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ABSTRACT: Substituted pyrans and furans are core structures found in a wide variety of natural products and biologically-active 
compounds. Herein, we report a practical and mild catalytic method for the synthesis of substituted pyrans and furans using molecular 
iodine, a simple and inexpensive catalyst. The method described herein is performed in solvent-free conditions in ambient temperature 
and atmosphere, thus offering a facile and green alternative to currently available reaction protocols. A combination of experimental 
studies and high‐level DFT calculations revealed interesting mechanistic insights of this seemingly simple reaction. 

Molecular iodine, an environmentally-friendly and inexpensive 
commodity chemical, has long been known not only as a versa-
tile reagent but also an efficient catalyst to promote a wide va-
riety of chemical transformations.1 Being the largest non-radio-
active element in group 7 of the periodic table, iodine is also the 
least electronegative and the most polarizable halogen.1c, 2 
These properties lead to its several oxidation states in several 
classes of synthetically valuable organoiodines.3 In elemental 
form, its ability to interact with oxygen-containing functional 
groups has been exploited to design efficient iodine-catalyzed 
organic reactions such as Michael, aldol, esterification and a 
range of cycloaddition reactions.1 Realization of the full cata-
lytic potential of molecular iodine has consistently been a topic 
of interest in the past decades.1d  
Recently, our group discovered another intriguing catalytic ac-
tivity of molecular iodine in promoting carbonyl-olefin metath-
esis.4 However, in the course of that study we discovered an 
unexpected 6-endo-trig cyclization reaction of a g-alkenyl ke-
tone to produce a 3,4-dihydro-2H-pyran derivative (Scheme 1). 
Pyrans and their oxygen-containing heterocyclic siblings, fu-
rans, are important structural elements of many natural prod-
ucts5 and pharmaceuticals,6 as well as valuable reaction precur-
sors or intermediates in organic synthesis.7 There are several 
synthetic strategies which yield pyrans and furans bearing dif-
ferent substitution patterns.5, 7-8 One frequently used method 

involves cyclization or cycloaddition reactions of unsaturated 
carbonyl compounds using transition-metal catalysts8e such as 
Hg,9 Au,10 Pd,11 Ag,12 Co,13 Zn,14 Cu,15 Rd,16 Pt,17 and other met-
als such as Ca,18 Ga,19 Sc20 and Bi.21   
In 2008 Zhan and co-workers reported an interesting FeCl3-cat-
alyzed one-pot propargylation and cycloisomerisation of 1,3-
dicarbonyl compounds to form tetrasubstituted furans.22 Other 
iron catalysts were also found to promote different synthetic ap-
proaches to furans and pyrans.23 Schindler and co-workers sub-
sequently identified FeCl3 as an efficient Lewis acid-based cat-
alyst for the formation of a range of 3,4-dihydro‐2H‐pyrans24 
and 3-carboxy-2,5-disubstituted furans.25 This simple catalyst 
also proves to be an efficient promoter for the intramolecular 
carbonyl-olefin metathesis reaction in a series of elegant works 
by the Schindler group.26 The similarity in catalytic activity be-
tween FeCl3 and iodine, demonstrated by these studies and our 
earlier work (Scheme 1),4 prompted us to investigate the possi-
bility of using molecular iodine as catalyst for the synthesis of 
a broader scope of pyrans and furans. 
I2 has been used previously in super-stoichiometric amounts to 
obtain iodofurans via the iodoenoletherification of 2-alkenyl 
substituted 1,3-dicarbonyl compounds or iodocyclization of 
ynenyl acetate.27 However, extraneous deiodination and acid-
catalyzed isomerisations reactions were required to obtain the 
non-iodinated furan products. Notably, an I2-PPh3 catalytic  
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Scheme 1. Iodine-catalyzed reactions 

