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The microwave heating drastically accelerates DielseAlder cycloadditions between Danishefsky’s diene
and derivatives of ethyl a-(hydroxymethyl)acrylate whose hydroxyl group is protected with various
protective groups to give previously unknown adducts, which are necessary as intermediates for the
synthesis of a biotin conjugate of a monocyclic cyanoenone with high anti-inflammatory activity. The
reaction time is only 1 h and the average yield is approximately 80%. Compared to the traditional thermal
conditions this method requires 1/48th to 1/14th of the time and the yields are 2e7 times more.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Monocyclic cyanoenones, examined to date, display unique and
interesting features with respect to both chemical reactivity as Mi-
chael acceptors and biological potency.1,2 Among monocyclic cya-
noenones, 3-ethynyl-3-methyl-6-oxocyclohexa-1,4-dienecarb-
onitrile (MCE-1, Fig. 1) functions as a very reactive Michael accep-
tor with thiol nucleophiles. Furthermore an important feature of
MCE-1 is that its Michael addition is reversible (if the addition is
irreversible, the bioavailability would be drastically decreased by
scavenger nucleophiles, such as glutathione). Remarkably, in some
biological assays related to inhibition of inflammation and carcino-
genesis, MCE-1 ismore potent thanpentacyclic triterpenoids, CDDO
and its methyl ester, bardoxolone methyl, which has shown a sig-
nificant increase in estimated glomerular filtration rate (eGFR),
compared with no change in the placebo group in a multi-center,
double-blind, placebo-controlled Phase 2b clinical trial in type 2
diabetic patients with severe chronic kidney disease (Fig. 1)3e6 and
a tricycle, TBE-31, which is currently the most potent among semi-
synthetic pentacyclic triterpenoids and synthetic tricycles (Fig.1).7,8
Fig. 1. Structures of CDDO, bardoxolone methyl (BARD), biotinylated bardoxolone
methyl, TBE-31, and MCE-1.
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Table 1
DielseAlder reactions between Danishefsky’s diene 2 and various dienophiles 1

Entry 2 Solvent Temp (�C) Time (h) 4 Yield (%)

1 2a Toluenea 130 48 4a 25c

2 2a o-Dichlorobenzeneb 180 20 4a 45d

3 2a o-Dichlorobenzene 150 (MW) 1 4a 72c

4 2a Neat 150 (MW) 1 4a 87c

5 2b Toluenea 130 24 4e 29e

6 2b o-Dichlorobenzeneb 180 21 4b 14d

7 2b o-Dichlorobenzene 150 (MW) 1 4e 80c

8 2b Neat 150 (MW) 1 4e 77e

9 2c Toluenea 130 24 4e 12e

10 2c o-Dichlorobenzene 150 (MW) 1 4c 74c

11 2c Neat 150 (MW) 1 4c 82c

12 2d Toluenea 130 24 4d 36c

13 2d o-Dichlorobenzeneb 180 14 4d 25d

14 2d o-Dichlorobenzene 150 (MW) 1 4d 85c

15 2d Neat 150 (MW) 1 4d 76c

16 2e o-Dichlorobenzeneb 180 18 d d

17 2e o-Dichlorobenzene 150 (MW) 1 4e 29c

18 2e o-Dichlorobenzene 180 (MW) 1 4e 76c

19 2e Neat 150 (MW) 1 d d

MW: microwave heating; d: no adduct was produced.
a In a sealed tube.
b Under reflux.
c Adduct 4 was obtained from 3 with PPTS in THF at 60 �C for 2 h.
d Adduct 4 was directly obtained from the cycloaddition without CSA or PPTS.
e Adduct 4 was obtained from 3 with CSA in THF at 60 �C for 2 h.
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For the clarification of the mechanisms, identification of the
protein targets is essential. Two protein targets of bardoxolone
methyl were identified using its biotin conjugate, biotinylated bar-
doxolone methyl (Fig. 1).9e11 Based on the structure of the biotin
conjugate, we have designed a new biotin conjugate 6 (Scheme 1) for
identifying the protein targets of MCE-1, which can be synthesized
from a new compound 5. For our projected synthesis, previously
unknown compounds 4 are necessary as the intermediates. We have
envisioned thatDielseAlder reactions betweenDanishefsky’s diene1
andderivatives of ethyla-(hydroxymethyl)acrylate2whosehydroxyl
group is protected with various protective groups, followed by
deprotection, would give new adducts 4 via 3 (Scheme 1). However,
the traditional thermal conditions of the DielseAlder reaction gave
desired adducts 4 only in very low yield (see Table 1), while the cy-
cloadditions between methacrylic acid derivatives 7 [(R0¼Me and
R00¼CO2Me, CHO, CN) and (R0¼CH(OTBS)Me and R00¼CO2Me)], whose
structures are similar to those of 2, and diene 1 under the same
conditions gave the adducts 9 in good yields (86e100%).2,12 Also,
Lewis acid catalyzed conditionsdidnot give the adducts probably due
to the instability of diene 1 under the conditions.

