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ABSTRACT

The intramolecular Dielg\lder reaction of furan (IMDAF) provides a high degree of
structural complexity in one step. However, reaction reversibility issues and the lower
reactivity of furan in comparison to n@momatic dienes preventare widespread use

of furan as a diene component in such reactidngial efforts to develop a new mode

of organocatalysis which we hoped would facilitate IMDAF reaction was unfortunately
unsuccessful, thus alternative means of IMDAF facilitation wevestigated.

For the first time, a comprehensive synthetic and computational study of the
effect of halogen substitution on the IMDAF reaction has been undertakienhave
successfully demonstrated that halogenation of the furan moiety facilitattd DiAd-
reaction (displaying increased reactivity to the smatogenated analogue, regardless of
halogen position), whereas dienophile halogenation hinders it. Additionally, careful
selection of the position of the halogen on the furan can somewhat ovetheme
detrimental effect of having a halogen on the dienophile leading to highly functionalised

cycloadducts with potential for further modification.

Computational data produced by Martin Paterson and Justyna McKinlay support
the idea that frontre moleailar orbital effects cawot explain the experimental
observations and we thus believe that the reactions are controlled by the interplay of
three factors: positive charge stabilisation in the transition state and product, steric

effects and a dipolar intaction term identified by the high level calculations.

Finally, we have briefly demonstrated that nitro groups on the furan moiety also

facilitate the IMDAF reaction whereas acyl groups appear to hinder the reaction.

STEREOCHEMICAL ABSTRACT

Any chiral canpounds included in this thesis are racemic in nature. However, for
clarity, such mixtures are schematically represented by drawings of only one of the

enantiomers.



ACKNOWLEDGEMENTS

Firstly and foremost, | would like to thank my supervjdor. Magnus EBbbington for
all his support and encouragement throughout my studies. Without his enthusiasm and
ideas, thighesiswould not have been possible and | wonlit have managed so well

without him.

| would also like to thankProf. Martn Paterson and Jysta McKinlay for kindly
producing the computational data that accompanies the experimental work.

| also extend my thanks to Dr. Dave Ellis for NMR spectroscopy, as well as discussions
regarding some NMR datd.would also like to thank the NMSCC in Swaasfor mass
spectrometry data, HeridWatt University for the opportunity to conduct a PhD and the
EPSRC for funding this research.

My time in the lab was made much more enjoyable by the presence of Mari, Anita,
Lorna and Tom, so | thank each of them ooty for their friendships, but for the

numerous, interesting conversations over the years in addition to the many, many
laughs. Additionally, | would like to thank the various project students over the years as

well as the Lee group (particularly Pawdho also made my time here more enjoyable.

| would also like to thank Don Sutherlanghose enthusiasm for the subject in addition
to hs brilliance at teachingnspired me all those years ago parsue a career in

chemistry.

| am not certain | would hae made itthis far if it were not for my friends, so | extend
my thanks to all ofthem for their continued support throughout the years, with

particular thanks going tBraserRoss, Colin Steven and Scott.

Finally, 1 would especially like to thank myapents my grandfatheand Allan for all
their encouragment and support, and Nicolle for her much needed patiance
encouragement throughout the final yeafsmy PhD  Without all of them the

completion of this thesis would have seemed an extremehtidguask.



HERIOT

ACADEMIC REGISTRY Sy WAT'T
Research Thesis Submission

Name: ROBERT LAMMIE RAE

School/PGl: EPS/CHEMISTRY

Version: (ie. First, FINAL Degree Sought PhD

Resubmission, Flnal) (Award and CHEMISTRY
Subject area)

Declaration

In accordance with the appropriate regulations | hereby submit my thesis and | declare that:

1) the thesis embodies the results of my own work and has been composed by myself

2) where appropriate, | have made acknowledgement of the work of others and have made reference to
work carried out in collaboration with other persons

3) the thesis is the correct version of the thesis for submission and is the same version as any electronic
versions submitted*.

4) my thesis for the award referred to, deposited in the Heriot-Watt University Library, should be made
available for loan or photocopying and be available via the Institutional Repository, subject to such
conditions as the Librarian may require

5) I understand that as a student of the University | am required to abide by the Regulations of the
University and to conform to its discipline.

*  Please note that it is the responsibility of the candidate to ensure that the correct version of the thesis
is submitted.

Signature of Date:
Candidate:

Submission

Submitted By (name in capitals): ROBERT LAMMIE RAE

Signature of Individual Submitting:

Date Submitted:

For Completion in the Student Service Centre (SSC)

Received in the SSC by (name in

capitals):

Method of Submission

(Handed in to SSC; posted through
internal/external mail):

E-thesis Submitted (mandatory for
final theses)

Signature: Date:




CONTENTS
ABBREVIATIONS

1. INTRODUCTION

1.1 FURAN
1.2 REACTIONS OF FURAN

1.2.1 ELECTROPHILIC AROMATIC SUBSTITUTION

1.2.1.1 FriedelCrafts Reaction
1.2.1.2 VilsmeierHaack Formylation
1.2.1.3 Nitration

1.2.1.4 Sulfonation

1.2.1.5 Halogenation
1.2.2 ADDITION REACTIONS
1.2.3 RING OPENING REACTIONS
1.2.4 NUCLEOPHILIC AROMATIC SUBSTITUTION

1.2.5 GENERATION OF ORGANOMETALICS FROM FURAN

1.2.5.1 Lithiates
1.2.5.2 Magnesiates
1.2.5.3 Boronates
1.2.5.4 Zincates

1.2.6 C-HACTIVATION
1.3 FURAN SYNTHESES
1.3.1 PAAL-KNORRSYNTHESIS
1.3.2 FEIST-BENARY SYNTHESIS
1.3.3 DIOL OXIDATION-CYCLISATION

