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Introduction

A Introduction

1 2-Pyronei a privileged heterocycle and widespread motif in nature

Nature is an inimitable source ofyriad heterocyclic molecules that are involvedaihkinds
of biochemical processesxhibiting premus biological activities.Research othesenatural
products is one of the cornerstones of medicinal chemistry and plays a vitakhaldistovery
of new drugsConsequently, theast majority of drugs marketed over the past 35 yaagsate
from variousnatural products either by consisting direcfyaturally occurring compounds or
are inspired by these entitie2-Pyrone (), an unsaturated sixembered cyclic ester,
constitutes a renowned representative of naturally occurring heterocycles which can be found
in all domains of life, e.g., bacteria, fungi, microbes, marirgaoisms, insects, plants or
animals Figure1).?4 In these systems-f@yronesfulfill important functionss intermediates
or productsin metalmlism, as well as signaling molecules or defemsagentsagainst
predators:® But most importantly, natural-gyronesevincean extensiverange of biological
activities with immense therapeutic importandee HIV protease inhibiting, telomerase

inhibiting, antifungal, antiinflammatory, antimicrobial, cardiotonic, cytotoxic and neurotoxic

0
0 o}
R1
P ]ﬁio -
Z SR HO™ N R2
2a R=n-Pr 3a R=H 4a R'=H,R%Z=Me
2b R =p-Pent 3b R=OMe 4b R'=Ac,R2=Me OH
HO
H

effects?”

2¢ R = n-Hept 4c R1 Me, R? = i-Pr
= Et, R? = i-Pr
o}
| o Nz
=
A R
6a R=Me 7a R=Me 8a H,R2=H, R®=H, R*= OMe
6b R =n-Pr 7b R=CH,OH 8b R1 H R2—0|v|e R3— , R*=0Me
6¢c R =n-Pent 7c R=CHO 8¢ R'=H,R%2=H, R3-0|v|e R*= OMe

7d R=CO,H 8d R'=H,R?2=H,R®=H,R*=H
8¢ R'=H,R?=H,R®=R*=0,CH,
8f R'=OH,R?=H,R®=H,R*=H

Figure 1. Selected examples of natural occurringy2ones> 8




Introduction

Moreover the privileged heterocyclic structure of@rones, accommodating the chemical
behavior of conjugated dienes, lactones and ar@®85% resonance energy of benzgne

has been widely exploited for the synthesisvalueaddedproducts in synthetic organic
chemistry polymer chemistry andnedicinal chemistry:'° Herein the versatile reactivity of
pyrones reaaks from cycloadditions to ringpening reactions and cressupling reactions
(Figure2). Remarkably, functionalized pyrones show also interesting photophysical properties
that can be delicately tuned by variation of deacceptor substituents indicating promising
applications for gganic lightemitting diode (OLED) displays and sofithte lightings?
Owing to their exquisite chemical and physical propertieqpyrdnes have attracted
considerable attention to their synthesis and functionalizatienthe past decaddsiqure?).

This review highlights synthetic strategies to the greatest extent divergent from traditional
methods. Beyond that, the versatile reactivity gdfyPones is discussed encompassing their

application in the synthesis of valuable products.

TM-catalyzed
annulations
n-acid catalyzed
miscellaneous

J
/\’R1

[4+2]-
cycloaddition
‘ (0]
/\’J R! 0

R ITL
O

[2+2]-
O cycloaddition

C-H activation

o

(@]
\
Renewable ii\i

Resources
malic acid
aldaric acids
furfural

TM-free
organocatalyzed
base-mediated

Lewis-acid catalyzed
6-endo-dig-cyclizations

conjugate addition

Figure 2. Overview of the synthetic strategies and versatile chemistrypgf@nes.
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2 Synthesis of 2pyrones

2.1 Synthesis from renewable resources

The growing endeavoof reducing fossitbased feedstocks has encouraged research for
sustainable strategies to convert renewable resources into valuable chdmit3®d., one of

the first documented syntheses of thpyPone scaffold already utilized nalacid (LO) as
starting material, a renewable resource readily derived from the fermentation of glucose
(Schemel).'? The acidcailyzed dehydration/decarboxylation of malic acid)(afforded
coumalic acid 12) via selt-condensation ah situformed formyl acetic acidl{l). Coumalates

are important platform molecules anatil today several bigcale batch conditioféas well as
continuous flow processthave been developed for the synthesis of coumalic &2)drom

malic acid (0).

OH H,SO o)
2 4
2 HOQC\)\COZH 70°C. 2 h | _
65-70%
CO,H

10 12

0
2 yo,c

via 11

Schemel. Acid-catalyzed synthesis of coumalic acid®) from malic acid {0).*%*3

Recently, Sebastiano and-amrkers reported a sustainable procedure toward the synthesis of
pyrones starting from various biomdsased C6 sugar acids, also known as aldaric 8¢5
Treatmet of mucic acid 13, R = H) with acetic anhydride in a buffered medium yielded either
3-acetoxypyrone6-carboxylic acid or the corresponding sodium sHhtin good yields
depending on the employed buffer base (NaOH, pyridine or NaO3chefme2). This
procedure was also verified for the conversion of two salts of glucarick®;iR € Ca,K). In

both cases, the reaction was performed without the presence of a basehainarboxylate
anions were able to promote the reaction via intermetltteemselves$cheme?). Moreover,
pyronesl5were quantitatively converted with HCI teh§droxy-2-oxo-2H-pyran6-carboxylic

acid (@6) which afforded &ydroxy-pyrone derivative 17 by subsequent thermal

decarboxylation under quite mild reaction conditiocBsHeme2).
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CO,R

HO! Ac0 9 o 0
OH NaOH/F:y/NaOAc‘ AcO o HCl _ HO o HO o
HO 90-100 °C, 1-18 h | P | _ 140 °C, 0.4 mbar |
OH 45-90% CO,R CO,H 98% =
RO,C CO,R
13 R=H,Ca,K | AcO 15 16 17
N
AcO
O OAc
0,C
via 14

Scheme2. Sustainable synthesis ofironesl5 and17 from aldaric acidsi3).*®

Likewise, Reiser e al. developd an atorreconomic reaction sequence tesufbstituted

hydroxyalkyl pyrone&6 starting from furfuryl alcoholX8), a renewable resource derived from

inexpensive ageultural waste products like bran and bagassehéme3).’® A range of
hydroxyalkyl substituents were introduced by Bayiiman reaction of enon22 and various

aldehydes23. The thermal rearrangement of epoxid2s, which were utilized as stable

cyclopentenone epoxide surrogates, constituted the key stejg setjuenceklimination of
the hydroxy group also enabled the synthesis of naturally occuratigeyl pyrone27.

H,0 (pH 4) Ac,0 H @
o _ toluene _TsOH _ toluene ZnCl,
@/\OH 240 °C, 34 bar M20hn NaOH,q work-up
81% rt, 18 h, 87% H

<1 min, 87%
18 22
o
o)
? OH FVT
Bu3P PhOH OH Hy05, NaOH 650 °C |
R .
THF, i, 1-7d DCM/MeOH - CsHg . OH
79-90% rt, 30 min 62-98%
89-97¢
& 26 R
0
—_— o
|
2 steps N
R
27

Scheme3. Synthesis of &ubstituted pyronez6 from furfuryl alcohol (.8).1°
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2.2 Transition metal-catalyzed synthesis

Progresses in transition metatalysis paved the way for some elegant and efficient pathways
towards 2pyrones, being an attractive extension to traditional methods that often require harsh
reaction conditions, thus making theomfavorable for the synthesis of sensitive target
compounds. Particularly, the late transition metals proved to be very efficient catalysts for the
preparation of yrone derivatives.

Conceptually, the synthesis of pyrones tiaformation of Zmembered metallacycl&8 has
moved into the spotlight and @lethora of strategiebave been developed forge these
intermediate28 by transition metatatalyzed annulatiothat selectivelyyield the pyrone
scaffold29 after reductive eliminatio(Scheme4).

o reductive- Q
KJ\OM elimination f\l\)o
R/\ ey R/ %
28 29

Schemed. Pyrone synthesis viamemberednetallacycle8.

Nickel-catalyzed [2+2+2tycloaddition of diyne80and CQ, giving rise to pyrone derivatives
32, represents one of the oldest transition medthlyzed strategies, however, the reaction
suffered fromthe employment of high C@pressue (Scheme5).!” Louie and ceworkers
discovered that application of A-heterocyclic carbene ligdn (IPrligand) allows the
performance of this reaction at atmospheric.@@essure with excellent regioselectivify.
Analogously, a rhodiurcatalyzed version developed by Tan&ktal yielded carbocyclic as
well as heterocyclic fused pyrones under atmospheriec @@ssure and even at room
temperaturé? Mechanistically, an initial [2+2¢ycloaddition of CQ and the sterically less
hindered alkynyl unit lealto the formation of intermedia®l. Subsequent insertion of the
second alkyne followed by reductive elimination furnishes pyr82asa the intermediacy of

a -membered metallacycle and regenerates the catalyst.
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J— 1 COZ
+—R o
7 n conditions _
— R? references 17-19
M=
O
R1
30 32
| 0
i My R
2z, . %>
n
via 31
Saegusa et al."? Louie et al."® Tanaka et al.’®
Ni(COD),, PR3 Ni(COD),, IPr [Rh(COD),]BF4, Hg-binap
THF, CO, (49 bar) toluene, CO, (1 atm) (CH,CI),, CO5 (1 atm)
rtto 120 °C, 20-50 h 60 °C,2h rt, 1h
16-85% 75-97% 14-99%

Schemeb. Transition metatatalyzed [2+2+2Fycloaddition of diyne§0and CQ.17"1°

A rare example of a-gyrone synthesigia intermolecular [2+2+2tycloaddition between two

terminal alkyneg83and CQ at ambient pressure and temperature was reported by Wu-and co

workers?® An iridium/cobalt dual catalytic system provided access tal&@bstituted pyrones
35under irradiation with visible light3chemes). Herein, the photocatalytic systds utilized

to generate an active Cgpecies by a visible lighhediated reductive quenching cycle of the
Ir'"'-catalyst andi-PrNEt. Similarly to the intramolecular [2+2+2}cloadditions, the Co
species reacts with G@nd alkyne33to produce theive-membered cobaltacycle intermediate
34. Insertion of a second alkyr#8 into the cobaltacyle4 gives rise to pyrone85 after

reductive elimination.

Ir(ppy)2(dtbbpy)PFg o
CoBrs,, dcype, i-ProNEt, ZnBry

|‘| MeCN, blue LED
CO, (1 atm), rt, 24 h R F R
42-49%
33 35

Schemes. Visible-light mediated [2+2+2ycloaddition of alkyne83 with C0,.%°

Moreover, homeand heterodimerization of substituted propiol@@&proved tabe an efficient
method for the construction of the pyroskeleton Scheme7).?! Rutheniumcatalyzed
homodimerization of propiolat86 yielded trisubstituted pyrone$0, whereas disubstituted

pyrones4l were obtained by heterodimerization with terminal propickteRemarkably, by
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using acetic acid as solvent no homodimerizatiomefrespective propiolates was observed in
the latter case. Depending on the residue of alBg@weither 5carboxylate or 6-carboxylate
substituted pyroned0-41 are formed regioselectively which can be attributed to selective
formation of 5membered metkicycles 38. Aryl substituents coordinate strongly with
ruthenium thus preferring the formation etarboxylate substituted pyroné8-41. Selective
protonation of intermediatd8 again gives rise to amembered metallacycle and followingly

to pyronesi0-41 by nucleophilic attack of the ester38.

= COZEt

CO,Et [RuCIz(p cymene )2

I AgSbFs, (PIVOH) o
1,4-dioxane or AcOH

R 110 °C, 12 h

63-85%

36
R? = R1 = alkyl; R® = COzEt
R2=CO,Et; R®=R"' = aryl

R:_RU_co,Et ?
M 2 HY R RU _COoEt
LN \§21<H
R2 R’ 2 1
R R
via 38 39

Scheme7. Homo- and heterodimerization of propiolatg6-37.2

In addition to the processes uihg only alkynes as starting materials, other approaches
investigated the formation of pyrone derivatives via@mbered metallacycl@8 by transition

metalcatalyzed insertion dflb-unsaturated acids or esters to alkynes.

For instance, a range of atyblkyl- and silylsubstituted pyroned5 were regioselectively
prepared by Larock and -aworkers through palladiuroatalyzed annulation of halogear
triflate-containing Ub-unsaturated esterd2 and internal alkynegt3 (Scheme8).??> The
regiochemistry of the reaction seems to be controlled by steric factors in the apparent seven
membered palladacyclic transition product being formed by attack of the carbonyl oxygen on
the vinylpalladium intemediate44. Consequently, unsymmetrical alkyné8 give rise to

pyrones45 having the larger residue ingsition.
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4 (6]
R2_COR' R R?
I =, I Pd(OAc),, Na,COs, LiCl o
DMF, 100-120 °C, 3-50 h _
3 y s 3 5
RT X RS 10-79% R R
R4
42 X =1,Br, OTf 43 LOR1 45
R2
Ba
R3 e PX
R4 RS
via 44

Scheme8. Palladiumcatalyzed annulation dilb-unsaturated ested? and internal alkynes
4322

The development of transition metehtalyzed reactions proceeding C-H bond activation
allowed to circumvent initial halogewor triflate-functionalization of acrylic acids. Miura and
co-workers were the first to demonstrate that pyratfesan be directlyrepared from acrylic
acid and derivatived6 by rhodiumcatalyzed oxidative coupling/annulation with alkyr&s
(Scheme9).2® Key step is the cyclometallation of acrylic adiélin 3-position to afford the 5
membered intermedia#8 that further undergoes insertion into the alky#¥ Since then,
several oxidative annulaticstrategies have been described for the synthesigpgfahes49
from readily available acrylic acidb. Palladiumcatalysis enabled the utilization of oxygen as
oxidant under mild conditio’R$§ whereas cinnamic acid deatives could be converted into
multisubstituted pyrones by applying an inexpensive ruthemiatalyst?® In addition, Mei and
co-workers reported the first example of an iridigatalyzed electrochemical versith.
Herein, anodic oxidation was necessary to releaseptirone product9 from a stable,
coordinatively saturated i@ectron iridium complexRecently the combination of acrylic
acids with 4hydroxy-2-alkynoates yielded fused heterocyclic pyrone derivatives under
rhodiumcatalysis’’ In all cases, the reaction with unsymmetrical alkyd@sproceeded
regioselectively and again large substituents and especiglly a@ heteroaryl groups are

located in position of the final product.




Introduction

(0]
(0] R3 R
R! conditions 0
OH + | | |
| references 23-27 R2 Pz R
R2 R4 1) R3
R1
46 47 49
| o
R2 'v! R4
R3;‘///
via 48
Miura et al.23 Jiang et al.?* Gogoi et al.?5 Mei et al.2® Prabhu et al.?”
[Cp*RNCly]5, Ag,CO3 Pd(OAc),, CuBr, [RuCly(p-cymene)], (Cp*IrCly,), [RhCp*Cl,],, AgSbFg
DMF, 120 °C, 4-10 h NEt;, O, (1 atm) Cu(OAc),°H,0 n-BuysNOAc Ag,COs3, LIOAC
22-96% AcOH:Ac,0 t-AmOH MeOH, 1.5 mA EtOAC

90 °C, 12 h, 13-94% 90 °C, 12 h, 30-92% 60 °C, 12 h, 12-96% 100 °C, 16 h, 15-98%

Scheme9. Transition metatatalyzed oxidative annulation of acrylic acis and alkynes
47.23[27

Analogous to these oxidative annulations of acrylic acids, decarbonylatidecarboxylative
coupling provides an additional elegant route from simple starting materials proceeding also
via formation of a Emembered metallacyckE2. Decarbonylative couplg of anhydride®0to
alkynes47 was first investigated by Matsubara andwoarkers using a nickel catalyst in
association with a Lewis acid cocatal§t.ater, the scope of anhydridé8 and alkynest7

was widely extended by applying a rhodium catalytic system, yieldingrttetrasubstituted
pyrones53 regioselectively $chemel0).?° However, in both cases coupling of thargnt
maleic anhydride failed and by using terminal alkynes only oligomerization was observed.
While the first issue could be solved by a modified protocol under rutheratgiysis

developed by Boruaét al, the latter remained an insuperable challefige.
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(6]
R1 O R3 R1
| o0+ || conditions _ | (6]
references 28-30
R2 . R2 Z R4
(@] R R3
50 47 53
(0]

R2 \//
N
0 R3//
via 51 52
Matsubara et al.2® Matsuda et al.?° Boruah et al.3°
Ni(cod),, PMe;  [Cp*Rh(MeCN);3](SbFg), [RuCly(p-cymene)l,
ZnCly, MeCN Cu(OAc),, t-AmOH t-AmOH
80°C,12h 120 °C, 2-30 h 100 °C, 24 h
8-94% 6-92% 29-89%

Schemel0. Dercarbonylative coupling of maleic anhydridsand alkyneg7.2830

In a similar vein, the decarboxylative coupling of readily available maleic &diggh internal
alkynesb55 furnished ary, heteroary, alkyl- and carboxysubstituted pyroneS8 smoothly
under rhodiurrcatalysis with excellent regioselectiyi(Schemel 1).3! By using 2substituted
maleicacids, the decarboxylation takes place at the&stion to selectively form metallacycle
57.

) (0]
1 . R!
RIC%H I [CP*RNClyl,, Ag,CO3 "o
DMF, 120-140 °C, 2-72 h 7 3
CO.H R3 40-98% R
RZ
54 55 58
O
R1
R!__CO, T/<
< | ©
|  Rh —mn .
, -CO, Rh
CO, \__R
>
via 56 57

Schemell. Decarboxylative coupling of maleic acifig and alkyne$5.3*

During the past few decades, the directingupassisted €H activation has become a pivotal
strategy for the production of diversely substituted molecules. In this context, tunable tandem
oxidative cyclization oN-tosylacrylamide®9 and diazo compound® furnished either highly
substituted pyrone derivative®3 or furans depending on the applied reaction conditions
(Schemel2).32 In absence of an external oxidant, the rhodizataly2d reaction again takes

placevia an acylsulfonamide group directed formation of-aé&mbered rhodacycl. This
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complex61 can coordinate the diazo compoud@and after protonation intermediaé@ is
obtained selectively. Finally, kenol tautomerizan and lactonization afford pyrong3
under GN cleavage. Aromaticas well as aliphatic substituents are well tolerated in the

respective starting materials.

o)
(0] R3 R
R! NHTs + o [Cp*RhCly]; | 0]
| N, MeOH, 60 °C, 12h o'\ ps
R2 CO,R* 77-98%
CO,R*

59 60 63
0]

R 2 R! N RhCP™X
HX | T
| NHTs —> s
/ —  R2 H

R2 Rh
Cp* Ré0,C O

R3
via 61 62

Schemel2. Oxidative cyclization of acrylamidés9 and diazo compounds.®?

A different annulation strategy utilizing sulfoxonium ylidés as reliable and practical
substitutes for diazo compounds has been reported by Jiang-araikas®3 By application

of a rhodiumcatalyst they observed [3+3hnulation between cyclopropenoné4 and
b-ketosulfoxonium ylide$5 having only DMSO as a major byproduct. The proposed catalytic
cycle involves cyclometallation of cyclopropeno®é and transmetallation with substra&b
delivering a 4membered rhodacycle intermedié& The complex66releases DMSO to yield
the Zmembered metallacylé7 and ultimately, pyron&8 by reductive elimiation. Scheme
13).

o s 0
, O™\  [Cp'RhClyl,, NaOAc R o
) o MeCN, 100 °C, 24 h |
R" 'R R 52-97% RIS NR2
64 65 68
R? e
—_—
—§- R -omso |/ )
ST0" )= R /R
R1 R1 Rh
via 66 67

Scheme13. Rhodiuncatalyzed [3+3Jannulation of cyclopropenone®! and sulfoxonium
ylides 65.%3
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A large part of traditional pyrone synthesis relies on carbonyl condensation re4éGimse
carbon atoms o& carbonyl compound and an alkyne have the same formal oxidation state,
alkynes can be used as stable ketone surrogates which can be activataddygatalysts.
Therefore, -acid catalysis and particularly gold catalysis has emergagawerful tool or a

systematic exploratioaf the pyrone estate.

Gold-catalyzed cycloisomerization of strainkélkynylpropiolactone$9 triggered by -acid
coordination to the alkyne moiety furnisheghyrones71 (Schemel4).3* In some cases, by
product formation of acyclic acids was observed as a consequence of simulténeous
coordination of the catalyst to the lactoi®. Noteworthy, derivatives witla substituent
adjacent to thé-lactone moiety proved far less reactive with a concomitant increase in reaction

time.

[(R3P)AUOT] R!

R N\ DCM, reflux, 2-32 h
N 15-81% Z S R2

69 OjL_O\ 71
SN

via 70

Schemel4. Gold-catalyzed cycloisomerization bfalkynylpropiolactone$9.34

A facile " -acid-catalyzedoute towards yrones was developed by Firstner anavookers.

The ability to manipulate alkyne& by the pronounced carbophilicity of [LAltfragments,
enables the-@ndoadig attack of a tethered ester carbonyl group onto the transient ajkjahe
complex73to forge the pyrone ring in a fully regiocontrolled manner. During the total synthesis
of the marine natural product Neurymenol&l&5 the power of this approach wslsowcased

with the synthesis of varioustydroxy-2-pyrones74 from ynonateg2 (Schemel5).3°
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o O 0
t [(SPhos)AuUNTf,] R! o 5 steps |
= OBU  MeNO, or HOAG, t, 24 h | —_— A
R2 R 45-99% HO™ N “R?
HO

72 o © 74 Neurymenolide A 75

LAu\«> R’

R/‘/

N— 07 oy
via 73

Schemel5. Synthesis of 4ydroxy-2-pyrones74 by gold" -acid catalysis®

A different approach starting from propargyl propiolaiésvas describé by Schreibeet al
(Scheme16).3® Upon addition of a goltatalyst, the [3,3kigmatropic rearrangement of
propiolate76to enyne allene intermediaf is induced. Activation of the alkyne moiety by
coordination again instigatesé-endadig cyclization to oxocarbenium intermedidi® which

either eliminates a proton to give rise to vinyl pyrofi@or can be trapped by external
heteroarene nucleophiles to obtain pyro@@sOlefinic- as well as aromatic residues are well
tolerated without interfering with the casca

been adapted for the total synthesis of a ring A aromatic congener of urbaBicténe

o)
[(Ph3P)AuCI]
& 0 AQSbFe ) or 13 steps
R® /\/R1 DCM, reflux R R
= 12 0r24 h

40- 84% 52- 85%

Schemel 6. Gold-catalyzed cascade process for the conversion of propargy! propiksates

In addition to their earlier work, Schreiber andweorkers investigated the synthesis of
disubstitited pyrone85 directly from propiolic acid82 and terminal alkyne83viaa cascade
reaction based on alkyne coupling and subsequemd6cyclization of intermediate34

(Schemel 7).38 Several functional groups like ester, halide and alkynes are compatible with the
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reaction conditions. Hower, sterically hindered alkyne83 gave lower yields and

phenylacetylene reacted only at elevated reaction temperature.

CO,H 0
I . R? [(PhsP)AUCI], AgOTf
I

DCM, rt to 60 °C, 12-24 h
R 20-95% R

82 83 o © 85

AUT\/J\O
=
R1 \__%RZ

via 84

Schemel7. Synthesis of disubstituted@roness85 from propiolic acids32.3®

Previous examples have shown thaicid-catalyzed intramolecularé&daedig cyclization can
provide the Zpyrone framework in a very reliable wayhd& enormous value of these
transformations has beedmnrther undergirded by pioneering work in palladitcatalyzed
methodologies combining cresso u p | | ragid featurds of the transition metal and thus

enabling theconstructiorof highly functionalizel pyrone derivatives.

