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Microwave-assisted organic synthesis in nonpolar solvents is investigated utilizing cylinders of sintered
silicon carbide (SiC)-a chemically inert and strongly microwave absorbing mateiaal passive heating
elements (PHESs). These heating inserts absorb microwave energy and subsequently transfer the generated
thermal energy via conduction phenomena to the reaction mixture. The use of passive heating elements
allows otherwise microwave transparent or poorly absorbing solvents such as hexane, carbon tetrachloride,
tetrahydrofuran, dioxane, or toluene to be effectively heated to temperatures far above their boiling points
(200—250 °C) under sealed vessel microwave conditions. This opens up the possibility to perform
microwave synthesis in unpolar solvent environments as demonstrated successfully for several organic
transformations, such as Claisen rearrangements,-Diddier reactions, Michael additionbl-alkylations,

and Dimroth rearrangements. This noninvasive technique is a particularly valuable tool in cases where
other options to increase the microwave absorbance of the reaction medium, such as the addition of
ionic liquids as heating aids, are not feasible due to an incompatibility of the ionic liquid with a particular
substrate. The SiC heating elements are thermally and chemically resistant t6CL&@0 compatible

with any solvent or reagent.

Introduction product yields, and enhance product purities by reducing
unwanted side reactions compared to conventional synthetic
methods.—3 Although there is still considerable debate and
speculation on the nature and/or the existence of so-called
“nonthermal” microwave effects that could provide a rational-

The use of microwave energy to heat chemical reactions has
become an increasingly popular technique in the scientific
community, as evidenced by the large number of review articles

and books published on this subjéc. In many instances, ization for some of the observed phenométizre is little doubt

controlled microwave heating under sealed vessel conditions - : . . .

: - . that microwave heating will become a standard technique in
has been shown to dramatically reduce reaction times, increase : .

most laboratories within a few years. The many advantages of

* To whom the correspondence should be addressed. Phb#8:316-380- this e_nab“ng te_Chn0|Ogy have _nOt Only been epr0|_te_d for
5352. Fax: +43-316-380-9840. organic synthesis (MAOS)2 and in the context of medicinal

(1) Books: (ajMicrowave-Enhanced Chemistry. Fundament&ample chemistry/drug discoveryput have also penetrated fields such
Preparation and ApplicationsKingston, H. M., Haswell,S. J., Eds,;
American Chemical Society: Washington, DC, 1997. Khgrowaves in
Organic SynthesjsLoupy, A., Ed.; Wiley-VCH: Weinheim, Germany, (2) Recent reviews: (a) Kappe, C. @ngew. Chemlnt. Ed.2004 43,
2002. (c) Hayes, B. LMicrowave SynthesisChemistry at the Speed of = 6250 and references therein. (b) Hayes, BAldrichim. Acta2004 37,
Light; CEM Publishing: Matthews, NC, 2002d) Microwave-Assisted 66. (c) Roberts B. A.; Strauss C. Rcc. Chem. Re005 38, 653.
Organic SynthesjsLidstrom, P., Tierney, J. P., Eds.; Blackwell Publish- (3) (a) De La Hoz, A.; Diaz-Ortiz, A.; Moreno, AChem. Soc. Re2005
ing: Oxford, UK, 2005 (e) Kappe, C. O.; Stadler, AMicrowaves in 34,164. (b) Perreux, L.; Loupy, ATetrahedror2001, 57, 9199. (c) Kuhnert,
Organic and Medicinal ChemistryWiley-VCH: Weinheim, Germany, N. Angew. Chemint. Ed.2002 41, 1863. (d) Strauss, C. Rngew. Chem.
2005. Int. Ed. 2002 41, 3589.
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as polymer synthesfsmaterial sciencespanotechnology,and
biochemical processés.

Microwave chemistry generally relies on the ability of the
reaction mixture to efficiently absorb microwave energy, taking

Kremsner and Kappe

run on a small scale (1 mmol) in toluene at 18D, a solvent
change to the significantly more polar trifluoromethylbenzene
was required for carrying out the same reaction on a larger scale
in the same microwave instrument (max power 300 W) due to

advantage of “microwave dielectric heating” phenomena such the poor microwave coupling characteristics of toluene {an

as dipolar polarization or ionic conduction mechaniimmost

= 0.040)1°

cases this means that the solvent used for a particular transfor- Alternatively, instead of switching entirely to a polar solvent
mation must be microwave absorbing. The ability of a specific it sometimes suffices to add small quantities of a strongly
solvent to convert microwave energy into heat at a given microwave absorbing (polar) solvent to an otherwise low
frequency and temperature is determined by the so-called lossabsorbing solvent or reaction mixture to achieve similar effects.

tangent (tard), expressed as the quotient, @&ar= ¢'"'/¢', where

€' is the dielectric loss, indicative of the efficiency with which
electromagnetic radiation is converted into heat, &nid the
dielectric constant, describing the ability of molecules to be
polarized by the electric field A reaction medium with a high

As has been demonstrated by Ondruschka and co-wofkars,
20% solution of 2-propanol in hexane absorbs microwave
irradiation with an efficiency that is comparable to that of pure
2-propanol (tad = 0.799), with hexane being nearly microwave
transparent (tard = 0.020). Similarly, dilute solutions of

tan 0 at the standard operating frequency of a microwave standard inorganic salts can be used to dramatically improve
synthesis reactor (2.45 GHz) is required for good absorption the comparatively moderate microwave absorbance of water (tan

and, consequently, for efficient heating.