system was previously reported to promote the synthesis of fu-
ran-type spiro enol ether derivatives from unsaturated b-ketoes-
ters.17 However, these examples are scarce and non-systematic. 
Herein, we demonstrate that I2 catalyst can efficiently promote 
the cyclisation of a broad range of a-allylated or a-propar-
gylated carbonyl substrates to form a wide range of substituted 
pyrans and furans under mild reaction conditions with excellent 
outcomes. 
We started our investigation by optimizing the serendipitous re-
action with substrate 1a (Table 1) to form product 2a. Optimi-
zation studies (see page S3 in the SI)28 confirmed that the reac-
tions could be performed efficiently under ambient atmosphere 
and temperature with solvent-free conditions using 10 mol% I2 
catalyst to afford product 2a in 89% yield. These optimal con-
ditions were amenable to a range of other a-prenylated aryl or 
alkyl ketones (Table 1) to form corresponding 3,4-dihydro-2H-
pyrans in good to excellent yields for both alkyl and aryl ke-
tones. The protocol tolerates a good range of functional groups, 
as expected from the benign nature of iodine. Interestingly, the 
reaction proceeded smoothly with electron-deficient aryl 
groups (entries 2 to 4, Table 1), whilst only trace amount of the 
desired pyran was observed with an electron-rich aryl group 
(entry 5). It is possible that an electronic aromatic iodination 
side reaction rendered the iodine catalyst inactive. Similar di-
minishing effect also occurred with the bulky tert-butyl substit-
uent (entry 13, Table 1), presumably due to its steric hindrance. 
When there was an aryl group also at the a-position, the reac-
tion led to a mixture of the desired pyran 2h as well as the tet-
rahydronaphthalene derivative 2h’ as the minor product (entry 
8, Table 1). Compound 2h’ was presumably the outcome of the 
Friedel-Crafts type alkylation reaction on the side-chain phenyl 
group, as was also previously observed with FeCl3 catalyst by 
the Schindler group.29 With diketone 1g (entry 7, Table 1) 
where there are two carbonyl groups competing for the reaction, 
it was interesting to see that the cyclization preferred to occur 
on the aliphatic ketone. 

Table 1. Substrate scope for 3,4-dihydro-2H-pyransa 

 
entry substrate product yieldb (%) 

1  
1a  2a 

89 

2  
1b  2b 

74 

3 
 

1c  2c 
69 

4 
 

1d  2d 
73 

5  
1e  2e 

trace 

6d 
 1f  2f 

82 

7c,d  
1g  

28 (2g) 
44 (2g’) 

8c 
 

1h  

80 (2h) 
8 (2h’) 

9 
 1i  2i 

87 

10 
 1j  2j 

91 

11c 
 1k  2k 

51 

12  
1l  2l 

68 

13  
1m  2m 

n.r. 

a Reaction conditions: β-ketoester (0.5 mmol) and iodine (0.05 
mmol) at rt for 24 h. b Yield of the isolated product. c Same condi-
tions but with 20 mol% I2. d Same conditions but at 50 ºC. See the 
experimental Supporting Information for more details. 
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Scheme 2. Synthesis of 3-carboxy-2,5-disubstituted furansa 

 
a Reaction conditions: 3 (0.5 mmol) and iodine (0.075 mmol) at 

rt for 24 h. Yield of the isolated product, see the Supporting Infor-
mation for more details. 

We then turned our attention to investigate the catalytic activity 
of I2 in the synthesis of 3-carboxy-2,5-disubstituted furans from 
the a-propargyl-b-ketoester substrates (Scheme 2). Similar op-
timization studies proved that 15 mol% iodine catalyst is the 
most efficient loading for this reaction.28 The reaction worked 
relatively well on the ten substrates we studied. Overall, yields 
were lower than the synthesis of pyrans in Table 1, which is 
most likely due to the formation of unwanted byproducts owing 
to the inherent reactivity of alkynes. However, substrates with 
electron-rich aryl group (3e) or bulky alkyl group (3j) still re-
acted smoothly to give the products in good yields. 
Similarly, the synthesis of 3-carboxy-2,2,5-trisubstituted-4,5-
dihydrofurans from analogous alkenyl precursors also  
 
