by their transformation into a variety of enantioenriched nitrogen heterocycles,
including five-membered lactone and six-membered lactam compounds.

The chiral auxiliary technique to access d-amino-o,-unsaturated lactones and derivatives thereof was
independently explored by the Chen'® and Tamura® groups utilizing vinylogous Mannich reactions between
silyloxy furan 34 and N-galactosyl imine (73) or N-gulosyl nitrone (74) acceptors (Scheme 11).

In the former examples (eqs 1 and 2), zinc chloride etherate in Et;,O was employed as the activator,
while in the latter (eqs 3 and 4) the reactions were driven by catalytic amounts of Me;SiOTf in CH,Cl,.
Upon removal of the sugar moiety, compounds 75 were transformed to the corresponding free amines,
whereas in situ treatment of intermediary compounds 76 with catalytic TBAF allowed for intramolecular
oxa-Michael addition to furnish bicyclic products 77. Of note, the major isomers 77a and 77b were
elaborated to an advanced intermediate toward polyoxin J, while 77b also served to access a dysiherbaine-

related furopyrane intermediate.
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Scheme 11. Stereoselective vinylogous Mannich reactions of trimethylsilyloxy furan 34 with
N-galactosyl or N-gulosyl alcceptors.lg’20

OTBS
- Me o o . TRCHCH,CHTH,
w \( CH,Cl,, -78 to -20 °C
2 O +
(£)-78 (£)-79 (+)-80

88:12 dr (x)-merrilactone A
Scheme 12. The key vinylogous Mukaiyama-Michael reaction in the total synthesis of (+)-merrilactone A.*'

One key reaction in the clever total synthesis of (x)-merrilactone A (80),”' a complex cage-shaped
pentacyclic sesquiterpene from Illicium Merrillianum, was a vinylogous Michael addition of tricyclic
silyloxyfuran derivative 78 to methyl vinyl ketone (Scheme 12). Upon exposure to Taguchi’s 1,1,3,3-tetrakis

[(trifluoromethyl)sulfonyl]propane, 7,y-disubstituted tricyclic lactone intermediate 79 was obtained as a
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88:12 diastereomeric mixture, along with a minute amount of a further isomer. Of note, switching the
catalyst to BF;, TiCly, or SnCly resulted in lower yields. Advance to the target encompassed six further

operations consigning merrilactone A in 15 reaction steps for the shortest sequence.

1. SnCl4 (20 mol%),

0 CH,Cl,, -78 °C
2. HCI
U -
86%
1. SnCly (20 mol%), 84:16 dr
o CH,Cl,, -78 °C 0 we
= 2. HCI o
2) S + - @) X
© 94%
92:8 dr
1. Cu(OTf), (10 mol%),
COZMg CH,Cly, -78 °C
@) S 2. HCI
\ + -
© 70%
21 examples >95:5 dr

Scheme 13. Diastereoselective entries to racemic butenolides 82, 84 and 86.2

Lewis acid catalyzed vinylogous Mukaiyama-Michael reactions between silyloxy furans of type 23 or
65 and a,B-unsaturated cyclic enones or oxoesters of type 81, 83 or 85 were investigated by Guillou et al.
(Scheme 13).%* Both substrates proved to be pertinent Michael acceptors giving butenolides of type 82, 84
and 86 in good yields and moderate to good diastereomeric ratios. The stereostructure of the products was
certified by X-ray crystallographic analyses that definitely assessed the anti-relationship of the newly formed

stereocentres.

3.2. Pyrrole-based silicon enolates

Chiral y-butyrolactams represent structural motifs widely encountered in Nature as well as in many
important bioactive compounds. These nitrogen-containing frameworks are also important synthetic
intermediates en route to nitrogen heterocyclic and carbocyclic structures. As difficult as they are to
construct and as rare as they appear to be in Nature, densely hydroxylated medium-sized carbocyclic amino
acids are intriguing molecular entities, since they merge the structural characteristics of amino acids and
carbohydrates within a robust carbocycle.

As an example, to arrive at the seven-membered carbasugar amino acid 92, Casiraghi and co-workers™
envisaged to utilize the pyrrole silyloxy diene 87 as the synthetic equivalent of a y-aminobutyric acid
o, y-dianion. As shown in Scheme 14, the synthesis of 92 started with the vinylogous aldol reaction between
87 and D-glyceraldehyde acetonide 24 to produce, after protection, unsaturated lactam 88 with excellent
syn-diastereoselectivity for the newly created stereocentres. o-Functionalization of 88 was then carried out

via a Morita-Baylis-Hillman protocol using L-glyceraldehyde acetonide ent-24 as the electrophile.
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Scheme 15. Catalytic, asymmetric vinylogous Mukaiyama aldol reactions
of pyrrole-based dienoxy silanes.**"
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This furnished «,y-disubstituted pyrrolinone lactam 89 in a good 80:20 dr. Protecting group
manipulation and oxidative one-carbon shortening of both the lateral polyol chains gave dialdehyde 90 ready
for the crucial carbocyclization. This manoeuvre was conducted using an intramolecular pinacol coupling to
connect the two aldehyde terminals, so that bicycle 91 was created in high yield and complete
stereoselectivity. The final steps only required lactam opening and deprotection to arrive at amino acid 92.
The versatility of the process was quite good allowing for the preparation of diverse stereoisomeric variants
of 92, by simply manipulating the chirality of the glyceraldehyde electrophiles during their installation into
the pyrrole nucleus.

As a continuation of a program aiming at the development of heterocyclic dienoxy silane donors in
catalytic asymmetric syntheses, the same research group® reported a methodological study focused on the
vinylogous aldol reaction of 2-silyloxypyrroles with aromatic aldehydes. After a preliminary screening of
various well established metal-based catalyst systems, it was found that the bisphosphoramide/SiCly catalyst
couple 45-SiCly efficiently guided the aldol reaction in a strictly vinylogous sense, producing the expected
lactams 93a—h with high efficiency and stereocontrol (Scheme 15).

Importantly, it was shown that the nature of the heteroatom in the silyloxy diene scaffolds heavily
impacted the stereochemical reaction behaviour; that is, the syn-configured adducts were preferentially
obtained with pyrroles carrying electron-withdrawing N-substituents (Boc, Ts, Cbz), while the use of
pyrroles having electron-donating N-substituents (Bn, PMB, allyl) (as well as furans, see Section 3.1.)
provided reversal of stereocontrol, giving rise to anti-disposed adducts, preferentially. A plausible rationale
accounting for the observed reaction stereodivergence, dictated by the nature of the heteroatom substituent,
involves participation of two diverse transition state models, TS-syn and TS-anti (Scheme 15). With
“chelatable” N-substituents capable to bind to hypervalent silicon atom of the chiral catalyst, engagement of
the re-face of the aldehyde carbonyl with the re-face of the pyrrole y-site results in preferential formation of
syn-disposed adducts. On the contrary, lacking supplementary coordination at silicon, steric effects prevail to
favour functionalization at the pyrrole si-face with preferential generation of anti-structures.

A conceptually novel strategy to promote Mukaiyama-type aldol tranformations avoiding preliminary
formation of individual silicon enolate species was introduced by Zanardi et al.,** utilizing pyrrolinone
vinylogous pro-nucleophiles. The protocol was based on a reaction cascade triggered by the combination of
a silicon Lewis acid coupled to a tertiary amine Brgnsted base. According to a one-pot operation, the dual
silicon/amine system triggers formation of a silyl enol ether in sifu (intermediate 95), while activating the
acceptor component and advancing the process by capturing and stabilizing the formed aldolate by silylation
(Scheme 16).

Actually, the approach involved the simultaneous addition of all reactants in one vessel — the donor,
the acceptor, the solvent and the Lewis acid/ Brgnsted base mixture — and markedly differs from the classical
Mukaiyama methodology, where isolated enolates or dienolates are involved. As a proof of concept,
treatment of N-Boc pyrrolinone 94 and benzaldehyde in the presence of Et;3N/TMSOT{ mixture in diethyl
ether/hexane returned silylated aldol 96a in high isolated yield, with >92:8 diastereomeric ratio favouring the
anti-isomer. The reaction scope was quite large and the process not only tolerated aromatic, aliphatic and
o,B-unsaturated aldehydes (compounds 96), but also proved viable with ketones and keto-esters, including
chiral non-racemic o-hydroxy substrates (compounds 97). In general, yields were good, site-selectivity

complete and anti/syn ratio very good for many candidates.
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Scheme 16. One-pot silylative vinylogous Mukaiyama aldol reaction of pyrrolinone 94.**

As previously described with furan-based silyl dienolates (see Section 3.1.), the uncatalyzed
vinylogous aldol reaction in aqueous media proved equally viable with the pyrrole counterpart 95 (Scheme
17)."® Also in this case, the reaction scope was large for aromatic aldehydes and several lactam adducts of
type 98 were formed in good yields, virtual complete 7y-site selectivity and moderate to good
diastereoselectivity. However, a remarkable switch in diastereoselectivity was observed when passing from
furan (syn-selective) to pyrrole silyl dienolates (anti-selective), highlighting how the nature of the
heteroatom in the donor critically impacts diastereocontrol. Here, the bulky, lipophilic N-tert-
butoxycarbonyl group (as well as the N-benzyl group) is shifted away from the water interface entering the

inner pocket of the reactant droplets, thus reverting diastereocontrol.
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Scheme 17. Substrate scope of anti-selective vinylogous aldol reaction of pyrrole 95 in aqueous systems.13
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The vinylogous, asymmetric Mukaiyama-type Mannich reactions of imines with pyrrole silicon
dienolates provide an effective way to construct rare o,p-unsaturated y,0-diaminocarbonyl frameworks
directly, which are crucial motifs in many natural and man-made compound classes. In recent investigations,
Casiraghi et al.”>*® developed anti-selective, catalytic asymmetric protocols to access these aminated entities
by exploiting suitably protected pyrrole nucleophiles and preformed or in situ generated aldimine acceptors.
Excellent results in terms of regioselectivity, diastereoselectivity and enantioselectivity were attained
utilizing, as the catalyst of choice, amino acid-derived ligand 102 in complex with silver(I) acetate, a system
ideated and used by the Hoveyda and Snapper groups a few years ago.”’ As shown in Scheme 18, two

different optimal protocols were elaborated according to the nature of aldimine acceptors.
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Scheme 18. Diastereo- and enantioselective catalytic vinylogous Mukaiyama-Mannich
reactions of pyrrole silyl dienolates.”°
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Protocol A (aromatic aldehyde substrates) involved the use of N-Boc pyrrole 95 and preformed N-aryl
imines with 10 mol% each ligand 102 and AgOAc, while protocol B (alkyl and hydroxyalkyl aldehyde
substrates) entailed a sort of three-component sequential addition modality, where the imines were formed in
situ prior to the addition of the catalyst and the donor reactants (N-Cbz candidate 99 in this instance).
Invariably, both protocols performed well, returning the expected anti-configured Mannich adducts 100 and
101 in high yields, excellent dr and moderate to good ee.

The synthetic versatility of the unsaturated lactam products was demonstrated by transformation of
hydroxylated lactam 101d into unprecedented furopyrrolone 103 by simple manipulation, including
acetonide deprotection and subsequent DBU-assisted oxa-Michael annulation (Scheme 19).%°

The development of enabling chemical methodologies that include such emblematic keywords as
water, solvent-free, environment awareness, practicality and atom economy is one of the greatest challenges
of contemporary organic synthesis.
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Scheme 19. Synthesis of hexahydrofuro[3,2-b]pyrrolone 103.%°
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On this line, Zanardi et al®® launched a catalyst-free three-component vinylogous Mukaiyama-
Mannich reaction of pyrrole dienolates of type 87, which worked well in both aqueous and solvent-free
environments (Scheme 20). Both lipophilic and hydrophilic aromatic and aliphatic aldehydes proved to be
competent substrates allowing access to a varied repertoire of unsaturated aminolactams of type 104 with
complete regioselectivity and good diastereoselectivity in favour of anti-configured compounds.

o
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Scheme 20. Aqueous and solvent-free uncatalyzed three-component vinylogous Mukaiyama-Mannich
reactions of pyrrole silyl dienolate 87.%
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Even though a full rationale for this vinylogous Mannich reaction is hard to formulate, it was believed
that water is an indispensable ingredient which acts as both proton donor, to activate the in situ generated
imine, and silicon scavenger, to sequester the silicon ion from the donor into an inactive R3SiOH species, the
sole by-product in these environmentally benign transformations.

Pure water, 40 °C and sonication in an open-air vessel were the optimized conditions for the reaction
between pyrrole 95 and 1,2-diaza-1,3-diene Michael acceptors of type 105 (Scheme 21).” These conditions
proved superior to the classical Mukaiyama-type Lewis acid conditions in apolar solvents and provided
access to a variety of syn-configured ureido-lactam intermediates of type 106 in high yield and selectivity.
According to a one-pot procedure, these intermediates underwent a clean base-catalyzed reaction cascade
furnishing functionality-rich pyrroles 107, which were recovered as pure substances by simple filtration. The
authors surmised that the added base triggers a cascade of events featuring an intramolecular aza-Michael
reaction to give a diazabicyclo intermediate, which is promptly subjected to lactam ring opening and
aromatization to return the pyrrole products.
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Scheme 21. On-water vinylogous Mukaiyama-Michael addition of silyloxy pyrrole 95
to 1,2—diaza—l,3—dienes.29

3.3. Other silicon enolates

In spite of the wide, ubiquitous occurrence of heterocyclic compounds in Nature and their application
as functional reactants, their utility as vinylogous nucleophiles or pro-nucleophiles has been rather
underquoted, the majority of synthons being limited to furan- and pyrrole matrices.

Indoles are arguably the most abundant heterocycles in Nature, but only recently representative
members of this progeny have been developed as vinylogous nucleophilic or pro-nucleophilic reactants. As
an example, 3-alkylidene-2-oxindoles are well known for their electrophilic reactivity at C-3 position, but
the ambident nucleophilic properties of y-enolizable congeners remained unexplored. In 2012, Casiraghi et
al.™ reported the first example of the synthesis of 3-alkenyl-2-silyloxy indoles and their use in asymmetric
vinylogous aldol reactions with aromatic aldehydes (Scheme 22). Using silicon tetrachloride and diisopropyl
ethylamine in CH,Cl, in the presence of DMF, variously substituted 2-silyloxy indoles 108 reacted with
aromatic aldehydes providing the corresponding vinylogous aldol adducts 109 in moderate yields with

complete y-site selectivity and excellent diastereoselectivity favouring the Z-configured alkenes (Scheme 22,
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Conditions A). During an exploratory trial, an enantioselective version of the process was also discovered
using Denmark’s bisphosphoramide catalyst 45 in combination with SiCly; (Scheme 22, Conditions B).
Chiral non-racemic products 109a, 109¢ and 109e eventually formed in acceptable yields, with appreciable
Z-diastereoselectivity and enantioselectivity up to 90%.

A rare example of diastereoselective vinylogous Mukaiyama aldol reaction of a triisopropylsilyl enol
ether of y-pyrone derivatives with both aliphatic and aromatic aldehydes was reported by Kigoshi and
co-workers.>! In the presence of TiCly as the Lewis acid activator, the reactions returned the expected
functionalized y-pyrone derivatives 111 in moderate yields and diastereoselectivity favouring, in many
instances, anti-configured isomers (Scheme 23, eq 1).
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Scheme 22. Racemic and enantioselective executions of vinylogous aldol reactions
of 3-alkenyl-2-silyloxy indoles.*

During synthetic studies directed towards the construction of the viridin pentacyclic furanosteroid core
structures, Onyango and Jacobi®” utilized a remarkable vinylogous cycloaldolization of the heterocyclic silyl
dienol ether intermediate 112 (Scheme 23, eq 2). After considerable experimentation, it was eventually

determined that stirring a rigorously degassed CH,Cl, solution of aldehyde 112 with 4 mol equiv TiCl, at
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room temperature provided pentacyclic viridin-related target 113 in a 72% overall yield as a 83:17 syn:anti
diastereomeric mixture. This reaction constitutes a rare example where the vinylogy effect propagates along
a diene functionality embedded into a polycyclic aromatic motif.

OTIPS 0
0 - .
X TiCly, CH,Cl,, -78 °C OH
(1)ref-31 | 'S ||
07X H R 0" >R
110 (£)-111

R = alkyl, aryl, alkenyl; 35-57% yields; 52:48 to >91:9 dr (anti:syn); 7 examples
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(Z)ref. 32 TiClg, CH,Cly, rt
2% \ X )
O
(£)-113

83:17 dr (syn:anti)

Scheme 23. Vinylogous Mukaiyama aldol-type reactions of y-pyrone-

and naphthofuranone-derived silyl dienol ethers 110 and 112.*'*

A clever example of vinylogous Mukaiyama-Mannich addition reaction involving isobenzofuranone-
based silyloxy diene of type 114 was reported by Silva Santos ez al.*> during a study directed to the synthesis

of a series of racemic phthalide tetrahydroisoquinoline alkaloids. As an example, the concise synthesis of

.0
BMI-BF,, O N
= THF/CHZCIz
> I g8
MeO 75% MeO

OMe OTMS

noscapine 116 is outlined in Scheme 24.

oMe O

114 115 (£)-116
(x)-noscapine
80:20 dr (anti:syn)

Scheme 24. Short synthesis of noscapine 116.%

Thus, unstable silyloxy diene 114 coupled to in situ-generated N-methylisoquinolinium ion 115 under
the assistance of butyl-methylimidazolium tetrafluoroborate. Of note, the addition proved to be
diastereoselective, producing the anti-configured product (+)-116 in 75% yield and 80:20 dr. In an
analogous manner, 9-epi-noscapine, bicuculline and capnoidine were synthesized by starting with suitably

substituted silyloxy isobenzofuranone scaffolds.

4. Direct catalytic methodologies
Surveyed in this chapter are those aldol-related reactions that utilize potential nucleophilic reactants

directly (pro-nucleophilic systems), avoiding preliminary formation of the active species. The actual

77



nucleophile is generated in situ in a substoichiometric way and lives together with its pro-nucleophilic parent
compound. Direct methodologies are highly attractive in terms of atom economy and time-saving, however
they are the most demanding options, as far as the control of the chemo-, regio- and stereoselectivity are
concerned. Recent advances in metal- and organocatalysis greatly contributed to the evolution of direct
vinylogous aldol, Mannich, and Michael reactions, rendering their direct executions easy to perform, control
and discipline. Activation of the pro-nucleophile (HOMO-raising activation) may be attained according to
two general principles, i.e. non-covalent activation by means of a Brgnsted base catalyst (a tertiary amine,
for example), generating the nucleophilic active species (an ion pair) or covalent activation where, for
example, a dienamine nucleophile is generated by reaction of the starting pro-nucleophile with an amine
catalyst. Maximum efficiency in direct executions will be gained by those catalysts capable to activate both
the reaction components simultaneously as, for example, by using bifunctional catalyst systems (HOMO-
raising/LUMO-lowering activation). As for the previously disclosed indirect modalities, the chapter is
subdivided into three sections, featuring furan-based pro-nucleophiles, pyrrole-based counterparts and other
heterocyclic entities. Of note, this compilation solely analyzes very recent contributions in this field, which

appeared in the literature during the last triennium.

4.1. Furan-based pro-nucleophiles

The direct vinylogous asymmetric aldol reaction of unactivated or activated y-butyrolactones of type
117, 121 and 124 with simple carbonyl compounds has been the subject of four independent studies by
Feng,”* Pansare,° Lu®’ and Terada®® (Scheme 25). In the first article, Feng er al.** reported the preparation
of a collection of enantiomerically enriched hydroxylated butenolide derivatives 118 via direct coupling of
furanone 117 to aromatic, heteroaromatic and aliphatic aldehydes (Scheme 25, eq 1). Reactions were
catalyzed by 10 mol% bifunctional Cinchona catalyst 54 and furnished the desired aldols in high yields,
good anti-diastereoselectivity, and good levels of enantioselectivity for the major anti-isomers. On the basis
of the relative and absolute configuration of the butenolide products, it was claimed that a preferential
transition state model is operative, where the aldehyde is activated by the thiourea moiety through double
hydrogen bonding, while the basic quinuclidine nitrogen of the catalyst activates the pro-nucleophile and
coordinates the emerging dienolate.

About the same chemistry was utilized by Pansare er al.*® to couple 117 to diverse aromatic aldehydes
(Scheme 25, eq 2). In this case, the best catalyst was stilbene diamine-squaramide 120 (20 mol% loading)
providing the products 119 in moderate yields, good diastereocontrol (anti-isomers preferred) and excellent
enantiomeric excesses. Simultaneous activation of the aldehyde carbonyl by the squaramide function and
activation of the nucleophile via ion pairing to the ammonium group from the catalyst was invoked to
account for the observed reaction behaviour. Of note, one of the synthesized y-butenolides served as the key
starting material in the expedient enantioselective synthesis of three neurokinin receptor antagonists
featuring 2,3-disubstituted piperidine nuclei.*®

Activated, halogen-bearing furanones of type 121 were the pro-nucleophiles of choice in direct
vinylogous aldol reactions with several o-ketoester acceptors (Scheme 25, eq 3).” Under asymmetric
catalysis with L-tryptophan-derived bifunctional catalyst 123, a wide repertoire of highly substituted
butenolides 122 harbouring a quaternary hydroxyl stereocentre was assembled in good overall yields and

excellent margins of diastereoselectivity (syn-isomers preferred) and enantioselectivity. The non-halogenated
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furanone could also be used, although a much longer reaction time was required to reach an acceptable
substrate conversion. Starting with a suitable butenolide candidate, biologically important enantiopure
glycerol derivatives containing a tertiary carbinol moiety were prepared, by simple functional group
elaboration.

A further example of direct, enantioselective vinylogous aldol reaction between halogen- or sulfur-
bearing Y-lactones 124 and aromatic or heteroaromatic aldehydes was reported by Terada’s group in 2010,
emphasizing the use of guanidine organocatalyst 126 (Scheme 25, eq 4). Butenolides of type 125 were
obtained in moderate to good yields and with appreciable levels of syn-diastereoselectivity and excellent
enantioselectivity. Interestingly, 3-phenylthiofuranone also proved to be a competent substrate, producing
the corresponding butenolide adduct with high efficiency and stereocontrol. Of note, unsubstituted furanone
was not an appropriate donor in these reactions.

@“

R = aryl, heteroaryl, alkyl; 40-93% yields; 78:21 to 85:15 dr (anti:syn); 78-83% ee (anti); 14 examples

120 (20 mol%), oH ; Ph j:( /@
) CH,Cl,, rt, 240 h R :P

OH

54 (10 mol%), )= OMe

7 O Et,O, 30 °C
1 ref. 34
™) g v A

117 O 118

o

)
Py

f.3
(2)re 5 (0] + H)J\R NM62 120
0]
117 O 119
R = aryl, alkyl; 50-62% yields; 75:25 to 89:11 dr (anti:syn); 94->99% ee (ant/); 10 examples
\ NEt,
S
123 (10 mol%), ; { N
of. 37 + tBuO\[HJ\ THF/acetone rt : N
) SN Q
: F3C CF3
O 422 : 123

X =Cl, Br, H; R = aryl, alkyl; 41-93% vyields; 85:15 to 98:2 dr (syn:anti); 80-95% ee syn) 23 examples

Me

2 MeO
X 126 (5 mol%), X2 OH Ph
0 THF/acetone, 2 !
N 24 -40/-80 °C !
(4)ref. 38 O + )J\ ! OMe
H R :
124 O 125 E Ph 126
X1/X2 = CI/CI, Br/Br, SPh/H; R = aryl, heteroaryl; 42-99% yields; 70:30 to 94:6 dr (syn:anti);
96->99% ee (syn); 10 examples
34,35,37,38

Scheme 25. Asymmetric direct vinylogous aldol reactions of y-butenolides.

3,4-Disubstituted butenolides of type 121 were also used by Wang and co-workers® as pro-

nucleophilic substrates in asymmetric vinylogous Mannich reactions with aldimines catalyzed by natural
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quinine 128 (Scheme 26, eq 1). Using 10 mol% catalyst in m-xylene in the presence of 3A molecular sieves
at =30 °C, a rich repertoire of vinylogous Mannich adducts was formed in moderate/good yields, up to 93:7
dr (syn-isomers preferred) and up to 95% ee. The scope of the reaction proved to be wide, although limited
to aromatic N-tosyl aldimines. Reduction and dehalogenation of a butenolide product led to an interesting
vicinal amino alcohol, thus exemplifying the synthetic utility of these butenolide products.

The natural, deconjugated a-Angelica lactone 129, a cheap industrial material, has attracted particular
attention as a butenolide variant due to its potential in the construction of 7,y-disubstituted butenolides. In
2011, this lactone has been cleverly utilized by Feng et al.** in direct asymmetric vinylogous Mannich
additions to N-aryl aromatic and heteroaromatic aldimines (Scheme 26, eq 2). The catalyst of choice was a
scandium(II)-N,N-dioxide complex from ligand 131, which nicely served as a chiral Lewis acid activator of
the lactone substrates via in situ scandium dienolate formation. Upon 6 mol% ligand loading in the presence
of 5 mol% Sc(OTf)s, a variety of 3-amino-Y,y-disubstituted butenolide adducts 130 formed with rewarding
stereocontrol. Remarkably, under the optimized conditions, conjugated furanones of type 117 did not work,
suggesting here a quite different reaction mechanism where Lewis acid-triggered o-enolization is
responsible for the occurrence of the reaction.

128 (10 mol%), X NHTs OMe

X
) TS‘N m-xylene, 3A
X | MS, -30°C
ref. 39 ) _
M O+ H/I\Ar
(0]
121

O 127 128

X = Cl, Br; 37-98% yields; 75:25 to 93:7 dr (syn:anti); 80-95% ee (syn); 24 examples

OH
131 (6 mol%), @[
Mok | e NH

()

1
1
1
1
E iPr O\\I\\\“ N\/\/ ° iPr

Qm

HO
Kj\ S¢(OTH); (5 mol%)
— N R2 2—Me—THF,

.
\
N - - N
seLS e
iPr iPr

/y R
(2)ref- 40 O + I 3AMS, 0°C 5
R™™ "H - 131
129 O 130
R' = aryl, heteroaryl; R? = H, Me, Cl; 62-90% yields; 86:14 to 99:1 dr (syn:anti); 91-98% ee (syn):

20 examples

Scheme 26. Direct organocatalyzed vinylogous Mannich reactions of conjugated
and deconjugated furanones.***

Deconjugated butenolides related to Angelica lactone of type 132 were also investigated by Alexakis,*'
Mukherjee** and Jiang® as pro-nucleophile candidates in direct, enantioselective organocatalytic vinylogous
Michael additions to enals, nitroolefins and enone imides, respectively (Scheme 27).

In the first report (Scheme 27, eq 1),*' the addition was directed by the aminal-pyrrolidine catalyst 134,
resulting in clean formation of a variety of enantioenriched y-butenolide aldehydes of type 133 in good
yields, where the 5,1'-syn-stereoisomers prevailed. Except for C1'-unsubstituted adducts (133, R>=H) where
the stereocontrol was poor, products were obtained with very good enantioselectivity up to 97% ee.
Mechanistically, the reaction possibly occurred via iminium ion activation, resulting from covalent

interaction between the o,B-unsaturated aldehyde acceptor and the secondary amine catalyst. It was
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hypothesized that the simple diastereoselection is dictated by the R substituent of the acceptor, with the
catalyst only controlling the face attack of the iminium intermediate; and this is consistent with the fact that

chiral and achiral catalysts led to the same syn-stereoisomers in nearly equal amounts.

R2 : Ph
R' o  134(15mol%), R = . PO '
a1 = toluene, rt /T CHO THN]
(=" o + szLH o0 R | N
0] R® 0 E
132 133 ; 134
R' = Me, Et; R? = H, alkyl, alkenyl; R® = H, Me; 60-95% yields; 50:50 to
88:12 dr (syn:anti); 88-97% ee (syn); 11 examples
=
, OiBu
1 X H N
R 136 (10 mol%), ' .
= CHCl3, -36 °C : NN
(z)ref. 42 g + RZ/\/NOZ E NI _ S&"\N»H
O E W o
132 O 435 L 136 KNf
iBu” “iBu
R' = Me, n-Pr, n-pent, i-Pr, i-Bu, Bn; R? = aryl, heteroaryl, i-Bu; 59-97% yields;
>95:5 dr (syn:anti); 80-98% ee (syn); 30 examples
H H

2
<~ 9 g muwomm w1
2\, =z
(3)ref.43 0 +R2/\)J\N)J\O

)

Z
»
cn:(z

132 O 137 138

R' = aryl, alkyl; R? = H, ArC=0, Me, CF3; 71-93% yields; 94:6 to >99:1 dr
(syn:anti); 91-99% ee (syn); 35 examples
41-43

Scheme 27. Catalytic, enantioselective direct Michael additions of deconjugated y-butenolides.

The second study (Scheme 27, eq 2)** focused on the addition to a series of B-nitroalkenes bearing
aryl, heteroaryl and alkyl substituents. Reactions performed very well with the newly introduced Cinchona
alkaloid thiourea catalyst 136 (10 mol% loading), which bears three isobutyl substituents and a further terz-
leucine-based element of chirality. Irrespective of the nature of the acceptor and donor substituents, good to
excellent yields, almost complete diastereocontrol for the syn-isomers and rewarding enantioselectivity were
attained, highlighting the unique ability of the Cinchona catalyst to govern the reaction in an exemplary
manner. While the structural assignment of the products was supported by X-ray diffraction studies, no
models for the observed stereoinduction were suggested by the authors. Continuing this theme, the same
authors** further expanded this methodology to C», symmetric maleimide acceptors, rendering a number of
butenolide adducts available in high optical purity and with appreciable margins of diastereoselectivity.

In the third investigation (Scheme 27, eq 3),* Jiang et al. analyzed the enantio- and diastereoselective
addition of y-substituted butenolides of type 132 to a number of butene-imide acceptors. Catalysts of choice
were chiral pyrrolidine sulphonamides and thioureas, with catalyst 138 proving to be optimal. In the event, a
wide repertoire of butenolides 137 were obtained in good isolated yields, remarkable diastereoselectivity and

excellent enantioselectivity. To elucidate the role of the oxazolidinone group of the acceptor and the origin
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of the stereoselectivity, DFT calculations were performed. On the basis of these calculations and according
to experimental observations, the authors claimed that the carbonyl group of the oxazolidinone moiety is
responsible for interaction with the catalyst via weak non-bonding contacts.

Capitalizing on previous investigations on the use of o-thio-substituted 7y-butenolides as pro-
nucleophilic reactants in vinylogous aldol reactions, Terada and Ando® extended this chemistry to direct
Michael additions to nitroalkenes using an axially chiral guanidine-based organocatalyst. Working with
several aryl- and alkyl-substituted nitroalkenes, variously shaped syn-configured thiobutenolides were

collected in moderate to good yields and excellent diastereo- and enantioselectivities.

4.2. Pyrrole-based pro-nucleophiles

N-Boc pyrrolinone 94, the prototypical member of the family of pyrrole-based pro-nucleophiles, has
been extensively employed as the immediate precursor of the corresponding silyl dienolates, which
admirably served in a large number of vinylogous indirect aldol, Mannich and Michael transformations (see
Section 3.2.). On the other hand, the use of this simple nitrogen heterocycle in direct versions of such pivotal
addition reactions has been marginally explored and only recently have few direct asymmetric vinylogous
Michael reactions been reported using this synthon.46

In 2011, Wang and colleagues47 investigated an organocatalytic, direct addition between 94 and
diverse chalcones under the guidance of the popular bifunctional Cinchona thiourea catalyst 140. Applying
the conditions described in Scheme 28, this protocol afforded the respective Michael adducts 139 in high
yields and with very high margins of diastereo- and enantioselectivity. The generality of the reaction was
quite large, tolerating either electron-donating or electron-withdrawing enone substituents. Heterocyclic

systems were also applicable, while aliphatic counterparts failed to give appreciable results.

: CF,
L FaC
o 140(10mal%) QR s |l
% CHCly, 50 °C R HN—

N ; NH
Q\B . | . N
0o oc 3 Boc : [

' NS H

4 139 .

o ' 140

R = aryl, heteroaryl; 73-95% vyields; 91:8 to >98:2 dr (syn:anti); 94-99% ee (syn); 19 examples

Scheme 28. Organocatalytic direct asymmetric vinylogous Michael reactions
of N-Boc pyrrolinone 94 with enones.*’

Possible routes for the formation of the carbon-carbon bonds were postulated by the authors,
presenting two distinct models for the interaction of the bifunctional catalyst with the reacting donor and
acceptor partners. According to previous studies, a favourite model could be operative, where the carbonyl
group of the chalcone is activated by the ammonium nitrogen derived from the catalyst via hydrogen
bonding, while the thiourea moiety coordinates to the N-Boc lactam dienolate. In a subsequent paper,®
Wang performed in-depth studies of the same reaction through a combination of experimental (NMR) and
theoretical (DFT) approaches, through which a new dual activation pathway was demonstrated. The key
feature of this new activation mechanism is that the NH of the thiourea moiety and the NH of the protonated
amine in the catalyst simultaneously activate the nucleophile, while the second NH of the thiourea activates
the electrophile.
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The utility of pyrrolinone 94 was also explored by several authors as the pro-nucleophilic substrate in
organocatalyzed or metal-catalyzed asymmetric and direct vinylogous Michael addition to various acceptors
as, for example, nitroolefins, alkylidene malonates, enones and chalcones. The results are condensed in
Scheme 29. Mukherjee®’ investigated the reaction of 94 with a series of aryl, heteroaryl and alkyl B-nitro-
olefins under catalysis of quinidine (or dihydroquinine) derivatives 142 (Scheme 29, eq 1). Products were
consistently obtained in good yields, excellent diastereoselectivity for syn-isomers and moderate to high
enantiomeric excesses. As for the mechanism, the authors postulated that the activation of the nitroolefin is
obtained via hydrogen-bonding to the catalyst hydroxyl group, whereas the Brgnsted basic tertiary amine of

the catalyst provides for activation of the pro-nucleophile.
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142 (1 19 : !

/ Phélzo&rr(])ooé)’ / g N02 !
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Scheme 29. Organocatalytic asymmetric direct vinylogous Michael addition of N-Boc pyrrolinone 94
to nitroolefins, alkylidene malonates, enones and chalcones.*™>?

Feng’ analyzed the behaviour of the reaction involving alkylidene malonate acceptors using
unsymmetrical guanidine-secondary amine multifunctional catalyst 144 (Scheme 29, eq 2). After brief

optimization, optimal conditions were found using 5 mol% catalyst 144 in combination with 4A molecular
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sieves in trifluoromethyl benzene. Reactions proved efficient and selective as for dr and ee are concerned. A
mechanistic rationale was proposed, based on control experiments and previous investigations. Thus, the
basic guanidine in the catalyst accelerates y-deprotonation of lactam 94 to form the active dienolate; the
N-Boc protecting group contributes in supplementary H-bonding to the guanidine moiety; meanwhile, the
alkylidene malonate is activated through a network of hydrogen bonds with both the secondary amine and
amide moieties of the catalyst.

Trans-stilbene-derived chiral catalysts of type 146 (Scheme 29, eq 3) in conjunction with
N-Boc-L-tryptophan was the catalyst system with which Ye er al.’' investigated the vinylogous Michael
addition of 94 to rather lethargic enone acceptors. The generality of the reaction with respect to the acceptor
entities proved large, encompassing -aryl, heteroaryl, alkyl and cycloalkyl enone substituents. In any case,
uniformly excellent yields, dr, and ee’s were witnessed for anti-S,S-configured pyrrolinone products 145. In
the proposed transition state, LUMO-lowering iminium covalent activation of the acceptor by the primary
amine of the catalyst, as well as HOMO-raising non-covalent activation of the dienolate donor via
H-bonding network are simultaneously operative, along with a substantial participation of the tryptophan
carboxylate via ion pair interaction.

A quite different approach was devised by Wang and co-workers’” to direct the asymmetric vinylogous
Michael addition of 94 to a series of chalcones and related derivatives (Scheme 29, eq 4). The optimum
catalyst system was the magnesium/(aR)-BINOL 148 complex, which was prepared in situ by reacting the
ligand 148 with dibutyl magnesium. The addition to a variety of enones afforded products 147 in good
yields, high diastereoselectivities up to 95:5 and excellent enantioselectivities up to 98% ee. The selectivity
of the reaction was only slightly affected by the R' substituent, but highly affected by the R* group. A
bidentate chelation between the in situ-generated N-Boc pyrrole dienolate and the chiral BINOL/magnesium

complex activates the nucleophile, while providing the chemical environment for stereocontrol.

4.3. Other heterocyclic pro-nucleophiles

While direct asymmetric strategies using furan- and pyrrole-based pro-nucleophilic synthons have
successfully delivered many reactions and useful products, investigations utilizing other heterocyclic
candidates remain elusive.

To fill this void, we recently introduced y-enolizable 3-alkylidene-2-oxindoles as potential vinylogous
pro-nucleophilic scaffolds. While these heterocycles are well known for their electrophilic reactivity at C3
position, the nucleophilic properties of the related dienolate-type intermediates at the Cy position in
vinylogous functionalization reactions are rarely disclosed. As a proof of concept, Casiraghi et al.” recently
investigated the potential of a bifunctional Cinchona alkaloid thiourea catalyst in the direct and
enantioselective vinylogous Michael addition of 3-alkylidene oxindoles 149 to a variety of nitroolefins 150.
As shown in Scheme 30, the reactions were admirably orchestrated by the Cinchona catalyst 152 to deliver
almost enantiopure y-substituted 3-alkylidene oxindoles 151 with outstanding levels of regio-, diastereo- and
enantioselectivity. Provided that N-carbamoyl protecting groups within the oxindole substrates were used
(Boc, Moc), the reaction scope and generality were substantial, regardless of the presence of neutral,
electron-withdrawing or electron-releasing substituents on the two reaction components.

Based on the results and several precedents with these bifunctional catalysts, possible models of the

dual activation of both the nucleophilic and the electrophilic reaction components by means of the Cinchona
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catalyst were proposed: the thiourea unit could activate the nitroalkene by double hydrogen bonding, while

the quinuclidine base deprotonates the oxindole to afford the active dienolate species.
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Scheme 30. Direct and enantioselective vinylogous Michael addition of
3-alkylidene oxindoles to nitroolefins.”

