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ABSTRACT  

 
The intramolecular Diels-Alder 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 non-aromatic dienes prevent more widespread use 

of furan as a diene component in such reactions.  Initial efforts to develop a new mode 

of organocatalysis which we hoped would facilitate IMDAF reaction was unfortunately 

unsuccessful, thus alternative means of IMDAF facilitation were investigated.   

 For the first time, a comprehensive synthetic and computational study of the 

effect of halogen substitution on the IMDAF reaction has been undertaken.  We have 

successfully demonstrated that halogenation of the furan moiety facilitates the IMDAF 

reaction (displaying increased reactivity to the non-halogenated analogue, regardless of 

halogen position), whereas dienophile halogenation hinders it.  Additionally, careful 

selection of the position of the halogen on the furan can somewhat overcome the 

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 frontier molecular orbital effects cannot 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 interaction 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 compounds included in this thesis are racemic in nature. However, for 

clarity, such mixtures are schematically represented by drawings of only one of the 

enantiomers. 
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1. INTRODUCTION  

1.1 FURAN 

Furan (1) is a versatile organic building block; an aromatic, heterocyclic, 5-membered 

ring comprising four sp
2
 hybridised carbon atoms (each bonded to a single hydrogen) 

and a single sp
2
 hybridised oxygen atom giving rise to a molecular formula of C4H4O.

1,2
  

Donation of an oxygen lone-pair to the 6ˊ system gives rise to the aforementioned sp
2
 

hybridisation of oxygen as well as providing the means to maintain the required 

planarity of the molecule in order to retain its 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). 

 

 

Fig. 1:  The structure of furan, complete with 3D orbital representation (H atoms, O 

and C sp
2
bonding orbitals omitted for clarity). 

 

Furan is isoelectronic with the cyclopentadienyl anion and pyrrole, but is electrically 

neutral due to the higher nuclear charge of oxygen.  Another consequence due to the 

presence of oxygen is the loss of radial symmetry within the molecule.  Examination of 

the mesomeric resonance forms of furan reveal that it has one form with no charge 

separation (1) accompanied by two equivalent forms (2 &  5, 3 &  4) where there is 

charge separation (Fig. 2).  This indicates p electron density drifting away from the 

oxygen atom with a partial positive charge present on it, with partial negative charges 

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

 

The resonance contributions are not equal, with the order of contribution being 1 > 2  & 

5 > 3 & 4.  A reflection of these contributions can be seen when examining the bond 

lengths within furan, where the shortest bond lengths are either between carbon and 

oxygen, or between C2 and C3 of the ring (consistent with more ˊ character in these 

bonds as predicted by the order of importance of the resonance forms - Fig. 3).
2
   

 

 

Fig. 3:  Bond lengths and dipole moments of the mono-heteroatom, 5-membered 

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 system.  This 

is a consequence of furan and thiophene each possessing a lone pair on the heteroatom 

(which is orthogonal to the ring system) - something that pyrrole lacks. Additionally, 

the greater heteroatom-carbon bond length seen in thiophene is due to the larger 

bonding radius of sulfur due to it being a period 3 element. 

 As seen above, furan is structurally similar to its 5-membered heterocyclic 

analogues, pyrrole (6) and thiophene (7); the difference for the latter being that sulfur 

takes the place of oxygen, while the former has nitrogen instead, which structurally 

deviates a little further due to having a bonded proton to the heteroatom instead of a 

lone pair (Fig. 3).   
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 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.  Additionally, the NH present in pyrrole (as 

opposed to the lone pair found in furan and thiophene) results in intermolecular 

hydrogen bonding where the ring system is acting as the H-acceptor - this would also 

explain why it has a higher melting and boiling point. 

 Of course, all 3 heterocyclic species share a structural similarity to benzene (8) 

given that they all contain six electrons within the aromatic ˊ cloud.  The obvious 

difference being that in benzene, each ˊ electron originates from a single sp
2
 carbon 

atom and as such is a 6-membered aromatic system with the molecular formula C6H6 

(Fig. 4).  