Scheme 3. 3-carboxy-2,2,5-trisubstituted-4,5-dihydrofu-
ransa  

 
a Reaction conditions: 5 (0.5 mmol) and iodine (0.075 mmol) at 

rt for 24 h. Yield of the isolated product. (*) = yield determined by 
1H NMR using 1,3,5-triisopropylbenzene as an internal standard 
due to the volatility of the products, see the Supporting Information 
for more details. 

proceeded in good to excellent yield (Scheme 3). Curiously, 
there was a decrease in yields, in comparison to other substrates, 
for the methoxyarene- and tert-butyl-containing products 6d 
and 6i (Scheme 3), which is presumably related to the same 
trend in Table 1. Overall, molecular iodine proves to be an effi-
cient catalyst for the cyclization reaction of alkenyl or alkynyl 
carbonyl substrates to produce pyran and furan derivatives. 
Based on our previous studies with iodine-catalyzed carbonyl-
olefin metathesis reaction,4b, 4c we suspected that this cyclization 
reaction could be catalyzed via one of some possible pathways 
such as a halogen-bonding, Brønsted acid, higher oxidation 
state iodine, such as iodonium ion, or radical catalysis.1d, 30 We 
subsequently carried out a range of mechanistic studies to learn 
more about this system (Table 2). While radical traps such as 
TEMPO or BHT had diminishing effect on the catalytic activity 
of I2 (entries 16-17), high energy photo-irradiation (entries 2-3), 
with the intention to trigger iodine radical formation, signifi-
cantly reduced reaction efficiency. From both of these two ob-
servations, we believe that a radical pathway is unlikely.  
The reaction efficiency did not change much when we switched 
to inert environment (Table 2, entries 5-6), but oxidative or wa-
ter-enriched environments led to complicated reaction mixtures 
(entries 7-9). KI did not have any effect on the reaction by itself 
(entry 10), apart from suppressing the catalytic activity of I2 (en-
try 11). The use of aq. HI as catalyst led to some conversion to 
the product (entry 12), suggesting that acidic conditions might 
help the reaction but are not a determining factor.  
The positive but non-efficient outcomes of entries 13-14, all fa-
vorable conditions for the formation of I+ ion, indicating that 
the iodonium pathway is not the predominant mechanism ei-
ther. The addition of DMSO or PPh3 (entries 15 and 18), which 
can coordinate or react with iodine, turned off the reaction. Hu-
ber’s bidentate iodoazolium salt also did not promote this reac-
tion, hinting that it might not be triggered by halogen-bonding 
(entry 19).2 All of these studies suggest that the reaction mech-
anism might involve the intact molecular iodine catalyst. 
To be able to further elucidate the reaction mechanism, we sub-
sequently evaluated several different reaction pathways using 
high level DFT calculations. The geometry optimizations were 
performed with the M062X density functional,31 in combination 
with the aug-cc-pVTZ32 basis set for all atoms except iodine, 
for which SDD33 and corresponding ECP were used. The basis 
sets were selected in accord with the recent benchmarking study 
of Nakajima, Nemoto, and co-workers.34 The reactions were 
carried in neat conditions, but to account for overall effect of 
the reaction medium, the calculations were performed using 
SMD implicit solvation model for dichloromethane, which was 
also a working solvent for this reaction.28 The recently corrected 
radius for iodine atom for SMD calculations was used.35 Sub-
strate 1i (R1 = Me, R2 = OMe) was selected for the study to 
reduce the degrees of freedom and simplify analysis. The yield 
of the reaction with this substrate was also representative of the 
general scope. We first investigated the possible tautomers of 1i 
and their coordinating adducts with molecular iodine (I2), as de-
picted in Scheme 4.36 As could be expected for a b-ketoester 
derivative, the enol tautomer (1i’) is easily accessible at room 
temperature (∆G = +2.3 kJ/mol). Interestingly, all of the sub-
strate•I2 coordinating adducts are formed exergonically, but a 
stark thermodynamic preference is found for the association to 
alkene/enol groups.36 The association of I2 to either the ketone 
or ester carbonyl moiety (Int-A, Int-C) is only slightly stabiliz-
ing. 
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Table 2. Mechanistic studiesa 

 
entry cat. and conditionsb yieldc (%) 