Burton and Wang reported the synthesis of-dfioro-6-substituted pyrones39 by
Sonogashira coupling of 2dfluoro-3-iodoacrylic acid 86) and terminal alkyne87 (Scheme
18).%° The resulting enyoic acid intermedia88 undergoes further palladivoatalyzel
cyclization to fluorinated pyron89. Aromatic, aliphatic as well as heterocyclic acetyleBiés
worked well at ambient temperature and the presence of neither an eleithrdmawing nor

an-donating group on the aromatic rings affected the yield gbitheucts39.

o]
F lcozH . R PdCIy(PPhy),, Cul, NEt;  F o
|‘| MeCN, rt, 12-24 h |
Pl 43-71% FNF R
86 87 FjiozH 89
NN
,/\
HPdX R
via 88

Schemel8. Synthesis of 34lifluoro-6-substituted pyrone89.3°

Accordingly, formation of the pyrone scaffold was achieved by tandem Stille coupling and
selective éendadig oxacyclization of iodovinylic acid®0and allenydtributyltin reagent91.4°

By this convenient method, alkylaryl and silylsubstituted pyrone derivative®3 were
obtained in good yieldsSchemel9).
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0
R3
ECOZH . ﬂ/ Pd(OAc),, PPhg, n-BuyNBr | o)
[ ]
DMF, rt, 4 h 2z RS
1 s 1Y 1
R Bu3Sn)J\R2 78-87% R )
R
90 91 Q 93
Jl\*\w
R' \)
R2 0;7\\/R3
PdX,
via 92

Scheme 19. Tandem Stille coupling/oxacyclization of iodovinylic aci@® and alleny
tributyltin reagent91.4°

A strategy utilizing an opposite chronology of reaction events was developed by Loh-and co
workers. Pd(l)catalyzed éendodig cyclization of enynoate®4 in the first step allowed the
introduction of various substituents ifpBsition of pyrone®7 by subsequent crogoupling
reactions with alkene85 (Scheme20).*¥42 The generality of this method was showcased by
formation of alkenyt!, alkenoné* or allyl pyrones97a-c*® employing either electredeficient
alkene®5aor allylic alcohol95b-c. While pyrone®7ab are formed byp-hydride elimination

in the final step, CuGlassisted thé-hydroxyl elimination to pyroes97c Oxidants like
Cu(OAc)k, O, and benzoquinone (BQ) are necessary to regenerate the activecBi@(lst
species for a new catalytic cycle.

=\ ref. 41 ref. 42 ref. 43
R4 H H
CO,R! 95 g /\/O /\<06
| conditions RS RSR
R? % references 41-43 95a 95b 95¢
R3 p Pd(PhCN),Cl, Pd(PhCN),Cl, PdCl,, ligand
OR . BQ Cu(OAc), CuCl,, BQ
94 ®0 R 97 DMSO, O, (1 atm) cyclohexanone toluene, air
| 28 °C, 26-110 h O, (1 atm), 30 °C 30°C,12-72 h
R2Z N O R3 24-60 h
Pd' o
2 3
via 96 R R
0~ "R
97a 97b
30-97% 46-82%

Scheme 20. Synthesis of pyrone®97ac by subsequents-endedig cyclizationcross

couplingt 43
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Besides the pyrone s y-acdcataysiss miscellaneoasrirangitioma t i o n

metalcatalyzed approaches were investigated yielding the pyronéoldcaflso in very

intriguing ways.

In addition to aforementioned [2+2+2Ycloaddition strategies, for instance, a ruthenium
catalyzed carbonylative [3+2+t}cloaddition method, using silylacetyleneds8, Ub-
unsaturated keton@9and CO as starting maiais, was described by Rytal. (Scheme21).#4
Initially, an in situ formed ruthenium hydride s with methyl vinyl keton®9 to yield a
ruthenium enolate, which undergoes carboruthenation with silylacet@8n® a vinyl
ruthenium compleXx00. Following CO insertion, cyclization via acyl ruthenium compléd
andb-hydride elimination, the respiee tetrasubstituted pyron&02is obtained

o)
SIR3 (@] R3Si
| | . RS Ru3(CO)y,, EtyMeN-HI | o
| toluene, CO (20 atm) RN R3
R R2 160 °C, 8-20 h
15-66% R2
98 99 102
o)
™S Ru o ™S Ru
| co o
R -
1 RS R1 3
R
R2
RZ
via 100 101

Scheme21. [3+2+1}-cycloaddition towards silysubstituted pyrones0244

A synthetic strategy utilizing rather unusual rheniwon manganeseatalysts was developed
by Takai ¢ al.*> Mechanistically, the formation of pyron&87is divided into two parts. The
metal complexes are catalyzing the insertion of acetyledésto b-ketoesterd 03leading to
the formation ofU-keto esterd.06 after retrealdol reaction of Snembered metallacyctE05
and subsequent reductive elimination. Finally, the cyclizatioilato esterd06to pyrones
107 under mild reaction conditions is triggered by TBASclieme22). Remarkably, the
sterically demanding substituents of unsymmetrical alky@dsare exclusively installed in-4
position of the pyrone skeleton. In contrast to the rherudalyst, the cheaper manganese

catalyst did not give pyrond®7in the reaction with internal acetylent34.
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1) [ReBr(CO)5(thf)],, MS 4 A

toluene, 25-80 °C, 8 h 0
O O R or MnBr(CO)s R2
u Al neat, 50-80 °C, 2-24 h "o
;

ROT OH 2) TBAF, 25 °C, 12-24 h RN
R R4 13-98% L
103 104 107

CO,Et 2
R2GOEL, o RA_COEt
HOX —
S RO RS
M R4 R4
via 105 106

Scheme22. Rheniumand manganeseatalyzed synthesis of pyron&g7.4°

In other approaches, the use of alkynes as starting materials is obviated. Helquist and co
workers obtained trisubstituted pyroridsl by a palladiurrcatalyzed threeomponent reaction

in a singleflask (Scheme23).%¢ The reaction proceededa U-arylation of ketond 08 with an

aryl bromide in the first step. Subsequékdlkenylation of the resulting intermediate wiih
bromoacrylatel 09gives rise to key enolafelOthat readily cyclizes to pyroriel1after alkene

isomerization. Palladium was found to have beneficial roles in all of the key steps.

(0]
1) ArBr R3
Pd,(dba)s, Q-Phos, LiOt-Bu | (@)
THF, 22-40 °C, 1-4 h _ >

0
R1JJ\ 2) ® Ar
109
108 BFMOCHa 0 11
R3

22°C,15h, 41-93%

OLi 0]

Scheme23. Palladiumcatalyzed multicomponent synthesis of pyrohgs*®

Zhou and ceworkers developed a synthesis of variouar@ pyronesll14 by palladium
catalyzed crossoupling of aryl iodides and cyclic vinyldiazo estd2that was easily prepared
from canmercially available 3 8lihydro 2pyrone Scheme24).#” Oxidative addition with aryl
iodide affords a palladium(ll) complex that reacts with diazo compddzdo carbenel13
The aryl group inserts into the carbenic carbon atidgstropic rearrangement te%followed
by b-hydride elimination furnishes the arglibstituted pyrond.14. Electronwithdrawing,

electrondonating as well as halogen (F, Cl, Br) substituents on the aryl moiety are compatible
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with the reaction conditits. The preservation of the bromo group in aryl pyrdiiedwas
attributed to the lower reactivity of bromobenzene under these mild reaction conditions.

(0] Arl (0]
N, o Pd(PPh3),, i-ProNH Ar o
1,4-dioxane, rt, 24 h |
N 44-90% %
112 | 114
|
PdY
Ar 7 (0]
NS
via 113

Scheme24. Palladiumcatalyzed synthesis of&yl pyronesl 144’
2.3 Transition metal-free synthesis

Alongsidetraditionalcarbonylcondensatiostyclization protocols, a number of novel transition
metalfree methods have been developed for the constructiorpgfahesutilizing various
starting materials and strategi&®me seadcted examples are listed herein.

Even before to transition metaatalyzed approaches, enyoic acids and enyndateserved
as important starting materials in transition méta¢ electrophilic &ndadig oxacyclization
protocols. In 2001, Rossi and-emrkers demonstrated thati@do-2-pyronesl18aare readily
available by iodolactonization of enyoic acii45 via iodonium ion116 (Scheme25).%8
However, butenolides were observed as minor byproducts duemgpetibve 5excdig
cyclization of acidl15 The 5iodo pyronesl18awere further derivatized by Stille coupling
with organotin compounds. Analogously, electrophilic cyclization of enynohi®swas
performed by Larocket al., using different electrophiles like IClp, 1p-O.NCsH4SCI or
PhSeCH® Also here the reaction suffered from unselectivex&dig cyclization in some cases.
Furthermore, Blum rad coworkers developed a catalyfste oxyboration of enynoatesl5
with B-chlorocatecholborane (ClBcathdthe resulting Sorylated 2pyrones were isolated as
pincacolboronate estetd 8¢ providing a variety of benestable organoboron building blocks
for downstream functionalizatio.Equally, oxyindation with indium trihalides furnished 5
metalated pyrones that enabled easy access to various multi functionghygexhs118d by
subsequent halogenations or crosapling reactions! In contrast to the first two reports, no
competitive 5exadig cyclization was observed in the bor@md indiummediated protocols

which can be rationalized by selective formation of intermediate
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o)
R2 _CO,R’ R
| conditions | (0)
3 references 48-51
R % . R3 = R4
R X
115 118a-d
R COR' ref48 X = | 118a
| 2 RZ__CO,R' | refa9 x=1,SR, SeR 118b
" or | ref 50 X = Bpin 118¢
O R RI® , | ref51X =1, Ar, COAr 118d
® R
via 116 17
Rossi et al.*®8  Larock et al.4® Blum et al.%° Yasuda et al."'
I, NaHCO, electrophile 1) CIBcat 1) Inl;
MeCN, rt, 1.5h DCM, rt, 0.5-16 h toluene, 100 °C, 20-24 h toluene, 80 °C, 24 h
59-72% 6-97% 2) pinacol, NEt, 2) Phi(OAc),
i, 1h THF, rt, 12 h, 46-96%
41-59% or Ar-l or ArCOCI
Pd-cat, 80 °C, 24 h
34-96%

Scheme25. Electrophilic oxycyclization of enynoatdd 54851

Historicaly, catalytic organic synthesis has been dominated by transition metal catalysis. Since
its discovery, organocatalysis, however, has grown explosively to become one of the most
exciting research areas in current organic chemistry. Groundbreaking prinitipfesm
heterocycles were recognized and among these entipgsoBes have been organocatalytic

target moleculeas well

In this way, onestep phosphineatalyzed synthesis ofdikyl- or arytsubstituted pyronek22
from commercially available aldetigs119and ethyl allenoatel@0 was achieved by Kwon
et al. (Scheme 26).°2 After addition to the alleoate 120 sterically demanding
trialkylphosphines are shifting the equilibrium towards tBésomer of the zwitterionic
intermediatel21 which is required to form pyronek22 in further steps by-addition of

vinylphosphonium salt21to aldehydel19and subsequent lactonization.

CO,Et
0 2 PC
P Il Y0 0
R ” CHCI3, 60 °C, 48 h ||
34-91% Z >R
119 120 CO,E 122
O~
®PCyp;
via 121

Scheme26. Phosphinecatalyzed synthesis otgubstituted pyrones2252

19



Introduction

An elegant ongot isothioureanediated cascade sequence towards valuable trifluoromethyl
substituted pyronek27including biactive COX2 inhibitors was developed by Smith and co
workers. By addition of pivaloyl chloride and DIPEAadd 123 is converted in situ to the
corresponding mixed anhydride. Thgganocatalyst25is acylated by this redee species and

a basemediated Michaehddition to enond 24 leads to the formation of intermedial@6
Then, trifluoromethylated pyronk27is obtained by lactonization and thiophenol elimination
(Scheme27).% The utilization of alternate Lewis bases thasthgoureacatalyst125 resulted

in a poor conversion of the starting materials.

1) pivaloyl chloride
PhSYcozH . O DIPEA, 30 min
\
L o -

123 12

ors 0 S—Q 125
MeCN, rt, 2-72 h

X t,

R NAN@ 46-99%

| K
FsC O®
via 126

Scheme27. Isothioureacatalyzed synthesis of trifluoromethyl substituted pyrdr2%>3

Moreover,N-heterocyclic carbene (NHC) catalysts have developed into a powerful tool for the
organocatalytic synthesis of pyrone derivati¥esla and ceworkers presented a flexible
protocol for the synthesis of eitherp®rones133 or chiral dihydro pyranones from- 3
bromoenals 128 and 1,3dicarbonyl compounds129 upon NHGCcatalyzed oxidative
transformation $cheme28).>° By addition of an external oxidant, pyrork&3were selectively
formed in yields up to 90%, whereas dihgpyrones are obtained in the absence of an oxidant.
The postulated mechanism explained this observation by generation of an okithzedo
Breslow intermediatel 31 that is attacked by a deprotonated dicarbonyl compdi8dito
furnish 1,4adductl32 Cydization of intermediaté32and bromide elimination yields pyrone
133 with liberation of the carbene catalyst. Notably, the bigger residues of dike2Srare
selectively introduced in-position of pyronel33 which can be attributed to electronic and

steric factors in the Michaedddition of the corresponding enolate to Breslow intermedzite
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©

~N@ cl
C’\’l/\//N—Mes 0

130
oxidant, NaH

Br O O (0]
+ )
R1J\/U\H RZMR3 THF, 50 °C

45-90%

128

R R1 Br (0]
R'lJ\)J\( Q — [0) ~
N\N
R® Mes
via 131 132

Scheme28. NHC-catalyzed oxidative transformation chBomoenald28°°

A novel thiazolium saltatalyzed [3+2+ZLFyclization of acetylene dicarboxylaté84 with
arylglyoxals135via umpolung and € bond cleavage was reported by Jiah@l. (Scheme
29).%¢ According to the proposed mechanism, a whole series of reaction avemésding to
the formation of trisubstituted pyrone derivatiie®). Starting from arylglyoxal 35 a base
mediated elimination of water gives an aldehyde that is attacked by cadiahestl 36. After

an umpolung process to intermedidig7, nucleophilic attack to alkyn&34 furnishes the
zwitterionic intermediatd38 Aldol-type reaction between zwitteridi38and a second in situ
prepared aldehyde of arylglyoxBB5yields intermediaté39by following proton transfer and
elimination of anaryl acid. Finally,139is converted into pyron&40 through a continuous
intramolecular nucleophilic addition/elimination and dehydration sequence. Herein, the
arylglyoxals 135 played dual roles in the formation of trisubstituted pyroh4Q Besides
sening as a ring component, glyoxal derivativE35 possessed additional importance as a

carbonyl source for this particular transformation.
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Scheme29. Thiazolium saltcatalyzed [3+2+Xtyclization®®

Me o

S\?g\Et
CO,R o 136 o)
| | . )S/OH NaH RO,C o
r MeCN, 100 °C, 2 h P
CO,R OH 34-82% RO,C Ar
134 135 140
0 RO,C  CO,R RO,C  CO,R
S 0 H —
Ar OH © © (o)
©) HO ©
Et—\7Z Etwey,Z Ar T —% Ar © ®
®N: o S: (\BN S - ArCO,H s YN-Et
R? / R2 R2
via 137 138 139

Due to their rich chemical reactivity, cyclopropanes have been demonstrated to be useful

synthetic building blocks in organic chemnyst Especially, the ringgpening reaction of

activated cyclopropanes via id®oles provides versatile access to a plethora of cyclic and

acyclic compounds.

In line with this, donosacceptor cyclopropane$4l underwent sequential ringpening,

fragmentabn, recombination and lactonization into highly substituted pyrdiesupon

treatment with AIG (Scheme30).%” Since no crossver products were observed by having

different cyclopropane$41lin the reaction mixture, the fragmentation/recombinasiap of

zwitterion 142to 143was assigned to be intramolecular in nat@eernatively, by switching

the Lewis acid to TiGl substituted dndanones were obtained.

O O
1
Ar' \\\\‘KNZ AICl R10:C 0
DCM, rt, 7-12 h '
;
R1 R1 63-93%
O2C COz Ar1
141 144
o)
D, Ar' N CO,R!
Ar' AP ——
P CO,R'
R'0,C"©"CO,R’ r
via 142 143

Scheme30. Lewis acidmediaed transformation of donacceptor cyclopropandst1>’

Starting from 2acyl1-chloro cyclopropane carboxylatd€l5 and aliphatic amines, a base

promoted domino reaction yieldeebrone derivative448(Schemes1).°® The substitution of
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thechlorine in cyclopropang45instantly triggers ringppening of the resulting donacceptor
cyclopropane to iminium intermediafiel6. Deprotonation and lactonization givesa®ine
substituted pyrones48in up to excellent yields. Several compounds therevobtained by this
simple and transition metélee method exhibited interesting photophysical properties.

o) NHR“R® RS O
- cl Cs,CO50rMg(OEY, N
CO4R3 MeCN, 80 °C A
I 57-97% RN
145 148
. )
O R o O CO,R®
1
R ST RMNR“RS
NR*R®
® R?
via 146 147

Scheme31. Basepromoted domino reaction of cycloproparidsand amines®

Another basemediated synthesis has been accomplished by direct conjugate addition of imino
esters150 to b-chlorovinyl ketones149°° Remarkably, only substoichiometric amounts of a
hard base are required since an in situ generated sf&diesacting in an autocallytic way

to convert the imino estefb0 to its corresponding enolates. The resulting neutral addition
product ofl51readily eliminates HCl and MeOH to give pyrat&2with the help of molecular
sieves. Thereby, a broad range ah2no-pyranonesl52 were obtained in good to excellent
yields (Scheme32).

o)
R'" O g LIHMDS,MS4A  R® N
+ R¥IN"co,m ’ Nz o)
o N2 2M THF, 23°C, 18 h |
58-87% R1TNF R2
149 150 152

R® N_ _CO,Me

~~
o
R? o

cl” \=

R2
via 151

Scheme32. Conjugate addition approach terlino-pyrones152.°°

With respect to the concept of Green Chemistry, the utilization of abundant reagentsidike CO
and Q plays a vital role in modern synthetic chemistry. Consequently, anbediated
approach utilizing C@as abundant, netoxic and renewable C1 building block was developed
by Lu and ceworkers®® The carboxylativecyclization of propenyl ketone$53 with CO,

afforded pyrone455 simply and efficiently §cheme33). Experiments usingfO-labeled CQ
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revealed that dy one oxygen atom of pyrors5comes from CQ@ Therefore, the cyclization
of 154 presumably proceeds via an intramolecular attack of carbonyl oxygen into the

carboxylate group.

o)
R3 3
j\/\(})\ CsF, CO, _ R o
~ DMSO, 100 °C, 24 h |
2 1
R R 22-85% R2 N OR1
153 5 155
0,c__R®?
R
RN R?
via 154

Scheme33. Carboxylative cyclization of propenyl ketongs3and CQ.%°

Likewise, a catalyst and additivefree BaeyedVilliger-type oxidation of U
iodocyclopentenones56to pyronesl58using air as a green oxidant was reported by Rao e

al. (Scheme34).5! This reaction exhibits an excellent functional group tolerance and the
synthetic utility was demonstrated by a lagpale synthesis of a pyrone derivathé&8 Control
experiments indicated that the role of molecular oxygen as the oxidant is crucial for the success
of the BaeyeVilliger-type oxidation. On the basis of these experiments, it was proposed that
cyclopentenond56 undergoes thermally driven homoly®f Gl and the resulting radical is
trapped by oxygen. Intramolecular attacikthe carbonyl gives intermedial&7that rearranges

to the Bmembered lactone scaffold.

| air o
)<, DMSO,120°C, 1-3h |
R2 R 41-72% R2 NF Rt
156 HQ o 158
9%
R? R’
via 157

Scheme 34. Catalyst and additivefree BaeyeiVilliger oxidation of iodocyclopentenones

15651
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3 Reactivity of 2-pyrones

3.1 Ring-opening

In common with other lactones,-@&rones can be easily hydrolyzed or opened to the
corresponding acyclic products by nucleophilic attack oeaqs alkah or Grignard reagents

at the G2 carborf? However,dueto the inherent unsaturatéactonestructure, ringopened
products can also bebtained bynucleophilic attack athe C-6 position. The nucleophilic
ring--opening of 2pyrone () by 1,6addition of cyanide was already discovered by Vogel in
1965 Bchemesb).®? After attack of the nucleophile, resonasstabilized intermediat&59is

formed, subsequentholiapsing to acidl60by 6-° electrocyclic ringopening.

NaCN | COH
—_—_—

| o DMF, rt, 20 min =

_— 53% CN

1 o 160
o)

3
X CN

via 159

Scheme35. Nucleophilic ring opening of-pyrone ().%°

Furstner and cavorkers were able to supersede the conventional reactivity mode of Grignard
reagents by iromatalysis>* In presence of an irecatalyst, pyroned61 underwent formal
crosscoupling reactions at 6 in which the lactone moiety gained a new role as a
nontraditional leaving groufschemed6). The unconventional reactivity mode can be assigned
to the formation of a complek62in which 2pyronel61serves as ad*-bound diene ligand.
Critical delivery of the nucleophile occurs by an insphere mechanism. This method ogkne
access to diinsaturated acid derivativé$3 or 164 with high functional group tolerance and

the stereochemistry B24E 163 vs. ZZ,4E 164) being easily controlled by variation of the
temperature before wotlkp. Interestingly, the power of this transf@tion has been illustrated

in the synthesis of several diene containing natural products. The total synthesis of cytotoxic
Granulatamide B165 was accomplished in two steps from pyrditd, which was readily
available in multigram amounts by condensatifrcheap amethykcrotonate and octanoyl
chloride. Moreover, the -pyrone ringopening proved to be very efficient in latage
incorporation of dienoatesS¢heme36, red) into a macrocyclic core. Thus, macrodiolides

Pateamine AX664 and its simplified designer analog DMEPat A (L66b), possessing potent
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cytotoxic and in vivo anticancer activities, were synthesized by the same wqgrking
unveiling thedienoate motif just before macrocyclizatit?®

Q R} R
3 3 1
R°MgBr, [Fe(acac)s] g R R
(0] or
| Et,Oftoluene RZJ\/S RzWCOZH
R1NFNR2  -60 °C to rt, 20-40 min CO,H
161 68-94% 163 164
0O
JlA ]
R! //\R2
Fe-Rr3
via 162
S
= / A NN
= \ N NMe,
— HN n-Hept 2 o)
— 0 R™
1 © \
R
A\
N fe) ‘
(0]
Granulatamide B 165 Pateamine A 166a R' = NH,; R% = Me

DMDA-Pat A 166b R' = H: R2 = H

Scheme36. Iron-catalyzed ringopening reaan 4 66

An uncatalyzed ringppening of methyl coumalatel§7) through 1,6addition of Grignard
reagents was reported by Dechaial.yielding 2Z,4Z or 2Z,4E dienoics acid469with high
chemeo and stereoselectivityschemes7).5” In this case, the presence of an esterfosition

on the pyrone modified the regioselectivity of the nucleophile addition. The nature of the
Grignard reagent played a key role on the outcome of the reaction. While gliakyiyl and
aromatic reagentsainly furnished dienoic acids69 the additional formation of unsaturated
lactonesl70was observed using alkyl Grignards. The selective formation of conjugated acids
169 using alkeny, alkynyl and aromatic reagents can be easily rationalized by ingakie

stabilization by -conjugation in these acids.
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0
1) TMSCI, THF COzH
| o) 2) RMgX 0
__2)RMgX .
% 3) ag. HCI Z 'R N R
10-97% of 169 COM
COo,Me 2\ CO,Me
167 OMgBr 169 170
e
R
CO,Me
via 168

Scheme37. Synthesis of dienoic acid$9by nucleophilic ringopening of methyl coumalate
16757

Later, the same workingroup described a sequential doubledd@ition of Grignard reagents
to methylcoumalate 167) to affordb,o-unsaturated acids/73 in a highly regie, cheme and
stereoselective manneB¢heme38).°® The excellent stereoselectivity of the reaction can be
explained by formation of a chdike bicyclic transition stat&72after addition of the second
Grignard reagnt via complexi71

o)
HO,C R?
0 R'MgX, R2MgX, Cu(OTf),
| P
= Et,0,0°C, 2 h R
25-90% CO,M
CO,Me ° 2Me
167 173
CO,MgX
xR T

Me0,C GU~R?
OTf

via 171

Scheme38. Sequential double 1;&ddition to methyl coumalaté 7).