1.3.4 FROM DIELSALDER REACTIONS

10
11
13
14

14

18

20

23
25
27
29

31

34

35

36

38



1.4

2.1

2.2

2.3

3.1

3.2

FURAN IN DIELS-ALDER REACTIONS

1.4.1 AS A DIENOPHILE AND IN DIPOLAR ADDITIONS

1.4.2 IN [4p+2p] CYCLOADDITIONS
1.4.2.1 Intermolecular Processes

1.4.2.2 Intramolecular Processes
1.4.2.3 Substituent Effects on IMDAF Reactions
1.4.3 IN TARGET SYNTHESIS

1.4.4 UNDER CATALYTIC CONDITIONS

ACETALISATION -ASSISTED ORGANOCATALYSIS

INTRODUCTION
RESULTSAND DISCUSSION

SUMMARY

THE HALOGEN EFFECT
INTRODUCTION

RESULTS AND DISCUSSION

3.2.1 FLUORINATION ATTEMPTS

3.2.2 SUBSTRATE AND ADDUCT SYNHESES

3.2.2.1 Ester and Ethefethered Substrates and Adducts
3.2.2.2 Amide-Tethered Substrates and Adducts

3.2.3 THEORETICAL CHEMISTRY
3.2.3.1 FMO Effects
3.2.3.2 Dipolar Interactions
3.2.3.3 Thermochemical Bta

3.2.3.4 Lateness of Transition States

3.2.4 SUMMARY

39

39

41
42

42

46

50

53

56

67

68

69

74

74

78

78
83

105
105
110
112
120

126



4.1

4.2

THE EFFECT OF NITRO AND ACYL GROUPS

NITRO GROUPS

4.1.1 INTRODUCTION

4.1.2 RESULTS AND DISCUSSION

4.1.3 SUMMARY

ACYL GROUPS

4.2.1 INTRODUCTION

4.2.2 RESULTS AND DISCUSSION

4.2.3 SUMMARY

CONCLUSIONS AND FUTURE WORK

EXPERIMENTAL

REFERENCES

Vi

127

128

128

130

137

138

138

140

155

156

160

238



AAO
AO
Boc
(BocxO
CBS
DCE
DCM
DFT
DMAD
DMF
DMSO
Et,O
EtOAc
EDCI
EDG
EWG
FMO
GC
H-G Il
HOBt
HOMO
HMPT
HWE
IMDA
IMDAF
LDA
LUMO
MFA
MIDA
MO
n-BulLi
NaBH(OAc)
NBS

ABBREVIATIONS

Acetalisation Assisted Organocatalysis
Atomic Orbital

Tert-Butyloxycarbonyl

Di-tert-butyl dicarbonate

Complete Basis Set

Dichloroethane

Dichloromethane

Density Functional Theory

Dimethyl Acetylenedicarbxrylate
Dimethylformamide
Dimethylsulfoxide

Diethyl Ether

Ethyl Acetate
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Electron Donating Group

Electron Withdrawing Group
Frontier Molecular Orbital

Gas Chromatography
HoveydaGrubbs 2nd Generation Catalyst
Hydroxybenzotriazole

Highest Occupied Molecular Orbital
Hexamethybhosphorugriamide
HornerWadsworthREmmons
Intramolecular DielsAlder
IntramoleculaDiels-Alder of Furan
Lithium Diisopropylamide
LowestUnoccupied Molecular Orbital
N-methylformanilide
N-methyliminodiaceticAcid

Molecular Orbital

n-Butyl Lithium

Sodium Triacetoxyborohydride

N-bromosuccinimide

Vil



NFSI
NMR
PCC
PPTS
RCM
ROM
SeAr
TBAF
TBDMS
TFAA
THF
THP
TMEDA
TMS
XPhos

N-fluorobenzenesulfonimide
Nuclear Magnetic Resonance
Pyridinium Chlorochromate
Pyridiniump-Toluenesulfonate
Ring Closing Metathesis

Ring Opening Metathesis
Electrophilic Aromatic Substitution
Tetrabutylammonium Fluoride
Tert-Butyldimethylsilyl
TrifluoroaceticAnhydride
Tetrahydrofuran
Tetrahydropyranyl
Tetramethythylenedamine
Trimethylsilyl
2-Dicyclohexylphosphine2 Nj, -&iispprépMpiprenyl

viii



1. INTRODUCTION



1. INTRODUCTION

1.1 FURAN

Furan(l) is a versatileorganic building block; an aromatic, heterocyckemembered

ring comprisingfour sg hybridised carbon atomgeach bonded to a single hydrogen)
and a single gthybridised oxygen atorgiving rise to a molecular formula of,8,0.>?
Donation of an oxygenloreair to the 6° system gfves
hybridisation of oxygenas well asproviding the means to maintain the required
planarity of the mokculein orderto retainits aromaticity (Fig. 1). It is a clear and
colourless liquid at room temperature and is relatively volatile, with a melting point of
85.6 °C (188 K) and a boiling point of 31.3 °C (304 K).

5 B o | |
\ / — C 0O C( : ) <«—— | one pair NOT part of aromatic sextet
; / O\C 7
! O 0

Fig. 1: The structure of furan, complete Wb orbital representation (H atoms, O

and C spbonding orbitals omitted for clarity).

Furan is isoelectronic with the cyclopentadienyl argow pyrrole but is electrically
neutral due to the higher nuclear d®rof oxygen. Another consequence due to the
presence of oxygen is the loss of radial symmeitlin the molecule. Examination of

the mesomeric resonance forms of furan reveal that it has one form with no charge
separation(l) accompanied by two equivait forms(2 & 5, 3 & 4) where there is
charge separatio(Fig. 2). This indicateg electron density diting away from the
oxygen atomwith a partial positive charge present on it, with partial negative charge

on the carbon atoms of the system.
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Fig. 2: Mesomeric resonance forms of furan.

The resoance contributions are not equal, with the order of contribution Hemng &

5>3 & 4. A reflection of these contributions can be seen when examining the bond
lengths within furan, wherghe shortest bond lengtlase eitherbetween carbon and
oxygen,or bet ween C2 and C3 of the ring (co
bonds as predicted by the order of importance of the resonance-fBigns).

137 A o i 138 A_ H T 171 AL s i
0.71D 1.55D 0.52D
/i\ / N\ A\

1.35 A | 1.37A | 1.37 A |
1.44 A 143 A 1.42 A

1 6 7

Fig. 3: Bond lengths and djte moments of the mot@teroatom, Snembered

heterocycles and their dipole moments.

As is also depicted above, the dipole moments of furan and thiophene are directed
towards the heteroatom, whereas in pyrrole is is directed towards the ring.sy$tism

is a consequence of furan and thiophene each possessing a lone pair on the heteroatom
(which is orthogonal to the ring systemysomething that pyrrole lack&dditionally,

the greater heteroateoarbon bond length seen in thiophene is due to the larger

bonding radius o$ulfur due to it being a period 3 element.