1 I2 (ambient atmosphere, lab light) 89 
2 I2 (ambient atmosphere, 365 nm) messy reaction 
3 I2 (ambient atmosphere, blue LED) 36 
4 I2 (ambient atmosphere, white LED)        82 
5 I2 (under argon, lab light) 80 
6 I2 (under argon, in the dark) 76 
7 I2 (under O2, lab light) messy reaction 
8 I2 (10 mol%) + mCPBA (20 mol%) messy reaction 
9 I2 (10 mol%) + water (20 mol%) 10 
10 KI n.r. 
11 I2 (10 mol%) + KI (20 mol%)  16 
12 HI (aq. 57% w/w) 16 
13 NIS 38 
14 ICl 31 
15 I2 (10 mol%) + DMSO (20 mol%) n.r. 
16 I2 (10 mol%) + TEMPO (20 mol%) messy reaction 
17 I2 (10 mol%) + BHT (20 mol%) n.r. 
18 I2 (10 mol%) + PPh3 (10 mol%) 23 

19 

 

n.r. 

20 I2 (10 mol%) + TFA (10 mol%)  68  
21 I2 (10 mol%) + NaOAc (20 mol%) n.r. 

a Reaction conditions: 1a (0.5 mmol) and catalyst (0.05 mmol) 
at rt for 24 h. b Entries 1-7 used 10 mol% I2; lab light means lighting 
conditions inside the fumehood (4 x 13 W fluorescent lights); en-
tries 8-21 used ambient atmosphere and lab light again. c Yield de-
termined by 1H NMR using 1,3,5-triisopropylbenzene as an inter-
nal standard; messy reactions means there were many unidentified 
products formed along with less than 10% conversion to 2a; n.r. 
means no conversion to product 2a was observed. 

 
It is interesting to note that the complexation of iodine to the 
alkene is even more favorable in the enol form than in the keto 
form (Int-B vs Int-D). Analysis of the structures of Int-B and 
Int-D suggests that this stabilization could be attributed to ad-
ditional favorable electrostatic Od-…Id+ interactions in Int-D 
(Figure 1). A notable effect of the association of I2 to the enol 
is observed in Int-E, when compared to the structural features 
of the enol in Int-D. In particular, the enol-carbonyl hydrogen 
bond in Int-E is greatly shortened (1.57 Å compare to 1.64 Å 
in Int-D, Figure 1).36 We postulated that the association of I2 
significantly increases Oenol-H acidity. With this assumption in 
mind, we investigated a mechanism in which this Oenol-H would 
be sufficiently acidic to protonate the alkene sidechain and lead 
to the formation of a carbocationic intermediate that would 

Scheme 4. Possible substrate•I2 adducts (Free energies val-
ues reported in kJ/mol) 

  
 
ultimately lead to the desired product. A test reaction with tri-
fluoroacetic acid additive (entry 20, Table 2) led to slightly 
lower but still good efficiency as compared to the standard con-
ditions. Another test reaction with NaOAc additive (entry 21, 
Table 2) to scramble any in situ generated Brønsted acidic or 
carbocationic species gave negative results. Both of these two 
additional studies support our proposed mechanism. The results 
of the calculations are illustrated in Scheme 5. 
 