Differently, Tungeet al. engaged yrone 174 in an unique palladiumatalyzed double
decarboxylative addition of allyl carbonates and carbamki&sforming valuable dienoic
esters177 (Scheme39).%° In contrast to previous strategies, Hopgening proceeds through
allylation of pyronel74at G3 by a” -allyl-Pd complex in a fst step to form intermediafe’a
Afterward, intermediatd 76 undergoes further palladivoatalyzed decarboxylation to ester
177.
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o R1IX | CO,Me
MeO,C . RQ/\/OWX\RZ Pd(PPhs),
| Q o toluene, 50 °C, 1.5 h |
= 11-82% X
o R?
174 175 MeO,C 177
o
2
R17 AN X,R
via 176

Scheme39. Palladiumcatalyzed doublelecarboxylative addition to pyrorig4°°
3.2 [2+2]-Cycloaddition

Examples of interand intamolecular [2+2cycloadditions of pyrones with alkenes are quite
rare in literature and especially the intermolecular reactions are facing grave aedio
chemoselectivity issues making, these transformations unattractive for applications in synthetic
chemistry’® However, the intramolecular [2+2)cloaddition of the $yrone scaffold itself

has attracted ansiderable attention in organic chemistry. Already in 1964, Cetegl
discovered that UVight irradiation of 2pyrone 178 furnishes cyclobutene lacton&39 in

almost quantitative yieldFRjgure 3).”* Lately, the workinggroups of Kappe and Maulide
demonstrated in collaboration tfiest continuous flow synthesis of lactod€9, achieving a
roughly tenfold productivity increase compared to batch conditiGnislaulide et al. also
recognized the enormous potential of bicyclic lactdias versatile building blocks resulting

in intriguing synthetic approaches for cyclobutene and diene derivatives. PaHealialyzed

allylic alkylation of 179 enabled rapid access to functionalized cyclobuté&d@wor 181 with

high and unusual diastere@nd enantioselectivitiesFigure 3).”>’* Besides stabilized
nucleophiles like malonates and azlactones, nonstabilizedpiafigaol boronates were
employed to afford cyclobutene derivativé82” Simple alkyt 183 or halogersubstituted
cyclobutene derivatives84 were obtained by reaction with organocopper reafeotsalkali

halide saltd’ Noteworthy, these cyclobutenes can be further opened’ bsledtrocyclic
ring-opening reactions giving rise to variousemg frameworks, which themselves were
extensively exploited for the synthesis of polyenic natural products, e.g. the southeastern
fragment of Macrolactin A185 and Inthomycin C 186) (Figure 3).”% 8 Furthermorethe
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photoisanerization of pyrones hdseen utilizedn the total synthesis of natural products by

other working groupas well’®

Palladium-catalyzed allylic alkylation/allylation

CO,H CO,H R' co,H
CO,R* “, ~CO,R* d
E&zco R® /2<CO RS LN\
CO,H R2CO, R2CO, R2 CO,
m 100 1o w L[
R? X
1
183 0 R o 184
o) o}
= 7 Cl | _— =
H I~
o0 178 179 Q
M Rm 4§ 4
(6] H -
SNome N \ oH o 5 \/Y%
Southeasten fragment 9] NN NH,

of Macrolactin A 185 FR252921 and analogues 187

Inthomycin C 186
Figure 3. Synthesis and versatile chemistry of cyclobutene lactbr@s"’3 78
3.3 [4+2]-Cycloaddition

The [4+2}cycloaddition of a conjugated diene and a dienophile (an alkene or alkyne)
commonly known as the Dielslder reactiori is an exceptionafireliable and atoreconomic
pericyclic reaction for the construction of complex structures in a+egid stereoselective
fashion.Interestingly, 2pyrones can act as both diene and dienophile in {ieler reactions.
However, just a few examples foretihatter are reported in literatui®®! Generally, electron
withdrawing substituents in-position are necessary, as demonstrated in the reaction of methyl
coumalate 167) and electrosrich dienesl88 (SchemedQ) 1 the first example for the usage of

2-pyrone as dienophif@.

(0]
(0]
| O
g_z benzene, 100-200 °C MeO,C
CO,Me R2
R1
167 188 189

Scheme40. Pyronel67as dienophile in Dietélder reaction$?

Classically, pyrones take part as dienes in [4p2]Joadditions with alkenes and alkynes

(Schemetl). Depending on the substitution pattern of pyrones, the cycloaddition can proceed
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through a normal or inverse electroemand DielsAlder (IEDDA) reaction. The
[4+2]-cycloaddition with alkyne 190 gives rise to highly strained bicyclooctadiene
intermediate491, which readily form aromatic product82after extrusion of C@ In contrast,
cycloaddition with alkened93 yields isolable adduct494, representing useful synthetic
intermediates due to their structural and stereochemical inimitafility.

R

191 192

@ —F
= m 0

1 R

193 o) R

- =/

R

194

Scheme4l. 2-Pyrone () as diene in Dielé\lder reactions?

Since Diels and\lder published in 1931 thatfyrones could function as a diene component
in [4+2]-cycloaddition®’, this strategy has emerged as a powerful tool for the synthesis of
aromatics, heteroaromatics and natural prodiddEspecially, the ability to form aromatic
products from pyrones has been widely exploited. For instance,eGafglemonstrated, that

an additional benzene ring can be easily introduced to oxygeitrogencontaining strained
alkynes196 (Scheme4?2).84:8°

SiMes

0
TiO . CsF
N | @ "MeCN,50-100 °C, 5-12 h ‘ \
X = 68-85% X
195 1 = 197
g8
X

via 196

Scheme4?2. [4+2]-cycloaddition of strained alkynd®96and 2pyrone ().848°

A substratadirected cycloaddition of pyrone€®©8 and alkynyl boronate$99 was developed
by Harrity and ceworkers® By activation of pyrond 98 with a Lewis acidhe cycloaddition
proceeded smoothly under mild reaction conditions and various synthetically useful motifs such

as pyridines, azoles or amides could be used as directing groups. To demonstrate the utility of
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this reaction the boronated produ2@1 were further functionalized by €©, GC and GCN
bondforming reactions$chemet3d).

Q BF;K R
| 0 +| BF;*OEt, BF;
NX, DCM, 40 °C, 10 min _X,
R 54-93% T
L/ (S
198 199 R 201
(0] \
BF;K
Dav
X
— AY
\ >
./
via 200

Scheme43. Substratadirectedcycloaddition of pyrone&98and alkynyl boronate$99.8°

Additionally, heteroaromatic compounds like phosphini@®8 i the higher homologs of
pyridinesi can be easily prepared by Didider reaction of Zoyrone () with phosphoalkynes
202 (Schemes4).8788 The silykphosphinine produc03 has been utilized for the preparation
of a Cu(l} and the first crystallographically characterized phosphiAigé) complex.

(0]
P P SiMe
o+ o
| SiMe toluene, 120 °C, 12 h _—
= 3 26%
1 202 203

Scheme44. Synthesis of phosphinin@938’

Although 2pyrones were regarded as challenging dienes in asymmetricAddglsreactions

due to their inherent electrateficient properties of aromatic character, some examples have
been reported for the reaction with alkedes2007, Denget al. explored cinchona alkaloid
based bifunctional organic catalys®06 for the asymmetric [4+2¢ycloaddition of
3-hydroxypyrones 204 and electrordeficient alkenes2058° Thereby, valuable bicyclic
adduct208were obtained with high enantiand diastereoselectivitsthemels). Herein, the
cinchona alkaloid cataly®06 simultaneously raises the energy of the HOMO of py2owe

and lowers the energy of the LUMO of the dienopRib& by H-bonding interactions while

orienting the two reactants to exert stereochemistriraon
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Scheme45. Asymmetric DielsAlder reaction of3-hydroxy pyrone04.8°

Besides further organocatalyzed methods employing chinchona afR&loidr Jorgensen
Hayashitype catalyst®, also some Lewis acicatalyzed asymmetric IEDDA reaction of
2-pyrones have been develop€@Recently, an ytterbiursatalyzed IEDDA reaction of pyrones
209with 2,2dimethyt1,3-dioxole 10 enabled the total synthesis of bioactive natural product
(+)-MK7607 (213 in total three stepsScheme46).%* By coordination to both carbonyls of
pyrone209, the chiral catalyst is forcing the alkeB&0to a stereoselective cycloaddition due

to steric shielding.
o) o OH
]
R'0,C | o, [O>< Yb(OTf)3, BINOL, DIPEA, MS 4 A R2 | COR" 2 steps WOH
N o DCM, 40 °C, 75-96% y o T 5
R 90-99% ee s )( HO 'OH
R® R © OH
209 210

212 (+)-MK7607 213

via 211

Scheme46. Ytterbium-catalyzed asymmetric IEDDA reaction of pyror2&9.°*

Likewise, intramolecular [4+2¢ycloaddition of pyrones hdseenestablishedas a reliable

method for the synthesis of otherwise elusive natural or pharmacological important products
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even in late staged:>>°®By combining thediene and dienogle moietyin onemolecule, the
cycloadditions can proceed regioselectively without employing catalysts due to the predefined
coordination of theeactantsSnyder and cavorkers, for instance, demonstrated the simple and
elegant route to hydroindolin@45 which underwent subsequent hydrolysis to compo@ad@s

a widespread motif in natural produc8cheme47).®” As an illustration of the power of this
strategy, natural productg-Mesembrenone2(L7) and Gracilamine18) have been obtained

either formally oy total synthesis.

Y-, SR
O | ] 1) toluene Y ;-(
o N 160 °C,10h
| 2) silica gel, CHClj
I > F N 23°C,15h o N
R 59-86%
214 v 216

A7-Mesembrenone 217 Gracilamine 218
Scheme47. Intramolecular DielsAlder reactiorto hydroindoline15°%”
3.4 Other cycloadditions

The versatility of pyrones is also reflected in their ability to serve as a substrate in other
cycloaddition reactions, e.g. [3+&or [4+3]-cycloaddition?’, to give rise to otherwise elusive
mediumsized ring systems. Guat al.reported an enantioselective synthesis of mediinad
bicyclic compound222via tandem [3+2Fycloaddition of vinyl ethylene carbonat2$9and
pyrones bearing electramithdrawing substituents in -position 220 followed by Cope
rearrangement of interrdiate 221 (Scheme48).!® Noteworthy, the presence of aryl and at
least vinytsubstituted substituents on carbon&2&$9 is necessary for a successful reaction.
Based on control experiments and detailed computational studies product formation via direct

[5+4]-cycloaddition mthway was excluded.
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0 o) R
o)]\o . [0 _PdadbagCHCly ligand* o N
~Z CHCl3, 25 °C, 24-48 h 0P
R | ) 50-99% Y,
R 64-99% ee R?
219 220 0 922

R1’I”\\

via 221

Scheme48. Tandem [3+2Jcycloaddition/Cope rearrangement of pyrogae.1%°

In contrast, [4+3kycloaddition of Ssubstituted pyrone223 and imine ester24 furnished
functionalized azepine derivativ@26 after decarboxylation of bicyclic intermedi&25 and
[1,5]-H-shift (Schemet9).1%! The tandem reaction only requires bi&amild base to provide
biologically important azepine derivatives. However, agairy goyrones with electron
withdrawing substituents worked in this reaction type, whereas no conversion of unsubstituted

2-pyrone was observed.

o MeO,C 1 CO,Me
o ) NEt, RO
| + N |  NH
= \> DCM, reflux, 10-40 h
55-78%

R R? R?
223 224 | O S\(CO2Me 226
i—NH
R2
via 225

Scheme49. [4+3]-cycloaddition of pyrone&23and imne esterg24.1%!

A quite unusual [10+4¢ycloaddition strategy for the synthesis of azuleB8% has been
investigated by drgensen and emorkers'®? Application of a bifunctional thiourea cayat
229 allowed the performance of the [10+@jcloaddtion of inden@-carbaldehyde27 and
ethyl coumalate428) under mild reaction condition§¢hemes0). Herein, tle  r€actant,
which undergoes cycloaddition with pyror#28 is formed in situ by condensation of
carbaldehyde227 and catalyst229 Deprotonation of the resulting intermediaB30
concomitantly releases the catalyst and>.Cthe introduction of additica substituents to

pyrone228proved to be unsuccessful.
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= CDClj, rt, 6-7 d
25-34%

o 229 R \
R | 7+ 9 NaOAc O
A

227

CO,Et
via 230

Scheme50. Organocatalyzed [10+4jycloadditiont??
3.5 Lactamization

The structural motif of yridinone 232 is ubiquitous in nature and a wide range of
2-pyridinone derivatives exhibit important bioactivitigdgure4).1°3 1% Similarly to pyrones,
pyridinonesare useful starting materials in organic and medicinal chemistry possess interesting
properties like dimer formation of the two existing tautomers-pir2dinone 232 and 233
(Figure4).110.111

oH = | i A
O--H-N O-H--N_~
\N X
[ NTH-0 <= [TN--H-0
Pz Pz
233
(6]
H-N
2 | NH
=
=
|
N OMe
234 235 236 237

Figure 4. Dimerization of 2pyridinone tautomer232233 and bioactive derivative234
237_103’ 111

2-pyrones are easilgonverted into the corresponding lactams viadd@ition of amines.
Reaction with ammonia vyielddN-unsubstituted -pyridinones, whereasN-substituted
derivatives are obtained by reaction with primary amife$he transfer of syrones to 2

pyridinones is frequently used in research. Moloney andiaers developed a thratep
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synthetc sequence to triazolo pyridin241 enclosing the lactamization of methyl coumalate
(167) to dihydrazide intermedia@40as key stepJchemes1).113

R
H N~
Q . N_R Y
0 P 1) THF, 0-5 °C, 15-60 min Ny 2steps )
| + _NH, | 2steps, \
Z RN 2)CDI, rt, 12 h ~ 0 | P
COM H 55-89% Lo
o = 2ne CO,Me
167 238 o o 240 ”
| QN\«
ZN
H, O
COzMe
via 239

Scheme51. Synthesis of triazolo pyridinezt1 by lactamization of pyrong67.113

A different lactamization approach for the synthesis of bicycloy2dinones245was lately
investigated by Disadest al. (Schemes2).11* The novel double cyclization off@yrones242
bearing a tethered, homochirfglamino acid proceeded througleprotection, enamin243
formation, decarboxylation and lactamization 24 with retention of the chirality. This
strategy required no special reagents for the multichemical transformations. Only ethylene

glycol was added to improve the solubility of pyes242in water.

0]
O

1
MeO,C o y COR
) _ NHBoc _ethylene glycol/H,0 | N

R Al

H 110-150 °C, 1.5-4 h R
COR! 85-97%

242 245
OH ) 1 1
COR COR
CO, = MeO,C N
MeO™ X N = HN
| -CO, |
A =
via 243 244

Scheme52. Synthesis of bicyclic pyridinones24514
3.6 Conjugate addition

T h e -ubbkatlirated carbonyl structure present ipygnes offers the opportunity for
1,4-nucleophilic additions resulting in synthetic valuable @#ydro-2-pyrones or allowing the
introduction ofadditionalsubstituents into the-gyrone ringsystem*>*During the formal
synthesis of antibacterial agent Lasaloci@49, Irelandet al.found that Grignard reage2#6
effectively underwent conjugate addition to pyrdh#&l, while organocuprates surprisingly

failed (Scheme53).!*” The regioselective 1-4ddition of the Grignard reager46 was
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attributed to the stabilization of the carbanion generateepasition by the methoxycarbonyl

group.

Mn02

DCM
52% (2 steps)

246 247 248

HO

Lasalocid A 249

Scheme53. Conjugpte addition of pyron&74with Grignard reager?46.!!’

However, the reactivity of-pyrones250towards organocopper reagents could be increased by
silylation with tert-butyldimethylsilyl triflate (TBDMSOTf) forming the corresponding
pyrylium salt 25111 After silylation, several substituents were introduced by conjugate
addiion, whereby a selective attack apdsition was especially preferred by soft and bulky
organocuprates. Moreover, lithium diorganocuprates reacted more efficiently than the cuprates
prepared from Grignard reagents. Finally, hydrolysis of silylated addt&2safforded
substituted dihydro pyron&63(Schemebd).

o) OTBDMS QTBDMS Q
© R?),CuX
o TBDMSOTf TO A O@ (R%)2 e ' o
| 0-110 °C, 10-60 min | 28-71% 1 hydrolysis 1
— — RF RTFA
R’ R’ R2 R2
250 251 252 253

Scheme54. Conjugate addition of organocupratés.

Due to the increased electron delocalization compared to acyclic unsaturated esters, the
stereoselective addition to pyrones is quite challenging. However, an efficient-capgigeed
asymmetric conjugate addition Gfrignard reagents to unsubstituteghyzone () has been
developed by Feringa and -wmrkers!'® In the presence of a chiral ferrocedsed
diphosphine ligand254, various 3,4dihydro-pyrones 255 were obtained with excellent
enantioselectivity$chemesb). Further transformations of these prod@85allowed to access

highly versatile building blocks with high stereocontrol.
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o RMgBr ]
CuBr-SMe,, ligand 254 o . PPh,
|9 t-BuOMe, -72 °C Fe PCyz
Z 55-85% RN &>

_a0o°
1 88-90% ee 255 254

Scheme55. Asymmetric conjugate addition te®rone ().

The development of organocatalytic conjugadielition protocols plays also a pivotal role in
the functionalization of pyrones. The first example of a sequential Mukatyama
Michael/Mukaiyama aldol reaction ofypnes256 with silicon enolate257 and aceton58

was published by Yanai and Matsumoto in 20$6heme56).1® Moreover, the strong acid
catalystwas ablea@ promote a second Mukaiyarviichael reaction to dihydropyror262 by
adding a further Michaealcceptor259 to the reaction mixture without overreacting to

polymeric byproducts.

0 (0]
N

0O or |
258 259
| (0] + OTBS acid catalyst
%% Ph OEt DCM, -78 °C, 60 min
R 72-90%
OTBS R
256 257 261 262
e
EtO,C
2 Z>ph
R
via 260

Scheme56. Subsegantial MukaiyamaMichael/Mukaiyama aldol reaction of pyron2s6118

As previous illustrations of rirgpening reactions showed, conjugate additions can also take
place at the fosition of 2pyrones. Consequently, Zet al. reported an organocatalyzed
enantioselective Rauh@urrier reaction of methyl coumalatd6?) with Ub-unsaturated
aldehydes 263''° The enals 263 were activated by iminium catalysis to serve as
Michaelacceptors, while 1;&ddition of a nucleophile to pyronk7 generated the latent
enolate. The latter is also facilitated by activation of pyrb6é by the organocatalys264.
Ultimately, elimination of the nucleophile in intermedi&@5furnished 3substituted pyrones

266in yields up to 99% with high levels of enantioselectivibgiiemes7).
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Scheme57. Enantioselective Rauh@urrier reaction of methyl coumalateg(?).1°

In conformity with this approach, Baoux and cavorkers demonstrated the functionalization
of methyl coumalate167) with various aldehydes or imin€&%7 by an organocatalyzed
Morita-Baylis-Hillman reaction $cheme58).1%° In contrast to common Bayidillman
reactions, the transformation occurs via an unprecedentambijégate addition of the Lewis
base to pyron&67.

(0] XH O
| o ))J(\ NEts, K,CO3 R o}
= R H EtOH, rt, 1.5-4 h =

28-90%
COzMe COzMe
167 267 S 269

Z 0

®

N NEt;

COZMG

via 268

Schemes8. Morita-Baylis-Hillman reaction of methyl coumalat&g7).12°
3.7 Crosscoupling reactions

Crosscoupling reactions constitute an important tool for the premeditated derivatization of
pyrones in the total synthesis of natural productstaaibgically active compound¥:121123

Owing to the merging aromatic and alkenic character, the pyrone scaffold can be used as the
organometallic component as well as the organic halide/pseudohalide component in several

renowned coupling reactions.

Meinwald et al. investigated theynthesis bthe core structure of steroidal pyrone substrates

by direct Stille coupling of Stannyl pyrone270awith various cyclic enol triflate®* The
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5-stannyl pyron@70awas easily prepared from@omo pyrone$chemes9) and this concept
was also applicable to the synthesis e$uBstituted pyrones andsBbstituted 5-bromo
pyronest?® The analogous conversion ofbBomo pyrone into Horonate esteR70b and
subsequent Suzuki coupling with a range of -agyld heteroaryl halides and triflates was
reported by Jones and-amrkers Schemes9)12%. Similarly, a facile route to 5;8isubstituted
pyronesvia Negishi coupling of Sodozinc pyrones270c with organic electrophiles was
developed by Rossit al. (Schemes9).1?” The required iodo pyron&y0ccan be obtained by

iodolactonization as discussed earligcljeme25).48

0 ROX o)
| O conditions | (0]

= R2 references 124, 126-127 = R

MR’ R3

270a-c 271
ref. 124: 270a MR' = SnMe,
ref. 126: 270b MR' = Bpin
ref. 127: 270c MR' = znl
Meinwald et al.'?4 Jones et al.'26 Rossi et al.'?’