An extra hydrogen bond between the carbonyl of the indole N-protecting group and the protonated
quinuclidine base of the catalyst further contributes to stabilization of the transition state, thus ensuring
stereocontrol and chirality transmittal from the catalyst to the products. An alternative transition state model
involving electrophile activation by the protonated amine group of the catalyst and nucleophilic activation
by the thiourea moiety could be also operative. Recent experimental and theoretical works by Pépai,™
Zhong™ and Wang"® appeared, dealing with the rationalization of possible transition state models involving
these bifunctional Cinchona thiourea organocatalysts; this could contribute to shed light on this important

issue.
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Scheme 31. Organocatalytic, asymmetric vinylogous Michael reaction of azlactone 153.%°

In an outstanding contribution, Ooi and colleagues56 ideated a novel family of chiral supramolecular
assemblies to be used as asymmetric organocatalysts in enantioselective carbon-carbon bond-forming
processes. In a remarkable example (Scheme 31), 2-unsubstituted oxazol-5(4H)-one, namely azlactone 153,
served as a pro-nucleophile with the expectation that the dienolate generated through o-deprotonation would
behave as the active vinylogous donor. Indeed, with a wide number of a,f-unsaturated acylbenzotriazoles
154 and using as little as 1 mol% catalyst 156, Michael reactions returned almost diastereomerically pure
vinylogous adducts 155 in high yields and enantioselectivities (93—98% ee). The actual catalyst 156 was
readily synthesized from L-valine and its solid state structure determined by single crystal X-ray diffraction
analysis. In reacting with 153, an active dienolate forms, which is soon trapped by the catalyst via ligand

exchange, creating the proper chiral environment that discriminates the sense of the stereoinduction.

5. Closing remarks
Vinylogy and reactions inspired by this principle are rapidly expanding research themes, that have
greatly added to the arsenal of efficient carbon—carbon bond-forming transformations over the past decades.

In this context, the focus of this article is on vinylogous aldol, Mannich and Michael reactions involving
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nucleophilic and pro-nucleophilic heterocyclic systems which, on reacting with proper acceptor molecules,
pave the way to a realm of multifunctional compounds of various shapes and complexity. Following the
evolution of this chemistry over the past few years, one soon realizes that the majority of the achievements
covers furan- and pyrrole-based matrices, with only few scattered digressions to other vinylogous nuclei. By
comparing the scientific production in the last triennium with contributions in the 2000-2009 decade,* a
striking increase of enantioselective and direct synthetic methodologies is observed, at the expense of
diastereoselective or racemic indirect procedures; and this is in line with the general trend of contemporary
research in synthetic organic chemistry.

Future opening towards the exploration of novel heterocyclic vinylogous systems and even more
efficient catalytic activation modalities could further widen the horizon of vinylogy and enrich the chemical

space of natural and man-made products.
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Abstract. Many papers have shown that the carbocyclic ring of nitrobenzofuroxans is involved in
Diels-Alder reactions being capable of acting as a dienophile, a heterodiene or a carbodiene depending on
the experimental conditions, the nature and the position of the substituents of the carbocyclic ring and the
structure of the diene. In this paper, we report on the Diels-Alder reactivity of substituted benzofuroxans
involving the furoxan ring. Convincing evidence is presented that the ortho-dinitroso intermediate involved
in the exchange of the 1-oxide/3-oxide tautomers of benzofuroxans is the precursor of Diels-Alder diadduct
supporting the transient formation of the dinitroso intermediate in the 1-oxide/3-oxide interconversion. Also
reported are the evidences that the N3=C9—C8=N1 fragment of the annelated ring of some substituted
benzofuroxans act as a heterodiene in the reaction with cyclohexa-1,3-diene and isoprene, highlighting that
this new behaviour could be related to that of azadienes. As a minor result is also reported the reaction of

the two tautomers, involved in the I-oxide/3-oxide interconversion, with 2,3-dimethylbutadiene.
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1. Introduction
2,1,3-Benzoxadiazoles 1 and related 1-oxides 2 (Figure 1), commonly referred to as benzofurazans and

benzofuroxans, respectively, are heteroaromatic 10m-electron ring systems whose carbocyclic ring is
intrinsically very susceptible to nucleophilic attack. Most importantly, the introduction of a NO, group at C4
enhances the electrophilic reactivity of this ring by several orders of magnitude, making it comparable to that
of a trinitro substituted benzene ring. This property has raised considerable interest in the 1970-1980’s,
mostly in connection with the recognition that the ease of covalent nucleophilic addition to the carbocyclic
ring is responsible for the inhibitory effect exerted by some mononitrobenzofurazans and benzofuroxans on
the biosynthesis of nucleic acid and protein in leucocytes and the observed activity against leukaemia. Also
much attention was directed to the SyAr reactivity of compounds like 4-chloro- and 4-fluoro-7-nitro-
benzofurazans (3 and 4, Figure 1) which have become commonly used as fluorogenic reagents for detection

and quantification of amino and thiol residues of proteins, drugs and biologically active molecules.'™

NO, NO,
= N\ = N\ /N\ /N\
~ /O ~ /O /O /O
N 1\{_'_ \N \N
R R O-
1 5 F Cl

4

Figure 1

In the last decade, we have been engaged in an effort to investigate the reactivity of strongly
electrophilic aromatic and heteroaromatic substitutions and related 6-complex processes. In this context, we
discovered that some appropriate substitutions of the carbocyclic ring of benzofurazan and benzofuroxan
structures enhance so much the electron-deficiency of this ring that the resulting compounds can be

reasonably ranked as superelectrophilic heteroaromatics.
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Referring mainly to the readily accessible prototype substrates, namely 4,6-dinitrobenzofuroxan
(DNBF, A, Figure 2), we demonstrated that highly electrophilic benzofuroxans, benzofurazans and related
heteroaromatic substrates (B—J, Figure 2) have the potential to react in a variety of pericyclic patterns being
able to contribute as dienophiles, heterodienes or carbodienes depending on the experimental conditions and
the reaction patterns at hand. Recently, it has been convincingly recognized that the exceptional electrophilic
character of nitrobenzofuroxans is closely related to the low aromaticity of the carbocyclic ring.'®'

Crucial evidence for this relationship has been the discovery that the nitro-activated double bonds of
this ring behave similarly to nitroalkene fragments in a variety of Diels-Alder processes. A first illustrative
sequence refers to the reaction of DNBF with cyclopentadiene. As shown in Scheme 1, it leads to the
competitive initial formation of the monoadducts § and 6 (in their racemic forms). This is followed by the
stereoselective formation of the highly functionalized diadduct 7 which is eventually obtained and isolated in
high yield. In as much as the C6=C7 double bond of DNBF is involved in the two initial Normal Electron-
Demand Diels-Alder (NEDDA) and Inverse Electron-demand Diels-Alder (IEDDA) processes, the
formation of the NEDDA and IEDDA adducts 5§ and 6 is a clear-cut example of the potentially ambident
nitroalkene Diels-Alder reactivity of DNBF. On the other hand, the preferred formation of the
unsymmetrical IEDDA-NEDDA adduct 7 implies a greater dienophilic reactivity of the remaining
nitroolefinic moiety in the IEDDA adduct 6 than in the NEDDA adduct 5.'"*

Scheme 1. Reaction of DNBF (A) with cyclopentadiene.

Substituted benzofuroxans are also known to undergo structural rearrangements such as the
interconversion 1-oxide/3-oxide (N-oxide tautomerism) and the Boulton-Katritzky rearrangement (BKR,

Scheme 2), which have been extensively reported in literature.'’

=\ N\
_— B
-~ / N
\ P
Exg E—G
A,E=N, N+-O-, CR
B,G=0,NR, S
D=N, CR

Scheme 2. Generalization of the BK rearrangement.
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The BKR of 4-nitrobenzofuroxan can be considered as a prototype reaction for a class of molecular
rearrangement. It was found that the mechanism reaction proceeds in one step via a tricyclic concerted
transition state. For example, 5-methyl-4-nitrobenzofuroxan isomerizes to 7-methyl-4-nitrobenzofuroxan
upon gentle heating. It was assumed that this isomerization is controlled by steric hindrance in the 5-isomer
(Scheme 3).17_20

NO, R
4
; /N\ /N\
— 4 P E— ~
N\ _ 7 \ -
o) 0]

Scheme 3. BK rearrangement of 5-methyl-4-nitrobenzofuroxan.

In addition to BKR, another rearrangement involving substituted benzofuroxan has been studied and
well-known as the N-oxide tautomerism. Benzofuroxan itself (8, R=H) has been shown by low-temperature
NMR studies to be a rapidly equilibrating system: the transformation between the 1- and 3-oxide structure
proceeds via o-dinitrosobenzene (9, R=H) as an intermediate. Ring chain tautomerism of this type (Scheme
4) also occurs in substituted benzofuroxans. In the case of benzofuroxans substituted in the 5 position (for
the numbering of benzofuroxan, see Scheme 4), the amount of each tautomer is dependent on the nature of
the substituent R.

R R 3/ 0
N=0 /N\
+
-— 02
~ 7/
N=0 :
9 10

Scheme 4. Interconversion 1-oxide/3-oxide of benzofuroxans.

When R is an electron-donor group, structure 8 is more abundant, while an electron-withdrawing
group favours structure 10. When an electron-withdrawing group is located in the 4 position (the case of the
4-nitro-benzofuroxan, I), the benzofuroxan exists in one form with the N-oxide in the 1 position at all

2122 When the nitro group is at the 5 position (the case of the 5-nitrobenzofuroxan, J), both

temperatures.
isomers exist at room temperature. The low temperature proton spectra recorded at =30 °C allow a rapid
determination of the proportions of these two isomers, which appear to be 70/30 in favour of the 3-oxide

isomer (J-N3, Scheme 5).

@)
4 3 3/
O,N 9 O.N
2 > /N\ 2 /IE\
02 —  » (O
6 \IiI-/ - ~ 7/
> SN . 30°C
O 1
J-N, - 70% J-N; - 30%

Scheme 5. Interconversion 5-nitrobenzofuroxan J.
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The steric and electronic effects of aza-groups on the benzofuroxan equilibrium have also been studied
and are summarized in Scheme 6. The aza-group exhibits considerable preference for the 4-position of the
benzofuroxan skeleton, as a result of electronic repulsions between the lone pairs of the oxygen and the aza-
group. Energetically favourable charge delocalization can also contribute to the position of this equilibrium

(Scheme 6). The 4-azabenzofuroxan is favoured by 0.95 kcalmol™' compared to the 7-azabenzofuroxan.'’

1/

4 7
N
N N =~ — N\ o’ N /N
| =\ [0) +\O
O = — _—
= ﬁ/ X N XX \N/
4

\Y 7 1 -

o
o/

4-azabenzofuroxan 7-azabenzofuroxan

Scheme 6. Aza-group effect in 4-azabenzofuroxan.

Numerous studies on the tautomerism of benzofuroxans show that the chemical behaviour of above
mentioned heterocycles is consistent with the mechanism of Scheme 4. However, definitive evidence for the
intermediacy of ortho-dinitrosoarenes (Scheme 4) was presented in 1991. It is only through photolysis of
unsubstituted benzofuroxans and o-nitrophenylazide in Ar matrices at 14K that the existence of such
unstable species could be demonstrated by IR and UV spectroscopy. Other attempts to trap this intermediate
to provide convincing evidence supporting that this mechanism of interconversion proceeds through

formation of an ortho-dinitroso intermediate have failed.>’

H,C R
NO, E o ;
N—O
02N N—O
H,C R
11, R = H, CH,
H.C
NO,
N R CH,
=N o + ; < *  Room Temperature
~. /
ON s CHCI,
O_
A R = H, CH,

Scheme 7. Trapping strategy of Kresze and Bathelt.
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However, an interesting and pioneering study has to be mentioned. Kresze and Bathelt are the first to
envision that the o-dinitroarenes could be trapped using Diels-Alder reaction. In that peculiar case, they
postulate that the two N=O double bonds could react as dienophile with dienes, such a 2,3-dimethyl-
butadiene or isoprene, leading to compounds of general structure 11. Unfortunately, they only obtained
adducts of type 12 and 13 involving the addition of two molecules of diene on the C4=C5 and C6=C7
double bonds of the benzofuroxan carbocycle (Scheme 7). Although the formation of these two compounds
was accounted for in terms of Normal Electronic Diels-Alder processes, this promising discovery did not
lead to further investigation and neither the stereochemistry nor the mechanistic sequence leading to 12 and
13 was elucidated.*

In this paper, we report on the first examples of the Diels-Alder trapping of an o-dinitroso
intermediate. In a first part, we will describe the isolation and characterization of numerous compounds
deriving from the interaction between the N=0O double bonds of the ortho-dinitrosoarene and the double
bonds of the diene. We will show that the formation of these derivatives is closely dependent on the structure
of the diene and of the nature of the substituent borne by the carbocyclic ring of the benzofuroxan. In a
second part, we will highlight that the two tautomers of 1-oxide/3-oxide interconversion can be involved in
Diels-Alder processes leading to the isolation of two Diels-Alder adducts deriving from the position of the
N-oxide functionality. In the last part, we will describe how some peculiar benzofuroxan derivatives react
through the N3=C9-C8=N1 fragment of the annelated furoxan ring, acting as a heterodienic system to give

highly functionalized imines.

2. Trapping of ortho-dinitrosoarene: first convincing evidences for the intermediacy of this
intermediate in the 1-oxide/3-oxide interconversion>®

The reactions reported in the review are generally carried out at room temperature in chloroform or

dichloromethane and in CDCIl; for NMR in situ study of the Diels-Alder reactions. If other experimental

conditions are used, the reaction conditions will be clearly specified in the corresponding scheme.

2.1. The case example of 4-aza-6-nitrobenzofuroxan H

Classically, benzofuroxan H reacts readily with 2,3-dimethylbutadiene or isoprene to give the two
adducts 14 and 15. The formation of these adducts can be accounted for in terms of Normal Electronic
Demand Diels-Alder adduct, in which the C6=C7 double bond of the carbocyclic ring is acting as the
dienophile. To be noted is that these two mono-adducts are sensitive to hydration and react with adventitious
water to give the corresponding hydrate 14h and 15h. The structure of 14h has been confirmed by a
radiocrystallographic study, assessing the stereochemistry of these adducts (Scheme 8).

The reaction of H with cyclohexa-1,3-diene leads to an unexpected and interesting result. The reaction
carried out in chloroform at room temperature affords a 2:1 mixture of two products 16 and 17, which were
readily separated by column chromatography and isolated as pale yellow solids. In view of the 'H and "*C
NMR spectra recorded in CDCls, the minor product can be formulated as the cycloadduct 16, which is
resulting from a regioselective NEDDA process involving the C6=C7 double bond of H. More importantly,
the structure of the major product has been confirmed through a radiocrystallographic study, leaving no
doubt that this compound is a diadduct 17, whose formation can only be accounted for in terms of two
NEDDA processes, in which the two N=0O double bonds of the ortho-dinitroso intermediate 18 play the role
of the dienophiles (Scheme 9).25
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o R = H, CH,

14h, R = CH,
15h, R=H

Scheme 9. Reaction of H with cyclohexa-1,3-diene: trapping of the intermediate 18.

In accordance with the structure of 17 was the observation in the "H NMR spectra of two doublets at
7.88 and 8.62 ppm (*J=2.6 Hz), characteristic of the two aromatic protons H7 and H5, respectively. These
data are the main diagnostic features indicating the recovery of a pyridine ring. To be noted is that the
disappearance in the '>°C NMR spectra of the resonance typical for the C8 carbon of a benzofuroxan structure
(0cs=108.79 ppm in H) and its replacement by a resonance at 137.59 ppm for 17, a typical value for the
chemical shift of a carbon in an aromatic system, is also in favour of the pyridinic structure of 17. More
importantly, also typical for this structure, are the presence on the '"H NMR spectra of the signals pertaining
to the cycles resulting from the addition of cyclohexa-1,3-diene: four olefinic protons (H11, H12, H17, H18)
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between 6.01 and 6.74 ppm and four deshielded signals characteristic of O—CH and N—CH type protons
(H19 and H13: OCH; H10 and H16: NCH; see Scheme 9 for the numbering of the molecule 17) between
4.88 and 5.67 ppm.

Similarly, it has been shown that the treatment of benzofuroxan H with an excess of cyclopentadiene is
leading to the formation of the adduct 19, resulting from a regio- and stereoselective addition of
cyclopentadiene involving too the C6=C7 double bond of H as the dienophile component (Scheme 10).

@)
Z
E}/ \\:
/ \=)
z
%
\

19
Scheme 10. Reaction of benzofuroxan H with cyclopentadiene.

Carrying out the same experiment at low temperature (—20 °C) reveals the formation of the adduct 20,
this latter compound being the result of a competitive Diels-Alder reaction in which the aza molecule H now
acts as a heterodiene through its O6=N6-C6=C7 fragment. Interestingly, this adduct becomes slowly
converted to 19 when the temperature is allowed to rise. These observations show that 20 is the product of

kinetic control, while 19 is the thermodynamically more stable product of the reaction (Scheme 11).%

2 7 \ Room
temperature

CDCl,

19
Scheme 11. In situ generation of adducts 19 and 20.

Also to be noted is that the reaction of H with cyclopentadiene at —20 °C gives rise to a minor product
(5%) which can be identified as the Diels-Alder diadduct 21. This adduct shows no decomposition on raising

the temperature to room temperature and can be assigned to reaction of the ortho-dinitroso intermediate 18
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with the two N=O groups acting as dienophiles towards the cyclopentadiene molecule (see above). The two
doublets observed at 8.72 (HS) and 7.86 ppm (H7), characteristic of the two protons pertaining to the
pyridinyl moiety, are in total agreement with the structure of 21 (Figure 3).

17 21

Figure 3

0 Pf
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Scheme 12. Indirect evidences of the intermediacy of diadduct 24.
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Some attention has to be paid to the influence of the size of the diene on the stability of the diadduct.
When the reaction is carried out with cyclopentadiene, the diadduct 21 is obtained as a minor product,
whereas the reaction with cyclohexa-1,3-diene leads to the compound 17 as the major product. The
diadducts deriving from the addition of diene to the ortho-dinitrosoarenes are leading to the formation of two
bicyclic moieties. The formation of these two fused rings in the final reaction product is going along with the
appearance of steric hindrance and the size of the cyclic diene is noteworthy. Roughly, it is reasonable to
assume that the steric strains are greater in the case of 21 (formation of two bicyclo[2.2.1]pentene type
moieties) than in 17 (formation of two bicyclo[2.2.2]octene type moieties) being responsible that 21 could be
of less stability than 17.%°

In 1994, Gallos et al. have reported a similar study. The reaction of the furazano[3,4-b]quinoxaline-1-
oxide with the cyclopentadiene provides two compounds 22 and 23, which are postulated resulting from the
decomposition of the diadduct 24, deriving from the addition of cyclopentadiene on the N=O double bonds
of the ortho-dinitroso intermediate. Nevertheless, these authors have failed to isolate and characterize the
diadduct 24 (Scheme 12) and to get direct evidence of the intermediacy of the ortho-dinitroarenes.

Even if in literature, many examples of benzofuroxan structures undergoing the tautomeric exchange
have been reported, no firm Diels-Alder support for transient formation of the postulated ortho-dinitroso
intermediate along the reaction coordinate has been obtained so far. The isolation and characterization of the
diadducts 17 and 21 in a thermal process at room temperature (only photochemical evidences at low
temperature have been reported in literature) are therefore of great relevance to the rearrangement shown in
Scheme 4, especially because this equilibrium has been shown to be strongly shifted toward the 1-oxide

tautomer in the case of benzofuroxan H.?’

2.2. Extension of the trapping process to other benzofuroxans structures

Interestingly, this trapping has been extended to other benzofuroxans especially in the case of the
heterocycles 8, B, F and J. The reaction of these four substituted benzofuroxans with an excess of
cyclohexa-1,3-diene leads to the formation of the diadducts 25-28. As previously mentioned, the formation
of these adducts can only be accounted for in terms of two NEDDA processes, in which the two N=0O double

bonds of the ortho-dinitroso intermediate play the role of the dienophile (Schemes 13 and 14).

R NO, CN
/N\ N
— _(—O 5 /N\ 5 — \
N D0 \NP
O FSC - \07 02N ] \O,
R=H,8 B F
R=NO,,J

Scheme 13. Structure of the benzofuroxans 8, B, F and J.

These adducts are the sole products of the reaction in the case of 8 and J. However, in the case of B
and F, they are obtained as the main compounds of the reaction together with a minor product. The reaction
of 4-cyano-6-nitrobenzofuroxan F with cyclohexa-1,3-diene is leading to the formation and the
characterization of the adduct 29 obtained in a 10% yield.
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Scheme 14. Structure of the diadducts 25-28.

The structure of this adduct is reminiscent to that of 16 and its formation can be accounted for in terms
of a NEDDA process, in which the C6=C7 double bond plays the role of the dienophile. The reaction of
4-nitro-6-trifluoromethyl-benzofuroxan B with cyclohexa-1,3-diene proceeds somewhat differently than that
of F leading to the isolation of an unexpected compound 30, whose formation will be extensively described
in the third part of this review (Scheme 15). It will be shown that the formation of this highly substituted
imine involves the addition of a molecule of cyclohexa-1,3-diene to the N3=C9—-C8=N1 fragment of the

furoxan ring acting as a heterodiene.

16 29 30

Scheme 15. Structure of the adducts 16, 29 and of the imine 30.

2.3. A recent result: the case of 6-fluoro-5-nitrobenzofuroxan M

Fluoro- and difluorobenzofuroxan K—M (Scheme 16) have been extensively studied at the beginning
of the 2000’s. It has been shown that they react with nucleophiles as amines (through nucleophilic aromatic
substitution) and that they exist as two tautomers interconverting through the intermediacy of the dinitroso

compound.zg’29

K L M
Scheme 16. Structure of the benzofuroxans K—M.
The reaction of 6-fluoro-5-nitrobenzofuroxan M with cyclohexa-1,3-diene is leading to the sole
formation of the diadduct 31 arising from the addition of two molecules of cyclohexa-1,3-diene to the two
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N=0O fragments of the ortho-dinitroso intermediate. NMR spectra are in full agreement with this structure.
The 'H NMR spectra reveal the presence of two doublets pertaining to the two aromatic protons, H4 and H7,
at 6.87 and 7.67 ppm, respectively. These two signals confirmed that the Diels-Alder reaction took place

regioselectively at the furoxan ring (Scheme 17).

5 O,N
O2N /N\ @ 2
0O -
~~ 7/
F N+ F N
b )
M O

31
Scheme 17. Reaction of fluorobenzofuroxan M with cyclohexa-1,3-diene.

It has to be noted that the formation of this type of diadduct has only been observed in the reaction
with cyclohexa-1,3-diene. This reactivity has not been observed in the Diels-Alder reaction with
cyclopentadiene (except in the case of the reaction of H with cyclopentadiene at low temperature, vide
supra) or with 2,3-dimethylbutadiene. Also to be noted is that only one example of formation of such
diadduct in the reaction of isoprene with substituted benzofuroxans has been observed. The reaction of
S-nitrobenzofuroxan J with isoprene leads to the isolation of the diadduct 32, whose formation can be
accounted for in terms of NEDDA processes, in which the two N=O double bonds of the ortho-dinitroso
intermediate play the role of the dienophile (Scheme 18). This adduct is unfortunately not very stable and we

failed to get a suitable crystal for a radiocrystallographic study.

KJI Qj

32
Scheme 18. Reaction of benzofuroxan J with isoprene.

It is very difficult to anticipate the formation of such diadducts. It appears that their formation is
depending on the electronic effect and of the position of the substituents of the carbocyclic ring of the
benzofuroxans and of the dienophilic partner. Theoretical calculations could be of great interest to
understand the role of the substituent and of the structure of the diene in the reaction of the ortho-dinitroso
intermediate with the diene.

Our group has been the first group to bring direct evidences to support the formation of the postulated
ortho-dinitroso intermediate and to show that this trapping not only involved mainly cyclohexa-1,3-diene but
also isoprene and cyclopentadiene. The isolation of these diadducts has been observed and extended to 5 or

5,6 or 4,6 mono- or di-substituted benzofuroxans.
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3. The 1-oxide/3-oxide interconversion: Diels-Alder reaction of both tautomers with isoprene and
2,3-dimethylbutadiene
3.1. Reaction of 5-nitrobenzofuroxan with 2,3-dimethylbutadiene

We have previously shown that the transformation between the 1- and 3-oxide structure proceeds via
ortho-dinitrosobenzene as an intermediate, which has been trapped through the Diels-Alder reaction with
cyclohexa-1,3-diene (vide supra). The 1-oxide/3-oxide interconversion occurs in substituted benzofuroxans.
In this case, the amount of each tautomer is largely dependent on the nature and on the position of the
substituent.

Treatment of 5-nitro-benzofuroxan J with a large excess of 2,3-dimethylbutadiene (5 eq.) at room
temperature overnight led to the isolation of a yellow solid in a overall yield of 70%. A detailed analysis of
the '"H and "C NMR spectra of the product recorded in CDCl; indicates that it may be formulated as a
mixture of two cycloadducts 33 and 34 in a 2/1 ratio. For example, the ’C NMR spectra of the mixture
reveal the presence of two signals around 88 ppm typical of a sp3 carbon substituted by a NO, group. This
leaves no doubt that the formation of 33 and 34 can be accounted for in terms of NEDDA processes, in
which the C4=C5 double bond plays the role of the dienophile (Scheme 19, R=H). The 'H NMR spectra also
show the signals of two doublets at 6—7 ppm characteristic of ethylenic protons, confirming the isolation of
mono-adducts. Attempts to achieve the separation of these two adducts trough column chromatography have
failed. The fact that these two adducts have very close polarity and that the Diels-Alder reactions, involving
substituted benzofuroxans and dienes, are highly diastereoselective (only one diastereoisomer is always
formed and isolated even in in situ reactions) is in favour of the formation of two isomers deriving from the
position of the N-oxide functionality (see below) and not of the formation of two diastereoisomers.'*"* 1*C
NMR data, and especially the resonances of C8 and C8’ (see numbering of the structures in Scheme 18),
which are key elements in the structural assignment of 33 and 34, are in full agreement with the structures of

these compounds.

R=H, 34
R=F,36

Scheme 19. Reaction of substituted 5-nitrobenzofuroxan J and M with 2,3-dimethylbutadiene:
formation of the cycloadducts 33—-36.
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The proportions of J-N1 and J-N3 have been found to be roughly 70% and 30%, respectively (see
Scheme 5) and are in good correlation with the ratio of 33/34, which is 2/1. This implies that the reaction
with 2,3-dimethylbutadiene is very fast and that the amount of both tautomers remain unaffected by the
Diels-Alder reaction.

To better understand the importance of the chemical shits of C8 and C9 and of the coupling constants
involving these two carbons, in the structural assignment of these heterocycles, some information dealing
with the NMR of substituted benzofuroxans are given below.”

The "*C NMR spectra of benzofuroxans show some characteristic features. The complete *C NMR
assignment of these compounds has been obtained using one- and two-dimensional NMR techniques
including HMQC and HMBC experiments. So, the two resonances pertaining to C5 and C7 are readily
determined while the resonances of the C9 and C8 appear to be the key features of the ?C NMR spectra of
benzofuroxans. With chemical shift of 145 and 115 ppm, respectively, the signals of C9 and C8 are quite
independent of the position and of the nature of the substituent. The position of the signal pertaining to C8
with compare to that of C9 could be explained by the mesomeric effect of the N-oxide functionality.’ This
effect has been attributed to the presence of a partial negative charge on C8 resulting from a significant
contribution of the second resonance form described in Scheme 20, while C9, more distant from the N-oxide
function, remains unaffected or only slightly affected.*

HMBC spectra recorded for these compounds exhibited characteristic correlations. For example, two
correlations between C9 (8=145 ppm) and H7 (Jeou7=5 Hz) and H5 (Jcoous=7-9 Hz), respectively, can be
observed while C8 (8=115 ppm) is only correlated with H7 (Jcgy7=2-3 Hz).

Scheme 20. Resonance forms of substituted benzofuroxans: the effect of the N-oxide function.

Keeping in mind the aforementioned NMR features, two dimensional NMR experiments appear to be
also a useful tool for the structural assignment of the adducts 33 and 34. HMBC spectra (based on long range
coupling) recorded for the mixture of cycloadducts 33 and 34 exhibited characteristic correlations. Three
correlations between C8 (6=109.0 ppm) and H4 (Jegna=3 Hz), H7 (Jesu7=3 Hz) and H6 (Jegne=13 Hz),
respectively, can be observed for 33, while C9’ (8=150 ppm) is correlated with H4’ (Jcous=2 Hz), H7’
(Jeou7r=2 Hz) and H5’ (Jcous'=11 Hz) for 34.

3.2. Reaction of 6-fluoro-5-nitrobenzofuroxan with 2,3-dimethylbutadiene

Similarly, the reaction of 6-fluoro-5-nitrobenzofuroxan M with 2,3-dimethylbutadiene is leading to the
formation of two adducts 35 and 36 (70% yield) arising from the addition of 2,3-dimethylbutadiene to the
nitro-activated double bond of both tautomers M-N; and M-N3. The determination of the structure of 35 and

36 has been made as described above. In this particular case, the couplings between the fluorine atom of the
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carbocyclic ring and the various carbons and protons of the compounds 35 and 36 are helpful to assign

unambiguously the chemical shifts (Scheme 19, R=F).

4. The reactivity of the benzofurazan N and O, analogues of J and M

In view of the potential importance of such a multifaceted reactivity as a new approach to synthesis in
heterocyclic chemistry, we have looked at how one can modulate the Diels-Alder behaviour of
benzofuroxans by eliminating the N-oxide functionality. So reactions with 2,3-dimethylbutadiene and
cyclohexa-1,3-diene have been also performed with the benzofurazans N and O (Figure 4, Scheme 21).% In
these compounds, the 1-oxide/3-oxide interconversion does not take place and the Diels-Alder reactivity is

shown to be totally transferred to the carbocyclic ring of the heterocycles.

ON
0]
~ 7
R N

R=H,N
R=F, 0
Figure 4

4.1. Reaction of N and O with 2,3-dimethylbutadiene

The treatment of N and O with an excess of 2,3-dimethylbutadiene afforded two mono-adducts 37 and
38 in their racemic form as a stable products of the reactions (Scheme 21). As major diagnostic feature for
the occurrence of the monocondensation processes were the presence in the 'H NMR spectra of a doublet at
6.74 ppm (Jy7r=13 Hz ), characteristic of the olefinic-type proton H7 for 38 and of two doublets at 6.50 and
7.01 ppm (Juen7=9.8 Hz) for 37, characterictic of H6 and H7, respectively. Also present in the '"H NMR
spectra are the pseudotriplets (6=4.05 ppm for 37 and 6=4.45 ppm for 38) assignable to the proton H4 bound
to a deshielded sp’ carbon. That the addition of the diene molecule occurred at the C4=C5 rather than C6=C7
double bond was unambiguously demonstrated by the following features of the '*C spectra: (1) the presence
of a resonance (6=88.25 ppm for 37 and 6=90.05 ppm for 38) assignable to the nitro substituted quaternary
sp> carbon C5; (2) the presence in turn of a signal at §=138.0 ppm for 37 and 8=161 ppm (doublet Jce7r=275
Hz) for 38 in agreement with the sp” carbon C6.

O, N
2 /N\
O -
~ 7/
R N CH,CI,

N
,O R=H, 37
R=F,38

Scheme 21. Reaction of substituted nitrobenzofurazan N and O with 2,3-dimethylbutadiene.
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The NMR data are consistent with the structures of 37 and 38, which are resulting from a
regioselective NEDDA condensation at the C4=C5 double bond. The structure of these adducts is in
agreement with those reported in the literature by our group.lz’13

Interestingly, contrasting with the situation which prevails in the benzofuroxan series, i.e. the
formation of two adducts deriving from the position of the N-oxide functionality, the reaction of
benzofurazans N and O is leading to the formation of only one adduct, 37 and 38, respectively. This
confirms the finding that the adducts 33 and 34 (or 35 and 36) are not diastereoisomers but two adducts

deriving from the position of the N-oxide functionality.

4.2. Reaction of N and O with cyclohexa-1,3-diene

The reaction of the benzofurazans N and O with cyclohexa-1,3-diene is leading to the formation of
two adducts 39 and 40 as pale yellow solids in quantitative yields. The formation of these two compounds
was accounted for in terms of Normal Electronic Diels-Alder (NEDDA) processes involving the nitro-
activated C4=C5 double bond of the heterocycles as the dienophile contributor (Scheme 22). The structure
of these two adducts agrees well with a detailed analysis of the '"H and ?C NMR spectra recorded in CDCls
as well as COSY and NOESY experiments. The structure of these adducts is also in agreement with those
reported in the literature."’

N
= ,O R=H,39
R=F, 40

Scheme 22. Reaction of substituted nitrobenzofurazan N and O with cyclohexa-1,3-diene.

In view of these two last results, we have looked at how a slight structural modification can modulate
the Diels-Alder behaviour of benzofuroxans by modifying the substitution pattern of the carbocyclic ring,
removing the N-oxide functionality or varying the diene partner. The removal of the N-oxide is obviously
going along with the fact that the 1-oxide/3-oxide tautomerism does not take place anymore and that the
reaction of N and O with cyclohexa-1,3-diene is leading exclusively to cycloadducts involving the nitro-
activated double bond C4=C5 confirming that the Diels-Alder reactivity of N and O is totally shifted to the
carboxylic ring of the heterocycles.

5. The heterodienic behaviour of the N3=C9—-C8=N1 system of the furoxan ring: an access to highly
functionalized imines®!
5.1. The reaction of benzofuroxans B, C and E with cyclohexa-1,3-diene
Here, we report on the discovery of another new Diels-Alder pathway that we have identified in the
reaction of benzofuroxans B, C and E (Scheme 23) with cyclohexa-1,3-diene and isoprene. Structural
evidences indicate that the N3=C9-C8=N1 fragment of the annelated ring of B, C and E acts as a

heterodiene in these systems to give dinitroarylimines.
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Scheme 23. Structure of benzofuroxans B, C, E and benzofurazan P.

Treatment of E with excess cyclohexa-1,3-diene at room temperature in CH,Cl, takes place over one

week to afford a mixture of the two imines 41 and 42 (see structures in Scheme 24).

X =NO,, Y =CN, CF,
Y =NO,, X = CN, CF,

Scheme 24. Structure of the imines 41 and 42.

Elemental analysis, mass spectrometric data as well as 'H and °C NMR data fully agree with the
proposed structures. Among other diagnostic features it is noteworthy that the proton and carbon resonances
pertaining to the activated aromatic ring are very similar for 41 and 42, a reflection of strong similarity of
this moiety in these two molecules. In contrast, the imine fragments of 41 and 42 are characterized by quite
different sets of carbons, two tertiary sp” carbons and one quaternary sp> carbon for 41 but two methylene
carbons, one tertiary sp> carbon and three tertiary sp> carbons for 42. A detailed analysis of "H NMR spectra
reveals the presence of multiplet at 7.78 ppm characteristic of the olefinic proton Ha for the imine 42. The
greater deshielding of the ethylenic protons Hb and Hc in 41, 8=6.13 ppm and 6=6.81 ppm, respectively,
than for those of 42, dy.=6.07 ppm and & y4=5.74 ppm is in full agreement with the conjugation of the two
double bonds of the imine moiety in 41.

The reaction with the isomeric 4-nitro-6-trifluoromethylbenzofuroxan B with cylcohexadiene proceeds
somewhat differently than that of E, giving rise to the imine 43 and the diadduct 27 in a 3/1 ratio. The
formation of 27 has been already described (cf. paragraph 2.2.). Interestingly, the change of the position of
the trifluoromethyl group on going from B to E is going along with the formation of a symmetrical imine
(see the structure of 43 in Scheme 25). In accordance with the symmetry of this imine is the observation in
the 'H and °C NMR spectra of only signal for Hs; and Cs; at 8.37 ppm and 126.2 ppm, respectively.
Similarly, the imine 44 has been isolated in a 30% yield in the reaction of 4-nitro-6-cyanobenzofuroxan C

with cylcohexadiene giving 'H and °C NMR spectra in full agreement with the structure of 44. Also present
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in the 'H and °C NMR spectra are the unique singlet typical for Hs; and Cs7 at 8.32 ppm and 129.5 ppm,
respectively, confirming the symmetry of 44. Surprisingly, the formation of the second isomer, i.e. the imine

containing the five membered ring, has not been observed.

NO,
s NI N R
SN W e
f d
X6 Y75NO, %

X = CF3, B X= CF3, 43
X =CN, C X =CN, 44

Scheme 25. Formation and structure of the imines 43 and 44.

A reasonable mechanism can be envisioned to account for the formation of the imines 41 and 42. This
mechanism outlined in Scheme 26 involves the initial formation of the adduct 45 resulting from an inverse
electron demand Diels-Alder condensation of a molecule of cyclohexa-1,3-diene to the N3=C9-C8=N1
fragment of the furoxan ring acting as a heterodiene. Structure 45 would not be stable, however being very
prone to undergo a 1,2-hydride transfer (path 1) or a 1,2-alkyl group transfer (path 2) with the concomitant
opening of the furoxan ring and breaking of the N1—Cf bond to give 41 and 42.

Scheme 26. Mechanism of the formation of the imines 41 and 42.
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A second mechanism could be based on a possible nitrenoid reactivity of the nitrogen atom N3 of B, C
and E with the initial formation of the aziridine 46 which will subsequently decompose to 41 and 42. A
significant feature in favour of the first mechanism is the isolation of the adduct 47 (Scheme 27) in removing
the N-oxide functionality of B and looking at the reaction of 4-nitro-6-trifluoromethylbenzofurazan P (see
structure of P in Scheme 23) with cyclohexa-1,3-diene.

Since nitro-benzofuroxans and -benzofurazans behave in general similarly, we feel that the isolation of

47 is really a major argument favouring the mechanism described in Scheme 26.

Scheme 27. Formation and structure of the adduct 47.

In contrast, no evidence whatsoever could be obtained for the formation of 46, despite the expected

stabilization of the aziridine structure through conjugation of the nitrogen atom with the strongly electron

CF,
N

02N NO
46 ,
Scheme 28. Structure of the aziridine 46.

deficient dinitrophenyl ring.

2

The formation of the imines 41-44 represents a new reactivity pattern in the chemistry of
nitrobenzofuroxans. The fact that the N3=C9—-C8=N1 fragment of the furoxan ring seems to be capable to
act as a heterodiene is a nice illustration that the behaviour of these heterocycles could be also related to that

of azadienes.

5.2. The reaction of benzofuroxans C and E with isoprene

The treatment of E with isoprene at room temperature is leading to a mixture of two imines 48 and 49
(Scheme 29). The structural assignment has been made as above: (1) the NMR spectra pertaining to the
aromatic ring remain unaffected on going from the imine deriving from cyclohexa-1,3-diene 41 and 42 to
those deriving from isoprene 48 and 49 (0ys=8.70 ppm and dy7;=8.99 ppm for 41, dys=8.73 ppm and
d17=9.05 ppm for 48; dcs=126.1 ppm and & c7=124.3 ppm for 41, dcs=126.3 ppm and & ;=124.5 ppm for
48); (2) as reported in the paragraph 5.1., one of the two imines possesses two conjugated double bonds and
this conjugation is going along with a greater deshielding of the ethylenic protons in 48 than in 49 (3y.=5.78
and 5.88 ppm for 48 and dyg=4.92 and 5.03 ppm for 49); (3) two methyl groups are observed in the NMR
spectra of the conjugated imine (dcy3=2.03 and 2.14 ppm for 48) while only one methyl group (dcusz=1.87
ppm) together with a methylene group (dcyp=3.23 ppm) are observed for 49.
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Scheme 29. Structure of the imines 48 and 49.