 

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

 

 Given the electronic similarities between benzene and the three aforementioned 

heterocycles, it is not surprising that they display similar chemistry.  Incidentally, the 

heterocycles are more electron rich than benzene due to the fact they each have six -́

electrons spread over only five atoms instead of six.  Additionally, the degree of 

aromaticity of each of the three heterocycles is not equal.  This can be rationalised by 

once again examining the electronegativity values of each of the heteroatoms.  Oxygen, 

being the most electronegative of the three, binds the lone pair that contributes to the ́-

cloud of furan more tightly to the nucleus than the nitrogen of pyrrole, and even more so 

than the sulfur of thiophene.  As a result, the lone pair is less able to contribute to the 

aromaticity of the molecule.  Thus, it follows that thiophene actually possesses the most 

aromatic character, followed by pyrrole and finally furan.  The aromatic stabilisation 

energies of each heterocycle in comparison to benzene accentuates these differences in 

aromaticity (benzene: 152 kJ mol
-1

, thiophene: 121 kJ mol
-1

, pyrrole: 92 kJ mol
-1
, furan 

67 kJ mol
-1

),
3
 the ultimate conclusion being that furan has a stabilisation energy less 



5 

 

than half of that of benzene.  The aromaticity of thiophene is further bolstered due to the 

heteroatom-carbon bond length mentioned previously.  The increased bond length 

somewhat alleviates angle strain in comparison to furan and pyrrole, resulting in 

increased stability.   

 Another description for the p-system of furan lies in molecular orbital (MO) 

theory.
4
  Here, a linear combination of atomic orbitals (LCAO) gives rise to the 

construction of a set of MOs.  As previously discussed, each atom of the ring is sp
2
 

hybridised and these sp
2
 orbitals give rise to the s-bonds (and thus, s-MOs) of furan.  

The 2pz AO of each atom contribute to the p-MOs of furan. A schematic drawing of the 

contributions of the 2pz AOs to the MOs of furan is shown in Fig. 5, with a view from 

the z-axis (note that the orbital co-efficients for each MO are not scaled).  

 

 

 

Fig. 5:  Schematic drawing of the 2pz AO contributions to the p-MOs of furan complete 

with symmetry labels (energy differences not to scale). 
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As can be seen above, the occupied bonding orbitals are p1 to p3, with the ground state 

p-MO being p1 and the HOMO being p3, which is not degenerate to p2 (which is in 

contrast to benzene where p2 and p3 are degenerate).  Likewise, the unoccupied anti-

bonding orbitals, p4 and p5, are also non-degenerate (again in contrast to benzene), with 

p4 being the LUMO.   

 Heterocycles are more susceptible towards typical reactions of benzene such as 

SEAr due to being more 'electron rich' or 'ˊ-excessive'.  Additionally, the order of 

reactivity towards SEAr of the heterocycles is as follows: pyrrole > furan > thiophene.
1
    

In recent years with advances in theoretical chemistry, computational calculations have 

been demonstrated to concur with the observed orders of both aromaticity and 

reactivity.
5
 

 

1.2 REACTIONS OF FURAN 

1.2.1 ELECTROPHILIC AROMATIC SUBSTITUTION  

 Regarding both the order of reactivity towards SEAr and the preferred position 

for electrophilic substitution in the heterocycles, examination of the intermediates for 

both the 2- and 3-substitution products allows us to rationalise the fact that 2-

substitution is favoured (Fig. 6). 

 

Fig. 6: Intermediates and corresponding resonance forms for 2-substitution and 3-

substitution products of furan. 

 

As can be seen above, the positive charge can be more effectively delocalised in the 

intermediate giving rise to the 2-substitution product than that giving rise to 3-
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substitution product.  Thus, preference for substitution in the 2-position is to 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 towards SEAr.  

As detailed earlier, the lone pair of the N atom in pyrrole is most able to contribute 

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 stabilisation 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 SEAr. 

1.2.1.1  Friedel-Crafts Reaction 

 The Friedel-Crafts reaction is a synthetically useful and well studied example of 

SEAr that allows the acylation or alkylation of aromatic systems, developed in the later 

stages of the 19th century by Friedel and Crafts.
6,7

  The reaction usually employs an 

alkyl or acyl halide and an appropriate Lewis acid (such as AlCl3), which generates 

either a carbocation in the case of the former or an acylium ion for that of the latter via 

halide abstraction.  The generated electrophile then reacts with the aromatic substrate by 

SEAr to afford the desired product (Scheme 1).   

 

 

Scheme 1:  General reaction scheme for the Friedel-Crafts reaction involving benzene 

and RCl with AlCl3 as a Lewis Acid promoter, for example. 