6 = 0.123)91213

In general, solvents used for microwave synthesis can be One of the most elegant techniques in this context is the use

classified as high (tan > 0.5, for example: ethanol, DMSO,
methanol, formic acid), medium (tah0.1-0.5, for example:

of room temperature ionic liquids, which are very strongly
microwave absorbing, as heating aids. As has been demonstrated

acetic acid, 1,2-dichlorobenzene, NMP, DMF, water), and low by Ley and co-workers in 2001, the addition of only small

microwave absorbing (tad < 0.1, for example: chloroform,
ethyl acetate, THF, dichloromethane, toluene, hexah@ther

amounts of an ionic liquid (ca. 5%) sufficed to modify the
dielectric properties of toluene to an extent that superheating

common solvents without a permanent dipole moment such asto high temperatures (28220 °C) by microwaves in a sealed
carbon tetrachloride, benzene, and dioxane are more or less/essel reactor became possible&Subsequent detailed studies
microwave transparent. Therefore, microwave synthesis in low- by Leadbeatet? Ondruschkd® and other¥’ established the
absorbing or microwave-transparent solvents is often not general usefulness of this methodology for microwave-assisted
feasible, unless either the substrates or some of the reagentsdrganic synthesis employing nonpolar solvefits.

catalysts are strongly polar and therefore microwave absorbing,

It is obvious, however, that all of the above-mentioned

raising the overall dielectric properties of the reaction medium “invasive” methods have a severe disadvantage in that the
to a level that allows sufficient heating by microwaves. Since polarity of the original solvent system is inadvertently being

this is not always the case, many nonpolar solvents, that havemodified. Clearly, there are situations where it is desirable or
proven to be very useful and are popular in conventional even a necessity to perform a particular reaction in a genuinely
chemistry, are potentially precluded from use as solvents in nonpolar solvent in the absence of any polar additives. In

microwave synthesis.

particular, the use of ionic liquids is sometimes incompatible

To overcome the problem of low microwave absorption, the with certain reaction types and even small amounts of an ionic
original solvent choice for a particular reaction sometimes has liquid may prevent specific reaction pathways (see belf&w).
to be compromised, requiring a change to a more polar, betterFurthermore, recent evidence suggests that under high-temper-
microwave absorbing solvent instead. A recent example was ature microwave irradiation conditions some ionic liquids will
reported by Maes and co-workers in the context of a scale-up decompose in the presence of nucleoptifes.

study involving a microwave-assisted Buchwaldartwig ami-
nation1® While the amination was successfully optimized and

Looking for noninvasive alternatives, we have explored the
use of passive heating elements (PHESs) as additives to poorly

(4) For reviews, see: (a) Larhed, M.; Hallberg,2rug Discaery Today
2001, 6, 406. (b) Wathey, B.; Tierney, J.; Lidstrg P.; Westman, Drug
Discovery Today2002 7, 373. (c) Al-Obeidi, F.; Austin, R. E.; Okonya, J.
F.; Bond, D. R. SMini-Rev. Med. Chem2003 3, 449. (d) Shipe, W. D.;
Wolkenberg, S. E.; Lindsley, C. WDrug Disavery Today Technol.2005
2, 155. (e) Kappe, C. O.; Dallinger, Nature Re. Drug Discaery 2006
5, 51.

(5) For reviews, see: (a) Bogdal, D.; Penczek, P.; Pielichowski, J.;
Prociak, A.Adv. Polym. Sci2003 163 193. (b) Wiesbrock, F.; Hoogen-
boom, R.; Schubert, U. $4acromol. Rapid Commur2004 25, 1739.

(6) For reviews, see: (a) Barlow, S.; Marder, S.ARlv. Funct. Mater.
2003 13, 517. (b) Zhu, Y.-J.; Wang, W. W.; Qi, R.-J.; Hu, X.-Angew.
Chem, Int. Ed. 2004 43, 1410.

(7) For a review, see: Tsuji, M.; Hashimoto, M.; Nishizawa, Y.;
Kubokawa, M.; Tsuji, T.Chem. Eur. J2005 11, 440.

(8) (a) Orrling, K.; Nilsson, P.; Gullberg, M.; Larhed, i@hem. Commun.
2004 790. (b) Zhong, H.; Zhang, Y.; Wen, Z.; Li, INature Biotechnol.
2004 22, 1291. (c) Zhong, H.; Marcus, S. L.; Li, L1. Am. Soc. Mass
Spectrom2005 16, 471.

(9) (a) Gabriel, C.; Gabriel, S.; Grant, E. H.; Halstead, B. S.; Mingos,
D. M. P.Chem. Soc. Re 1998 27, 213. (b) Mingos, D. M. P.; Baghurst,
D. R. Chem. Soc. Re 1991, 20, 1. See also refs-13.

(10) Loones, K. T. J.; Maes, B. U.; Rombouts, G.; Hostyn, S.; Diels, G.
Tetrahedron2005 61, 10338.
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(11) Nichter, M.; Mler, U.; Ondruschka, B.; Tied, A.; Lautensché,
W. Chem. Eng. TechnoR003 26, 1207.

(12) Neas, E.; Collins, Mintroduction to Microware Sample Prepara-
tion: Theory and PracticeKingston, H. M., Jassie, L. B., Eds.; American
Chemical Society: Washington, DC, 1988.

(13) Kremsner, J. M.; Kappe, C. @&ur. J. Org. Chem2005 17, 3672.

(14) (a) Ley, S. V.; Leach, A. G.; Storer, R.J. Chem. So¢.Perkin
Trans 12001, 358. (b) Baxendale, I. R.; Lee, A.-L.; Ley, S. Bynlet2001,
1482.

(15) Leadbeater, N. E.; Torenius, H. NI. Org. Chem2002 67, 3145.

(16) Hoffman, J.; Nehter, M.; Ondruschka, B.; Wasserscheid@reen
Chem.2003 5, 296.

(17) Van der Eycken, E.; Appukkuttan, P.; De Borggraeve, W.; Dehaen,
W.; Dallinger, D.; Kappe, C. OJ. Org Chem2002 67, 7904.

(18) For recent reviews, see: (a) Leadbeater, N. E.; Torenius, H. M.;
Tye, H. Comb. Chem. High Throughput Screenig04 7, 511. (b)
Habermann, J.; Ponzi, S.; Ley, S. Mini-Rev. Org. Chem2005 2, 125.

(19) Silva, A. M. G.; TomeA. C.; Neves, M. G. P. M. S.; Cavaleiro, J.
A. S.; Kappe, C. OTetrahedron Lett2005 46, 4723. In the particular
cycloaddition studied in this paper it was found that small amounts of an
ionic liquid (bmimPF) used as doping reagent led to complete decomposi-
tion of the starting material and therefore inhibited the desired reaction
pathway.