Pd(PPhs),, LiCl PdCly(dppf), K3PO, Pd,(dba)s, PPhs
THF, 65-100 °C, 24-36 h  DMF, 60 °C,6 h  THF, 20-70 °C, 15-63 h
61-68% 42-82% 33-79%

Schemes9. Crosscoupling of 5metallated pyrone&70ac.'24126:127

Although the conversion of halogenated pyrones into organometallic compounds proved to be
successful, the direct engagement of halogenaiegseudohalogeated pyrones in cross
couplings has been established as a more efficient strategy. In 2008t &hdemonstrated

the regioselective palladiteatalyzed Sonogashira coupling of -8libromao2-pyrone 272

with alkynes273to give rise to dalkynyl-5-bromo-2-pyrones274 (Schemes0).128 Later, the

same strategy found application in the formal synthesis of the stetoayalic lactone (+)
Aplykurodinonel (275).%
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PdCI,(PPhs),, Cul, NEts 7o

+
Pz |‘| dioxane or DMF, rt, 0.5-30 h _
61-91%

(+)-Aplykurodinone-1 275
Scheme60. Regioséective Sonogashira coupling of dibromo pyr@ie.%6:128

The same workingroup found that dibromo pyron272 undergoes Stille coupling with
stannanes regiekectively at either € or G5, depending on the employed reaction conditions
(Schemes1).22° Usually, crosscouplings proceed preferred at thpdition of dibromo pyrone
272due to the lower electron density at C3. However, conducting the reaction in DMF a switch
in regioselectivity was observed, which could not be explained witheted of current
mechanistic understanding. Moreover, in DMF the rati@#fto 277 increases in proportion

to the equivalents of Cul. Sarpong andwarkers exploited this strategy for an emat

sequential StilleStille coupling in the total synthesi$ Delavatine A 279).12

O
B RSnBuj
r | o Pd(PPhj),, Cul
~ toluene, 100 °C, 0.5-7 h or
DMF, 50 °C, 0.5h-12 h

Br
272

277 278
50-80% 33-79%

Delavatine A 279

Scheme61. Regioselective Stille coupling of dibromo pyro2ig2. 121129

Along these lines, Suzuki coupling of pyrones has established as a reliable functionalization
method'*°Recently, a synthetic pathway to natural prod@8gisolated from funguBhellinus
igniarius has been developed by Ohyoshial. enclosing Suzuki cqlings of 3brominated
pyrone280with boronate281as key stepchemes2).123
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OMOM

o MOMO Pd(OAc), MOMO
Br o + SPhos, Na,CO;
| _ Bpin H,O/dioxane, rt
66% MeO,C
MOMO CO,Me 2
280 281

Phelligridin C 283a R=H
Phelligridin D 283b R = OH

Scheme62. Suzuki coupling pyron280with boronate281.122

A novel intramolecular direct arylation of-lBomo 2pyrones 284 was developed by
McGlacken and cavorkers Gchemes3).13! Herein, intramolecular coupling was achieved by
C-H activation of the phenoxy substituent and subsequent-coogding reaction. Both
electrondonating and withdrawing substituents were tolerated on the aryl moiepyistgly,

the employment of iodsubstituted pyrone derivatives failed and no conversion of these

substrates was observed.

Pd(OAc),, PPhy R = o
Br- K2003 PIVOH \ / o
O\ xylene |
130-140 °C, 16 h 0 N\F
286

40-93%

O
= Br. o
R_\ | | =
(0]
Pd
H" L
via 285

Scheme63. Intramolecular direct arylation ofi8romo 2pyrones284.13!
3.8 C-H activation

Direct coupling methods, involving at least ond¢dGctivation step, offer several advantages
over traditional crossouplings. In general, the production of waste is reduced by avoiding
suitable prefunctionalization of substrates with activating groupsiageally, both coupling
partners are unactivated. Generally, pyrones have higher elgensity at their 3or 5

position and these positions are also liable for palladium activation. The first catalytic protocol
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for a GH functionalization of oyroneswas described by Fairlamb andworkers!*2Pyrones

287 were regioselectively activated at the@@sition to yield fused produc89 (Schemes4).
Control experiments revealed the oxidative addition of palladium to the aryl substituent to be
the first step in the reaction events. The reaction worked with ssdbbromesubstituted aryls

and the yield decreased significantly by employing substrates that bear elsittrdrawing
substituents on the aryl moiety.

o Pd(dba-OMe), R2\\ o)
X PPh3,CSzCO3
= (¢}

R | /ﬁ‘;k Thr 70°c,18n L4 |9
NN N RS 11-79% 07 N Rt
287 L L O 289
Pd
2y ﬁ;

0 R’
via 288

Scheme64. Palladiumcatalyzed @H functionalization of pyrone287.1%?

In collaboration with McGlacken, the same working group also extended the scope to six
membered fused cycl@92 by varying the length of the tethered sichain!®® However, the
formation of G5 activated byproducts was observed in some cases. Later, regioselective
functionalization at € has been optimized by McGlacken andwmrkers Gcheme65s).13

The use of pivalic acid was proved to be necessary for a successful reaction since a concerted

metalatiordepotonation via intermediat291was determined as a crucial key step.

R2
\\ 0 sz(dba)3, PPh3
| PIVOH, Nach3
X = | (@] NMP, 130 °C, 2 h
8-99%
0" Rt
290
t-Bu
Aen @
0O“~OH
2O
Pd H- | O
0" N Rt
via 291

Scheme65. Regioselective &4 functionalization at €3.134

In addition,McGlacken and cavorkerswere able taircumventthe preferential reactivity at
the 3positionand developed a direct arylation protocol for the intramolecular couplingbat C
by blocking G3 with an unreactive chlorine atolf? The retained chloria atom at €3 in

pyrones294allows further derivatization of the pyrone scaffaBthemes6).
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0
|

Pd(OAc),, TBAB, KOAc
oF ARt (OAc),

R2 THF, 76 °C, 18-24 h
43-63%
|

293

Scheme66. Regioselective &1 functionalization at €5.

As part of their pioneering work in this research field, McGlaakeal. also investigated the
aryl-heteroaryl couplingvia double GH activation of compoun®95 thus avoiding the
preinstallation of any activating groug¢hemes7). Based on mechanistic studies, the excellent
regioselectivity towards cyclized produ@87was rationalized by initial € activation of the
2-pyrone skeleton at-B.1%¢ Equally, double €H activations of 4aniline'*’ or 4-thioaryt**®
substituted pyrones led to the formation of indote benzothiophene fused products,

respectively.
O Pd(OAc), R (= o)
Ag,0, NaOt-Bu
= 10 : J2 — \ / o)
RT— | | PivOH, 140 °C, 3 h |
NN NF 20-65% 0~ \F
295 OAc O 297
|
_~_ Pd o
R—\| | _
o)
via 296

Scheme67. Double GH activation of pyron@9513¢

A heretofore unprecedented intermoleculaid @ctivation approach was developed by Yusuf
and ceworkers Gchemet8).1%° The palladiurrcatalyzed ligandree alkenylation of pyrones

298 with various alkene299 proceeded smoothly under mild reaction conditions with high
regioselectivity. Besides hydroxy or methoxy groups, also chlorine was tolerated as substituent
in 4-position furnishing valuable pyrone derivativ@&3l without forming classial Hecktype
products. Moreover, styren@99 with both electrordonating, electromithdrawing groups

and halogessubstituents reacted efficiently to generate the corresponding alkenylated products
301 The excellent chema@and regioselectivity again cde explained by € activation of

pyrone298in 3-position by the palladium catalyst in the first mechanistic step.
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o)
X
0 +7 ™ Pd(OAc),, Cu(OTf),
| = DMF/DMSO
R1TNF rt to 80 °C, 8-16 h
298 299 00-74%
o)
AcOPd
RN
via 300

Scheme68. Palladiumcatalyzed direct alkenylation of pyron2ag!2°
3.9 2-Pyrone ligands

The multifaceted nature off@yrones appears not only ineir versatile reactivity but also in
their vein to complex various metals. The preparation of new complexes is an important
research field in catalysis. Alternatively, coordination of organic molecules to metal fragments
can have pronounced effects onitheactivity as observed in the iraatalyzed ringppening
reactions of Zoyronesl61(Schemed6).5 Pyrone complexes with various metals, e.d*#¢!

0s#2, Cat*3, R Mo'*>60or 11?5, have been reported in which the@one unit is bound

either in ad*-diene or d*-like fashion Figure5).

ON~ |e PPh,
& 5 MeO / o
Fe(CO)3
302 303 304

Figure 5. 2-Pyrone complexe¥?:144146

Furthermore, pyrone complexes li882and304 show interesting C@eleasing propertie'$d
148Those CGreleasing molecules are capable of delivering controlled amounts of CO within a
cellular environment having potential therapeutic applications. Herein,ttivesia stability of

the complexes, which can be controlled by appropriate substituents on the pyrone scaffold,

influences the extent and rate of the CO relé¥se.

In conclusion, Zoyrones are a privileged class of heterocycles exhibiting an extensive range of
biological activities with immense therapeutic importance, which attracted considerable
attention in recent years for the synthesis of this specific molecular scaffold by either transition

metalcatalyzed or transition metflee methodsDue to their veratile reactivity, 2pyrones
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exerta vast potential to generate molecular complexity being showcased in the synthesis of
numerous natural or pharmacologically active produdiseover, theability to form metal
complexes could enable the development of castalytic systemand CQreleasing molecules
whoseintrinsic stability can be delicately tuned ayplethora of diverse substitution patterns
located on the pyrone moiefyherefore, the development of novel strategies for the synthesis
and functionalizaon of 2-pyrones remains an important field of research in organic chemistry.
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B Main part

1 Sustainable synthesis of-pyrones

1.1 Introduction

Processes for the production of cardmased chemicals are nowadays predominantly based on
nonrenewable feedstocks like oil, natural gas and (figlre6).14° However, he predictable
depletion of fossil raw materials as well as the increasing environmental awaresesgeyf

are progressively ofcing the chemical industry to replace fossiked chemicals by
commodities that can be derived from renewable resou¢ils.advancesn its conversion
technologies, biomass has become the most promising renewable carbort®$déiroeganic
materials, that are assigned to biomass, are originally produced by biological photosynthesis
using CQ, water and lightand thereforeabundant carbeneutral renewable resourcés
Accordingly,research is especially focusedtbe development of new synthetic strategies for
the production ofvaluable product®ased on biomas&mong thesefine chemicals, which
demorstratea variety of reactivitieand thusnablingaccess tovalueaddedmolecules are of

particular interest.

natural gas
2.3 Mio. t renewable resources
coal 11% 2.7 Mio. t

0.3 Mio. t 13%

1%

crude oil
15.5 Mio. t
75%

Figure 6. Used resourcegd/io. t) in theorganic chemical industry in Germany 20%7.
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2-pyrones for instance,are versatile starting materials syntheticorganic chemistry and
several methods have been developed over the years to access this class of qgstrates
introductionA2). Recently, Reiseet al'® reported the synthesis oftydroxyalkyl 2pyrones

26 starting from renewable resourgq&chemes9). The key step of this synthetic sequence is
the thermal rearrangement of cyclopentenone ep®@0dde¢hrough a 6-electrocyclic reaction

via the intermediacy o vinyl ketene808 (Schemes9).1>2

RCHO H @ OH FVT
_BugP, PhOH _ OHHy0p NaOH : _650°C _
TTHE A7 d = " DCM/MeOH " CoMs

79-90% H 30 min, rt 62-98%

89-97%

22 24 25
(0]
H 0 OH o OH /448
p= : O
G —| & || S| — Qe
0 (o)
H R
R
25 307 308 26

Scheme69. Synthesis of éydroxyalkyl 2pyrones26 from renewable resourcesa thermal

rearrangement afpoxide307.16

Since cyclopentenone epoxides cannadibectly obtainedrom cyclopentadienones due to the
high tendency of the latter to dimerize, enoB2 was envisioned as a suitable
cyclopentadienongrecursol®® for the synthesis ohydroxyalkyl 2-pyrone derivatives 26.
Enone22 was readily available by a reaction sequence starting from furfuryl alcd8pl (
(Schemer0) which itself can bgreparedoy catalytic reduction of furfurg310) on ton scale
(Schemerl).

O

H,O (pH 4) O 0 21 H 9
o) toluene Ac,0, TsOH ZnCl,, toluene
—_— >
@/\OH 240 °C, 34 bar rt, 20 h NaOH,, workup
<1 min, 87% OH 81% OAc rt, 18 h, 82% H
18 19 20 22

Scheme70. Synthesis of enon22 from renewable resourcés.

Furfural 310) is the most frequent chemical derived from hemicellulosic biomass in industry
andused asn important platform chemical for the production of biofuels, sodvant other
valuable product$>'°® Hemicellulose, apolysaccharide of different sugar monomers
e.g.xylose, arabinose, mannose and galactose, is an abundant and inexpensive renewable

resource based on nedlible waste products like bagasse and BYaR! Treatment of
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hemicellulose with acids gives rise to xylo889), the major component of this polysaccharide
and by further dehydration furfuré810) is obtained Schemerl).

cleavage 'OH -3 H,0 o 2 reduction o
hemicellulose HO @/\OH

OH
309 310 18

Scheme7 1. Synthesis of furfuryl alcoholl@) starting from renewable resources.

The ready availability of furfuryl alcoholL@) by theaforementioned process and its versatile
reactivity*>® offer outstanding opportunities for the production of valuable chemicals and drugs.
In the synthesis of-Bydroxyalkyl pyrone26, the acidcatalyzed Piancatelli rearrangement
alcohol 18%°was used to get access4-hydroxy-2-cyclopentenonel@), a precursor for key
compoundenone22 (Schemer0). In 2010, Reiseet al.'® weresuccessful in transfiéng this

rearrangement to a continuous flow setup maldnigrge scale synthesis and high yields

possible(Figure?).
blender valve
-
oven
l_ separation
high pressure
pump
O
O
OH Z
@/\ OH
water (pH = 4) 18 19
in toluene 87% (97% purity)

Figure 7. Continuous flow setup for the Piancatelli rearrangement of furfuryl alcBpt{®-16*

A solution of fufuryl alcohol (L8) in toluene and watgpH = 4) are separatelinjectedvia a
high-pressure pump and mixed with a blender. After passing the mixture through an oven at
240°C and 34bar in less than in two layers are obtaineaith 4-hydroxy-2-cyclopentenone

(19) dissolved in the aqueous phase and polymeric byproducts in the organic layer. Water is

evaporated andydroxy cyclopentenon&9 can be obtained in 87% yield and 97% purity. This
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strategy allowed the synthesis of key compoandne22 (Schemer0) and thereforgof 2-
pyrone derivative26 from readily available renewable resour¢8shemes9).

Based on this previous work of Reisral.!®1%1the first part of the present thesis constitutes
the development of austaimbde big-scaleprocessowards unsubstituted-f2yrone () from
furfuryl alcohol (L8). Additionally, the synthesis of-&lkyl pyrones was investigated which
could enable access to natural produttse utility of biobased pyrone compounds should be

showcased in various followp transformations.
1.2 Big-scale synthesis of unsubstituted-gyrone?

Unsubstituted pyrone () is a versatile starting material in orgaichemistry and has been

used for the synthesis of a variety of natural products and pharmacologically active substances
e.g. €)-LeodomycinD (311) or Rosiglitazone312) (Scheme72).1%76 Neverthelessonly few
methods for the synthesis pfrone 1 have beerreported in literaturéo daté®? which is

associated witlguite high prices at commercial suppliers for this valuable chemical.

@)

NH
=0
S
iy i, L
/\/\/\/\)J\ =
(-)-Leodomycin D 311 Rosiglitazone 312

Scheme72. Examples of substances derived fromy2one ().1%7°

Targeting the synthesis ahsubstitute@-pyrone () on a bigscale the thermal rearrangement
of epoxice 313shouldprovide an exceptional atom economic and efficient r@tbemer3).
Due to aforementioned processasetate?0 can be obtained amlarge scalérom inexpensive,
biomassbased furfuryl alcohol 18).1* However, upscaling of the following Diefsder

reaction to enon22 and thermal rearrangemdntpyronel createdsome issues.

@ This chapter includes parts from a manuscript which has been prepared in collaboration with D. Dobler
(University of Regensburg
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0 H O H O 0 0
o
o0 —— p— p— j— j—
=h=0C0 =0 o on
H H OAc OH
1 313 22 20 19 18

Scheme73. Envisionedretrasynthetic strategy towardsf@rone ().

In literature the Diels-Alder/elimination reaction of aceta®) with cyclopentadien&l is
generally performedby using superstoichiometric amounts of Zn@é Lewisacid and dry
benzeneor tolueneas solvent making these conditions unfavorable for a multigram synthesis
of enone22 (Tablel, entry 1and 3.15'%In addition, significant amousbf inorganic waste

are formed herein leading to a quite challenging reaction wanix Therefore, different
cycloaddition conditionsvereinvestigatd to obviatethe usgeof stoichiometric amounts of

reagents and toxic solventsthis synthetic steplablel).

Table 1. [4+2]-cycloaddition of acetat20 with cyclopentadiengl.

0 b o
QO O == (D
oA NaOH,q work-up H
20 21 22
entry®  Lewis acid equivLA  solvent T t [N] yield [%]
1 ZnCl 3.0 benzene rt 17 89 (95)163
2 ZnCl 3.0 toluene rt 18 86 87)1°
3 ZnCl, 1.0 ErO rt 18 86
4 ZnCl, 0.25 Et,0 It 18 70
5 BFOEL 0.10 ErO 0°C 18 72
6! BFOEL 0.10 ErO 0°C 18 82

[a] conditions: acetate20 (10.0mmol, 1.0equiV), cyclopentadiene2l (3.0equiv) in solvent (65mL); [b]
conditions:acetate20 (200mmol, 1.0equiv), cyclopentadien@l (2.0equiv) in EtO (650mL).

Comparable yields to thosdtained under literature conditionkaplel, entry 1 and 2gould

be achieved by switching the solvent te@&#llowing a better solubility and thus equimolar
amounts of the used Lewis acb@o, Tablel, entry 3).A further decrease of Lewis acid led
to asignificanty lower yieldof 70%after18 h (entry 4). Additional [4+2fcycloaddition of the

product22 with cyclopentadien2l was observedhen astronger Lewis acid was appliedd
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the reaction furnished enof2 in 72% vyield(entry 5). In this caseéhe OAc-elimination ofthe
primarily Diels-Alder intermediate iglreadypartially catalyzed by theewis acid.This issue
was overcome by loweringpé equivalents of cyclopentadieRein the reaction mixturand
enone22 was obtained in very good yields of 83%able1, entry 6).Notably, by usingthis
methodthe reaction workup isubstantiallyfacilitated and pure enor?, itself a valuable
starting material in organic syntheé$fsis readily available imultigram scalendvery good

yieldsjust by recrystallization.

In the following,the DielsAlder adduct22 was epoxidized with hydrogen peroxide to yield
epoxide313in 84% vyield (Schemer4). The retreDiels-Alder reaction of epoxid@13 and
subsequent rearrangemémunsubstituted-pyrone (), the key step of the synthetic sequence,
was performed by using a flash vacuum thermolysis (FVT) sé&ligpire8). The apparatusf

the FVT consists of a quartz tube containing the starting material on one end, an oven in the
middle and a cooling trap on the otleerd Thestarting material is usually evaporated #meh
sucked through the higiemperature area of the oven by a vacor62mbar) The following
transformation towards the respective product is induced by thermal excitation occurring
mainly by moleculewall collisions.The hightemperature exposure periods are only very short
(ca. 10°% 1s) and therefore, very high temperatubetween 400 and 110C can be used
without destroying the compounds. In this way, products can be obté#yednique

transformationghatare not accessible by other stratedfé4%®

product | g vacuum

vapor

cooling trap

starting material

oven (650 °C)

Figure 8. Flash vacuum thermolysis settf.

Although, the FVT is an elegant and ateeonomic method for the rearrangement of epoxide
313towards 2pyrone(1), upscaling remained a big challenge because there are several issues
to face.The steadystate concentration, the concentration of the sates813 in the hot

temperaturezone, has to be controlled avoiding incomplete conversion or undesirable side
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reactionst®® Additionally, the temperature of the cooling trap features prominently in the big
scale pyrolysis. Too lowemperatures could lead to freezing of the prodwaetd thus blocking

of the quartz tube and the vacuum. Whereas, product loss could be obseanedsbyficient
trapping temperaturé&everal conditions for the FVT of epoxi@&3were examined to make

this process reliable for a bggale synthesis gfyronel (Table2).

Table 2. Upscaling of the flash vacuum thermolysis setup.

H 9 o
m FVT, 650 °C i‘j
- CsHe |
HoO &
313 1
entryl®  extern heating T [°C] p [mbar] c?r(:lpng %:,Zl]d observation
. liquid incomplete
1 pyrolysis oven 650 0.02 nit‘ﬂogen 60 Convefsion
2 Kugelrohr oven 130 0.02 n'i't?géin 08 g;ggi&
3 Kugelrohr oven 130 0.02 water 88 product loss
4 Kugelrohr oven 130 0.02 (?rilgftg)t 94 g:ggi&
5ibl Kugelrohr oven 130 0.02 ice/water 96 cc?:dr]ic'ﬁgas

[a] conditions:epoxide313(15 mmol) was used[b] conditions:epoxide313(123mmol)was used

Incomplete conversion of epoxi@l3 caused by a too high steashate concentration, was
observed when the flask with starting material was directly heated in the pyrolysis oven at
650°C and pyronel was obtained in moderate yield of 6@%able2, entry 1) To control the
steadystate concentratigthe sublimation temperature of epoxBlE3was ascertained at first.

The experiment revealed that the amount of startiatgrial313in thehigh-temperatureone

may be controlled by slowly sublimatinthe compoundat 110°C and 0.02nbar pressure.
Indeed, complete conversion and excellent yielgypbnel was achieved by extern heating at
130°C using an upstreakugelrohr distillation over{98%,entry 2) However, freezing of the
productl at the cooling trap filled with liquid nitrogen was observed in this c@sethe
opposite, sing only watercooling lked to a product los88%, entry 3) and by connecting the

trap to a cryostat, setting the temperature0 °C, againan excellent yieldof 94% but also

53



Main part

only frozen2-pyrone(1) was obtainedentry 4) The freezing of the product finally could be
circumvented at a cooling trap temperature 6€Jentry 5). With his optimized conditiom
hand,a bigscale pyrolysis of epoxidd13 (20.0g, 123mmol) was performed yieldinthe
desired producl in excellent96% yield and >99% purity (G@nalysis) without any further
purification (Figure 9). This FVT setupwould allow runningeven bigger scalesnd isonly
limited to the size of thesedextern heater and cooling trap. addition, dicyclopentadiene,
which is formed after the é&xision of cyclopentadien2l by theretro-Diels-Alder reaction, is
collected at the cooling trap of the high vacuum pump and can be rfeuseew reaction

cycle of pyrone synthesis

Figure 9. Big-scale FVT setup (Kugelrohr oven left, hitgmperature oven in the middle and
cooling trap right).

Remarkably, the multigram synthesis of unsubstitytgcbne 1 is achieved without any
chromatographic workup step during the sequedgdroxy cycloperénonel9 andacetate20
were distilled,enone22 was recrystallized anepoxide313was extracted after completion of

the reaction(Schemer4).
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H,0 (pH 4) M o
O toluene Ac,0, TsOH
R ——————
@/\OH 240 °C, 34 bar rt, 20 h
<1 min, 87% OH 81% OAG
19 20

18
O .

21 H H Q (0]
BF3+OEty, Et,0 H,0,, NaOH FVT, 650 °C
NaOH,, workup DCM/MeOH Y, - CsHe, 96% | /O
H

rt, 18 h, 82% H rt, 30 min, 84%

22 313 1
20.0 g (123 mmol) 11.3 g (118 mmol)

Scheme74. Big-scale synthesis of-gyrone () from renewable resources.

The novel big-scale FVT setup is not only applicable for thaultigram synthesis of
unsubstituted pyronel) but also6-(1-hydroxyethyl)}2H-pyran2-one (26a)'® was obtained in
excellent yield by slow idtillation of epoxide25a (3.1g, 15mmol) at 170°C extern oven

temperaturédSchemers).
H 9 oH
_FVT, 650 °C
C5H6 93%
25a 26a
3.10 g (15.0 mmol) 1.95 g (13.9 mmol)

Scheme75. Synthess of hydroxyalkyl pyron&6a by the established FVT setup.
1.3 Synthesis of naturally occurring 6-alkyl 2-pyrones’

The established synthetic strategy towargynes starting from furfuryl alcoh@l8) should
also be adopted for the introductionfofther substituents into the pyrone skeletbierein, the
introduction of alkyl substituents ingosition is from particular interesthis structural motif
is present in many naturally occurringpgrone erivatives e.g. 6n-propyl, -n-pentyl or
n-heptyl 2pyrone2a-c, which were isolated from strains ®fichoderma virideand possess

fragrant aromagSchemer6).8:167

® This chapter includes parts from a manuscript which has been prepared borebim with D. Dobler
(University of Regensburd§?.
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(@] O (0]
9 9 9
7 7 7

2a 2b 2c

Scheme76. 2-Pyrone natural producga-c isolated fromTrichoderma viride?

