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Abstract:

A green approach toN-heterocyclization reactions ranging in
scale from 20 mmol to 1 mol performed under microwave
irradiation in open vessels has been investigated. By using water
as the solvent and no transition metal catalystd\-heterocycles
are formed in a fraction of the time needed for conventional
synthesis of these compounds. The obtained yields indicate that
reactions can be performed at atmospheric pressure using the
same reaction conditions as the corresponding sealed-vessel
reactions. Single-mode and multimode microwave cavities have
been used for open-vessel synthesis without changing reaction

Demko and Sharpleédound that 1H-tetrazoles can be
synthesized in water despite the relative insolubility of the
starting materials. Sharplédater found that water increases
the rate of reactivity for a variety of “on water” chemistries
and is continuing to research this phenomenon. The use of
water as a reaction solvent also allows for the easy separation
of the product from the solvent due to the limited solubility
of organic compounds in water at room temperature.

Over the past two decades, the use of microwaves for
chemical syntheses has drastically increased as can be
implied by the increasing number of publications in the field

times producing similar yields. of microwave chemistr§l® Microwave-assisted organic

synthesis has been shown to enhance the rate of reactions
and improve product yields, as well as be energy efficiént.
Introduction A growing area of interest in microwave-promoted synthesis

Chemicals used in the production of goods have, over is the scaling-up of reactio8This can be achieved in two

the years, damaged the environment through pollution andPOSsible ways: continuous fid#or a batch process*®
waste. Increased environmental awareness along with thecontinuous flow microwave reactors can be problematic
high costs associated with environmental pollution cotrol When processing solids, heterogeneous reaction mixtures, and
are challenging chemists to find alternative ways to harnesshigh viscosity liquids>*® Batch processes can involve
the benefits chemistry has to offer. Some of these alternativeg®@rallel batch reactofs;'® where multiple reaction vessels
include the use of more environmentally friendly solvents, '€ placed in the microwave at one time, or use one large
microwave reactors, and alternative reaction conditions. ~ V€SSeF*™°

In the search for green chemistries, aqueous media is one  Microwave synthesis can be performed either under
of the greenist for reactions next to neat. Water as a solventS€aled-vessel or open-vessel conditions. Reactions performed

has the advantage of being readily available, inexpensive,in Sealed vessels can reach temperatures much higher than
and nontoxi@ though it is rarely looked at due to the need the boiling p0|nt_ of the solven'F used at elgvated pressure. In
for additives such as phase transfer catafygtse to the open-vessel microwave assisted reactions, reactions are
limited aqueous solubility of organic compounds. However, carried out at atmospheric pressure; yet solvents can still
as water _m_creases n temperature’ it b_econjes mc_Jre I’lorlp()lar'(G) Hayes, B. LMicrowave Synthesis: Chemsitry at the Speed of LigHEM

more acidic, and less dense, and its dielectric constant ~ publishing: Matthews, NC, 2002.

decreases, allowing organic compounds to become more (7) Demko, Z. P.; Sharpless, K. B. Org. Chem2001,66, 7945.
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Scheme 1N-Heterocyclizations performed by Varma and microwave cavity using sealed vessels at moderate temper-
Juzsze atures. The reactions were heated to and maintained at a
0. K.CO temperature of 120C with pressures of 50 psi for 20 min.

R-NH, + X(CHp),X —>—22 = R-N (CHy, +2HX Our first step in scaling-up the reactions was transitioning
MW from sealed-vessel to open-vessel reactions. Previous work

has shown open-vessel reactions give yields equal to, if not
x H,0, K,CO, greater than, those performed in sealed vessels with reaction

R-NH, + xj@ MW R‘N\/:O + X temperatures still going above the solvent boiling pdtift18-27

We performed open-vessel reactions on a 20 mmol scale, in

R =H, alkyl, aryl. X=Clor Br. Performed on 1 mmole scale. a single-mode microwave cavity, using a standard 100 mL

n=34,56. Yields between 54 and 96%. round-bottom flask fitted with a reflux condenser. These
open-vessel reactions were heated to reflux, where the