(20) Glenn, A. G.; Jones, P. Betrahedron Lett2004 45, 6967.
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microwave absorbing reaction mixtures. PHEs are chemically the solvent temperature with use of the quartz vessel, whereas
inert and strongly microwave absorbing materials (“microwave the temperature of the carbon tetrachloride was raised to 109
susceptors”) that transfer the generated thermal energy to the’C in the Pyrex vessel by conductive heating via the hot glass
nonpolar solvent through conduction and convection to allow surface (Figure S1 in the Supporting Information). To be sure
efficient heating. The use of such devices, available in a variety to monitor the correct temperature of the solvent (and not of
of different sizes and geometric forms, is not uncommon in the the vessel) we have employed a fiber-optic probe directly
field of analytical chemistry and in microwave-assisted solvent immersed into the solvent contained in the reaction vé8sél,
extractions where the use of nonpolar solvents is often requiredand not the standard method of monitoring the outside surface
to extract specific target analyt®s.In microwave-assisted  temperature of the microwave vessel by a calibrated remote IR
organic synthesis (MAOS) their use so far has been extremely sensor. In case of a microwave transparent medium contained
rare and is not well documentég. in the self-absorbing Pyrex vessel, the indirect IR method
Here we describe the use of a novel and superior type of typically records a higher (erroneous) temperature value as
passive heating element for microwave chemistry, made from compared to the direct temperature measurement in the reaction
sintered silicon carbide that is chemically completely inert, vessel by a fiber-optic probe (Figure S2 in the Supporting
strongly microwave absorbing, and due to its high melting point |Information). For most of our subsequent experiments this
(ca. 2700°C) and very low thermal expansion coefficient can combination of microwave transparent quartz reaction vessels
be employed at extremely high temperatures. In this article we and direct fiber-optic temperature measurements was utitized.
demonstrate the practical use of this virtually indestructible and For high microwave absorbing reaction media (polar solvents
fully recyclable material in microwave-assisted organic synthesis or mixtures containing passive heating elements), however, the

and hlghllght its application for a variety of different transfor- use of quartz vessels and fiber-optic probes is not required
mations employing both single-mode and multimode microwave (Figure S3 in the Supporting Information).

reactors. To compare the efficiency of passive heating elements with

the invasive techniques described above and to provide a
consistent data set for the different methods, we first set out to
Temperature Measurements. To carefully explore the reevaluate several of the known heating aids used in microwave

heating characteristics of nonpolar solvents in the presence andyNthesis using the validated experimental setup described
absence of PHEs or other doping agents, we first investigatedabOVe- Tr_le_ results of those studles_lnvestlgatlng _the he_atlng
the use of a suitable reaction vessel and temperature measurecharacteristics of carbon tetrachloride doped with various
ment device for our studies. On the basis of our previous @mounts of ethanol, water doped with NaCl or tetrabutylam-
experience with low-absorbing solvents under microwave condi- Monium bromide (TBAB), and mixtures of the ionic liquid
tions24it became rather obvious that the standard Pyrex reaction N-butyl-N'-methylimidazolium hexafluorophosphate (bmingPF
vessels used in the currently available single-mode microwave With hexane are discussed in detail in the Supporting Information
instruments are not microwave transparent and will absorb a (Figures S4S8). Indeed, all those methods allow the rapid
significant amount of microwave energy, thereby acting as heating of otherwise low-absorbing solvents to practically useful
“passive heating elements” in their own right2é This was temperatures by microwave irradiation. In particular ionic liquids
easily demonstrated by comparing the heating profiles of are very powerful heating aids for microwave synthesis as
microwave transparent carbon tetrachloride in a standard &lready reported by several research grodp¥, but we find
microwave Pyrex vessel and in a custom-made quartz vesseltheir use in conjunction with nonpolar solvents sometimes to
of exactly the same geometry. Irradiagim 4 mL sample of ~ be problematié’

solvent in a single-mode instrument at 150 W constant mag- Passive Heating ElementsBecause of the inherent disad-
netron output power for 5 min led to no measurable increase in vantages of employing invasive heating aids that change the
polarity of the solvent system, and additionally may contaminate
the reaction mixture in an undesired way, we have subsequently
looked at the performance of passive heating elements (PHES)
in raising the temperature of nonpolar solvents under microwave
irradiation conditions. A careful evaluation of the currently

Results and Discussion

(21) (a) Nichter, M.; Ondruschka, B.; Fischer, B.; Tied, A.; Lauten-
schlager, W.Chem. Eng. Technok005 77, 171. (b) Nichkova, M.; Park,
E.-K.; Koivunen, M. E.; Kamita, S. G.; Gee, S. J.; Chuang, J.; Van Emon,
J. M.; Hammock, B. D.Talanta2004 63, 1213. (c) Bjoklund, E.; von
Holst, C.; Anklam, E.Trends Anal. Chem2002 21, 39. (d) Camel, V.
Trends Anal. Chen200Q 19, 229. (e) For applications in microwave drying,
see: Link, D. D.; Kingston, H. M.; Hauvrilla, G. J.; Colletti, L. RAnal.
Chem.2002 74, 1165. (f) For applications in microwave digestion, see:
Han, Y.; Kingston, H. M.; Richter, R. C.; Pirola, @nal. Chem2001, 73,
1106.

(27) While investigating the behavior of ionic liquids under microwave
irradiation conditions we discovered one additional problem of using these
materials in conjunction with nonpolar solvents. In many instances the ionic

(22) To the best of our knowledge, the utilization of such heating inserts
(generally made out of fluoropolymers doped with graphite or carbon black,
ref 29) in the context of microwave synthesis has to date only been
mentioned in footnotes in three recent publications dealing with microwave-

liquid will not be soluble in the nonpolar solvent, even at higher

temperatures. While this may be of advantage for subsequent product
isolation (the product being extracted to the nonpolar solvent), this creates
a significant problem in terms of temperature measurement and reproduc-

assisted pericyclic rearrangements in nonpolar solvents by the groups ofibility under microwave conditions. By heating a biphasic system consisting

Davies and Barriault, respectively (ref 23).

(23) (a) Davies, H. M. L.; Beckwith, R. E. J. Org. Chem2004 69,
9241. (b) Barriault, L.; Denissova, @rg. Lett.2002 4, 1371. (c) Morency,
L.; Barriault, L. J. Org. Chem2005 70, 8841.

(24) Garbacia, S.; Desai, B.; Lavastre, O.; Kappe, CJ.GDrg. Chem.
2003 68, 9136.

