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Abstract.  Annulated heteroaromatics can be accessed 
through the addition of malonyl radicals onto heterocycles. 
Current methods are applicable to electron-rich 
heteroaromatics and reliant on transition metals or toxic tin 
reagents. Here we report a metal-free, visible light-mediated 
cyclisation of malonates onto 5-ring heteroaromatics using 
iodomalonates as key intermediates.  

The iodomalonates are prepared and photolysed in situ to 
give the desired annulated products, in yields of 46–94% 
without the need for external catalysts. The scope of this 
transformation includes N-alkyl, N-acyl and carbon-tethered 
malonates adding onto a wide range of 5-membered 
heteroaromatics. 

Keywords: photochemistry, radical reactions, annulation, 
heterocycles, synthetic methods  

Introduction 

Annulated heteroaromatics are common structural 
motifs both in nature and medicinal chemistry,[1] 
examples being the marketed drugs ketorolac and 
frovatriptan, as well as numerous alkaloids including 
vincamine (Scheme 1D).[2-4]  These partially saturated 
ring systems are often built through heterocycle ring-
forming reactions, such as cyclocondensations,[2-3] but 
can also be prepared through cyclisation reactions onto 
pre-existing heteroaromatics (Scheme 1A).  Within 
this latter synthetic framework there have been several 
reports of the cyclisation of carbon-centred radicals 
onto pre-existing heteroaromatics.  Some of the first 
examples of radical cyclisations onto unsaturated 
heterocycles involved nucleosides and/or 
nucleotides.[5-6] From the 1990s, the field expanded 
rapidly with reports of cyclisations of alkyl, acyl, vinyl, 
aryl, and malonyl radicals onto a variety of 
heterocycles including, pyridines/pyridinium ions,[7-10]  
indoles,[11-22] pyrroles,[13, 16, 21-28] imidazoles,[26, 28-29] 
triazoles,[30] thiophenes,[14, 22] and pyrazoles[31] to form 
fused five, six, and seven-membered rings. Many of 
these methods used organotin reagents with most 
studies reporting cyclisations onto a small number of 
electronically similar heteroaromatics.  In the past two 
decades, further methods for radical cyclisations onto 
heteroarenes have been developed with annulations 
that bypass the need for tin reagents including those 
using peroxides[32-35] as well as light-mediated 
annulations[36-40] being disclosed. Malonyl radicals 

have frequently been used in (hetero)arene 
annulation[37, 41-43] likely due to their ready formation 
coupled with straightforward product derivatisation.  

 

Scheme 1. Approaches to annulated heteroaromatics, 
malonyl radical generation methods, and examples of 
compounds containing such motifs (PC =  photocatalyst). 
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Malonyl radicals are generally formed from 
halomalonates either by reduction with an 
organostannane radical or using light and an 
appropriate photocatalyst,[36, 44-46] by photolysis of 
halomalonates often in the presence of an 
organostannane,[37, 47-49] or by oxidation of malonates 
frequently with transition metal salts such as those 
based on Mn(III),[50] Ce(IV)[41, 50d, 51] and Fe(III) 
(Scheme 1B).[41, 50d, 52] Despite the variety of malonyl 
radical generation methods, malonyl radical 
cyclisations onto four of the most common ring 
systems in small molecule drugs: imidazoles, thiazoles, 
isoxazoles, and pyrazoles have little precedence.[53]  
Given the prevalence and importance of annulated 
heterocycles both in natural products and drug targets, 
we sought to develop a metal-free cyclisation of 
malonyl radicals for the formation of a range of 
annulated heterocycles. Herein we report a transition-
metal free visible-light mediated cyclisation of 
malonates onto 5-ring heteroaromatics (Scheme 
1C).[37, 54] Examples of cyclisations onto a wide range 
of heteroaromatic substrates are reported (including 
indole, pyrrole, imidazole, triazole, isoxazole, 
thiophene, thiazole, benzothiophene, benzofuran, 
azaindole, deazapurine, and xanthine) and the utility of 
the methodology is demonstrated in the synthesis of 
the anti-inflammatory drug ketorolac.[55] 