reach temperatures that are 10—2D above their boiling ~ temperature limit was set to 12@ allowing for maximum
pOintS?'lO'”'lSWhiCh may be exp]ained by the occurrence of power input, and allowed to reflux for 20 min. Actual
instantaneous hot spdfs® Open-vessel synthesis allows for temperatures reached varied between 103and 115°C,
any gases that may be generated in a reaction to evolve fron{hus demonstrating that water can reach temperatures above
the reaction environment possibly causing reactions to the boiling point while remaining at atmospheric pressure.
progress further to completion than when performed in a ~ Comparisons for the different reactions performed in
sealed vessel. Also, open-vessel reactions can be performegealed and open vessels can be found in Table 1. We have
using standard laboratory glassware, such as round-bottonfonfirmed that the yields for open-vessel synthesis in a
flasks and reflux condensers, in the microwave cavity Single-mode microwave cavity are equal to, and in some
allowing reactions to be carried out on a larger scale. cases much greater than, those obtained in sealed vessels.
There are two types of microwave cavities, single-mode Reactions producing higher yields (entries 2 and 3) could
and multimode. Single-mode cavities are much smaller than Possibly be attributed to the release of the volatile gas HBr,
multimode cavities and have only one mode present. The shifting the reaction equilibrium to the product side.
microwave energy in a single-mode cavity is directed into ~ T0 scale-up further, we moved to a multimode system
the reaction vessel, whereas in a multimode cavity the Where we are able to use round-bottom flasks up to 5 L.
microwave energy not being absorbed by the reaction Previous research has shown that transitioning from single-
solution is being reflected by the walls of the cavity. A more Mode to multimode microwave systems has produced similar
detailed explanation of single-mode and multimode cavities Yields with no significant change in reaction timés? Our

can be found elsewhef®. research confirmed these results (Tables 2 and 3). Open-
vessel reactions carried out in the multimode cavity were
Results and Discussion heated and allowed to reflux for 20 min. The temperature

limit was set at 110°C, and actual temperatures reached
varied between 100C and 106°C.

Reactions performed on the 0.2, 0.6, and 1.0 mol scales
Jvere irradiated with 300, 600, and 1200 W, respectively.
Each reaction was rapidly heated by selecting a power input
to allow reactions to reach reflux in approximately 10 min
making the overall reaction time from heating to reaction
completion 30 min. A considerable time savings can be seen
Jpr microwave synthesis compared to conventional synthesis
when comparing the 30 min needed for reactions in a
microwave to the time needed for conventional synthesis
where 30 min are needed to heat the reaction solution to
temperature and then maintaining this temperature for an

This research is based on the work of Varma arfd2u additional 5 h in order to reach reaction completién.

(Scheme 1) where reactions were performed in a single-mode . Isolation .Of the synthe§|zed compqunds consisted of
simple washing steps. No time-consuming column chroma-

Nitrogen containing heterocycles are present in many
natural products and show great biological activity in
pharmaceuticald: Conventional syntheses of these com-
pounds require long reaction times, expensive catalysts, an
hazardous solventsd-2> Microwave assisted syntheses of
N-heterocycles has led to a decrease in reaction time,
improved vyields, and the use of more benign solvents and
has eliminated the need for transition metal catalf&st2s
This research uses water as the solvent and no metal cataly
for the synthesis oN-azacycloalkanes arid-isoindolines.
Reaction times are minimal with greatly improved yields
compared to those of conventional syntheses of these
compoundg?

(17) See ref 9b, pp 115—146. tography was needed, eliminating the need for large quanti-
(18) (a) Baghurst, D. R.; Mingos, D. M. Chem. Soc., Chem. Comma892, ties of solvent use. Liquid product$ &nd3) were extracted
(19) 6578‘2 r(gg 3"5”30;'15'3' M.; Baghurst, D. Rehem. Soc. Red.991,20, 1. into a minimal amount of ethyl acetate and washed with
(20) See ref 9b, pp 1—34. deionized water and then the solvent was removed in vacuo,
(21) Deiters, A.; Martin, S. FChem. Re»2004,104, 2199. i i i
(22) (a) Li, G.Y.; Zheng, G.; Noonan, A. B. Org. Chem2001,66, 8677. (b) wh_ergas the solid products wgre filtered and Washed V\.”th
Wolfe, J. P.: Buchwald, S. LJ. Org. Chem1997,62, 6066. deionized water followed by chilled hexanes. These isolation
(23) Ju, Y.; Varma, R. SJ. Org. Chem2006,71, 134.
(24) Ju, Y.; Varma, R. SOrg. Lett.2005,7, 2409. (27) Stadler, A.; Pichler, S.; Horeis, G.; Kappe, C. T&trahedron2002,58,
(25) (a) Huang, X.; Buchwald, S. 1Org. Lett. 2001, 3, 3417. (b) Zim, D.; 3177.
Buchwald, S. L.Org. Lett.2003,5, 2413. (28) Tsuji, Y.; Huh, K.-T.; Ohsugi, Y.; Watanabe, ¥. Org. Chem1985,50,
(26) Xu, G.; Wang, Y.-GOrg. Lett.2004,6, 985. 1365.
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Table 1. N-Heterocyclization reactions in water performed in a monomode microwave apparatus using sealed and open vessels