 

Although alkyl and acyl halides are usually employed, the generation of a suitable 

electrophile is the overarching goal of the Friedel-Crafts methodology.  The reaction 

can also be employed where an alkene is the substrate in place of an aromatic species.
8
 

 An example of furan undergoing this type of reaction can be seen in the studies 

conducted by Finan and Fothergill.
9
  In their efforts to synthesise Elsholtzia  ketone (9), 
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they initially employed isovaleryl chloride (10a) and reacted this with boron trifluoride 

(BF3), in order to acylate 3-methylfuran (11 - Scheme 2).  However, they discovered 

that no reaction occurred with the acyl chloride and that with use of the corresponding 

anhydride instead, 10b, a modest 30% yield was achieved. 

 

 

Scheme 2:  The attempted syntheses of  9 utilising both 10a and 10b, with only the latter 

succeeding.  

 

Finan and Fothergill observed similar reactivity differences upon conducting test 

reactions on standard furan and 2-methylfuran.  This probably indicates that BF3 more 

efficiently abstracts isovalerate than it does chloride to generate 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 specifically.  As a note, AlCl3 is 

generally avoided as the Lewis acid in Friedel-Crafts reactions involving furans as it is 

known to promote polymerisation.  Furthermore, due to the increased reactivity of furan 

towards SEAr, weaker Lewis acids (such as BF3 seen above) can be successfully 

employed. 

 Relatively recently, Friedel-Crafts methodology has also been employed 

asymmetrically in alkylations to afford enantioenriched products.
10

  In this example, Hu 

et al. reacted 2-methoxyfuran (12) (which was peculiarly found to be the only suitable 

substrate, despite various other electron rich furans being tested) with various 

nitroalkenes under the catalysis of 13-Zn(OTf)2 complexes to afford 2,5-disubstituted 

products 14 (Scheme 3). 
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Scheme 3: General reaction scheme for the asymmetric Friedel-Crafts alkylation of 2-

methoxyfuran (12).  

 

The authors' most prominent result was recorded when R was 3,4-dimethoxyphenyl, 

affording the product in 86% yield and 96% ee in favour of the S-configuration at the 

carbon b to the nitro group.  The rationalisation of the stereochemical outcome can be 

viewed in Fig. 7 (vide infra) where the proposed transition state of the reaction is 

visualised. 

 

 

 

Fig. 7:  The proposed transition state for the Friedel-Crafts alkylation detailed in the 

work by Hu et al.  
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As can be seen, the catalyst is believed to be working in a bifunctional mode with Zn(II) 

acting as a Lewis acid to activate the nitrostyrene substrate while the NH group acts as a 

H-bond donor via an NH-p interaction.  This directs the attack of 12 from the si face 

which gives rise to the S-products. 

1.2.1.2  Vilsmeier-Haack Formylation 

 The Vilsmeier-Haack formylation reaction involves an SEAr reaction between a 

suitable carbon nucleophile and a halomethylene-iminium salt, first established in 1927 

by the authors whom the reaction is named after.
11

  Classically, the reaction involves the 

employment of phosphorus oxychloride (POCl3) and DMF or MFA to generate the 

aforementioned salt, which then reacts with the substrate to afford the corresponding 

product (Scheme 4).  Phosgene has also been used in place of (POCl3).  

 

 

Scheme 4:  General reaction scheme for Vilsmeier-Haack formylation. 

 

A recent example of the Vilsmeier-Haack methodology being conducted on furan has 

been reported by Shan and co-workers.
12

  The authors successfully achieved furan 

formylation under very mild Vilsmeier-Haack conditions in impressive yield to afford 

furfural (16 - Scheme 5). 
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Scheme 5: Conditions for the modified Vilsmeier-Haack formylation of furan. 

 

The subtle but elegant difference from traditional Vilsmeier-Haack conditions lies with 

the employment of the more environmentally friendly bis(trichloromethyl) carbonate 

(15), in place of either POCl3 or phosgene - both of which are rather unpleasant 

compounds to work with (particularly the latter).   Use of 15 also provides other 

benefits in the form of 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.
13

  It is a process classically achieved by combination of 

concentrated nitric and sulfuric acid in order to generate the reactive nitronium ion (17), 

which is a reactive electrophile (Scheme 6). 

 

 

Scheme 6:  Formation of  17, the nitronium ion, from concentrated nitric and sulfuric 

acid. 

 

The nitronium ion then reacts with the corresponding nucleophile to give the desired 

product.  In the case of furan, however, it is desirable to nitrate via alternative means 

due to the susceptibility of furan to undergo polymerisation in the presence of 

concentrated sulfuric acid.   
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 With due consideration to this, a different methodology for introducing the nitro 

functionality must be employed instead so as to avoid the presence of concentrated 

sulfuric acid.  This is typically in the form of acetyl nitrate (18) as demonstrated by 

Gilman and Young.
13

  Acetyl nitrate itself is generated in situ via combination of acetic 

anhydride and concentrated nitric acid (Scheme 7). 