Scheme 1. Reagents and conditions: (a) heat, solvents; (b) CSA or PPTS, THF at 60 �C;
(c) CSA, Et2O at rt.
In the past few years, microwave-assisted organic synthesis has
been an increasingly popular theme in the scientific community.
DielseAlder reactions have been successful with the aid of micro-
wave heating, as they require, in many cases, the use of high tem-
peratures, long reaction times, and high pressures.13e16 However,
only a few reports about the microwave-assisted cycloadditions
using Danishefsky’s diene 1 have been published.17 During the
exploration of our projected synthesis of 6, we found that micro-
wave heating strongly accelerates our DielseAlder cycloadditions
to give adducts 3 in very good yield whilst the thermal and Lewis
acid catalytic conditions do not. Thus, we have extensively in-
vestigated these reactions using several dienophiles 2aee. In each
case, we have observed drastic differences between the traditional
methods and the microwave conditions. Herein, we report the
DielseAlder cycloadditions between Danishefsky’s diene 1 and
derivatives of ethyl a-(hydroxymethyl)acrylate 2 under the micro-
wave conditions.

2. Results and discussion

Known dienophiles 2a,18 2b,19 and 2d20 were synthesized from
the known ethyl a-(hydroxylmethyl)acrylate (2e),21 which was
obtained from ethyl acrylate and formaldehyde. New dienophile 2c
was synthesized in 97% yield from 2ewith SEMCl in the presence of
ethyldiisopropylamine in CH2Cl2.

Initially we tried to prepare a new adduct 4a whose hydroxyl
group is protected with a TBS group because we considered that this
adduct is the most appropriate intermediate for the synthesis of 5
among various protected adducts 4aed. However, adduct 4a was
obtained in only 25% yield by the cycloaddition between 1 and 2a in
toluene in a sealed tube (at 130 �C) for 48 h, followed by removal of
the protective groups with PPTS in THF (at 60 �C) for 2 h (entry 1 in
Table 1). Even higher temperature conditions (in o-dichlorobenzene
under reflux at 180 �C for 20 h) gave 4a inmoderate yield (45%, entry
2). We speculated that this cycloaddition does not give 4a in good
yieldbecause theTBSgroup is bulky. Secondly,weuseddienophile2b
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with a TMS group, which is less bulky than a TBS group, but the
thermal conditions, with toluene in a sealed tube at 130 �C and in o-
dichlorobenzene under reflux (180 �C), gave 4e (after deprotection
with (þ)-10-camphorsulfonic acid (CSA)) and 4b (directly obtained
without deprotectionprocedure) in lowyields, respectively (entries 5
and 6). Thirdly, althoughweused 2cwith a SEMgroup,which ismore
stable than a TMS group and less bulky than a TBS group, the thermal
conditions gave 4ewhose SEM group was removed in only 12% yield
(entry9).Dienophiles2aechave silyloxyprotective groups (electron-
donatinggroups) at C3position. Thus,weprepared2d from2e,which
has an acetoxygroup (an electron-withdrawing group) at C3 position
because the electronic effect at this position might affect the re-
activity of the dienophiles. However, 2d gave 4d in low yields under
the thermal conditions (entries 12 and 13). Finally, we concluded that
the traditional thermal conditions would not give adducts 4 in good
yield and that we should discontinue this sequence for the synthesis
of 5 and subsequent synthesis of biotin conjugate 6 if improvement
on the cycloaddition reactions is not successful.