O

H,0, K,CO, ,
RINH, + X-R-X ——————m Rl
MW, Reflux
Yield (%)
Entry R’ R’ X Product

Sealed Vessel' | Open-Vessel’

1 Ph- - (CH,), - Br QNQ W 89 87
2 4-BrPh- | -(CH),- | Br Br@—uo @ 58 89
3 Cy- -(CH),- | Br O—O 3) 74 91

4 Ph- a ¢ }n(j@ 9% 99
i:@ @
5 | 4BrPh- @ a |e { >—N\/:© 98 9%
’ ®
6 Cy- a { >—N<]© 68 68
Y C@ )

a1 mmol of amine, 1.1 mmol of dihalide, 1.1 mmol 06®0s, 2 mL of H,O. ? 20 mmol of amine, 22 mmol of dihalide, 22 mmol 0b®0s, 40 mL of H0.

Table 2. Scale-up of open-vessel microwave promoted azacycloalkane synthesis in water

K,CO,, H,0
NN P —
RNH, + Br Br R-N
MW, Reflux

Yield (%)
Entry R Product

20.0 mmole® | 0.2mole® | 0.6 mole® | 1.0 mole®

1 Ph - @—N > (1) 87 83 91 89
2 4-BrPh - Br-@-N > @ 89 89 92 86
3 Cy- O—NQ @) 91 87 85 77

aReactions carried out in a single-mode microwave caVifeactions carried out in a multimode microwave cavity.

procedures held true for all compounds synthesized from the simplicity of switching between single-mode and multimode
1 mmol scale (5affording 0.305 g) to the 1 mol scale (5 microwave cavities.
affording 267 g). The ease of isolation comes from the fact  The green synthesis and purificationfheterocycles is
that no byproducts were detected after the reactions. Theshown using water as the solvent with no transition metal
only impurities found in the products were unreacted starting catalysts and eliminating the need for large quantities of
material that could be easily washed away in the case of thesolvent for purification. Reactions are completed in 30 min
isoindolines. with minimal time needed for purification affording hundreds
of grams of product.

Conclusion

N-Heterocyclization reactions performed under microwave Experimental Section
irradiation can easily be scaled 1000-fold from mmole to General. All reagents were obtained from commercial
mole quantities in approximately 30 min with no decrease suppliers and were used without further purification. GC—
in yield. We have shown the ease in translating reaction MS analysis was run using a Perkin-Elmer AutoSystemXL
conditions from sealed vessels to open vessels and theGas Chromatograph/TurboMass mass spectrometer equipped
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Table 3. Scale-up of open-vessel microwave promoted isoindoline synthesis in water
Cl K,CO5,H,0
MW, Reflux

Yield (%)

Entr R Product

20.0 mmole* | 0.2 mole® | 0.6 mole® | 1.0 mole®

1 Ph- @u/;@ 99 98 97 98
@
2 | 4-BrPh- B'_Q_NGQ 96 96 93 97
3
3 Cy- Qngg 68 68 66 61
6)

aReactions carried out in a single-mode microwave cavifeactions carried out in a multimode microwave cavity.

