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Novel methods to access new heterocyclic architectures offer powerful creative 

possibilities to a range of chemistry end-users. This is particularly true of heterocycles 

containing a high proportion of sp3-carbon atoms, which confer precise spatial 

definition upon chemical probes, drug substances, chiral monomers, and the like. 

Nonetheless, simple catalytic routes to new heterocyclic cores are infrequently 

reported, and methods making use of biomass-accessible starting materials are also 

rare. We report here a new method allowing rapid entry to spirocyclic bis-

heterocycles, in which inexpensive iron(III) catalysts mediate a highly stereoselective 

C-C bond-forming cyclization cascade reaction using (2-halo)aryl ethers and amines 

constructed using feedstock chemicals readily available from plant sources (such as 

corn). Thus, under the influence of Fe(acac)3 at room temperature, (2-halo)aryloxy 

furfuranyl ethers undergo deiodinative cyclisation, followed by capture of the 

intermediate metal species by Grignard reagents, to deliver spirocycles containing two 

asymmetric centres. The reactions are operationally simple, the stereoselectivity of 

the process is high and the products offer potential entry to key structural motifs 

present in bioactive natural products. 

 

Metal-catalyzed carbon-carbon bond-forming reactions have revolutionized contemporary 

synthetic chemistry in academia and industry, and commercial products (including polymers, 

diagnostic materials, fine chemicals and active drug substances) are regularly prepared in bulk 

using the methods. Modern catalysis researchers are faced with additional financial, 

regulatory and environmental demands to deliver lower waste-footprint, more efficient and 

cost-effective methods for catalytic C-C bond formation; these demands have stimulated 

intense interest in the use of Earth-abundant catalysts and recently1, 2, 3 the application of iron 
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catalysts in particular has received much recent attention.4, 5, 6, 7 In parallel, the use of biomass 

to deliver high-value chemical commodities has been recognized as increasingly significant 

when traditional sources for chemical feedstocks dwindle. The application of catalysis to 

encompass biomass-derived substrates is, therefore, an impactful research theme.  

Chemical processes delivering functional heterocycles are also inherently impactful, due to 

the known utility of these small molecules. Within the broad heterocyclic sub-class, the 

presence of heteroatoms constrained about quaternary carbon centres endows well-defined 

spatial constraints which are often beneficial, for instance in enhancing selectivity in drug-

binding. Within this sub-class, heterocycles bearing quaternary centres are privileged 

molecules;8 1,7-bis-heterospirocycles (Figure 1a) are members of this family of constrained 

small molecules, with both natural products (such as Genkwanol A9 and Aspergillines10) and 

synthetic examples (such as BRD701611,12 and compound 113) of these structures reported to 

be bioactive. However, synthetic access to the core framework of this class of spirocycle is 

limited. The practical preparative routes which allow access to the ring systems shown in 

Figure 1 most often feature dioxindoles (isatins) as substrates (Figure 1b). This reaction 

class most often features tandem formation of C-C and C-X bonds, often in two distinct 

steps.14  

We hypothesized that spiroheterocycles could be accessed efficiently via an iron-catalysed 

C-C bond-forming cascade (Figure 1c), involving a tandem cyclisation-alkylation process: we 

predicted that an aryl-iron species 2 (formed by insertion into a halide or pseudohalide bond 

of the iron complex created by reaction of an iron(III) salt with a Grignard reagent) would 

undergo dearomatizing cyclization15 onto a pendant furan scaffold, followed by reductive 

elimination of the most stable allyliron isomer (3) to give alkyl- or arylated product 4. In 

addition to allowing an innovative entry to the spirocyclic motif, the incorporation of an 

alkene in the product also allows for further diversification and mapping of chemical space. 



Here we report the realization of this strategy, and the delivery of a novel and sustainable 

iron(III)-catalyzed arylative spirocyclization reaction which delivers spiro bis-heterocycles 

efficiently and stereoselectively.  

 

Results 

A core feature of our strategy (Figure 1c) was the use of substrates which could be derived 

in bulk from biomass, offering the prospect of a more sustainable method for accessing novel 

spiro heterocycles. Thus we targeted the use of furfuryl alcohol as a lynchpin biomass-

derived component, available in bulk directly from plant sources (such as corn cobs16) using 

simple benchtop procedures. Activation followed by reaction with 2-halophenols gave the 

cyclization templates 5 (Table 1), which were reacted with phenyl magnesium bromide at 

room temperature in the presence of Fe(acac)3 (5 mol%). Though reaction with the chloride 

was not productive,17 the corresponding bromide and iodide delivered phenylated spirocycle 

6a directly (Table 1, entries 2 and 3). 

The tricyclic product 6a was delivered from the reaction of iodoether 5-I as a 85:15 ratio of 

diastereoisomers (deduced from 1H NMR experiments), in favour of the cis-spirocycle in 

which the two new C-C bonds are formed on opposite sides of the dihydrofuran motif. 