The synthesis of the desired pyrorZzsc should be acamplished from furfuryl alcohol
derivatives314a-c. The requiredalkyl substituents can be easily introduced by a Grignard
reaction with furfural 810) and te reaction of the respective Grignard reagents yielded the
furfuryl alcohol derivatives314a-c in excellent yields(92-98%, Scheme77). Piancatelli
rearrangemento 5-subsituted 4-hydroxy cyclopergnone derivatives815a-c was performed
under microwave conditiona a water/acetone mixtud0-75%, Schemer7). In case of the
heptyl derivéive 315c, considerableamounts of polymeric byproductere formedand the
yield dropped drasticallio 45% A continuous flow setups forthe synthesis afinsubstituted
4-hydroxy-cyclopentenond9 might be also beneficidor this synthetic steprhe subsequent
acetylation gave theorrespondingcetate816a-c again in excellent yield89-94%, Scheme

7).

O O
o f RMgBr o M MW % R Ac0, Et;N ﬁ R
- = — Y =
\ / H Et,0 WR H,O/acetone (3:1) / DCM, rt, 18 h /
reflux, 15 min 180 °C, 15 min OH OAc
310 314a R =n-Pr 92% 315a 72% 316a 89%
314b R = n-Pent 98% 315b 75% 316b 94%
314c R = n-Hept 97% 315¢c 40% 316¢c 91%

Scheme77. Synthesis of Substituted acetat@d 6a-c from furfural 310).

Analogously to the synthesis of unsubstitutgoyPone () the DielsAlder/elimination stepf
acetateg16a-c hadto be investigated in greater detdibble3).
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Table 3. Diels-Alder/elimination reaction of Substituted acetat&d Ga-c.

0 H O
O O e (D
OAc H
316a-c 21 317ac
entry[@ R Lewis acid  equivLA equiv 21 yield [%]
1 n-Pr ZnCl 1.0 3.0 79
2 n-Pr BFOEDL 0.10 2.0 70
3 n-Pr BF:OE®L 0.10 3.0 82
4 n-Pr BFOEDL 0.20 3.0 94
5 n-Pr BF:OE®L 0.20 15 76
6 n-Pent BF:OE®L 0.20 3.0 95
7 n-Hept BFOEDL 0.20 3.0 94

[a] conditions: acetatd16a-c (L0 mmol, 1.0equiv) in ELO (30mL).

Reaction of propyl aceta8d 6a using stoichiometric amounts of Zn@Is Lewis acid furnished
the DielsAlder adduct317ain 79% yield Table3, entry 1).Applying previously optimized
conditions for the synthesis of unsubgttienon@2 slightly decreased the yield to 70% (entry
2). The yield of desired produ@l7a could be improed by increasing the equivalsruf
cyclopentadiengl in a following experimen{82%,entry 3). Finally, anxcellentyield of 94%
could be achieved by using 2@l% of BFZOEL as Lewis acid and 3.0 equivalents of
cyclopentadien@l (Table3, entry 4) whereas lower equivalents of cyclopentadi2hagain
dropped the yield to 76% (entry 5). Under the optimized conditions alsepbatyt andn-
heptyl substituted derivativell 7-c were obtained in excellent yield8495%, entry 6 and
7). The sterically demanding alkyl substituents prevent furtiegcloaddition with

cyclopentadiene as it is observed with unsubstituted a@éidieblel).

In the last step enones817a-c were epoxidized97-98%) and subjectedot FVT to yield the

natural 6alkyl 2-pyrone product2a-c in nearly quantitative yieldSchemer8).
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H,0,, NaOH R FVT 650°C o
_— _—
R " bcmmeoH ) - CsHs |
a ft, 24 h H R
317a R =n-Pr 318a 98% 2a >99%
317b R = n-Pent 318b 98% 2b >99%
317¢ R = n-Hept 318¢c 97% 2c >99%

Scheme78. Synthesis of naturally occurringakyl 2-pyrones2a-c.
1.4 Investigationstowards the synthesis of @lkyl-4-methoxy-2-pyrones

The 6alkyl-4-methoxy-2-pyronestructureis present in many natural produetgh interesting
biological properties. Among them, the kavalacta@sigure10) isolated from the kavkava
plant iper methysticujrare the most prominent representatiamed especially known for their

anxiolytic, sedativeand antidepressant effec$§:16°

R'=R?=H, R®= OMe yangonin 8a
R'=R3=0OMe, RZ2=H 10-methoxyangonin 8b
R'=H, R2=R%=OMe 11-methoxyangonin 8c
R'=R?= R®=H desmethoxyangonin 8d
R'=H, R? R®=O(CH,)O 5,6-dehydromethysticin 8e

Figure 10. Naturally occurring kavalacton@s®®

Having previously shown thattydroxyalkyf® 26 or 6-alkyl pyrones®! 2 are eaiby accessible
from renewable resources the further introduction of dagtgroup in 4position could give
rise to such interesting compound¥ith consideration of the retrosynthesis, the additional
alkoxy/hydroxygroup has to be introducetitheo-position to the carbonyl group, between the
6- and 5membered ring of enor@l 7 (Schemer9).

o y O y O y O

/ﬁ‘;ok —_— mW — @:/},w _— @i},w
R207 N R or?2 O OR? H
319 320 321 317

Scheme79. Envisioned etrosynthesis of -4lkoxy-6-alkyl 2-pyrones 819.

For thispurpose, allylic oxidation was intended as the preferred strategy. The allylic oxidation

of olefins can be generally performed by the vkelbwn Rileyoxidation using Se@as the
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oxidant. Unfortunately, under conventional heating as well as microwave tocamslino
conversion of the starting materidll7a was observedywhich could be ascribed to steric

hindranceof substrate and oxida(®chemed0).

H O H O
8302
n-Pr — n-Pr
dioxane/H,0O
H 100 °C, 24 h OH
317a 321a

SchemeB0. Investigation of the Riley oxidation of enoB&7a.

Consequently, a different approach had to be purgveanenburgt al.demonstrated thalhe
o-bromo enone compour8?2can be transformedto the methoxy derivativ824within few
minutes(SchemeB1).17° Interestingly, he reaction is reported to take place via elimination of

the bromide to dienon&3and subsequent conjugate addition of a methoxide.

H 9 0 H 9
KOH, MeOH
—_— —_—
rt, 5 min, 84%
Br OMe
322 323 324

Scheme8L1. Introduction of methoxy grougccording t&Zwanenbug et all’®

The irtroduction ofa brominein o-position of enone317a is quite impossibldy standard
methods. Therefore, we questioned if bromination of the eBbreein U-position would allow

for the same transformation by the intermediacg dienone323

The methylation of enone&l7 in U-position, for instance, can be achieved by using LDA as
base to generate the enolate and Mel as electrdphilecordingly, these reaction conditions

should be applied for the analogous introduction of brorfiiable4).
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Table 4. Attempts for the introduction of dgtbromo atom.

0 O

H Br
reagents
wn-Pr THE, T, t wn-Pr
H H
317a 325
entry reagents T t [h] yield [%]
1 LDA, NBS 178°C 1 decomposition
1) LDA, TMSCI  __,, .

2 2) NBS, NaOAc 178°Cto0 T 2 decomposition
3 TMSOTf, NBS rt 24

However, similar conditions as for the methylation but using NBS as electrophile led only to
decomposition Table 4, entry 1). This might be due to further elimination of the initially
introduced brom@tom by the strong bade.anattempt to avoid elimination by protecting the
enolate in the firsstep and brominating in the second step also decomposition was observed
(Table 4, entry 2) By applying more gentle conditions using TMSOTT( the starting material
317awas completely recovered after one dawlfle 4, entry 3).Since all attempts for the
synthesis of 4nethoxy 2pyrones319 failed, the nextfocusof this thesis was pladeon the

application andunctionalizationof biobased yrone derivatives

In summary, anultigramsynthesis of unsubstituted@rone () was achieved in high yields

and excellentpurity from biobased andnexpensive furfuryl alcoho{18). The DielsAlder
reaction of acetat20, a key step of the synthetic strategpuld be performed with catalytic
amounts of Lewis acid without using toxic solvents. Furthermore, a FVT setup was developed
that enabld usto run the thermal rearrangemeiitpoxide313on every scale and with various
substratesNaturally occurring élkyl 2-pyrones2a-c were alsosynthesized from renewable
resourcedy this strategywhereas th@ntroduction of a hydroxy/methoxy group inpbsition

was unsuccessful
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2 Application of 2-pyrones derived from renewable resources

2.1 Synthesis of 3substituted phthalides

2.1.1 Introduction

The structure of B-isobenzofurasil-ones, also called phthalides, is characterizetthéfusion

of a benzeneand o-lactonering. This framework is gesent ina large number of natural
products displaying a broad range of bioactivitige anticonvulsant, anesthesia, ant\V,
antibacterial and antibiotieffects (Figure 11).2’%172 Most of the naturally occurring and
pharmacologically active compounds belong to the group -stib3tituted phthalides.
3-Butylphthalide(326b) is the besknown representative ofigclass and, despite its structural
simplicity, possessinteresting phgiological propertiesThe major constituent of celery oil
can be used as an antiplatelet drug for ischemiabral apoplexgndhas been approved as
antiischemic stroke drug by th@hina Food and Drug Administratio@FDA).1"113Besides
their interesting biological activities, phthalides are also used as versaiiting blocks in

organic and medat chemistry**174

OMe o)
0 OH ¢ MeO
O
o 0 / o7
n-Bu R \Nﬂo
3-butylphthalide 326b R = CH,CO,H isoochracinic acid 327a (-)-hydrastine 328
R = n-Oct paecilocin A 327b

R = CH,Ph typhaphthalide 327¢
R = 2-thienyl chrycolide 327d

Figure 11. Selected examples of naturally occurringubstituted phthalides?

Over the yearsjariousmethods have been degpkd for thegacemic and asymmetric synthesis

of 3-substituted phthalidéerivatives'’* Most of them rely om lactore formationon the
benzene ringOne of the simplest strategies for an enantiomeric pure synthesis of phthalides is
the catalytic reduction/lactonizatiof 2-acylarylcarboxylates329.1741% |n 2017, Zhang
co-workersreported a general method for the stereoselective synthesis of vagabstiuted

phthalides330 using a Rediphosphine catalytic syste(@chemes2).17®
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o 0
I,/" OR! [RuCl(benzene)(S)-SunPhos]CI I/\‘ o
R~ R? H, (40 bar), MeOH, 50 °C, 15 h R~
58-98%, 34-99% ee 2
o R
329 330

SchemeB2. Stereoselective reduction/lactonizatapproach by Zhanet al'’®

In addition,progress irtransition metatatalyzed @H bond functionalization paved the way
for arhodiumcatalyzed intramolecular hydroacylation ek@obenzaldehyde?31 developed
by Dong et al (Scheme83).1’” By appropriate choice of the woterion of AgX the

enantioselectivity could be controlled for each substrate.

o o)
Rz_l\ H [Rh(cod)Cl],, Duanphos, AgX RZ;\ o
L R’ toluene, 75-100 °C, 1-3 d o
5-97%, 13-98% ee )
0 R
331 332

Scheme83. Intramolecular hydroacylation by Dorg al’’

Transition metakatalyzed [2+2+2tycloadditions of estdinked diynes 333 with
monoalkyns 334 have also beemlescribedfor the synthesis of -8ubstituted phthalide
derivatives335. In presence of chiral phosphine ligand a ofp®t transesterification and
cycloaddition process gave rise to enantioenriched tricyclidi3istituted derivates 335
(SchemeB4).17®

R
_ HO.| R* [Rh(COD),]BF,
,——=——CO0,Me (R)-Solphos
X +
— gt l DCM, rt, 1 h
53-89%, 48-94% ee
R2
333 334

Scheme84. Transesterification/[2+2+2¢ycloaddition ofdiynes333 with tertiary propargylic
alcohols334.178

The only method that was developed starting from renewable resources is baddd-2jn a
cycloaddition of furfuryl alcohol(18) and dimethyl acetylenedicarboxylattDMAD D)
followed by a ringopening/aromatization with Ire(Schemes5s).1’® However, no substituents

were introduced in-paosition.
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COzMe MeO,C o
(0} | | |FC|3'3H20 HO
+
@/\OH toluene, 70 °C, 48 h o)
CO,Me 59%
18 D 336

Scheme85. Synthesis of dinsubstituted phthalidg36from renewable resourdé’

Hence,the dilization of starting materials thaterederived from renewable resources would
be aheretofore unprecedentstiategy for the synthesis ofsBibstituted phthalides.

2.1.2 Synthesis of 3substituted phthalides by DielsAlder reaction of pyrones

2-pyrones are well known to undergo [4+&]cloadditions with various alkenes and alkynes.
Depending on the substitution patteof the pyrones the cycloaddition can proctedugha
normal or inverse electron demand Diglsler (IEDDA) reaction®® The latter isusually
evoked by electrowithdrawing substituentson the pyrone moiety Generally, the
cycloaddition of pyrones with alkynes gs/se to benzee derivativesafter extrusion of C®
due toinstability of the highly strained bicyclooctadiene intermedi2@8. Therefore,the
aforemationed 6hydroxyalkyl 2-pyrones26, reported by Reisegt all®, seem to beuitable
precursordor the synthesis of phthalide derivativé40. It was envisioned, thadhe electron
rich pyrones26 undergo normal Dielélder reaction with electropooracetylenecarboxylate
derivatives337 andafter extrusion of C@a transesterificatiom intermediate839 should lead

to the lactone ring formatiofscheme36).

(6] 0O R3 R3
CO,R? CO.R? 0
(6] (@) R3 2
_N__OH / -CO, OH -R20H
R3 R’ CO,R? 1 1
R4 OH 2 R R
26 337 338 339 340

Scheme86. Envisioned transformation of-®ydroxyalkyt pyrones26 towards 3substituted
phthalides340.

Initially, the reaction wa investigated using a symmetrical alkyne e8tk to prevent the

formation of regioisomers in the [4+2ycloaddition stefTable5).
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Table 5. Investigation of the synthesis ofsBibstituted phthalide derivativ&2a by Diels

Alder reaction of pyron@6a.

Q CO,Et mode of COzEto
o . | | activation
l Pz OH solvent, T, t 0
CO,Et
26a 341 342a
entry’@ ar(':t?\fa‘iig; solvent ¢ [M] T [°C] tfh]  vyield [%]
1 (09) xylene 1.0 200 24 58
2 ® xylene 2.0 200 24 74
3 P neat - 200 24 56
4 MW xylene 2.0 150 7 64
5 MW neat - 150 7 80

[a] conditions:pyrone26a (1.00mmol, 1.0 equiv), dienophil&41 (1.4equiv).

Indeed, the reaction of-Bydroxyethyl 2pyrone @6a) with diethyl acetylenedicarboxylate
(341) afforded the phthalide derivati\ad2a in fair yield by conventional heating (58%able

5, entry 1). In 2004Loupy et al demonstrated, that the yields and selectivities of pyrone
cycloadditions can be improved by using more concentrated reaction conditions and/or
microwave irradiatio®! In case of conventional heating, a higher concentration led to
increased yieldf product342a (74%, entry 2), whereas under neat conditions a drop in the
yield to 5% was observed (entry 3). Microwave irradiation in the presence of a solvent slightly
decreased the yield (64%, entry 4) compared to conventional heating. This could be rationalized
by the poor excitability of xylene by microwave irradiati§h.Consequently, microwave
activation under neat conditions gave the best result with 80% oighththalide342a and
additionally, shorter reaction times than under conventional heating could be adqfiabkd

5, entry 5).

With the optimized conditions in handother 2pyrone derivatives26b-c and one
enantiomerically pure substra{®)-26a (99% eg'® were subjected to the cycloaddition
reactons with alkyne341 (SchemeB7). As expected, no change of enantiomeric excess was
observed during the cycloaddition/lactonizatapproachand enantiomerically purehfhalide
(S)-342ais easily accessibia very good yield81%, 99%e¢. Furthermore, a derivativél2b

of thebiological active3-butylphthalide(32@0) was obtained im good yield of 70%Due to
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the inferior solubility of the phenyl substitutggrone 26c¢ in alkyne 341 the yield dropped
drastically and the corresponding phthalBd@c was obtained in fair yiel(60% Scheme37).

o CO,Et COzEt o
B + |l = o
¥z OH 150°C,7h
CO,Et
R R
26a-c 341 342a-c
CO,Eto COsEt COsEt
@) O O
n-Bu Ph
(S)-342a 81%, 99% ee 342b 70% 342¢c 50%

Scheme87. Synthesis of Zubstituted phthalide derivativ842a-c.

It was demonstrated thatical phthalide derivative342 can be synthesizétbm enantiomeric
pure pyrone6 by this strategy Neverthelessanothermethodologystartingdirectly from
racemic pyrones26 should beinvestigatedas well In 2005, a catalytic enantioselective
Diels-Alder reaction of 2,hexadienol 843) with methyl a&rylate @44) was developed
(Scheme88).18 Chirality was induced by applying a binuclear Lewisd tempate derived
from (R)-BINOL.

X
7 | OMe
= 0
. l Me,Zn, MeMgBr, (R)-BINOL o 0O
N COyMe DCM, tt, 24 h o) zn’.y o-MgBr

95%, 93% ee

" W,
343 344 346 O O

via 345

Scheme 88. Enantioselective cycloaddition of 2iexadienol 343) and methyl acrylate
(344).183

By possessing the same dienol structupyi®nes26 appeared to be convenient substrates for
a similar transformatiorteren, a kind of kinetic resolution should give the enantionadiyc

pure producB47a, whereas the other enantiomer26& remains unreacted able6).
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Table 6. Investigation of the stereoselective synthesi34df.

Q CO,Me MeO,C o o)
0 Me>Zn, MeMgBr, (R)-BINOL )
| - vent, T, t o * |
_ OH solvent, T, N OH
CO,Me
26a D 347a 26a
entry@ solvent T [°C] t [h] yield [%]
1 DCM rt 48
2 DCM 70 48
3 toluene 150 48

[a] conditions: Pyron26a (0.5mmol, 1.0 equiv), dienophil® (1.4 equiv), catalyst (1.equiv).

However, by investigating different solvents and temperatures no conversion was observed and
the starting material wagcovered Table6). This could be attributed to the presence of the
lactone moiety in pyron26a which also can be coordinated by the Lewis acid, thus preventing

coordnation of the dienophil® or creating an electronical mismatch

Considering the significance sfmple 3-substituted phthalide326 as versatile substrates in
organic chemistry as well as important drugs likbuBylphthalide(326b) for instancethe
cycloaddition approach was also examined for the synthesis of phthaliédsearing no

substituents on the benzene moi@igble7).

Table 7. Diels-Alder reaction of pyron6a with dienophile37.

0 o CO,Et

) COEt an.’f:}.Zﬁ
(L on |‘| Tsolvent, T, t @I:léo ’ OH
26a 37 326a 348a
entry! a?t(i)\;jaetig; solvent  c[M] T[°C] t[h] yiel[((j) A)s]zea yiel[?l) A)3]48a
1 ® xylene 0.5 200 24 30 33
2 ® xylene 2.0 200 24 27 51
3® 09) xylene 2.0 200 48
4 MW neat - 150 7 20 59

[a] conditions: Pyron@6a (1.0mmol, 1.0 equiv), dienophil&7 (1.4 equiv); [b] ZnC} (1.0 equiv) was added.
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Intermolecular DielsAlder reaction with ethyl propiolate37) was performed to afford the
desired phthalide326a, but utilization of an asymmetric alkyne furnished two different
regioisomers326a (30%) and348a (33%) in almost equal yieldg éble7, entry 1).A higher
concentrated reaction mixture favored the formation of the benzene deri848a€51%,
entry2) compared to phthalid&26a (27%), whichcouldbe explained by steriepulsion of the
hydroxyalkyl and ester groupAdditionally, alargerorbital coefficient of the HOM@f pyrone
26a in 6-positionthan in 3position due to the electraipnating substitentandsmallerorbital
coefficient in the LUMO at thé-position of alkyne37 could prefer produc348a. The attempt
to control the ratio by adding a Lewis acid failed and starting ma@8elvas completely
recovered after 48 h (entry 3). The previougtyimizedneat microwave condition alsather
promoted the synthesis 848a (59%, Table7, entry 4)than of phthalid&26a (20%).

Therefore, a different approafdr the selective synthesis of phthab@26had to beexamined
Intramolecular cycloaddition should prevetiie formaion of regioisomers due to the
predefined orientation of the dienophile and did¥a. this purpose, hydroxyalkyl@yrones

26 had to be coupled with propiolic aci@49. Screening revealed that the solvent had a big

impact on the outcome of the respeetreactionTable8).

Table 8. Coupling of pyrone&6a-c with propiolic acid(349).

o o
=
| /o L iOZH DCC, DMAP 7o Oﬁ//
solvent, rt, 18 h = (0]
R R
26a-c 349 350a-c
entry®@ R solvent yield [%]
1 Me THF 24
2 Me Et.O 42
3 Me DCM 56
4 n-Bu DCM 62
5 Ph DCM 54

[a] conditions: Pyron@6a-c (1.0 equiv), propiolic acid39) (2.0equiv), DCC (1.12quiv), DMAP (7mol%).

The reaction in EO and especially THF provided the es&fa in poor yieldsof 24% and
42%, respectivelyTable8, entry 1 and 2). The use of DCM proved to be beneficial and the

yield was increased to 56% (entry 3). No influence of steric factors in the yield was observed,
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when the reaction was conducted with tHeutyl (62%) or phenyl (54%) substituteep@rone
deivative 26b and26c¢ (Table8, entry 4 and 5)

Subsequently, thentramolecular Diel\lder reactionof the methyl derivative350a was
initially investigated under conveonal heating condition§Table9).

Table 9. Synthesis of Substituted phthalide®326a-c by intramolecular cycloaddition.

o o)

= de of
N i
= (0] toluene, 150 °C, t
R R
350a-c 326a-c
entry R mode of c[M] t [h] yield [%]
activation
1 Me (00] 0.025 20 82
2 Me MW 0.025 3 >909
3 Me MW 0.10 5 >99
42 n-Bu MW 0.10 5 >09, 74%ed®
5 Ph MW 0.10 5 >99

[a] starting fromenanti@rriched 2pyrone26b (74%eé); [b] determined by dhal HPLC analysis of the isolated

product.

The reaction provided phthali®@6ain avery good yieldf 82%after 24 h Table9, entry 1).
Satisfyingly, microwave activation again was superior to conventional heating and furnished
product326a quantitatively (>99%) in much shorter reaction time (entry 2). Furtherrtioze,
concentration could be increased at least four times without observing byproducts by
intermolecular cycloaddition (entry 3). Likewisebutyl and phenyl derivative26 and326c

were obtained in quantitative yield (>99%, entry 4 and 5). Additionaigrting from
enantioenriched butyl -gyrone (R)-26b (74% e€'®) the enantiomeric excess remained
unchanged over the two synthetic steps giving rise to enantioenriched naturally occurring
3-butylphthalide(R)-326b (>99%, 74%gee entry4).