The reaction of C with isoprene allows the isolation of two imines 50 and 51 differing from the
previous ones by the position and the nature of the substituent. Due to the presence of the cyano group at the

6 position of the carbocyclic ring of C, the structure of compounds 50 and 51 is symmetrical (Scheme 30).

NO,
S hA
5 AN .
NC”6 Y757NO, NC
50

Scheme 30. Structure of the imines 50 and 51.

X =CF,,Y=NO,, E
X=NO,,Y=CN,C

H X
b A4y N b
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52 O 7
X =CF;, Y =NO,, 48
X =NO,, Y=CN, 50
X
H b e
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/s
Y 6 1 N\ f
7 0"
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X = CF,, Y = NO,, 49
X =NO,, Y = CN, 51

Scheme 31. Mechanism for the formation of the imines 48—51.
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A mechanism accounting for the formation of the imines 48—51 can be postulated on the basis of the
mechanism described above in the reaction of benzofuroxans with cyclohexa-1,3-diene. The formation of the
unstable adduct 52, followed by the 1,2-hydride or 1,2-alkyl group transfer, is leading to the formation of
48—-51 (Scheme 31).

Formation of these highly functionalized imines is of great interest since they are obtained in only one
step, from the reaction between benzofuroxan (easy to synthesize) and isoprene or cyclohexa-1,3-diene
(commercially available), in good yields. Unfortunately, this reactivity is restricted to nitrobenzofuroxans B,
C and E and to their reaction with the two aforementioned dienes. For example, no reactivity of this type has
been observed in the case of the reaction of B, C and E with cyclopentadiene or 2,3-dimethylbutadiene.
Theoretical calculations could be a useful tool to rationalize the reactivity of the furoxan ring and need to be
performed to:

*understand the nature and the position of the electron-withdrawing substituent borne by the
carbocyclic ring of the benzofuroxan on the reactivity of the N3=C9—-C8=N1 fragment of the furoxan ring.

*get structural criteria to extend this reactivity to other substituted benzofuroxans and dienophilic
NO,
jenn
NC NO,
NO,
ot

Diels-Alder Furoxan Ring Reactivity

CF, (Q)
O WG

partners.

Scheme 32. Dual Diels-Alder reactivity of substituted benzofuroxans.

6. Conclusion
In this paper, we have shown that the Diels-Alder reactivity of nitrobenzofuroxans also involves the
furoxan ring (i.e., the five membered ring) and not only the carbocyclic ring of these heterocycles (Scheme

32, the upper and left part of this scheme is referring to reference 13). The trapping of ortho-dinitroso arenes
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together with the reaction of the N3=C9-C8=N1 fragment of the furoxan ring with dienes are two examples
illustrating this new reactivity. Even if in literature, many examples of benzofuroxan structures undergoing
the tautomeric exchange (1-oxide/3-oxide) have been reported, no firm Diels-Alder support for transient
formation of the postulated ortho-dinitroso intermediate along the reaction coordinate has been obtained so
far. The isolation and characterization of the diadducts 17 and 21 in a thermal process at room temperature
(only photochemical evidences at low temperature have been reported in literature) are therefore of great
relevance to this interconversion shown in Scheme 4, especially because this equilibrium has been shown to
be strongly shifted toward the 1-oxide tautomer in the case of benzofuroxan H. The fact that the
N3=C9—-C8=N1 fragment of the furoxan ring seems to be capable to act as a heterodiene to lead to the
formation of highly functionalized imines is a nice illustration that the behaviour of these heterocycles could

be also related to that of azadienes.
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Abstract. Here, we describe the chemical synthesis of thiazole dipeptides which are constituents of
macrocyclic thiopeptide antibiotics. The synthetic methods for the assembly of thiazole dipeptides and their
subsequent incorporation in oligopeptides are well-developed, often based on Hantzsch chemistry with
thioamide precursors. In spite of interesting recent developments of milder reaction conditions, peptides
with complex side chains are still hardly accessible. Current synthetic efforts focus on efficient methods for
the synthesis of adequately protected dipeptides with mono- and dihydroxylated glutamate-related side
chains next to the thiazole moiety and their incorporation into the macrocyclic thiopeptide antibiotics. The
most challenging peptides contain these highly functionalized thiazole dipeptides not only linked at their o~
amino and o-carboxy functionalities but also involving up to three functional groups of the amino acid side

chain.
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1. Introduction

Thiazole peptides are formed by the enzymatic post-translational tailoring of peptides. The
condensation of the mercaptyl side chain of cysteine and the neighbouring amide bond captures the two
hydrophilic functional groups in a heterocyclic motif. The resulting overall improvement of biophysical
properties transforms the polar peptide into a more drug-like heterocyclic compound. It is therefore not
surprising that “heterocycles are a recurring motif in Nature’s medicinal chemistry toolbox”,' being found
in a multitude of peptides and polyketides of varying molecular weight and synthesized by different
organisms.

Heterocyclic rings not only decrease the polarity of the peptide but also lock rotatable bonds of the

peptide backbone within the aromatic ring. Hydrophobization and rigidity open up new possible modes of
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action for the peptide which now can diffuse through membranes to reach cellular compartments which are
otherwise hardly accessible to peptides. Therein, thiopeptides find their molecular targets which can be
either metals, proteins, RNA or DNA, respectively. The increased stability against degradation by peptidases
further improves the performance of thiopeptides as drugs.

I3

While an amide bond between two amino acids is symbolized by the hyphen “-, we suggested the use
of “<” to indicate the second linkage generated by the ring formation. A peptide precursor containing the
Val-Cys dipeptide is thus transformed to the Val<Thz thiazole (Figures 1 and 2). Only the thiazole
dipeptides which contain proteinogenic side chains are readily accessible along well-established synthetic
protocols which can be even incorporated in solid phase peptide synthesis. Yet, the more complex mono-
and dihydroxylated dipeptide thiazoles found in oligocyclic peptide antibiotics require sophisticated
protecting group strategies not only for their assembly but also for the subsequent incorporation into the
oligocyclic antibiotic. The synthesis of adequately protected dipeptide derivatives for the chemical synthesis
of complex thiopeptides is the topic of this review. Figure 1 summarizes typical side chains and the
problems associated with thiazole dipeptide synthesis. Major challenges are the number of stereocentres, the
side chain functional group and the limited possibilities for up-scaling from sub-gram amounts to relevant
amounts of orthogonally protected building blocks for the subsequent assembly of the thiopeptide antibiotic.
This requests new chemical strategies which start from readily accessible educts along simple and robust
preparation protocols towards various configurations and chain lengths. Extended side chains and artificial

thiazole dipeptides analogs are of potential interest for Medicinal Chemistry.

a) N\ o ¢ 0 o
| . HO™ ™

NHz | val<Thz NH, OAc OH NH;

b) ¢) Ho s el o g) OH OH
HO
OH OH NH, OH NH, O OH ﬁ”;

Figure 1. Side chains of increasing complexity as found in thiazole dipeptides. a) Several synthetic methods
are available for the introduction of unpolar proteinogenic side chains like in the Val<Thz dipeptide which is
constituent of the cyclopeptide patellamide. Further side chains b)—g) are shown without the Thz moiety
(grey bar). b) Hectochlorin is a hydroxylated depsipeptide derivative of Val<Thz. Hydroxylated side chains
are less readily accessible to chemical synthesis. c) (25,3S5,4R)-3,4-Dihydroxy-isoleucine<Thz is found in
thiostrepton which is shown in Figure 3. d) Tubuvaline (Tuv) and e) (4S5)-hydroxy-glutamate<Thz are
components of the peptide antibiotics tubulysine and nosiheptide, respectively. Both are accessible via
chiral pool approaches. f) The highly functionalized (2§,3S5,45)-3,4-dihydroxy-glutamate<Thz is found in
nocathiacines and thiazomycines and was until recently not accessible by chemical synthesis.

g) shows unnatural extended side chains.

1.1. Thiazole units in peptide natural products
1.1.1. Ribosomal thiazole formation

Figure 2 schematically shows the constitutive steps of thiazole formation in biosynthesis. The
heterocycles originate from a dipeptide unit with any residue N-terminal to the amide bond and a Cys residue
at the C-terminal position. Base activation of the side chain SH nucleophile at the binding site of a

heterocylization catalyst (heterocyclase) is followed by attack the amide carbon, resulting in the tetrahedral
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intermediate. A second basic residue triggers dehydration towards the thiazoline. Thiazoline motif widely
occurs in peptide-derived natural products, from which the antibiotic bacitracin is among the most prominent
ones, marketed for example as Nebacetin® (Sandoz) or Polyspectran® (Alcon Pharma, market volume 120
million USD).*™

Ala=Cys Ala< Thz

HS side chain-to-backbone

o) cyclization B \
- d oxidati -
H3N+\)J\ 5 and oxidation H3N+\/&\ o
H H H N
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N\AH%, — _N ; N u ; sfH
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Figure 2. Biosynthesis of thiazole peptides. This enzyme-catalyzed reaction sequence is shown for an Ala-
Cys dipeptide which is converted to an Ala<Thz dipeptide. Only the main intermediates of the biosynthetic
side chain-to-backbone cyclization are drawn. The mercaptyl side chain Cys adds to the carbonyl of the
N-terminal amide function and forms a thiazoline. At the active site of the enzyme (shown in grey), two
basic side chains (B) trigger the nucleophilic attack of the side chain and the subsequent dehydration. Final
reduction is rarely observed while the usual dehydrogenation yields the thiazole.

The semi-saturated thiazoline can be subjected to further enzymatic tailoring. The reduction to the
thiazolidine motif is rarely observed, apparently due to ease of hydrolysis. The bacterial siderophore
yersiniabactin is one of the few examples of natural products carrying such a saturated heterocycle.s’6
Conversely, the oxidative transformation to thiazoles is observed out for the majority of thiazolines. This
increases the stability of the heterocycle which is not inclined to hydrolysis anymore and it generates an
aromatic motif within the peptide backbone. The thiazole dipeptide tubuvaline (Tuv) is essential for increase
the activity of the linear tubulysin tetrapeptides’ which are produced by two myxobacteria species and which
are among the most cytotoxic peptides known to date.®’ In the past years, great effort has been spent on the
synthesis of simplified analogs that for example lack the synthetically challenging Tuv aminal function.'’
The depsipeptide/polyketide hybrid hectochlorin which exhibits two identical thiazole units that are

11,12

differently linked to the adjoining backbone. By inducing actin hyperpolymerization, hectochlorin arrests

cells at cytokinesis and thus inhibits the cell division process.

1.1.2. Thiopeptide antibiotics

The members of the class of thiopeptides show a considerably high level of structural complexity and
perhaps exhibit the most striking examples of how ribosomally produced ‘“‘standard” linear peptides are
converted to microbiological warfare by ingenious combination of different post-translational
modifications.”>™" Figure 3 shows two representative examples of these heterocyclic peptides of high
structural complexity. Thiostrepton (Figure 3 left) was the first known thiopeptide (discovered in 1955).'°

Instead of a simple loop, the peptide backbone forms a three-dimensional network connected by the
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dehydropiperidine core. In addition to the 1,2-dihydroquinaldic acid moiety, the structure stands out by a
Thr<Thz dipeptide which is not only linearly linked to the adjoining backbone but which serves as second
core motif (highlighted). In addition, a highly functionalized (25,3S)-dihydroxy-isoleucine<Thz dipeptide is

present.

OH

CONH,

H*&

NH N

g

------

H

O
\Y
Thr<T
/ S
‘e ]\; ;

o (25,35,48)Dihydroxy-
glutamate<Thz
(Dyg<Thz)

(25,35,4S)Dihydroxy-
isoleucine<Thz

Figure 3. Thiopeptide antibiotics. The structure of thiostrepton is shown on the left. (25,35,4R)-3,4-Di-
hydroxy-isoleucine<Thz is not substituted at the two hydroxyl groups. Nocathiacin I and thiazomycin
on the right differ only in the type of glycosylation R. The dihydroxylated thiazole dipeptide is part of a
network linked to the hydroxyindole side chain.

Several thiopeptide antibiotics contain a (hydroxy)pyridine or a partially reduced 6-membered
nitrogen-containig ring and a Glu<Thz dipeptide, the latter being hydroxylated either in the 2- or the
3-position. Two representatives are the structurally similar nocathiacins'’ and thiazomycins18 which
represent the thiopeptides with the most complex backbone network comprising a 10-, a 15- and a
26-membered ring.19 They also contain the most complex thiazole dipeptide known to date: a (25,35)-di-
hydroxyglutamate (Dyg)<Thz which exhibits four linkages to a N-hydroxyindole and to the peptide
backbone and which in addition serves as glycosylation site at 3-OH.

The structural and functional complexity of the thiopeptide antibiotics exhibits challenges for their
chemical syntheses, and this is strikingly demonstrated by the fact that, in spite of the research spent effort,
only seven of the approximatively eighty members of the thiopeptide class have so far succumbed to total
synthesis.'>*® In this context, the highly functionalized thiazole dipeptides, though being of small size,
turned out to be especially difficult to be accessed, which served as motivation for the many synthetic works
documented in the chemical literature. In order to generate a context with already accomplished work,

chemical syntheses of thiazole dipeptides will be presented in the following.

2. Chemical thiazole synthesis: strategies and problems
2.1. Two-component reactions

The condensation reaction of a thioamide 1 and the a-bromocarbonyl compound 2 was discovered by
Hantzsch®' and exhibits the longest-known synthetic access to thiazoles dipeptides. With some

modifications, it is still the most used reaction type for the synthesis of thiazole dipeptides (Scheme 1). In
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the first step, a primary amide is transferred to the corresponding thioamide 1 by using Lawessons’s
reagent.”> Lawesson’s reagent works well with protected dipeptides™ but suffers from the effort of removing
the phosphorus-containing by-products. The use of this toxic reagent and the potential formation of
malodorous H,S is problematic and not suitable for reactions on larger scale. In addition, the “classical”
Hantzsch condensation procedure leads in the case of a-chiral thiazoles to a complete racemization of the
product by elimination of the o-proton (3 via 4 to 5).>* Therefore, modified reaction protocols were
developed by Holzapfel er al.”> and Myers et al.”® which allow for the synthesis at room temperature. Under
basic conditions (e), the hydroxythiazoline 3 can be isolated and subsequently be activated as triflate 6 which
undergoes selective PB-elimination and thus retains the stereochemistry at the o-position of the thiazole.
Further modifications of the procedure by Nicolaou et al. led to a significant improvement of yields on
larger reaction scales®’ and thus promoted the use of the Hantzsch synthesis within the scope of the landmark

total synthesis of thiostrepton.”*’

S
SC. ,H\NH = S —'-.&“OH 0 o b ﬁ\é oTf o
o a -y s P
1 |/ + 2 } \I - \_\N - "-~{/ —_— /./A o ,{I,
X — '- \
B orp) 3 X X 6 X
[ o} l H0 HOTf
O’/ e
)\ 0|/ sC___Ay P
SC = amino acid side chain, | SC~_=~_ 2 ~ \[./" N N./“H-J\‘/
X = OH / NH, N | X
(or with protecting group) X 4 X X 5

Scheme 1. Thiazole syntheses employing the coupling of two components. Hantzsch synthesis and modified
protocols according to Holzapfel, Myers and Nicolaou. Reagents and conditions: a) EtOH, reflux;
b) KHCOs3, DME, 0 °C (Holzapfel)/ —=40 to —20 °C (Myers)/ NaHCO3, DME, rt (Nicolaou);
¢) Tf,0, 2,6-lutidine, DME, 0 °C (Holzapfel)/ =40 to —20 °C (Myers)/ TFAA, Et;3N, Pyr, 0 °C (Nicolaou).

2.2. Cyclizations of linear precursors

Over the past years, several strategies have been developed which allow for the construction of
thiazole dipeptides under mild conditions. In all cases, the heterocycle is closed by nucleophilic attack of a
sulfur functionality. In the efficient aza-Wittig based thiazole peptide synthesis developed by Arndt et al.
(Scheme 2),30 the sulfur is introduced by thioester formation (7) of an N-terminal amino acid 8 with an

azidocysteine 9.

(0]
0] (0]
HS/\HLOMe
OH N; @ S OMe S OMe S

sc a) ™ sc Ny b) sc Na OPPhs sc N o

8] e 8] 7 —_— 8] PPh; — N
8 NHBoc NHBoc Nz NHBoc 10 NHBoc 11 OMe

also accomplished for SC\? BnOZC\/\\J‘ l c)

OTBS P
sc ~ o

4-hydroxy-glutamate N

NHBoc 12 OMe
Scheme 2. Thiazole formation of linear precursors in an aza-Wittig cyclization. This approach was applied
for one of the few known syntheses of thiazole dipeptides with non-proteinogenic hydroxylated side chains.
Reagents and conditions: a) DIC, DMAP, CH,Cl,, 0 °C to 20 °C; b) PPhs, THF, —20 °C to rt;
¢) BrCCls;, DBU, CH,Cl,, 0 °C to 20 °C.
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Upon addition of PPh;, an iminophosphorane 10 is formed which reacts to the thiazoline which is
oxidized to 12. This strategy also proved suitable for the synthesis of bisthiazoles as for example present in
bleomycin and was successfully utilized in synthetic studies towards nosiheptide.”'

Kelly et al. described a biomimetic approach in which, similarly to thiazole biosynthesis, ring
formation occurs in a pre-peptide 13 upon nucleophilic attack of the Xaa-Cys amide bond by the sulfur of
the Cys side chain (Scheme 3).*” In Kelly’s synthesis, however, not the thiol but the amide is activated (with
PPh;) and also in this case a thiazoline 14 is obtained which is easily oxidized to the thiazole peptide 15.
Kessler et al. demonstrated that this synthesis can be extended to solid phase-bound substrates with good
overall yields.”* After the thiazole 15 is obtained, the peptide chain can be further extended on solid phase or
the deprotected Xaa<Thz dipeptide 16 can be cleaved from resin.

further peptide

“\HL l< g chZO\( e

NHFmoc NHFmoc 15 O—

@
only tested for Phe SC\l/Q\‘)\(O
N

Scheme 3. Biomimetic approach by Kelly et al. which was established for solid phase peptide synthesis
by Kessler et al.: Cys side chain-to-backbone cyclization triggered by amide activation. Reagents and
conditions: a) PPhs, Tf,0, CH,Cly, rt; b) BrCCls, DBU, CH,Cly, 1t; ¢) TFA/H,0 95:5 (v/v), tt.

Other strategies exploit the activation of the side chain which is subsequently attacked by an
N-terminally located thioamide (Scheme 4). In this context, Moody et al. described an efficient synthesis of

a-acylamino ketones 17 by coupling of a rhodium carbenoid 18 with a primary amide 19 (Scheme 4).%

1
OsR' 48
(@] 1
Ny Os_ _R' R
o) o S 12
sc a) OMe sc o b) SC 8 \ 0 R' = Me/Ar, not H
NH, - N R N
H OM
19 NHBoc NHBoc 47 OMe NHBoc 20 OMe

gy B s

NHFmoc NHFmoc NHFmoc NHFmoc

Act = OH activating reagent

Scheme 4. Synthetic strategies which employ the intramolecular cyclization of thioamides to activated side
chains: Rh carbene coupling yielding a dipeptide intermediate which an “activated” (oxidized) Thr side
chain (top) and activation of the Ser hydroxy function with the Burgess reagent or DAST. Reagents and

conditions: a) Rh,Oct4, CH,Cl,, reflux; b) Lawesson’s reagent; THF, reflux; c) Burgess reagent, THF,
reflux; d) DAST, CH,Cl,, =78 °C; e) BrCCl;, DBU, CH,Cl,, 0 °C.

The thiazole 20 then can be formed in one step with Lawesson’s reagent.’® This approach was

successfully applied for the synthesis of the Asn<2-methyl-Thz unit present in the thiopeptide antibiotic
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amythiamycin;®’ however, it is restricted to thiazoles with alkyl and phenyl substitutions (R') at position 5.
The intramolecular nucleophilic attack by a thioamide can also be triggered in a Xaa-Ser dipeptide 21 if the
Ser side chain hydroxyl function is adequately activated (22) and thus be turned into a leaving group. This
can be accomplished with the Burgess reagent™ or with DAST™ and yields the thiazoline dipeptide 23. This
strategy was only applied for non-hydroxylated proteinogenic side chains (SC in 24).

2.3. C-C couplings and multicomponent reactions

The methods described in the preceding two sections for the synthesis of Xaa<Thz dipeptides have in
common the disadvantage that they are rather restricted to unpolar proteinogenic Xaa side chains. In order to
be able to construct more complex thiazole units as they are present for example in the thiopeptides, further
strategies were developed. One option which has been exploited for the incorporation of non-proteinogenic
Xaa side chains is given by C—C couplings of lithiated thiazoles (Scheme 5). Yamanaka et al. described for
the first time thiazole functionalizations by Pd-catalyzed couplings®® and Bach er al. demonstrated that the
different reactivity of 2,4-bromothiazole 25 can be utilized for the synthesis of the phenyl-serine<Thz
scaffold 26 present in the GE2270 antibiotics.* ™ The first metalation selectively occurs at position 2
(insertion of Mg or lithiation to 27)** and treatment with the chiral pool mandelic acid ester 28 incorporates
the first stereocentre, yielding the thiazolyl ketone 29. Under Felkin-Anh control, reduction to the threo diol
30 takes place and a four-step O,N-exchange sequence yields the Boc-protected thiazolyl amine 26. With the
construction of the side chain completed, the adequate thiazole functionalization at can now be
accomplished. By lithiation and carboxylation, the fully protected phenylserine<Thz dipeptide 31 is
obtained. Alternatively, a Negishi coupling with a second Thz yields the bisthiazole 32 which was
successfully used to accomplish the GE2270A total synthesis.*

OTBS
—>\ W OTBS s OTBS 51
/k Br 1Br Br
- 23% over 6%
X =Br two steps 0 97:3 dr OH
27X =Li ~— 2 P 29 30
d 39% over
l )-9) four steps
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J} 18[’
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Scheme 5. C—C couplings of lithiated thiazole a) synthesis of (25,35)-phenylserine dipeptides (present in the
GE2270 antibiotics) by Bach et al. Reagents and conditions: a) n-BuLi, Et,0, =78 °C;
b) Et,O, =78 °C; c) I-selectride, THF, —78 °C; d) MsCl, NEt3, =78 °C; e) NaN3;, DMSO, 90 °C;
f) PPhs, H,O, rt; g) Boc,O, CH,Cly, 1t; h) -BuLi, Et,0, =78 °C, then solid COy;
i) Etl, K,CO3;, DMF; j) 25, t-BuLi, ZnCl,, =78 °C.

Tubuvaline (Tuv), a key part of the tubulysins, differs from the multitude of known Thz dipeptides by
its nitrogen functionalization in the Y instead of the o-position of the side chain and by carrying an a-acyl

group (Figure 1) and it has contributed to the difficulties associated with total syntheses of the
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tubulysins.”***® In the first total synthesis of tubulysin derivates (Scheme 6), Démling, Wessjohann ef al.
utilized a Lewis acid-catalyzed three-component coupling of an aldehyde 33, a Schollkopf isonitrile 34*” and
a thiocarboxylic acid 35."%% After formation of the isonitrile adduct 36, reaction with 35 yields the hetero
anhydride 37 which, in analogy to the mechanism of the Passerini multicomponent reaction, undergoes
transacylation towards 38.”° Upon aqueous workup, the acrylic acid is attacked by the thioamide to form 39
and elimination of dimethylamine finally yields the C- and N-terminally protected thiazole dipeptide 40
which is deprotected to Tuv after acidic removal of the Boc group and saponification of the methylester.
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Scheme 6. Multicomponent reactions. Lewis acid-catalyzed three-component coupling of an isocyano
acrylate, an aldehyde and a thiocarboxylic acid developed by Domling and Wessjohann for the total
synthesis of the tubuvaline unit present in the tubulysines. Reagents and conditions: a) THF, —78 °C to rt.

2.4. Total syntheses of Xaa<Thz dipeptides present in thiopeptide antibiotics

The difficulty to access to thiazole dipeptides with stereopure and highly functionalized non-proteino-
genic side chains becomes especially apparent in the case of the few total syntheses of thiopeptides
published so far and much effort has been spent on the construction of these units which in some examples
also serve as core motifs, linking several backbone segments and a hydroxyindole with each other. The total
synthesis of nosiheptide, which differs from thioazomycin by being not alkylated or glycosylated at the two
hydroxyl groups of (2§,35,45)-3,4-dihydroxy-glutamate<Thz, is the subject of current research. Its
4-hydroxy-glutamate<Thz core dipeptide is accessible by two different strategies (Scheme 7). The synthesis
by Moody ez al.’'? starts with the protected Glu 41 and stereoselectively introduces the 4-hydroxy function
using the Davis oxaziridine (a, b).””* The benzyl ester of 42 is subsequently converted to the thioamide 43
which is transformed to the thiazole dipeptide 44 by Hantzsch condensation.

The alternative approach by Arndt et al., in comparison, exhibits a longer sequence and a lower overall
yield, yet it avoids the problems associated with the Hantzsch synthesis by a modern aza-Wittig mediated
thiazole ring closure (Scheme 7). It utilizes the stereocentres of (25,4R)-4-hydroxyproline 45 which is
inverted in its configuration at position 4 via the lactone 46 and adequately protected (47). Oxidation at
position 5 furnishes the lactam 48 which is opened and Tce-deprotected to yield the desired 4-hydroxy
glutamic acid 49. This reacts with the azidocysteine 9 to the thioester 50 and the synthesis is accomplished
by the aza-Wittig reaction and oxidation of the thiazolidine to the thiazole 51.
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Scheme 7. Total syntheses of the (25,4S5)-4-hydroxy-glutamate<Thz dipeptide present in nosiheptide by
Moody et al. (Hantzsch synthesis, left) and Arndt et al. (aza-Wittig thiazole formation, right). A total
synthesis of nosiheptide has not been accomplished yet. Reagents and conditions:

a) LHMDS, Davis oxaziridine, THF, —78 °C; b) TBSCI, imidazole, DMF, rt; ¢) Pd/C, H,, MeOH, rt;

d) EtsN, EtO,CCl, THF, rt; then NH4OH, THF, rt; e) Lawesson’s reagent, THF, reflux;

f) BrCH,COCO,Et, CaCOs3, EtOH, rt; g) Boc,0, K,COs, 1,4-dioxane, 0 °C to rt;

h) DIAD, PPhs, THF, 0 °C; i) TceOH, NaH, THF, —78 °C; j) TBSCI, DMF, rt; k) RuCl3, NalOy,
CCl4/CH3CN/H,0 1:9:15 (v/v), 0 °C; 1) BnOH, NaH, THF, =78 °C; m) Zn, THF, NaH,POy, ultrasound, rt;
n) EDC, HOBt, CH,Cl,, rt; o) PPh3, THF, =20 °C to rt; p) BrCCl;, DBU, CH,Cl,, rt.
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Scheme 8. Synthesis of (25,35,4R)-3,4-dihydroxy-isoleucine<Thz within the scope of thiostrepton
total synthesis by Nicolaou et al. This substrate exhibits the most complex thiazole dipeptide which is
accessible by chemical synthesis so far. Reagents and conditions: a) LiOH, MeOH/H20 1:1 (v/v), reflux;
b) KOH, (COCl),, Et,0, DMF, rt; ¢) Et,0, rt; d) AD-mix-3, MeSO,NH,, --BuOH/H,0 1:1 (v/v), 0 °C;
e) DMP, p-TsOH, rt; f) DIBAL-H, CH,Cl,, =78 °C; g) Dess-Martin periodinane, NaHCO3;, CH,Cl,, rt;
h) BnHN,, Yb(OTf)3, CH,Cl,, rt; i) TMSCN, CH,Cl,, rt; j) PA(OH),, H,, EtOAc, rt; then Boc,0, EtOAc, rt;
k) H,S, EN/EtOH/Pyr 1.7:1.7:1 (v/v), tt; 1) BrCH,COCOEt, NaHCO3;, DME, rt; m) Tf,0, Pyr, 0 °C;
n) NaOEt, EtOH, 0 °C; o) TFA/EtOH/ CH,Cl,, 0 °C to rt; p) TBSCI, Et;:N, CH,Cl,, 0 °C to rt;

q) TfN3, EtzN, CuSO4, MeOH/H,0/ CH,Cl, (3.3:1:1), rt.
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A prerequisite of the total synthesis of thiostrepton by Nicolaou et al. ***7°°° was the successful
construction of the (25,3S5,4R)-3,4-dihydroxy-isoleucine<Thz, the most complex thiazole dipeptide which is
accessible by artificial synthesis so far (Scheme 8).” Remarkably, the sequence starts with an achiral
substrate, (Z£)-2-methylbut-2-enoic acid methyl ester 52 which is converted to the chiral menthyl ester 53 and
then bishydroxylated to the diol 54 with 90:10 diastereoselectivity. After diol protection, yielding the
acetonide 55, and reduction of the ester to the alcohol 56, the chain is extended by one carbon and the third
stereocentre is introduced. For this purpose, a one-pot procedure was carried out in which the alcohol is
oxidized to the aldehyde that is reacted with benzylamine and the resulting imine is converted to the Strecker
addition product 57. The stereocontrol of the substrate thereby leads to the correct stereochemistry, as
proven by X-ray crystallography.”’ After benzyl/Boc exchange, the nitrile 58 is converted to the thioamide
59 which is subjected to Hantzsch condensation. The use of Tf,O for the dehydration to the thiazole leads to
the TFA-protection of the Boc carbamate and the TFA-group has to be removed, which yields the dipeptide
60. With the construction of the carbon skeleton completed, removal of the Boc group and exchange of the

hydroxy protecting groups (61) as well as a diazo transfer’® yielded the thiazole dipeptide 62.

2.5. Sugar precursors of the dihydroxyglutamate side chain

Another retrosynthetic approach towards hydroxylated thiazole dipeptides starts with the oxidation of
the thiazolidine, thus making an uronic acid the key intermediate (Scheme 9).” Instead of creating the
stereocentres of the side chain by chemical synthesis, sugar-based starting materials are versatile
alternatives.”’ Potential advantages are a minimum of protecting groups when starting from unprotected
sugars, the avoidance of malodorous and toxic thioxylation reagents and the availability of different sugar
stereochemistries in such a chiral pool approach. The Dyg side chain in the Dyg<Thz unit has the
stereochemistry of 2-deoxy-2-amino-D-arabinuronic acid. The work presented in this chapter describes the

stereoselective synthesis of the Dyg<Thz dipeptide as well as of other highly functionalized derivatives.
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Scheme 9. Retrosynthetic analysis of hydroxylated thiazole dipeptide to sugar precursors. The
dihydroxylated Dyg<Thz dipeptide is obtained from a precursor lactone (64) which itself is formed from
the condensation of the lactone of D-arabinuronic acid (66) and and L-cysteine methyl ester (65). By the

condensation of D-glucuronolactone and (65) even longer sugar chains are accessible according to this
strategy, leading to trihydroxy-homoglutamate<Thz dipeptides (70).

Scheme 9 shows the retrosynthetic analysis of a protected precursor (63) of the Dyg<Thz dipeptide.
The azide opens the lactone ring of 64 by nucleophilic attack at the benzylic position. Compound 64 itself is
accessible from the condensation of the commercially available educts L-cysteine (65) and the uronolactone
66. Previous work describes the synthesis of the stereopure bicyclic thiazolidine lactams®' as well as of the

epimeric thiazolidine lactones,® which are directly accessible from condensation reactions of y-D-glu-

122



curonolactone 67 and L-cysteine 65 without protecting groups. The thermodynamic products of such
reactions are the thiazolidine lactams which are isomers of the thiazolidine lactones obtained by kinetic
reaction control. Cyclic and bicyclic starting materials minimize the number of protection and steps while
maximizing the chemo-, stereo- and regioselectivity of the subsequent transformations like O/N-exchange
and tailoring of the sugar chain. This approach gives access to chain-extended thiazole like 70. Lactone 66
was obtained from 67 by periodate diol cleavage followed by condensation with 65, yielding thiazolidine 64.
In the following, we describe the subsequent transformations of 64 towards activated depsipeptides 71 and
72 (Scheme 10) which are transformed to the Dyg<Thz dipeptide 73 and its o-epimer 74, respectively

(Scheme 11), as shown in the retrosynthesis in Scheme 8.
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Scheme 10. Synthesis of the thiazole polyol 71 (Rib<Thz) in D-ribo (Rib) and of 72 (Ara<Thz) in D-arabino
(Ara) configuration. The final products are also shown in the Fischer projection. Reagents and conditions:
a) TESCI (2.4 equiv), imidazole (2.4 equiv), DMF, 0 °C to rt, 3 h; b) MnO, (20-25 equiv), toluene, 70 °C,

36—43 h, 33% over two steps; ¢) BnOH, CSA (0.05 equiv), 50 °C, 67 h, 81%; d) TBSCI (1.2 equiv),
imidazole (1.2 equiv), DMF, rt, 18 h, 74% (plus 16% starting material re-isolated); e) MsCl (1.0 equiv),
anhydrous pyridine, 0 °C to rt, 13 h, 48% (plus 23% starting material and 20% dimesylate isolated);

f) IBX (5.0 equiv), EtOAc, 80 °C, 1.5 h, 29% (plus 53% starting material reisolated); g) BF;5:Et,O (2.2
equiv), BuzSnH (1.2-1.0 equiv), anhydrous THF, =78 °C to rt, 32 h, 75%, dr>99:1; h) MsCl (1.5-1.0 equiv),
DMAP (cat.), anhydrous pyridine, 0 °C to rt, 17 h, 73% (plus 25% dimesylate).

The strategic bottleneck of a thiazole synthesis from a hydroxylated thiazolidine precursor is to carry
out the oxidative dehydrogenation to the thiazole by avoiding hydrolysis and minimizing oxidative side
reactions like diol cleavage, benzylic oxidations and other degradation reactions. Activated MnO, has by far

63,64

been used most often as oxidant to generate thiazoles, although it is known to generally reduce the yields

. . 65-67
due to these side reactions.

In order to make this oxidation applicable to the highly functionalized
thiazolidine lactone 64, its hydroxyl functions had to be protected appropriately and silyl ethers proved
sufficiently stable to the MnO, oxidation. Reaction of the diol 64 with TES chloride and imidazole in DMF
yielded the bis(-triethylsilyl) (TES) ether, which was directly subjected to oxidation with excess MnO; in
toluene at 70 °C, yielding the desired TES-protected thiazole lactone 75 in 33% yield over two steps on a
multigram scale. In order to access the a-position of the later amino acid side chain, the lactone was opened

in the following step using benzyl alcohol as both reagent and solvent with 0.05 equiv of camphor sulfonic
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acid at 50 °C. Under these conditions, the thiazole triol 76 with orthogonally protected carboxyl functions
precipitates from the reaction mixture and it was isolated in good purity and in 81% yield by filtration. With
the D-arabino configuration of the triol chain, thiazole 76 already represents the 2-oxo analog of the
naturally occuring (15,25,35)Dyg<Thz core motif and was accessible from y-D-glucuronolactone (67) and
L-cysteine methyl ester (65) in five linear steps with 14.2% overall yield, yet on the multigram scale. The
reaction sequence requires only one chromatographic purification (after the oxidation step) and no
anhydrous solvents or inert gas. The desired nitrogen functionality at position 1 could not be installed with
all three hydroxyl groups unprotected. Attempts to maintain the silyl ethers upon lactone opening (in this
case, the more stable TBS group was chosen) were unsuccessful as protecting group migration occurred.
However, the 3-hydroxyl function of the triol 76 was protected selectively as tert-butyldimethyl silyl (TBS)
ether 77 in 74% yield. Treatment with mesyl chloride in pyridine finally allowed to selectively activate the
1-hydroxy function as mesylate 72 in 62% yield b.r.s.m. In addition to the selective activation, we also
sought to selectively invert the stereocentre at position 1 in order to obtain both epimers of the Dyg<Thz
dipeptide as well as of its depsidipeptide analog. Since KMnQO,, which had been successfully used for
analogous oxidations of sugar substrates,”® led to diol cleavage in the case of thiazole 77, the authors
investigated the use of IBX in EtOAc.”” Under optimized reaction conditions (5.0 equiv IBX, 80 °C, 1.5
hours), the extent of decomposition was minimized and 62% b.r.s.m. of the ketone 78 were obtained.
Reduction with BusSnH in the presence of BF;-OEt, finally afforded the thiazole triol 79 with D-ribose
(Rib) configuration in 75% yield and >99:1 diastereoselectivity. Analogously to the 1-epimeric triol 77,
compound 79 was subjected to selective activation of the 1-hydroxyl, yielding 73% of the mesylate 71.

O/N-exchange reactions were investigated with both mesylates 72 and 71 (Scheme 11).
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Scheme 11. O/N-exchange reactions and neighbouring group effects in thiazole units with D-ribo (left) and
D-arabino configuration (right). Reagents and conditions: a) NaN3 (1.5 equiv), anhydrous DMF, 85 °C,
3.5 h; b) NaNj3; (1.5 equiv), DMF (abs), 85 °C, 2.5 h, 19%; c) H,SiF¢ (2.0 equiv), acetonitrile, rt, 24 h, 13%
of 738 and 12% of 74 (over two steps from 72); d) TBAF (1.3 equiv), anhydrous THF, 0 °C, 45 min, 42%;
e) TBAF (1.3 equiv), anhydrous THF, 0 °C, 1.5 h, 21%; of 82 and 23% of 85; f) NaNj3 (5.0 equiv),
CSA (cat.), anhydrous DMF, 70 °C, 4 h, >95% conversion (NMR); g) NaNj3 (3.0 equiv), anhydrous DMF,
85 °C, 2 h, 70%; h) NaNj3 (5.0 equiv), DMSO, p-TosOH-H,O (cat.), 70 °C, 9 h, >95% conversion (NMR),
isolated yield 16%. R=CH(OTBS)-CO,Bn.
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Under identical reaction conditions (3.0 equiv NaN3; in DMF at 85 °C), the same azide main product
was obtained from both 71 (a) and 72 (b), respectively, which was later identified as azide 80. As some TBS
group migration had occurred, the silyl ethers were deprotected with hexafluoro silicic acid.

However, this resulted in racemization of the stereocentre at position 1, yielding a 1:1 mixture of the
Dyg<Thz epimers 73 and 74 in an overall yield of 25% over both steps. In order to overcome the low yields,
the azide exchange was performed with TBS-deprotected substrates. The less steric congestion associated
with the removal of the bulky TBS group had also significantly increased the yield of azide product in the
total synthesis of the GE2270 thiopeptides.”’ The mechanism of azide introduction is also included in
Scheme 11. Epoxide intermediates allow for the introduction of substituents by retention of configuration
(double inversion). Yet, the efficiency of epoxide formation strongly depends on the proper antiperiplanar
alignment of alcohol nucleophile and the leaving group mesylate. Consequently, 71 forms 80 with retention
of configuration either along the characterized epoxide 81 or via the transient intermediate 84. Analogous
intermediates play a role in the formation of 73 or 74 from 72 along epoxides 83 or 85, respectively. The
reaction conditions and the protecting group pattern influence allow for a differentiation between the
different reaction pathways.

