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Microwave irradiation induces the 1,3-dipolar cycloaddition of cyclobutane epoxides with norbornenes
to afford [n]polynorbornane scaffolds. Greatly enhanced reaction rates and significantly reduced levels
of decomposition were observed.
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Scheme 1. General ACE reaction: E = CO2Me, R1 and R2 include aryl, alkyl, ester,
amide, carbamate and urea functionality.
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Due to their inherent conformational preorganisation, fused
[n]polynorbornane frameworks have been employed as rigid
hydrophobic scaffolds to investigate anion recognition,1 DNA bis-
intercalation2 and through-space electron transport.3 Typically,
these frameworks are constructed using Diels–Alder and other
cycloaddition reactions.1–4

A powerful tool for the synthesis of fused [n]polynorbornanes is
the stereoselective 1,3-dipolar cycloaddition of a cyclobutane
epoxide (which ring opens to form a carbonyl ylide) with a nor-
bornene alkene (alkene + cyclobutane epoxide, ACE reaction,
Scheme 1).5 Whilst the reaction tolerates a range of functional
groups,1,2,4,5 it requires elevated temperatures (110–160 �C) and
in some instances, long reaction times (up to 48 h), which can lead
to degradation of the starting materials.

Many reactions, especially cycloadditions, have been found to
proceed rapidly in high yields using microwave irradiation,6 how-
ever, to our knowledge, no reports concerning the microwave
(lw)-accelerated ACE reaction have been published. Herein, we re-
port the first example of the microwave-assisted 1,3-dipolar cyclo-
addition of cyclobutane epoxides with various norbornenes,
providing an efficient method for the synthesis of [n]polynorborn-
anes in moderate yields.

Two of the early substrates employed to study the ACE reaction
were the dimethoxynaphthalene-based epoxide 1 and norbornadi-
ene 2 (Scheme 2).5 In the original report by Russell et al. reaction
time for the thermal ACE reaction was 3 h in a sealed tube at
110 �C.5 Two solvents were noted: dichloromethane and tetrahy-
drofuran. As such our preliminary investigations also focused on
these solvents.

Using a Biotage Initiator 2.0 microwave reactor the reaction
conditions were optimised on a small scale (0.3 mmol) by varying
the reaction time and temperature (Table 1).7 Following the stated
time, the solutions were analysed by TLC and 1H NMR spectros-
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copy. Analysis by TLC indicated clean conversion of compounds 1
and 2 to [3]polynorbornane 3 or [5]polynorbornane 4 with little
evidence of decomposition in all cases, while NMR indicated a clear
change in chemical shift of the methyl ester protons of 1
(3.77 ppm) to compound 3 (3.90 ppm) or 4 (3.92 ppm) which could
be integrated to give percentage conversion.8 From this study the
optimal reaction conditions were determined to be 10 and
15 min at 180 �C for 3 and 4, respectively, using THF as solvent.
ights reserved.

Scheme 2. Synthesis of 3 and 4 by microwave-mediated ACE reaction; (i) lw,
180 �C, 10 min, THF, (ii) lw, 180 �C, 15 min, THF.



Table 1
Reaction conditions for the synthesis of 3, 4, 7 and 97

Product Solvent Temp (�C) Pressure
(PSI (bar))

Time (min) Conversiona

(%)

3 CH2Cl2 160 232 (16) 40 60
3 THF 160 203 (14) 40 55
3 THF 170 232 (16) 15 67
3 THF 180 276 (19) 10 90
4 CH2Cl2 160 232 (16) 60 69
4 THF 160 203 (14) 55 70
4 THF 170 232 (16) 25 72
4 THF 180 276 (19) 15 86
7 MeCN 140 131 (9) 10 12
7 CH2Cl2 140 189 (13) 20 11
7 THF 140 160 (11) 20 26
7 THF 160 203 (14) 10 46b

9 THF 140 160 (11) 20 35
9 CH2Cl2 140 189 (13) 20 9
9 CH2Cl2 160 247 (17) 10 47b

a Conversion was measured by NMR spectroscopy (see Supplementary data).
b Isolated yields, 44% for table entry 7 and 43% for table entry 9, following

purification using column chromatography.
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Scheme 3. Synthesis of functionalised [3]polynorbornanes 7 and 9 by the micro-
wave-mediated ACE reaction.
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The conversions obtained using these conditions were, in general,
higher than those previously observed after 3–12 h using conven-
tional methods.