As seen above, furais structurally similar to its Bnembered heterocyclic
analogues, pyrrole6] and thiophend7); the difference for the latter being thatlfur
takes the place of oxygen,hile the formerhas nitrogen instead, which structurally
deviates dittle further due to having a bonded proton to the heteroatom instead of a

lone pair Fig. 3).



The greater dipole moment of pyrrole intrinsically means that intermolecular
forces will be stronger between pyrrole molecules than for furan or thiophene, which
helps to rationalise why the melting and boiling points of pyrrole are relatively high in
comparison to either furan or thiophene. Additionalhe NH present in pyrrole (as
opposedto the lone pair found in furan and thiophene) results in intermolecular
hydrogen bondingvhere the ring system is acting as thaéteptor- this would also

explain why it has a higher melting and boiling point.

Of course, all 3 heterocyclic speciesrgha structural similarity to benzen®) (
given that they all contain sixx | ect rons within the ar omat
di fference being that i n b e nsnglesg carbena ¢ h
atom and as such is anGembered aromatic stem with the molecular formulasBs

(Fig. 4).

Fig. 4. The structure of benzene, complete with 3D orbital representation

Given the electronic similarities between benzene and the three aforementioned
heterocycles, iis not surprising that they display similehemistry Incidentally the
heterocycles arenore electron richthan benzene due to the fact they each Ilsavé-
electrons spread ovesnly five atomsinstead ofsix. Additionally, the degree of
aromaticityof each of the three heterocycles is not equal. This can be rasahaly
once agairexamining the electronegaitiy values of each of the heteroatoms. @y,
being the most electronegative of the three, bthd4one pairthat contributes to thée-
cloudof furanmore tightly to the nucleus thahne nitrogenof pyrrole and even more so
thanthe sulfur of thiophene As a result, théone pair is less abl® contribute to the
aromaticity of the moleculeThus,it follows that thiophene actually possesses the most
aromatic character, followed by pyrrole and finally furafhe aromaticstabilisation
energies of each heterocycle in comparison to benzeeataates these differences in
aromaticity (benzene: 152 kJ rifpkhiophene: 121 kJ mid] pyrrole: 92 kJ mal, furan

67 kJ mot),? the ultimateconclusion being that furan hasstabilisationenergy less

4



than half of that of benzend&.he aromaticity othiophene is further bolstered due to the
heteroatorrcarbon bondlength mentioned previously The increased bond length
somewhat alleviates angle strain in comparison to furan and pyrrole, resulting in

increased stability.

Another descriptionfor the p-systemof furan lies in molecular orbital (MO)
theory? Here, a linear combination of atomic orbitals (LCAO) gives rise to the
construction of a set of MOsAs previously discussed, each atom of the ring #s sp
hybridised and these sprbitals give e to thes- bonds (and thuss-MOs) of furan.
The 2p AO of each atontontributeto thep-MOs of furan. A schematic drawing of the
contributions of the 2pAOs to the MOs of furan is shown Fig. 5, with a view from
the zaxis (note that the orbital esfficients for each MO are not scaled).

E

A

5

(OO n
e — B @)
B,

anti-bonding

bonding

Fig. 5: Schematic drawing of tt#&p, AO contributions to thg»-MOs of furancomplete

with symmetry labels (energy differences not to scale)



As can be seen above, the occupieddomn orbitals arg; to ps, with the ground state
p-MO beingp;: and the HOMO beingps, which isnot degenerate t@, (which is in
contrast to benzene whepe and p; are degenerate). Likewise, the unoccupied -anti
bonding orbitalsp, andps, are also nowlegenerate (again in contrast to benzene), with
p4 being the LUMO.

Heterocycles are momusceptibleéowardstypical reactions of benzerguch as
SeAr due to being morelee ct r o n -excessive' Additionally, the order of
reactivity towardsScAr of the heterocycles is as follows: pyrrole > furan > thiopHene.
In recent years with advances in theoretical chemistry, computational calculations have
been demonstrated to concur withe tbbserved order of both aromaticity and
reactivity?

1.2 REACTIONS OF FURAN

1.2.1ELECTROPHILIC AROMATIC SUBSTITUTION

Regardingboth the order of reactivity towardsgdr and thepreferred position
for electrophilic substitution ithe heterocyclesexamination of the intermediatésr
both the 2 and 3substitution products allows us to ratiaeal the fact that 2

substitution is favoured=g. 6).

o_ E o E o E
2-subsitution: U - ® > 7
[ H ) —/

O 0]

3-subsitution: \ ©) - \ A
E E
H H

Fig. 6: Intermediates and corresponding resonance forms feul&stitution and 3

substitution productef furan.

As can be seen above, the positive charge can be more effectively idetbaalthe

intermediate giving rise to the-substitution product tharthat giving rise to3-

6



substitution product. Thus, prefeence for substitution in the-@osition isto be
expected and indeed is generally observed.

Additionally, the ability of each heteroatom to contribute towards the
stabilisation of these intermediates rationalises the orders of reactivity towgds S
As detailed earlier,hie lone pair of the Mitom in pyrrole is most able twontribute
mesomerically to the ring system and thus stabilise the reaction intermediates and thus
is the most reactive of the three heterocycles. Thiophene is the least capable of
contributing its lone pair to the stalsiition of the intermediates due to its lone pair
being in a larger orbital and as such is the least reactive of the three heterocycles
towards SAr.

1.2.1.1 FriedelCrafts Reaction

The FriedelCrafts reaction is a synthetically useful and well stuéxainple of
S:Ar that allows the acylation alkylation of aromatic systemsleveloped in the later
stages of the 19th century by Friedel and CrftsThe reactionusually employs an
alkyl or acyl halide and an appropridtewis acid (such as Alg), which generates
either a carbocation in the case of the former or ahuseyon for that of the lattevia
halide abstraction The generated electrophile then reacts with the aromatic sultstrate
SeAr to afford the desired produ¢dcheme L

RCI R
- + HCI
AICl3
R =acyl or
alkyl group

Scheme 1. General reaction scheme for the Fri€aafts reaction involving benzene

and RCI with AlC{ as a Lewis Acigbromoter,for example.

Although alkyl and acyl halides are usually employed, the generation of a suitable
electiophile is the overarching goal of the Frie@hfts methodology. The reaction

can also be employed where an alkene is the subBtrakece of an aromatic speciés

An example of furan undergoing this type of reacttan be seen in the studies
conduced by Finan and Fothergill.In their efforts to synthése Elsholtzia ketonedj,
7



they initially employed isovaleryl chloriddQa) and reacted this with boron trifluoride
(BFs), in order to acylate-gnethyfuran (L1 - Scheme?). However, they discoved
that no reaction occurred with the acyl chloride and Wit use ofthe corresponding
anhydrideinstead,10b, amodest30% yield was achieved.