Two direct precursors of Dyg<Thz are available. Further syntheses towards chain-extended homologs

according to the strategy of Scheme 8 are described in literature.”

3. Conclusion

Current synthetic methods allow the incorporation of Xaa<Thz dipeptides in oligopeptides. More
complicated hydroxylated side chains are accessible although with much larger effort. The synthesis of
Dyg<Thz peptides with complementary protecting groups lays the fundament for the assembly of oligocyclic
thiopeptide antibiotics and derivatives thereof. This stereoselective synthesis of highly functionalized
Xaa<Thz depsidipeptides and dipeptides relies on the condensation of an uronic acid and cysteine.
Assembling the carbon skeleton already in the first step avoids tedious multi-step protection and
deprotection protocols. The methods described above yield peptidic thiazole motifs that are present in
thiopeptide antibiotics and that have not been available by other methods so far. This includes the Dyg<Thz

unit, which is an essential core motif of the nocathiacin and thiazomycin antibiotics.
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S-HETARYL-PYRIMIDINE-2,4(1H,3H)-DIONES:
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Abstract. In this part, a number of synthetic methods for the preparation of 5-hetaryl-derivatives of uracil
and cytosine and their applications are described. Due to the well-established antiviral and antitumor
activity of several 5-substituted uracil derivatives an increasing interest in analogues of uracil and cytosine
having more complicated substituents is observed. There is a variety of reactions used for the construction of
the heterocyclic system attached to the uracil ring i.e. condensation, ANRORC, Suzuki-Miyaura, Stille and

Negishi cross coupling or 1,3-dipolar and Diels-Alder cycloaddition which were developed in the past few
decades.
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1. Introduction
1.1. Uracil and cytosine
Uracil, thymine and cytosine belong to the family of pyrimidine nucleobases being components of the

nucleosides. In the nucleosides, the nucleobase is connected via C—N glycosidic bond formed between an

128



anomeric carbon atom of D-ribofuranose (or 2-deoxy-D-ribofuranose) and the nitrogen atom 'N of the
pyrimidine ring. In the natural nucleosides, this bond has B-configuration. The nucleosides are building
blocks for the nucleic acids. In nucleic acids, the particular nucleosides are linked by phosphate ester bond
created between the 3’-OH group of the one nucleosides and 5’-OH group of the sequent one. According to
the ITUPAC, the nucleobases and related nucleotides are abbreviated as follows: uridine (U), thymidine (T)
and cytidine (C) (or 2-deoxycytidine, dC) (Figure 1). Uracil is a constituent of RNA, thymine is present in
DNA whereas cytosine is present in both nucleic acids: RNA and DNA. Uracil can be considered as a parent
pyrimidine compound. Amination of uridine on carbon C-4 of the uracil ring converts it into cytidine. This
reaction is reversible under physiological conditions. The transformation of uridine into thymidine involves

thymidylate synthase and °N,'’N-methylene tetrahydrofolate as a donor of methylene group.

0 NH NH

304 CHs g Ny
HNS g 2 ol bl N
o;\N16 0N 0N 0N
Ho % HO- o HO- HO o
HO3'2'0OH HO HO OH OH
u T c dc

Figure 1

1.2. Biological activity

C-5 substituted uracil and cytosine derivatives and their nucleosides play an important role in
antitumor, antiviral and antifungal therapy. This group comprises such compounds as: 5-iodo-2’-deoxy-
uridine (Idoxouridine, 1Urd) (1), 5-trifluoromethyl-2’-deoxyuridine (Trifluridine) (2), 5-(E)-(2-bromovinyl)-
2’-deoxyuridine (Brivudine, BrVUrd) (3) 2’,3’-dideoxycytidine (Zalcitabine) (4), 5-fluoro-2’-deoxyuridine
(Fluridine, FUrd) (5) and 5-fluorocitosine (Flucytosine) (6) (Figure 2).'™

0 0 0 " 0
HN HNy CFs HNJm/\/Br e HN NH,
o"N 0N 0"N oA o"N N F

HO*@ HO o HO o HO HO@ 0N

1) H
OH OH OH OH
1 2 3 4 5 6
Figure 2

The activity of those compounds depends on their ability to be phosphorylated by virus or host cell,
incorporation of metabolites to viral DNA strand and blocking a target enzyme. For instance, compounds 1,
2 and 3 (anti-herpes activity), after conversion to its 5’-O-triphosphate, inhibit DNA polymerase preventing
its viral replication. Reverse transcriptase is another drug target enzyme and it is inhibited by 5’-O-tri-
phosphate of 4 (anti HIV-1 and HIV-2 activity). The absence of 3’-OH group in the newly built DNA strand
causes its termination. 5’-O-Monophosphate of S5 deactivates the thymidylate synthase, as a result of
impossibility to convert this metabolite into thymidine analogue because of the presence of fluorine atom.
Compound 6 exhibits antifungal activity against Candida and Cryptococcus. After entering the drug to the

fungal cell, cytosine deaminase alters 6 to 5-fluorouracil which is an active metabolite of the drug.'™
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The substituents are commonly introduced on C-5 carbon of uracil and cytosine moiety because this
position is not involved into base-pairing of DNA. Goodchild and his co-workers studied a structure activity
relationship against herpes simplex virus type 1 (HSV-1) of over 30 olefinic 5-substituted deoxyuridines.
Their research established a few features which define the best C-5 substituent. It should be: unsaturated,
conjugated with pyrimidine ring, not longer than four carbon atoms, have (E) stereochemistry and possess
a hydrophobic, electronegative function.* Some of 5-aryl-derivatives seem to follow the structural
restrictions mentioned above. The Herdewijn group synthesized and evaluated biological activity for
5-hetaryl-2’-deoxyuridines. The most promising compounds are 5-(furan-2-yl)-2’-deoxyuridine (7) and
5-(thien-2-yl)-2’-deoxyuridine (8) (Figure 3). They marked activity against HSV-1, varicella zoster virus
(VZV) and vaccinia virus (VV). The mechanism of their action is similar to the previously quoted active

compounds.5 6

O ON O SN
HL\I\ s HL\I\ s
O" N O"'N
HO7 o HO7 o
OH OH
7 8
Figure 3

2. Methods of synthesis
2.1. Historical review

The first experiments on 5-hetaryluracil derivatives synthesis were reported in the early 60’s.
Throughout the next three decades almost all these derivatives were obtained by condensation reactions. The
condensation methods have two main disadvantages, namely a limited range of the obtained hetaryl rings
(imidazoles, pyrroles, thioazoles) and usually low or moderate yields. Development of organic chemistry
synthesis and new achievements in the catalysis resulted in elaboration of cross-coupling reactions (i.e.,
Suzuki-Miyaura, Stille, Negishi). These palladium-assisted reactions gave an opportunity to create a huge
variety of hetaryl derivatives in good or excellent yields. The important advantages of those coupling
reactions are conditions compatible with many functional groups, for example amino or hydroxyl ones. The
other strategy for the construction of heterocyclic ring involves 1,3-dipolar cycloadditon reactions. Although
the cycloaddition reaction gives a possibility to get a broad scope of heterocycles, almost all of the

preparations using this strategy gave triazoles, isoxazoles or 1,2,4-oxadiazoles derivatives.

2.2. Condensation
2.2.1. Classical condensation

One of the first synthesis of 5-hetaryluracil described by Miller and Bambury was focused on a
creation of pyrrole ring according to the Paal-Knorr’ synthesis. They obtained 1-substituted-2,5-di-
methylpyrroles during the condensation of primary amine or its hydrochloride with 2,5-hexanodione (10)
(Scheme 1). In order to synthesize 5-(2,5-dimethylpyrrol-1-yl)-uracil (11), S-aminouracil hydrochloride (9)
was used. The reaction was conducted in boiling N, N-dimethylformamide (DMF) for 1 hour in 70% yield.®
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Scheme 1

The similar reaction was applied to obtain 5-pyrrol-1-yl-2’-deoxyuridine (14). The pyrrole ring was
formed during cyclization of a hydrochloric salt of 5-amino-2’-deoxyuridine (12) and 2,5-methoxy-
tetrahydrofuran (13) (the Clauson-Kaas synthesis).9 The first stage or the reaction is acidic hydrolysis of
2,5-dialkoxytetrahydrofuran derivative to succinaldehyde and then the Paal-Knorr reaction pathway
continues. Because of the deactivation of amine group, the reaction was carried out at 100 °C using DMF as

a solvent (Scheme 2).3

HL\I\JJ\ENHZ HC DVIE. 100 °C. HEK'IN
O”N 1.5h
HO@ + weooome ™ HOq o

@)
pzd

OH OH  38%

12 13 14
Scheme 2

Ressner et al. described the methods for the synthesis of two different substituted imidazolyl
derivatives of uracil. The first one, 5-(imidazol-2-yl)-uracil (17), was obtained in a poor yield via the Debus-
Radziszewski reaction from S-formyluracil (15), glyoxal (16) and ammonia. In the first step, ammonia and

diketone form diimine which condenses in the next step with an aldehyde derivative (Scheme 3)."

O O (0] Nx
HN" S H H NHs HN'S N
O"'N H dry ice bath, O"'N

H 5h H 7%

15 16 17
Scheme 3

When 5-bromoacetyluracil (18) was heated in freshly distilled formamide (19) at 140 °C for two hours
5-(imidazol-4-yl)uracil (20) was gained (Scheme 4).10

O O O N=

° NH
O. NH 140°C,2h ~
O™ N H O”°N
H H  q3%
18 19 20
Scheme 4

Treating the same starting compound 18 with thioamides or thioureas (the Hantzsch reaction”), another
group of title compounds, thiazoles, can be obtained. 5-(2-Aminothiazol-4-yl)uracil hydrobromide (22) was

obtained by two different methods: A) stirring overnight at room temperature in water or B) heating in
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2-methoxyethanol 2MXETOH) at 70—80 °C for one hour. The method B was also used for the synthesis of
5-(2-methylthiazol-4-yl)uracil (23) (Scheme 5).'%!!

Method A R

O O H,0, rt, o0 N No R Method Yield
HN S NH; overnight HNOS S 22 NH,"HBr A 89
%\ | Br + R o 2\ | "
O N Method B 0N 22 NHy*HBr B 87
2MXETOH H 23 CH, B 87
18 21 rt or 70-80 °C, 1h 22.23
Scheme 5

Using an inverse approach uracil derivative as a thioamide, a few other thiazoles were produced.
2’,5’-Dibenzoyl-5-cyanuridine (24) was a starting compound which, after saturation with hydrogen sulphide,
was transformed into the before mentioned thioamide 25. The reaction with a-halogen aldehydes or ketones
gave the new thiazol-2-yl uridine derivatives (26—28). Deprotection of the sugar moiety was provided by

ammonia in methanol (Scheme 6).3

(@)
1RO
Q N O S X O S\ o
HNJE/ HN“j/LNH2 THF/EtOH, reflux, HNﬁ/LN _
A TEA, H,S A 6-24 h A No X, R Yield
o N - o N o M 26 ClH 36
Bz07 o pvr, i, BZ070 2.NH;in MeOH, rt, 1970 ’
24 h, 90% overnight 27 Br,Ph 62
OBz OBz OH 28 CI,CH; 58
24 25 26-28
Scheme 6

Wigerinck et al. attempted to obtain an isothiazole ring on carbon C-5 in uridine applying conditions
from the literature.'” Surprisingly, they obtained an isoxazole ring instead of the desired isothiazole. The

reaction was repeated in different pH’s (4, 7, 10) but the main product (30) remained the same (Scheme 7).13

0]

o H o ON

G 1. NH,OSO3H, HNJjN
HN MeOH/H,0 2]
A O™N

o N s Neneq.  HO
HO- g 2. NaHS, NaHCOs3, @
H,O,pH =7, t,

OH 16h OH 90%

29 30

Scheme 7

Not only a 5-membered ring could be formed during condensation. In the reaction of 5-cyanouracil
derivative with N-cyanoguanidine, 5-(4,6-diamino-1,3,5-triazin-2-yl)-1-butyluracil (34) was obtained. The
synthesis consisted of three steps: condensation of N-cyanoacetylurethane (31) with triethylorthoformate
followed by the addition of butylamine and the ring closure to 5-cyanouracil derivative (32) which was

further condensed with N-cyanoguanidine (33) (Scheme 8).14
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Scheme 8

Also, the condensation of three components, benzylidenemalononitrile (35), thiophenol (36) and
malononitrile (37), resulted in the formation of nucleoside substituted by pyridine ring on carbon C-5 of
uridine moiety. The yield of obtained product 38 was low because of the by-products formation (Scheme
9)'15

NH,
2 en NN
W SWe
o) on o PH N TEA HN s
ACO + + NCTCN ——— > A~ CN
(@) EtOH, reflux, a0
2h O
OAc
OAc 33%
35 36 37 38

Scheme 9

2.2.2. ANRORC

ANRORC is an acronym of reaction consisting of three stages: Addition of Nucleophile, Ring Opening
and Ring Closure. An addition of nucleophile to activated heterocycle leads to opening its ring to acyclic
form followed by subsequent ring closure and formation of a new heterocycle. Literature provides only one
example of 5-hetaryluracils synthesis according to the ANRORC mechanism. 5-Aminouracil (39), acting as
nucleophile, attacks 1,4-dinitroimidazole (40) derivative. After the ring closure stage, an imidazole ring was
incorporated as the uracil substituent with a simultaneous elimination of unstable nitroamine (NH,NO,)

molecule. The reaction conditions are depicted below (Scheme 10).16’17

) NH NO,  DMSO/MH,0, rt, o) RF\I\}\ o
2 \ i Vaa\
ggj\;ﬁ/ + RT‘\IN/ overnight HL\{ | N 2 No R Yield
H NO, o N 41 H 89
39 40 41, 42 42 CHa 74
Scheme 10

2.3. Metal-assisted reactions
2.3.1. Stille cross-coupling reaction

The reagents applied in Stille cross-coupling reaction are: organostannanes R3;Sn—R’, where R could
be alkyl or rarely aryl substituent and organic halides R’’X (X=chlorides, bromides, iodides) or other

compounds possessing good leaving group (i.e., triflates). There are two types of Pd catalysts employed in
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the Stille reaction: Pd(0) like Pd(PPhs)s or Pd(Il) like PdCI,(PPhs),. Solvents like DMF, DMSO, THF or
dioxane and elevated temperature are the preferred conditions in the syntheses. The presence of Ag,0 as a
co-catalyst improves the efficiency due to its influence on the transmetallation stage.'® One of the greatest
advantages of this reaction is a reflection of quite good stability of organostannanes and versatility of
conditions for a wide range of functional groups. The discouraging facts are toxicity of the reagents and
organometallic impurities in the obtained products making the biological research difficult or even

impossible. The catalyst cycle is presented above on Scheme 11.

R-R" Pd(0) R"-X
reductive oxidative
elimination addition
R"-Pd(II)-R' R"-Pd(11)-X
X-SnR3 R'-SnR4
transmetallation
Scheme 11

Peters et al. reported one of the first attempts to obtain 5-hetaryluracils during Stille cross-coupling of
5-iodouracil (43) and some aryltributylstannanes in boiling dimethylformamide (DMF) using PdCl,(PPhs),
as catalyst (Scheme 12). The employ of 5-bromouracil instead of iodide did not give the desired products.
Among the stannanes used, the least reactive appeared to be pyridyl derivatives and among the three possible

isomers, only 5-(pyridin-3-yl)uracil (46) was obtained."

(0] O .
No R Yield
HL\I\ JTI + R SNBU); PdCIy(PPhs), _ HL\I\ | R =
O N DMF, reflux, O”N 44 W 37
i 20h i 45 Se 45
43 44-46 Y]
46 N 25
Scheme 12

Gronowitz and his research group reported that the addition of Ag,0 as co-catalyst increased reactivity
of substrates. The higher yields and shorter reaction times were observed during synthesis of 5-(pyridine-2-
yl)uracil (47) which was not even formed in the previous attempts (Scheme 13). It is suspected that Ag(l)
facilitates the transmetallation stage that leads to higher yield.20

Another modified nucleobase was obtained during a two-step synthesis. The first stage was the
protection of N nitrogen atom in uracil moiety by treatment of starting compound 48 with methyl iodide,
tetra-n-butylammonium bromide and potassium bicarbonate in toluene. In the next step, Stille coupling was
performed employing PdCl,(PPh;3), as catalyst. The final product 49 was formed in 72% yield (Scheme
14).
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HN S ' S =~
;\JI + () SN N
O"'N 2. PdCIy(PPh3), 10% mol,  O”°N
~ reflux, 5-8 h ) 72%
48 49

Scheme 14

The more effective way for the synthesis of the title compounds employs 5-bromo-2,4-
ditrimethylsilyloxypyrimidine (50) as the starting material. The reactions were conducted in boiling
tetrahydrofuran (THF) using PdCI,(PPhs), as a catalyst. In the case of products 46 and 47, the reactions were
carried out in the absence of solvent at 80 °C. The deprotection of silyl groups was performed upon aqueous
hydrolysis (Scheme 15)."

1. PACIy(PPhy)s, . _
OSiMe;, THF, reflux, 0o . No RS Yield | No RN Yield
20h -
N> B 4 5-Sn(Bu)s HN™Y 44—y 87 | 47 Ny 49
0N R 2.H,0.1, 0N Se S
Me;Sio™ N HO. N 5~ 39 | 51 %) a4
-~ CHs
S0 44-47,51, 52 46 Y 50 | 52 _ N~ 44
- )
Scheme 15

When the same coupling conditions were applied for a silylated cytosine derivative, the products were
isolated in low yields (18%) (Scheme 16). Changing solvent to dimethylsulfoxide (DMSO) slightly

increased yields of the isolated compounds.22

NHSiMe; 1. PACL(PPhS), NHa, No R Yield
A~ N”
N+ r-SBUs ——— | | 54 5 18
Me,SiO™ N 200 O°N 5 s 18
53 54,55 N

Scheme 16

Stille cross-coupling is also applicable for modification of both unprotected and protected
nucleosides. For instance, 5-iodouridine (56) was coupled with 2-(tributylstannyl)furan (57) in boiling
dioxane in the presence of PdCl,(PPhs), (Scheme 17). Product (58) was obtained in an almost quantitative
yield (98%).”

Another example of the synthesis of modified uridine using the same starting compound 56 and
conditions was a reaction with 4-tributylstannylimidazole derivative (89) (Scheme 18). Pd(PPh3), gave

slightly higher yields and purer products in comparison with PdCl,(PhsP),.*
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Scheme 18

The carbocyclic nucleosides modified by thiophene, furan or thiazole ring were obtained in the
reaction in dioxane or THF. Both catalysts [PdCl,(PPhs), and Pd(PPhs)4] provided high yields of products,

but in the case of thiazole, Pd(PPhs)s was more efficient (Scheme 19).25 .
O (0] Xﬂ\Y

HN Br HN ~ No XY Catalyst Yield

O™ N + «X]SnBU:a Catalyst 0N 62 S,C  PACL(PPhy), 89

HO Y dioxane or THF, HO
reflux, 18-72 h 63 O, C PdC|2(PPh3)2 89
61 62-64 64 s,N  PdPPhj)s g8
Scheme 19

The oligothiophene derivatives of 2’-deoxyuridine were obtained during the coupling of the bi- or
terthiophene tributhylstannane with 5-i0do-5-0-(4,4’-dimethoxytrityl)-2’-deoxyuridine derivative (65)
(Scheme 20). The coupling with a longer oligothiophene was less effective than with the shorter one due to

. .27
its lower reactivity.

O

HN)WI No X, R Yield
O//j\ + BUBSn S 1\ R PdC|2(PPh3)2 10% r=nol 66 H 97

DMTO- o \ /S dioxane, 95 °C S
y b 67 40

4h DMTO o Y,

OH
OH
65 66, 67

Scheme 20

A use of 5-iodo-2'-deoxyuridine (68) or its 3’,5'-ditoluoyl-protected analogue (69) in a coupling with
stannylated heterocycles gave a set of modified pyrimidine nucleosides. The syntheses were conducted in
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dioxane or toluene using PdCl,(PPhs), or Pd(PPhs), as a catalyst. Toluoyl groups were removed in the
reaction with K,CO; in 5% THF/MeOH (Schemes 21 and 22).”*

0 0 XA
HNJTI HN"Yy .
0N + i\i/]’ SnBus PdCly(PPh3), O*N No X Yield
HO7 o dioxane, 90°c 1O 0 7 0 94
under Ar, 2-5h
OH OH & s 83
68 7,8
Scheme 21
Q | 1. catalyst, O X\/\\
HN | dioxane or toluene, HN )J]/L Y
Oo'\ N + &er Bu, reflux, under Ar, 8-20 h O//‘\ N No X, Y Catalyst Yield
F0Te70 Y 2 K,COs, HO o 26 S.N  PdCL(PPhy), 34
5% THF in MeOH, Pd(PPhy)
O-Tol rt, 12-24 h OH 70 O, N 3/4 10
69 26,70
Scheme 22

Direct coupling of unprotected 5-iodo-2’-deoxyuridine with pyridine-2-yl trimethylstannane in the
presence of PdCl,(PhsP), gave 5-(pyridin-2-yl)-2’-deoxyuridine (72). The same synthetic pathway was
unsuccessful for other stannanes (thien-2-yl- or thiazol-2-yl) because reduction to 2’-deoxyuridine was
observed as the main process. However, protection of the hydroxyl group in sugar moiety made the cross-
coupling possible and after removal of toluoyl groups (Tol) by potassium carbonate (K,CO3) in methanol,
other products (73 and 8) were formed (Scheme 23).18

0 0
1. PACly(PPhs),. 3 .
HN)KH/I dioxane or THF HN)K”/R No R' R?® Ak R® Yield
o™ N b ST, 60-90 °C, 16-20 h o*N —
R'0 o R When R?=Tol RO 0 ©
2. K2COs, MeOH, 69 Tol Tol n-Bu
68, 69, 71 72,73, 8 71 DMT Tol Me
72 H H ™M) 83
73 DMT H = 8
8 H H RVEEL
Scheme 23

Wigerinck and his co-workers demonstrated that using a coordinating solvents like dioxane or THF
accompanied by PdCl,(PPhs), as catalyst causes reduction of 5-iodo-2’-deoxyuridine to 2’-deoxyuridine.
Therefore when non-coordinating solvent like toluene and Pd(PPhs), were used, the reduction product was
not observed. The unprotected nucleosides (7 and 8) were obtained from 74 and 75 by treatment with

sodium methoxide in methanol (Scheme 24).5
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Scheme 24

There is also a possibility to use an inverse version of Stille reaction where a nucleoside possesses
trimethylstannyl functional group (76). Coupling with 2,5-diiodothiophene (77) was accomplished under
standard conditions (boiling toluene and Pd(PPhs), as catalyst). After subsequent hydrolysis with sodium
methoxide in methanol the nucleoside 78 was formed (Scheme 25). The additional iodine substituent could

be engaged in another cross-coupling reaction.'?

O 0O SN 0O SN
HN“\[S”M% HN S HN
0/)\ N 4 S| Pd(PPh3)4 OA\N MeONa oél\N
TOI'O@ YA toluene, reflux, TOI_OW MeOH, rt, HO7 o
overnight 2h
O-Tol O-Tol OH  50%
76 77 78
Scheme 25

Very interesting investigations were reported by Yamamoto and co-workers. They coupled protected
5-bromouridine (79) with an aryl compound bearing tributylstannyl and boronate substituents. Both groups
were active in palladium-assisted coupling, thus two reaction pathways were possible. The research results
proved a larger affinity of 80 to Stille coupling under the applied conditions (Scheme 26).%

(@]
% SnBuj B.
oo ¢ 1%
Pd(PPh3)4 5% mol HN
O™ N + (PPh3)s 0 |

BuMe,SiO (0] O/B\O toluene, reflux, BuMe,SiO
under Ar, 24 h
BuMe,SiO OSiMe,Bu Y
BuMe,SiO OSiMe,Bu 799,

79 80 81
Scheme 26

2.3.2. Suzuki-Miyaura cross-coupling reaction

Another efficient method of arylation is Suzuki-Miyaura cross-coupling. This reaction employs
organic halides and arylboronic acids or esters as reagents. In contrast to the Stille coupling, the borane
derivatives are non-toxic; this fact facilitates thereof biological or medicinal investigaltion.3 % The standard
reaction conditions are: weak basic environment, presence of palladium catalysts i.e., Pd(PPhs)s,

PdCl,(PPh3), or PA(OAc),, polar solvents including water and elevated temperature. The role of used bases

138



(Nap,CO3, K,CO;5 or Cs,COs) is to activate arylboronic acid or its ester. The huge advantage of this reaction
is its tolerance to some unprotected functional groups.®’ The catalysis cycle is presented below on Scheme
217.

RI_RII Pd(o) RII_X
reductive oxidative
elimination addition
R"-Pd(ll)-R' R"-Pd(ll)-X

base

base = OH-, RO", COz*

transmatallation
R"-Pd(ll)-base X

R-BR,—22%€ » R.BR, base

Scheme 27

Peters and co-workers made a substantial contribution to the progress in the field of cross-coupling
reactions including the Suzuki’s type. They obtained a broad range of 5-hetaryluracils involving 5- and
6-membered ring or even bicyclic substituents. They employed 2,4-di-tert-butoxy-5-pyrimidineboronic acid
(82) as a starting compound and coupled it with arylhalides in the presence of Pd(PPhs), and
dimethoxyethane (DME) as solvent. The obtained products 83—94 were transformed into their unprotected
uracil analogues during acidic hydrolysis by a mixture of hydrochloric acid in methanol. The yields of
obtained products were almost quantitative (Scheme 28). The uracil derivatives containing nitrogen atom in
their heterocyclic ring precipitated out as hydrochlorides salts but trials to furnish free bases were
unsuccessful. This was probably caused by excellent solubility of uracils in aqueous basic solutions.

Surprisingly, during recrystallization from methanol, thiazol-2-yl derivatives precipitated as free bases."

O-t-Bu O-t-Bu
L Bom, Pd(PPhs)s Na,COs N é\[R 5M HCI " |R
PN + RB" DME, reflux, s MeOH, rt, A
t-Bu-O"'N under Ny, 4h  -BU-O"'N 0.5h O"N
quantitative yields
82 83-94
No R VYield| No R VYield| No R Yield| No R  Yield
0 N. S S o
83 \J 49 |8 [ 60 |8 1/ 61 | 92 LS e0
CeH1s3
s N s s
84 J 49 |87 W 69 [0 NI e2 | 938 () 55
HsC S
S A S N
85 T, 62 | 88 m 70 | o1 O, 57 | o4 ?/QQ 40
s
Scheme 28

The acycloalkenyl nucleosides were obtained in the reaction of iodinated uracil derivative with

thiophene or furan boronic acid in the presence of Pd(OAc), and triphenylarsine (AsPhs) as an additional
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ligand. Potassium carbonate was used as a base and the reaction was carried out at room temperature in THF
solution. The hydroxyl groups in alkenyl chain were protected by two different ketones (acetone or
cyclohexanone) creating cyclic acetals. After coupling, the acidic deprotection with trifluoracetic acid (TFA)
in water was conducted. The yields of deprotected products 101-104 were approximately quantitative
(Scheme 29).%

(0] Pd(OAC)gY AsPhg 0O X \ 0O X N
| K,CO < TFA ~
H)EJ\J/ + (\f/fB(OH)z 7 . HN)E/3 - HNW
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| overnight | 3h |
RT"R? R1R2 R1R2
95, 96 97-100 101-104

No R R | No R R? Yield | No R’ R?

x
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O HO

0 97 H o) 94 | 101 H O 93
> Xol HOj\

95 o) H 0 HO
98 xol H S 68 | 102 Hol S 90
] 99 @ - o) 75 | 103 HO- HO- O 96

9% ) =

~ | 100 @ S 76 | 104 HO- HO- S 93

Scheme 29

Pomeisl’s research group applied Suzuki coupling for the synthesis of 5-hetaryluracil acyclic
nucleosides phosphonates. They developed a method for the formation of two kinds of phosphonates. In the
first case, 5-bromouracil derivatives and a number or heteroaryl boronic acids were coupled. The reactions
were conducted in a mixture of DMF:H,O as solvent system in the presence of Na,COs and catalyzed by
Pd(PPhs)4 at 130 °C. Using bromotrimethylsilane followed by hydrolysis allowed to obtain final products
110-113 in moderate yields (Scheme 30).30

0 o) o)
HN S Br Pd(PPhs)s, Na,COs HL\I\J\U/R (CHy)sSiBr HL\I\M\'JR
B(OH), — > —
ON" + RO 6 ta0e, OO CHieN, it O N
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O P(0)(QiPr), O P(0)(QiPr), O_ P(O)(OH),
105 106-109 110-113
No R Yield | No R Yield
106 (s 24 |110 (S 75
o o
107 () 44 111 () 59
108 [} 24 | 112 Oy 72
109 [V 38 | 113 N 78
Scheme 30

The same conditions were applied for the synthesis of previously mentioned phosphonates of other
type (Scheme 31). In comparison of these two groups, the C-6 phosphonates were isolated in higher yields

than the corresponding 'N analogues.™
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Another acyclic nucleoside was obtained in a two-step synthesis. The first stage was protection of N
nitrogen atom in the uracil moiety by treatment of the starting compound with benzyl chloride, tetra-n-
butylammonium bromide and potassium bicarbonate in DME. In the next step, an appropriate coupling was
performed in the mixture of DME and water using Pd(PPhj3), as catalyst. The final product 122 was formed
in 64% yield (Scheme 32).%!

0 1. Bn-Cl, TBAB, K,COs, 0 o
| DME, 120 °C, under Ar, 1 h ) .
HE\JI + (O BOH: - O
O N 2. Pd(PPh3), O%\N
Meo/\) DME/H,0, 110 °C, 12 h Meo/\/ 64 %
121 122
Scheme 32

It is believed that homogeneous conditions of cross-coupling reaction are more efficient way for the
synthesis of unprotected 5-hetaryl nucleosides. The employ of a mixture of solvents like water and
acetonitrile, Pd(OAc), as a water soluble catalyst and tri-(4,6-dimethyl-3-sulfonatophenyl)phosphine
trisodium salt (TXPTS) gave the desired product 8 in 45% yield (Scheme 33).34 However, the same final
product 8 was obtained in a better yield in the previously described Stille reaction®*® (93% and 53%,

respectively).
O O S\
HN ! Pd(OAc), TXPTS, HN x
O//I\N | (HO) B S N32’COa Oél\N |
+ 2 —_—
How W Tochen . HO(o
OH OH 459
68 8
Scheme 33

The other compound, an imidazole nucleoside derivative, was prepared in reaction of 4-iodoimidazole
derivative (124) with 2,4-dibenzyloxy-5-pyrimidineboronic acid (123) under standard coupling conditions.
All benzyl protected groups were removed by 10% ammonia in butanol while heating. The product 125 was
formed in 88% yield (Scheme 34).%

An effective one-pot synthesis was also described. In a single procedur, three different reactions were
conducted. First stage included Masuda borylation where Pd(PPhs), was employed as the catalyst. The same

141



portion of palladium complex catalyzed the next stage which is the actual Suzuki coupling. During this
reaction, Cs,CO3; was used as a boronic ester activator and this reagent in methanolic solution was also
applied in the last stage of synthesis - deprotection of Boc group. The final product (127) was obtained in
64% yield (Scheme 35).%

N%\OBn HN \/(0
q | BnO—¢ '\ O NH
\ _ _
N BOH) 4 ¢ et ¢ — ¢
PS | no O DME, reflux BnO N heat HO N
: : n
BnO™ N under Ar, 4 h, 67% O 0
BnO OBn
BnO OBn HO OH 88%
123 124 125
Scheme 34
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HSCNJE/I + < Pd(PPh3)4, CSZCOS H3C NW@CI
|
0N \ Ny MeOH, 100 °C, 0N
CHs oc overnight CHj3 64 %
Cl
126 127
Scheme 35

The Suzuki-Miyaura cross-coupling is also applicable in a solid support synthesis. 5-lodo-2’-deoxy-
uridine (128) was attached to polystyrene resin and reacted with thien-3-ylboronic acid under optimized
conditions. Standard cleavage of the resin was carried out by sodium methoxide in the mixture of methanol

and dioxane at elevated temperature. The yield of desired product 129 (after five steps) was 32% (Scheme
36).%

% | 1. Pd(PPhs)s, Na;CO3, o ,?
HL\J\}E/ H,O/DME, 80 °C, HN™
0”'N ~ B(OH), 24h O™N
+ S —_— >
oL_mo ), *tT P HO o
MeOH/dioxane, 80 °C
OAc OH 32%
128 129
Scheme 36

2.3.3. Negishi coupling

Negishi reaction is another type of metal-assisted cross-coupling. The reactants used in this reaction
are: organozinc compounds (R’-ZnX), organic halides (R’’-X) like chlorides, bromides or iodides and
palladium or nickel complexes employed as catalysts. The largest disadvantage of this reaction is an
obligation of strictly anhydrous conditions that makes the workup procedures problematic and, in
comparison with trialkylaryl stannanes and boronic compounds, zinc salts are the least stable reagents.” The
catalyst cycle is presented on Scheme 37.
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Scheme 37

The reaction between trimethylsilylated 5-iodo-2’-deoxyuridine (130) and ZnCl* salts of the
heterocycles in boiling THF, in the presence of Pd(PPhs), as catalyst, allowed to obtain the thiazol-2-yl and
N-methylimidazol-2-yl derivatives of 2’-deoxyuridine in moderate yields. This strategy was not successful in
attempts of the synthesis of isoxazole, 2-(trimethylsilyl)thiazole, furan and N-{[(2-trimethyl-
silyl)ethoxy]methyl }imidazole derivatives due to very poor yields (less than 10%). Trimethylsilyl groups
were cleaved in the reaction with methanolic solution of ammonia (Scheme 38).5

OSiMe; o) x/\\
Ny o retan MY
' OAN + i\_xh/anI ’ ’ OAN No X, Y Yield
Me3Sio o Y 2. NHs in MeOH How o NS "
OSiMes OH 131 N,N-Me 64
130 26, 131
Scheme 38

Similar conditions were used in a direct coupling of silylated 5-iodo-2’-deoxyuridine with some
organozinc heterocycles. Deprotection of silyl groups was performed by hydrolysis in aqueous solution of
triethylamine. The yields of obtained products (8, 133, 134) were from low to moderate (8—39%) (Scheme
39).%

o) O i
| 1. PACIy(PPhs),, R No R Yield
HN- THF, rt, 20 h HY S
Ny g —— s OON I W R
Me;3Sio o R 2.TEAInH,0 HO7 Qo 7
U 133 N 39
/ HsC
OSiMe, OH
134 ”S 8
132 8, 133, 134 ﬁ
Scheme 39

In another approach of the synthesis of 5-hetaryluracil derivative under cross-coupling reaction

conditions, the palladium catalyst was generated in situ from bis(dibenzylideneacetone)palladium(0)
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(Pd(dba),) and P(O-furyl)s. This strategy gave the satisfactory result: in fact, the desired product 135 was
obtained in good yield (Scheme 40).

1) Znl Pd(dba),, o0 ~N
HaC \ ﬂ\[ | + q P(o-furyl)s HsC S
A T . |

O™N cl N THF,45°C, gy cl

CHgj under Ar, CH,
24 h 73%

126 135
Scheme 40

2.3.4. Direct arylation reaction

Direct C—H arylations is an alternative to the cross-couplings reactions. Similarly to the other metal-
assisted reactions palladium complexes are the most versatile catalysts. The syntheses can be performed in
the presence or absence of Cu(l) salts. The Cu-free reactions proceed by a concerted metallation-
deprotonation (CMD) mechanism.*’ K. H. Kim et al. reported a reaction of 1,3-dimethyluracil (136) with
3-bromopyridine. The optimized conditions used in this synthetic method were: the mixture of K,CO3 and
pivalic acid in DMF in the presence of Pd(OAc), as catalyst and PPhjs as additional ligand. The desired
product 137 was isolated in 35% yield (Scheme 41).*'

o Pd(OAc),, PPhs o /NI
HsC )Jj Br KoCOj, PiVOH H-C \
N r 2003 3
20+ O b
O N N DMF, 130 °C, O"N
CH, under Ny, 12 h CH3 350,
136 137
Scheme 41

2.4. Cycloaddition reaction
2.4.1. 1,3-Dipolar cycloaddition

1,3-Dipolar cycloaddition, also known as the Huisgen reaction,"” is one of the most powerful reaction
in the synthesis of 5-membered heterocyclic rings. The reaction proceeds between a dipolarophile
(unsaturated compounds like alkenes, alkynes or nitriles) and a 1,3-dipole (i.e., azides, nitrones,
diazoalkanes, etc.). The proper selection of these two reagents gave a possibility of synthesis of aromatic,
unsaturated and saturated heterocycles e.g., triazoles, isoxazolidines, oxadiazolines and more. Although
there are general terms for orientation of cycloadducts, the selectivity in these cycloaddition reactions varies.
For example, in azide-alkyne coupling reactions without Cu(I) catalyst, the expected 4,5-disubstituted-1,2,3-
triazole derivatives are formed in an equimolar ratio.*> The copper-catalyzed alkyne-azide cycloaddition
(CuAAC) reaction is at present the most popular variant of 1,3-dipolar cycloaddition and it is classified as
the click chemistry reaction.