Although therewere notmany successful examples ofmicrowave-
assisted DielseAlder reactions using Danishefsky’s diene 1,16,17 we
selected this method for our cycloadditions. Remarkably, under the
microwave heating conditions (at 150 �C for 1 h), followed by
deprotection with PPTS in THF (at 60 �C) for 2 h, the cycloaddition
between 1 and 2awith o-dichlorobenzene or without a solvent gave
4a in 72% and87%yields, respectively (entries 3 and 4). In comparison
with the thermal conditions, the yield is 1.5e3.5 times higher and the
reaction time is 20e48 times shorter. Other dienophiles 2bed gave
the corresponding adducts4cee (after deprotection)with a solvent or
without a solvent under the microwave conditions (at 150 �C for 1 h)
in much better yields (2e7 times) and much shorter times (14e24
times) than the thermal conditions (entries 7, 8, 10, 11, 14, and 15).
Importantly, while ethyl a-(hydroxymethyl)acrylate (2e) did not give
the adduct under the thermal conditions at all (entry 16), 2e gave the
adduct 4e with o-dichlorobenzene under the microwave conditions
(at 150 �C for 1 h) in 29% yield (entry 17). Notably, higher temperature
conditions with o-dichlorobenzene (at 180 �C for 1 h) drastically in-
creased the yield (76%, entry 18). However, under the neat conditions
with the microwave heating, no adduct was obtained (entry 19),
whilst dienophiles 2aed gave the adducts in high yield under the
same conditions. We speculated that diene 1 might be decomposed
under the neat conditions before it gives the adduct with the dien-
ophile 2e because 2e is less reactive than other dienophiles (indeed,
only 2e did not give the adduct under the thermal conditions).

3. Conclusion

While the DielseAlder cycloadditions between Danishefsky’s
diene 1 and methacrylic acid derivatives 7, whose structures are
similar to those of derivatives of ethyl a-(hydroxymethyl)acrylate 2,
under the traditional thermal conditions gave the adducts 9 in good
yields,1 and 2 gave the adducts only in very low yields. Notably, we
found that the microwave heating drastically accelerates the cy-
cloadditions between 1 and dienophiles 2 to give the previously
unknown adducts 4. The reaction time is only 1 h and the average
yield is approximately 80%. Compared to the traditional thermal
conditions this method requires 1/48th to 1/14th of the time and
the yields are 2e7 times more. The synthesis of 5 and 6 using 4a as
the intermediate is in progress.

4. Experimental section

4.1. General procedures

All micro-wave assisted DielseAlder reactions were carried out
in a CEM SP-1372D microwave reactor with an infrared tempera-
ture sensor. All NMR spectra were recorded on a Bruker Avance 400
NMR spectrometer (400 MHz for 1H and 100 MHz for 13C). The
chemical shifts are reported in d (ppm) using the d 7.27 signal of
CHCl3 (1H NMR) and the d 77.23 signal of CDCl3 (13C NMR) as in-
ternal standards for deuterated chloroform. Coupling constants are
reported in hertz (Hz) and the apparent multiplicity is described as
s¼singlet, d¼doublet, t¼triplet, q¼quartet, andm¼multiplet. High-
resolution mass spectroscopy data were obtained by an Agilent
6224AA TOF LC/MS system. Precoated TLC plates with silica gel 60
F254 were used for TLC. Flash column chromatography was per-
formed with silica gel (230e400 mesh). All experiments were
performed under a nitrogen atmosphere. All solvents (analytical
grade) including anhydrous solvents and reagents were used as
received. All references to ‘water’ correspond to reverse osmosis
deionized (RODI) water. All references to ‘brine’ refer to a saturated
aqueous sodium chloride solution. The term ‘in vacuo’ refers to
solvent removal by rotary evaporation followed by a lower pressure
environment (�0.2 Torr).

4.2. Ethyl 2-(((2-(trimethylsilyl)ethoxy)methoxy)methyl)
prop-2-enoate (2c)

To a solution of ethyl a-(hydroxylmethyl)acrylate (2e, 500 mg,
3.9 mmol) and i-PrNEt2 (1.4 mL, 7.7 mmol, 2 equiv) in CH2Cl2
(61 mL) was added SEMCl (775 mg, 4.7 mmol, 1.2 equiv) in an ice-
bath. The mixture was stirred in the ice-bath for 1 h and then at rt
for overnight. The reaction was quenched with water (10 mL). The
organic phase was washed with brine (10 mL�2), dried over
MgSO4, filtered, and concentrated in vacuo to give a residue, which
was purified by flash column chromatography [hexane/EtOAc
(10:1)] to afford 2e (1 g, 97%) as a colorless oil: dH (400 MHz, CDCl3)
6.30 (d, J¼1.5 Hz, 1H), 5.86 (d, J¼1.8 Hz, 1H), 4.73 (s, 2H), 4.29 (t,
J¼1.5 Hz, 2H), 4.25 (q, J¼7.2 Hz, 2H), 3.64 (m, 2H), 1.3 (t, J¼7.2 Hz,
3H), 0.95 (m 2H), 0.02 (s, 9H); dC (100 MHz, CDCl3) 166.0, 137.6,
126.0, 94.6, 66.0, 65.5, 60.9, 18.3, 14.4, �1.2; HRMS (ESI-TOF) calcd
for C12H24O4SiNa [MþNa]þ, 283.1336; found, 283.1340.