Results and Discussion 
We initiated our studies with the cyclisation of indole 
4, a common substrate in previously reported malonyl 
radical cyclisations.[36] Our aim was to develop a 
procedure for the formation of the annulated product 5 
via a one-pot iodination and subsequent cyclisation. 
Initial reaction conditions involved deprotonation of 4 
with NaHMDS at −78 °C, followed by addition of N-
iodosuccinimide (NIS). After 5 h in the dark, 2,6-
lutidine was added and the mixture irradiated with a 
30 W white compact fluorescent light (CFL). These 
conditions gave desired product 5 in 51% yield 
together with 30% of cyclopropane 6 (entry 1, Table 
1).[56]  Table 1 summarises the reaction optimisation 
that followed (see Supporting Information S131 for 
full details). NaHMDS provided the best yield of 5 
compared with LiHMDS, KHMDS, NaH and tBuOK 
(entries 2–5, Table 1), while the presence of 2,6-
lutidine had no effect (entries 1, 6, Table 1). Reversing 
the order of addition, i.e. adding NaHMDS to a 
mixture of NIS and malonate, minimised the formation 
of cyclopropane 6 (entry 7, Table 1). Under these 
conditions, product 5 was obtained in an excellent 94% 
yield. This reaction was equally effective on a 
1.0 mmol scale (entry 8, Table 1). THF was the best 
solvent following a brief solvent screen (see 
Supporting Information S131). Control experiments 
showed no formation of indole 5 occurred in the dark 
or when replacing NIS for NCS or NBS in keeping 
with previous reports[36] (entries 9−11, Table 1). In the 
presence of TEMPO neither 5 nor 6 were produced, 
consistent with a radical-based mechanism for the 
cyclisation. Rather, the product of trapping of a 

malonyl radical derived from 4 with TEMPO was 
formed (entry 12, Table 1, see Supporting Information 
S18–19 for characterisation of TEMPO adducts from 
4 and 29).  

Table 1. Optimisation of the cyclisation of indole 4. 

 

Entry Deviation from 
above 

Scale 
[mmol] 

Yield 
of 5a) 

Yield 
of 6a) 

1 – 0.05 51% 30% 
2 LiHMDS 0.05 38% 58% 
3 KHMDS 0.05 12% 0% 
4 NaH 0.05 39% 8% 
5 tBuOK 0.05 37% <5% 
6 No 2,6-lutidine 0.05 58% 28% 
7b) No 2,6-lutidine 0.20 94%c) <5% 
8b) No 2,6-lutidine 1.0 94%c) <5% 
9 b) No light 0.05 0% 0% 
10 NCS instead of 

NIS 
0.05 0% 13% 

11 NBS instead of 
NIS 

0.05 0% 51% 

12b) No 2,6-lutidine 
+ 1.1 equiv. 
TEMPO 

0.20 0% 0% 

a) Calculated yield by 1H NMR using 1,3,5-
trimethoxybenzene as internal standard; b) NaHMDS added 
over 30 min at –78 °C; c) Isolated yield. 

Under the optimised conditions, several N-alkyl and 
N-acyl tethered malonates underwent cyclisation 
(Table 2). The formation of cyclopropane products 
was specific to the N-acyl heteroaromatics, i.e. 4, 7, 13, 
hence reverse addition was only used with these 
substrates. The iodination cyclisation of N-acyl 
malonates provided six-membered rings 5 and 14 
(entries 1 and 5, Table 2) in excellent yields, while the 
desired five-membered ring product was not obtained 
from indole 7 (entry 2, Table 2). On the other hand, N-
alkyl six-, and five-membered rings were formed in 
good yields with cyclisations onto indoles (entries 3 
and 4, Table 2), and pyrroles (entries 6 and 7, Table 2) 
giving the annulated products 10, 12, 16, and 18a−c. 
The 6-ring annulated imidazole 24 was formed in 57% 
yield (entry 10, Table 2), while the corresponding five-
membered product was not obtained from imidazole 
25 in line with previous observations by Bowman 
(entry 11, Table 2).[26]  A 1,2,3-triazole substrate did 
not yield any annulated product (entry 12, Table 2). 
Pleasingly, yields were unaffected by the nature of the 
malonate, as exemplified by the formation of the  
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Table 2. N-acyl and N-alkyl reaction scope.  