BF3, Et,0 o)
\O 0 UL 0°C o
R \
11 10a-R=Cl 9 no reaction
10b - R = O(CO)CH,CH(CH3), 30% yield

Scheme&: The attempted syntheses®titilising both10aand10b, with only the latter
succeeding.

Finan and Fothergill observed similar reactivity differences upon conducting test
reactionson standard furan andrethyfuran This probablyindicatesthat BF; more
efficiently abstractssovaleratdhan it does chlorideotgenerate the desired electrophile
The reasoning for this likely to be the affinity boron has for oxygen, although the
authors do not address this difference in reactivity specificallg a note, Al({ is
generally avoideas the Lewis acid in Fried€lrafts reactions involving furans as it is
known to promote polymeation Furthermore, due to the increased reactivity of furan
towards ScAr, weaker Lewis acidl (such as Bf seen abovexan be successfully

employed.

Relatively recently, FriedelCrafts methodology hasalso ben employed
asymmetrically in alkylations to afforehantioenrichegroducts:’ In this example, Hu
et al. reacted Znethoxyuran (2) (which was peculiarly found to be the only suitable
substrate, despite various other electror ritirans being testedyvith various
nitroalkenesunder the catalysis df3-Zn(OTf), complexesto afford 2,5-disubstituted
productsl4 (Scheme).



10 mol % Zn(OTf),
Xylene, rt, 24h

R/\/NOZ
R

MeO._ O REAVL AL Meo_O__h __NO,  49-86% yield
X ) - ® 62 - 96% ee

N
12 OE\N " Ni o 14
\_( \_(

12 mol %
PR PhPR  Ph
13
Scheme: General reaction scheme for the asymmetric FrigCielfts alkyldgion of 2
methoxyuran (12).

The authorsmost prominent result wasaerded when R was 3@imethoxyhenyl,
affording the product in 86% yield and 96% ee in favour ofSle@nfiguration &athe
carbonb to the nitrogroup Therationalsation of the sereochemical outcome can be

viewed in Fig. 7 (vide infrg) wherethe proposed transition state of the reaction is

visualsed.

Fig. 7. The proposed transition state for the Frie@hfts alkylation detailed in the
work by Hu et al.



As can be seen, the catalyst is believed to be working in a bifuncoraasgwith Zn(I1)
actingas a Lewis acid to activate thérostyrene substrate while the NH group acts as a
H-bond donorvia an NHp interaction. This directs the attack b2 from thesi face

which gives rise to th&products.
1.2.1.2 VilsmeierHaack Formylation

The VilsmeierHaackformylationreaction involves aBeAr reaction between a
suitable carbon nucleophile and a halorgkgtheiminium salt, first established in 1927
by the authors whom the reaction is named afte€lassically, the reaction involves the
employment ofphosphorusoxychloride (POCE) and DMF or MFA to generate the
aforementioned salt, which then reacts wiie substrate to afford the corresponding
product Schemel). Phosgene has also been used in place of ({OCI

Cl
\@)\ + 9 ||:|>\
o) 0 N"pH 0"\ Cl
I | Cl
—_—
SNTH -+ o-fg
' ’ ®
@
g l
O SN

Aq. work u
O AT o
-

Scheme 4: General reaction scheme for VilsrAdegidk formylation

A recentexample of the VilsmeieHaack methodology being conducted on furan has
beenreportedby Shanand co-workers™ The authors successfully achieved furan
formylation under very mild Vilsmeierlaack conditions in impressive yield afford
furfural (16 - Scheme b

10



@)

1) DMF, Cl;,CO” ~OCCl,

CCly 15
0°C : 15-30 mins o
o 40-50 °C : 2h 0)
i\ /7 . >\ / H  89% yield
2) Aqueous, basic work up
1 16

Scheme 5: Conditions for the modified Vilsméi@ack formylation of furan

The subtle but elegant difference from traditional Vilsmélaack conditions lies with

the employmentof the more environmentally friendlis(trichloromethyl) carboate

(15), in place of eitherPOCE or phosgene- both of which arerather unpleasant
compounds to worlwith (particularly the latter). Use of 15 also provides other
benefits in the formof being convenient to store and transport as it is a stable solid,

unlike the conventional reactants.
1.2.1.3 Nitration

Nitration is another substitution reaction that is essentially characteristic of
aromatic compoundS. It is a process classically achieved by combination of
concentrated nitric ansulfuric acid inorder to generate the reactive nitronium i) (

which is a reactive electrophil&¢heme %6

® ) ®
HNO3 + 2H2804 — O=N=0 + 2HSO4 + H3O

17

Scheme 6: Formation df7, the nitronium ion, from concentrated nitric asalfuric

acid.

The nitronium ion then reacts thithe corresponding nucleophile to give the desired
product. In the case of furahowever,it is desirable to nitratgia alternative means
due to the susceptibility of furan to undergo polymeésation in the presence of
concentratedulfuric acid.

11



With due consideratioto this, a differentmethodologyfor introducing the nitro
functionality must be employethsteadso as to avoid the presence acaincentrated
sulfuric acid This s typically in the form ofacetyl nitrate(18) as demonstrated by
Gilman and Yound? Acetyl nitrate itself is generated situ viacombination of acetic
anhydride and concentrated nitric aC8theme )/

Scheme 7: Formation of acetyl nitrate by reactibnitric acid and acetic anhydride.