An interesting variant of the one-pot synthesis was described.* It involves formation of a
dipolarophile, an azide derivative, and cycloaddition reaction runs in a single procedure using organic
halides and 5-ethynyl-2’deoxyuridine (138) as starting material. The reaction mixture was irradiated by
microwave in the presence of copper iodide, sodium ascorbate and N,N’-dimethylethylenediamine. The
products were obtained in very good yields (Scheme 42). The pivaloyloxymethyl group in product 139 was

cleaved by ammonia.**
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Scheme 42

Kim et al. obtained several 5-(1,2,3-triazol-4-yl) derivatives of uridines employing standard click
chemistry protocol using z-butanol/water mixture as a solvent system and CuSOy4-5H,0-sodium ascorbate as
a catalyst. The protecting groups present in uridine molecule were removed by 80% aqueous acetic acid (for
4-methoxytrityl group)*’ or LiIOH in a mixture of methanol/water (for acyl group) (Schemes 43 and 44).*°

—~R —~R
OMe O \_/ N/
O H/[\lkyj// Na Collj'so4'5H2?)’t Me Q1 NN AcOH 80% 21 N\N
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O \/ R 96 h { Y074 4h HO o
OH O
OH OH
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No R Yield | No R Yield
143 H 83 146 4-Me 56
144 2-Me 56 147 2-Et 87
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Scheme 44

Agrofoglio and his research group reported a possibility of formation of 1,4- or 1,5-regioisomers of
triazoles depending on the applied catalyst. The use of Cu catalyst like CuSO4-5H,0-sodium ascorbate in
typical synthesis led to 1,4-regioisomers of triazole ring (Scheme 45), whereas Cp*RuCl(PPhs), was

employed instead of standard Cu catalyst: 1,5-regioisomers were obtained (Scheme 46). Deacylation in all of
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the products was performed using ammonia in methanol. 1,4-Regioisomers, in contrast to 1,5-regioisomers,
showed biological activity against VZV."’
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Also 5-alkynylcytidine (161) could be coupled with some azides. These reactions were carried out in
the presence of CuSO4 and sodium ascorbate in THF/H,O solution (Scheme 47). The crystal X-ray studies of
the compound 107 revealed that the three aromatic rings in the solid state are coplanar. The distance between

one of the protons in the amino group and °N nitrogen atom in the triazole ring was found 2.1 A, that could

stabilize the coplanar arrangement by an intramolecular hydrogen bond.**#
NH .
" )jz/// cuso NHz N No R Yield
4 y \
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OH 164 Q/Q 15
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Scheme 47

By using a nucleoside derivative with a terminal alkynyl group 165 present on C-5 of uracil ring and a
sugar derivative possessing azide functional group (166), it was possible to synthesise some new
glycoconjungates. The disaccharide 167 was obtained during Cu-catalyzed cycloaddition using Cu(OAc),-
sodium ascorbate as the catalyst and ferr~-BuOH/H,0O mixture as a solvent (Scheme 48).5 0

Another kind of derivatives obtained in 1,3-dipolar cycloaddition reaction are so-called “double-

headed nucleosides”. Uracil and thymidine ring were joined by triazolyl linker, prepared in the reaction of
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appropriate 5-alkynyluracil and thymidine derivative having azido group in the presence of standard
Cu(OAc),;-sodium ascorbate catalyst (Scheme 49). The obtained cycloadduct 169, incorporated into DNA
strand, interacted with the complementary DNA strand by hydrogen bonds formation and n-stacking evoked
by the presence of triazole and/or uracil ring. These influences caused changes of stability in the studied
DNA structures.”’
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The introduction of porphyrin molecule 171 into nucleoside derivative by triazolyl linker was carried
out using (Cu(ACN)4PFs), a soluble in organic solvents Cu-catalyst (Scheme 50). The final cycloadducts
possess intercalating properties affecting stabilization/destabilization of DNA strand.”

HNJﬁ// N5t ‘ ’ 0 N
O O = CU(ACN)4PFe HL\J\“]/ENN ” _

U + - > O™ N
THF, rt, HO@
2-4 days
& N on & N

170 171 172n=0 36%
173n=1 28%

Scheme 50

In the syntheses of spin-labelling nucleosides (bearing nitroxyl group) typical catalyst system Cu(Il)-
sodium ascorbate must be avoided because of reductive properties of the latter. The catalyst is responsible
for reduction of desired nitroxyls to hydroxylamine derivatives. Instead of this catalytic system, the cuprous
iodide Cu(I) can be used directly as the click catalyst. The nitroxyls were stable under other conditions like
temperature or solvents: tert-butanol:H,O (Scheme 51) or tert-butanol: THF:H,O (Scheme 52).5 354
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Other 5-hetaryluracils were obtained in the coupling reaction of appropriate nitrile oxides with alkynyl
derivatives (isoxasoles) or nitriles (1,2,4-oxadiazoles). The nitrile oxides are far less stable than azides and
they must be generated in situ and used immediately without any purification in the cycloaddition reaction,
due to possible dimerization into the furoxans.

There are few methods of the nitrile oxides generation. The most favourable, especially for aryl nitrile
oxides, is chlorination of oximes by N-chlorosuccinimide (NCS) and further elimination of hydrochloride
using a base i.e., triethylamine (TEA).>> According to this procedure the products 177 and 178 were
obtained. When dibromoformaldoxime was treated with sodium bicarbonate as a base, bromonitrile oxide
was obtained. This nitrile oxide was applied for the preparation of compound 179.° The aliphatic nitrile
oxides were also generated from nitroethane and nitropropane. Treatment of these nitro compounds with
phenyl isocyanate in the presence of catalytic amounts of TEA led to the formation of the desired nitrile
oxides and diphenylurea as a side product.3 The above mentioned cycloaddition reactions were carried out in
DMF (compounds 177, 178), ethyl acetate (179) or toluene (180, 181). The toluolyl protecting groups in the
all cycloadducts were removed using sodium methanolate in methanol giving unprotected nucleosides
(Scheme 53).°
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180 e 69
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176 177-181

Scheme 53

In another frequently used method, nitrile oxides are generated from the appropriate oximes by
treatment with a commercial bleaching agent containing NaOCI. The acyl protecting groups in the obtained

products were removed using LiOH in aqueous methanol (Scheme 54). 146
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As an alternative for ethynyl derivatives of nucleobases or nucleosides applied in the cycloaddition
reactions, also nitriles, like 5-cyanouracil, can play a role of the dipolarophile. The chlorination of aryl
aldoximes followed by base (TEA) treatment was used for generation of nitrile oxides and subsequent
cyclization with unprotected 5-cyanouracil. The cycloaddition reaction was conducted at the room

temperature for 24 hours (Scheme 55). The expected products (190—196) were obtained in moderate
yields.56
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Scheme 55

In all of the previously mentioned cycloaddition reactions, the uracil derivatives were used as the
dipolarophiles. However, they could also play a role of 1,3-dipole. The oxime of 5-formyluracil is a
1,3-dipole precursor. The presence of n-octyl protecting groups caused better solubility in nonpolar solvent
used in this synthesis (CH,Cl;). The reaction was conducted in a biphasic methylene chloride/aqueous
solution of NaOCI system and the expected cycloadduct was obtained in good yield (Scheme 56).

O NOH Oct o N(/)
Oct NaOCl NWO
L\l\ T H + \\\,07‘/© > O//LN| O
0" N 5 CH,Cl,/H,0, 0-20 °C,
Oct 24 h Oct
80%
197 198
Scheme 56

Another dipole was generated from the corresponding oxime 199 in the same biphasic system and its
similar reactivity was observed. The dimethoxy cycloadduct was transformed into the unprotected uracil
derivative 200 by heating in acetic acid in the presence of sodium iodide (Scheme 57).”’
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In another experiment, the oxime of 5-formyluracil was coupled with 5-cyanouracil forming

cycloadduct possessing two uracil rings connected by aromatic 1,2,4-oxadiazolyl link (Scheme 58).%¢
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2.4.2. Diels-Alder cycloaddition

Diels-Alder cycloaddition belongs also to pericyclic reactions. Two components, a conjugated diene
and a dienophile take part in the reaction forming a 6-membered carbon or heterocyclic ring. After further
transformation of the obtained ring, it is possible to obtain the aromatic analogue. During the synthesis of
furo[2,3-c]pyridinones, unexpected S5-hetaryl derivatives of uracil were obtained. The acyl azides were
transformed in situ to arylisocyanates which dimerized under applied conditions. Further elimination of
arylvinyl group furnished products 204 and 205 (Scheme 59).”
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Scheme 59

Another way for the synthesis of the heteroaromatic rings like pyridazine or pyridine was reported by
Maggiora and co-workers.”” The first step was Diels-Alder cycloaddition between 5-ethynyl-2’deoxyuridine
or its acyl-protected analogue (dienophile) and tri- or tetrazine (diene). In the second step, nitrogen
elimination occurred and the new 5-hetaryluracils were formed. In the case of pyridine derivatives, an equal
mixture of two regioisomers was obtained in 32% yield (Schemes 60 and 61).%
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2.5. Miscellaneous

5-Diazouracils are interesting substrates for the synthesis of hetaryl ring on C-5 in uracil moiety. The

substitution reaction of diazo group by pyridine resulted in the formation of a mixture of two regioisomers
(46 and 47, in a ratio 1:2) in 60% yield (Scheme 62).%

9 oy’ Jjﬁ Jj)@
N reflux 4 h
N
”Ntﬁ v O

60% H

mixture of 46, 47
Scheme 62

In another approach, a substitution of diazo group by azoles like imidazole, 1,3,4-triazole or pyrrole

was reported. The presence of rhodium acetate as catalyst was required. The yield of products varied in the
range of moderate to very good (Scheme 63).”!

No R Yield
0 ﬁN Rh,(OACc), HN azole 211 NAN 96
HN}Kf 4+ azole —m
é\ & 80 °C \N/\N
212 “N 34
210 211-214
23 N e
HsC
z
Scheme 63 214 :@ 86

A 5-(pyrrol-1-yl)substituted uridine was obtained in a direct reaction of 5-bromouridine derivative
with pyrrole under heating (Scheme 64).%*

0]
HNJ\J/B'" H HNO )
ON N 70-80 °C %)K[
Fiol T W — = _ON
F1o
HO OH HO OH
215 216

Scheme 64

The multi-step synthesis of 5-(pyrimidin-4-yl)-substituted uracil derivatives was reported by
Strekowski. The first step was the preparation of 5S-lithium pyrimidine in the reaction of 5-bromouracil
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derivative with n-buthyllithium (n-BuLi) followed by treatment with 2-alkoxypyrimidine. The reaction
mixture was quenched by water and hydrolyzed by 50% aq. acetic acid. The 5-(2-alkoxypyrimidin-4-yl)

uracils were obtained in very low yields (Scheme 65).%

N
RO N No R Yield
) . THF, -30°C, 1.5 h 0O AN
0 t'g’r“ n-BuLi 0 t'E“ 2. H,0 HN \NB\OR 218 Me 6
N c N % CHaCOOH, O™ N
S THF, -70 °C, PN 3. 50% CHj H, O°°N 219  Et 14
tBuO" N under Ar, tBuO" N 80 °C, 15 min H
05h
216 217 218,219
Scheme 65

3. Applications

A significant number of compounds described in the previous chapters were suspected of having
biological activity and potential application in medicine. The biological targets were mostly viruses (i.e.,
HSV-1, HSV-2, VZV, HIV) and cancer cells. The most promising compounds were described by Wigerink’s
research group. The nucleosides possessing on carbon C-5 of uracil ring isoxazolyl, thioazolyl, pyrrolyl or
thienyl substituent (Figure 4) showed activity against HSV-1 and TK" enzyme of VZV. Unfortunately, all
the examined compounds in comparison with BVdUrd exhibited higher ICsg, and this eliminated them from
further studies.™"

0 s o ~ BCEN 0
HNJj/@ HNKU/@ HN SN W WCW
A A A

O" N O"' N O"'N
How How How How How
OH OH OH OH OH
8 14 26 179 180
Figure 4

Kim and his co-workers synthesized compounds with a considerable activity against HSV-1 and
HSV-2 (Figure 5). For comparison, their activity were much better than referenced drugs (Acyclovir-ACV
and Cytarabine-AraC). All of the mentioned compounds showed also anti-RNA viruses (EMCYV, Cox B3,
VSV) activity. Three of them (220-222) were also tested against cancer cells (NUGC-3-stomach and PC-3-
prostate). As a result of these experiments, it was concluded that the derivatives having the more bulky
substituent displayed the greater anti-cancer activity. On the other hand, all of the presented compounds

exhibited high cytotoxicity, higher than the permitted for medicine drugs.'*°

O AR o g,

OH OAc OAc OAc

186 220 221 222
Figure 5
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Compounds 153-156 (Figure 6) were evaluated against a variety of viruses and the best results were
achieved for VZV. In contrast to their excellent ICsy indexes, they were also quite cytostatic and this

excluded them from further bioassays.*’

Br OPh

e O O
F
N
0 : N N N
| N O | N O | N O | N
HN™ 5 N ‘ N N
A HN N HN™Y HN™Y
o N Ay 0”N 0™N
HO o O" N
HOW How HOW
OH

OH OH OH

153 154 155 156
Figure 6

The anti-tumour activity of S-hetaryluracil derivatives is not limited to nucleoside analogues. The
modified nucleobase 42 (Figure 7) showed better inhibition of leukaemia cells (LL1210) growth than

. . 64
5-fluorouracil used at the same concentration.

5-Hetaryluracils are used in medicinal chemistry not only as the pharmacophores but also as a tool for
identification of damages in DNA/RNA strands. The synthesized compounds 174 and 175 (Figure 8), after
incorporation into oligonucleosides, are applied as a site-directed spin-labels, due the presence of nitroxyl
group possessing an unpaired electron. EPR spectroscopy enables detection of structural deformations in

DNA strands, in particular the abasic sites. >

Hw g Hw b

OH OH

174 175
Figure 8

Besides, incorporation of a nucleotide bearing fluorescent substituent could be useful in study of DNA
structure. Presented below cycloadducts 162—164 (Figure 9) are fluorescent in the blue region (375-385
nm). Their values of quantum yields are similar to the recently explored other fluorophore, methylpyrrolo-

cytosine, dedicated for DNA investigations.48
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162 163 164
Figure 9

The compound 150 (Figure 10) was proposed to be employed as a drug delivery vehicle. Because of its
low molecular weight, this molecule is bioavailable. This uridine derivative gelated water at low
concentration (<0.2%). It forms a hydrogel of a fibrous structure and exhibits self-assembling properties as a

result of hydrogen bonding presence.“s’65 Formation of gels in pure water is an important properties

A

N

O [ N
HN | N
O%\N
OH

150
Figure 10

necessary for biomedical applications.

4. Summary

The different approach toward the synthesis of 5-hetaryluracil and cytosine derivatives has been
presented. The classical methods of condensation reaction were under parallel developing of synthetic and
theoretical chemistry exchanged into modern metal-assisted cross-coupling reactions. Application of [2+3]
dipolar cycloaddition lead to another 5-substituted uracils. Described methods gave an opportunity to get a
wide range of modified nucleobases or nucleosides and reflect the growing interest in the synthesis of
modified nucleosides. Their biological activity against different biological targets and usefulness in
medicinal applications are promising feature leading to finding more efficient and versatile routes of

synthesis as the search for new analogues is an imperative in present drug design.
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INTRAMOLECULAR TRANSFORMATIONS OF
4-(2-SUBSTITUTED ARYL)-1,2,3-THIA- AND -SELENADIAZOLES.
SYNTHESIS OF BENZO[s]JFURANS, INDOLES, BENZO[b]THIOPHENES,
BENZOI[S]SELENOPHENES AND OTHER HETEROCYCLES
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Abstract. An unusual transformation of 4-(2-substituted aryl)-1,2,3-thia- and selenadiazoles allows a
convenient approach towards a wide variety of heterocyclic compounds: benzo[b]furans, indoles,
benzo[b]thiophenes and benzo[b]selenophenes. These compounds may be the useful building blocks for
constructing more complex molecules and possess potential biological activity. The scope and synthetic

applications of the reaction will be discussed.
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6. Other heterocycles
References

1. Introduction

Indoles are ubiquitous among natural products and their synthesis has attracted organic chemists.'”’
The primary reason for the sustained interest to the indoles is the wide range of biological activity found
among its derivatives. The benzo[b]furans also appear in natural and synthetic physiologically active
compounds, but not so much abundantly as indoles.*

Benzo[b]thiophene and its related derivatives represent an important class of fused thiophene
compounds in the field of bioactive materials, as well as optoelectronic materials. In particular,
multithiophene fused aromatic compounds are attracting current interest as promising electronic materials
for organic conductors, organic light-emitting diodes, photovoltaic cells and field-effect transistors. ¢

The synthesis and characterization of benzo[b]selenophenes are of current interest owing to their
potential applications as organic semiconductors for various optoelectronic devices.””® Benzo[b]
selenophenes have received little attention as potential drugs, although their potent biological activity and
synthetic utility have been discussed in the literature.”* "'

The presence of highly substituted benzo[b]furans, indoles, benzo[b]thiophenes and benzo[b]
selenophenes in a number of architecturally and biologically interesting natural and non-natural products
continues to inspire chemists to develop new and improved routes to their synthesis.

Our contribution to this area has been the synthesis of benzo[b]furans and indoles having sulfur and
selenium substituents attached to the C2-atom, as well the development of a convenient approach towards
multifunctional benzo[b]thiophenes and benzo[b]selenophenes bearing amino, hydroxy or other functional
groups attached to the heterocyclic ring.

Some 2-selanylbenzofurans are known to be highly efficient antioxidants.*® Several natural products
having specific biological activity contain the 2-thioindole fragment. For example, cruciferous sulfur-
containing phytoalexins: brassilexin, sinalexin, cyclobrassinin occurring in plants, have a broad
antimicrobial activity playing crucial roles in their resistance to pathogen invasion.”> For example, some
2-thioindoles have been demonstrated as useful intermediates in the synthesis of 2,2’-dithiobisindole
tyrosine kinase inhibitors.>*’

Though derivatives of 2-dimethylamino-6-hydroxybenzo[b]thiophene are important intermediates in

38-41

the synthesis of the selective estrogen receptor modulators - raloxifene and its analogs, and 2-amino-

benzo[b]thiophenes, in general, belong to an elusive group of benzo[b]thiophenes.
One of the most versatile and efficient routes to indoles, benzo[b]furans, benzo[b]thiophenes and

benzo[b]selenophenes is provided by metal-catalyzed cyclization reactions of ortho-ethynylanilines,**™*

46049 053 and  ortho-ethynylselenophenols.”®>*  These

ortho-ethynylphenols, ortho-ethynylthiophenols
precursors can commonly be obtained by Sonogashira coupling of corresponding ortho-haloanilines and
ortho-halophenols with acetylenic compounds™ or by nucleophilic displacement of halogen atom in ortho

position to ethynyl group by the corresponding chalcogenide.”® A scope of the substituents, which can be
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attached to the newly formed heterocyclic ring using this protocol is restricted by the nature of acetylene and
commonly limited to aliphatic and aromatic moieties. Use of ortho-substituted arylthio- and -selenoketenes
could outweigh this disadvantage and significantly expand the scope of the reaction allowing attachment of a
great variety of hydroxy, amino, sulfur and selenium substituents to the heterocyclic ring. However,
chalcogenoketenes, as a rule, are extremely unstable, that makes it reasonable to generate them in situ. 5-Un-
substituted 1,2,3-thia- and selenadiazoles are readily available and quite stable masked precursors of chalco-
genoketenes.”® The reaction of the in sifu generated chalcogenoketene with internal nucleophiles X=0",
NHR, S°, Se™ via 5-exo-dig cyclization affords corresponding benzo[b]furans, indoles, benzo[b]thiophenes
and benzo[b]selenophenes having chalcogenoketene-derived heteroatom Y=S, Se outside of the newly
formed heterocyclic ring (exocyclic Y-atom); while the similar reaction with external nucleophiles Nu=RO,
RoNH, RS, RSe™ via an 5-exo-trig process results in benzo[b]thiophenes and benzo[b]selenophenes having
an endocyclic heteroatom Y originating from the chalcogenoketene moiety (Scheme 1).

X=0, NHR
B _ Y=S, Se H
H E= electroph|le
5-exo-di ') > vE
X YH Y~ benzo[b]furans
E indoles
N X = Cl, Br
Y =S, Se H
Nu = leophil
4-(ortho-arylsubstituted)- 1 = nucieop IP:
1,2,3-chalcogenadiazole H _ g N—Nu
H 5-exo-trig Vv
L X C — X C*“N\
J U)  Nu .
Y Y benzo[b]thiophenes

benzo[b]selenophenes
ynchalcogenol-chalcogenoketene tautomerism

Scheme 1

2. Benzo[b]furans
2.1. Benzo[b]furans-2-sulfides

o= Gy o

E = electrophile

2.1.1. 4-(2-Hydroxyaryl)-1,2,3-thiadiazoles
Two different approaches to the synthesis of 4-(2-hydroxyaryl)-1,2,3-thiadiazoles are documented in
literature. The first approach employs the Hurd-Mori procedure starting from hydrazones of 2-hydroxy-

acetophenones, whereas the second approach utilizes modification of the phenyl core of already synthesized
4-(2-hydroxyaryl)-1,2,3-thiadiazoles.
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A reaction of 2-hydroxyacetophenones 1la—1h with ethyl carbazate gave carbazones 2a—2h (61-96%
yield), which were further treated with SOCI, affording thiadiazoles 3a—3h (64—88% yield, Scheme 2).5 7

R3 R3 R3
R2 RZ RZ
NH,NHCOOEt SOCl,
> —
R O i-PrOH, reflux R /N\H/COOEt reflux R \ N‘N
OH CH; OH CHj OH g
1a-1h 2a-2h 3a-3h

3a, R'=R?=R3=H (64%); 3b, R"=R®=H, R?= CHj; (87%); 3c, R" = R?=H, R3= CH; (88%)
3d, R'=R?=H, R®=CI (85%); 3e: R" = Br, R>=H, R®= CHj3 (61%); 3f, R" = NO,, R>=H, R®= CH3 (71%)
3g,R'= R3—H R?= OH (61%), 3h, R'=R?=H, R3 =OH (69%)

Scheme 2

An alternative approach involves modification of the benzene ring of already synthesized

4-(2-hydroxyaryl)-1,2,3-thiadiazoles (Scheme 3).”®

Cl
ii
| N
|v S
7%)
3n (27% 3| 3f 3c 3d 3k 3I
N
v Br | °N
OH S/
3e, 3m

3e, R = CHj; (85%); 3f, R = CHj (57%); 3i, R = CI (78%): 3k, R = CH5 (83%); 3, R = Cl (77%); 3m, R = Cl (73%)
conditions: (i) HNO3 Ac,0, AcOH; (ii) Cl, AcOH; (iii) Fe, AcOH; (iv) I NaOH, MeOH; (v) Br, AcOH

Scheme 3

2.1.2. Benzo[b]furan-2-thiolates. Reactions with alkyl halides

The reaction of 4-(2-hydroxyphenyl)-1,2,3-thiadiazole 3a with K,CO3; and CHsl under aprotic
conditions (acetone) afforded O-alkylated thiadiazole 4 (40%) along with 2-(methylthio)benzofuran Sa
(56%). In order to obtain methylthiobenzofurans Sa, Sb selectively, it was necessary to add CH3I when the

decomposition of 3a, 3b was over (Scheme 4).5 8.59
N\
N
OCH; \ g R ' )
4 (40%) -< CH3|, K2C03 N\ (|) K2CO3, (II) CH3| > mSCHB
+ (CH3),CO, reflux \ ‘/N (CH5),CO, reflux R o)
A OH S 5a, 5b
SCH,4 3a, 3b
0]
5a (56%) 5a, R = H (90%); 5b, R = CH; (92%)
Scheme 4
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The less active alkylating agents could be introduced at the beginning of the reaction giving 2-(alkyl-

thio)benzofurans 5¢—5p as single products of the reaction (Scheme 5).”% !

RS
R2 3
R*X, K,CO5 R
N S \ SR4
R \ ‘:N (CH3),CO, reflux R2 o
OH S R1
3a-3h, 3k-3m Sc-5p

5¢, R'=R?=R3= H, R*X = n-C4gH33Br (92%); 6d, R' = R?= H, R®*= OH, R*X = n-C4gH33Br (97%)
5e, R'=R3=H, R2-0H R*X = n-C4gH33Br (46%); 5f, R" = R2- R3=H, R*X = BnCl (90%)
59, R'= R3=H, R?= CHj, R*X = BnCl (72%): 5h, R" = R?= H, R3= CHj3, R*X = CICH,C(O)NH, (67%)
5i, R' = R?=H, R%= CI, R*X = CICH,C(O)NHPh (82%): 5j, R' = R?= H, R®= CI, R*X = CICH,C(O)NH(4-PhOCH3) (87%)
5k, R'= R?=H, R®= Cl, R*X = CICH,C(O)NH[2,6-Ph(CH3),] (63%)
51, R" = Br, R2— H, R3= CHj3, R*X = CICH,C(O)NHPh (65%); 5m, R = Br, R? = H, R3= CI, R*X = CICH,C(O)NHPh (74%)
5n, R"= NH,, R2- H, R3= CHj, R*X = CICH,C(O)NH[2,6-Ph(CH3),)] (61%)
50, R"=1, R?=H, R®= CH3, R*X = CICH,C(O)NH(4-PhOCH,) (71%)
5p, R'=1, R?=H, R®= CI, R*X = CICH,C(O)NH(4-PhOCHj3) (77%)
Scheme 5

An attempt to decompose 4-(2-hydroxy-3-nitro-5-chlorophenyl)-1,2,3-thiadiazole 3i under similar
conditions (K,COs, (CH3),CO) led to phenolate 6. The starting material 3i could be regenerated upon
addition of aqueous HCI. However, the ring-opening could be promoted using a stronger base (tert-BuOK,
THF). The successful recyclization to 5-chloro-2-(methylthio)-7-nitrobenzofuran 5q required a proton
donor. Thus, addition of aqueous CH3;0H followed by addition of CH3I afforded Sq in 48% yield, whereas
the addition of aqueous HCI followed by the addition of KOH and CH3l yielded 65 % of 5q (Scheme 6).°®

Cl Cl

HClaq) reagents Cl A

K,CO THF, 25°C mscm
oK%y oH g NO,
6 3i 5q

reagents: procedure A: 1) tert-BuOK, 0.5 h; 2) CH30H 44y 1.5 h; 3) CHgl, 2 h (48%)
procedure B: 1) tert-BuOK, 0.5 h; 2) HCl4qy 5 min; 3) KOH 44 5 min; 4) CHsl, 2 h (65%)

Scheme 6

The reaction was applied to the synthesis of crown ether Ss by a stepwise selective alkylation of

5-hydroxybenzofuran-2-thiolate which was generated in situ from thiadiazole 3h (Scheme 7).”

2.1.3. Benzo[b]furan-2-thiolates. Reactions with aryl halides

Similarly to the alkylation, benzofuran-2-thiolates 3a—3c could be arylated in situ with 2,4-dinitro-
chlorobenzene: the products of the reaction in these cases were 2-(2,4-dinitrophenylthio)benzofurans 7a—7¢
along with 3-(2,4-dinitrophenyl)-2-(2,4-dinitrophenylthio)benzofuran 8 (Scheme 8). The formation of 8
accompanied by a deep-red color of the reaction mixture may evidence the anion-radical nature of the

reaction. Similar reactivity of benzofuran-2-thiol with two molecules of styrene is reported in literature
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supporting this assumption.”> When the reaction was carried out under an atmosphere of argon, formation of

8 was not observed.®!
o™

OH o} ¢} HO
( ) T
Cl Cl o) —>
0
HO

N
on LN KzCO3, (CH3),CO \ )
3h S O
o
5r (72%
‘/\O/\ r( o)
o} o}
C I —
OTos TosO ( N—d¢ Db
NaH, THF P © 4>
an, o o
P 2
M>—s o
o —/
5s (38%)

Scheme 7

ArCl, KoCO3 R m 2 NO,
N, CHCN, refux ! g N0 " N—s  NO,
OH SI 7a-7c R? O
3a-3¢ NO,
NO,

7a, R'=R?=H (93%); 7b, R"= CHz, R?=H (59%); 7c, R'= H, R?= CHj (46%); 8, R" = H, R*= CHj
ArCl = 2 4-dinitrochlorobenzene

Scheme 8

2.1.4. Benzo[b]furan-2-thiolates. Formation of benzo[b]furan-2-thiols

Benzofuran-2-thiols 9a—9e were synthesized by K,CO; that promoted decomposition of thiadiazoles
3a-3d, 31 in DMF. Thiadiazole ring opening in compound 3i required the use of a stronger base such as
tert-BuOK in THF at 25 °C (Scheme 9).

'"H NMR spectra of thiols 9a—9f acquired in CDCl; (25 °C) evidenced that these compounds existed as
a tautomeric mixture and electron-withdrawing substituents stabilized the thiol form (Scheme 10, Table 1).
Thus, in °C NMR spectra of benzo[b]furan-2-thiols 9a and 9c, the Bc signals of carbon atoms
corresponding to enethiol and thione tautomers were well resolved. The methylene group signals of the
thione tautomers dc(CH») appeared in the region of 48.6—48.1 ppm, while the signals of the thiocarbonyl
groups oc(C=S) appeared at 215.8-216.7 ppm. The characteristic Be signals of the enethiol form resided in
the region 110.7—-111.3 ppm for 5¢(C3) and 150.5-155.8 ppm for dc(C2).5%*
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2 3
R (i) base, (i) HClaq) R \
SH
R’ \ N‘\N solvent R2 o

OH g R’
3a-3d, 3i, 3l 9a-9f
9a, R'=R?=R3=H (68%); 9b, R'= R3= H, R?= CHj3 (32%); 9¢, R = R?= H, R®= CHj3 (55%)

9d, R'=R?=H, R®= CI (86%); 9¢, R'=1, R?=H, R®= CI (90%); 9f, R" = NO,, R?= H, R%= CI (80%)
conditions: 9a-e, base K,CO3 solvent DMF; 9f, base tert-BuOK, solvent THF

Scheme 9

Table 1. Ratio of thiol-thione tautomers in CDCls at 25 °C.

ou, ppm (CDCl3), 25 °C thiol-thione
compound # ) ) )
SH  CH; (thione) H3 (thiole) tautomer ratio
9a 3.70 4.23 6.79 1.04:1
9b 3.66 4.18 6.74 0.68:1
9¢ 3.68 4.16 6.69 0.61:1
9d 3.76 4.19 6.70 2.13:1
9e 3.85 4.32 6.81 6.25:1
of 4.02 4.40 6.85 16.7:1
R \ CDCl3, 25 °C R?
SH S
R? 0 R? 0
R’ R
9a-9f 10a-10f

R'=R?=R3=H (9a/10a = 1.04); R'= R®= H, R?>= CHj3 (9b/10b = 0.68)
R'=R?=H, R®= CHj; (9¢/10c = 0.61); R = R2—H R3= ClI (9d/10d = 2.13)
R'=1, R2—H R3=Cl (9e/10e = 6.25); R' = NO,, R2-H R3=ClI (9f/10f = 16.7)

Scheme 10

2.1.5. Benzo[b]furan-2-thiolates. Reactions with oxidizing agents

Oxidation reactions (air, I, HyO,) of thiolates derived from thiadiazoles 3a—3f, 3m produced poorly
soluble orange oligomers 11a—11f instead of expected disulfides. In the case of thiadiazole 3f, it was
possible to isolate disulfide 12 in 68% yield (Scheme 11).%®

3a-3f, 3m 45 R3
HsC NO, l S/Z/;Q/\W
M»s 0o ] | R _ | o1 R L
NO, 12 CHy | R? 0 R? ° ,
R'l R1 S o R
11a-11f R

11a, R'=R?=R3=H; 11b, R'=R3=H, R?= CHj; 11¢, R'=R?=H, R®=CH;; 11d, R'=R?=H, R®= Cl
11e, R'=Br, R?=H, R3= CH5; 11f, R'=Br,R?=H, R®*=ClI

Scheme 11
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2.1.6. 4-(2-Hydroxyaryl)-1,2,3-thiadiazoles. Aspects of reactivity

It was found that the nature of solvent and base strongly affected the course of the reaction: aprotic
solvents like (CH3),CO, MeCN, DMF and THF were favorable, whereas protic solvents like CH;OH and
C,Hs0OH inhibited the reaction (Scheme 12).

K,COs,, tert-BuOK
|
¢ | DMF, THF, CHACN, (CH3),CO

N, KOH . [C|m -+
N > SK
o U o CaHoOH, reflux s
A

——> products

3d
e KO

CH30H, C,H5OH, reflux
Scheme 12

An attempt to methylate the O-atom of 3d failed, whereas an acid-catalized acetylation of 3d
succeeded (Scheme 13).58

Cl Cl o]
KOH, CHgl AC,O
< - Xmee-e- >
N, CH3OH, reflux N, H3POy, reflux, 5 min N\\N
\N \N
OcH, | s on | s onc | s
13 3d 14 (78%)
Scheme 13

2.1.7. Benzo[b]furan-2-thiolates. Synthesis of polycyclic compounds

The reaction was used for the synthesis of heterocycles having more than one furan ring. Compounds
containing benzo[1,2-b:5,4-b"ldifuran heterocyclic substructure were found in some algae (cyperaquinone).
As a rule, this class of heterocycles is synthesized from resorcinol and has been first mentioned in literature
in 1932.

The decomposition of 4,6-di(1,2,3-thiadiazol-4-yl)benzene-1,3-diol 15 followed by alkylation with
n-butyl- or benzyl bromide afforded corresponding benzo[1,2-b:5,4-b'|difuran-2,6-disulfides 16a, 16b
(Scheme 14).%

"o oA RBr, K,CO
r, KoLUOj
= 74 A\
- ] \ N, MeCN, refiux, 2h RSmSR
s 15 s 16a, 16b

16a, R = n-Bu (42%): 16b, R = Bn (39%)
Scheme 14

The diol 15 was synthesized by stepwise reaction of diketone 17 with two equivalents of ethyl
carbazate, followed by cyclization of dihydrazone 19 upon treatment with SOCI, (Scheme 15).%
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NHNH,COOEt
HiC CH; PhMe, reflux, 2n  HaC |CH3
18
© 17 0 © N NHCOOE
NHNH,COOEt JEtOH, reflux, 30 h
HO OH
s0CI, HO OH
N N -
N ] N reflux, 5h HsC CHy
\S 15 S/ ,IN 19 Nl\
EtOOCHN NHCOOEt
Scheme 15

Furocoumarins, such as the angular angelicin and the linear psoralen, are natural products derived from
umbelliferone (7-hydroxycoumarin), which are present in members of the Apiaceae, Leguminosae, Rutaceae
and Umbelliferae families. Psoralen derivatives react with DNA upon excitation with long wavelength UV
light and have been widely used in treatment of skin diseases. Undesired side effects, such as skin
phototoxicity and skin cancer may occur, mainly due to the formation of crosslinks between the DNA or
RNA. Other applications are found in the treatment of cutaneous T-cell lymphoma, AIDS and in molecular
biology as reagents for the investigation of nucleic acid structure and function. The less toxic angelicin
derivatives have similar photoactivity. They are described to give mainly mono-adducts to DNA and RNA %

The method was used for the synthesis of the novel thiolate derivatives of furocoumarins 22a—22¢ and
25a, 25b. The alkylated sulfide derivatives may possess interesting pharmacological, photophysical and
photochemical properties. Moreover, the reactive thiolate function may allow, in combination with a suitable
electrophile, the smooth conjugation with another group of interest, affording novel and specific drugs for
photodynamic therapy (Scheme 16).%

X i, ii N ii X
—_— —_—
HO 0”0 HO 0~ ~0 o 0”0
HsC” Y0 20 7 N 21 = 22a-22c
/ RS
S—N
O CH3 S/N:N CH3 CH3
HsC X i, i = N i RS %m
—_— _ >
o)
HO 0~ S0 HO o "0 o0
CH; 23 CH, 24 CH,

25a-25b

223, R= CH3, 22b, R= n-C16H33; 22C, R = CH2(4-FC6H4), 253, R = CH3, 25b, R= n-C16H33
conditions: (i) NH,NHCOOC,Hs; (ii) SOCl,, 25 °C, 2h; (iii) base, RX, MeCN, reflux, 2h

Scheme 16

When 2-acetyl-naphthol 26 was consequently treated with ethyl carbazate and thionyl chloride,
4-(4-chloro-1-hydroxy-2-naphthyl)-1,2,3-thiadiazole 27 formed unexpectedly. Apparently, the electron-rich
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naphthalene ring is chlorinated under the conditions of Hurd-Mori reaction. The treatment of the thiadiazole
27 with potassium carbonate in the presence of 1-bromohexadecane led to 2-n-hexadecylsulfanyl-5-
chloronaphtho([2,3-a]furan 28 in good yield. A small amount of 4-(4-chloro-1-(hexadecyloxy)-2-naphthyl)-
1,2,3-thiadiazole 29 was isolated at the same time. Probably, the alkylation reaction of the electron-rich
naphtholate anion is faster than that of the corresponding phenolate and will compete with the decomposition
reaction (Scheme 17).59

cl
| o (4
ii NH,NHCOOC,Hs O™ “SCyeHa3
ii: SOCI,, 25 °C, 1h C1eHa3Br, KoCO3 _ 28 (82%)
=
CH3 N_ (CH3),CO, reflux, 12h + N=N,
LN cl S
06 OH O OH S

27 (20%, 2steps)

29 (9%)
Scheme 17

2.1.8. Mechanistic considerations

The mechanism of this unusual reaction was elucidated by following the decomposition of 3a by 'H
NMR (400 MHz) spectroscopy.® Thus, a solution of compound 3a in CDsCN was treated with aqueous
tetrabutylammonium hydroxide at room temperature. Initially, the phenolate 30 was present as indicated by
the disappearance of the phenolic OH at oy 9.69 ppm (as compared to the spectrum without base) and the
downfield shift of the thiadiazole 5H from dy 9.20 to 9.76 ppm. In addition, the phenyl protons at the 3, 4
and 5 positions moved upfield by 0.42, 0.34 and 0.64 ppm, respectively, whereas the 6H was little affected
(AS +0.17 ppm). Slow nitrogen evolution was observed and, after a period of 21 hours, the 'H NMR
spectrum corresponded to a 1:1 mixture of compounds 30 and 34. The 5H of the 1,2,3-thiadiazole ring of 30
was partially deuterated under these conditions, proving the intermediacy of the 1,2,3-thiadiazol-5-yl anion
31. After 93 hours the reaction was completed and the NMR spectrum showed a clean absorption pattern of
benzofuran-2-thiolate 34 with oy 5.98 (3H), 6.81, 6.90 (5H and 6H) and 7.06 ppm (4H and 7H), with no
detectable impurities present.

base -N;
N, — N ~———— N _—
\N \\N \\N \
3a H 30

31 l

@’SMe o Mel @78@ -— Q\WH
0] e ©
34

5a

Scheme 18
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When the same reaction was followed by NMR spectroscopy in DMSO-dg, the alkynethiolate 32
(48%) was observed after 15 minutes, together with the phenolate 30 (35%) and benzofuran 34 (17%).
Compound 32 showed peaks in the '>°C NMR spectrum at dc 71.8 ppm (d) and 101.2 ppm (s) for the alkyne
carbons (respectively £ and a to sulfur). After 3 hours, the phenolate 30 had disappeared and the spectrum
showed a 1:1 mixture of 32 and 34. The ?C NMR spectrum of thiolate 34 had peaks at 173.9 ppm (d, “Jcy 9
Hz) and 99.1 ppm (d, 1JCH 173 Hz) for the C2 and C3 carbons of the benzofuran, respectively. After one
week, the transformation to benzofuranthiolate 34 was complete and the reaction mixture could be treated

with methyl iodide to give an immediate and quantitative reaction, affording the sulfide 5a (Scheme 18).