After validating the inter- and intramolecular cycloadditioms an atomeconomic synthetic
strategy towards phthalidesthe research was concentratash the synthesisof

7-hydroxy 3-substituted phthalide327. This structural motif can be found in many natiyral
occurring substances, ge.isoochracinic acid3R7g, paecilocin A 827b), typhaphthalide
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(3279 and chrycolide327d) (Figure1l). During the total synthesis @&deshydroxyajudazol

B, Rizzacasand coworkerd®*made use of B u®fontkelbaylatonafaryldi t i o
halides351 and afteisubsequernxidation'hydrolysis the corresponding phenol deriva®&

was obtainedScheme39).

1) pinacolborane

Br O Pd(CH3CN),Cl, OH O
SPhos, NEt;
o) 1,4-dioxane, 110 °C, 2 h o
2) H202, NaOH
TN THF, 1, 2 h TN
351 - 72% 352

Scheme89. Borylationbxidation of351 to alcohol352 by Rizzacasat al'8*

Thus, an analogous transformation should give rise to the aforementioned natural products
using #bromo substitute@hthalides354. However, thantroduction of bromine in-position

by intermolecular Diel\lder reaction withethyl 3bromopropiolatg353) was unsuccessful

and only starting materi@ba was recovere{Scheme90).

o CO,Et Br o
toluene, 150 °C
9 + | o
= OH
Br
26a 353 354

Scheme 90. Attempted ntermolecular cycloaddition of pyrone26a with ethyl

3-bromopropiolate 353).

In contrast, bromination of ¢hterminal alkyne350a using NBS and AgNefollowed by
intramolecular [4+2fcycloaddition furnished the bromo phthali@®4 in excellent yield over

two steps. Unfortunately, the borylation and oxidation step afforded mainly unsubstituted
phthalide326a and the desired phenol derivat®27 was only obtained in tracéSchemedl).
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Br o)
MW

toluene, 150 °C, 5 h
>99%

NBS, AgNO,

acetone, 0 °C, 20 h
90%

354

1) pinacolborane
Pd(CH3CN),Cl,

SPhos, NEt; o OH ¢
1,4-dioxane, 110 °C, 4 h @E/é
2) H,0,, NaOH o)
THF, 1t, 2 h

326a 76% 327 traces

Scheme9l1 Investigation of the synthesis othgydroxy phthalide327 via intramolecular

cycloaddition.

Although there are still some methods describedtandiure that could allowonvertingthe
bromophthalide 354 into the hydroxy derivative827, further investigations could not be

conducted due to limited time left in the lab.
2.2 [4+2]-Cycloaddition of 6-acetyl 2-pyrone with alkenes

As stated abovéB.2.1.2, 2-pyrones can also undergo cycloaddition reactions with alkenes
leadinggenerallyto isolablebicycloadducts859. Thesestructurally and stereochemically rich
compounds$59 are useful synthi intermediatedor instancejn the stereoselective synthesis

of cyclohexane derivative360 (Schemed?2).180.186

R2
”/ (0] CO,H
0} R3 R2
358 o R? o
/\/ R®
R? RS OH
357 359 360

Scheme92. Diels-Alder reaction of pyrones with alkenes.

Accordingly, bcycloadducts363 derived from cycloadditions with pyror#§1 would possess
valuable functional groupsnablingtheir further elaboration towards valadded products
6-Hydroxyalkyl pyrones26 have been previously demonstrated to participate in normal
Diel-Alder reactions with electrepoor alkynes. Consequently, pyror361 bearing an
U-carbonyl group in gosition wasconsideredas an electronpoor diene dugo the electron

withdrawing character of the substituelrtrr this reason, compourd®l, readily available by
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oxidation of the respectivehydroxy pyrone26at®’, was investigated in an inverse electron
demand DielAlder reactionusingethyl vinyl ether 862) as dienophil¢Table10).

Table 10. Investigation of the IEDDA oflcarbonyl pyrone6.1

o 0O 0o
o . OEt Lewis acid 0] OEt + O
| % o W toluene 7 7
150 °C, 48 h OEt
0] 0]
361 362 363a 363b
entry@ Lewis acid yield 363a[%] yield 363b [%]

1 - — —
2 ZnCl,
3 BFsOED

[a] conditions:pyrone361 (1.0mmol, 1.0 equiv), ethyl vinyl ethei362) (2.0equiv), toluene (2.0 M)

Surprisingly, pyrone361 did not react with the electremch dienophile362 upon heatingat
150°C for 48h (Table10, entry 1).Also, activation of the pyron861 with a Lewis aciddid

not lead to a successful conversion of the starting matéaal€10, entry 2 and 3).

These results indicated, that pyroB&l, despite the electremithdrawing substituent, is a
ratherelectronrich diene and hence the cycloaddition had to be performedawitdectron
poor dienophildike methyl acrylate344) (Tablel11).
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Table 11. Investigation of the Rls-Alder reaction ofU-carbonyl pyrone361 with methyl
acrylate 844).

o
| o . COsMe LeW|s acid CO,Me
= 0 ﬁ solvent Tt /
COzMe

361 344 364a 364b

Lewis equiv yield 364a yield 364b

entry@ Acid aaq SOent T[C] t[h] (%] (%]
1 - 2.0 toluene 150 24 complex mixture
2 - 1.0 toluene 150 24 complex mixture
3 - 1.0 DCM 60 48
4 ZnCl 1.0 DCM 60 48

5 BF:OE®L 1.0 DCM 60 48 ---
[a] conditions:pyrone361 (1.0mmol, 1.0 equiv),Lewis acid (1.G2quiv) insolvent (2.0 M)

In fact pyrone 361 underwent facile cycloaddition with methyl acrylat844), but
bicycloadduct 364 could not be isolated in any case. Untlexthermal conditions extrusion

of CO: in adducts364 and further cycloadditiorof the correspondingcyclohexadiene
intermediatesvith methyl acrylate 344) occurred leading to a complex mixture of various
products(Tablell, entry 1).The attempt to isolate the initial cyclohexadiene intermediates by
lowering the amount of alker814 (entry 2)was unsuccessfuince the second cycloaddition
wasmore favored than in the §ir stepwith pyrone361. In order to circumvent the thermal
extrusion of CQ in bicycloadducs 364, the reaction was also performedadbwer reaction
temperature (entry 3). However, this experiment showed that higher temperatuexeasary

for an uncatalyzediels-Alder reaction and only starting mater281 was recoveredJpon
addition of Lewis acids for the preactivation of dienopB#d also no conversion was observed
(Table 11, entry 4 and 5).Herein, again an electronic mismatch due to simultaneous
coordination of both reagents to the Lewis acid could be ther measonThus the selectivity
issues of the reaction could not be solved with the given malsteand therefore, other

applications for the biomasterived pyrones were investigated.

To sum up, aheretofore unprecedentdrhnsition metafree synthetic strategy towards 3
substituted phthalidé226and derivative842 was developed starting from pyror&derived

from renewable resources. During the int@nd intramolecular cycloadditions no change in
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enantiomeric excesgasobserved and enantioenriched prodwatseobtained. In additiorthe
capability to introduca bromine atom in-position of the phthalide by this method could pave
the way to some natural products in future wdémkcontrast, desired bicycloaddu&&4 could

not be isolated by cycloaddition ofsbibstituted pyron861 with alkenes.

2.3 Visible light-mediated [4+2}cycloaddition of 2-pyrones

The eclectic photochemistry off®rone () has been discovered early andstghotoinduced
transformations provide appealing entities that are elusive by other m¢Baasned3). In

1964, CoreY! reported that direct irradiation of@rone () in diethyl ether furnistekbicyclic
lactone365 by 4" -photocyclizationwhile an acyclic este866 wasobtained by irradiation in
methanof®” In contrast, by addition of acetophenone as sensitizer the formation of two
[4+2]-cycloadducts367a and 367b was observedwhich constitutes a rare example of
photochemical [4+2fycloaddition'®” Whereas thestter reactionseens to arise via the triplet
2-pyrone excited stat€l,, Figure12), the cyclobutene lactor65 and acyclic esteB66 are
formed via the singlet excited stg&, Figure12).

(6]
= O Et0 0 hv
H hv acetophenone o N
365 | 0 Et,0 /7 N
= o
MeOC A\ CHO o J
366 © 1 367a

Scheme93. Versatile photochemistry of-gyrone ().

As discussed earlier in the introduction (see cha@e2 andA3.3) lactone365and structurally

rich cycloadducts like&867a and367b are very potent building blockslowever, established
synthetic protocolsstill make use of UMnediated processeentailing eme drawbacks.
UV-light requires a high input of energy and specialized equipment for its safe generation. The
concentration of substrates has to be kept low in order to allow efficient light penetration and
prevent undesired intermolecular reactions. Mueg, upscaling of UVmediated reactions is

a big challengeConcerning a more sustainable process, thdight source should be replaced

by an environmentally friendly visible liglemitting diode(LED).

Transformations proceeding via singlet excitehsition states ¢¥$cannot be accomplished
by direct irradiation with visible lighh this caseTherefore, the focus was placed on the triplet

catalyzed reaction of-gyrone (). Generally, energy transféT) from another phaexcited
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molecule(sensitizer)can be applied to generate the first triplet stdta substrat€T:), from

which the reaction takes pla@@gurel12).

S —

ISC
M
T4

hv

Y — —_

substrate sensitizer

Figure 12. Energy transfer of a sensitizer to a substrate.

Over the years, several transition metal catalysts have been developed that absorb in the visible
region of light promoting various chemical processes either byopédox or energy transfer
mechanismsin 2019, Reiseet al. developed a visible lighthediated, intramolecular [2+2]
photocycloaddition of amide linked dienes catalyzed by [Irfgib)(dF(CE)ppy)]PFs as

triplet sensitizef8®

Encouraged by this worlan iridiumsensitizegrotocol was considered as a promising strategy

to replacghe UV-mediated [4+2]cycloaddition of 2pyrone () (Table12).
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Table 12. Investigation of the photocatalyzed cycloaddition gqdy2one ().

O photocatalyst
hv
|/O DMF, T, t
1
hA c T yield 367a vyield 367b
[a]
entry catalyst m] M [°C] t [h] [%] [%]
[Ir(dtb-
1 455 005 rt 3 43 42
bpy)(dF(CR)ppy)]PFs
[Ir(dtb-
2 455 050 rt 0.5 46 46
bpy)(dF(CR)ppy)]PFs
3 - - 0.50 150 48
4 - 455 050 rt 48
5 Cu(dap)Cl 530 0.50 rt 48
6 Ru(bpyxCl2 455 0.50 rt 48

[a] conditions:pyronel (1.0mmol, 1.0 equiv), catalyst (1.001%).

Gratifyingly, the iridum-catalyzed reaction furnished both regioisom&$3a and 367b in

equal amounts after 3 hrgble 12, entry ). The reaction took placéen a complee

diastereoselectiveashionand for both products only thexcdiastereomer was obtained. In

contrast to the earlier repdtf structures of367a and 367b could be unambiguously

characterized by spectroscopic and siraglestal Xray analysis Figure 13). Moreover, the

reaction time could be reduced tgnfold concentrated reaction conditicarsd cycloadducts

367a and367b were formedn an excellent overall yield of 92%entry 2) In order to exclude

the transformation to proceed through thermal (entry 3) or-iighiced (entry 4) excitation,

the condiions were examined in further experiments, but pydomas recovered in both cases

Other photocatalysts did not promote the reaction (entry 5 and 6), indicating unsuccessful

energy transfer.
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Figure 13. Crystal structure 0867a and367b (50% thermal probability).

Having identifiedexcellent conditions for a visible ligicatalyzed [4+2kycloaddition of 2
pyrone () it was examined if an additional substituent could prevleaformation of one
regioisomer. Hence, pyros&a and 26a were employed having ra alkyl or hydroxyalkyl
substituent, whichmight induce selectivity by steric reasoasadditionally through Foond
interactions.But the reactiors of alkyl pyrone2a and hydroxyalkyl pyrone26a provided a
complex reaction mixturef different products that were not separable by standard column
chromatographyNMR- andmassanalysis of the crude reactiamxture revealed the formation

of [4+2]-cycloadducts and their corresponding products after elimination of the
CO»-bridgehead.(Scheme94). In addition [2+2]-cycloaddiion products of two pyrone

molecules wreobservedas well

O
o) [Ir(dtb-bpy)(dF(CF3)ppy)2]PFe (1 mol%) complex mixture of
| P 255 v DME. 1 h [4+2] and [2+2] products
R , 1t
2a R =n-Pr

26a R = CH(OH)CH,4
Scheme94. Triplett sensitized reaction alky pyrone2a andhydroxyalkyl pyrone26a.

All in all, the UV-mediated4+2]-cycloaddition of 2pyrone () was successfully replaced by

a visible light catalyzed process giving rise to structurally and stereochemically rich
cycloadducts367a and 367b in a diastereoselective mannefFhe structures of both
cycloadducts wereunanbiguously characterized by Xay analysis.By introduction of
substituent$o selectivity of this reaction type could be obtained and actymplex mixture

of various productsas formed.
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2.4 Cyclopropanation of 2pyrone and 2pyridinone and follow-up transformation

2.4.1 Cyclopropanation of 2-pyrone and 2pyridinone

In general,2-pyronesrepresentvaluable starting materials isyntheticorganic chemistry,
however, besides versatile reactivies that hae been reported inrecent literature
enantoselective functionalization of pyrones is stilf@mainingchallenge.So far,only few
methods have been developedthis field e.g. asymmetric conjugate addition of Grignard
reagents® or enantioseleste hydrogenation of pyrone derivativEsaccessinghiral 3,4- or
5,6-dihydro 2pyrone derivatives again precioussyntheticbuilding blocks®® Among the
various known catalytic processes, transitioetatcatalyzed cyclopropanatiateensto be a
promising strategy for stereoselective functionalization gfynes. Cyclopropanation
reactionshave alreadybeen established for tretereoselective elaboration of heterocycles like
furan, pyrrole and indof&"1%2and the utility of these transformations have been showcased
through the syiiesis ofmanybiologically relevant compound&igure14).193198

1 i ‘R3
Ré\/_&\COZRZ
X H
368
3 CHO EIOC
R P
R/?’ CO,H !:l TSI\:I CO,Me
CO,H A
070”7 "CisHar H OHC" 3
OTBS
369 370 371 372

Figure 14. Selected examples ofrsthetic application®ut of cyclopropanated heterocycles
368.193’194’196’198

Commonly cyclopropanationof olefinic compoundsproceed via copper or rhoiim
carbenoidsas key reaction intermediatesadily generated by metaatalyzed decomposition
of diazoacetates. In contrast to free carbenes, metal carbgmoidde higher stability and
tunablereactivity'selectivitydependent on the carbenoid structiiteelettercan be categorized
in three chsses acceptordcceptor 373, acceptor 374 and donor/acceptararbenoids375
(Figure 15). Due to the electrophilic character, the reactivity of carbenoids can beased
by acceptor substituents, whitg the same timeselectivity gets decreasedintroduction of

donor substituents reversthesereactivity trendg®::192
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EWG)J\EWG H EWG EDG EWG
acceptor/acceptor acceptor donor/acceptor
carbenoid 373 carbenoid 374 carbenoid 375

EWG = COzR, COR, NO, SO,R, PO(OR),, CN, CF4
EDG = aryl, vinyl, alkynyl

—

increasing reactivity

—

increasing selectivity
Figure 15. Classificationand reactivity patterof metal carbenoids.

Although transition metatatalyzed cyclopropanati has been alreadypplied to a number of
heterocyclesto the best of our knowleddepyrones have not been investigated as substrates
in literature so far Considering the electrophilic character of metal carbenoids
functionalization should occur ondahmore electromich double bond in 5;80sition next to

the ring oxygerof pyronel remaining annterestingJb-unsaturated lactone moiefjhus,the
enantioselectiveformation of cyclopropanated pyrones woulenable further follow-up
transformations to accesgalueadded compoundsunder high stereochemical control.
Consequentlyunsubstituted-pyrone () wasat firstinvestigated in racemic cyclopropanation

using an achiral rhodiu¢it) catalystand a donor/acceptaliazoacetat&76 (Tablel13).
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Table 13. Racemic cyclopropanation of@rone () with diazoacetat876.

o)
N
(9 " hcom Townnt
1 376
entry@ solvent cat. [mol%]  equiv 376 T t[h] yield [%]
1 toluene 5.0 3.0 rt 15 74
2 toluene 1.0 3.0 rt 15 49
3e} toluene 2.5 3.0 rt 1.5 75
4 toluene 2.5 15 rt 15 55
5 toluene 2.5 3.0 60 °C 15 66
6 toluene 2.5 3.0 rt 3.0 72
7 DCM 2.5 3.0 rt 15 59
8 hexanes 2.5 3.0 rt 15 24
9 trifluorotoluene 2.5 3.0 rt 15 67
104 DCM - 0.2 rt 24

[a] conditions: b a solution of pyron#& (1.00mmol, 1.0 equiv) and catalyst in solvent (0 wasadded dropwise
a solution ofdiazoacetat876in solvent (1.1IM) over the indicated timdb] pyronel (5.00mmaol, 1.0equiv) was
used;[c] pyronel (1.00mmol) and diazoacetatg76in DCM (0.5M) were stirred under irradiation with a blue
LED (a= 455nm) for 24h.

Encouragingly in a first experimentusing 50 mol% of Rh(OACc)s, the expected reactivity
could beconfirmed and zyrone () was regigelectively cyclopropanated in 5p@sition in
good vyieldsof 74% (Table 13, entry 1).Remarkably,no additional double cyclopropanated
product was observed though the aromatic characteyafne 1 is broken. In addition
cyclopropanation furnished only one diastereoB¥fawhose structure wasnambiguously
characterized by singlerystal Xray analysis Figure 16). This promising result initiated
further research to optimize the reaction conditidBsteening of theamount of catalyst
revealed that a catalyst loading of at least 2.5 mol% is necessatljieve good yieldsf 75%
(Tablel3, entry 3), while a lower catalyst loading of 1.0 mol% significantly decreased the yield
to 49% (entry 2). Likewise, reduction dfd equivalents of diazoaceté&dé6 led to a drop in

yield to 55%(entry 4).Furthermorejncreasing theeaction temperature (entry &) addition
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time of 376 (entry 6) did not improve the vyieldNext solvents commonly used in
cyclopropanation reactions were screer@@M (59%, entry7) and hexane§24%, entry 8)
had adverse effects on the outcome of the readiicsome cases, toluegneearing a benzylic
CH bond, shows unwanted side reactions withetal carbenoids andherefore, inert
trifluorotoluene was also tested as solventable 13, entry 9) However, utilization of
trifluorotolueneslightly decreased the yield 877ato 67%indicating that the aforementioned
side reactivity is no issue in this cabe2018, Davie®t al reported that aryldiazoaceta8%6
undergo photolysis by irradiation with blue light enabling cyclopropanationawtriety of
substrate$® Irradiation of diazoacetate876 with a blue LED(&=455nm) in presence of

pyronel only gave dimers o876 and 2pyrone () was completely recoverddntry 10)

|||H
H 17coMme
Ph~ 2

377a

Figure 16. Crystal structure 0877a(50% thermal probability).

Having identified the optimized conditions for a racemic cyclopropanation of unsubstituted
2-pyrone(1), next,the scope of this transformation should be investigated uspygi@none
derivative 378 as substrate(Table 14), which is readily available bya reaction of

2-hydroxypyridine233with n-butyllithium andp-toluenesulfony! chloridé®
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Table 14. Racemic cyclopropanation of#/rridinone378 with diazoacetat876.

o

. N3 Rh,(OAc),
@TS ph)kcone toluene, rt, 1.5 h
378 376
entry@ cat. [mol%] equiv 376 yield [%]
1 2.5 3.0 97
2 2.5 1.5 89
3 1.0 3.0 96
4 1.0 2.0 95

[a] conditions:to a solution of pyridinon&78 (5.0mmol, 1.0 equiv) and catalyst in toluene (04 was added

dropwise a solution aliazoacetat876in toluene (1.1M) over 1.5 h

Interestingly, mder previously determined reaction conditionsyclopropanated pyridinone
377b wasisolatedin almost quantitative yieldf 97% (Table 14, entry 1).On the analogy of
2-pyrone(1), only one diastereomer was formed and the struofuieeUb-unsaturated lacta
377b could be characterized by-péy analysisKigure17). Further experiments showed, that
the catalyst loading could lexenreduced to 1.0 mol% and 2.0 equivalesftdiazoacetat876
werestill sufficientto furnish377bin excellent yield®f 95%(entry 4) The increased reactivity
of pyridinone 378 compared to zpyrone () could be assigned to the powerful

electrondonating ability of the nitrogelone-pair leading to a more electramch heterocycle.

D F=
A A

»j‘)'

Figure 17. Crystal structure 0877b (50% thermal probability).

I COZMe
Ph

After proving pyronel and pyridinoned78 as suitable substrates in transition metghlyzed
cyclopropanations, the focus was then turned to the asymmetric transforratiariety of
chiral dirhodium catalysts have been developed for the reaetittmslonor/acceptor carbenes

and they have ben already applied for the enantioselective cyclopropanation of several
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heterocycles®3 195198201 Therefore, a short catalyst screeninging 2pyrone (1) as model
substrateand DCM as deentwas conductedt the beginningTable15).

Table 15. Catalyst screening for the enantioselective cyclopropanatiorpgfche ().

i N3 Rh(I1) (1.0 mol%)
@ ' Ph)J\COZMe DCM, rt, 1.5 h
1 376
entry@ Rh(ll) catalyst yield [%0] ee[%] P! o
1 Rhe(STCPTTL)s 52 50 1165
2 Rh(R-p-Br TPCP) 46 57 1190
3 Rhe(SPTAD)4 94 87 281

[a] conditionsto a solution of pyroné (0.5 mmol, 1.0 equiv) and catalyst (1.0 mol%)mCM (0.5M) was added
dropwise a solution 376 (3.0 equiv) inDCM (1.1 M) over 1.5 h at room temperatyufb] determined by chiral
HPLC analysis of the isolated product.

The initially testedphthalimido catalysRh(STCPTTL) gave the cyclopropanated pyrone
377ain moderateyield (52%) and low enantiomeric exce$50% ee Table 15, entry 1).
Utilization of the triarylcyclopropane carboxylate catalgéb(R-p-BrTPCP) furnished377a
in even lower yield46%) but slightly increaseee (58% ee entry 2). The Rx(S-PTAD)4
catalyst proved to be very efficient aBd7awas isolated iranexcellent yield of 94% witla

high level of enantioselectivity (87%g entry 3).

Ag\_H<_O—'Th
0 L
N O-fRh ~O—Rh
o H'o—< ||
cl o) N O—Rh
o)
cl o]
Cl
L a4 L a4
Rh,(S-TCPTTL), Rh,(R-p-BrTPCP), Rh,(S-PTAD),

Figure 18. Structures of chiral rhodium catalysts used.

Encouraged by the satisfying performanc&b(S-PTAD)s, further screening of the reaction
conditions was conducted in collaboration with Jiantao Fu, a member of the research group of
Professor Huw M. L. Davies at the Emory University in AtlaRta.this purpose, trichloroethyl

p-bromophenyldiazoacetat879) was used as donor/acceptor carbelidable16).
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Table 16. Screening of reaction conditions for the enantioselective cyclopropanapgnooe
1

0
O N2 iH
Rh,(S-PTAD), (0.5 mol%) ,
@( + /@*002(3*'20@3 oM T 151 “CO,CH,CCl
= Br
Br
1 X=0 379 380a-b
378 X =NTs
entryl®  starting material equiv 379 T yield [%]  ee[%] ™
1 X=0 0.5 rt 33 90
2 X=0 0.5 40 °C 60 86
3 X=0 2.0 rt 98 90
4 X=0 2.0 0°C 98 93
5 X =NTs 2.0 0°C 99 95

[a] conditions: b a solution of pyroné or pyridinone378 (0.5mmol, 1.0 equiv) andRhy(S-PTAD). (0.5 mol%)
in DCM (0.5M) was added dropwise a solution3¥9in DCM (1.1M) over 1.5 h at the indicated temperature;
[b] determined by chiral HPLC analysis of the isolated product.