 

 

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

 

Gilman and Young successfully nitrated 2-furylphenyl ketone (19) via this methodology 

in moderate yield (Scheme 8).  A particularly interesting feature of this reaction is that 

nitration does not occur on the phenyl moiety of 19 at all, highlighting the increased 

reactivity of furan in comparison to benzene towards SEAr.  Another feature to note 

when employing this methodology is the use of pyridine in order to complete the 

reaction.  The use of pyridine as a mild base is a necessity due to the formation of 

addition product 20 (Scheme 8), which is the result of an initial addition reaction 

between the substrate and acetyl nitrate.  Pyridine facilitates the elimination of acetic 

acid from this intermediate, restoring the aromaticity of the system upon formation of 

the final product 21 (Scheme 8). 

 

 

Scheme 8:  Formation of 21 via nitration of 19, including the addition intermediate 20. 
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In more recent times, it has been demonstrated that the requirement of temporarily 

isolating addition intermediates analogous to 20 can be circumvented by slightly 

modifying the reaction.
14

  Katritzky and co-workers discovered that by replacing acetic 

anhydride with TFAA (which affords nitrating agent 23), not only could isolation of the 

addition intermediates be avoided, but reaction yields were also much improved 

(Scheme 9).  For example, upon formation of 24, a yield of 58% was recorded in one 

step.  In comparison, in the literature, attempts to synthesise the same compound via the 

acetyl nitrate methodology afforded yields of 15-43% over two steps.
15

 

 

 

Scheme 9:  Nitration of 22, leading directly to 24. 

 

1.2.1.4  Sulfonation 

Analogously to the case of nitration, conventional methods of sulfonation are not 

applicable to furan due to aforementioned sensitivity towards concentrated sulfuric acid.  

However, the  pyridine-sulfur trioxide complex can be employed to successfully 

transform furan (1) into the 2,5-disubstituted product (25) seen below (Scheme 10).
16

 

 

 

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

Another classic case of furan reactivity is that with elemental halogens.  Furan is known 

to react vigorously with bromine and chlorine at room temperature to afford poly-

halogenated products, although no reactivity is displayed towards iodine.
17

  A simple 

example of bromination has been reported by Brandsma et al., in which furan (1) was 

treated with elemental bromine in DMF at room temperature (Scheme 11).
18

 

 

 

Scheme 11:  Reaction pathway giving rise to 2-bromofuran 27. 

 

In a manner somewhat similar to the nitration reaction involving acetyl nitrate (vide 

supra), an addition intermediate, 26, is formed during this reaction which, via 

elimination of HBr then affords the mono-substituted furan.  However, the authors 

noted that dibromination was possible if 27 was treated with excess bromine.  The 

appearance of 26 has been confirmed in subsequent NMR studies.
19

 

 

1.2.2 ADDITION REACTIONS  

As seen earlier (vide supra), addition products are possible intemediates in substitution 

reactions of furans.  Mechanistically, this is an indication that there is a tendency in 

certain circumstances for the cationic intermediate of the reaction (28) to be intercepted 

by a nucleophile and afford an addition product (29) rather than lose a proton (Scheme 

12).  Indeed, this kind of reactivity is a general feature of furan chemistry. 
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Scheme 12:  An example of a general furan addition product 29, formed when the 

cation intermediate 28 is in the presence of a sufficient nucleophile. 

 

The foundation for this tendency towards addition products can be traced to the fact 

furan is not as aromatic as pyrrole (which does not so easily undergo addition 

reactions).  As a result, furan has less of a thermodynamic driving force to restore 

aromaticity from its adducts and as such more readily undergoes addition reactions of 

this nature in comparison to pyrrole.  Indeed, work elsewhere in the literature has 

purposely involved isolating these nitro/acetate addition products.
20

 

 In a different methodology, the more facile reactivity of furan towards addition 

has been exploited by Frontana-Uribe and co-workers.
21

  Unlike with the addition 

processes already seen (vide supra), the method of addition in this example was 

achieved via electro-oxidation of the substrate, hispanolone (30), to diastereomeric 

derivatives of structure 31 (Scheme 13).  The electrochemical cell featured a platinum 

anode and nickel cathode. 