(25) A similar observation was made by Maes and co-workers with

of immiscible solvents with vastly different loss tangents, differential heating
will occur (ref 28). Depending on where and how the “reaction temperature”
is measured, different values will be obtained (Figure S8 in the Supporting
Information). The problem is aggravated by the fact that (single-mode)
microwave reactors from different vendors either measure the temperature
by IR sensor from the bottom or from the side, therefore in one case
measuring the temperature of the (very hot) ionic liquid phase, in the other

reaction vessels used in a multimode microwave instrument. See ref 10 for case monitoring the temperature of the (cooler) organic layer for the same

details.
(26) Leadbeater, N. E.; Pillsbury, S. J.; Shanahan, E.; Williams, V. A.
Tetrahedron2005 61, 3565.

process. We therefore recommend to use ionic liquids that are soluble in
the solvent system of choice in order to avoid these problems (see refs 17
and 24).
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available materials Weflon and Carbofl&hpoth originally TABLE 1. Temperatures of Nonpolar Solvents Attained by
developed for microwave-assisted solvent extraction and ap_Microwave Irradiation in the Presence and Absence of SiC Passive
plications in multimode microwave reactors, proved that these He2ing Elements

passive heating elements were able to sufficiently raise the ,  Lwithout  Twith _
temperatures of toluene, carbon tetrachloride, and a variety of_Solvent  tam® SICCCF SIC(C) time(sf bp(C)
other nonpolar solvents under the carefully controlled single- CCl n.d. 40 172 81 76
mode microwave conditions described above (Fi [ dioxane  n.d. 41 206 114 101
gure S9 in the

i f tion). Both materials consist of a fluoropoly- hexane 0.020 22 198 J 69
Supporting Information). : _ POly- toluene  0.040 54 231 145 111
mer (for example Teflon) doped with varying amounts of THF 0.047 93 151 77 66

strongly microwave absorbing graphite or Parbon black. Since . Single-mode sealed vessel microwave irradiation, 150 W constant
both types of PH Es are based on an organic polymer, howevervmagnetron output power, 2 mL solvent, sealed 10 mL quartz (pure solvent)
they do not withstand temperatures of more than 280In or Pyrex (solvent with PHE) reaction vessel, magnetic stirring. Starting
fact, we find that the prolonged and repeated use of this materialtemperature 40C. The individual heating profiles are reproduced in the
in high power densif{f single-mode cavities is limited to about ~ SuPPorting Information (Figure S11)Data go'.“ ref 2a° After 77—145

200 °C bulk temperature of the solvent. Due to the compara- s of microwave irradiation (see footnote @)Time until the maximum

- p - p A pressure limit of the instrument (20 bar) was reached and the experiment
tively slow transfer of heat by conduction to the surrounding had to be aborted (with SiC).

solvent, superheating the strongly microwave absorbing material

to temperatures far above the measured bulk temperature iSsin le-mode and multimode microwave instruments (see Figure
possible3! leading to deformation and degradation of the gie X ! %6 9
polymer. S10 in the Supporting Information for further deta8).

. . L . The performance of the SiC PHEs was investigated with the
In view of our interest in microwave chemistry at tempera-

. 13 . ) experimental setup described above. The data presented in Table
tures as high as 303 we required access to a more resistant .
. o . . 1 clearly show that solvents with a very small @walue (tan
material. Silicon carbide (SiC) has long been known to be

- .
thermally and chemically resistant, and a strong microwave 6. 0.04: CC]‘.’. dioxane, .he>$a”e) are not heated unqler
P . microwave conditions at all if microwave transparent reaction
absorber (also termed “microwave suscepté*Several articles . . .
. . . . ._vessels are used, even in small volumes in a single-mode
describe the use of SiC as a microwave susceptor in material . - .

. - . Lo ) microwave reactor that provides a considerable power deifsity.
sciences, aiding, for example, in the rapid microwave-assisted . )

; . Solvents with a low tard value (tand 0.04-0.10: toluene,
synthesis of superconducting MgBt temperatures close to 800
o33 . Lo - 24 THF) are heated to some extent. In contrast, all solveetgn

C 3% or in the microwave sintering of Zreramicsi In fact, . )

o ; . . a microwave transparent solvent such as£€an be rapidly
because of its high melting point (ca. 2780) and resistance, . . . .

; : ; ! heated to high temperatures in the presence of the SiC heating
SiC crucibles have been used for the microwave melting of : .
aluminum. cobper. and nuclear waste afsSintered silicon element. It has to be noted that the temperatures given in Table
carbide hés ap\eer, low thermal ex angion coefficient and no 1 for microwave heating in the presence of SiC do not represent

o y pan S the highest possible temperature attainable, but merely the
phase transitions that would cause discontinuities in thermal - . .
. . . . . temperature at which the experiments had to be aborted since
expansion. All these properties make SiC an ideal candidate

for the development of PHEs for microwave-assisted organic the pressure limit of the microwave reactor (ca. 20 bar) was
- P ) o "9 reached (the temperatures therefore reflect the boiling point of
synthesis. The material for the current application consists of

. . o . the particular solvent, see also Figure S11 in the Supporting
cyllnders 0f 2000°C sintered silicon carbide that are s_table to Information). By using different instrumentation with higher
corrosion and temperatures up to 1500. For maximum

S ; pressure limits, significantly higher solvent temperatures can
erX|b|I|ty., the qverall shape of the cyImdgrs (M.) 18. mrﬁ) be obtained (see Figure S12 in the Supporting Information).
was designed in such a way to allow their application in both . . i : )

Microwave Synthesis with Passive Heating Elements.

. — — . Having shown the general feasibility of SiC heating elements

(28) For a case ofdﬁferenpal mlcrowave.heatmg mvoIvmgac_hIoroform/ _as highly resistant and practical heating aids for nonpolar
water biphasic system, see: Raner, K. D.; Strauss, C. R.; Trainor, R. W.; | ¢ d . diti thei licati .
Thorn, J. SJ. Org. Chem1995 60, 2456. SO Yen S UI? er mICI‘OW&.VG conditions, . elr application in a

(29) Weflon and Carboflon are commercially available heating inserts variety of different chemical transformations was subsequently
from Milestone s.rl. (www.milestonesci.com) and CEM Corp. investigated.
(www.cem.com). . .