Armed with these most encouraging preliminary data, we proceeded to the optimization 

phase of the project: being mindful of Cahiez’s seminal studies18 of the interplay of solvent 

and additives in iron-catalyzed C-C bond-forming reactions, we looked at the effect of 

solvent on the reaction, with additional focus on the relative NMP content (Table 1). This 

screening process indicated the optimum reaction medium to be Et2O/NMP (1:1, Table 1, 

entry 12). 

The next phase of optimization examined a range of stable iron(III) catalysts in the arylative 

spirocyclization reaction (Table 1, entries 23 – 27). It was confirmed that the catalyst was 



essential for the reaction to take place (entry 19) and that FeCl3 seemed generally as 

effective a catalyst as Fe(acac) 3 (entry 24). When Grignard reagent was omitted, starting 

material was returned. It was notable that conversion and yields were consistently improved 

when an excess of Grignard reagents was employed, with the use of 2.4 equivalents leading 

to highest yields. Iron complexes bearing bulkier ligands were less productive in the reaction 

(entries 25 and 26) but only Fe2(SO4)3 proved ineffective, resulting in no conversion (entry 

27).  Having identified an optimized reaction protocol (Table 1, entry 23), we turned to an 

examination of the scope of the reaction.  

It quickly transpired that this arylative spirocyclization reaction is a highly stereoselective 

reaction, generally efficient using a range of aryl and heteroaryl Grignards (Table 2), 

delivering previously unknown spiroheterocycles as predominantly cis-diastereomers, 

(confirmed by X-ray analysis of product 6c, Supplementary page 45). Though the reaction of 

aryl Grignards was productive, in accord with previous observations the use of alkyl 

Grignard reagents in the spirocyclization reaction was not efficient, with only EtMgBr 

delivering alkylated product 6p (Table 2) in reasonable quantities.  

One of the attractive features of iron-catalysed organometallic reactions is the reduced 

tendency for termination via β-hydride elimination of C-Fe σ-bonds. Since the postulated 

intermediates in the reaction described above did not have the possibility for reductive 

elimination, we were keen to test a substrate where reductive elimination was possible, such 

as 5’-methyl substrate (easily accessible from furfuryl alcohol19); when this compound was 

used in the arylative spirocyclization reaction, a good yield of arylated product 6q was 

obtained (Table 2), confirming the low propensity of the intermediate iron species to 

undergo reductive elimination.  

The ability to incorporate other substituents into the aromatic ring of the substrate, and the 

ability to deliver nitrogen-containing heterocycles using this method were important 



requirement for the process. Thus we were delighted to observe that the iron-catalysed 

arylating spirocyclization reaction does indeed allow access to a range of nitrogen-containing 

heterocycles, and also products bearing substituents in the parent carboaromatic ring (Table 

3). Of particular note are products 7i and 7k, containing potentially fragile halogen and ester 

moieties, respectively.  

Discussion  

Having demonstrated the power of our new method in the preparation of novel, natural 

product-like spiroheterocycles, we turned our attention to the mechanistic features of the 

reaction. 

The mechanisms in play during iron-catalyzed cross-coupling reactions20, 21 are complex and 

often not well-understood, and the dearomatising arylative spirocyclization described here 

could involve one of several possible pathways. We believe that is likely that the reaction 

proceeds via a catalytically competent Fe(1I)22, 23, 24, 25 species (vide supra), leading to σ-aryl 

iron intermediate 8 which cyclises to give an η1-allyl iron species 9 (Figure 2), able to 

equilibrate26 to η3-isomer 10. If 10 is able undergo isomerisation (by dissociation-

recomplexation, or homolysis-recombination) to avoid a repulsive peri interaction, it will be 

converted to less-hindered isomer 11, which can be captured by Grignard reagent to deliver 

the observed product after reductive elimination (and concomitant catalyst regeneration). 

Alternatively, 9 may undergo direct anti-attack by Grignard27 to give η2-complex 12, which 

will again deliver the arylated spiroheterocyclic product, this time by decomplexation. Finally, 

it is possible that the process involves a radical mechanism28: if the initially formed σ-Fe-C 

bond undergoes homolysis to give aryl radical 13, which cyclises to give 14, radical 

recombination will give the same η1-intermediate 11 as postulated for the Fe(I)/(II) pathway. 

Since reactions carried out in the presence of radical inhibitors and scavengers had little 

discernable impact upon the yield of the reaction (reaction of 5-I with Fe(acac)3 and PhMgBr 



in the presence of 5 mol% of either TEMPO or BHT gave a 76% yield of 6a in both cases), a 

radical chain pathway seems unlikely but the involvement of homolytic processes cannot be 

categorically excluded at this point.  