Gilman and Young successfully nitratedurylphenyl ketoneX9) via this methodology

in moderateyield (Scheme B A particularly interesting feature of this reaction is that
nitration does not occur on the phenyl etgiof 19 at all, highlighting the increased
reactivity of furan in comparisoto benzene towardScAr. Another feature to note
when employing this methodology is these of pyridine in order to complete the
reaction. The use of pyridine as a mild basea necessity due to the formation of
addition product20 (Scheme B which is the result of an initial addition reaction
between the substrate and acetyl nitrate. Pyridine facilitateslithmation of acetic
acid from thisintermediate, restoring theamaticity of the systernpon formation of
the final produc®l (Scheme 8

Q9
®
1) )J\O’N\O
Q

i) -10to-8 °C

5 © ii) -15 °C, 2h on o 0 Pyridine o
Vs L Pho T TN
2) Basic work up and H \—/ OAc
extraction (Et,0)
19 20 21
51% yield

Scheme 8: Formation @fl via nitration of19, including the addition intermediaf®.
12



In more recent times, it has been demonstrated thatetipgrement oftemporarily
isolating addition intermediates analogous 20 can be circumvented by slightly
modifying the reactioni? Katritzky and ceworkers discovered that by replacing acetic
anhydride with TFA (which affords nitrating ager3), not orly could isolation of the
addition intermediates be avoided, but reaction yields vedse much improved
(Scheme P For example, upon formation @#, a yield of 58% was recorded in one
step. In comparison,n the literature, attempts to synttsesthesame compoundia the
acetyl nitrate methodology afforded yisldf 15-43% over two steps.

O O

PUS

) Fc” 0 0

23
15 0,N__O_ _CH(OCOCH
O._ _CH(OCOCHs), 15°Cah [ O U/ ( 32 580 yield
@/ 2) Pyridine
-15°C, 15 min.

2 24

Scheme 9: Nitration &2, leading directly ta24.

1.2.1.4 Sulfonation

Analogously to the case of nitration, conventional rodthof sulfonation are not
applicable to furan due to aforememteéd sensitivity towards concentratadfuric acid.
However, the pyridinesulfur trioxide complex can be employed to successfully

transform furan?) into the 2,5disubstituted produc®g) seen below$cheme 10'°

AN
| g
®éo@
3
0 _ HO3S\<OJ/SO3H 60% yield
i\ /; DCE, rt \
1 25

Scheme 10: Sulfonation of furan employing pyridinur-trioxide complex.
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1.2.1.5 Halogenation

Another classic case @franreactivity is that with elemental halogens. Furan is known
to reat vigorously with bromine and chlorine at room temperature to afford- poly
halogenated products, although no reactivity is displayed towards t3diAesimple
example of brominatiohas been reporteoly Brandsmeet al, in which furan (1) was
treatedwith elemental brominén DMF at room temperaturgScheme 1)1'8

O Br,, DMF, rt Br. .O_ _Br -HBr O._ _Br 70% yield
\ ” 1 \—/ H 0\
1 26 27

Scheme 11: Reaction pathway giving rise-tr@nofuran2?.

In a manner somewhat similar to the nitration reaction involving acetyl nitvate (
suprg, an adlition intermediate,26, is formed during this reactionvhich, via
elimination of HBr then affords the morsubstituted furan. However,the authors
noted that dibromination was possible2if was treated with excess bromine. The

appearance &6 has beeronfirmed in subsequent NMR studiés.

1.2.2ADDITION REACTIONS

As seerearlier {ide suprg, addition products are possible intemediates in substitution
reactions of furans Mechanistically, this is an indication that there is a tendency in
certain ciremstances for the cationic intermediate of the rea¢fiBnto be intercepted
by a nucleophile and afford an addition prod(29) rather than lose a proto&¢heme

12). Indeed, this kind of reactivitis a general feature of furan chemistry.
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28 29

Schemd?2: An example of a generiran addition product29, formed when the
cation intermediat@8 is in the presece of a sufficient nucleophile.

The foundation for this tendency towards addition products can be traced facthe
furan is not asaromatic as pyrole (which does not so easily undergo addition
reactiony. As a result, furan hakess of athermodynamic driving force to restore
aromaticity from its adducts and as such more readily undergoes addition reactions of
this nature in comparison to pyrroleindeed, work elsewhere in the literature has

purposely involved isolating these nitro/acetate addition products.

In a different methodology, the more facikactivity of furantowards addition
has been exploited bfrontanaUribe and ceworkers?* Unlike with the addition
processes alreadgeen Yide suprd, the method of addition in this example was
achievedvia electreoxidation of the substrate, hispanolor&0)( to diastereomeric
derivatives of structur81 (Schene B). The electrochemical cell featured a platinum

anode and nickel cathode.

\_ 0O
NH4Br, MeOH

86% yield

(+)Pt-Ni(-) 2F/mol 18:82 Diastereomer Ratio

-45 °C, 10 mA/cm?
7 min

30 31

Scheme & Transformation o880 into diastereomeric, electroxidation product$1,

involving intramolecular addition of the hydroxyl furartality.
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The conditions listed icheme 3 were those that gave the maximum isolated yield of
the diastezomeric mixture. The diastereoisomers themselves were then sepaeated
mediumpressure chromatography andgmestalisation. The oxidation takegslacevia
the mechanism presentedRig. 8, which generates a stoichiometric amount of -Ba

necessity in order for oxidation to occur.

Ni Cathode
@

NH, NHj+H,

O MeO._ O_ OR

R = Rest of
\ H'\_( H hispanolone
30 31 derivative
ROH structure
MeOH
©
Br, Br

Fig. 8: Visualsation of the electraxidation indicating electrodes, with brome as the

oxidant, in order to afford the addition products of structBte

A classic example of addition reactivity in furan can be seen in the form of total
reduction to THR32), as demonstrated by Srivastataal.?> The group demonstrated
facile @nditions (notably in the absence of high pressuia) the reductive process

employing 2propanol as the reducing agent and Raney Ni as the cattystriie 4).

2-propanol,

o Raney Ni o .
—_— 85% vyield
W () onve
32

Overnight, r.t.
1

Scheme4: A simple representation tfie transformatiorof furan into THF via

catalytic hydrogenation.
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A more exotic eample of furan reduction hasdreelegantly demonstrated by Donohoe
and coworkers. A set of stereoselective Birch reductive alkylatwese carried oubn
3-silyl-2-furoic acid derivatives33.*>  The most successful ofhese involved
methylation(Scheme 15 although high diastereomeric excesses were observed even in
the examples where a lower yield was recorded. Indeed, Domblzdéave achieved
similar results on the-ghethyl analogue d33 (where the methyl group is in place of the
TMS moiety)?* however, difficulty in removal of the-Biethyl group prompted them to
investigate the same chemistry 88 (where the choice can be made to remove the
TMS moiety). The presence of asB8bstitueh on the furan in these reactions is
essential to achieving good yields and selectivity.