 

 

Scheme 13:  Transformation of 30 into diastereomeric, electro-oxidation products 31, 

involving intramolecular addition of the hydroxyl functionality. 
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The conditions listed in Scheme 13 were those that gave the maximum isolated yield of 

the diastereomeric mixture.  The diastereoisomers themselves were then separated via 

medium pressure chromatography and recrystallisation.  The oxidation takes place via 

the mechanism presented in Fig. 8, which generates a stoichiometric amount of Br2 - a 

necessity in order for oxidation to occur.   

 

 

Fig. 8:  Visualisation of the electro-oxidation indicating electrodes, with bromine as the 

oxidant, in order to afford the addition products of structure 31. 

 

A classic example of addition reactivity in furan can be seen in the form of total 

reduction to THF (32), as demonstrated by Srivastava et al..
22

  The group demonstrated 

facile conditions (notably in the absence of high pressure) for the reductive process 

employing 2-propanol as the reducing agent and Raney Ni as the catalyst (Scheme 14). 

 

 

Scheme 14:  A simple representation of the transformation of furan into THF via 

catalytic hydrogenation. 
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A more exotic example of furan reduction has been elegantly demonstrated by Donohoe 

and co-workers.  A set of stereoselective Birch reductive alkylations were carried out on 

3-silyl-2-furoic acid derivatives 33.
23

  The most successful of these involved 

methylation (Scheme 15), although high diastereomeric excesses were observed even in 

the examples where a lower yield was recorded.  Indeed, Donohoe et al. have achieved 

similar results on the 3-methyl analogue of 33 (where the methyl group is in place of the 

TMS moiety),
24

 however, difficulty in removal of the 3-methyl group prompted them to 

investigate the same chemistry on 33 (where the choice can be made to remove the 

TMS moiety).  The presence of a 3-substituent on the furan in these reactions is 

essential to achieving good yields and selectivity.     

 

 

Scheme 15:  Stereoselective Birch reductive methylation of 33. 

 

A high degree of Re face stereoselectivity was observed in all cases.  The possible 

rationalisation for this selectivity is visualised below (Scheme 16).  The authors 

speculated that the trans enolate geometry of intermediate 35 (required for this 

mechanistic proposal to be valid) is favoured firstly by steric considerations but also 

commented on the possibility of an attractive O-Si interaction. 

 

Scheme 16:  Formation of the reactive trans enolate, which offers an explanation for the 

source of the observed stereselectivity. 
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As discussed previously, upon formation of the Birch reduced amide, the authors 

identified that the TMS group could be either removed, or retained for further 

functionalisation upon ultimate formation of furoic acids 36 and 37 respectively 

(Scheme 17).  Removal of the TMS group was achieved concomitantly with the 

hydrolysis of the bis(hydroxymethyl)pyrroline amide under harsh acidic conditions.  

Alternatively, selective hydrolysis of the amide group was achieved in milder acidic 

conditions. 

 

 

Scheme 17:  Eventual formation of furoic acids. 

 

1.2.3 RING OPENING REACTIONS 

Another form of reactivity exhibited by furans is that of ring-opening reactions.  One 

such example of this reactivity is displayed in the Achmatowicz reaction,
25

 which 

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 Döbereiner, who observed the formation of furfural (16) upon heating xylose in the 

presence of MnO2 and H2SO4.
26

   

 Achmatowicz and co-workers achieved the dihydropyran formations by initially 

treating the furan substrate, which in the example shown is furfuryl alcohol (38) with 

Br2 and MeOH to afford addition intermediate 39 (Scheme 18).  Subsequent 

acidification of 39 resulted in a ring-opening of the furan structure to afford the non-

isolated dicarbonyl compound 40, which underwent cyclisation to afford compound 41.  

The authors proposed that additional synthetic steps performed on 41 (and appropriate 

analogues) would provide a general approach to the total synthesis of monosaccharides. 
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Scheme 18:  Formation of compound 41 from 38 via the Achmatowicz procedure. 

 

More modern adaptations of the Achmatowicz reaction have involved the use of m-

CPBA to conduct the ring-opening step directly from the starting furan substrate, an 

example of which was demonstrated as the key step by Yang et al. in the total synthesis 

of (+)-desoxoprosophylline (42 - Scheme 19).
27

  Treatment of furfuryl amine derivative 

43 under such conditions afforded dihydropyridone 44, which was subsequently 

converted to 42 in several steps. 

 

 

Scheme 19:  Achmatowicz reaction as the key step in the synthesis of (+)-

desoxoprosophylline 42.  
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1.2.4 NUCLEOPHILIC AROMATIC SUBSTITUTION  

Although electrophilic substitution is more common for furan, under certain reaction 

conditions and on certain substrates, nucleophilic aromatic substitution can also be 

achieved.  Typically, the substrate involved bears electron-withdrawing substituents that 

can be displaced by appropriate nucleophiles as demonstrated below (Scheme 20).   