with a column Elite-5MS (30 mx 0.25 mmx 0.25um). Upon cooling, the reaction mixture is extracted with ethyl
All samples were examined under the following temperature acetate, the organic layer was washed with distilled water,
gradient: Temp 1, 50C (1 min); Temp 2, 210C (5.17 and the solvent was removed in vacuo giving 2.94 g (87%
min); rate 32.0°C/min; Temp 3, 300°C (5.50 min); rate isolated yield, 94% purity) oN-phenylpiperidine!H and
27.0 °C/min. *H and 3C NMR spectra were recorded at '3C NMR data are consistent with those found in the
293 K on a BRUKER AVANCE-400 spectrometét{400 literature??.26.28.29
MHz, 3C 100 MHz). Representative Example of the Synthesis of Isoindo-
Description of the Microwave Apparatus. Reactions in lines on a 20 mmol Scale: Single-Mode Microwave
sealed vessels on the 1 mmol scale along with the open-Cavity. To a 100 mL round-bottom flask was added aniline
vessel reactions on the 20 mmol scale were performed in a(1.9 g, 20 mmol), 1,2-bis(chloromethyl)benzene (3.9 g, 22
commercially available single-mode microwave system mmol), and potassium carbonate (3.2 g, 23 mmole) in 40
(CEM Discover), with a power output ranging from 0 to mL of distilled water. The reaction vessel was placed in a
300 W. Reactions were performed in a 100 mL round-bottom single-mode focused microwave reactor and fitted with a
flask fitted with a reflux condenser. The temperature was reflux condenser. The reaction was irradiated with 150 W
monitored via an IR sensor located directly below the vessel. to a temperature of 105 (reflux) where it was held for 20
The vessel contents were stirred by means of an adjustablemin. Upon cooling, the solid product is filtered, washed with
speed electromagnet located below the microwave cavity anddistilled water followed by chilled hexanes, and dried in
a Teflon-coated magnetic stir bar inside the vessel. Tem-vacuo giving 3.86 g (99% isolated yield, 99% purity)
perature and power profiles were recorded using computerN-phenylisoindoline!H and3C NMR data are consistent
controlled software. Subsequent reactions were scaled up towith those found in the literaturg.
1 mole and performed in a multimode microwave apparatus  Representative Example of the Scale-Up of Azacyclo-
(CEM MARS, Microwave Accelerated Reaction System), alkanes on a 0.2 mol Scale: Multimode Microwave
with the power output ranging from 0 to 1200 W. Reactions Cavity.3! To a 1 L round-bottom flask was added aniline
were performed on a 0.2 mol, 0.6 mol, and 1.0 mol scale in (18.9 g, 0.2 mol), 1,5-dibromopentane (56.0 g, 0.22 mol),
a 1, 3, and 5 L round-bottom flask, respectively. The and potassium carbonate (32.5 g, 0.23 mol) in 400 mL of
temperature was monitored via a fiber optic probe inserted distilled water. The reaction vessel was placed in a multi-
directly in the reaction mixture. Stirring was achieved by mode microwave reactor and fitted with a reflux condenser.
means of a rotating magnetic plate located below the floor The reaction was irradiated with 300 W of power to a
of the microwave cavity and a Teflon-coated magnetic stir temperature of 116C (reflux) where it was held for 20 min.
bar in the reaction vessel. Upon cooling, the reaction mixture is extracted with ethyl
Representative Example of the Synthesis of Azacyclo-  acetate, the organic layer was washed with distilled water,
alkanes on a 20 mmol Scale: Single-Mode Microwave  and the solvent was removed in vacuo giving 26.8 g (83%
Cavity. To a 100 mL round-bottom flask was added aniline
(1.9 g, 20 mmole), 1,5-dibromopentane (5.6 g, 22 mmole), (29) sassaman, M. Bletrahedron1996,52, 10835.
and potassium carbonate (3.2 g, 23 mmole) in 40 ML of (@0) (g Kieher. T B Semert J: S D Lee, o Konener 2
distilled water. The reaction vessel was placed in a single- () N-Bromophenylisoindoline2H NMR (400 MHz) (CDCE) 4.62 (s, 4H),
mode focused microwave reactor and fitted with a reflux 6.56 (d,j = 8.6 Hz, 2H), 7.3%-7.46 (m, 6H);*C NMR (100 MHz) (CDCY)
condenser. The reaction was irradiated with 150 W to a 238, 108.2, 113.2, 122.6, 127.3, 132.0, 137.6, 146.1.

- . (31) Reagent quantities are representative of the 0.2 mol scale. Subsequent
temperature of 113C (reflux) where it was held for 20 min. reaction quantities were scaled accordingly.
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isolated yield, 96% purity) oN-phenylpiperidine!H and (98% isolated yield, 98% purity) dfi-phenylisoindolineH
13C NMR data are consistent with those found in the and*C NMR data are consistent with those found in the

literature?226.28.29 literature3°
Representative Example of the Scale-Up of Isoindo-
lines on a 0.2 mol Scale: Multimode Microwave Cavity?! Acknowledgment
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