OMe OMe
T™s |, . T™s |,
“ (i) Na, NH3, -78 °C — g 90% yield
/N N - > . N 94% d.e.
0] (i) Mel 0’ :
Me
@) @)
OMe OMe
33 34

Scheme 3. Stereoselective Birch reductive methylatio3&f

A high degree oRe face stereoselectivity was observed in @bse&s. The possible
rationalsation for ths selectivity is visuated below Scheme @). The authors
speculated that thérans enolate geometry of intermedia®s (required for this
mechanistic proposal to be valid) is favoured firstly by steric coraides but also

commented on the possibility of an attractivesQOnteraction.

Si: Disfavoured

I

T™S (E/I/\Ae . ™S, e
%N (+ 2 then + H") _ $:<39Na@
o)
© OMe 33 ﬂ \OMe
33

Re: Favoured

Scheme & Formation of the reactive trans enolate, which offers an explanation for the
source of the observed stereselectivity.
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As discussedpreviously upon formation of the Birch reduced amide, the authors
identified that the TN® group could be either removedy retained for further
functionalsation upon ultimate formation of furoic asiBB6 and 37 respectively
(Scheme 7). Removal of theTMS group was achieved concomitantly withe
hydrolysis of the bid{ydroxymethylpyrroline amide under harsh acidic conditions.

Alternatively, selective hydrolysis of the amide group weabievedin milder acidic

conditions.
OMe
0 6M HCI T™s |, 2M HCl ™S
— A _ . N _
- _— >
0" e O 67% yield o N 69% yield 0" e O
93% e.e. Meg 94% e.e.
OMe
36 34 37

Scheme 7: Eventual formation of furoic acids.

1.2.3 RING OPENING REACTIONS

Another form of reactivity exhibited by furans is that of rimgening reactions. One
such example of this reactivity is displayed in the Achmatowicz reattierich
ultimately results in the formation of dihydropyrans from furan derivatives. This is the
initial step in the reversal of chemistry established in the earlier part of the 19th century
by Ddbereiner, who observed the formation of furfula) (upon heating xgse in the
presence of Mn@and HS0,.2°

Achmatowicz and cavorkers achieved the dihydropyran formations by initially
treating the furan substrate, which in the example shown is furfuryl alc@8oimMth
Br, and MeOH to afford addition intermediate9 (Scheme 8). Subsequent
acidification of39 resuted in a ringopening of the furan structure to afford the non
isolated dicarbonyl compountD, which undewent cyclisation to afford compoundl.
The authors proposed that additional synthetic gpedermedon 41 (and appropriate

analoguesyvould provide a general approach to the total synthesis of monosaccharides.
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OH
(@) Br,/MeOH

\_/ -35 °C, 30 min. Me(;@OMe

38

0
quant. yield O:<:)MOH S

41

OH

L, O H 92% yield

39

2% H,SO, in H,O
r.t., 90 min.

40

Scheme & Formation ofcompoundtl1from 38via the Achmateicz procedure.

More modern adaptations dfie Achmatowicz reaction have involved the usearef

CPBA to conduct the ringpening step directly from the starting furan substrate, an
example of which was demonstrated as the key step by Maadgin the total synthesis
of (+)-desoxoprosophylling42 - Scheme 9).2” Treatment ofurfuryl amine derivative

43 under such conditions afforded dihydropyridoAd, which was subsequently

converted tal2in several steps.

o)
TS<NH m-CPBA, y
DCM, r.t.
Bno O - N OBn
\_/ 82%yield 5  Ts
43 44

OH
—_ =
CioHos
42

4% overall yield

Scheme @ Achmatowicz reaction as the key step ingjnethesis of+)-

desoxoprosophylling2.
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1.2.4 NUCLEOPHILIC AROMATIC SUBSTITUTION

Although electrophilic substitution is more common for furamder certain reaction
conditions and on certain substsataucleophilic aromatic substitutionan also be
achieved. Typically, the substrate involved bears electvathdrawing substituents that
can bedisplacedby appropriate nucleophiles as demonstrated b&Beheme20).
Here, anazide nucleophildasdisplaedthe nitro moiety of Enitro-2-furaldehyde 45)

via elimination ofaddition intermediatd6to afford47.28

S
(@) (@)
O2N * Ny — O.N O/H —>N3\/ :
N3 \—

45 46 47

Scheme@0: Formation of47 from 45 via nitrite eliminationof nucleophilic addition

intermediate46.

The additiorelimination pathway for nucleophilic sulsition (SyAr) seen above is
ubiquitous for reactions of this nature, with kinegkperimentsrerifying the formation

of theaddition intermediat or Meisenheimer complesas they are knowft.

Padwa andVatersonfairly recently investigated the scopedasynthetic utility
of SVAr reactions of furan using 2dinitrofuran @8).3° They discovered that they
could wsea mixture of hard and soft nucleophiles to displace one of the nitro groups,
with all reactions prasnably going through a Meiseriheer compéx (49-d), which
after undergoing elimination afforded thes@bstituted produdiCa-d (Schemel).
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NuX ( X=H or Na) ©

O,N_ O _NO, (+Base if required) (?@ Nu_ O NO,
W " oM ON I T
Nu = MeCOCH,CO,Et a U © | 90% yield
MeOCOCH,CO,Me b Nu \— 97% yield
PhSH c 91% yield
p-MeCgH4SO,Na  d 75% yield
48 49a-d 50a-d

Scheme&1: The addition of various nucleophiles48.

Impressive yields were obtainéat each nucleophilesed highlighting the broad scope

of various nucleophiles that can be employedyArSeactions.

In a rather peculiar example of&, a study in the literature has revealed
nucleophilic substitution of a-ghethoxy group by Grignard reagents in substrates
featuing a 3methoxycarbonyl functionality® The authors demonstrated that upon
treatment of substratel with EtMgBr under standard conditions, a product mixture of

52 and53 was afforded52 being the major producstheme22).

\ /) _EtO. 1t \ /)
MeO Et
o Et OH

51 52 53
70% yield 16% yield

Schem&2: Transformation ob1into 52 and53 under Grignard conditions.

On initial examination, somewhat surprisingly, no evidence was found for a product
where methoxy substitution had not occurred. Pro8@atvas the dominant product
where oty the methoxy moiety had been substituted by ethyl, wB8lés the expected

Grignard product from reaction with the ester

Interestingly, the authors established that exposing the add 5
methoxycarbonyP-methoxy analogues &fl to the same reactioronditions resulted in

no substitution of the methoxy moiety atfeg only products were that of addition to the
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ester group. The explanation for this can be attributed to the magnesium forming a
strong complex(54) with the vicinal carbonyl and methoxy fetionalities (only
possible in 3methoxycarbonyP-methoxy furans) in accordance with Meyer's
hypothesis(Fig. 9).32 The ethyl nucleophile attacks thep@sition which ultimately
results in elimination of the methoxy group to afford theuBstituted prodat.