Here, an azide nucleophile has displaced the nitro moiety of 5-nitro-2-furaldehyde (45) 

via elimination of addition intermediate 46 to afford 47.
28

 

 

 

Scheme 20:  Formation of 47 from 45 via nitrite elimination of nucleophilic addition 

intermediate 46. 

 

The addition-elimination pathway for nucleophilic substitution (SNAr) seen above is 

ubiquitous for reactions of this nature, with kinetic experiments verifying the formation 

of the addition intermediates, or Meisenheimer complexes as they are known.
29

 

 Padwa and Waterson fairly recently investigated the scope and synthetic utility 

of SNAr reactions of furan using 2,5-dinitrofuran (48).
30

  They discovered that they 

could use a mixture of hard and soft nucleophiles to displace one of the nitro groups, 

with all reactions presumably going through a Meisenheimer complex (49a-d), which 

after undergoing elimination afforded the 2-substituted product 50a-d (Scheme 21). 
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Scheme 21:  The addition of various nucleophiles to 48. 

 

Impressive yields were obtained for each nucleophile used, highlighting the broad scope 

of various nucleophiles that can be employed in SNAr reactions. 

 In a rather peculiar example of SNAr, a study in the literature has revealed 

nucleophilic substitution of a 2-methoxy group by Grignard reagents in substrates 

featuring a 3-methoxycarbonyl functionality.
31

  The authors demonstrated that upon 

treatment of substrate 51 with EtMgBr under standard conditions, a product mixture of 

52 and 53 was afforded, 52 being the major product (Scheme  22). 

 

 

Scheme 22:  Transformation of 51 into 52 and 53 under Grignard conditions. 

 

On initial examination, somewhat surprisingly, no evidence was found for a product 

where methoxy substitution had not occurred.  Product 52 was the dominant product 

where only the methoxy moiety had been substituted by ethyl, while 53 is the expected 

Grignard product from reaction with the ester. 

 Interestingly, the authors established that exposing the 4- and 5-

methoxycarbonyl-2-methoxy analogues of 51 to the same reaction conditions resulted in 

no substitution of the methoxy moiety and the 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 functionalities (only 

possible in 3-methoxycarbonyl-2-methoxy furans) in accordance with Meyer's 

hypothesis (Fig. 9).
32

  The ethyl nucleophile attacks the 2-position which ultimately 

results in elimination of the methoxy group to afford the 2-substituted product. 

 

 

Fig. 9:  The proposed Mg-substrate complex.   

 

The authors carried out a series of reactions on substrates analogous to 51, with various 

Grignard reagents as well as different substituents in the 5-position of the substrate, 

recording isolated yields of the 2-substituted products between 12% and 80% depending 

on these variables.  Of particular note was that upon replacing the 3-methoxycarbonyl 

functionality with a methyl ketone, substitution of the methoxy moiety still occurred at 

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

predominated over substitution.   

 

1.2.5 GENERATION OF ORGANOMETALLICS FROM FURAN  

The example above involves an organometallic nucleophile reacting with furan.  

However, a broadly employed approach for incorporating furan rings into other moieties 

is to conduct organometallic chemistry on the furan itself.  The resulting metallated 

species have been shown to participate in a wide range of reactions primarily involving 

nucleophilic addition and metal-catalyzed cross-coupling reactions.
33
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1.2.5.1  Lithiates 

 Direct deprotonation of furan conventionally takes place at the 2-position (or 5-

position if the 2-position is already substituted), due to the increased acidity of these 

protons.  Conventionally, this is achieved by employing alkyl lithium reagents such as 

n-BuLi (with or without TMEDA, which increases the reactivity of said alkyl lithiums) 

or lithium amide bases such as LDA.
33,34

 

 A simple example of such lithiation chemistry in action has been demonstrated 

by Jung and Gervay.
35

  In their efforts towards synthesising a range of 2-furfuryl methyl 

fumarates of structure 55 for Diels-Alder reaction studies, they first had to synthesise 

key precursor alcohol 57 (Scheme 23).  They accomplished this by lithiating furan (1) 

under conventional conditions and reacting the lithiated species 56 (without isolation) 

with the corresponding ketone to afford the desired substrate.   The example displayed 

uses cyclobutanone as the electrophile to afford the product 57, however, an array of 

other ketones were also employed under slightly varied reaction conditions to afford 

analogous products. 