(30) (a) Nichter, M.; Ondruschka, B.; Weiss, D.; Beckert, R.; Bonrath, a. Claisen RearrangementThe Claisen rearrangement, the
W.; Gum, A. Chem. Eng. TechnoR005 28, 871. (b) For a detailed  [3,3] sigmatropic rearrangement of allyl vinyl ethers that allows

discussion of commercially available microwave reactors and the difference ; _ ;
between single-mode and multimode cavities, see ref 1e, Chapter 3, ppthe preparation of,0-unsaturated carbonyl Compoun?dss a

2055, synthetically very valuable transformation. Numerous useful
(31) (@) Bogdal, D.; Lukasiewicz, M.; Pielichowski, J.; Miciak, A.;  applications of the Claisen and related reactions in organic

E?eflji';ﬁLZ\;VEIZT?’VA%“E%;%OO&?S]2%‘33 (gé)lé-ulléegséewicz, M. Bogdal,D;;  synthesis have been reported in the Fast general, thermal
, . . , . . . .
(32) (a) Properties of Silicon CarbideHarris, G. L., Ed.; Institute of Claisen rearrangements require high temperatures and proceed

Electrical Engineers: London, UK, 1995. ®)licon Carbide Recent Major  quite slowly. Therefore, not surprisingly, numerous reports on
Advances Choyke, W. J., Matsunami, H., Pensl, G., Eds.; Springer: Berlin, microwave-assisted Claisen and related rearrangements have

Germany, 2004. (cihdvances in Silicon Carbide Processing and Applica- R ; ,23,37,3! i
tions Saddow, S. E., Agarwal, A., Eds.; Artech House Inc.: Norwood, appeared in the literature: “We were particularly attracted

MA, 2004. by a recent study by Ley and co-workers, who reported the
(83) Dong, C.; Guo, J.; Fu, G. C.; Yang, L. H.; Chen, $upercond. microwave-assisted Claisen rearrangement of a simple allyl aryl
Sci. Technol2004 17, L55.
(34) Lasri, J.; Ramesh, P. D.; SchachterJLAm. Ceram. So200Q
83, 1465. (36) SiC passive heating elements are available from Anton Paar GmbH
(35) Sturcken, E. FCeram. Trans1991, 21, 433. (www.anton-paar.com).
(37) Martn Castro, A. M.Chem. Re. 2004 104, 2939.
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FIGURE 1. Heating profiles for a microwave-heated 0.2 M solution of allyl phenyl ether in toluene (2.0 mL). Experiments were carried out with

a single-mode microwave instrument in a 10 mL sealed Pyrex vessel with magnetic stirring (IR temperature measurement). Profile a: Reaction
mixture without heating element (300 W constant power, 25@reselected maximum temperature, see ref 40). Profile b: Reaction mixture with

an SiC heating element (300 W maximum power, 260preselected maximum temperature).

SCHEME 1. Microwave-Assisted Organic Synthesis in Nonpolar Solvents with Passive Heating Elements
a) O/\/ OH
toluene, SiC heating element PZ
MW, 250 °C, 105 min
1 2 (99%)
b)
Me CN toluene, SiC heating element Me CN
+
K |r MW, 240 °C, 20 min :Q/
Me Me
3 4 5 (95%)
c)
/\ toluene, SiC heating element CO,Me
HN  NH + rCOZMe . e —"
—/ | MW,200°C,10min  peo,c ~/
6 7 8 (98%)
d)
toluene, NaHCO3
N-NH ©/\/Br SiC heating element N
U + 4, N
K/ MW, 250 °C, 30 min Q
9 10 11 (88%)
e) Ph , , Ph
Et0,C s toluene, SiC heating element EtO,C N
L MW, 220 °C, 30 min |
Me” “N” "NH, Me H S
12 13 (68%)

ether using an ionic liquidtoluene solvent systefi.A 97% event, an attempt of heating a solution of the allyl ether in
yield of the rearranged product could be obtained by three toluene under single-mode microwave conditions failed. Due
successive 15 min irradiations at 220, employing toluene  to poor absorption properties of toluene (Table 1) and the
doped with the ionic liquid 1-butyl-3-methylimidazolium hexaflu- unpolar character of substratethe overall loss tangent of the
orophosphate (bmimRJFas solvent. To test the usefulness of reaction mixture was not high enough to permit significant
the passive heating element concept in this process, wedielectric heating by microwave irradiation at 2.45 GHz. Even
investigated the closely related rearrangement of allyl phenyl by taking advantage of a self-absorbing Pyrex reaction vessel,
ether () using microwave irradiation (Scheme 1a). Under the highest observed temperature of the reaction mixture of 160
conventional thermal conditions this rearrangement requires°C was not high enough to induce the thermal Claisen

reaction times of many hours at high temperatdré8in the

(38) Baxendale, I. R.; Lee, A.-l.; Ley, S. \J. Chem. So¢Perkin Trans.

rearrangemertt — 2 (conversion<1%) (Figure 1, profile a}°
In contrast, by adding a SiC passive heating element the desired
reaction temperature of 25C was easily reached within 30 s

12002 16, 1850.

(39) (a) Tsai, T.-W.; Wang, E.-C.; Li, S.-R.; Chen, Y.-H.; Lin, Y.-L.;
Wang, Y.-F.; Huang, K.-SJ. Chin. Chem. SoQ004 51, 1307. (b) Van,
T. N.; Debenedetti, S.; Kimpe, N. Dletrahedron Lett2003 44, 4199.