OMe

Fig. 9: The proposed Mgubstrate complex.

The authors carried out a ser@seactions on substrates analogous1owith various
Grignard reagents as well as different substituents in tpeshion of the sudtrate,
recording isolated yields of thestibstituted products betweer?a2nd 80% depending

on these variables. Of particular note was that upon replacing rtett®xycarbonyl
functionality witha methyl ketone substitution of the methoxy moiesill occurredat

the 2position, although due to the increased reactivity of ketones, addition

predominated ovesubstitution.

1.2.5GENERATION OF ORGANOMETALLICS FROM FURAN

The example above involvean organometallic nucleophile reacting with furan.
However, a broadly employed approach for incorporating furan rings into other moieties
is to conductorganometallic chemistrgn the furanitself. The resulting metallated
specieshave been shown foarticipate in a wide range of reactions primaiilyolving

nucleophilic addition and metahtalyzed crossoupling reactiond®
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1.2.5.1 Lithiates

Direct deprotonation of furan conventionally takes place at thesi&ion (or 5
position if the 2position is already substituted), due to thereased acidity ofhese
protons. Conventionally, this is achieved by employatigyl lithium reagents such as
n-BuLi (with or without TMEDA, which increases the reactivity of said alkyl lithiums)
or lithium amide bases such as LB®?

A simple example of such lithiation chemistry in action has been demonstrated
by Jung and Gervay. In their efforts towards synthising a range of Furfuryl methyl
fumaratesof structure55 for Diels-Alder reaction studieshey first had to synthese
key precursor alcohdb7 (Scheme23). They accomplished this by lithiating furab) (
under conventional conditions and reacting the lithiated sp&6i¢without isolation)
with the corresponding ketorte afford the desired substrateThe example displad
usescyclobutanone as the electrophile to afford the pro8&ucthowever, an array of
other ketones were also employed under slightly varied reaction conditions to afford

analogous products.

n-BuLi Q (E)-B-carbomethoxy-
THF acryloyl chloride O
_TMEDA_ O Li o Toluene, Pyridine O
- o OH - 0]
Q \ o\ w |
25°C -20°Ctor.t. COM
30 min overnight 2h 2Vie
55

1 36 69% vyield 57 68% vyield

Scheme&3: Formation of55from key precursob7, itsef formedvia reaction of

cyclobutanone with lithiated furabe.

Note that in this case, TMED#as addedn order to facilitate the lithiation process.
Another generafact is that low temperatures apftenrequired for lithiation procedures

in order tolimit undesired side reactions, such as the reactionBfLi with THF.>®

This methodology has been employed in synthetic routes towards more complex
structures, including efforts towards natural product synthesis as demonstrated by Lee

and Wong®’ On the route towardgompound58, a potential core sketon of the

23



platarkone family of natural productgitermediate59 was subjected to lithiation in
order to produce silylated compou@d (Scheme4).

-BrBzO
n-BuLi (2 equiv.) p-ersz o
TMSCI
e — o
THF, -78 °C, 5 min H
80% yield 58

59 60

Scheme4: Synthesis of Silylated intermediat®0, which was transformed in several
steps tdb8.

The authors demonstrated that silylation 53 proceeded regioselectively ahe
sterically lesshindered 5position asintended Compound60 was then eventually

transformed into thkey lactonan seveal further steps.

Another methodor achieving furan lithiation is by lithiurhalogen exchange
(pertinent to I>Br>Cl buhot F), which is a widely applicable reaction that occomsch

faster than lithiurrhydrogen exchange detailed abdve.

Lithiation of the less acidic -position in furan is usually achieveda this
approachwhich can also be employed to generatit?ated furans) as demonstrated in
by Boukouvalas and Loactl. The authorsonductedfacile lithium-bromine exchange
on substratélin order to react it wth 1-iodohexalecane in order to generdte 2,3,5
trisubstituted fura®2, the immediate precursor thetarget gorgonian lipi®3 (Scheme
25).
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n-BulLi, THF

O_ OTIPS
(0) OTIPS -78 OC, 2 h \ /
\W -
n-C16H33|

)
Br -10°Ctort,2h 15

61

@
hen H;O

O

62
0-0
A
t
0]

84% yield

HO
(over both steps)

15

63

Scheme&5: Lithium-halogen exchange ddil and with reacton with rC,6H33l affords
intermediate52, which is then transformed into desired gorgonian @&

Treatment of intermediaté2 with dimethyldioxiane followed by acidic workip

afforded the desired produgBin good yield over the two steps.
1.2.5.2 Magnesiates

In an effort to avoid undesirable side reactions that may occur due to the high
reactivity andnucleophilicity of lithium bases, alternative methodologies involving the
magnesiatiorof furan have been developedhesecan often be conducteat higher
temperatures thathe corresponding lithiations, even at ambient temperature in certain

cases?’

Deprotonation at the-gosition of furan can be achievea the useof lithium-
magnesiate under relatively mild conditions in comparison to lithiatipnas
demonstrated bivlongin et al. as recently as 2008. They examined the power of two
magnesiatingeagents, BsMgLi and BuMgLi,, finding thehgher order specigs be
the most effective. For example, furanlj was transformednto alcohol64 via this

methodologypon treatment witBusMgLi, in impressive yield$cheme6).
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1) 1/3 equiv. BugMgLi, OH

o) THF, rt, 2 h o OMe
&\ /7 R\ 85% yield
2) 3,4,5-trimethoxybenzaldehyde OMe
3) H,O OMe
1 64

Schem&6: Magnesiatiorof furan and subsequent quenching with 3,4,5
trimethoxybenzaldehyde to afford alocbb4.

Monitoring of themagnesiatiorprocess confirmed that over a two hour time period,
95% deprotonation had occurredt was also ascertained that quenching with the
electrophiles involved wagery rapid As can be seen above, the reaction waseghrri
out at room temperature, highlighting an advantage of this methodology over
conventional proton abstractionAnother advantage over lithiation chemistry was the
ability of furan magnesiate to undergo crossoupling reactions without the
requirement fo their conversion to organozinc, organotin or organoboron derivatives
The evidence for this was revealed in the Kuraggh@ cross coupling reaction between

themagnesiatef furan and Zoromopyridine to afford5 (Scheme?).