 

 

 

Figure 1. Structures of selected intermediates and transition-state 
in Schemes 4 and 5 (bond lengths in Å). 
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Scheme 5. Plausible catalytic cycle supported by DFT cal-
culations (Free energies reported in kJ/mol) 

 
Gratifyingly, the transition state of intramolecular proton trans-
fer (TS-A) did indeed prove to be reasonable (∆G‡ = +87.3 
kJ/mol from Int-E). Through this process, the carbon-iodine 
bond shortens from 2.56 Å to 2.22 Å, indicating the formation 
of a fully covalent C-I bond. Accordingly, the iodine-iodine 
bond lengthens from 2.95 Å to 3.51 Å. With respect to the most 
stable substrate•I2 adduct (Int-D), TS-A is considered to be the 
highest transition state in our postulated mechanism on the 
energy diagram, leading to the key carbocationic intermediate 
Int-F. In this context, the energetic span of the process is found 
to be 97 kJ/mol (Int-D to TS-A). This value is in very good 
agreement (deviation below 4 kJ/mol) with the estimated 
experimental energetic span for substrate 1i.36 Furthermore, 
kinetic data is in accord with the kinetic model describing the 
proposed mechanism (page S6-S8 in the computational SI).36  
The resulting carbocationic intermediate (Int-F) is expected to 
react in mostly barrierless processes with the various nucleo-
philic sites on the intermediate, leading to three possible inter-
mediates, Int-G, Int-H, and Int-I. Not surprisingly, all three 
pathways are found to be exergonic, but a deeper look into the 
thermodynamics provides interesting insights. Collapse of the 
iodide anion onto the carbocation results in the formation of di-
iodoalkyl intermediate Int-G and a stabilization energy of 97.8 
kJ/mol. Interestingly, this value is almost identical to the ener-
getic span leading to formation of Int-F (vide supra). It is thus 
foreseeable that either proton transfer (TS-A), or heterolysis of 
Int-G, to generate Int-F, is rate-determining. It should be noted 
that no transition state for the SN1-like SN2 reaction of Int-G to 
form Int-I was found. The reaction thus more likely proceeds 
by a SN1 mechanism.  
Although exergonic, attack of the ester group on the carbo-
cation, resulting in Int-H, provides a stabilization of only 
71.3 kJ/mol, and is expected to be reversible. Cyclization by the 
attack of the ketone group to the carbocation centre, to form Int-
I, is much more exergonic (∆G = −102.1 kJ/mol), and is 

considered to be irreversible at room temperature. Following 
cyclization, I-I bond is regenerated in Int-I; the latter can be 
considered to be 2i•I2 adduct. As a final step, to close the cata-
lytic cycle, iodine must be transferred to a new substrate mole-
cule. This step was found to be exergonic with respect to 1i’, 
and even reference 1i (∆G = −5.2 kJ/mol). It can thus be con-
cluded that the there is no significant inhibition of the reaction 
by the product. Product 2i is more stable by 26.6 kJ/mol with 
respect to substrate 1i, confirming that the overall reaction is 
exergonic. It is interesting to note that the same comparison of 
1i with the product resulting from the cyclization of the ester 
group (2i’, derived from Int-H) is less stable than 1i by 
22.2 kJ/mol. This supports the fact that, despite the possible for-
mation of this alternative product, it is globally endergonic and 
reversible. 
In conclusion, we have developed a new practical protocol for 
the synthesis of 3,4-dihydro-2H-pyrans, 3-carboxy-2,2,5-tri-
substituted-4,5-dihydrofurans and 3-carboxy-2,5-disubstituted 
furans using molecular iodine as a catalyst under mild reaction 
conditions. The method tolerates a large range of functional 
groups and offers an easy, green alternative to currently availa-
ble reaction protocols to access pyran and furan derivatives. A 
combination of experimental studies and high-level DFT calcu-
lations revealed interesting mechanistic insights of this reaction. 
They strongly support that the association of iodine to the enol 
tautomer of the substrate enhances its acidity. This key interme-
diate is a sufficiently strong Brønsted acid to promote protona-
tion of the alkene and formation of a key carbocation, from 
which only the formation of the desired product is irreversible. 
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