2.2. Benzo[b]furans-2-selenides

Q\E Q\ — N—seE
o
OHC

E = electrophile

2.2.1. 4-(2-Hydroxyaryl)-1,2,3-selenadiazoles
4-(2-Hydroxyaryl)-1,2,3-selenadiazoles
corresponding 2-hydroxyacetophenones 1la—1d, 1f, 1i, 1j via semicarbazones 35a—35g using the reported

36a—36g were synthesized in two steps from the

procedure (Scheme 19).67%
R3 R3 R3
R2 . R2 ) R2
| 1}
—_—
N.. .C(O)NH
R O R _ H C(O)NH, R \ N‘\N
OH CH;, OH CH;, OH “—ge
1a-1d, 1f, 1i, 1j 35a-35g 36a-36g
36a, R'= R?= R3=H (64%); 36b, R' = R®= H, R?= CHj3 (70%): 36¢, R'= R?=H, R®= CHj3 (70%)
36d, R'=R?=H, R®=Cl (61%); 36e, R'= NO, R?=H, R®= CH; (60%); 36f, R'= R?=H, R®= OCH3 (71%)
36g, R'= R%=H, R®= OBn (62%)
conditions: (i) NH,NHC(O)NH,'HCI, AcONa, i-PrOH; (ii) SeO,, AcOH.
Scheme 19
4 | Ac,0, ACON ~ |
HO- Co0, ACUNa  AcO—+
N N -CONH; , N N--COINH,
OH CH, H OAc CHj H
37a, 37b 38a, 38b
SeO, JAczo, AcOH
=] =]
HO— AcOT-
O \ _ Hai O N
\ °N MeOH | °N
OH g OAc “sge
40a, 40b 39a, 39b

38a, 2,4-(OAC), (68%): 38b, 2,5-(0AC), (59%); 39a, 2,4-(OAC), (87%)
39b, 2,5-(0AC), (81%): 40a, 2,4-(OH), (90%); 40b, 2,5-(OH), (92%)

Scheme 20
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Selenadiazoles 40a, 40b having two hydroxyl groups on the benzene ring could not be synthesized
by the action of SeO, on the corresponding semicarbazones 37a, 37b due to the ease of oxidation that is
typical for aromatic diols. However, the problem was solved by the protection of the phenolic hydroxyls
(Scheme 20).”

2.2.2. Transformation of 4-(2-hydroxyaryl)-1,2,3-selenadiazoles into benzo[b]furan-2-selenolates.

Mechanistic considerations

The progress of the base-promoted ring-opening of selenadiazole 36a was followed by 'H NMR
spectroscopy in DMSO-d in the presence of one equivalent of tetrabutylammonium hydroxide.

The formation of 45 was observed clearly, without an accumulation of intermediates 41-44. It is
interesting to note that for the alkynethiolate 32, the corresponding intermediates could be detected by
'H NMR spectroscopy. Apparently, the alkyneselenolate 43 is too unstable to be observed under these
conditions (Scheme 21).67

base @\
— Nl T

Nl N2 X

OH [ ’ OH @\ Se OH S see
36a 42
CHal
@SeC“s — ) — @\r
o) © ¢

45 1]
Scheme 21

2.2.3. Benzo[b]furan-2-selenolates. Reactions with alkyl halides
Despite of a high rate of the intramolecular cyclization the intermediate 43 was trapped by addition of
CHjsl in the course of the reaction (Scheme 22). Methylation of 43 was apparently faster than the ring closure

to benzofuran 45, which was not the case for other, less active alkylating agents.®”’

CHjsl, K,CO4 CH3| CH3| K2CO3
N ; CH3),CO
\ \\N (CHg)QCO % ( 3)2 %
OH ‘

OH H OH SeCH
36a °° 43 SeCHs 48 3

Scheme 22

The less active alkylating agents (long-chain alkyl halides, chloroacetamides, benzyl halides) can be
57,67,69

introduced to the mixture in the very beginning of the reaction, along with a base (Scheme 23).
2.2.4. Benzo[b]furan-2-selenolates. Reactions with aryl halides

Arylation of benzofuran-2-selenolates, similar to the arylation of the isomeric thiolates, resulted in a
formation of by-products Sla, S1b evidencing co-existence of anion-radical pathway of the reaction
(Scheme 24). The formation of S51a, S1b could be suppressed by carrying out the reaction under an

atmosphere of argon.69
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RS R*X, K,CO R
 KoCOs N seRr?
R \ N\\N CH4CN, reflux Rm
OH Se R’
36, 40 49a-49k

49a, R'=R3=H, R?= OH, R*X = n-C,H¢Br (30%); 49b, R' = R? = H, R®= OH, R*X = n-C4HqBr (38%)
49c, R'= R?=H, R3= CHj3, R*X = BnCl (66%); 49d, R'= R?=H, R®= OH, R*X = BnCl (59%)
49e¢, R'=R?=H, R®= OH, R*X = 4-(t-BuPh)CH,CI (69%); 49f, R" = R?= H, R3 = CHj;, R*X = CICH,C(O)NH, (53%)
49g, R'=R?=H, R3= CI, R*X = CICH,C(O)NH[2,6-Ph(Me),] (73%)
49h, R" = R?=H, R®= OCHj3, R*X = CICH,C(O)NH, (56%)
49i, R" = NH,, R?=H, R®= CHj, R*X = CICH,C(O)NH[2,6-Ph(Me),] (59%)
49j, R'= R?=H, R®= OH, R*X = CICH,C(O)NH, (89%)
49k: R'= R3=H, R?= OH, R*X = CICH,C(O)NH[2,6-Ph(Me),] (64%)

Scheme 23
NO,
OR
ArCl, K,CO5 RO \ O
5 Se NO, NO
N\\N CH4CN, reflux RO \ 2
OH \ e 50a-50b O S Se NO,
36f, 369 51a-51b
50a, R = CH3 (39%); 50b, R = Bn (53%); 51a, R = CH;3 (20%); 51b, R = Bn (23%) NO,
ArCl = 2 4-dinitrochlorobenzene
Scheme 24

2.2.5. Benzo[b]furan-2-selenolates. Reactions with oxidizing agents
Oxidation of potassium salts of benzofuran-2-selenolates 52a—52e with I, led to bis(2-benzofuranyl)
diselenides 53a—53e (Scheme 25).68’71

R2
R' K,COs R?
CHACN sk’
N 3 R1 (0]
| N 52a-52¢ 53a-53e
OH S/e

36a-36¢, 36f, 36g
53a, R'= R?=H (85%); 53b, R'= CH3 R?=H (76%); 53¢, R'=H, R?= CH3 (81%)
53d, R'= H, R?= OCHj3 (81%): 53¢, R' = H, R2= OBn (54%)

Scheme 25

The proton of the hydroxyl group of selenadiazole 36e is more acidic comparing to the hydroxyl group
of 36¢ due to significant electron-withdrawing effect of the nitro group in ortho position. This effect reduces
the basicity of the conjugated phenolate 54 (produced by the action of K,CO3), thus preventing further
abstraction of the heterocyclic proton, which makes impossible subsequent ring-opening. An addition of a
stronger base like ferr-BuOK allows generating the di-anion 55 which further transforms into acyclic
alkyneselenolate 56. The latter intermediate was prompted to cyclize upon addition of aqueous HCI] forming

selenol 58 which was oxidized to diselenide 53f by air oxygen (Scheme 26).
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CHj; CHj
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-+ \ \/N 02N o \ \\N 02N % — 4
O K OH Se %0 K C-do O~ K" _seK
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x |
v _ _
HaC NO, CH,
A\ se 0 0, O,N \
o) Se \ - SeH -—-=———-o
o -H
NO, 53f (56%) CHs ON G
CH; 58 OH (I%
L 57 Se 4
Scheme 26
3. Indoles

T G O

X =S, Se; E = electrophile

3.1. 4-(2-Aminoaryl)-1,2,3-thia- and selenadiazoles
The method for the synthesis of benzofurans from 4-(2-hydroxyaryl)-1,2,3-thia- and -selenadiazoles
was shown to be applicable for the synthesis of indoles from the corresponding 4-(2-aminoaryl)-1,2,3-thia-

and -selenadiazoles 64 and 65. These anilines were, in turn, obtained by the reduction of nitro precursors 62
and 63 (Scheme 27).22’35

| i-PrOH _CO)OCHs CH3OH
NO, CH3 NH,

60 93%)
CH, ( o) 62 (77% 64 (55%

NO, O
59
i-PrOH H

NO, CH
2 CHs 61 (85%) 63 (80% 65 (55%

Scheme 27

3.2. Indolyl-2-chalcogenolates. Synthesis and reactions

A weak acidity of the amino group protons of compounds 64 and 65 in respect to that of the hydroxyl
groups of chalcogenadiazoles 3 and 36 prevents the intramolecular cascade proton transfer (Schemes 18 and
21). A stronger base (tert-BuOK in place of K,CO3) was then required for direct proton abstraction from the
heterocyclic ring. The intermediates 66 and 67 were trapped upon addition of CHsI (Scheme 28).°%7
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tert-BuOK CHal

N‘\N THF % THF %
NH, | 7 NH, Z_K+ NH, ZCH;
64, 65 66, 67 68, 69
66,Z=S: 67,Z=Se; 68, Z=S (85%): 69, Z = Se (55%)
Scheme 28

Intramolecular cyclization of 2-(2-aminophenyl)ethynethiolate 66 was driven by the addition of a
proton-donating solvent like EtOH and the newly formed indole-2-thiolate 66 was then trapped as a methyl
ether 71. The ring-closure of 2-(2-aminophenyl)ethyneselenolate 67 to selenol 72 followed by a rapid
oxidation to diselenide 73 was observed upon addition of acetic acid as a proton donor (Scheme 29) 2

EtOH CH I
H N
70

NH % SK H
2 66 71 (85%)
A OH
% — + N Se
NH; o»  “Se K 73 (92%)
Scheme 29
4. Benzo[b]thiophenes
4.1. Benzo[b]thiophene-2-amines
R R R
NHR'R2 R N\ i
N — — — NR'R
v cH oH °
Cl S ¢ G CI%J/C\N,RZ
R = electron withdrawing group S FI{‘

For the synthesis of benzo[b]thiophene, 4-(2-chloro-5-nitrophenyl)-1,2,3-thiadiazole 76 has been

selected and synthesized as a starting material from 1-(2-chloro-5-nitrophenyl)-ethanone 74 via its ethyl

carbazone 75 in 89% overall yield (Scheme 30).”

O CH3 \
S
O2N CH, NH2NHC(0)OCHs >02N NNHG(0)OC,H; _SOCl2  O2N x
reflux, 2h
ol cl cl

H,O-EtOH, reflux, 3 h
76 (89%, 2 steps)

75
Scheme 30

74

Base-catalyzed (K,COs3) alkylamination of 76 with a variety of primary and secondary amines was

performed in DMF at moderate temperature (50-90 °C). The products of the reaction were unexpected
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2-aminobenzo[b]thiophenes 77a—77x in place of substitution products 78 (Scheme 31). It was found that the
reaction is tolerant to the nature of a reaction medium and CH3;CN, (CHj3),CO, CH30H, C,HsOH can be

used as the solvents. The use of DMF allows the reaction even at room temperature (20-25 °C).

N=N, =N
S
O5N A conditions O2N A conditions O2N
IERRRI CREEEE, + NHR'R? ——— mNWRz
NR'R? Cl S
78 76 77a-77x

77a, R'=H, R?= CH; (6%); 77b, R' = H, R? = allyl (42%); 77¢, R" = H, R? = n-C4Hg (44%); 77d, R" = H, R? = Bn (33%)
77e, R'= H, R?= j-C3H; (29%); T7f, R1 H, R?= cyclopentyl (33%); 77g, R' = H, Rz-cyclohexyl (38%)

77h,R' = R2-CH3 (75%); 77i, R' = R?= (CH,)4 (7%); 77j, R' = R?= (CH,)s (17%); 77k, R" = R2-(CH2)20(CH2)2( 49%)
771, R' = H, R? = 1-adamanty! (26%); 77m R' = H, R? = 2-morpholinoethyl (61%): 77n, R'= = C,H5 (55%)

770,R'= R2= - -C4Hg (33%); 77p, R" = R2= - -C3H7 (25%); 779, R1-n-CgH7, R%= methylcyclopropyl (38%)

77r, R' = CH;, R?= Bn (41%); 77s, R' = H, R? = tert-C4Hg (39%); 77t, R' = H, R? = CH,CO(O)C,H5 (9%)

77u, R' = H, R? = 2-(3-indolyl)ethyl (23%); 77v, R" = R2-CHZCH(CH3)(CH2)3CH(CH3)CH2 (63%)

77w, R'= R2= CH,CH((CH,),0H)(CH,)4 (20%); 77x, R" = R? = N-methylpiperazine (74%)

conditions: K,CO3, DMF, 50 -90°C, 3-12 h
Scheme 31

The reaction conditions (molar ratio of reagents, solvent, temperature) were not optimized in each
particular case. It was observed that the yield of the desirable 2-aminobenzo[b]thiophene can be increased at
lower reaction temperature (92%, 22 hours, 25 °C vs 44%, 3 hours, 50 °C) for product 77¢. The reaction of
76 with aniline and N-phenylhydrazine under the same conditions failed to form the expected 2-amino-
benzo[b]thiophene.73

The mechanism of this reaction was studied by '"H NMR monitoring the reaction mixture containing
76, amine and K,COj3 in DMF at 25 °C (Scheme 32). Initially, the thiadiazole ring opening was indicated by
the disappearance of the thiadiazole H5 at dg 9.19 ppm. Decomposition of the electron-withdrawing

thiadiazole ring was accompanied by nitrogen evolution and formation of thioamide 83.

NO,

- B@
0 \\ 81 \\

Cl Cl
76 \\

2
2N 2
S - C| NR1R2 NR R2
77 cl
83

//

77¢, R'=H, R?= n-C4Hq
Scheme 32
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The appearance of NH at dy 7.44 ppm and an upfield shift of phenyl protons at the 3, 4 and 6
positions, shifted by 0.30, 0.16 and 0.89 ppm, respectively, were observed. The reaction progress was also
followed by GC-MS. This supports formation of intermediate 83 (m/z 286). After 22 hours, the
transformation was complete and the 'H NMR spectrum showed a clean absorption pattern of N-butyl-5-
nitrobenzo[b]thiophen-2-amine 77¢ with g 0.97 ppm (CH3;CH,CH,CH,-NH), 1.46 ppm (CH;CH,CH,CH,-
NH), 1.67 ppm (CH3CH,CH,CH,-NH), 3.24 ppm (CH3;CH,CH,CH,-NH), 4.28 ppm (CH3CH,CH,CH,-NH),
6.12 ppm (H3), 7.59 ppm (H7), 7.87 ppm (H6), 8.21 ppm (H4). There were no detectable impurities present.
The hypothetical intermediates 79-82 and 84 were not detected by 'H NMR but their formation was not in
conflict with the authors observations and the data documented in literature.”*"

Compound 77i was obtained in a low yield (7%) due to the relatively high nucleophilicity of
pyrrolidine, which displaces the chlorine atom on the benzene ring faster than cyclization to 77i occurs,
affording thioamide 85 (62%) as main product (Scheme 33).

N=N\S { 5 O,N S
2
ON ~ N O.N N(:‘
el GO GRE
ol K,COs DMF, 90°C, 12 h S 85 (62%)
O

76 77i (7%)

Scheme 33

The best result in the synthesis of compound 77h was achieved using the combination
NH4OACc/K,CO3/DMF that made it possible to generate dimethylamine in sifu (Scheme 34).

NH4OAc + K,CO3 —————— KOAc + NH4HCO;

NH4HCO4 NH3+ H,O + CO,
NH3 + CH(O)N(CH3)2 _— NH(CH3)2 + CH(O)NH2
Scheme 34

In order to understand how the electron-withdrawing nitro group affects the reaction, 4-(2-chloro-
phenyl)-1,2,3-thiadiazole 88 was prepared from 1-(2-chlorophenyl)-ethanone 86 in 37% overall yield.
Compound 88 was heated in the presence of n-C4H9oNH, and K,CO; at 70 °C for 24 hours, but only starting
material 88 and thioamide 89 were detected in the reaction mixture. Complete conversion of 88 to 89 was
achieved at higher temperature (130 °C), but no traces of cyclic product 77¢ were found. Thus, the presence
of the electron-withdrawing nitro group on the phenyl ring makes thiadiazole ring susceptible to proton
abstraction assisting anionic ring-opening. Additionally, cyclization of 89 to 77¢ did not occur, since the
chlorine atom is unreactive to intramolecular nucleophilic attack by sulfur under the reaction conditions
(Scheme 35).

2-Chloro-3-(1,2,3-thiadiazol-4-yl)-pyridine 91 was synthesized in 79% yield (2 steps) from 1-(chloro-
pyridin-3-yl)-ethanone 90. Following reaction of 91 with n-BuNH; in the presence of K,CO3; (DMF, 70 °C,
12 hours) resulted in N-butylthieno[2,3-b]pyridine-2-amine 92 (yield 37%, Scheme 36).
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NHNHC(O)OCHs \CHs SOCl,
H,O-EtOH, reflux, 3 h N—NH reflux, 3 h
Cl O
OC,H5 o]
H3C O% 88 /
86 g
n—C4H9NH2, K2CO3
DMF, 130 °C, 24h
NHC,Hg
mNHC4H9 - 2
S Cl S
77c 89

Scheme 35

T (i) NH;NHC(0)OC,Hs, (ii) SOCI, — n-C4HgNH, K,CO3 X

Ny - N - | D—NHC,H;
DMF, 70°C, 12h N/ S
cl O N 92 (37%)
HaC N o

90 S
91 (79%, 2 steps)
Scheme 36

4.2. Benzo[b]thiophene-3-amines

[ R
NR'R2
NHR'R? [S] R
CH, ——— A\
S
‘ Cl O R = electron withdrawing group

An alternative approach to 2-aminobenzo[b]thiophenes was attempted using Willgerodt-Kindler

reaction of 1-(2-chloro-5-nitrophenyl)ethanone 74 with a variety of primary and secondary amines.”

According to the general procedure, the substrate 74 was heated in DMF at 35—100 °C in the presence
of amine (1.2-3.7 equiv.), sulfur (1.5-5 equiv.) and NaOAc (0-3 equiv.) for 6—20 minutes. The solvent was
removed under reduced pressure and the desired product was isolated by column chromatography.
Surprisingly, the reaction afforded 3-aminobenzo[b]thiophenes 93a—93k instead of the expected

2-substituted derivatives 77 (Scheme 37).

0 NR'R2
O,N '<RZ2  O,N O,N
2 N O,N NR'R 2 CH, 2 N
NR'R? —<------ g X -
S o] Cl S
7 83 74 93a-93k
93a, R' = H, R?= CHj3 (46%); 93b, R' = H, R2= allyl (47%): 93¢, R" = H, R?= n-C4Hq (36%); 93d, R" = H, R? = Bn (30%)
93e, R' = H, R? = j-C3H; (14%); 93f, R' = H, R? = cyclopentyl (40%); 93¢, R'=H, R2-cyc|ohexy|(19%)
93h,R'= R2-CH3 (4%); 93i, R' = R2-(CH2)4 (31%); 93j, R" = R%= (CH,)5 (10%); 93k, R' = R? = (CH,),0O(CH>), (12%)

conditions: Sg, HNR'R?, NaOAc, DMF, 36 - 100 °C, 6 - 180 min
Scheme 37
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A plausible mechanism of the reaction is shown below (Scheme 38). The first stage of the reaction is
the formation of enamine 94 that reacts with sulfur to give the sulfide 95. Subsequent formation of enthiolate
97, followed by cyclization, leads to the final product 93. Most probably, in this case, the
isomerization/deprotonation/cyclization sequence (95 to 93) is faster than Willgerodt-Kindler reaction, that
proceeds via aziridine intermediate 98 that, after rearrangement to 99 (the amine group moving along the

central C—C bond), proton exchange and tautomerization affords thioacetamide 83.”

R1\ ’R2 R1\@,R2
0 RT R? N IN
O.N “N” O-N _H O,N _H
2 CH, H ? ~c S _ G~g®
B |1| _— |1| S
Cl Cl Cl
74 94 i 95
R R, _R?
@ ~ -,
Ho gl R N-R? N
O2N \C/N\Rz OoN (l:\ o O,N C’H
fo o T fST = " g
Cl Cl
99 98 96 Cl
: base L
' 1 R1 R1\ ,R2
¥ R \N-R2 N
I N _~—— =)
a® S oS
83 93 97
R' = alkyl; R?= alkyl, H
Scheme 38

It was found that the presence of nitro group para to chlorine atom is crucial for the success of the
reaction: for example, 1-(2-chlorophenyl)ethanone yielded a complex mixture of products instead of
corresponding benzo[b]thiophene.

The nature of base is not important: in fact, K3PO4, NaOAc or excess of amine can serve as a base.
Primary amines gave better yields of 3-aminobenzo[b]thiophenes than secondary amines.

The reaction outcome is strictly dependent on the amine concentration. A 1.5 to 3 fold excess was
preferable using secondary amines, while a 1.5 to 2 fold excess was better for primary amines. The nature of
by-products depends on the type of amine utilized in the reaction: using primary amines, the major
by-product was 3-methyl-5-nitrobenzo[d]isothiazole, becoming major product raising molar ratio of nitrogen
compound up to 8—10. In contrast, in the case of secondary amines, the main by-product was that formed
through direct nucleophilic aromatic substitution on the benzene ring.

It was found that the optimal molar ratio acetophenone:sulfur is 1:5. The better yields of primary
amines were observed at lower temperature (35—60 °C), while higher temperature (60—100 °C) are required
for secondary amines. DMF was found to be the most favourable solvent. Meanwhile, secondary amines are
usually more reactive than primary amines in the classical Willgerodt-Kindler reaction.”®

Steric effects play an important role. The yield of 2-cyclopentylaminobenzo[b]thiophene 93f (40%)
was higher than the yield of 2-cyclohexylaminobenzo[b]thiophene 93g (19%). Sterically hindered

(di-n-butylamine, diallylamine, di-iso-propylamine), aromatic (aniline) and heterocyclic (benzotriazole)
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amines failed to give the desired products. N-Unsubstituted benzo[b]thiophene are formed using NH4Cl in
the presence of NaOAc: for example, starting from 74, 3-methyl-5-nitro-benzo[d]isothiazole 100 was
obtained in 78% yield (Scheme 39). The synthesis of 100 under harsh conditions is also reported in

literature.”’

) CHj3

O,N O:N
CH3 NH,4CI (3eq.), NaOAc (3eq.), S (5eq.) \N
=
Cl DMF, 60 °C, 10 min s

100 (78%)

74
Scheme 39
4.3. Benzo[b]thiophene-2-oxides
R R
N ? ﬁ :} m
| N GH
Cl S cl § cIg. C
R = electron withdrawing group S

Treatment of 76 with CH3ONa in CH30H under an inert atmosphere led to 2-methoxy-5-
nitrobenzo[b]thiophene 102 (yield 23%). By analogy with the process shown in Scheme 32, the addition of
CH3ONa to thioketene 82 results in enethiolate 101 cyclizing to benzo[b]thiophene 102 (Scheme 40).”

NO,

CH3;ONa _CH3ONa \
C%ﬁ CH30H, reflux Q OCH “NaCl OCHs
3

Cl — 102 23%
101 S_Na

//

Scheme 40

4.4. Miscellaneous reactions
An attempt to introduce the sulfur-containing nucleophile by reaction of 76 with potassium thioacetate

resulted in the product of nucleophilic substitution on the benzene ring. This gave thiophenolate 103 without
decomposition of the heterocyclic ring. Anion 103 can be trapped as thiol 104 (yield 80%) by addition of
diluted aqueous HCI (Scheme 41)."

NO, NO, NO,
CH4C(0)SK HCliaq)
> —_—
DMF, 70 °C, 12 h
cl N W N HS N
76 { N 103 ¢\ [
S (S S
104 (80%)
Scheme 41
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Base-promoted decomposition of 76 (K,CO3, CH3CN, 80 °C, 6 hours) in the absence of nucleophiles
formed alkynethiolate 80, which reacted with water giving alkyne thiol 81. Tautomerization of 81 to 82 and
subsequent dimerization afforded 2-[(E)-2-chloro-5-nitrobenzylidene]-4-[2-chloro-5-nitrophenyl]-1,3-di-
thiole 105 in 95 % yield (Scheme 42).”

NO, NO, NO,
s cl
K,CO5 H,0 / %
—_—m—m— J—
MeCN, reflux, 6 h reflux, 1 h - ‘b@
cl N Cl gy G H
Cl 81 \ 82
76 U\ 80 \ C,
S it i S _
H
dimerization \L O5N
O,N S
2 /i -
S Cl
cl 105 (95%)
Scheme 42
5. Benzo[b]selenophenes
5.1. Benzo[b]selenophene-2-amines
R R R
R
NHR'R?
N — — :>\<)j\>fNR‘R2
\ \‘N -N2 ﬁH QH Se
/
Cl Se ¢ ¢ ClC:e> C.. .R?
R = electron withdrawing group S

Up to now, the only reported method for the synthesis of 2-aminobenzo[b]selenophene was the
reduction of 2-nitrobenzo[b]selenophene. 2-Aminobenzo[b]selenophene was used for the preparation of
selenium-containing polymethine dyes.”® Beckmann rearrangement of 2-acetyl-3-phenylbenzo[b]seleno-
phene oxime promoted by polyphosphoric acid gave 2-acetylamino-3-phenylbenzo[b]selenophene.”
Another 2-aminobenzo[b]selenophene derivative, 2-benzoyl-amino-3-phenylbenzo[b]selenophene, was
synthesized by reaction of diphenyldiazomethane with benzoyl isoselenocyanate.80

A new procedure for the synthesis of 2-aminobenzo[b]selenophenes from readily accessible
4-(2-chloroaryl)-1,2,3-selenadiazoles was proposed.81 The reaction of 2-chloroacetophenones 74 and 86 with
semicarbazide hydrochloride gave the corresponding semicarbazones 106a and 106b which were converted
into 4-(2-chloro-aryl)-1,2,3-selenadiazoles 107a and 107b by the action of selenium dioxide (Scheme 43).

Treatment of 4-(2-chlorophenyl)-1,2,3-selenadiazole 107a with potassium hydroxide in an excess of
diethylamine resulted in a decomposition of the five-membered ring accompanied by elimination of the
nitrogen molecule and formation of potassium 2-(2-chlorophenyl)ethyneselenolate 108a that reacted with

diethylamine to produce potassium 2-(2-chlorophenyl)-1-diethylaminoetheneselenolate 109a. Compound
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109a did not undergo further cyclization via intramolecular nucleophilic replacement of the chlorine atom,
and acidification of the reaction mixture afforded 2-(2-chlorophenyl)-N,N-diethylselenoacetamide 110.

R
ii
@Y ©Y OOM Ny

Cl CHy N Cl Se
74, 86 106a, 106b 107a, 107b

106a, R = H; 106b, R = NO, (88%); 107a, R = H (65%); 107b, R = NO, (63%)
conditions: (i) NHoNHC(O)NH,'HCI, AcONa, i-PrOH-H,0, reflux, 2h; (ii) SeO,, AcOH, 66 °C, 4h
Scheme 43

4-(2-Chloro-5-nitrophenyl)-1,2,3-selenadiazole 107b reacted with KOH in excess of secondary amine
(morpholine or piperidine) to generate potassium 2-(2-chloro-5-nitrophenyl)ethyneselenolate 108b, which
took up secondary amine molecule with formation of potassium 2-(2-chloro-5-nitrophenyl)-1-dialkyl amino-
etheneselenolate 109b or 109c. Intramolecular cyclization of the latter produced 2-aminobenzo[b]-
selenophenes 111a, 111b (Scheme 44).81

R=H N(C2Hs),
N=N Se
R S~ Se CI
KOH NHR1R2 R NR'R? | HClq) 110 (71%)
o | QI e
o] o S

Cl
107a,107b AN 109a-109¢ O,N
1082,108b "\ > mNmRz
ek’ R =NO, A
111a, R" = R?= (CH,),0(CH,), (71%); 111b, R' = R2 = (CH,)5 (47%) 111a, 111b
Scheme 44

6. Other heterocycles

The scope of the methodology was expanded to the synthesis of other classes of nitrogen
heterocycles.82 In order to have an entry to 1,2,3-thiadiazoles, and hence alkynethiolates, having a
nucleophilic nitrogen atom, the reaction of 1,2,3-thiadiazole-4-carbonyl chloride 112 with several hydrazines
was used and 1,2,3-thiadiazole-4-carbohydrazides 113a—113c were obtained in 60-75% overall yield.

Phenyl hydrazine, on treatment with an excess of the acid chloride 112, gave the diacylated hydrazide 113d
(Scheme 45).

0 0 0
R'R2NNH, N CHal N,
Cl)‘\[N\‘N _ e H’}l)‘\[ \\N 113c¢ %3 H'}l \ \/N
N
12 S NS Ts” CHy ©
113a-113d 113e

113a, R'= Ph, R?=H (75%); 113b, R" = PhCO, R?= H (74%); 113¢c, R'= Ts, R?=H (60%)
113d, R' = Ph, R? = 1,2,3-thiadiazole-4-carbonyl (70%); 113e, R" = Ts, R? = CH; (35%)

Scheme 45
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The base-catalyzed ring cleavage of compounds 113a and 113b with 1 equiv. of tert-BuOK followed
by alkylation afforded either the expected 5-alkylthiopyrazolone derivatives 114a—114e (with 1 equiv. of
alkylating agent) or the pyrazoles 115a, 115b and 116 (with 2 equiv. of alkylating agent). The same reaction
conditions applied to hydrazide 113a gave no product (Scheme 46).**

0
N
HN \
N, L
R1’ ‘R2 S
113a-113d
DMSO, tert-BuOK (1 eq.) | DMSO, tert-BuOK ( 2eq.)
\LRX (1eq.) RX (2 eq.) RX (2 eq.)

Q RS._S
R
R U s U S A G
HN.(Zsr - N 2 ~sR Me~N-\~~sMe N “N
0

O \
! |
CoPh Ts ﬁ Ph
114a-114e 115a, 115b 116 (23%) 117a 117b 118a-118¢c

114a, R = CH3, R"= COPh (20%); 114b, R = n-C4gH33, R' = COPh (25%); 114¢, R = CH3, R' = Ts (30%)

114d, R = n-CgHs3, R' = Ts, (35%); 114e, R = Bn, R = Ts (34%); 115a, R = CH3 (20%); 115b, R = n-CgH33 (35%)

117a, R = CH; (40%); 117b, R = Bn (51%); 118a, R = CHj, R' = 1,2,3-thiadiazole-4-carbonyl (30%)

118b, R = n-C4gH33, R" = 1,2,3-thiadiazole-4-carbonyl (20%); 118¢: R = Bn, R' = 1,2,3-thiadiazole-4-carbony! (25%)
Scheme 46

The pyrazoles 114—116 apparently resulted from a multistep process involving the cleavage of the
thiadiazole ring with formation of the alkynethiolate (Scheme 47). Fast intramolecular proton shift gave the
reactive thioketene, which underwent intramolecular nucleophilic cyclization to a pyrazolone-5-thiolate
anion that could be easily alkylated, forming either 1-substituted-5-(alkylthio)-1H-pyrazol-3(2H)-ones
114a—-114e or 1-substituted-3-alkyloxy-5-(alkylthio)-1H-pyrazoles 115a, 115b and 1-substituted-alkyl-5-
(alkylthio)-1H-pyrazol-3(2H)-ones depending on reaction condition (Scheme 47).

0 0 0 o}
N base /u\ H
HN W ——= HN” "Cs. g — HN _ e
I | ) N ,/-\c\ HN, g
R1_NH S 2 R N H R Ne"(& N
113b, 113¢ ) R’
l RX
o} o}
base
o i — n ==
R~ N SR SR N SR
Ts R’
116 115a, 115b 114a-114e
Scheme 47

When the ring cleavage of hydrazides 113b—113d was carried out in the presence of 2 or more equiv.
of tert-BuOK, the cyclization took another course. Thus, the decomposition of benzoyl hydrazide 113b,
followed by alkylation, resulted in 1,3,4-oxadiazin-5-one derivatives 117a, 117b. On the other hand, the
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tosylhydrazide 113c under the same conditions, yielded benzyltolylsulfinate as the only identifiable
decomposition product. The formation of six-membered heterocycles 117a, 117b can be rationalized as
follow: the alkynethiolate dianion 119, instead to cyclize to pyrazole ring, was faster alkylated to the
alkynesulfide 120, that underwent an exo-dig cyclization to the six-membered ring by the attack of the
imidate anion on the alkynesulfide, faster than the alternative endo-dig process. The resulting anion 121 was

finally nitrogen alkylated (Scheme 48).

)
(0] 0] 0]
© A~ R. PN
HN N‘\N base |J\C\\C @ RX HI;IJI\C\\\C l}l C#>sr RX [}] (I3 SR
O I{IH \ ¢ -Na Ny G)O Na e/o “SR Ns O N\\C’O
S : : b
Ph Ph Ph Ph
130 120 121 117a, 117b
Scheme 48

1,2,3-Thiadiazole-4-carbohydrazide 113d, after cleavage of two 1,2,3-thiadiazole rings, recyclization
and alkylation gave the novel fused 7H-pyrazolo[5,1-b][1,3]thiazine-2,7-diones 118a—118c. It is assumed
that the bis(alkynethiolate) 122 is formed first, which then cyclized, similar to Scheme 47, to the pyrazole-5-
thiolate 123. This could undergo a second cyclization with the formation of a thiazine-6-thiolate 124, which
finally is alkylated to give the products 118a—118c (Scheme 49).
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N J\ ~Z @
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Abstract. Hetrocyclic quinones are plant secondary metabolites that have found numerous applications.
Resulting from exhaustive studies of the past decades, their biological activity in relation to a variety of
diseases was reported and countless attempts for development of synthetic routes to their analogues with
improved pharmacological properties were published. Unnoticed for many, they have been around as drugs
and drug precursors since long. This review provides an overview on the latest trends of the chemistry of
hetrocyclic quinones with focus on the most impactful results of the past two decades; however, in certain
cases it goes back to the ‘80s to provide the necessary context. The structural groups mitomycins,
streptonigrin, isoquinolones, kinamycins, mimosamycins, azaanthraquinones, secobatzellines, pyrano- and
Sfuranonaphthoquinones, dimeric heterocyclic quinones, kalafungins and nanaomycines are discussed with

respect to their biosynthesis, synthesis and biological activities.
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1. Introduction

Natural products remain an important source of novel pharmacons." Resulting from their frequently
reported bioactivity, the past decades herbal heterocyclic quinones received increasing attention. Quinones
fused to quinoline, indole, benzimidazole, pyrrole or triazole rings were often reported from herb extracts
and bacterial fermentation broths. The antimalarial, antibacterial and antitumour activities of quinones
attached to imidazole,” pyrrole,” triazole’ or quinolone® moieties were proposed to be related to the ability of
the quinone to accept one or two electrons to form the corresponding radical anion or dianion species.”® In
general, more information is available on p-quinones than on o-quinones. Following the first overview of the
synthesis of heterocyclic quinones in 1971 by Baxter and Davis,’ the field has been reviewed with various
focuses, latest by Tigler in 1989.'° In spite of intense efforts of several research groups, synthetic routes to
some heterocylic quinones are yet missing. A systematic summary of the vast information, collected over the
past decades, on the chemistry and biology of heterocyclic quinones is still lacking despite significant
advances on their synthesis and on the understanding of the basis of their pharmaceutical potency. Motivated
by this fact and by recent developments of the field, a systematic review of the recent advances of the
biosynthesis, synthesis, biological activities of this compound class is disclosed here.

Heterocyclic quinones are discussed with respect to their heteroatoms: N, O and S containing ones.
The natural sources and biosynthetic routes along with the biological activity and recent synthetic
approaches are here reviewed for the three compound classes. Originating from the vast amount of available

literature, only representative examples are given without attempting to cover all available data.
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2. Nitrogen containing heterocylic quinones

The high antitumour activity of nitrogen containing heterocyclic quinones received special attention of
the pharmaceutical industries.”'" Several mechanisms were proposed to explain their cytotoxicity, including
their ability to (a) alkylate biopolymers, (b) intercalate DNA, inhibit (c) topoisomerase and (d) phosphatase,
(e) trigger apoptosis or (f) produce reactive oxygen radicals by redox cycling. The claimed tumour selective
toxicity of nitrogen containing quinones was proposed to originate from the different oxygen tension and the

difference in enzyme activities of healthy and malignant tissues.''

2.1. Mitomycins
Common sources of natural nitrogenous quinones are fungi belonging to the genus Streptomyces such
as S. caespitosus, S. verticillatus and S. ardus."" Since the isolation of mitomycines A (1), B (2) and C (3)

from the culture broth of S. caesipitosus,m’15

mitomycins (Figure 1) remain intensely studied. Mitomycins
have a pyrrolo[1,2-a]indole core comprising an aziridine fused to a pyrrolo[1,2]indole and an amino-
benzoquinone. The scaffold was confirmed via total synthesis by Kishi'® with the stereochemistry revised by
the X-ray studies of Hirayama.'” Natural mitomycines are often classified into three main structural groups
based on their substituent at the C-9 position, thus (i) 9a-carbamoylmethyl, (ii) 9B-carbamoylmethyl and
(iii) 9-methylene.'® These classes may be further differentiated based on the substitution pattern of the

backbone at C-7, C-9a and N-1a, with the numbering being given in Figure 1.

o] o] o]
H3COZ 9.CH,OCONH, H5CO LCH,OCONH, NH, CH,OCONH,
oH R OCHjg .OH .OCH;
5L NH CHs™ 1" N TNCH, CHs T N TNH
1 2 3
o] o) o]
H,CO CH,OCONH, H,N CH,OCONH, H,CO
ox N .OH | ~OCHj3
s 0 NCH, CHs™ 1" N CHs TN TSNCH,
4 5 NH, 6

Figure 1. The structure of typical mitomycin antibiotics: mitomycins A (1), B (2), C (3), D (4),
2,7-diaminomitosene (5) and mitomycin K (6).

2.1.1. Bioactivity

Of the seventeen known mitomycins, sixteen exhibit antibiotic and/or antitumour activity. Mitomycin
C (3) was marketed by Bristol-Myers Squibb under the name Mutamycin® for the treatment of stomach and
pancreatic cancer. The potential use of mitomycins as antitumour'® and antibiotic® agents is related to their
ability to alkylate and crosslink DNA.*' Their aziridine ring was suggested to play a crucial role in an
irreversible bis-alkylation.”*** Cytotoxic selectivity for oxygen-deficient cells, which is a characteristic of
solid tumours, was reported for mitomycin C (3).”> A very recent report by Paz et al. proposed that the

antiproliferative activity of 3 originates from thioredoxin reductase inhibition.”

2.1.2. Biosynthesis
Precursor incorporation experiments demonstrated that the mitosane skeleton is derived from the

coupling of D-glucosamine (7), 3-amino-5-hydroxybenzoic acid (8) and carbamoyl phosphate (9, Scheme
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1).”7%° 3-Amino-5-hydroxybenzoic acid is a common precursor to other anticancer drugs as well, such as
rifamycin and ansamycin. Feeding experiments indicated that the C-10 carbamoyl group originates from
L-arginine or L-citrulline,”® whereas the N-and O-methyl moieties originate from L-methionine.’' Despite
decades of efforts, the specific order of assembly leading to the backbone of mitomycins remains a topic for
further research. For more details of the biosynthesis of isoprenoid quinones the reader is advised to the

recent review of Nowicka and Kruk.*?