1) 1/3 equiv. BugMgLi N~
0 THF, rt, 2 h o |
\ W/
1 mol. % PdCI,(dppf),
reflux, 18h

1 3) H,0 65

64% yield

Y

2) 2-Bromopyridine,

Scheme 2 Magnesiatiorof furan followed by crossoupling with 2bromopyridine to
afford 65.

In addition tothe furan magnesiate exemplified abovethe generation of Grignard
reagents has also besuccessfullyachieved on bromofurafs. Wang aad coworkers
discovered thatamong othemromatic substrates, methylblBomofuran2-carboxylate

(66) underwent magnesiwmlide exchange withPrMgCl-LiCl to afford Grignard
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reagent67, which was subsequently reacted with trimethylborate to afford kwoemml
68in good yield Gcheme &).

'PrMgCI-LiCl
0] MezN\/\O/\/NMez 0]

O Br 69 o) MgCI
M M
0" - eokﬁ_/f

THF, 22 °C, 15 min

95% vyield
66 67

B(OMe),
77% yield

O
o B(OH),
MeO)KU

68

Scheme & Formation of68via boronation of Grignard reage®7, derived front6.

An interesting feature of this Grignard methodology is that thearBoxylate
functionality remais intact throughout the procedure. This is attributed to the presence
of diamine69, which chelates to Mg in a tridentate fashidys lowering the reactivity

of the Grignard reagent. ®lower reactivity results in more chemoselective reactivity
of the Grignard reagents with trimethylborat&his fact is highlighted by thgreatly
reduced yieldsvhen the reaction is attempted in the absend@ oivherethe first step
drops to 57% and the boronation2@8%.

1.2.5.3 Bronates

Furarboronic acids themsees also have synthetic utilityparticularlyin cross
coupling reaction&® This has been demonstrated by Buchwald andadkers, when
they successfully coupled a range of aryl boronic acids with an assodifrenyl and
benzyl halided? In the case of a furabased substrat@:furanboronic acid {0) was
coupledwith 3-(trifluoromethyl)benzyl chloridg(71) in the presence of XPhqwe
catalyst72to afford73 (Scheme 9.
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2 mol%

O
“ XPhos’PgI_NHZ X
Q/B(OH)z ) 7 :
CFs 2 eqaq. -(I)-ZFM KsPO,4 CFs
70 71 40 °C, 30 min 73
86% yield

Scheme 2 SuccessfubuzukiMiyaura crosscoupling of70and71to afford 73.

K3sPQOq is responsible for generating the active XRRalg0) catalyst fron72, but it was

also chosen due to the sensitivity of free boronic acids towards. bEseO, not only

very rapidy reacts with the preatalyst, but also reacts very slowly with the boronic
acid substrate so as to limit protodeboronation and thus overall facilitates the formation
of 73. As a final notesp’-spf coupling wassuccessfully conducted with furanboronic

acids in addition to the &sp’ coupling demonstrated above.

Furanboronic acids have not only been demonstratdak tasefulin carbon
carbon coupling, but also witharborheteroatom bond formatidi Reaction of
furanboronic acid’4 with phenylsulfonylchloride in the presence of Pd@nd K.COs;
yielded sulfoner5 in good yield Scheme0). Of particular note are the mild reaction
conditions and the absence of Séxtrusion to afford biaryl compoundsThis is in
contrast to similar work involving he coupling of sulfonyl chlorides with
organostannanesvhere suchextrusionwas recordedn conjunction withgenerally

harsher reaction conditaf%

o, 0
CI” " Ph
PdCl, (1.6 mol%) o, 0
OHC._ O._B(OH), K,COs;(2equiv.) OHC._ O. S’
1:3 Hzo/MGQCO
25°C,1h
74 75

Scheme&0: Coupling of phenylsulfonyl chloride and to afford 75 underthe catalysis

of PdC} in mild conditions.
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In addition to the seof furanboronic acids for coupling purposes as seen above, other
boronate functionalities have also been employed such as trifluoroboronates and MIDA

boronated>*®
1.2.5.4Zincates

Anothercommonmetallationseen in furan chemistry is that of zinc to form organozinc
derivatives, which de to a more covalent carlionetal bondareless reactive thathe
organomagnesiumnd organolithiuntompoundsiiscusseaarlier*” Thus, zincates are
soft rucleophiles an@recommonly employed for crosupling reactions.

Rieke and Kim have demonstrated the synthetic utility of furan zincates in the
formation of a variety of Substituted furan derivativé8. Generation of the organozinc
reagent77 was &hieved by treatment of the corresponding haliewith activated
Rieke zind® at ambient temperatur&¢hemé).

! 8!
O._ Br 1.5eqRieke Zn O. _ZnBr

@) - @) > 98% conversion
\/ THF, rt, 3h \

76 77

Schem&1: Formation of reactive zincatg&7 from 76 usingRieke zinc

The quantification of the zinc iestion was verified by subsequent iodination and
analysis byGC andestablished to be greater than 98% converskincate77 was then
reacted ina Pd crosscoupling reaction with a variety of substrates, one highlight of
which was the reaction @7 with aryl halide78to afford produc9 (Scheme?2).
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Schema&2: Crosscoupling of77 with 78 under Pd catalyzed conditions.

Additionally, the zincatecould be usedn cros coupling reaction®n hydroxy and

amino aryl falides Cucatalyzedcoupling to various acyl chloridesas also reported
an example of which is visuséd in Scheme33, where77 and 80 were succesfully
coupled to afford1.

Schem&3: Copper mediated catalysis ftre coupling of acyl chlorideand zincates.

Note that due to the reaction now being mediated by coppeeawtion occurs at the
aryl bromide Of particular note in this studyare the mild reaction conditions used for

every exampleaccentuating keybenefit of this organozinc methodology.

A highlight in furan zincate chemistry has been displayeaatural product
synthesis where it plays &ey role inthe total synthesis oftj-bipinnatin J 82 -
Scheme34).>° The crucial step was a@alladiummediged Negishi crossoupling
protocolreactionbetween organozinc reaged# (generated fron83) and compoun@®5
to afford86, a key precursor in the synthesisnadicrocycle82. The organozinc species

itself wasobtainedvia deprotonation and transmetaltati An impressive feature of
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