  

Reagents and conditions: substrate (0.20 mmol), 
NaHMDS (1.2 equiv.), NIS (1.2 equiv.), THF (0.1 M), 
–78 °C to RT, 5 h; then 30 W white CFL, RT, 18 h.     

annulated products containing tert-butyl and benzyl 
malonates 18b, and 18c (entry 7, Table 2).  Likewise, 
substitution on the pyrrole substrate was 
accommodated; 2-aryl pyrroles 22b, and 22c, were 
formed in good yields, as well as 2-benzoylpyrrole 22a 
(entry 9, Table 2). C3-Substituted pyrrole 20 was 

isolated as a single regioisomer (entry 8, Table 2), 
which we hypothesise is due to the increased 
stabilisation the carboxylate group can confer to the 
intermediary allylic radical. Finally, the cyclisation of 
indole 11 was performed on a gram-scale without 
major changes in the reaction set-up (1.0 g scale, 92% 
yield, entry 4, Table 2, see Supporting Information 
S130). 

Encouraged by these results, we aimed to expand our 
methodology to a wider range of heteroarenes, 
including those where the tether is located on a C-atom 
in the heteroaromatic substrate. We focused on the 
functionalisation of azoles, which are extensively used 
in medicinal chemistry but unprecedented substrates 
for malonyl radical cyclisations. Isoxazole 29 was 
chosen as the substrate for optimisation. The reasons 
behind this were two-fold: firstly, it is prone to ring-
opening, unlike many 5-ring heteroaromatics and 
secondly, malonate 31, iodomalonate 29, 
hydroxymalonate 32, and desired product 30 had 
diagnostic 1H NMR peaks that did not overlap. This, 
in conjunction with an internal standard (1,3,5-
trimethoxybenzene), enabled yield measurement by 
1H NMR.  

Table 3. Optimisation of the cyclisation of iodomalonate 29. 

 

Entry Additive Yield of 
30a) 

Yield of 
31a) 

Yield of 
32a) 

1 – 11% 7% 8% 
2 Under air 0% 0% 43% 
3 2,6-lutidine 17% 11% 22% 
4 NEt3  4% 91% 0% 
5b) quinuclidine 17% 37% 0% 
6b) PMP 27% 25% 41% 
7 K2CO3 49% 12% <5% 
8 TMP 66% 12% 13% 
9 TMP  

(2.0 equiv.) 66% 3% 29% 

10 TMP 
(5.0 equiv.) 45% 0% 58% 

11b) TMP  
(2.0 equiv.) 63%d) 0% 0% 

12b,c) TMP  
(2.0 equiv.) 56%d) 0% 0% 

13 TEMPO  
(1.0 equiv.) 0% 0% 0% 

Reagents and conditions: Iodomalonate 29 (0.20 mmol), 
additive (1.2 equiv.), THF (0.1 M), 30 W white CFL, RT, 
18 h. a) Calculated yield by 1H NMR using 1,3,5-
trimethoxybenzene as internal standard; b) Reaction carried 
out on a 0.20 mmol scale; c) One-pot procedure from the 
corresponding malonate; d) Isolated yield. 
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The reaction was optimised stepwise, rather than in a 
one-pot fashion. The initial iodination gave 
iodomalonate 29 in 76% isolated yield under our 
standard conditions, hence we turned our attention to 
its cyclisation (Table 3, see Supporting Information 
S132−133, for screen of bases, additives, and light 
sources). Upon irradiation in THF and in the absence 
of any base, iodomalonate 29 gave a mixture of 
cyclised product 30 (11%), malonate 31 (7%), and 
hydroxymalonate 32 (8%) (entry 1, Table 3).  
Degassing of solvents was necessary to reduce 
competing formation of hydroxymalonate 32 (entry 2, 
Table 3).[49] 2,6-Lutidine had no effect in the reaction 
outcome (entry 3, Table 3), whereas triethyl amine, 
quinuclidine, and 1,2,2,6,6-pentamethylpiperidine 
(PMP) increased dehalogenation (entries 4−6, 
Table 3). This may be due to the competing formation 
of a-amino radicals through hydrogen atom 
abstraction by the malonyl radical. Indeed the use of 
potassium carbonate increased the yield of 30 and 
reduced the yield of deiodinated malonate 31 (entry 7, 
Table 3). However, using 2,2,6,6-tetramethyl 
piperidine (TMP), a hindered secondary amine from 
which a-amino radicals cannot be formed, increased 
the yield of 30 to 66% with limited dehalogenation to 
yield 31 (12%) (entry 8, Table 3).  The addition of 2.0 
equivalents of TMP proved optimal, with 30 being 
isolated in 63% yield on a 0.20 mmol scale (entries 
8−11, Table 3). This was transferable to the one-pot 
procedure, giving cyclised isoxazole 30 in comparable 
yields (entry 12, Table 3). Furthermore, under these 
optimised conditions changing the light source 
reduced the yield of 30 (see Supporting Information 
S133). As with the indole 4, conducting the reaction in 
the presence of TEMPO resulted in no cyclised 
product being formed but rather, the product of 
trapping of a malonyl radical derived from 29 with 
TEMPO was formed (entry 12, Table 2, see 
Supporting Information S18–19 for characterisation of 
TEMPO adducts from 4 and 29).  