(40) A safety feature of the single-mode reactor aborts the experiment
if the preset temperature cannot be reached after a few minutes with full
power. This also prevents overheating and damage of the magnetron.
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(13 bar pressure) and full conversion to the allyl phehalas to larger volumes:2 This is often done in multimode reactors
obtained within 105 min (Figure 1, profile BY. which feature significantly larger microwave caviti€g®

This method, allowing the reaction to proceed in a completely Although the magnetrons used in such instruments nominally
unpolar environment, provided the rearranged product in high have a larger power output (1060400 W), these reactors
yield and purity, with almost no side reactions detectable by provide a significantly lower power density (power per vol-
HPLC and'H NMR analysis. It should be noted that the use of ume)3® As recently reported by Maes and co-workers (see
fluoropolymer-based heating insé&$32%s not possible here,  above), a nonpolar solvent system that may be appropriate for
due to the high temperatures and extended reaction times (se@ particular transformation on a small scale may not prove
above). For comparison purposes we also studied the samesuitable for a larger scale experimerither in the same or a
reaction using the bmimRFtoluene solvent system similar to  different instrument-due to insufficient absorption and mag-
the conditions reported by L&§ By using the “invasive” ionic netron powet? We were therefore particularly interested to
liquid as heating aid, the rearrangemént- 2 also proceeded  investigate the performance of the SiC heating elements in a
smoothly under comparable time/temperature conditions. With scale-up experiment involving a multimode microwave reactor.
the passive heating element protocol, workup simply involved Thus, the cycloaddition described in Scheme 1b was run on a
removal of the SiC cylinder by filtration or with the aid of 100 mmol scale in a multivessel rotor reaétd in four 100
tweezers and subsequent evaporation of solvent. In the case ofnL sealed Teflon vessels each containing 25 mL of toluene,
ionic liquids, purification typically involves solid-phase extrac- one 10 x 18 mn? SiC cylinder, and the two substrates.
tion or chromatographi/—18 Gratifyingly, despite the more than 10-fold difference of the

b. Diels—Alder Reactions. Diels—Alder 47 + 27 cycload- solvent/heating element ratio and the decreased microwave
dition reactions arguably belong to the most useful synthetic power density, the four passive heating elements were able to
transformations known. These pericyclic processes are employedheat the ca. 100 mL reaction mixture to the optimized reaction
extensively for the production of polycyclic ring systems, and temperature of 240C without any problem within ca. 7 min
are also used widely in the field of natural product synth#sis.  (Figure S13)6 Product yields and purities in this 50-fold scale-
Not unlike the Claisen rearrangement, pericyclic Digtéder up run after 20 min at 240C were the same as those in the
cycloadditions are often carried out in an unpolar solvent, unlesssmall scale experiment.
the possibility for reaction enhancement by solvent effects or ~ ¢. Michael Additions. As an additional example to test the
catalysis exist43 Numerous Diels-Alder processes have been concept of passive heating elements in microwave synthesis we
studied under microwave conditions due to the long reaction looked at a bimolecular addition reaction involving somewhat
times and elevated temperatures often requifdebr assessing ~ more polar substrates as in the two previous transformations.
the performance of the SiC heating element, we have chosenWe have chosen the Michael addition of methyl acrylate (
the cycloaddition between 2,3-dimethylbutadied)eand acrylo- and piperazine as nucleophil®) (Scheme 1c}’ By using once
nitrile (4) to provide the cyclohexene addust(Scheme 1b).  again nonpolar toluene as the solvent, the bis-Michael adduct
Again, these particuld? (and closely related) cycloaddition 8 was obtained within 10 min at 20T in 98% isolated yield
reactions have been previously studied under microwave condi-from piperazine and 4 equiv of methyl acrylate. The reaction
tions, including protocols involving ionic liquid-doped sol- could also be performed with 2 equiv of the Michael acceptor,
vents® Similar to the situation in the case of the Claisen albeit providing a somewhat lower isolated product yield.
rearrangement described above, we were able to carry out theDespite the presence of the protic piperazine base, microwave
cycloaddition in toluene as solvent at 284G using the SiC absorbance of the reaction mixture was not sufficient to allow
heating element. After 20 min of total irradiation time, a near- efficient heating by microwave irradiation in the absence of the
quantitative yield (95%) of pure product was obtained by simply SiC heating element. After 7 min of irradiation with 300 W
removing the heating element and evaporating the volatiles constant power the maximum temperature wasI7@nd only
under reduced pressure. Similar yields were obtained by runningvery low conversion to the final product was obserd@é&ull
the reaction at 250C for 10 min. Again, virtually no product ~ conversion t@ at room temperature in toluene requires 2 days.
(<2% conversion) was obtained without the heating element d. N-Alkylation Reactions. The three transformations dis-
(maximum reached temperature 170 after 7 min)*® These cussed so far (Scheme-1a) demonstrate the usefulness of the
data compare very favorable with the conventional process thatpassive heating element concept. Reactions that are preferably
requires several hours of heating in solvents such as 1,2-run in a nonpolar, low microwave-absorbing solvent system
dichloroethane at 100C 44 (here toluene) can be conducted efficiently in this solvent by

The cycloaddition reaction described in Scheme 1b was adding a strongly microwave absorbing inert heating element.
carried out @ a 2 mmol scale with a high power density single- Without adding the heating element, there is practically no
mode microwave react¥t providing a 300 W maximum conversion to product since the required onset temperatures
magnetron output power. A critical factor for the success of

i i i ili - i (45) Stadler, A.; Yousefi, B. H.; Dallinger, D.; Walla, P.; Van der Eycken,
microwave heating technology is the ability to scale-up reactions E.. Kaval, N.. Kappe. G. OOrg. Process Res. De2003 7, 07,

(46) The efficiency of the SiC passive heating elements in heating larger
(41) Similar to the results by Ley (ref 38) we find that pulsed microwave amounts (100 mL) of a variety of nonpolar solvents in multimode
heating (6 cycles of 15 min irradiation at 230) gave better results-©9% environments was studied in detail. These data are reproduced in the
conversion) than one continuous irradiation cycle for 90 min (92% Supporting Information (Figure S12). There is also an important safety
conversion). This microwave pulsing effect was not investigated further, aspect that needs to be considered. It is not advised to heat non- or low-

however. absorbing reaction mixtures for prolonged periods of time in microwave
(42) Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, reactors. This leads to the magnetron continuously operating at the maximum

G. Angew. Chem.nt. Ed. 2002 41, 1668. power level trying to reach the selected set temperature (cf. Figure S14),
(43) Pindur, U.; Lutz, G.; Otto, GChem. Re. 1993 93, 741. and ultimately can result in overheating and damage of the magnetron (see
(44) (a) Hall, H. K., Jr.; Padias, A. B.; Li, Y.; Clever, H. A.;; Wang, G.  ref 40) or destructive coupling of microwave irradiation with sensitive