In an attempt to gain insight into the nature of the iron catalyst involved in the reaction, we 

reacted Fe(acac)3 with one equivalent of Grignard in the absence of iodide substrate; after 

careful manipulation of the product of this reaction we isolated and characterised bimetallic 

iron(II) complex 15. When 15 was used in place of Fe(acac)3 in the arylative spirocyclization 

reaction, a similar yield of product was obtained (Figure 3), suggesting that this 

dearomatising spirocyclization process proceeds through the intermediacy of an iron(II) 

species. Confirming the precise mechanistic detail of the transformation is the subject of our 

research focus at this time. 

In summary, we have designed and implemented a novel cyclization-anion capture process, 

mediated by Earth-abundant catalysts, which efficiently delivers spiro-bisheterocycles. The 

process is efficient and rapidly delivers these complex frameworks in short order, using 

biomass-derived components. 
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Figure 1. Bioactive examples, traditional synthetic approach, and a novel strategy to deliver the 
core of spirocyclic bis-heterocycles. 
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Figure 2. Polar and free-radical mechanistic possibilities in iron-catalyzed arylative spirocyclization 
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Figure 3. Bimetallic Mg-Fe complexes are formed in and can catalyse the arylative spirocyclization 
reaction.  
 

O

O

+    FeBr2[Mg(acac)2]THF2
(1 eq.)

THF, rt
Fe(acac)3

MgBr

Ph

Ph

FeBr2[Mg(acac)2]THF2 (5 mol%), ArMgBr (2.4 eq.)

Et2O/NMP (1:1), rt 6 h

(Ar = 4-Ph-C6H4)
I

O
O

Ph

100% conversion
97% isolated yield
dr > 95 : 5

yellow-orange
crystals

15

 

 
 



 

Table 1. Influence of solvent, catalyst and stoichiometry on iron-catalyzed cascade 

Hal

O
O

Fe(acac)3 (5 mol%), PhMgBr (1.2 eq.)

Solvent, rt, 6 h

O

O

Ph6a5-Hal  

Entry Catalyst 5-Hal Solvent PhMgBr eq. Conversion (%) Yield 6a (%) 

1 Fe(acac)3 5-Cl THF/NMP (8:1) 1.2 100 0 

2 Fe(acac)3 5-Br THF/NMP (8:1) 1.2 100 29 

3 Fe(acac)3 5-I THF/NMP (8:1) 1.2 100 41 

4 Fe(acac)3 5-I NMP 1.2 100 9 

5 Fe(acac)3 5-I THF/NMP (1:3) 1.2 100 36 

6 Fe(acac)3 5-I THF/NMP (1:1) 1.2 100 44 

7 Fe(acac)3 5-I THF/NMP (3:1) 1.2 100 27 

8 Fe(acac)3 5-I THF 1.2 100 30 

9 Fe(acac)3 5-I Et2O/NMP (8:1) 1.2 100 33 

10 Fe(acac)3 5-I NMP 1.2 100 27 

11 Fe(acac)3 5-I Et2O/NMP (1:3) 1.2 100 37 

12 Fe(acac)3 5-I Et2O/NMP (1:1) 1.2 100 55 

13 Fe(acac)3 5-I Et2O/NMP (3:1) 1.2 100 27 

14 Fe(acac)3 5-I Et2O 1.2 100 19 

15 Fe(acac)3 5-I DMF/NMP (8:1) 1.2 100 0 

16 Fe(acac)3 5-I DMPU/NMP (8:1) 1.2 100 0 

17 Fe(acac)3 5-I DMA/NMP (8:1) 1.2 100 12 

18 Fe(acac)3 5-I Dioxane/NMP (8:1) 1.2 100 0 

19 - 5-I Et2O/NMP (1:1) 1.2 0 0 

20 Fe(acac)3 5-I Et2O/NMP (1:1) - 0 0 

21 Fe(acac)3 5-I Et2O/NMP (1:1) 1.2 100 63 

22 Fe(acac)3 5-I Et2O/NMP (1:1) 1.8 100 64 

23 Fe(acac)3 5-I Et2O/NMP (1:1) 2.4 100 73 

24 FeCl3 5-I Et2O/NMP (1:1) 2.4 100 70 

25 Fe(dbm)3
a 5-I Et2O/NMP (1:1) 2.4 43 7 

26 Fe(dpm)3
b 5-I Et2O/NMP (1:1) 2.4 100 39 

27 Fe2(SO4)3 5-I Et2O/NMP (1:1) 2.4 0 0 

       
a dbm = dibenzoylmethido; b dpm = dipivaloylmethido



 

 

Table 2. Scope of Grignard partner in iron-catalyzed arylative spirocyclization  
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a Isolated yield of major diastereomer; b Determined by HPLC analysis of crude product; c catalyst = FeCl3. 
 

 



Table 3. Scope in heteroatom and substituent pattern in iron(III)-catalysed arylative 
spirocyclization.  

I
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