These new conditions were applicable to a wide 
variety of 5-ring heteroaromatics (Table 4). Electron 
rich arenes, such as pyrrole (33), indole (47), 
thiophene (35), benzothiophene (49), and benzofuran 
(51) gave the corresponding annulated products in 
good to excellent yields (entries 1−2, 9−11, Table 4). 
Annulated isoxazole 30 and thiazole 40 were obtained 
in good yields (entries 3 and 5, Table 4), whereas 
pyrazoles did not give any product (entries 7 and 8, 
Table 4), which is in line with the lack of previous 
cyclisation reports. On substrates with two potential 
radical addition sites this cyclisation was 
regioselective, as demonstrated by the formation of the 
annulated pyrrole (34), thiophene (36), and isoxazole 
(30) (entries 1−3, Table 4). We hypothesise this 
selectivity stems from the nature of the intermediary 
heterocyclic radical: reactions that proceed via 
intermediary allylic radicals occur, whereas ones 
lacking allylic conjugation do not (Scheme 3).[57]  The 
same argument can be invoked to explain the failed  

Table 4. Heterocyclic reaction scope.  

 

Reagents and conditions: substrate (0.20 mmol), 
NaHMDS (1.2 equiv.), NIS (1.2 equiv.), THF (0.1 M), 
–78 °C to RT, 5 h, then TMP (2.0 equiv.) 30 W white 
CFL, RT, 18 h.     
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cyclisation of isoxazole 37 and thiazole 41 (entries 4 
and 6, Table 4). Finally, systems with basic nitrogens 
such as deazapurine 53, azaindole 55, and xanthine 
57[58] cyclised to give the desired products in good 
yields (60—89%, entries 12−14, Table 4).  

The malonate motif was not only useful as a reactive 
centre in the cyclisation but could be easily converted 
into the mono ester, as exemplified with indole 11 
(Scheme 2A).  This was achieved through Krapcho 
decarboxylation to give 59 and revealed a useful 
handle for further derivatisation. Extended reaction 
times yielded the fully decarboxylated product 60, 
rendering the malonate a traceless linker.  

Finally, to further showcase the utility of this 
transformation we prepared the non-steroidal anti-
inflammatory drug (NSAID) ketorolac (2), which was 
obtained from pyrrole 61 in 5 steps and 25% overall 
yield (Scheme 2B).  