J. Chem. SocChem. Commurl991 1279. (b) Li, Y.; Padias, A. B.; Hall, instrument and/or vessel parts.

H. K., Jr.J. Org. Chem1993 58, 7049. (47) Varala, R.; Alam, M. M.; Adapa, S. RBynlett2003 720.
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cannot be reached. Using this technique, there is no need toConclusion and Outlook
change the solvent or to add a polar additive such as an ionic

liquid. It should be noted, however, that in principle (despite In summary, we have shown that nonpolar organic solvents

technical difficulties}” in all the cases described so far, these which are low microwave absorbers can be heated to very h'gh
temperatures in the presence of so-called passive heating

processes can also be performed by using invasive ionic liquids | i v mi -
as microwave heating aids at similar temperatures, as previouslye ements (.P HES). made out of strongly microwave .absorbl.ng
' and chemically inert sintered silicon carbide (SiC). This

i i ,38
reported in the literaturé: . . technique now allows the use of nonpolar solvents in microwave-
We therefore wanted to test the heating element concept in 5ggisted synthesis. In contrast to the well-known use of ionic

a more challenging case where it has been explicitly stated thatjiquids as heating aids in microwave synthesis, this technique
the use of ionic liquids as additives is not possible. A case in js yryly chemically noninvasive and does not change the polarity
point areN-alkylations with alkyl halides as reagents. According o other properties of the solvent system. We have successfully
to Leadbeater, the alkylation of pyrazole with alkyl halides in - gemonstrated that passive heating elements can be used in cases
toluene in the presence of a standard dialkyl imidazolium \here jonic liquids are incompatible with one of the substrates
hexafluorophosphate ionic liquid is not possibleAt the 54 for a variety of other synthetic transformations. Furthermore,
elevated temperatures used in the alkylation protocol, the ionic tne yse of SiC cylinders is also more practical since the
liquid was completely destroyed within a few seconds by popinvasive heating elements can be mechanically removed very
reaction with the alkyl halide reagetitin our hands, the same  ga5ily and no purification from any ionic liquid is required. The
reaction (Scheme 1d), when carried out with the SiC passive particular SiC material utilized herein is mechanically, thermally,
hea_tlng element instead of an ionic I_|qU|d, read_|ly provided the 5.4 chemically resistant up to 156G. The heating elements
desired alkylated pyrazotel in high yield. By using NaHC®© are therefore compatible with any solvent or reagent, virtually
as a mild base to neutralize the formed HBfull conversion jngestryctible, and can be reused unlimited without loss of
was achieved within 30 min at 250 resulting in an 88%  gficiency. The SiC cylinders can be employed in both single-
isolated prod_uc_t yield af_ter pur|f|cat|on by chromatography. Note mode and multimode microwave reactors and provide the
that the optimized cylindrical geometry of the SiC heating aqgitional benefit that instruments can be operated at lower
element aIIows_for stirring ofthe.heterogeneous reaction mixture po\er levels-and thus inherently safedue to the higher
with a magnetic stir bar (see Figure S10 for details). overall absorption of microwave energy by the contents of the
e. Dimroth Rearrangement. A final example involves the reaction vessel.
high-temperature rearrangement of a heterocycle bearing a There is one interesting aspect associated with the use of
nucleophilic free amino group. This again is a case where the passive heating elements that needs to be discussed, however.
use of high-temperature microwave heating is expected to beThe SiC insert very strongly absorbs microwave energy and
beneficial, but an ionic liquid cannot be used as a heating aid subsequently transfers the generated heat via conduction phe-
due to the presence of a nucleophilic grédg® We have nomena to the reaction mixture. This means that most of the
recently reported the generation of functionalized 2-amino-1,3- “microwave heating” using this technology essentially occurs
thiazine libraries via combinatorial protocdfSThese types of by conventional conduction and convection principles, similar
1,3-thiazine heterocycles generally undergo thermal, uncatalyzedio an oil-bath experiment generating a hot surface and temper-
rearrangement to the thermodynamically more stable pyrimidine- ature gradients. In addition, it has to be assumed that there is
2-thions?%5t In the case of thiazind2, differential scanning  only a very little possibility for any direct interaction of the
calorimetry measurements indicated that in the solid state themicrowave field with specific molecules in the reaction meditim
onset temperature for rearrangement to pyrimidi@¢Scheme  virtually excluding the possibility of any nonthermal microwave
le) lies above 180C. Since this strictly thermal Dimroth  effect§—since most of the energy will be absorbed by the
rearrangemeht does not require any protic or other catalysts heating element and not by the surrounding solution. Therefore,
we wanted to perform the rearrangement in a nonpolar environ-it appears that many of the presumed benefits of microwave
ment using toluene as solvent. The optimized conditions synthesis may be lost by using this techni§é our hands,
involved heating a solution of thiazink2 in toluene together  however, this method has worked very well and we have not
with a SiC heating element at 22C for 30 min, providing a  seen any obvious disadvantages in using the heating elements
68% product yield after recrystallization of the crude material. for the chemical transformations we have studied and presented
There was no reaction without added heating element (max herein. The aim of the present work was to investigate silicon
temperature after 4 min: 14%C)* and, importantly, in the  carbide material as novel and useful passive heating elements

presence of an ionic liquid the solution turned completely black for microwave-assisted organic synthesis. We plan to scrutinize
after a few minutes of microwave heating and led to a complex

product mixture. (52) It has to be considered, however, that in many cases of microwave-

assisted synthesis with nonpolar media the reaction vessel also functions
as a “passive heating element” (self-heating of the glass vessels, see Figures
(48) Almena, |.; Diez-Barra, E.; de la Hoz, A.; Ruiz, J.; Sanches- S1 and S14) and that there are several recent examples where the indirect

Migallon, A.; Elguero, JJ. Heterocycl. Chenil998 35, 1263. heating of reaction containers by microwaves was achieved by coating the
(49) (a) Strohmeier, G. A.; Kappe, C. @ngew. Chemlnt. Ed. 2004 vessel with a thin metal film that proved critical for the success of the
43, 621. (b) Strohmeier, G. A.; Reidlinger, C.; Kappe, C.@5AR Comb. investigated transformations. For example, see: (a) He, P.; Haswell, S. J.;

Sci. 2005 24, 364. Fletcher, P. D. ILab Chip2004 4, 38. (b) He, P.; Haswell, S. J.; Fletcher,