2.1.3. Total synthesis

The presence of a carbamoyl moiety and a bridged carbinolamine within a constrained architecture
makes mitomycins sensitive to bases, acids, nucleophiles and reducing agents. They easily undergo
interconversion, i.e. mitomycin A (1) may be converted to mitomycin C (3) by treatment with methanolic
ammonia, whereas hydrolysis of 3 followed by methylation produces 1.** Mitomycin D, (4) may be
synthesized by methylation of the aziridine of 1. Mitomycins A (1) and B (2) have opposite configuration at
C-9. This chiral centre was later proven to easily epimerize. Interestingly, the C-9-epimerized analogue of 2,
9-epi-mitomycin B** shows higher antibacterial activity than mitomycin B (2) itself.”> Semisynthetic

analogues of mytomicins were prepared in the course of the optimization of their anticancer properties.*

@)
H-N
0] [ j 9 NH 0]
+ — HO OH 2
0 NH, S5 6 -:NH
7 8 Mitosane core 10

Scheme 1. The schematic biosynthetic route of mitomycins.

The major challenges of the synthesis of mitomycins were attributed to their complex stereochemistry,
to the avoidance of aromatization of the mitosane core and to the sensitivity of their aziridine and quinone

systems. Despite these and the delicate pattern of functional groups, several strategies have been proposed

for their chemical synthesis.374“L

o) c')_| 2 OCH c';'o OCH

3 3
NHZ/\@E%F%'OCONHZ — H,CO 0523 — H,CO O(NZII-_\I,s

3 : .

CH3 N CH3 N CH3
o NH O H O NH,
3 11 12

Scheme 2. The key retrosynthetic steps of Kishi’s retrosynthesis of mitomycin C (3).

The first total synthesis of mitomycins A and C was reported by Kishi et al.*®#**!

with forty-four
linear steps and 0.16% overall yield. Despite the large number of steps and the low yield, the Kishi protocol
was a milestone with the key features being the trans-annular cyclization of the methoxyketal derivative 11
and formation of the eight-membered ring by Michael addition of 12 (Scheme 2). As the aminal
functionality was considered the most sensitive part of the target molecule, it was introduced at the very last

step.
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Mitomycin K (6) was synthesized by Danishefsky et al. in 1993 utilizing an intermolecular Diels-
Alder reaction of an electron-poor aryl ring (16) and a lithiated diene (15).** In this protocol, the tetracyclic
core was furnished in only four whereas the N-methyl aziridine group in three steps from the olefin by
cycloaddition of methylthiophenyl azide onto the unsaturated amide 14, as shown in Scheme 3. The
developed route is a short and elegant strategy for the synthesis of 6 although originally it was designed for
producing FR-900482.

Hoco L H g 52 H,CO L QCHs
3 3 H 3 OCH3
NCH 3 H3C N02
3 H3CO OCH3 OCH;

16
Scheme 3. Damshefsky s retrosynthetic approach towards mltomycm K (6).

A few years later, in 1994, Jiménez and co-workers**%

converted an indole derivative (17) into
mitomycin K (6). Direct oxidation of 17 using (hexamethylphosphoramido)oxodiperoxomolybdenum (VI)
gave a diastereomeric mixture of the quinoid intermediate 18, which was readily transformed into 6 (Scheme
4). This method provides a 1:1 mixture of the diastereomers of 6 at C-9a, however, simultaneously presents

a simplified route by starting from an indole derivative and providing an overall yield of 1.4% in thirteen

steps.
OTBS TBSO 0O o)
H5CO N H3CO 5 OIC\IJHs b-e HsCO OCHj
3 3
HC N T HsC NI HsC N__LNCH;
oTBS~ ‘OMs OTBS OMs o}
17 18 6

Scheme 4. Synthesis of mitomycin K (6), as suggested by Jimenez et al.:** (a) MoOs, HMPA, CH;OH;
(b) PPhs, EisN, THF, H,0; (¢) CH3OTT, pyridine, DCM; (d) MesSiCH,Li, THF; (e) PCC.

Danishefsky observed a higher configurational stability of C-9a of epi-mitomycin K,* possibly
explainable by its inability to open to a carbinolamine intermediate in contrary to that observed for 2.
Double-TBS protection of the hydroquinone in intermediate 18 in the Jiménez protocol however, enhances
the nucleophilic character of the aromatic nitrogen, promoting the formation of the reactive iminium species
under acidic conditions yielding rapid epimerization of C-9a (Scheme 5).

TBSO ¢ TBSO ¢ TBSO ¢
H5CO OMe H* H5CO H,CO OMe
9 N3 = / N3 - 9 N3
N | MeOH N @] N T
TBSO ‘OMs TBSO ‘OMs TBSO ‘OMs
18 rac-18

Scheme 5. The proposed epimerization scheme of C-9a of intermediate 18 in the Jiménez protocol.

Recent update on the synthetic approaches towards mytomicins, with further discussion of the early

33

strategies, was given by Andrez” and Coleman.?’ Previous reviews are available from Waldmann® and

Remers.*
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Scheme 6. Retrosynthetic strategy towards the enantioselective synthesis of aziridinomitosenes.”

Besides the total syntheses of mitomycins providing racemic product,37’42’44

Vedejs and co-workers
developed an enantiocontrolled strategy for construction of aziridinomitosenes starting from allyl-protected
L-serinal.”® A silver(I) assisted intramolecular [3+2] cycloaddition of an azomethine ylide and an alkyne (20)
was used to assemble the tetracyclic ring system of aziridinomitosene in twelve steps. This strategy provides
a suitable route to analogues lacking the C-7 methoxy functionality.

In 2006 Iwasawa et al. disclosed a facile synthetic strategy towards the mitosene skeleton,”! starting
from monocyclic substrates. This approach provides pyrroloindoles using the transition metal-catalyzed one-
pot reaction shown in Scheme 7. A catalytic (1-3 mol%) amount of PtCl, or AuBr; was applied to activate
the alkyne of 22 for nucleophilic attack by the imino nitrogen in a 5-endo cyclization. Subsequent [3+2]
cycloaddition and 1,2-alkyl migration yielded the mitosene 24 in 73% yield. This seemingly attractive route
to mitosenes remains to be validated for the synthesis of mitomycin derivatives, which in turn require its use

with an electron-rich aromatic ring and an easy to remove imine alkyl substituent.

PtCl, or AUB N N
_oTips =2 AT N N
3
- R R20t-Bu ” ot-Bu
N">Ph
23 24

[Pt] TIPS-O
22

Scheme 7. The key steps of the Iwasawa synthesis of the mitosene skeleton.”’

The 3-indolylbenzoquinone core is present in a variety of biologically active natural products, such as
asterriquinones (25, 26), shown in Figure 2.2 Asterriquinone B1 (25) and demethylasterriquinone B1 (26)
were isolated from a wide range of fungi including Aspergillus terreus, Chaetomium sp. and
Pseudomassaria species.” > Asterriquinone B1 (25) arrests the cell cycle in G1 and promotes apoptotic cell
death and thereby was recognized as a promising anti-tumour lead.’® In a related study, it was reported to
possess antidiabetic activity upon oral ingestion.”’ The first total synthesis of asterriquinone Bl was
presented by Liu ef al. in 1999 and was based on the rearrangement of a pyranedione. Being a convergent

approach, it allows rapid generation of large number of analogues.’®

Figure 2. The structures of asterriquinone B1 (25) and demethylasterriquinone B1 (26)
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27 R'=HorCHj

28 R"=BrorEt

29 R4=CHjorCl

30 R,=H or CH3, R3= CHjor Cl

Scheme 8. Syntheses of 3-indolylhydroquinone derivatives (27-30). (a) 450W MW-irradiation.

Syntheses of related 3-indolylhydroquinone derivatives 27-30 (Scheme 8) were conducted under
solvent-free conditions by Yadav and co-workers.”® An advantage of this methodology is that it provides
products free from chlorinated side products, commonly observed under standard protic conditions using
concentrated HCI in THF. Moreover, the method works with electron-deficient 2-ethoxycarbonyl indoles to
give corresponding 3-indolylhydroquinones in fairly good yield; however, it is incapable to produce

3-indolylhydroquinones with electron-deficient indoles.

2.2. Streptonigrin

60.61
Streptomyces rufochromogenes,

63

Streptonigrin  (31), produced by Streptomyces flocculus,
Streptomyces chinatues, Actinomyces albus,** the Actinomycete strain IM 2670% and Micromonospora
was recognized for its antineoplastic properties.64 Several attempts for the total synthesis of 31 and its

. . . . . . . 65-67
derivatives, along with reviews of its chemistry, are available. 5

2.2.1. Bioactivity

The aminoquinone antibiotic streptonigrin (31, Figure 3) was proposed to act through inhibition of
DNA replication by formation of solitary cleavages and by inhibition of topoisomerase IL.°® DNA strand
breakage via free radical mechanism was observed in vitro and in vivo® leading to unscheduled DNA

synthesis.70

Figure 3. (+)-Streptonigrin (31, R=OCH3) and (+)-10'-desmethoxystreptonigrin (32, R=H).

COOH
I,
NH3 NH,

R HO' “CHO
32
OPOz= NH
KEOH .
HO' “CHO HN
35

Scheme 9.The proposed biosynthetic route of streptonigrin (31, R=H, OH).
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The inhibition of topoisomerase II'' induces chromosomal aberrations and sister-chromatid exchanges
in mammalian and other cell types.’” The presence of redox active metals, such as Fe and Cu, were shown to
be required for it to exhibit full antibiotic and antitumour activities.” In vivo, Zn(II), Cu(II) and Mn(II) were

demonstrated to facilitate the initial reduction of streptonigrin (31) to its semiquinone.””"*

2.2.2. Biosynthesis
Significant details of the pathway leading from tryptophan to the C/D rings of streptonigrin (31) were

clarified by the early investigations of Gould and co-workers.”>’®

L-Tryptophan was identified as the natural
precursor in the biosynthetic pathway and by use of '°N,'°?C-heteronuclear spin correlation NMR
experiments, which revealed that N—C bond cleavage leads to formation of the 4-phenylpicolinic acid
subunit (C/D rings). Formation of the A/B-rings was investigated in depth by Gerwick ez al.”’ by feeding [U-
BCgl-D-glucose to Streptomyces flocculus ATCC-13257 cultures. This study suggested that D-erythrose,
presumably in its erythrose-4-phosphate form, is the specific precursor to all three C4 biogenetic units of the
molecule, which is in agreement with the view that the A-ring is generated by a shikimate-type pathway

(Scheme 9).

2.2.3. Total synthesis

The connection of the B and C rings (Figure 3) can be viewed as the lynch-pin of the molecule, which
may be furnished in different ways: by connection of an amino anthranilic acid derivative (32) to yield a
quinoline carboxylic acid; alternatively the aldehyde (33) may be condensed with 32, or it may first react
with tryptophan (36) to yield a B-carboline (37) that condenses with 32 (Scheme 9).”” The striking
cytotoxicity of streptonigrin (31) initiated intense efforts for isolation of bioactive analogues leading to

streptonigrone (39)78 and lavendamycin (40)79 (Figure 4).

Figure 4. The structure of streptonigrin (31) analogues streptonigrone (39) and lavendamycin (40).

The sterically hindered biphenyl connection of streptonigrins is a challenging feature of their synthesis.

The first route to streptonigrins was presented by Weinreb and co-workers in 1980**%!

82,83

adopting a modified

Friedldnder reaction to form the quinoline core (A/B-rings), followed by an imino-Diels-Alder reaction

for construction of the C- and D—rings.67’80’81

The C-ring was synthesized through a hetero Diels-Alder
reaction of diene 41 and dienophile 42 providing regioisomers 43 and 44, the last being undesired (Scheme
10), in 56% yield. Conversion of 43 to phosphonate ester 45 was achieved in several steps, followed by
Horner- Wadsworth-Emmons condensation of 45 with aldehyde 46 to afford enone 47 in 80% yield.
Reduction of the nitro group triggered spontaneous cyclization to a quinoline establishing the
tetracyclic core of 31. Additional six synthetic steps yielded (£)-streptonigrin (31). Although a milestone in
natural product synthesis, this approach is hampered by a large number of steps, lack of regioselectivity of

the key Diels-Alder condensation of 41 and 42, resulting in a low overall yield (10%).
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Donohoe et al. achieved the total synthesis of (£)-streptonigrin (31) in an overall yield of 11% in
fourteen linear steps (Scheme 11) utilizing transition metal-mediated cross coupling reactions for several of
the critical reactions (2011). Thus, Suzuki coupling was used for establishment of the biaryl system
(C/D-rings), whereas Stille coupling for connection of the B and C rings. The C ring was formed via ring-
closing metathesis by application of Hoveyda-Grubs second generation catalyst, followed by elimination and
aromatization (Scheme 11). Compound 52 in this synthetic strategy is identical to a late stage intermediate of
Weinreb’s methodology. However, the authors provided a shorter and more efficient reaction route for the
final steps (52 to 31) as compared to the original Weinreb approach, 50% and 17% yields, respectively.

Importantly, this approach likely allows generation of a range of diverse synthetic analogues.
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C'@ N"CH,4
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HaC™ 42 43 — NH; CHj c CH; —-
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Scheme 10. The key steps of the total synthetic strategy of Weinreb ez al. towards (+)-streptonigrin (31):***

(a) xylene, reflux; (b) 17 steps; (c) KH, C¢Hg; (d) 8 steps.
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dark, 0-25°C
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Scheme 11. The total synthetic strategy of Donohoe et al. applied Pd-mediated cross-couplings for
connection of the B-C and C-D rings of streptonigrin (31). CAN=(NH4),Ce(NO3)s.

In addition to the above two total syntheses, two previous formal synthesis of streptonigrin (31) were
presented in 1981 and 1985. The formal synthesis of Kende stops five steps from the target, however,
reaches this intermediate in a fewer number of steps.*™®” In this protocol, the C/D rings were prepared by

condensation of amino ketone 53 with methyl acetoacetate to afford pyridine 54. The methyl ketone 55
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(Borsche adduct) was allowed to cyclize with amino imine 56 (A-ring precursor) to deliver quinolone 57 in
high yield (96%, Scheme 12). Further eleven steps, mostly involving functionalization of the A ring, were
required to convert 57 into 58, an advanced intermediate towards streptonigrin (31). The synthesis is almost
entirely linear and unfortunately does not allow easy generation of diverse analogues.

Boger et al. proposed a seven-step formal synthesis towards (z)-streptonigrin (31) relying on two
successive imino Diels-Alder reactions for the preparation of its C ring (Scheme 13).**° The key steps of

this approach are two consecutive inverse electron demand Diels-Alder reactions and a subsequent in situ

cycloreversion.
H
NH2| CH, o Nl CHs;
Oy cH, a CHb CHs
OBn o OBn
OCH; OCH;
OCH; OCH;
53 54

Scheme 12. The key steps of the Kende strategy towards (z)-streptonigrin (31): (a) CH;COCH,COOCHj3;
(b) NaBHy; (c) PhPOCl,; (d) CuCN; () CH3MgBr then H™; (f) --BuOK, -BuOH, toluene; (g) 11 steps.

Thioimidate 59 was prepared from commercially available 6-methoxyquinoline and then forced to
undergo Diels-Alder cycloaddition with 1,2,4,5-tetrazine-3,6-dicarboxylate (60) upon N, extrusion providing
the 1,2,4-triazine 61 in 82% as a single regioisomer. Subsequent treatment of 61 with morpholino enamine
62 yielded a 1:1 mixture of the regioisomeric Diels-Alder adducts 63 and 64 in a combined 65% yield. The
regioselectivity of this process is comparable to that reported by Weinreb regarding the construction of ring
C. In four additional steps, compound 64 was elaborated to 65, which has previously been converted to (+)-
sterptonigrin (31) by Weinreb. The strength of Boger’s strategy is the preparation of the A/B ring system

prior to its attachment to ring C, providing a straightforward route to analogues.

o
)NL.N\YC02CH3
NO,  H,co,c NN OCH3
Z OCH, _60, H3COZC N H-CO
HaCS. 3
NH Cochs
59 61

Scheme 13. The key steps of the strategy of Boger et al. towards ()-streptonigrin (31); a formal synthesis.
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One limitation is the late stage conversion of the pyridine C-5 methyl ester of 64 into an amine as this
requires differentiation of the two methyl esters on the same ring. Functionalized streptonigrin analogues
were synthesized by Harding and co-workers’' Despite existing syntheses, streptonigrin and its derivatives

remain to draw significant synthetic interest.”’

2.3. Isoquinolones
Isoquinolones belong to alkaloids isolated from Streptomyces,”” marine sponges of the genus
Petrosia,” and Cribrochalina® and bryozoans Caulibugula intermis’ that have an oxidized bis(carbonyl)-

isoquinoline backbone as the common structural motive.

H2N 0 0 0
N/ OCHs . OCHs OCHs N/ NN, NF N ONH,
0 0

66 68 69 70 71

Figure 5. The structure of 1soquin010nes mimosamicyn (66), mimocine (67), naphthyridinomycin (68),
4-aminomimosamycin (69), 7-amino-7-demethoxymimosamycin (70) and perfragillin A (71).

2.3.1. Bioactivity

Isoquinolone quinones 66 and 67 (Figure 5) were isolated from the fermentation broth of Streptomyces
lavendulae.”® The antituberculotic mimosamycin (66) is the structurally simplest example of this group.
Mimocine (67), a closely related antibiotic, showed high activity against B. subtilis and C. alibicans.*®
Naphthyridinomycin (68) is a broad spectrum antibiotic that inhibits DNA and RNA replication and is
produced by Streptomyces lusitanus.” Mimosamycin (66) and its analogues 4-aminomimosamycin (69),
7-amino-7-demethoxymimosamycin (70) and perfragillin A (71) were identified in marine sponges of the

. 8 . . 100 . . 7. 100
genera Reniera,’® Petrosia,” Xestospongia - and in the bryozoan Membranipora perfragilis.

o) R
= R1 = I
N N N’Rz N ~ N/
o H o H
72-75 76-77

Figure 6. The structure of caulibugulones A (72, R;=H, R,=CHs), B (73, R;=Br, R,=CH3),
C (74, R=Cl, R,=CH;), D (75, R1=H, R,=0C,Hj5), E (76, R=H) and F (77, R=CH,).

Caulibugulones A—F (72-77, Figure 6) were isolated through bioactivity-directed fractionation of the
marine bryozoan Caulibugula intermis."”" The similar ICsy’s of 72-75 (0.22—0.34 pg/ml) indicated that
halogen substitution at C-6 (73, 74) is not necessary for the cytotoxicity of caulibugulones; however, ethoxy

substitution (75) at this position causes a 5—10 fold reduced cytotoxicity.'"*

Natural products of marine
origin, which are often halogenated, have lately received increasing attention as they are expected to provide
novel leads against multiresistant bacteria. More than 15000 marine natural products have been described so
far and every year hundreds of new compounds are discovered, continuously providing challenges for

structure elucidation and synthesis and novel leads for drug development.'®
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2.3.2. Total synthesis
Following the total synthesis of Fukumi et al. (1977) from 6-methyl-7-isoquinolinol in five steps and

80% overall yield,'™

a two-step synthesis of mimosamycin (66) was published by Mckillop and Brown in
1987 applying cycloaddition of 1,4-benzoquinone with 2-aza-bis(1,3-#-butyl-dimethylsiloxy)-1,3-butadine
followed by hydrolytic work-up and N-alkylation.'”” An alternative eight-step synthetic route providing
mimosamycin (66) in an overall yield of 13% was reported year 2000 by Kesteleyn and De Kimpe (Scheme
14).1% 2-Methoxy-3-methyl-1,4-benzoquinone (78) was furnished by oxidation of 2-methylresorcinol-
dimethyl ether with sodium dichromate. Following unsuccessful attempts for selective alkoxymethylation at
its C-1 position, 78 was refluxed with keten dimethyl acetal to obtain 79 in 44% yield that could easily be
separated from the rests of the starting material (52%). Hydrolysis of the ortho-ester led to the
methoxycarbonylmethyl hydroquinone 80, which was protected by methylation. Compound 81 was
converted in three steps into the methyl [o-(chloromethyl)phenyl]acetate 82, which was converted into
lactam 83 using methylamine. This in turn could be converted into mimosamycin (66) using cerium(IV)

ammonium nitrate in aqueous acetonitrile.

co OH co OCH;

0 H H

L e N S O A 2 6 ¢

O OCH;  H,CO oH Y OCHs X |_<|33CH3
78 80 81

79
OCHj4 OCHj o
— 0 OCHs 0 Ao
Cl OCH, OCHj 5
82 83 66

Scheme 14. The De Kimpe synthesis of 66:'% (a) CH,CH(OCHj3),, toluene; (b) CH3;0H, reflux;
(c) (CH3),S04, K>COs3, acetone, reflux; (d) (CH,0),, ZnCl,, CH3;COOH, HC], rt; (e¢) K,COs3, acetone, reflux;
(f) HC1, CH3OH, rt; (g) CH3NH,, CH;0H, rt; (h) cerium(IV) ammonium nitrate, CH;CN, H,0, 0 °C.

Its antitumour and antibiotic activity along with a comparably complex structure makes naphthyridino-
mycin (68) to an attractive target for total synthesis. However, so far only two approaches towards a stable
derivative of 68 were presented, by Evans er al (1985)'"7 and Fukuyama et al. (1986-87),!%8110

respectively. Recently, the Fukuyama group presented a new strategy,' '’

with the strength that it considers
the sensitivity of the hemiaminal and quinone moieties and introduces them first in a late stage of the
pathway. A crucial step in the preparation of 68 is construction of its highly strained 3,8-diaza-
bicyclo[3.2.1]octane framework. The tetracyclic diol 85 is a key intermediate of this route as it allows the
establishment of the oxazolidine ring of 68 (Scheme 15). Intermediate 84 was constructed by stereoselective
hydroboration of the exo-olefin of the tetracyclic intermediate following the formation of the B-ring of the
target from 86. The bicyclo[3.2.1]octane ring of enamide 86 was furnished via intramolecular Mizoroki-
Heck reaction of arylglycinol 87, which was prepared in six steps via a Mannich-type reaction of an
electron-rich phenol 88 with a chiral precursor. Further work for conversion of 84 into 68 is in progress in
the Fukuyama laboratory. There is a significant work carried out for the synthesis of related isoquinoline
quinoid structures in the exploration of their structure-activity relationships in the context of cancer and

g . . 112
antibiotics.
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Scheme 15. Retrosynthetic analysis towards (+)-naphthyridinomycin (68) according to Fukuyama.'''

2.4. Kinamycins

Kinamycins A, B, C and D (89-92) were isolated from the fermentation broth of Streptomyces
murayamaensis and were originally proposed to have a cyanobenzo[b]carbazolic structure.'"? Later it turned
out that the two nitrogens of the compound are positioned in a diazo substituent connected to a
benzo[b]fluorene ring system (Figure 7), and thus it is not heterocyclic;''* however, for historic reasons,
kinamycins are shortly discussed here. Originating from their antibiotic activity, kinamycins (89-94) raised

. . . L 113,115,116
significant academic and industrial interest. ™

Nevertheless, their tetracyclic skeleton encompassing
four chiral centres along with a sensitive diazo group makes their chemical synthesis challenging.
Streptomyces murayamaensis was early believed the only bacterium to produce kinamycins; however, later

. 117 118
Streptomyces saccharothrix,

an unidentified actinomycete ° and Streptomyces chattanoogensis subsp.
talitungensis119 were observed to synthesize these metabolites as well. Interest in kinamycins is maintained
mainly due to (1) their structural novelty, (2) their intriguing and yet poorly understood mode-of-action and

(3) their unique biosynthetic pathways.

"ORZ
~""OR3
OHO N, OR*

Figure 7. Kinamycins A (89, R;_3=H, R4=0Ac), B (90, R, ,4=H, R3=0Ac), C (91, R, 34=0Ac, R3=H),
D (92, R, 3=H, R,4=0Ac), F (93, Ri_4=H) and J (94, R,_4=0Ac), isolated from S. muraymaensis.

2.4.1. Bioactivity

The antibiotic and antitumour activities of kinamycins was originally associated with their DNA
crosslinking ability'* and later on to the reactivity of their diazo functionality.'*""'** Jebaratnam proposed
the formation of a radical intermediate triggered by endogenous oxidants resulting in oxidative DNA
damage.'” Nevertheless, close analogues were reported to show cytotoxicity even under reductive
conditions.'** As an alternative route, inhibition of DNA topoisomerase IIow was proposed. The fact that
kinamycins do not seem to undergo crosslinking or intercalation with DNA suggests a different mechanism
as compared to most other anticancer drugs. Dimitrienko proposed that the amino functionalities of guanine
and adenine may act as nucleophiles towards the diazo group providing unstable triazenes that, upon
decomposition, yield radicals, which in turn may cause DNA damage by depurination of the
phosphodiesterase backbone.'” Feldman and Estman suggested formation of a highly reactive sp” radical
upon N, loss of kinamycin providing a species that is capable of attacking both electron-poor and -rich

126,127
ff

arenes and abstract hydrogen from DNA.''® In a further study, Dimitrienko and Hasino investigated

the interaction of kanamycin F, proposed to be the bioactive form of all kinamycins, with glutathione yet
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without being able to provide clear evidence for this proposal. Hence, the mechanism of action behind the

antibacterial activity and cytotoxicity of kinamycins remains widely discussed.

2.4.2. Biosynthesis

Formation of the five-membered ring C and the reactive diazo group are the most intriguing
biosynthetic features of kinamycins A-D (89-92). Gould and co-workers conducted feeding experiments on
Streptomyces murayamaensis with isotope-labeled sodium acetate and various metabolite intermediates. The
derived isotopes containing kinamycin C (91) and D (92) were subjected to NMR spectroscopic analysis to
locate the distribution of isotopes.128’129 The observed *C enrichment indicated that the skeleton of
kinamycin is biosynthesized from acetate through the polyketide pathway. The oxygens at C-1, C-6 and C-7
were derived from acetate, whereas those at C-3, C-4 and C-11 from air (O,) and that on C-2 from water. By
feeding bacteria with either CH313COONa or 13 CH3COONa, Gould has proven that the "cyanamide carbon"
of kinamycins is derived from acetate.'”’ Despite the wide natural prevalence of N—N bonds, our current
understanding of the biosynthetic formation of N, units is yet very limited and accordingly the biosynthetic
pathway for the introduction of the second nitrogen of the diazo moiety of kinamycins remains unknown. A
possible hydrazine-mediated pathway was suggested by enzymatic conversion of arylhydrazines to

. . 130
aryldiazonium salts.

2.4.3. Total synthesis

Isolation of the first kinamycins in the early 1970s'"

did not trigger major synthetic efforts for almost
twenty years. In 1990, the Dmitrienko group prepared N-cyanoindoles as model compounds for the synthesis
of kinamycins,"”' considering them to be N-cyanobenzo[b]carbazoles. Structural revision of kinamycins in
199414132133 revealed their naturally rarely occurring benzo[b]fluorene skeleton connected to a diazo
moiety, which insight initiated synthetic interest. The first synthesis of prekinamycin appeared in 1996."**
Ishikawa et al.'* ' achieved the regioselective construction of 4,8,9-tri oxygenated 2,3-dihydro-
benz|[flindenone, the key intermediate in the total synthesis of kinamycin antibiotics, via intramolecular
Friedel-Crafts acylation, followed by oxidation and Diels-Alder condensation using 4,7-dioxygenated
indanone-type compounds as dienophiles. Lei and Porco performed the first enantioselective synthesis of
(—)-kinamycin C (91) in 2006 utilizing a Friedel-Crafts acylation and a Stille coupling to assemble the
central core of the molecule and a directed, asymmetric nucleophilic epoxidation to establish the

stereochemistry of the D-ring (Scheme 16)."*®

OM%MB . o) OMOM OH o OMOM OAc
nBus r .. _ab OAc ) ~~OAc
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Scheme 16. Some of the key steps of the first stereoselective synthesis of kinamycin C (91); (a) Pd,(dba)s,
AsPhs; (b) Super-hydride, Ti(Oi-Pr), n-BusNOACc; (c) Ac,0, pyridine; (d) Et;N-3HF; (e) TPAP, NMO;
(f) NaClO,, NaH,POy; (g) TFA; (h) CBry, then Pd/C, air; (i) TBSNHNHTBS, Sc(OTf)s; (j) PhIE,.'?®
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The recently reported total synthesis of kinamycin C (91), F (93) and J (94) by Nicolaou et al. offers
flexible route to this family of antitumour antibiotics through which structural analogues from a common
congener can smoothly be established.'” This strategy uses Ullmann coupling (step a) followed by a
benzoin condensation (step b) as key steps for formation of the the pentacyclic C ring (Scheme 17). This
strategy controls the stereochemistry of the D-ring through utilization of an enantiopure enone — in contrast
to the Porco synthesis using asymmetric epoxidation — and installs the quinone and diazo moieties via
cerium ammonium nitrate (CAN)-mediated oxidation.

OCHs oc:H3 S 74 X H,CO
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Scheme 17. Synthesis of kmamycm C (91), F (93) and J (94) according to Nicolaou et al. 139
(a) Pdy(dba);, Cul, Cu; (b) Et3N, Rovis catalyst; (¢) Ac,O, Et;N, Sml,, CH30H; (d) Et;N; (e) SeOy;
(f) HF, CAN; (g) Ac,0; (h) Pd/C, Hy; (1) TBSCI, imidazole; (j)TsNHNH,, aq. HCI; (k) (NH4),Ce(NO3)e.

The strategy of Herzon and co-workers published year 2010 reaches kinamycin F (93) in twelve steps
and allows generation of a variety of substituted diazofluorenes in three steps from a common precursor.'*’
The retrosynthetic analysis for the construction of the C-ring of the diazofluorene core is shown in Scheme
18. The cyclization was performed in two steps: a tris(diethylamino)sulfonium trimethyldifluorosilicate-

mediated 1,4-addition-elimination, followed by a Heck-type cross coupling.
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Scheme 18. Retrosynthetic analysis of the formation of the five-membered ring of kinamycins by Herzon.'*’

2.5. Azaanthraquinones

Azaanthraquinones are heterocycles primarily produced by fungi and lichens. The first 1-azaanthra-
quinones 110-112 (Figure 8) along with bostrycoidin, fomazrine and isofomazarin were also isolated from
the mycelium of Pyrenochaeta terrestris, the fungus responsible for the “pinkroot disease” of onions.'*' The
azaanthraquinone scorpinone (113) was reported from Amorosia littoralis,"** whereas marcanines A—E

(114-118) from Goniothalamus marcanii.'*

2.5.1. Bioactivity
Azaanthraquinones were reported to display phytotoxic,'** antimicrobial effects against a variety of

microorganism' *"'*® and to inhibit cAMP phosphodiesterase.'*’ Noppamas and co-workers reported'** the
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brine shrimp toxicity and human tumour cell toxicity assay guided isolation of marcanines (Figure 8),'* a

novel series of 1-azaanthraquinones, that showed high cytotoxicity against the human tumour cell lines
A-549, HT-29, MCF7, RPMI and U251 (EDs 0.04-3.03uM).

R5 0 Ry

H,CO ¢

R; O OH R4 0 R3
110,111 112 113 114-118

Figure 8. 1-Azaanthraquinones (110—112), scorpinone (113) and marcanines (113—-116). For 110 R,=OH
and R,=H, for 111 R;=H, and R,=0H, 112 R=H, 113 R=OCH3; For marcanine A (114) R;,45=H and
R3=CHj;; B (115) R, 3=CH3, R,=0OCH3, R4 s5=H; C (116) R;=CH3, R,=OCH3, R3;=CH,0H, R4, Rs=H; D (117)
Rl, R5:H, RZZOCH3, R3:CH3, R4:OH; E (118) R1_3:CH3, RZZOCH3, R4:H and R5:OH.

2.5.2. Biosynthesis

Nitrogen incorporation into a heptaketide intermediate by an aminotransferase utilizing amino acids as
nitrogen source was proposed to be a likely biosynthetic route towards the nitrogeneous heterocyclic ring of
scorpinone (113, Scheme 19).'**'* For 1-azaanthraquinones the shikimate-acetate pathway was proposed by

Goulart' and Arango and co-workers."”!
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Scheme 19. Biosynthesis of 2-azaanthraquinones by enzymatic nitrogen incorporation.

2.5.3. Total synthesis
The available approaches towards 2-azaanthraquinones can be grouped into six general strategies' ™

(Scheme 20): (1) those based on the Diels-Alder reaction of isoquinoline-5,8-diones (120) or 1,4-naphtho-

quinones (121) with suitable 1,3-dienes and 2-aza-1,3-dienes, respectively;153

154

(2) methods utilizing
phthalide-annulation of cyanophthalide (122) and 3-bromopyridines (123); ™" (3) strategies making use of
Friedel-Crafts reaction of an acid chloride (124) or acid anhydride (125) with 1,4-disubstituted benzenes
(126) along with Friedel-Crafts-type intramolecular cyclization of a suitably functionalized 1,4-naphtho-

quinone (127);15 >

(4) routes using ortho-lithiation by reaction of lithiated aromatic amides (128) and
pyridines (129) with suitable electrophiles (130, 131);156 (5) the biomimetic approach, i.e. addition of NHj3,
primary amines or enamines to functionalize naphthoquinones (132, 133) and subsequent intramolecular ring

closure;157 158

(6) syntheses based on intramolecular Heck reaction of 1,4-naphthoquinones (134).
Numerous additional structurally closely related quinones were synthesized over the past decades. For

example, as part of a total synthesis of the antitumour agent lavendamycin, Behforouz et al. prepared a series
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of 7-N-substituted quinoline-5,8-diones from 8-hydroxy-2-methylquinoline.'”*'®" 1-Azaanthraquinones were

also prepared by aza-Diels-Alder reaction of 4-stannyl-1-azabutadienes with benzo-1,4-quinones,

161

followed by selective oxidation proceeding with allylic inversion (Scheme 21).
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Scheme 20. Overview of the synthetic approaches towards 2-azaanthraquinones (PG=protecting group).
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Scheme 21. Synthesis of 7-N-substituted quinoline-5,8-diones (139-141)."!

2.6. Secobatzellines

Halogenated indole-4,7-quinones secobatzelline A (142) and B (143) (Figure 9), likely precursors for

pyrroloiminoquinone alkaloids, were isolated from a deep-water marine sponge of the genus Batzella.'®

O H
HZNmA
Cl

Figure 9. The structure of secobatzellines A (142, R=NH) and B (143, R=0).

2.6.1. Bioactivity

Secobatzellines A (142) and B (143) exhibited in vitro cytotoxicity against the murine P-388 tumour

cell line (IC5p=0.06 and 1.22 pg/mL) and against the human lung carcinoma A-549 cell line (IC5p=0.04 and
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2.86 pug/mL). Their diacetates showed somewhat lower antiproliferative activities (ICsp=1.22 and 3.83
ug/mL (P-388) and IC5)=2.68 and 4.68 pg/mL (A-549).'®* Moreover, they inhibit the phosphatase activity of

calcineurin, a principal regulator of human immune response.'®

2.6.2. Total synthesis

Shinkre and Velu proposed an eight-step strategy for production of secobatzelline B (143) from
4,6,7-trimethoxyindole (144),163 which can be achieved in three steps from commercially available 2,4,5-tri-
methoxy-benzadehyde.'®* The key features of this route are formation of the indole-3-glyoxalyl chloride (a,
Scheme 22), the one-step-reduction of indole-3-glyoxalic ester 146 with LiAlH4, the (NH4),Ce(NO3)e-
mediated oxidation of 146 to 147 and its regioselective chlorination with a mixture of NaCl and oxone.

Whereas a large number of nitrogenous quinones were studied, so far only a few have reached clinical
evaluation. Unfortunately most quinones showing promising bioactivities in vitro turned out to be ineffective
in vivo, indicating the remaining lack of understanding of their mechanism of action and pharmakokinetics.
The large structural heterogeneity of this group makes it likely that several different mechanisms play role in

the antibacterial and antiteratogenic activity of nitrogen containing heterocyclic quinones.

Ts
N7 ab 5”“\ OEtcd ('3 OH ef OAcgJ 0. NN ~OAc b
o On OAc — 144
(? (? ©

' Cl
144 148

Scheme 22. The total synthes1s of secobatzelline B (144):163 (a) (COCl),, Et,0; (b) EtOH; (¢) KH, Ts,, THF;
(d) LiAlHy4, Et,O, THF; (e) Ac,0O, EtsN, DMAP, DCM; (f) (NH4),Ce(NO3)s, n-BuyNHSO,4, DCM; (g) NaCl,
oxone, EtOAc, H,O; (h) NH4,OH, EtOH; (i) NaOMe, CH;OH.

3. Oxygen containing heterocyclic quinones
3.1. Pyranonaphthoquinones

Pyranonaphthoquinones are common secondary metabolites in a variety of bacteria, fungi and plants
species. This family, also referred to as benzoisochromane quinones, commonly exists in nature as

monomers, dimers and their glycosylated derivatives and was reviewed by Brimble in 1999 and 2008.'%>'%

. R, R'" O . H3CO o) .
OH o#a 00 e
R2 O

OH 0
151,152 153-156
H;CO O OHO : OH OOH:“ OHO
*i\ X * 2. e, O‘ 3.
COOH oH  CooH CONH, OHO
159 160 161 162 163

Figure 10. The structures of pyranonaphtoquinones psychorubrin (149), pentalongin (150) ventiloquinones
A (151, R, ,=0H), B (152, R, ,=0OCH3) C (153, R,_3=0OH, R4=0CH3), D (154, R, ,=OH, R3 4=OCH3),
E (155, R1_4=0OCH3), and L (156, R;=0OH, R, 4=H, R3=0CH3), kalafungin (157), eleutherin (158),
ventiloquinone L (159) and nanaomycines A (160), B (161), C (162) and D (163).
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3.1.1. Bioactivity

The simplest naturally occurring member of this compound class is pyschorubrin (149, Figure 10). It
was first isolated from the chloroform extract of Psychorubria rubra'® and was shown to possess inhibitory
activity against KB cells (EDsy=3.0 ug/mL). Promising antimalarial property of pyranonapthaquinones,
pyschorubrin (149) and pentalongin (150) isolated from Pentas longiflora, was reported (ECso<1 ug/mL, D6
and W2 clones of P. falciparum).'® Ventiloquinones (Figure 10) were isolated from the acetone extracts of

19 and from V. goughii.'’® Additional antibiotic

the root bark of V. maderaspatana and V. calyculata
pyranonaphthoquinones ~ kalafungin  (157),'"" eleutherin  (158),'"*'"* ventiloquinone L (159).'"°
Nanaomycines A-D (160-163) were isolated from Streptomyces rosa'’* and were demonstrated to exhibit
inhibitory activity against mycoplasma, fungi and gram-positive bacteria. In addition, nanaomycine A (160)

was found to inhibit platelet aggregation agent.'”

OHO - _ oH OH @QQ',\Q:O
3 i H
OHO oMo
164 ©
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Figure 11. Pyranonaphtoquinones marticin (164), griseusin A (165), medermycin (166), cyclocanaliculatin
(167), crassiflorone (168), isagarin (169), araliolactones (170-172, where R;_3=OH, OCHj3, OAc),
actinorhodins (173, 174) and methylanhydrovilangin (175).