Using a twofold excess of pyrorig like it is reported for chiral cyclopropanations of furans
and pyrrole®*!** gavecycloproduct380ain poor yieldof 33%but with excelleneeof 90%
(Table 16, entryl). Under reflux conditions (40C) the yield could be increasdd 60%
however, a marginally decreasesnantioselectivity (86%€ was observefentry 2) A much
better result washdained, when diazoacet&889was added in excess (entry 3 andRBaction

at room temperature furnish@80ain almost quantitative yield (98%) with an excellesif
90% (Table 16, entry 3).Enantioselectivity could be even slightly increased (9886by
performing the reaction at 0 °C (entry Mptably, loweringthe catalyst loadingo 0.5 mol% is
still sufficientto achieve chiral functionalization with great rigsun addition, pyridinone378
was cyclopropanated under the same conditions in almost quantitative yield of 99% and with
excellent enantiomeric excess of 95% (entryWgith optimized conditions in hanthe scope
of pyrones 381, pyridinones 382 and aryl diazoacetate383 is currently investigated in

enantioselective cyclopropanation reactibgsliantao FSchene 95).
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O

0 2&
2}\ N> Rh,(S-PTAD), (0.5 mol%) T X
X

R1_
+ I LN}
R1—I\/ Ar)J\COZRZ DCM, 0 °C, 1.5 h \<1 H
aOY

;’Cosz

A
381 X=0 383 384

382 X =NTs

Schene 95. Planned sope of enantioselective cyclopropanation of pys®8&i, pyridinones
382 and diazoacetat&383.

Besides donor/acceptoarbenes, @eptordiazoacetate385 should alsobe employedfor a
cyclopropanation of pyrong(Tablel7). Routinely, reactions of acceptonly carbenesnder
dirhodium tetracarboxylate catalysis give poor resuls terms of selectivity and
reactivity.1%32°2Hence, metal carbenoids derived from copper salts or coppe(txazoline)
compkxes are used for cyclopropanation reactf$h€?

Table 17. Attempts towards cyclopropanation of pyrdheith diazoacetat&885.

o) Cu(ll) (10.0 mol%)
. "Ilz PhNHNH, (10.0 mol%)
| /O kCOZ‘Bu DCM, it, 1.5 h
1 385

entry®@ Cu catalyst ligand yield [%0]

1 Cu(OTf) -

2 Cu(OTf) i-Pr-Box

3 Cu(acag) -

4 Cu(acac) i-Pr-Box

[a] conditions: pyrone 1 (1.00mmol, 1.0 equiv), catalyst (10 mol%), ligand (200 mol%),
PhNHNH: (10.0 mol%), diazoacetatad85 (3.0 equiv).

Disappointingly, under several conditions tested, no conversion of p¥nvae observed and
only dimers of diazoacetaf®85 were obtainedTable 17, entry t4). Upon adiition of i-Pr-
bis(oxazoline) ligand, usually increag the reactivity of copper carbenoids, also only
dimerization was observead both cases (entry 2 and. Ahe inefficient reactivity oflL with
thesetypes ofelectrophilic carbenoids in contrast to dévetcycles like furan and pyrrotsuld

be attributed to the less electrooh character of pyrone heterocycldbus creating an

electronical mismatchSince all attempts to a cyclopropanation of pyrdneith acceptor
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diazoacetat885were unsuccessful, the focus was then turned to the foifptransformations

of cyclopropanated pyrorg¥7a

2.4.2 Follow-up transformations of cyclopropanated pyrone

As already mentionedn the previous chapter (B4.1), cyclopropanated -pyrone 377a
contains anUb-unsaturated lactone moietglearly offering the possibility for further
stereoselective transformatiod$e same structural motif can be found in-8ifdydro pyrones
387 displaying versatile reactivitiesn synthetic organic chemistrg.g. in cycloadditiorfs?
1,4-additions!®2% BaylisHillman reaction®®, and hence, presenting a powerful tool for

building up molecular complexit{Figure19).

XH O O
) O
\R1 R2 \R1
baylis-hillman 1,4-addition
(o]
o
Q H
0O @<« | j) _— 20 o
ol ] X R J
X R’ X
R’ 387 H R
epoxidation cycloaddition

Figure 19. Reactivity of 5,6dihydro 2pyrones3g87.207:208.209

Lately, the research of our working group was focused on the stereoselective syufthesis
6-membered heterocycles by endocyclic fopening of cyclopropanated pyrones and furans
which is much more challenging than the welbwn exocyclic ringopening reactioR*°
Besidesselective cleavage of the nawtivated endocyclic €€ bond through palladium
catalyzed Heck couplifd!, introduction of a good leavingrgup €.g. OMs) next to the
cyclopropane moiety provideithese valuable productdter trapping of theresulting cation

with a nucleophildSchemed6).¢

¢ This research is currently part of the Ph.D. thesis of Robert Eckl (Working group of Prof. Reiser, University of
Regensburg).
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x_H X ® X._OR
N\ CO,Me ROH R/\L q
A
7 > “ph ? MW, 60-110 °C X \''COMe A\ 'COMe
LG f{ Ph Ph
388 389 390

Scheme96. Endocyclic ring expansion of cyclopropanated heterocycles by introduction of a

leaving group.

Inspired by this work, the question arose whether an endocyclic ring expansion of
cyclopropanated pyror8¥ 7acould enable access tenfembered heterocycles, whose selective
construction is still an important and challenging task in organic syntiégikerefore, the
aforementioned reactivity ofinsaturated lactones in Bayhsllman reactions should be
utilized for the in situ introduction of a leaving group next to the cyclopropaneGamgerally,
Baylis-Hillman reactions proceeda 1,4-addition of a Lewis bas@B) forming enolate392
Conseguently, an aldol reaction gives rise to intermedié8®3 and after proton abstraction,

which is the rat@etermining stegrds) product395is formed and the Lewis base catilg

recovered Schemed?).
0
o o° i o° o oH o
LB H™ "R? ~H* _
OR! Z “OR’ R? OR" ——> R? OR!
rds

| ® ® ®

LB LB LB
391 392 393 394

Scheme97. General mechanism of a Bayk#liman reaction.

Following this mechanismit was envisioned thdt,4-addition of a Lewis baseould leado in
situ introduction of avaluableleaving group next to the cyclopropammiety of unsaturated
lactone377a Hence,after endocyclic ringopening the corresponding catioB97 could be

trapped by a nucleophilaccessing-membered ring syste398 (Scheme98).

o

©
(0] o@ (0]
| LB Z>0 0 NuH Q
- - Nu
® — -LB S ® N
LB ' 'Co,Me "l'qCOzMe
h

PhCOzMe P’;{COZMe = P

377a 396 397 398

Scheme98. Envisioned strategy for an endocyclic ring expansiod/afa
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Lewis basecatalyzed ringppening of cyclopropanega Michaeladdition hasalreadybeen
applied by Zhangt al for the construction of 2;8ihydrofurans401 (Schemed9).2!2 Herein,

DABCO provides both the electr@ource a well as theslectronsink.

® o o
« i CONHR DABCO (20 mol%) NR; O Ul
Ar% DMSO, 110 °C, 1-5 h Ar)\/XCONHR Ar
43-94% CONHR
399 400 401

Scheme99. Synthesis of 2,8lihydrofuranst01by Lewisbasecatalyzed ringopening?*?

In afirst experimentthe reaction was performed using DABCO as Lewis fzasba polar
protic solvent (MeOH) to stabilize anionic intermediateg H-bond interactionsand

simultaneouslhactingas the nucleophilérable18, entry 1)

Table 18. Attempts to a Lewis base mediated endocyclic-opgning of377a

0 0
| 9] LB, electrophile E Q
MeOH, T, t S OMe
(''CO,M
1cozme N
377a 402
entry®  Lewis base electrophile T t [N] yield [%]
1 DABCO - rtto80 °C 48 decomposition
2 BusP - rt 24 decomposition
3 DABCO benzaldehyde rtto 80 °C 48 decomposition
4 BusP benzaldehyde rt 24 traces, decomposition

[a] conditions: cyclopropanated pyrone377a (1.00mmol, 1.0 equiv), Lewis base (40mol%),
electrophile(1.5equiv) in MeOH (0.2 M).

However, when running the reaction at room temperature, no conversion of the starting material
377awas observed. Hence, the reaction temperature was increased to 80 °C, but under reflux
condition the staimg material377a decomposedTable 18, entry 1). The same trend was
observable for tributylphosphine as Lewis base (entry 2). In order to stabilize the potential
enolae intermediate8396 by an aldol reaction, benzaldehyde was added as an electrophile in
further reactionsTable 18, entry 3 and 4). Again, no starting mateB@lFawasconverted at

room temperature using DABCO and upon heating decomposition was observed (entry 3). In

contrast to the reaction with DABCO, tributylphosphine already reacted at room temperature
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with cyclopropanated pyror@¥ 7a(entry 4). Mass spectrometry thfe crude product revealed
some formation of02besides mainly decomposition, but the ring expansion prd@2could

not be isolated after column chromatography.

A further attempto achieve Lewis base mediated rexpansiorwas conducteddy adding
trimethylsilyl azide to trap the possible enolate intermed8@éeas silyl ether Additionally,
azide should act abe nucleophile. Unfortunately, decomposition3#f7awas also observed
in this cas€Schemel00).

BusP (40 mol%) T™MSQ
o TMSN; (1.5 equiv) =0
i N3
DMF, rt, 24 h XA COM
y ! e
. M 2
PhCOQ e Ph
377a 403

SchemelO0Q. Investigation of the ring expansion & 7aby addition of TMSN.

This led to the decision to pursue a different stygtfor the ring-openingof bicyclic lactone

377a A variety of reaction conditions have been developed for the epoxidation of unsaturated
U-lactone systemsAfter epoxidation of cyclopropanatepyrone 377a the corresponding
epoxide404 should be investigated mBransted or Lewis acidcatalyzedring-extensionvia
catioric intermediate405. (SchemelQl). This conceptwas alreadysuccessfullyapplied to

cyclopropanated piperidine substrates in our research group.

o

noy | HOw S0
— « Nu
|''CO,Me
Ph

406

SchemelOl Envisioned strategy for a rirgpening ofpyrone377aby epoxidation.

In the following, cyclopropanated substr&fé7a was investigated in different epoxidation
reactiongTablel9).

4 This research is currentlyag of the Ph.D. thesis of Tobias Babl (Working group of Prof. Reiser, University of
Regensburg).
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Table 19. Investigation of tke epoxidation of cyclopropanated pyr@@¥a

@ reagent o

*'H solvent, T, t

P;{COZMG

377a
entry reagent solvent T t [h] yield [%]

1 H202/NaOH DCM/MeOH rt 24 decomposition
2 DMDO acetone/HO 0°Cto80°C 72
3 mCPBA DCM rtto 40 °C 72
4 o oo DCM t1040°C 24
5 t-BuOOH, DBU DCM rt 24 decomposition

Due to the electrodeficient character of th&argeteddouble bond in377a a nucleophilic
epoxidation asor the synthesis of-pyrones was performed at fif§table19, entry 1) Under
basic reaction conditiors, starting materiaB77a completely decomposed, which could be
rationalized by a lactone opening leading to further unselective readionsequently, rather
neutral conditions were tested (entrydR However,the electrophilic epoxidation reagents
DMDO and mCPBA did not convert377a even under reflux conditiongentry 24).
DBU-catalyzed conjugatkaddition oftert-butyl-hydroperoxide, specifically developed for the
epoxidation of base sensitiiéb-unsaturated lactones by Kapoamd ceworkerg® again
showeddecomposition of cyclopropanated pyr@Y&a Like reported for other base sensitive
lactones, the electrewithdrawing cyclopropane ring seeto facilitate opening of the lactone

ring thus prevent selective epoxide faation 208209

The unsuccessful epoxidation of pyrd@¥raultimately led to the end of the endocyclic rng
opening effortsNevertheless, the previdysobservedtendency of cyclopropanated pyrone
377ato undergo easily lactone opening should be exploited for another kind of transformation.
The pesence of a vinylcyclopropane moiety in cyclopropanated pydénaprovides further
opportunities forits applicationas chiral building blocksVinylcycloprgpanes can undergo
several rearrangements that have been used for the synthesis of valuable complex

moleculest®®?* Among themthe 1,3sigmatropic rearrangement giving rise to cyclopentane
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derivatives has been studied in det&if!®For instanceDaviesetal. showed EAICI catalyzed
1,3-sigmatropic rearrangementwahylcyclopropaned07 exhibiting excellent stereoselectivity

(Schemel02?).
£ . 'CO,Me Et,AICI EtO\é/COZMe
) -78°Ctort, 4 h \

81%

407 408

Schemel02 EtAICI catalyzed 1,3sigmatropic rearrangement of vinylcycloprop s,

Applying this reaction pattern aryclopropanated pyror¥7a maygive riseto derivatives of
hydroxymethylcyclopenenol 409 with high stereocontrolThis important substrate aride
correspondinglihydroxymethylderivatives have found application in the synthesis of valuable
natural occurring substances and drugs, e.g. ente@@), hexacyclinol or (+ophiobolin
A.217218Entecavir 410) is a nucleoside analog and thesn approved by the.8) FDA for the

treatment of hepatitis B virus (HBV) infected patierttsus beinglistedon WHOG6s | i st
essential medicinedt was first discovered and synthesized by chemists from Bigtels

Squibb starting from enantiomerigaire(1S 2R)-2-(hydroxymethyl)cyclopen8-en-1-ol (409
(Schemel03).

OH
~OH \Q’

: OH 9 steps //—N\
C 25% Nf\N
409 o N

entecavir 410

Schemel03 Synthesis of entecavig{0) according to BristeMyers Squibkt’

Lactone openig of cyclopropanated pyror3d 7ashouldprovideanacyclic vinylcyclopropane
undergoing a further sigmatropic rearrangement towards cyclopentenol derivatiie
Moreover, ringopening by applying reductive conditions could lead to the simultaneous
formation of a hydroxymethyl substituent next to the secondary alcdhetefore, DIBAL-H

was used as reductive agent for the lactone opening/rearrangement appchachel04).
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_OH
DIBAL-H (3.5 equiv) A _OH
<"H DCM, -78 °C, 4 h
N 63% ., ~OH
PhCOZMe Ph
377a 411

Schemel04 Synthesis of cyclopentendl 1by reductive ringopening/rearrangement 877a

Pleasingly, first attemptunder reductive conditions furnished cyclopentenol derivatiian

63% yield. Further optimization of the aforementioned reaction remains to be determined.
Therefore,increasing the amount of DIBAH or varying the reduction ageséems to be a
promisirg starting poinsince a not complete reduced aldehyde derivatidd bivas observed

asa sideproduct.Noteworthy, the reductive ringpening/rearrangement 877a proceeded

with excellent stereoselectivity and only one diastereometldfwas obtainedOn closer
consideration ofhe mechanisn{Schemel05), the excellent stereocontrol can be explained by

the suprafacial 1;8igmatropic rearrangementiofermediatet12leadingto a retention of the

configuration?*®
O
H
O OH
lactone 1,3-sigmatropic ;// ;/
0 y opening rearrangement i OH reduction i OH
, 7/ OH
/,/ 7/, ///
COZMG PhCOZMe Ph

Ph
377a

413 41

Schemel05. Proposednechanism for the rirgpening/rearrangement 877a

Starting from enantiopureyclopropanated pyron&/7athis process enables access to chiral
hydroxymethyl cyclopentenol derivativdd1 being a valuable precurstor the synthesis of
highly biologicaly active products like entecavir derivatives. Additionally, the same
transformation of cyclopropanated pyridinoBé7b could give rise to chiral derivatives of
hydroxymethyl cyclopentene aminé$4 which have been proved as important intermediates
in organic synthesis(Figure 20).2%22° Reaction optimization, scope investigation and

application of this process is part of the[Phhesis of Natalija Mogra member of our research

group.
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_OH

ONHPG

414

HN—&H - CO,H N/> Ox-OH
Hre: P~ H
N NH,
N e N r
o)

N NN

(+)-astrophylline 415 virgidivarine 416 virgiboidine 417 -amino acids 418

iy

Figure 20. Selected samples of valuable products derived from hydroxymethyl cyclopentene

amine414,219.220

In conclusion, Zoyrone () and pyridinone878 weresuccessfullyfunctionalized by transition
metalcatalyzed cyclopropanation using donor/acceptsbenoids. Moreover, catalyst
screening revealed that chiral RRPTAD)s proved to be an efficient catalyst giving rise to
cyclopropanated pyrorg80aand pyridinone&80bin excellent yield and enantiomeric excess.
The scope of substrates and diazoacetates is currently investigated by Jiantao Fu, a member of
the research group of Professor Huw Davies in Atldutdortunately attempts to use acceptor
carbenoids were unscessful. The following endocyclic ring expansionf cyclopropanated
pyrone 377a to 7-membered heterocycldailed under applied strategiesn contrast, the
development of a reductive lactone Hogening/rearrangement strategy enabled access to a
cyclopentenol derivativél1that could find application in the synthesigpoécious compounds
like, e.g.,.entecavir derivatives. Further investigations on this project and additional fatiow

transforméons like 1,4additiors and cycloadditionsre already in progress in the Reiser

group.
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3 Atypical reactivity of anthracenederivatives®

3.1 Diels-Alder reaction with atypical regioselectivity

3.1.1 Diels-Alder reaction of anthracene derivatives

The [4+2]-cycloaddtion of a conjugated diene with '4electrons and a dienophile (an alkene

or al ky n-elgctrons ¢commmoBly known as the Dielslder reactioni is one of the

most emblematic pericyclic reactionsis deservedly celebrated due to its synthetialbdity

and atomeconomic approach for the facile construction of complexenbered ring systems

in a regie and stereoselective fashidB.ei ng an easi |y -alectaonrichabl e
carbocyclic system, anthracenél9a) has been widelyexploited as a classic diene for
Diels-Alder reactions wherein its chemical reactivity and transformational effectiveness are
subsidized by the partial loss of aromaticity. Extensive synthetic and mechanistic studies reveal
that the natural preference fdr+2]-cycloadditions of unsubstituted anthrac¢h£9g is at its
9,10-positions(red, Figure21).22 The selectivity is governed by thermodynamic factors given
that the twofold stabilization energy of benzene (2 x 35 = 70 kcal/mol) is greater compared to
that ofthe naphthalene moiety (50 kcal/mol) as well as kinetic fa¢torhaving the largest
frontier molecular orbital coefficients at the 90sitions(red sphereFigure 21) in the
Highest Occupied Molecular Orbitals (HOMO)4i#%a (Figure21).222

R2 R?
o Q. Q R-—=—~r R’ R’
420
+
419a 421 422
aromatic stabilization
2 x 35 =70 kcal/mol 50 kcal/mol

Figure 21. Inherent reactivity mode of anthracedd $a) with dienophies??2

Considering the significance of the transformation, tuning the regioselectivity of the Diels
Alder reaction of anthracenes is an attractive problem. However, until today, only very few
approaches have been successful to indirectly circumvent the inhetémiré&erence of
anthracenes in [4+&]ycloaddition reactions and almost all of these studies relied on

premeditated engagement of the 9pbBitions either sterically or electronically. Installation of

€ This chapter includes parts from a manuscript which has been prepared in collaboration with V. Ngoc, A.
Bhattacharyya, P. Kreimeier, P. Sarkrausky, J. Rehbein and O. Reiser. Experimental results obtained from the
Ph.D. thesis of V. Ngoc are highlighted.
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voluminous and/or electrewithdrawing substituentsit the 9 and 10positions indirectly
deactivates the centrakihg for steric and electronic reasons, thereby allowing the formation

of the corresponding cycloadducts with the terminalngy (Figure22).

EWG
Q. QO
EWG = CN, CO,Me
Br, 1, alkyne
O O O
EWG
423
« Electronic deactivation of B-ring and » Complete steric shielding of 9,10-sites (ref 225-226)

partial steric shielding of 9,10-sites (ref 223-224, 227-228)

Figure 22. Previous approaches for isélective [4+2]cycloadditionsoy electronic and steric

maneuvers at the 9,4sitions??3 228

For example, 9,2@dicyanoanthracen@ the reaction with benzyne furnishes a 1:1 mixture of
the corresponding 1;4nd 9,10 adducts, albeit only in low yield (8%33 Moreover, in the
total synthesis of molecular gyroscopes with triptycyl frames, G&aigayet al observed
the formation of 1,&ycloadducts as byproducts (maximal ratio 9,10/1,4 = 1:1) during the
Diels-Alder reaction of anthracenes bearing alkyne groups-posftion with benzyne€?
Likewise, sterically more demanding 9;diphenyt or 9,10diferrocenytsubstituted
anthracenes were found to yield exclusively the coordimg Aring adducts with DMAD in
50% and 38% vyield, respectivel$’.?® More recently, a 14elective cycloaddition with
sterically bulkyN-2,6-difluorophenylmaleimid&’ or with N-substituted maleimides activated
by superstoichiometric amounts of A was reported with anthracene derivatives.
However, yet again blocking of both, the#&nhd / or the 1{osition by ester, halide and/o

phenyl groups was necessary.

The only example so far that is reported to be exclusivehsdlgctive with an anthracene
moiety unsubstituted at the 9;pOsitions is the reaction between anthracdid€s) itself and
N-cyclohexylmaleimide confined as anclusion complex of a supramolecular octahedral
organopalladium hogt® It was assumethat the unusual regioselectivity stemmed from an
external topochemical control by the way the substrate bind to the host which made it

geometrically impossible to attack the 9{ddsitions with the dienophild-{gure23).
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< o 9 D,0, 80 °C, 5 min
O 9 55%

NN N
%\ O ) P’Nj 425
Z N

d
\\ \ /// N

Q
N

Figure 23. 1,4-Selective [4+2]cycloaddition of anthracend1%) by external topochemical
control??°

More recently, an anthracene derivative with fused carbocyclic moieties irai2436,7
positions was found to underga cycloaddition at both 9,10and 1,4positions
(ratio 9,10/1,4= 1:2) with 4,5dimethoxybenzyne in 38 yield.2° The unusual reactivity was

explained by electronic activation of the outer sitigat outweighs the steric hindrance.

Motivated by this literature voidhe question was ask&thether the Aring of the anthracene
could be sufficiently electronically enriched by placing donor substituents on it so that

corresponding 1;4ycloadducts would directly form with electroleficient dienophiles
without the necessity of blocking the 8;fositions(Figure24).

EDG = OMe, NMez, N(CH2)4

Figure 24. Direct electronic activation dhe A-ring with unblocked 9,18ites.

In order to assess the validity of the hypothesis;disGbstituted anthracend4%-d were

synthesized from readily available anthraquino42&428 (Schemel0623+%2and employed
in a series of thermal [4+2Jycloaddition reactions.
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(@] OH (0] OMe
M92804’ K2C03
acetone, 60 °C, 48 h
70%
OH O OMe O
426 427

(0] NH, NH,

UL e L
H,0, 100 °C, 60 h
64%
NH, O NH,
428 429

OMe
e
i-PrOH, 85 °C, 48 h
60%
OMe
419b
NMe2
Mel, NaH
THF, rtto 70 °C, 32 h
60%
NM62
419c
N
1,4-dibromobutane
0
dioxane/water, 100 °C
48 h, 49% N

Schemel06. Synthesis of 1 lisubstituted anthracend$%-d.?31:232

A range of electrowleficient alkene dienophiles such as dimethyl fumara),( maleic

anhydride B) andN-phenylmaleimide@) were investigated at fir§Table20).
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Table 20. Diels-Alder reactionf disubstituted anthracend3%-d and dienophile#-C.