 

 

 

 

 

Scheme 23:  Formation of 55 from key precursor 57, itself formed via reaction of 

cyclobutanone with lithiated furan 56. 

 

Note that in this case, TMEDA was added in order to facilitate the lithiation process.  

Another general fact is that low temperatures are often required for lithiation procedures 

in order to limit undesired side reactions, such as the reaction of n-BuLi with THF.
36

   

 This methodology has been employed in synthetic routes towards more complex 

structures, including efforts towards natural product synthesis as demonstrated by Lee 

and Wong.
37

  On the route towards compound 58, a potential core skeleton of the 
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platarkone family of natural products, intermediate 59 was subjected to lithiation in 

order to produce silylated compound 60 (Scheme 24). 

 

 

 

 

 

Scheme 24:  Synthesis of 5-silylated intermediate 60, which was transformed in several 

steps to 58. 

 

The authors demonstrated that silylation of 59 proceeded regioselectively at the 

sterically less hindered 5-position as intended.  Compound 60 was then eventually 

transformed into the key lactone in several further steps. 

 Another method for achieving furan lithiation is by lithium-halogen exchange 

(pertinent to I>Br>Cl but not F), which is a widely applicable reaction that occurs much 

faster than lithium-hydrogen exchange detailed above.
38

 

 Lithiation of the less acidic 3-position in furan is usually achieved via this 

approach (which can also be employed to generate 2-lithiated furans) as demonstrated in 

by Boukouvalas and Loach.
39

  The authors conducted facile lithium-bromine exchange 

on substrate 61 in order to react it with 1-iodohexadecane in order to generate the 2,3,5-

trisubstituted furan 62, the immediate precursor to the target gorgonian lipid 63 (Scheme 

25). 
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Scheme 25:  Lithium-halogen exchange on 61 and with reaction with n-C16H33I affords 

intermediate 62, which is then transformed into desired gorgonian lipid 63.  

 

Treatment of intermediate 62 with dimethyldioxirane followed by acidic work-up 

afforded the desired product 63 in 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 and nucleophilicity of lithium bases, alternative methodologies involving the 

magnesiation of furan have been developed.  These can often be conducted at higher 

temperatures than the corresponding lithiations, even at ambient temperature in certain 

cases.
33

 

 Deprotonation at the 2-position of furan can be achieved via the use of lithium-

magnesiates under relatively mild conditions in comparison to lithiation, as 

demonstrated by Mongin et al. as recently as 2005.
40

  They examined the power of two 

magnesiating reagents, Bu3MgLi and Bu4MgLi2, finding the hgher order species to be 

the most effective.  For example, furan (1) was transformed into alcohol 64 via this 

methodology upon treatment with Bu4MgLi2 in impressive yield (Scheme 26). 
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Scheme 26:  Magnesiation of furan and subsequent quenching with 3,4,5-

trimethoxybenzaldehyde to afford alcohol 64. 

 

Monitoring of the magnesiation process confirmed that over a two hour time period, 

95% deprotonation had occurred.  It was also ascertained that quenching with the 

electrophiles involved was very rapid.  As can be seen above, the reaction was carried 

out at room temperature, highlighting an advantage of this methodology over 

conventional proton abstraction.  Another advantage over lithiation chemistry was the 

ability of furan magnesiates to undergo cross-coupling reactions without the 

requirement for their conversion to organozinc, organotin or organoboron derivatives.  

The evidence for this was revealed in the Kumada-type cross coupling reaction between 

the magnesiate of furan and 2-bromopyridine to afford 65 (Scheme 27). 

 

 

Scheme 27: Magnesiation of furan followed by cross-coupling with 2-bromopyridine to 

afford 65. 

 

In addition to the furan magnesiates exemplified above, the generation of Grignard 

reagents has also been successfully achieved on bromofurans.
41

  Wang and co-workers 

discovered that, among other aromatic substrates, methyl 5-bromofuran-2-carboxylate 

(66) underwent magnesium-halide exchange with 
i
PrMgCl·LiCl to afford Grignard 
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reagent 67, which was subsequently reacted with trimethylborate to afford boronic acid 

68 in good yield (Scheme 28). 

 

 

Scheme 28:  Formation of 68 via boronation of Grignard reagent 67, derived from 66.  