 

Scheme 2. Scale-up, derivatisations and synthesis of 
ketorolac. Reagents and conditions: (a) 11 (3.6 mmol), 
optimised cyclisation conditions (vide supra); (b) 12 
(0.4 mmol), LiCl (5.0 equiv.), DMF (0.2 M), 150 °C, 2 h; 
(c) 12 (0.15 mmol), LiCl (10 equiv.), DMF (0.1 M), 150 °C, 
17 h; (d) 61 (2.0 mmol), morpholino (phenyl)methanone 
(1.5 equiv.), POCl3 (3.25 equiv.), CH2Cl2 (0.25 M), RT, 16 
h; (e) 62 (2.5 mmol), 1,2-dibromoethane (20 equiv.), KOH 
(10 equiv.), DMSO (0.4 M), RT, 2 h; (f) dimethyl malonate 
(4.0 equiv.), K2CO3 (4.0 equiv.), DMF (0.15 M), 60 °C, 2 h; 
(g) 21a (0.2  mmol), optimised cyclisation conditions (vide 
supra); (h) 22a (0.12 mmol), aq. NaOH (1 M, 2.0 equiv.), 
MeOH (0.03 M), RT, 16 h, then aq. HCl (2 M). 

Acylation of pyrrole 61 followed by N-alkylation and 
substitution provided malonate 21a. Radical 
cyclisation gave pyrrole 22a in good yield (81%), 
which upon decarboxylation provided ketorolac 2 
(87%).[55] 

Regarding the mechanism of this reaction, we 
postulate that white light irradiation promotes the 
homolytic cleavage of the C−I bond in I, yielding the 
reactive malonyl radical II (Scheme 3).[59] This then 
adds onto the vicinal heteroaromatic to form a 
stabilised allylic radical III, which can be converted 
into iodide V via abstraction of an iodine atom from a 
molecule of starting material, propagating a chain 
reaction, or via recombination with an iodine radical. 
Elimination of HI would then yield the desired product. 
Alternatively, this can also happen through an electron 
transfer within the caged radical pair to yield allyl 
cation IV, followed by elimination. This proposed 
mechanism is in line with the regiochemistry of the 
cyclisation of isoxazole 31, pyrrole 33, and thiophene 
35; and is supported by radical trapping experiments 
with TEMPO (entry 12, Table 1 and entry 13, Table 3. 
See Supporting Information, S18−19). 

 

Scheme 3. Proposed mechanism for the light-mediated 
cyclisation of iodomalonates. 

Conclusion 
In conclusion, we have developed a transition metal-
free, visible light-mediated cyclisation of malonyl 
radicals onto a wide range of heteroaromatics under 
mild conditions. This methodology allows the 
synthesis of ring systems not previously reported and 
provides access to chemical space that may be of 
interest for drug design. The utility of this 
transformation was further demonstrated through the 
synthesis of the marketed drug ketorolac. Further work 
on the light-mediated cyclisation of malonates in 
complex systems is ongoing and will be reported in 
due course. 
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Experimental Section 
General procedure for the synthesis of iodomalonates. 

To a solution of the malonate (1.0 equiv.) in dry THF 
(5 mL/mmol of substrate) cooled to −78 °C was added 
dropwise NaHMDS (1.0 M in THF, 1.2 equiv.) in the dark. 
The resulting solution was allowed to stir for 15 min at this 
temperature before the dropwise addition of N-
iodosuccinimide (1.2 equiv.) in dry degassed THF 
(5 mL/mmol of substrate) over 5 min. The mixture was then 
allowed to stir at room temperature for 5 h in the dark. After 
this time, the reaction mixture was diluted with water 
(20 mL/mmol of substrate) and extracted with EtOAc 
(3×30 mL/mmol of substrate). The combined organic layers 
were dried over MgSO4 and evaporated in vacuo. The crude 
mixture was purified by flash-chromatography. 

General procedure for the one-pot cyclisation of 
malonates. 

To a solution of the malonate (1.0 equiv.) in dry degassed 
THF (5 mL/mmol of substrate) cooled to −78 °C was added 
dropwise NaHMDS (1.0 M in THF, 1.2 equiv.) in the dark. 
The resulting solution was allowed to stir for 15 min at this 
temperature before the dropwise addition of N-
iodosuccinimide (1.2 equiv.) in dry degassed THF 
(5 mL/mmol of substrate) over 5 min. The mixture was then 
allowed to stir at room temperature for 5 h in the dark. After 
this time, TMP (2.0 equiv.) was added and the reaction 
mixture irradiated using a white 30 W CFL light (at 1.0 cm 
distance) for 16–24 h. After this time, all volatiles were 
removed in vacuo and the crude mixture purified by flash-
chromatography. 
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