R RZ RS
2 3 R4 5
. RIR RS L
OOO ri'~gs toluene, 150°C [~ Z Q
R! R
419b R'=OMe A-C 430A-C

419¢c R'= NMe,
419d R' = N(CH,),

entry[@ R! dienophile product!
CO,Me MeO,C
MeO,C 2R1 ’ 002:\?/11:3
1 OMe Me0,C
) 2N, D
2233 NMe, CO,Me R R
3233 N(CH 2) 4 A syn-430bA: R! = OMe; 95%
syn-430cA: R' = NMe,; 40% anti-430cA: R' = NMe,; 28%

syn-430dA: R! = N(CH,)4; 55% anti-430dA: R' = N(CH,),; 31%

4 OMe 7
| ©
5233 NMe> <§
0
6233 N(CH2)a4 B 430bB: R' = OMe; 97%
430cB: R! = NMe,; 88%
430dB: R' = N(CH,),; 75%
OMe 7
| N-Ph
NMe> <§
o)
N(CHz)4 c 430bC: R = OMe; 99%

430cC: R' = NMe,; 98%
430dC: R! = N(CH,),; 92%

[a] conditions: anthracend1%-d, 1.0 equiv) and dienophil@&¢C, 1.1 equiv) in toluene (0.8) in a sealed tube

at 150°C (for details on reaction times see experimental ;gait)solated yield.

However, only the formation of 9,i€/cloadducts430A-C was observed in 689% yield
(Table20), even inthe case of substrateklc (entry 2, 5 and 8and41d (entry 3, 6 and 9)
with increased -electron densityNotably, the reaction of dimethoxy anthracedd% and
dimethyl fumarate A) furnished selectively thsyncycloadduct430bA (Table20, entry 1)
because steric effects are ngijle for 41% andthe electronic secondary orbital interactions
predominatdn every reactionNext, the attention was turned to evatialkyne dienophiles
(Table21) such as dimethylacetylene dicarboxylate (DMAD)?*3 which are also known for
being exclusively 9,18elective for unsubstituted anthracEi¢419, Table21, entry ).

97



Main part

Table 21. Diels-Alder between 14lisubstituted anthracenéd$9a-d and alkyne®-F.

R CO,Me CO,Me
COzMe 2
R R2 1
DOORN ﬁw*
toluene, 150 °C
. R2 O “
R 419 R'] R’l
a-d D-F 430 431
entry@ R! dienophile product™ 430: 431
CO,Me COZMe
233 H MeO,C
1 H >09:1
COMe C L ), 99
D 430aD: 87%
CO,Me MeO,C
CO,Me
MeO,C MeO,C OMe
2233 OMe | ‘ e 6 90 : 10
CO,Me L Q L L ’
D MeO MeO
430bD: 73% 431bD: 6%
CO,Me MeO,C
CO,Me
MeOzC MEOZC NMe,
#2 NMe | o 6 30 : 70
CO,Me L O )/ '
D Me;,N Me,yN
430cD: 20% 431cD: 58%
MeO2C
CO,M
24 MeOZC NO
4233 N(CHy) I 1:>99
2)4 CO,Me “ '

D N
C/ 431dD: 78%

CO,Me MeO,C

CO,Me ‘ NO NO
5 N(CHoa | 2T 606 17 : 83

N N
C/430dE: 14% C/ 431dE: 56%

CO,Me
CO,Me

6222 N(CHo)s

Ph

Ph NO
CZ ‘O >99:1
F @430dF: 23%

[a] conditions: anthracend1%-d, 1.0 equiv) and dienophil®¢E, 1.1 equiy F 5.0 equiy in toluene (0.9M) in

a sealed tube at 15C (for details on reaction times see experimental jgit)solated yield [c] determined by
H NMR.

When41% was reacted witld under thermal reaction conditions, the first indication of the

change in trend of regioselectivity was pleasingly observed, as 6% of the corresponding 1,4
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cycloadduct431bD formed alongside the formation of the usual 9%$6loadduct430bD
(73%, Table21, entry 2).Subsequently, when dimethylamigooup bearing 18lisubstituted
anthracend19c was subjected to the [4+2}cloaddition with DMAD D), the corresponding
1,4-cycloadduct431cD turned out to be the major product (58% yield) dominating over the
usual 9,16cycloadduct430cD which was obtained in only 20% vyiel@dble 21, entry 3).
Inspired by the observation that the donor strength of the substitutions orrithg iAdeed
affectedthe regioselectivity of [4+2tycloaddition reactions of anthracene derivatives, the
dipyrrolidino 1,5disubstituted anthracerE9d was next investigated, following the lead of
Zipseet al?*® who demonstrated that a pyrrolidine substituted pyridine is more nucleophilic
than dimethylaminopyridine (DMAP). Whem1d was engaged in the thermal
[4+2]-cycloadditon with D, gratifyingly, the reaction yielded the 1a#¢lduc431dD exclusively

in 78% vyield Table 21, entry 4), representing the first example for a-sekective
[4+2]-cycloaddition of an anthracene derivative in which the pds€ltions are not blocked
with substituents or shielded by angher meansinterestingly, when methyl propiolat&)
bearing a single ester group on the alkyne functionality was employed as the dienophile and
reacted with 419d, a drop in regioselectivity was observed and the corresponding
1,4-cycloadducd31dE as a sigle isomer was obtained in 56% yield along with the formation
of the corresponding 9,1€ycloadduc30dE in 14 % yield (entry 5). The regioselectivity was
again found to be entirely reversed when methyl phenylpropidfateds reacted witd1d

and the9,10-cycloadduct430dF formed exclusively, albeit with poor yield even afterhv2
(23%, Table21, entry 6).

After establishing a definite relationship between the donor strength of the substituents at the
1,5-positions and the regioselective outcomes of the y2loadditions of anthracenes with
alkene and alkyne dienophiles, the extent of the electoniatirg effect on the regioselectivity

of the transformations should be investigated next. Accordingly, monosubspiutetidino

anthracene derivativél 9% was synthesize(Schemel07).2%°

O NH, \H /\_/\
2
O‘O Zn,NaOH 1,4-dibromobutane, K,CO3 N
H,0, 90 °C, 60 h OOO dioxane/water, 100 °C, 48 h
69% 57%

O
432 433 419e

Schemel07. Synthesis of Pyrrolidine anthracene4(19).236

The monosubstituted anthracene derivatdEe was also investigated in a series of

cycloaddition reactions with alkesé-C and alkyne dienophiled-G (Table22).
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Table 22. Diels-Alder reation of pyrrolidine anthracer#19% and dienophileé\-G.

R2
N A-G . R1 O
toluene, 150 °C NO
2 ci‘
419e 430e 431e
entry®  dienophile product™ 430e: 431€l°
MeO,C MeO,C cozMe MeOZC co,me
| 5
1 1cone L Q - Q >09:1
N N
A L L
syn-430eA: 46% anti-430eA: 50%
(6]
2 iﬁo >99 : 1
[e]
B
[0}
3 Q“"’“ >99 : 1
(6]
C
6]
4[d] QN—Ph L
o] O
¢ N
o Ph
434: 62%
CO,Me MeOQC
‘l‘ MeO,C O
5 Lo 7 1:>99
b 431eD: 90%
CO,Me
CO,Me ‘ NO Me02C ‘ NO
5 I cHTS A =~ 23:77

syn-430eE

anti-430eE

syn-430eE/anti-430eE (55:45): 25%

100

431eE: 72%
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CO,Me

decomposition

[a] conditions: anthracend1%, 1.0equiv) and dienophileA-E, 1.1equiv;F-G 5.0equiV) in toluene (0.9M) in
a sealed tube at 15C (for details on reaction times see experimental ;géit)solated yield [c] determined by
IH NMR; [d] conditions: anthracen&1%, 1.0equiv), dienophile €, 1.1equiv) and AIC} (3.0equiv)in CHCl;

(0.08 M) in a sealed tube abom temperature for 3.

Analogousto the disubstituted anthracen&kd-d, when419% was employed in the thermal
[4+2]-cycloaddition with alkene dienophilés-C, therespectived,10-cycloadduct#430eA-C
exclusively formed in every case 9599% yields Table 22, entry 13). On the contrary,
activation of dienophileC by a Lewis acidAlCl3) furnished FriedeCrafts type product34
exclusively inpara-position of the pyrrolidine substituent (62%able 22, entry 4). The
reaction seems to take place through a Michdeltion in the first step.Subsequent
rearomatization of the zwitterionic intermediate by pratbstraction proceeds faster than ring
closure to the corresponding cycloadducatisfyingly, when DMAD D) was used as
dienophile, the selective formation of the -tytloadduct431eD was observed in excellent
yield (90%, entrys). Likewise, methyl propiate E) yielded preferentially the corresponding
1,4-cycloadductd31eE as a single regioisomer in 72% yield along with the formation of the
corresponding 9,10ycloadducts430eE as asynanti (synanti = 55:45)isomeric mixture
(25%,entry 6). In contrast, methyl phenylpropiolat&)(did not undergo any cycloaddition
reaction witr41% (entry 7). The reaction ofi19% with in situ prepared benzyn&}, a reagent
that has beestudiedin 1,4-cycloadditiors with anthracene derivativeés$2242% led only to
decomposition othe starting materia{Table 22, entry 8). The structure of 1-4ycloadduct
431eD was unambiguously assigned by NMR spectroscopy and was confirmed by
singlecrystal X-ray diffraction analysisKigure25). It is noteworthy to mention that all 1,4
and 9,16cycloadducts were examined at higtmperature conditions (reflux, 24 160°C),

however, no crossover between the products was obserasy icase.
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Figure 25. Crystal structure o431eD (50% thermal probability).

3.1.2 Computational studies

With a view to completely comprehending the atypiegjioselectivity demonstrated by the
anthiacenes41%-e in aforementioned4+2]-cycloadditions with alkyne dienophild3-E,
extensive theoretical calculations were performed in cooperation with Prof. J. Rehbein. The
theoretical calculations were conducted by Patrick Sakrauski.(Biadent of AK Rehbein).

The fundamental questioncase what governs the 9,1@s. 1,4selectivity in the reaction of

the various dienophile and anthracene combinations. The two dienophiles maleic anBydride (
and DMAD (D) were picked as they show a &t@ontrast in their positioselectivity in the
reaction with the dienegl1%-e. WhereasD followed a smooth trend from 9,1G0
1,4-selectivity with the variation of the electronics of the dieeapparently was insensitive

to this and showed expected @-selectivity only.

The analysesvent beyond the simple comparison of calculated activation bargefs) @nd
driving forces rG) to achieve a fundamental understanding of the wvanain product
selectivities. On the same note, the concepts by Ffikantier molecular orbital analysis,
FMO) and BeHEvansPolanyi (BEP) that are commonly used to predict relative reactivities,
i.e. selectivities in Diel\lder reactions, were revaluated in their applicabilityor the

observed peculiar positieseledivities.

A judgment about the minimum energy pathway (MEP, concerted vs. stepwise) was based on
theintrinsic reaction coordinate (IRC) calculations and analysis of the root mean square (RMS)
gradient. In a subsequent stdg@arcus theory was employed taffdrentiate the kinetic

(intrinsic barrier) and thermodynamic contributions to the overall activation béié). To
understand why t he i n-bondfaormation gobestireprodactratiosof t he
the electronics of the starting materials and transition state strusteresnalyzedy natural

bond orbitaNBO) analysis. The calculations have been with the Gaussian09.E01 suite of
programs usinghe B3LYRD3/6-31G** level of theory.For furthe details and citations see
experimental partES).
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The combination of dienophile DMADD| with five different anthracenegl1%-e, R = H,
OMe, NMe, bis-pyrrolidine, monepyrrolidine)was used to establish the choice of the level of
theory (LOT). The calculated activation barriers reprodube experimentally observed trend
of 9,10 to 1,4cycloaddition selectivity as a function of the electron dsubstituent (EDG)

at the dienéTable23). Therefore, this LOT was used for a more detailed analysis.

Table 23. Summary of calculated vs expmental selectivities of the reaction between
anthracened41%-e and DMAD (D).

pmGioi1s calculated selectivity experimental selectivity

anthracene
[kcal/mol] 9,10: 1,4 9,10: 1,4
41% (R = H) 6.2 9,10 only >99:1
41% (R = OMe) 1.4 10:1 9:1
41 (R = NMe) 0 1:1 1:25
419 (R = bis : :
(N(CH2)a) 1.5 1:13 1:>99
41% (R = monae .
(N(CH2)4) 6 quant.1,4 1:>99

To determine the extent of concertednélds,transition state (TS) structures were analyzed
with respect to the extent of bond reorganizagiigure26) and most importantly the minimum
energy pathway (MEP) of érespective transformations were scanned by IRC calculations and

the RMS gradient was analyzédr details se¢RC plots inexperimental pafe5.6andE5.7).

A) B)
0s J _ & 910-addition 7
' =MN(CHz): » 1.4-addition 0854  R-NMe,
0.8 co,Me - —e |
o den’ =1+ ca FO:Me | + 1 060 ReH, N(CHy),
Qo7 e d LR Mecsod R0 ] R =H(CH)
~+ e B <t i
S 06 { RGN(CHg_ e Sl Zd I~y 305
o R R <)
mo0s RENMe, m 0.50
@ LR=H,N(CH)--_BnOMe R=H 0 Q
0.4 4 — it
o R- _R‘NME P 5 045
S 0.3 1.4 k=)
8 0z . «R=H, N(CHz)s Q0.40 1 .
“7 R=H 5 .’ R=0OMe
01 0.35 4 R=H, N(CHz): 7 R| = N(CH,)s
1 .+ ReENMe,
0.0 f 0.30

010 015 D,IZD D,IZS D,IBD 035 D,I40 D,AS D,;ED D,ISE
BO of C9-CA or C1-CA BO of C9-CA or C1-CA

T T T T T T T T 1
000 005 010 015 020 025 0.30 035 040 045 050

Figure 26. Bond orders (Bs) according to Pauling characterizing the mechanisms in the

computationally analyzed Dielslder reations.
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Interestingly, in the cycloaddition &f even with the parent anthracedd %) the TS structures

of the 9,16additions as well as the 1;dddition, are asynchronous, with the daddition
slightly more so Figure 26A). This is contrary to the TS structures with maleic anhydride
(B, Figure 26B) that remained insensitive to changes in the electronics for thea8ditions

and only showed asynchronicity for the -additions process. Adding electron donor groups
(EDGs) in *and/or 5position of the anthracenes a trend towards higher asynchronicity is
consistently observed for reactions widh Based on the analysis of the RMS gradient along
with the calculated IRC a stepwise mechanism was identified to be in operation for the
1,4-addtions of D with 419d andB with 41%-d. And for the 9,1@addition in case oD with

419 (for details see IRC plots in experimental g&t6andES.7). With the help of this energy
and force related differentiation of concerted vs.-st&p mechanism in the reactiafd also

a geometric parameter of the transition stateciras was defined as an indicator for a change
in mechanism: A difference in bond ordegB(Q?*") of the twaforming d-bonds ofgBO O

0.63 is characteristic for the stepwise pathway.

Based on the MERnalysis the compans of the Gibbs free activation barriers of the 9)i)
1,4-addition were conductedith respect to either the concerted pathways or thedfitmnd
formation step that is occurring. In case of the addition reactionDvithe 1,4addition is
consistetly facilitated by increasingly electresionating substituents, whereas the
9,10addition barrier is significantly less sensitive to changes in the diene ele¢rahle24)

and in additionshows no consistent correlation.

Table 24. Thermodynamic data for the reaction of anthracdri®a-e with DMAD D.

9,10-addition 1,4-addition
anthracene ) ) ) )

qgG'® gH'B grGE grHE | gG'B gqH'B grGE grHE
41% 25.7 13.5 24.6 39.6 | 319 19.5 12.4 27.2
41% 26.7 13.6 22.7 38.0 | 281 14.3 6.9 22.7
41 25.0 11.9 25.6 41.4 | 25.0 10.2 5.1 21.7
419 24.4 8.2 26.8 429 | 21.6 5.4 5.0 21.0
419"! 29.1 14.8 24.8 409 | 231 7.0 19.7 2.3

[a] values inkcal/mol], [b] values infkcaVmol] for 5,8-addition:cgG' = 36.1 ;gqH' = 22.0 ;%G =110.8 ;qrH =
142.3 for details orthermodynamic datwith maleic anhydrideR) see Table S+ S3in the experimental part

(E5.1).
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The relative thermodynamic contributiorgg(G) to the activation barrier of the reaction with
D based on the Marcus analysfsdo not explain the observed prodsefectivites. On the
contrary, the 1addition product is thermodynamically significantly less stable than the
9,10-addition product and moreovehe driving force for the 1;product formation decreases
with increasing strength of the electron dondd( seerigure27, Table25).

()

N

B OCE

COzMe CO-M
MeO,C O@@ CO,Me <N7 QN 2ve
CZ % 419a |" 419d S
toluene, 150 °C CO,Me toluene, 150 °C N
430aD D 431dD Q
@ @ biggest orbital coefficient in the HOMO
R > 99:1 values = activation barrier > 99:1
AG [keal/mol] values = driving force
31.9
bd®)
' 9
251 %o e 2o 281
JMM ‘g b:) > 216
' ‘-‘ ) -
z RSN ot
/] )‘, ‘ " 9 J? J’ > ]
0.0 - O 1N 2 : 2
4 jf P9, 5.0
2 124 ’
A —
—22.4 concerted & stepwise
asynchronous BOs: 0.11 & 0.87 ‘zﬁ;
A-ring  B-ring BOs: 0.20 & 0.42 A-ring  B-ring

Figure 27. Summary of the experimental results and their computational rational based on

FMO-analysis, activation barriers, mechanism (concerted vs. stepwise) and thermodynamics.

Clearly, there is no linear free energy relationship in operation. In addition, ar@fiysirinsic

activation barriersp G According to Marcus confirmed this conclusion: the observed product

selectivities are kinetic in naturédble25).
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Table 25. Calculated intrinsic barriers for the reaction of anthracé®és-e with DMAD (D).

2
oG = @ A + %Gsﬁ—,
1 6GRA

a6 representingt he acti vat'?P epresebtmgt hieeri,nt®Gnsk& barr
representinghe driving force.

anthracene @Go1d®  qrGo1d® G814 | PGl qrGidd  pC LA
41% 25. 7 24 . ¢ 37.0 31.9 12. ¢ 37.9
41% 26. 7 22 . 37.2 28. 1 6.9 31.5
41 25. 0 25. ¢ 35.7 25. 0 5.1 27.5
41Ad 23.1 26 . ¢ 36.6 21. 6 5.0 24.0
419" 29. 1 24.¢ 406 23. 1 2.3 24.2

[a]values in[kcal/mol]; [b] valuesin [kcal/mol] for 5,8 positiongGsg= 3 6 .rGss= 10.8,pGbs=41.3

for details on calculations of intrinsic barriers for maleic anhydiBjesée Table 8l + S12n the experimental
part(E5.3.

Kinetic control of the product formation may be rationalized by a maximal orbital overlap in
the ratedetermining step. Thereforie analysisvasfocusedon the understanding of how the
amino substituents change the electronic (FMO) and nuclear strofttire transition states
(TSs) and the dienes in favor of the-hddition process. This analysssbased on the frontier

molecular orbitals (FMOs), and the natural donbital (NBO) analysis (partial charges).

Although the 1,4addition pathway is shifig from a concerted to a&tepwise bond
reorganization in the series 419 to 41 the FMO analysis of the anthracenes turned out to
correctly predict the position selectivity in the reactions \Biti he relative size of the orbital
coefficients in theanthracenes provided a mean for a quick estimate where the first bonding
interaction will take placeRigure27). On the other hand, the HOMQJUMO gap op bf the
reactats reflecs the increased ease of the -addition in the series R = H to N(GH
surprisingly well Table26). Whereas, there is no correlation between the activation barriers of
the 9,10addition andp UThis observation can be read in support of the results obtained by the
Marcusanalysis, i.e. oylthe 1,4addition is a kinetically preired process in the reactions of

D.
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Table 26. FMO analysis for anthracend$%-e and DMAD (D).

normal electron demand inverse electron demand
anthracene €HoMo eLumo (D) giomo- | eqomo (D) eLumMo oMo -
(419 (eV) (eV) Lumo (eV) (eV) (419 (eV) Lumo (eV)
41% b5.23 3.74 b1.65 6.24
41% 54.82 3.33 b1.27 6.62
41 b4.81 51.49 3.32 L7.89 51.40 6.49
41d b4.37 2.88 b1.12 6.77
41% L4.68 3.19 51.38 6.51

For details on FM@nalysis for maleic anhydrid8) see Table $4in theexperimental paE>5.4).

Since the bond reorganization is approaching the stepwise limit in the readii@ndf19d-e

charge separation and its stabilization by the substituents is deemed to be the seconat importa
player in the kinetically controlled Diekslder reaction in anthracene deatives41%-e. With

an increasing asymmetrgne would expect a builtp of a partial positive charge at C1 aad

partial negative charge at CA (sEegure 26 for nomenclature). Indeed, significant charge

separation in the TS structures was confirmed by NBO analyaisg27).

Table 27. Partial charges at the reaction astfor the reaction with DMADD).

1,4-addition 9,10-addition
anthr.

CA CB C1 C4 CA CB C9 C10

4192 10.023 10.130 0.049 0.076| 10.132 10.013 0.074 0.102
41% 10.025 10.153 0.410 0.005| 10.130 10.022 0.083 0.119
41 10.060 10.131 0.269 10.012] 10.103 10.052 0.077 0.091
419d 10.058 10.148 0.283 10.022|] 10.173 10.047 0.019 0.125

4194 10.103 10.138 0.282 10.032] 10.123 10.086 0.068 0.096

[a] Values for 5,8addition: CA =1 0.106, CB = 0.110, C5 = 0.074, C8 = 0.056r details on NBO analysis for

maleic anhydrideR) see Table 8 + S17n the experimental parE>5.5).

The comparison of the aforementidnparameters also provided a clue for the apparent
insensitivity of maleic anhydrideB to the electronic changes #il%-e. The computed

activation barriers and driving forces indicated that in the reacti@wvath all five analyzed
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dienes, the 1;4ddition is still kinetically favored, but the transformation is thermodynamically
inhibited (endergonidrigure28), Hence, the 9,2@dduct is predicted to be the only product
being formed in case & independent of the electronic situation in the didfigure 28, for

more details seeomputational detailexperimental partb).

Figure 28. Summary of the experimental results and their computational rational based on

FMO-analysis, activation barriers, mechanism (concerted vs. stepwise) and thermodynamics.
3.2 Atypical regioselectivity in electrophilic aromatic substitution reactions

The effect of the pronoundeeslectronic perturbations exerted by the amine substitution in 1
and/or 5position favoring their terminal ring functionalization in Didlkler reaction with
electrondeficient alkynesvas also investigated for ehreactions with various electrophiles.
Analogous to the cycloaddition reactions, electrophilic aromatic substitution of anthracenes
generally takes place in the central B ring as a consequence of maximizing the aromatic
stabilization energies in the tratisn state and by harboring the largest orbital coefficients of
the HOMO at the 9,1positions?®® Therefore, mongyrrolidine substituted anthracedd %

was examined in a bromination reactidialple28) that is also reported to be 9;46lectivefor
anthracene41%a) andderivatives?°
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