(50) (a) Zigeuner, G.; Strallhofer, T.; Wede, F.; Lintschinger, W.-B. P. D. I.Appl. Catal, A 2004 274,111. (c) Comer, E.; Organ, M. G. Am.
Monatsh. Chem1975 106, 1469. (b) Glasnov, T. N.; Vugts, D. J.; Chem. Soc2005 127, 8160. (d) Stadler, A.; Kappe, C. Org. Lett.2002
Koningstein, M. M.; Desai, B.; Fabian, W. M. F.; Orru, R. V. A.; Kappe, 4, 3541. There are also cases where reaction containers, i.e., deep well plates
C. O.QSAR Comb. Sck00§ 25 (published online March 16, 2006; DOI made out of Weflon material, have been used successfully in microwave
10.1002/gsar.200540210). synthesis: (e) Macleod, C.; Martinez-Teipel, B. |.; Barker, W. M.; Dolle,

(51) For a review on Dimroth rearrangements of this type, see: El Ashry, R. E.J. Comb. Chen2006 8, 132. (f) Nichter, M.; Ondruschka, BVol.

E. S. H.; El Kilany, Y.; Rashed, N.; Assafir HAdv. Heterocycl. Chem. Diversity2003 7, 253. (g) See also: Lin, Q.; O'Neill, J. C.; Blackwell, H.
1999 75, 79. E. Org. Lett.2005 7, 4455.
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the more subtle consequences of using these materials relating 1-Phenethyl-H-pyrazole (11, Scheme 1d)A 10 mL micro-

to microwave effects in detail in the future.

Experimental Section

2-Allylphenol (2, Scheme 1a).A 10 mL microwave vessel

wave vessel equipped with a Teflon-coated stir bar and a SiC
heating element cylinder was filled with 2 mL of toluene, 136 mg
(2.0 mmol) of pyrazole9), 0.84 mg (1.0 mmol) of NaHC® and

185 mg (1.0 mmol, 0.14 mL) of (2-bromoethyl)benzeh)( After

the vessel was sealed, the sample was irradiated for 30 min at 250

equipped with a Teflon-coated stir bar and a SiC heating element °C. The reaction mixture was subsequently cooled to°G0by

cylinder was filled with 2 mL of toluene and 49 mg (0.36 mmol,
0.05 mL) of allyl phenyl etherl). After the vessel was sealed, the
sample was irradiated for 105 min at 280. The reaction mixture

was subsequently cooled to 8@ by compressed air, the vessel

compressed air, the vessel was opened, and the SiC cylinder was
removed. Evaporation of the solvent and purification of the crude
product by dry column silica gel flash chromatography with a 1:1
mixture of petroleum ether and ethyl acetate as an eluant provided

was opened, and the SiC cylinder was removed. Evaporation of 152 mg (88%) of productll as a pale yellow oil (HPLC
the solvent under reduced pressure resulted in 49 mg (quantitative homogeneity at 215 nm: 97% NMR (360 MHz, DMSO¢) &

HPLC homogeneity at 215 nm>95%) of rearranged produt

as a yellowish oil'H NMR (360 MHz, CDC}) 6 3.45 (d,J =
1.30, 2 H), 5.00 (s, 1H), 5.165.20 (m, 2 H), 5.99-6.08 (m, 1H),
6.82-7.17 (m, 4H)8

3,4-Dimethylcyclohex-3-enecarbonitrile (5, Scheme 1b). Small

scale: A 10 mL microwave vessel equipped with a Teflon-coated
stir bar and a SiC heating element cylinder was filled with 2 mL
of toluene, 334 mg (4.0 mmol, 0.46 mL) of 2,3-dimethylbutadiene
(3), and 105 mg (2.00 mmol, 0.13 mL) of acrylonitrilé)( After

3.08 (t,J = 7.4 Hz, 2 H), 4.33 (tJ = 7.4 Hz, 2 H), 6.16 () =

1.7 Hz, 1 H), 7.13-7.27 (m, 5 H), 7.43 (s, 1 H), 7.57 (d,= 1.7

Hz, 1 H)#8 MS (positive APCI)m/z173.0 [M+ 1] (M = 172.23).
Ethyl 1,2,3,4-Tetrahydro-6-methyl-4-phenyl-2-thioxopyrimi-

dine-5-carboxylate (13, Scheme 1ef 10 mL microwave vessel

equipped with a Teflon-coated stir bar and a SiC heating element

cylinder was filled with 2 mL of toluene and 69 mg (0.25 mmol)

of ethyl-2-amino-4-methyl-6-phenylF6-1,3-thiazine-5-carboxylate

(12).#° After the vessel was sealed, the sample was irradiated for

the vessel was sealed, the sample was irradiated for 20 min at 24030 min at 220°C. The reaction mixture was subsequently cooled

°C. The reaction mixture was subsequently cooled to°’G0by

compressed air, the vessel was opened, and the SiC cylinder wa
removed. Evaporation of the solvent and excess butadiene provide

256 mg (95%) of cycloadduch as a pale yellow oil (HPLC
homogeneity at 215 nm: 99%)arge scale:Four 100 mL Teflon
reaction vessels each equippedtwé 2 cmstir bar and a SiC
heating element cylinder were individually filled with 25 mL of
toluene, 4.1 g (50 mmol, 5.65 mL) of 1,3-dimethylbutadie8k (
and 1.32 g (25 mmol, 1.64 mL) of acrylonitril&)( The vessels

were sealed and placed in a 16 vessel rotor system and subsequent!

irradiated for 20 min at 240C in a multimode reactor (Figure
S13). After the vessels were cooled to 8D and the contents of

to 50 °C by compressed air, the vessel was opened, and the SiC
ylinder was removed. Evaporation of the solvent and recrystalli-
ation of the crude product from acetonitrile provided 47 mg (68%)

of pyrimidine 13 as a colorless solid. Mp 20C (lit.¢ mp 206

°C). IH NMR (360 MHz, DMSO¢g) ¢ 1.10 (t,J = 7.1 Hz, 3 H),

2.29 (s, 3 H),4.00 () = 7.1 Hz, 2 H), 5.17 (dJ = 3.3 Hz, 1 H),

7.20-7.37 (m, 5 H), 9.66 (s, 1 H), 10.34 (s, 1 F¥).
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