Structurally complex members of this family are marticin (164), griseusin A (165) and medermycin
(166) (Figure 11), for example, which contain sugar derived hetrocyclic rings attached to the pyranonaphtho-

166176 Spironaphthoquinone  griseusins, deacetylgriseusins and 2a,8a-epoxy-epi-

quinone skeleton,
deacetylgriseusin B isolated from the extract of Nocardiopsis were shown to show promising anticancer
activities.!”’ Pentacyclic quinones cyclocanaliculatin (167) and crassiflorone (168) were isolated from the
Cameroonian medicinal plant Diospyros crassiflora."” Crassiflorone (169) was reported to possess
antimicrobial activity.'” Isagarin (169), reported from the East African medicinal plant Pentas longiflora is
in use against scabies and mycosis.'® Unusual araliolactones (170—172) were isolated from Araliorhamnus
vaginata and A. punctata (Rhamnaceae).'®' Dimeric pyranonaphtoquinones actinorhodins 173 and 174 were
reported to have antibiotic activity.'® Additional dimeric quinones methylanhydrovilangin was reported
from M. Africana'®* and is used in traditional Chinese medicine.

Hydroxylated quinones have high naturally abundance with structures ranging from lawsone (176),
utilized in sunscreens, to more complex structures such as the antiplasmodial xylariaquinone A (177),
isolated from the endophytic fungus Xylaria sp. and trimeric hydroxynaphthoquinone conocurvone (178),'®
which possess anti-HIV activity (Figure 12).'* The chemistry of hydroxylated quinones was reviewed by

Spyroudis.'® Busseihydroquinone A (179) along with its prenylated derivatives (180—183) isolated from the
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roots of Pentas bussei showed marginal cytotoxicity and antiplasmodial activity (Figure 13).'"*® The
naphthoquinones of Rhinacantus nasutus were reported to show promising antiproliferative activities against
a variety of cancer cells (KB, Hep-2, MCFE-7, HepG2, HeLa, SiHa, C-32, LLC, Colon-26, P388).'5"1%8

176

OHOHO OHO OHO
Hscoj“/u\OCHrs OHO
H.CO OCH3 O
; S, OCH3 o O el
0

179 182

Figure 13. Naphthohydroquinones of P. bussei: busseihydroquinones A—D (179-182) and 183.

Recently isolated griseusin analogue 3’-O-o-D-phorosaminyl-(+)-griseusin A (184, Figure 14) shows

moderate activity against gram-positive bacteria.'®’

NH,
O« HsCO  OOCH, HsCO  OOCH,
o 0T o
Nes'a:
Cl H

Figure 14. 3’-0-0-D-Forosaminyl-(+)-griseusin A (184), 6’-griseofulvin (185), 6-O-desmethyldechloro-
griseofulvin (186), 2,3-didehydro-190-hydroxy-14-epicochlioquinone B (187), cardinalins 1-6 (188—193).
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Additional antibacterial griseofulvin derivatives (185, 186) were reported from Nigrospora sp. MA7S,
an endophytic fungus obtained from the marine semi- mangrove plant Pongamia pinnata."” Cardianalins
1-6 isolated from Dermocybe Cardinalis in the mid 90’s represent the first class of pyranonaphtoquinones
discovered in higher order fungi. They showed promising cytotoxicity against murine leukemia, in which the
tetrahydropyrane was proposed to play significant role.'”!

The quinones (194, 195, Figure 15) isolated from the marine hydroid Garveia annulata were reported
to inhibit indoleamin 2,3-deoxygenase.'? Dialpachone (196) and adenophyllone (197) were isolated from
Heterophragma adenophyllum, a tree common in Southeast Asia and Africa and traditionally used against
viper bite and various skin diseases.'” Anti-HIV dactyloquinones (198—200) were reported from

Dactylospongia elegans.'*

pOOHO OH OH
S T ICL o210
O

194 195 196 197 198 199,200

Figure 15. The structures of the quinones annulin A (194) and garvin C (195) of Garveia annulata,
dialpachone (196) and adenophyllone (197) of Heterophragma adenophyllum and dactyloquinone C (198),
D (199, 5-3-Me) and E (200, 5-a-Me) of Dactylospongia elegans.

3.1.2. Biosynthesis

The biosynthesis of bacterial pyranonaphtoquinones is to date believed to follow the polyketide
pathway, thus the benzoquinone skeleton is built up from acetate/malonate units. Studies of the biosynthetic
relationship of nanaomycines (NNMs) with cerulenin, a specific inhibitor of fatty acid and polyketide
biosyntheses, revealed that the biosynthesis follows the nanaomycin D — nanaomycin A — nanaomycin E
— nanaomycin B sequence (Scheme 23).'”> Similar studies of kalafungins using cerulenin supported the

suggestion of their generation via the polyketide pathway.'*°

O O OHO : OHO :
0 0] 0] NNM-C
8 CH;COOH ——> O o0 o0 O - - COOH—> NNM-E
O S-Enzym O O o)
O
Nanaomycin D Nanaomycin A

Scheme 23. The biosynthesis of nanaomycines. The first steps are common for pyranonaphtoquinones.
Cyclization proceeds by linear head to tail condensation of the starter acetate and six malonates.

3.1.3. Total synthesis

Carbohydrates are frequently used sources for chiral natural products,'®’

as also demonstrated by
selected examples of total synthetic approaches of naphtohydroquinones. Concise enantioselective synthesis
of (—)-isagarin (169, Figure 10) was completed in seven steps with 39.6% overall yield using Dotz
benzannulation (step ¢, Scheme 24) and intramolecular stereospecific dioxabicyclic ketal formation as key

steps.'”® The starting material 202 is available in two steps from mannitol following literature procedures.

204



The total synthesis of kalafungin (157) was reported by Kraus and co-workers using a regioselective Diels-

Alder reaction as a key step.'”

pS ’»oyﬂgg » oi>0 <+ o
3

AcO OCH; OCHj,
201 202 H,CO Cr(CO)s 203 204 205 isagarain (169)

Scheme 24. Stereoselective synthesis of (—)-isagarin (168). (a) BuLi, THF, then BF;OEt, propyleneoxide,
—78 °C; (b) EsN, DMAP, Ac,0, rt; (¢) THF, 45 °C, 6 h, then 0 °C, NaH, CHs, 0 °C; (d) DIBAL-H, DCM,
0°C; (e) IBX, EtOAc, reflux; (f) p-TsOH, CgHs, reflux; (g) (NH4),Ce(NO;)s, H;O/CH5CN, rt.'®

The synthesis of nanaomycin D (154) and kalafungin (157) was later achieved from a carbohydrate
abundant source, methyl L-rhamnoside (206), using Michael-Dieckmann condensation (step d, Scheme 25)
as a key step. The Wittig reaction in step f simultaneously affords lactone 212 and the corresponding ester
214. The acidic isomerization of 215 provides the enantiodivergency of this synthetic strategy.'®’

The main challenge of the synthesis of spiroketal quinones is avoidance of benzoquinone formation in
the spiroketalization step. Kozlowski et al. explored alternative strategies for spiroketalization leading to the

assembly of the core of rubromycines, demonstrated on the example of purpuromycins (Figure 16).2°%*!

HsCO OH :
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Scheme 25. Total syntheses of nanaomycin D (154) and kalafungin (157) following the Tatsuta protocol:
(a) CICO,CCl3, then TsCl, pyridine; (b) Zn, Nal; (c) PCC, DCM; (d) +-BuOLi, isobenzofuranone; (e) 3 steps;
(f) PhsP=CHCOOEY; (g) (NH4),Ce(NO3)e; (h) AlCIs; (i) (NH,),Ce(NOs)s and then AICIs; (j) conc. HoSO4."’

Frenolicin B (225) was isolated from the culture broth of actinomycete (AM-3867). Its first total
synthesis was reported by Kraus and co-workers.?”* This procedure followed a regioselective Diels-Alder
reaction with complete regiocontrol providing 225 in 70% yield, as shown in Scheme 26.

Benzo- and/or naphtho[c]pyrans were frequently synthesized and studied, demonstrating the impact of
the heterocyclic oxygen for bioactivity. Benzopyrans were prepared from 2-hydroxymethyl-3,6-di-
methoxystyrenes by mercury-mediated oxidative ring closure and subsequent silver oxide-catalyzed
oxidation.””® Naphthoquinopyrans were prepared from benzopyrans by [4+2] cycloaddition using

1-acetoxybuta-1,3-diene (Scheme 27).204
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Figure 16. Spiroketalization strategies preventing benzofuran formation: spiroketalization (a) via
hemiketal conjugate addition, (b) by removal of electron-withdrawing groups, (c) through lowering the
nucleophilicity of the naphthalene, (d) by removal of benzylic protons.

HsCO O H3CO OH

a-c H g
OCH;, H3CO o HsCO "o~ 0 "o~
220 221 222 frenolicin B (225)°

Scheme 26. The Kraus synthesis of frenolicin B (225). (a) (+)-Ipc,BCl; (b) n-Buli, 0 °C, 1t;
(c) acrolein, 78 °C; (d) PA(OAc),, CO; (e) AgO, HNOs; (f) CHo(CH),CHOTMS, DCM, -78 °C;
(g) CrOs, HySOq, acetone.?"?

Enantioselective synthesis of (+)-eleutherin (158) and (+)-allo-eleutherin was reported by Fernandes et
al. in 8% overall yield.205 The key steps of this strategy are D6tz annulation with a chiral alkyne (b) and an
oxa-Pictet-Spengler reaction (f, Scheme 28). Stereoselective synthesis of (+)-ventiloquinone L (159) in
seven steps with 13% overall yield was reported by Fernandes following similar strategy that was reported
for (+)-eleutherin (158),°” hence the key steps being Dotz benzannulation and oxa-Pictet-Spengler

: 206
reactions.

] 0]
3
CO,CH3 1. CAN, CH,;CN CO,CH3 base, air O‘ ~C0O2CH3
o} 2. 1-acetoxybuta-1,3-diene O‘ o CH,Cl, O
HsCO OCH, 3. Aromatization on SiO, O OCH; O OCH;
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Scheme 27. Synthesis of naphthoquinopyran 228; CAN=(NH4),Ce(NO3)s.

Cr CO)5
©* - -
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229 230 231 OH-~0TBDMS O 232 20O 233 O 158

Scheme 28. Synthesis of (+)-naphthoquinonepyran (234): (a) n-BuLi, THF, =78 °C, 5 min, then Cr(CO); to
0 °C, then Me;OBF,4, DCM, rt; (b) CHCHCH,CH(OTBDMS)CH3;, THEF, 45 °C; (c) TBAF, THF;
(d) NaH, Mel, DMF, 0 °C to rt; (e) TBAF, THF; (f) (CH;0),CHCHj;, BF;0Et,, THF/Et,0:;
(g) (NH4)2CC(NO3)6, CH3CN/H20

3.2. Furanonaphthoquinones
Numerous natural and synthetic naphthoquinones are known to be potent antitumour,””’

.. . .. 20 .. 210 . . 211 . . 212 .
mollusc1c1dal,208 leischmanicidal, o antiinflammatory tripanocidal, antibacterial and anti-
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tubercular®'® agents. Herbal furanonaphthoquinones have attracted increasing attention in recent years as
several compounds of this class having naphtho[2,3-b]furan-4,9-dione and naphthol[1,2-b]furan-4,5-dione
skeletons have interesting biological activities.”'* Substituted naphtho[2,3-b]-furan-4,9-diones were reported
to have higher cytotoxic activity and the activity varies with the type of substituent on parent naphtho[2,3-b]-

furan—4,9—dione.215

3.2.1. Bioactivity
Antifungal (Candida) anthrinones were reported from Cercphora sordariodes (Figure 17).2'® Ceradrin

(234) and its derivatives (235, 236) were also reported from Monosporascus cannonballus.*"’

Figure 17. The structure of ceradrin (234), demethylceradrm (235), monosporascol (236)
and engelharquinonol (237).

Engelharquinonol (237) was isolated from the antituberculotic extract of Engelhardia roxburghian.
Oxygenated quinones discovered before the 1990’s were previously reviewed in detail.'®'*® Herbal
naphtho[2,3-b]furan-4,9-diones (238—241) showed promising antiproliferative activities (Figure 18).*'®
2-Acetylnaphtho[2,3-b]furan-4,9-dione 238 isolated from Tabebuia cassinoides (Lam.) (Bignoniaceae)
shows significant cytotoxic activity;*'® however, three times lower than the closely related 2-methyl-
naphtho[2,3-b]furan-4,9-dione.’* The cytotoxicity of naphtho[2,3-b]furan-4,9-diones depends on their
2-substituent. Compounds 238-241 showed activity within range of EDso<7 ug/mL. Introduction of
3-pyrrolin-1-yl or 2-(3-methylpiperidino) substituent, or a 7-or 8-membered ring significantly reduced the
cytotoxicity of naphtho[2,3-b] furan-4,9-diones, whereas that of a phenoxy, isopropylamino or 2-methyl-
piperidino group in the C-2 position of naphtho[2,3-b]furan-4,9-diones enhanced the tumour specificity.

2-Formylnaphtho[2,3-b]furan-4,9-dione had particularly potent activity (EDso=0.09 uM).**°

COCH3 *\ *CH2COOEt *CHZCOOCH3

Figure 18. Herbal naphtho[2,3-b]furan-4,9-diones (238—241).

3.2.2. Biosynthesis

Archaebacteria and animals were reported to make use of the mevalonate pathway for generation of
isoprenoid compounds. Thus, isopentenyl diphosphate (IPP) is formed from acetyl coenzyme A through
mevalonate and 3-hydroxy-3-methylglutaryl-coenzyme A. In eubacteria, in apicomplexan protozoa and in
plants the existence of a mevalonate-independent pathway was demonstrated.”*'** In this route, isopentenyl
diphosphate is generated from pyruvate and glyceraldehyde-3-phosphate via 1-deoxy-D-xylulose-5-
phosphate and 2-C-methyl-D-erythritol 4-phosphate (MEP). The biosynthesis of furanonaphtoquinones of
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Streptomyces was studied by Bringmann and co-workers by feeding experiments applying '*C-labeled
precursors.””* NMR analysis of the secondary metabolites proved the mevalonate pathway to be the
dominant route of the biosynthesis of pyranonaphtoquinones; however, the MEP pathway contributed to the
biosynthesis of the isoprenoid portion of the naphtoquinones.”** Hence, the study of Bringmann ef al. has
proven that two different isoprenoid pathways may be simultaneously involved in the biosynthesis of
furanonaphtoquinones in bacteria.

N CFs o COAr o COCF3 COAr COCF;
o O OH_ CF
Base CI CI
242 243 244 245 246

Scheme 29. Synthesis of naphto[2,3b] furan-4,9-diones utilizing nucleophilic substitution by activation with
trifluoromethyl functionality. Base is here K,CO3,(CH3)3(C6H33)NBr in o—xylene.225

3.2.3. Total synthesis
Several synthetic approaches were reported towards the naphtho[2,3-b]furan-4,9-dione skeleton, the

most important groups of methods being transition metal-catalyzed alkyne cyclization,*® cerium ammonium

nitrate-mediated oxidative cycloaddition,””’ nucleophilic aromatic substitution reaction (Scheme 29)** and

one-pot multistep reactions (Scheme 30).?**

Br
N 0
O, - ChBy o w0
OH @ 1
247 248 249 250

Scheme 30. Synthesis of naphto[2,3b]furan-4,9-diones by a domino protocol combining the generation of
o,B-unsaturated triketone, Michael addition, intramolecular cyclization and oxidation with air. Reaction
conditions: H,O, NH4OAc, 100 °, 10 h or 150 W, 130 °C , 20 min using microwave heating.228

Making use of benzanulation chemistry, Liebeskind and Liu synthesized quinones in moderate to high
yields from 7-butyl and trimethylsilyl substituted cyclobutenediones.”” Addition of 2-lithiofurans to z-butyl-
cyclobutenediones, followed by quenching with methyl triflate and subsequent thermolysis in the presence

of acetic anhydride, provides 4-acetoxy-7-methoxybenzofurans in the sequence shown in Scheme 31.

OAc
t-Bu__ O @1_THF, 78°c tBu__ O  Ac,0 BusN, DMAP t-Bu \ 1. LiAIH4
+ o0 . R?
R1OHO R Li 2. cH,OTS Rb% xylene, reflux o1 0 2. Zn(OAc),, AcOH
HCO oL | OCH;
251 252 253 R 254
OH 'e)
MR? (NHg),Ce(NO3)s N-R2
\H4)oCe(NO R
R'O 0 CHiCN™  Rio o
OCH; o)
255 256

Scheme 31. Synthesis of benzo[b]furandiones. R': CHs, i-PrO, NEt,. R* H,C¢Hs.*
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Deprotection and oxidation with (NH4),Ce(NOs)s (CAN) gives benzo[b]furandione (256).229
Importantly, the regiochemistry here is driven by the bulky #-butyl or trimethylsilyl substituent and hence the
unsaturated carbon nucleophiles add regiospecifically to the carbonyl most distant from the C(CHj3)s or
Si(CHj3)3 functionality. Following the furnishment of the benzo[b]furandione skeleton, the ¢-butyl group is

easily removable under acidic conditions.
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Scheme 32. The final steps of (+)-neomarinone (258) synthesis of Sestelo et al. 29 formation of a

1,3-bis(siloxyl)-1,3-diene, regioselective Diels-Alder reaction, silyl enol ether hydrolysis, trimethylsiloxy
elimination and subsequent aromatization in one pot. (a) LDA, TMSCI; (b) THF, rt; (c) HCIO4 (aq).

(+)-Neomarinone (258), isolated from the fermentation broth of actinomycetes, showed moderate
antibiotic and antiproliferative activity. Its stereoselective synthesis was reported by Sestelo et al. utilizing

(R)-lactate and (R)-3-methylcyclohexanone as chiral building blocks.”"

The two quaternary stereocentres
were in this strategy furnished by diastereoselective 1,4-conjugate addition and enolate alkylation whereas
the furanonaphtoquinone skeleton was built up via a regioselective Diels-Alder reaction (Scheme 32).
Regioselective Diels-Alder condensation (Scheme 33) was the key step in the total synthesis of
maturinone (262), reported by Fillion et al. (16% overall yield).231 An advantage of this strategy is the
regiocontrol of the electrocyclic reaction by introduction of a bromine into the quinoid starting material
(260), which in turn can be generated from phenolic precursors upon bromination and CrOs-mediated

oxidation. This route is likely to be applicable for the generation of maturinone analogues.

0 0 0
- o) a o} b-d o)
Q +B —-COOEt —> >—COOEt —> P
;
0 o) 0
259 260 261 262

Scheme 33. Synthesis of maturinone (262): (a) NaHCO;, DCM, rt; (b) KOH, EtOH, reflux;
(¢) neutralization with HCI (aq); (d) Cu, quinoline, 200 °C.

4. Sulfur containing hetrocyclic quinones

Sulfurous natural products have most often been isolated from marine sources. Caldariellaquinone
(261, Figure 19) is one of the most well-studied examples of this substance group that was reported from the
thermophillic, acidophilic bacterium Caldariella acidophila.* Caldariellaquinone is also a major

23323 and its chemistry has previously been reviewed. '’

component of the extract of Sulfolobus species
4.1. Bioactivity

In similarity to other quinones, the sulfur containing ones were also reported to possess significant
cytotoxicity and hence are potential anticancer agents. Conicaquinones A (264) and B (265) were isolated

from the methanol extract of Aplidium conicum, a marine ascidian, and observed to show cytotoxicity
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(ICs50>5 ug/ml) on rat glioma C6 cell assay; however only marginal effect on rat basophilic leukemia (RBL-

2H3) cells.>”
009 h QL 0%0
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263 264 265 266,267 268,269

Figure 19. Caldariellaquinone (263), conicaquinones A (264) and B (265), (+)-adociaquinones A (266,
R=H,) and B (268, R=H), (+)-3-ketoadociaquinones A (267, R=0) and B (269, R=0).

IZ

Adociaquinones A (266) and B (268) and 3-ketoadociaquinones A (267) and B (269) were isolated
from Xestospongia and showed inhibitory activity against human protein-tyrosine phosphatase that plays a
chief role in the regulation of the cell cyclem_23 ¥ and were found cytotoxic on P388, HCT, KB16 and HEP-
3B cell lines.*® 3-Ketoadociaquinones inhibited the protein farnesyltransferases of the yeast Saccharomyces
cerevisiae (ICs=1.48 and 3.75 uM) and of human (ICs5y=4.19 and 9.27 uM) and showed antiplasmodial
activity against the FcB1 and 3D7 Plasmodium falciparum strains (ICsp=1-4 uM).237 Adociaquinones were
reported from the tropical marine sponges Adocia ** and from Petrosia alfiani*®® and were observed to
selectively inhibit the iron chelator-induced HIF-1 activation in T47D cells (IC50 ~0.2 pM).*** Mechanistic
studies revealed that adociaquinones promote oxygen consumption without affecting the mitochondrial
membrane potential. The ascidiathiazones 270, 271 (Figure 20) of Aplidium sp. inhibited the superoxide
production of human neutrophils in vitro (ICsp=1.55, 0.44 pumol/ml) and in vivo (gout, ICsy=25.6

pmol/ml).**!

(+)-Mevashuntin (272) was isolated from Actinomycetes upon inhibition of its HMG-CoA
reductase with mevalotin.”** Thiplidaiquinones A (273) and B (274) were isolated from the ascidian

Aplidium conicum and observed to induce apoptosis by triggering reactive oxygen species.243

EO 2 [ N COOH OHO
N COOH X HOOC ? O‘ =0
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Figure 20. The structure of ascidiathiazones A (270) and B (271), (+)-mevashuntin (272)
and (+)-thiaplidiaquinones A (273) and B (274).

4.2. Biosynthesis

The biosynthesis of caldariellaquinone (263) was studied in Sulfolobus by measuring the incorporation
of isotopically labeled tyrosines. Feeding a series of “H or '*C-labeled tyrosines followed by mass
spectrometric tracing of the extent and position of the isotopes revealed that all but the Cl-carbon of
benzo[b]thiophen-4,7-quinone 263 is derived from tyrosine.”** Incorporation of sulfur most probably
proceeds very early in the biosynthetic route through a sulfur containing derivative of tyrosine. The

245

biosynthesis of sulfur containing natural products has been reviewed in detail by Parry,” that of isoprenoid

quinones by Nowicka and Kruk.*
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4.3. Total synthesis
The total synthesis of (+)-adociaquinones A (266) and B (268) by Harada et al.** starting from
xestoquinone (275) available through the procedure of Schmitz.”* The key step, cyclization with

hypotaurine (276), of the reaction root is shown in Scheme 34.

2 N a ‘ s?o 9
oo 2 A0y - T
O (@) H O

0% o} o}
275 276 266 268
Scheme 34. The synthesis of (+)-adociaquinones A (266) and B (268): (a) EtOH/CH3;CN/H,0, 40 °C.

Ascidiathiazones A (270) and B (271) were synthesized by Copp et al. ! from commercially available
8-hydroxyquinoline-2-carboxylic acid (277). The key steps of this synthesis was oxidation with Fermy’s salt
(step b, Scheme 35) cyclization with hypotaurine (276, step ¢) in similarity to the protocol of Harada towards

(+)—ald0cialquin0nes.246 Importantly, here the correct regioisomer was produced in a 10:1 ratio.

(0] O 00 O 00
a b c
O™ oo O™ "
N”~COOH N”~COOCH,; N”~COOCH,; N COOCH3 N COOH
OH OH o) o)
277 278 279 280 270

Scheme 35. Synthesis of (+)-ascidiathiazone A (270) by Copp:241 (a) SOCl,, CH3;0H; (b) K4[ON(SO3),]
(Fremy’s salt); (c) hypotaurine (276); (d) HCI; (e) KOH.

(+)-Mevashuntin (272) was prepared in a convergent eleven steps strategy from 3-(4-methoxy-
phenoxy)propanol (281) by Moody and co-workers.”’ The syn stereochemistry of the two pyrane
substituents was introduced by hydrogenation on Pd/C (step b, Scheme 36), whereas tetracyclic skeleton was

assembled by a regioselective Diels-Alder condensation (step e).

b . . OSi(CHg); Br Spo
OPO(OEt

OPMP OPMP OPMP
282 283 284

OHO h OHO
1\“ o?*
PMPO X O‘ 0 HOOC O‘ O

Scheme 36. The key steps of the synthesis of (+)-mevashuntin (272): (a) 4 steps; (b) H,, Pd/C, CH;0OH;
(c) NaH, CIPO(OEt),, THF; (d) 2 steps; (e) Et;N, DCM, 0 °C; (f) AgO, HNOs, dioxane;
(g) Jones’ reagent, acetone; (h) TMSCHN,, toluene, CH3OH.247

Thiaplidiaquinones A (273) and B (274) were synthesized in a biomimetic strategy by Copp et al.**®

and hence by addition of hypotaurine (276) to a pyranoquinone, which in turn may be furnished through an
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aza-6m-electrocyclization (Scheme 37). The final cyclization step, which is similar to that applied in the total
synthesis of 266, 268, 270 and 272, provides a mixture of four isomers, with 273 in 21% and 274 in 9%

yield. Synthetic strategies towards various benzoquinones have been recently reviewed by Pardasani and co-

workers.>*
OH OH
y = %
> R, R,
o) o) 000 & H O K
286 287 = A

273,274 289,290

Scheme 37. Synthesis of thiaplidiaquinones A (273) and B (274): (a) NaH, geranyl bromide, Et,O, reflux;
(b) (NH4)2Ce(NO3)s, CH3CN, H,0; (c) EtzsN, DCM,; (e) SiO»; (f) hypotaurine (276); CH;CN/EtOH.

5. Quinones and cancer

A common feature of heterocyclic quinones is that they frequently show promising antiproliferative
activity, which has often been associated to their ability to inhibit DNA topoisomerase-11.>>° However,
several additional biochemical pathways may contribute to their overall bioactivity. Quinones undergo
enzymatic reduction to give semiquinone radicals and hydroquinones, the driving force being formation of a
fully aromatic system.”' The one electron reduction is catalyzed by cytochrome P450 reductase, mediated by
NADPH and yields unstable semiquinones. Under aerobic conditions, semiquinone radical anions reconvert
into quinones by generating superoxide radical anions (‘O;’) from O,. Superoxide is converted to hydrogen
peroxide by superoxide dismutase, which may be further converted to hydroxyl radical (HO) via the
Fe-mediated Fenton reaction. This process is named ‘aerobic redox cycling’. The hydroquinone formed via
two-electron reduction may be excreted by a detoxification mechanism or may undergo comproportionation
with the parent quinone to yield semiquinone radical anions. Both the semiquinone and the superoxide
radical anion can generate hydroxyl radicals. These highly reactive species may attack DNA or other cellular
macromolecules, such as lipids and proteins, leading to cell damage or DNA breakage (Figure 21).2%>*

The two-electron reduction of quinones is catalyzed by NAD(P)H:quinone oxidoreductase
(NQOl)25 323 and generates hydroquinones (QH»). This enzyme reduces reactive quinones, which in turn are
toxic, and hence by-pass the creation of toxic intermediates. Whether the two electron reduction leads to
detoxification or to activation of oxidative stress depends on the rate of autoxidation of the formed
hydroquinone.”” If the autoxidation rate is low, conjugation may occur before oxidation. As a consequence,
the two-electron reduction will lead to detoxification and an increase in the NQO; activity. If, however, the
hydroquinone is rapidly oxidized, only a minor fraction may be conjugated and hydroquinone formation
results in activation. In this case, an enhanced tissue level of NQO, is expected to increase the toxicity of

quinones.”’

In an attempt to improve the anticancer properties of quinones substituted 8-
aminopyrimido[4,5-c] isoquinolinequinones were synthesized,''> N-alkylamino-, phenylamino- and
alkyphenylamino derivatives showing most promising antitumour activities.

Quinones with fused aromatic rings were proposed to exhibit cytostatic activity via DNA intercalation,
which causes reading errors during the replication process. In addition to the primary nucleic acid

intercalation, further modulation by binding to additional substrates, e.g., topoisomerase I/1I, may take place.
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A positive charge, generally needed for their bioactivity, is usually provided by a nitrogen™® making the

number and positions of nitrogens especially important for anti-cancer applications.*’

0O
R\\ 0
| =
NADP* =, ~ FAD eg 0 = Fe*
)C © X . — H,O, — H,0+0, — OH + H,O + O,
NADPH FADox R 9 02 .

DOY |
Bioalkylant intermediates Z _* _
Covaent bond to proteins =~ 0O . DNA OX|dat|\(e damage .
and nucleotides ortho-quinone Lipid and protein peroxidation

Figure 21. Representation of the redox cycle and generation of metabolites by quinones.254

6. Concluding remarks

Traditionally, natural products were isolated via bioassay guided fractionation. Besides the strengths of
this methodology in providing bioactive substances, it suffers from the weakness of frequent reisolation of
known metabolites. Chemical screening of crude plant extracts, a recent technology utilizing the advances of
analytical techniques (HPLC-NMR/MS) is a complementary strategy allowing rapid identification of novel
substances in extracts and their targeted isolation. It enables recognition of known metabolites at an early
stage thereby avoiding costly and time-consuming isolation of already known constituents.

Despite the large number of reports on bioactive heterocyclic quinones, so far only a few have reached
clinical evaluation. As shown above, synthetic methodologies were developed to generate hetrocyclic
quinones; however, production of derivatives with a chemically diverse substitution pattern remains a
challenge. Enantiodivergent synthesis was achieved for a few substances, such as (—)-isagarin and
(—)-kinamycin C, whereas synthetic routes to a numerous important substance groups has yet to be
developed. The genus Steptomycetes proved to be an excellent source of nitrogen containing hetrocyclic
quinones indicating the high potency of studies of herbal and bacterial extracts in the search for novel
bioactive substances. Natural products of marine origin were observed to often possess less common
substituents (halogens) and a larger propensity of heterocyclic rings. In addition, they often show promising
antiteratogenic effect. Although the anticancer and antimicrobial activities of a number of substances were
studied, detailed structure-activity relationship information is yet barely available for heterocyclic quinones.
Despite the vast amount of work already performed on this substance family, the intriguing chemical
structure and potential biological activities of heterocyclic quinones is expected to remain to raise

considerable interest.
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Abstract. Several organometallic methods are used to synthesize m-conjugated molecules and polymers with
alternating thiophene-dialkoxyphenylene units in the conjugated backbone. Here we describe our
approaches to the synthesis of materials based on the dialkoxyphenylenethienylene structural motif via
palladium catalyzed cross-coupling reactions of organomagnesium or organoboron reagents with aryl
halides. The properties of the resulting compounds and their applications in (opto)electronic devices
(organic field effect transistors, resistive gas sensors, field effect chiral sensors, photoelectrochemical cells
and bulk-heterojunction solar cells) are also discussed, highlighting the role of the synthetic logic in the

design of multifunctional organic materials.
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1. Introduction
Applications of n-conjugated polymers' and oligomers” as active materials in thin film opto-electronic

devices such as organic light emitting diodes (OLEDs),? organic field effect transistors (OFETs),* solar
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cells’ and chemical/biological sensors® have raised enormous industrial and academic interest over the last
twenty years. In fact, plastic electronics largely benefits from the possibility to combine in a single material
the optical and electrical properties of semiconductors with the easy and low cost processability of polymeric
and molecular compounds. In addition, the structural variety of organic chemistry offers virtually unlimited
options for tailoring and optimizing properties at the molecular level for targeted applications.

In the wide pool of organic semiconductor structures, thiophene based polymers and oligomers,
including oligo- and poly(arylenethienylene)s (OATs and PATs) have been widely investigated because of
their excellent electrical and optical properties and good processability.’

Dialkoxy functionalized PATs and OATSs can be conveniently synthesized by various procedures, most
commonly based on direct Csp>~Csp® bond forming cross-coupling reactions,® involving aryl halides and
organometallic reactants such as organoboron (Suzuki Miyaura coupling), organotin (Stille coupling),
organozinc (Negishi coupling) and organomagnesium (Kumada coupling) derivatives.’

This article surveys our recent contributions on dialkoxyarylenethienylene based polymers and
molecules, covering their synthesis, properties and applications in field effect transistors, photovoltaic
devices and chemical sensors. The suitability of several thiophene organometallic reagents allows the
synthesis of dialkoxyarylenethienylene polymers and molecules by various possible reactions, thus offering
the possibility to select the experimental protocols that better tolerates specific functional groups in the cross
coupling partners, leading to final products with chemical structure tailored for targeted applications.

The discussion on this specially versatile class of molecular and polymeric semiconductors will give
the opportunity to show the synthetic logic underlying the choice of structures and the criteria of molecular
design in organic electronics, emphasizing the key role of organic synthesis in the progress of this important

scientific and technological field.

2. Poly(dialkoxyphenylenethienylene): from synthesis to devices

Our investigation on dialkoxyarylenethienylene material started in 2002'C with the synthesis of
poly(2,5-dioctyloxy-1,4-phenylene-alt-2,5-thienylene) (POPT) 1 (Figure 1), a quite simple copolymer
alternating 2,5-dioctyloxy-1,4-phenylene and 2,5-thienylene moieties. The linear alkoxy chains on the
phenylene units confer solubility to the polymer in common organic solvents, allowing easy thin film

processing from solution.

OCgH47
a
S

Figure 1. Poly(2,5-dioctyloxy-1,4-phenylene-alt-2,5-thienylene) (POPT) 1.

2.1. Synthesis of poly(2,5-dioctyloxy-1,4-phenylene-alt-2,5-thienylene) 1 (POPT)

Polymer 1 can be synthesized by various cross coupling reactions. It was early synthesized by Z. Bao
et al. via the Stille cross-coupling of 2,5-bis(tributylstannyl)thiophene 2 with 1,4-diiodo-2,5-bis(octyloxy-
benzene) 3 (Scheme 1).11

However, the well-known toxicity of organostannanes stimulated the research on alternative synthetic

methods based on more benign and environmentally friendly reagents, such as the Suzuki-Miyaura reaction.
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Scheme 1. Synthesis of POPT 1 by the Stille cross-coupling.

In fact, 1 can be also prepared by polymerization of the bis(pinacolato)diboron derivative 4 with
1,4-diiodo-2,5-bis(octyloxybenzene) 3, according to Scheme 2.7 A systematic study comparing 4, its
dioxaborinane analogous 5 and the diboronic acid 6 revealed a better stability of 4, especially in
consideration of the easy hydrolytic deboronation process that limits the use of 5 and 6 in the polymerization
reaction with 3. Improvement in the reaction yield using 4 was achieved employing ligandless palladium(II)
acetate Pd(OAc), as the palladium precursor: a still debated triphenylphosphine inhibitory effect on the
reaction occurs with the most common tetrakis(triphenylphosphine)palladium(0) Pd(PPhs), catalyst. In any
case, as argued from MALDI-TOF mass spectra, hydrolytic deboronation is still the main chain termination
process even when Pd(OAc), is used, while undesired chain termination via phenyl capping of the growing

chains occurs in the presence of free triphenylphosphine in the reaction medium.

QO‘ ’Oﬁ OCgH;7 OCgHq7
o’B \C7/B\ N Pd cat / |
\ / © T K, CO; s
THF/H,0
CgH17O 2 CBH17O n
4 1
76% yield, Mw 3.6 KDa, P1=1.2 (with Pd(PPhs),)
90% yield, Mw 3.7 KDa, PI=1.2 (with Pd(OAc),)
Q o HQ OH
B S\ _B, B S<_B.
5 6

Scheme 2. Synthesis of 1 by the Suzuki-Miyaura cross-coupling.

We proposed a simple protocol for the synthesis of 1, as a convenient alternative to the methods
previously reported.“’12 It is based on the Pd-catalyzed polymerization of bis-organomagnesium reagent 8,

derived from 1,4-dibromo-2,5-bis(octyloxy)benzene 7, with 2,5-dibromothiophene 9 (Scheme 3).10

I\
OCgH17 OC8H17 Br/O\Br OC8H17

S
M9 BrM MgBr ——— a
Br Br T THF g 95" “PqCl(dppf) s
reflux THF C.H. O n
CgH470 CsH1708 reflux gh17
7

yield 40%; Mw=7.1 KDa; PI=1.7
Scheme 3. Synthesis of 1 by cross-coupling of bis-Grignard reagent 8 with 2,5-dibromothiophene 9.
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This protocol is straightforward and it is based on a non-toxic organometallic reagent 8 that can be
simply prepared from the easily accessible dibromo-derivative 7. The protocol was readily extended to the

preparation of several conjugated polymers in good yields, thus demonstrating its versatility and generality

(Scheme 4).

e

OCgH47

HOOA

CgH470 113

yield 51%; Mw=6.7 KDa; PI=1.7

OCgH17
H Wa Oa®=W:s
OCgH47
PdCl,(dppf) CgH170 11b
BrMg MgBr + THE yield 60%: Mw=11.8 KDa: PI=1.4
CgH17O reflux 8H17
8 O (O~
O O
CgH170 11c n
yield 58%; Mw=5.9 KDa; PI=1.4
OCgH17

BrQBr

HO-(OH,
10d

CgH470 114
yield 73%; Mw=6.4 KDa; PI=1.5

Scheme 4. Polymerization reactions between 8 and the dihalides 10a—d.

The PdCly(dppf) (dppf: 1,1’-bis(diphenylphosphino)ferrocene) complex led to the highest yield in
comparison to other Pd catalysts.lo According to the generally accepted mechanism for these
polymerizations,'” a small amount of 8 is consumed during the initial Pd(I) reduction to the effective
catalytic Pd(0) species: this would result in an imbalance between the organomagnesium and the electrophile
monomers molar ratio and, as a consequence, in a decrease of the degree of polymerization. Therefore, a
proper (1-2%) excess of the bis-Grignard reagent 8 in all polymerization reactions reported in Schemes 3
and 4 had to be employed to adjust the reaction stoichiometry.

Molecular mass values (Mn and Mw) and degree of polymerization (DP) of polymer 1 as determined
by both Gel Permeation Chromatography (GPC) and MALDI-TOF mass spectrometry are reported in Table
1. The low molecular weights of 1 are likely due to its limited solubility in the reaction solvent, but they are
comparable to molecular weights of the same polymer prepared by different reaction protocols.

The differences between the mass values determined by MALDI-TOF MS and GPC are explained as
follows: on one hand the quite different hydrodynamic behaviour of conjugated polymers, which are rigid
rod-like molecules rather than polydisperse coils as the standard polystyrene, determines an overestimation

of Mn and Mw measured by GPC.'" On the other hand, MALDI-TOF suffers from mass discrimination
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phenomena at the higher molecular mass end'” and, as a consequence, underestimation of molecular masses

is expected with this technique.

Table 1. Comparison of molecular mass and degree of polymerization values for 1 determined by
GPC-HPLC and MALDI-TOF MS

GPC MALDI-TOF
M, (KDa) 4.3 4.0
M, (KDa) 7.1 5.3
M,/ M, 1.7 1.3
DP 10 10

However, the polydispersity index (M,/M,) determined by both techniques (1.7 by GPC, 1.3 by
MALDI-TOF) is indicative of a narrow distribution of chain lengths. The MALDI-TOF spectrum of polymer
1 reported in Figure 2 shows a uniform distribution of chains with all the possible terminations. An
important advantage of the Grignard polymerization, with respect to the two other organometallic routes
above discussed,'"'? is represented by the absence of polymer chains terminating with organometallic

moieties or phosphine defects.
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