Further ACE reactions employing substrates of interest to our
current research with a focus on anion recognition (Scheme 3),1,8

were studied in a similar fashion to those described above to see
if the functional groups present would tolerate microwave irradia-
tion. These results are also presented in Table 1.

It was immediately apparent from TLC analysis that the micro-
wave-assisted synthesis of 7 and 9 was far cleaner than traditional
thermal methods and this was confirmed by examination of the
crude reaction mixtures by means of 1H NMR spectroscopy. The
reaction mixture did not contain any baseline material, suggesting
little if any degradation of the starting materials had taken place,
whereas significant decomposition occurred in previous work
using conventionally heated sealed tubes at 140 �C due to the pro-
longed heating required (24–48 h) to effect reasonable amounts of
the desired products.

Whilst the dielectric constant of the solvent is often associated
with increased heating under microwave conditions,6a–c this inves-
tigation identified THF (es = 7.6) as the solvent of choice (better
than dichloromethane es = 9.1 and acetonitrile es = 36).6a The 46%
and 47% conversion to form 7 and 9, respectively, after 10 min at
160 �C using the microwave method were equivalent to those ob-
served for thermal methods taking 24–72 h at 140 �C.1 Unfortu-
nately, prolonged periods at this temperature resulted in the
thermal deprotection of the BOC groups9 thus a 10-min timeframe
was considered optimal.

Microwave irradiation can achieve ‘flash’ heating to give high
pressures and temperatures within a short period (both pressure
and temperature in the sealed tube were monitored, see Supple-
mentary data) thereby providing enough energy for the cycloaddi-
tion to take place rapidly without significant degradation of
reactants or products.6a–c,10 It is postulated that this combination
of ‘flash’ heating and high pressure contributed to the rapid con-
versions observed in this study.

As demonstrated with the additional substrates 5, 6 and 8, this
method tolerated compounds containing amides, imides, esters,
tert-butoxycarbonyl (BOC)-protected amines, but, as with the con-
ventional ACE reaction, no cycloaddition reaction occurs to steri-
cally hindered electron-poor alkenes.

In conclusion we have successfully demonstrated that, as with
other cycloadditions, microwave irradiation dramatically reduces
reaction times for the 1,3-dipolar cycloaddition of cyclobutane
epoxides with norbornenes. As such, this powerful technique offers
users a quick and convenient alternative to the conventional ther-
mal process when synthesising [n]polynorbornane frameworks.
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4. (a) Golić, M.; Johnston, M. R.; Margetić, D.; Schultz, A. C.; Warrener, R. N. Aust. J.
Chem. 2006, 59, 899–914; (b) Johnston, M. R.; Gunter, M. J.; Warrener, R. N.
Tetrahedron 2002, 58, 3445–3451; (c) Warrener, R. W.; Butler, D. N.; Russell, R.
A. Synlett 1998, 566–573; (d) Warrener, R. N.; Butler, D. N.; Margetic, D.; Pfeffer,
F. M.; Russell, R. A. Tetrahedron Lett. 2000, 41, 4671–4675.

5. Warrener, R. N.; Schultz, A. C.; Butler, D. N.; Wang, S.; Mahadevan, I. B.; Russell,
R. A. Chem. Commun. 1997, 1023–1024.

6. For excellent reviews see: (a) Lidstrom, P.; Tierney, J.; Wathey, B.; Westman, J.
Tetrahedron 2001, 57, 9225–9283; (b) de la Hoz, A.; Díaz-Ortis, A.; Moreno, A.;
Langa, F. Eur. J. Org. Chem. 2000, 22, 3659–3673; (c) Kappe, C. O. Angew Chem.,
Int. Ed. 2004, 43, 6250–6284; see also: (d) Bentabed, G.; Derdour, A.; Benhaoua,
H. Synth. Commun. 2003, 33, 1861–1866; (e) Mičúch, P.; Fišera, Ľ.; Cyrański, M.
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