4.3. Ethyl 4-oxo-1-(((trimethylsilyl)oxy)methyl)cyclohex-2-
enecarboxylate (4b)

A mixture of ethyl 2-(((trimethylsilyl)oxy)methyl)prop-2-
enoate (2b, 101 mg, 0.5 mmol) and Danishefky’s diene (1, 103 mg,
0.6 mmol, 1.2 equiv) in o-dichlorobenzene (0.5 mL) was heated
under reflux (at 180 �C) for 21 h. o-Dichlorobenzene was removed
in vacuo to give a residue, which was purified by flash column
chromatography [hexane/EtOAc (3:1)] on silica gel to give 4b as an
oil (19 mg, 14%): dH (400 MHz, CDCl3) 6.94 (d, J¼9.3 Hz, 1H), 6.12 (d,
J¼10.2 Hz, 1H), 4.24 (m, 2H), 3.85 (d, J¼11.1 Hz, 1H), 3.79 (d,
J¼11.1 Hz, 1H), 2.48e2.64 (m, 2H), 2.30e2.48 (m, 1H), 2.00e2.20
(m, 1H), 1.29 (t, J¼6.9 Hz, 3H), 0.07 (s, 9H); dC (100 MHz, CDCl3)
198.8, 172.4, 148.8, 130.3, 67.8, 61.6, 50.6, 34.6, 27.9, 14.4, �0.5;
HRMS (ESI-TOF) calcd for C13H23O4Si [MþH]þ, 271.1360; found,
271.1361.

4.4. General procedures for microwave-assisted DielseAlder
reactions

A mixture of dienophile 2 (0.5 mmol) and Danishefky’s diene (1,
103 mg, 0.6 mmol, 1.2 equiv) without a solvent or in o-di-
chlorobenzene (0.5 mL) was heated in the microwave reactor at
150 �C for 1 h. After that, to the reaction mixture (if o-di-
chlorobenzene was used, after it was removed in vacuo) was added
THF (5 mL). To the resulting solution was added PPTS (125 mg,
1.37 equiv) or CSA (130 mg, 1.37 equiv). The mixture was heated at
60 �C for 2 h. After the mixture was cooled down, it was diluted
with CH2Cl2/Et2O (1:2, 100 mL). The solution was washed with
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water (30 mL�2) and brine (30 mL�1), dried over MgSO4, filtered,
and concentrated in vacuo to give a crude adduct 4.

4.4.1. Ethyl 1-(((tert-butyldimethylsilyl)oxy)methyl)-4-oxocyclohex-
2-enecarboxylate (4a). The crude residue, which was obtained
without a solvent in the microwave reactor, was purified by flash
column chromatography [hexane/EtOAc (3:1)] on silica gel to give
4a as an oil (136 mg, 87%): dH (400 MHz, CDCl3) 6.99 (d, J¼10.2 Hz,
1H), 6.08 (d, J¼10.5 Hz,1H), 4.20 (m, 2H), 3.89 (d, J¼9.3 Hz, 2H), 3.74
(d, J¼9.3 Hz, 1H), 2.32e2.52 (m, 3H), 2.02 (ddd, J¼5.7, 9.6, 13.2 Hz,
1H), 1.28 (t, J¼7.2 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 6H); dC (100 MHz,
CDCl3) 198.9, 172.4, 148.8, 130.3, 68.3, 61.7, 50.8, 34.7, 28.0, 25.8,
18.3, 14.4, �5.5; HRMS (ESI-TOF) calcd for C16H29O4Si [MþH]þ,
313.1830; found, 313.1830. The consistent data of the elemental
analysis were obtained after 4a was converted to 4e (see the ana-
lytical data of 4e below).