 

An interesting feature of this Grignard methodology is that the 2-carboxylate 

functionality remains intact throughout the procedure.  This is attributed to the presence 

of diamine 69, which chelates to Mg in a tridentate fashion, thus lowering the reactivity 

of the Grignard reagent.  This lower reactivity results in more chemoselective reactivity 

of the Grignard reagents with trimethylborate.  This fact is highlighted by the greatly 

reduced yields when the reaction is attempted in the absence of 69, where the first step 

drops to 57% and the boronation to 28%. 

1.2.5.3 Boronates 

 Furanboronic acids themselves also have synthetic utility, particularly in cross-

coupling reactions.
33

  This has been demonstrated by Buchwald and co-workers, when 

they successfully coupled a range of aryl boronic acids with an assortment of aryl and 

benzyl halides.
42

  In the case of a furan-based substrate, 2-furanboronic acid (70) was 

coupled with 3-(trifluoromethyl)benzyl chloride (71) in the presence of XPhos pre-

catalyst 72 to afford 73 (Scheme 29). 
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Scheme 29:  Successful Suzuki-Miyaura cross-coupling of 70 and 71 to afford 73. 

 

K3PO4 is responsible for generating the active XPhos-Pd(0) catalyst from 72, but it was 

also chosen due to the sensitivity of free boronic acids towards bases.  K3PO4 not only 

very rapidly reacts with the pre-catalyst, 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 note, sp
2
-sp

2
 coupling was successfully conducted with furanboronic 

acids in addition to the sp
2
-sp

3
 coupling demonstrated above. 

 Furanboronic acids have not only been demonstrated to be useful in carbon-

carbon coupling, but also with carbon-heteroatom bond formation.
43

  Reaction of 

furanboronic acid 74 with phenylsulfonyl chloride in the presence of PdCl2 and K2CO3 

yielded sulfone 75 in good yield (Scheme 30).  Of particular note are the mild reaction 

conditions and the absence of SO2 extrusion to afford biaryl compounds.  This is in 

contrast to similar work involving the coupling of sulfonyl chlorides with 

organostannanes, where such extrusion was recorded in conjunction with generally 

harsher reaction conditons.
44

 

 

Scheme 30:  Coupling of phenylsulfonyl chloride and 74 to afford 75 under the catalysis 

of PdCl2 in mild conditions. 
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In addition to the use of furanboronic acids for coupling purposes as seen above, other 

boronate functionalities have also been employed such as trifluoroboronates and MIDA 

boronates.
45,46 

1.2.5.4 Zincates 

Another common metallation seen in furan chemistry is that of zinc to form organozinc 

derivatives, which due to a more covalent carbonïmetal bond, are less reactive than the 

organomagnesium and organolithium compounds discussed earlier.
47

  Thus, zincates are 

soft nucleophiles and are commonly employed for cross-coupling reactions.   

 Rieke and Kim have demonstrated the synthetic utility of furan zincates in the 

formation of a variety of 5-substituted furan derivatives.
48

  Generation of the organozinc 

reagent 77 was achieved by treatment of the corresponding halide 76 with activated 

Rieke zinc
49

 at ambient temperature (Scheme 31). 

 

 

Scheme 31:  Formation of reactive zincate 77 from 76 using Rieke zinc. 

 

The quantification of the zinc insertion was verified by subsequent iodination and 

analysis by GC and established to be greater than 98% conversion.  Zincate 77 was then 

reacted in a Pd cross-coupling reaction with a variety of substrates, one highlight of 

which was the reaction of 77 with aryl halide 78 to afford product 79 (Scheme 32).   
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Scheme 32:  Cross-coupling of 77 with 78 under Pd catalyzed conditions. 

 

Additionally, the zincate could be used in cross coupling reactions on hydroxy and 

amino aryl halides.  Cu catalyzed coupling to various acyl chlorides was also reported, 

an example of which is visualised in Scheme 33, where 77 and 80 were succesfully 

coupled to afford 81. 

 

 

Scheme 33:  Copper mediated catalysis for the coupling of acyl chlorides and zincates. 

 

Note that due to the reaction now being mediated by copper, no reaction occurs at the 

aryl bromide.  Of particular note in this study were the mild reaction conditions used for 

every example, accentuating a key benefit of this organozinc methodology. 

 A highlight in furan zincate chemistry has been displayed in natural product 

synthesis, where it plays a key role in the total synthesis of (±)-bipinnatin J (82 - 

Scheme 34).
50

 The crucial step was a palladium-mediated Negishi cross-coupling 

protocol reaction between organozinc reagent 84 (generated from 83) and compound 85 

to afford 86, a key precursor in the synthesis of macrocycle 82.  The organozinc species 

itself was obtained via deprotonation and transmetallation.  An impressive feature of 