4.4.2. Ethyl 4-oxo-1-(((2-(trimethylsilyl)ethoxy)methoxy)methyl)cy-
clohex-2-enecarboxylate (4c). The crude residue, which was ob-
tained without a solvent in the microwave reactor, was purified by
flash column chromatography [hexane/EtOAc (3:1)] on silica gel to
give 4c as an oil (136 mg, 82%): dH (400 MHz, CDCl3) 6.95 (d,
J¼10 Hz, 1H), 6.08 (d, J¼10 Hz, 1H), 4.66 (s, 3H), 4.21 (q, J¼7.2 Hz,
2H), 3.78 (d, J¼11.2 Hz, 1H), 3.70 (d, J¼11.6 Hz, 1H), 3.58 (m, 2H),
2.38e2.58 (m, 2H), 2.09 (ddd, J¼6.4, 11.6, 14.8 Hz, 1H), 1.27 (t,
J¼7.2 Hz, 3H), 0.93 (m, 2H), 0.17 (s, 9H); dC (100 MHz, CDCl3) 198.5,
177.1, 148.3, 130.5, 95.2, 65.6, 61.8, 49.1, 34.6, 28.4, 18.2, 14.4, �1.2;
HRMS (ESI-TOF) calcd for C16H28O5SiNa [MþNa]þ, 351.1598; found,
351.1591.

4.4.3. Ethyl 1-(acetoxymethyl)-4-oxocyclohex-2-enecarboxylate
(4d). The crude residue, which was obtained in o-dichloro-
benzene in the microwave reactor, was purified by flash column
chromatography [hexane/EtOAc (4:1)] on silica gel to give 4d as an
oil (103 mg, 85%): dH (400 MHz, CDCl3) 6.88 (dd, J¼1.2, 10.5 Hz, 1H),
6.12 (d, J¼10.2 Hz, 1H), 4.38 (d, J¼10.8 Hz, 1H), 4.18e4.28 (m, 3H),
2.40e2.64 (m, 3H), 2.08 (s, 3H), 2.02e2.16 (m, 1H), 1.29 (t, J¼7.2 Hz,
3H); dC (100 MHz, CDCl3) 197.9, 171.2, 170.4, 146.6, 131.0, 67.6, 62.0,
48.1, 34.2, 28.2, 20.7, 14.2; HRMS (ESI-TOF) calcd for C12H17O5
[MþH]þ, 214.1071; found, 214.1073.

4.4.4. Ethyl 1-(hydroxymethyl)-4-oxocyclohex-2-enecarboxylate (4e).
A mixture of ethyl a-(hydroxymethyl)acrylate (2e, 65 mg,
0.5 mmol) and Danishefky’s diene (1, 103 mg, 0.6 mmol, 1.2 equiv)
in o-dichlorobenzene (0.5 mL) was heated at 180 �C for 1 h in the
microwave reactor. After o-dichlorobenzene was removed in vacuo,
THF (5 mL) was added. To the resulting solution was added PPTS
(125 mg, 1.37 equiv). The mixture was heated at 60 �C for 2 h. After
the mixture was cooled down, it was diluted with CH2Cl2/Et2O (1:2,
100 mL). The solution was washed with water (30 mL�2) and brine
(30 mL�1), dried over MgSO4, filtered, and concentrated in vacuo to
give a residue, which was purified by flash column chromatography
[hexane/EtOAc (1:1)] on silica gel to give 4e as an oil (76 mg, 76%).
Found: C, 59.80; H, 7.24. C10H14O4$1/6H2O requires C, 59.69; H, 7.18.
dH (400 MHz, CDCl3) 6.93 (dd, J¼0.9, 10.2 Hz, 1H), 6.13 (d, J¼10.2 Hz,
1H), 4.25 (q, J¼7.2 Hz, 2H), 3.85 (d, J¼10.8 Hz, 1H), 3.79 (d,
J¼10.8 Hz, 1H), 2.04e2.32 (m, 3H), 2.10 (ddd, J¼5.4, 9.6, 13.5 Hz,
1H), 1.94 (brs, 1H), 1.30 (t, J¼7.2 Hz, 3H); dC (100 MHz, CDCl3) 198.9,
172.9, 148.2, 130.5, 67.1, 61.9, 50.2, 34.2, 27.7, 14.2; HRMS (ESI-TOF)
calcd for C10H15O4 [MþH]þ, 199.0965; found, 199.0965.
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