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METHOD AND APPARATUS FOR CONDUCTING MICROWAVE ASSISTED
ORGANIC REACTIONS WITH GAS-PHASE REACTANTS

BACKGROUND

[0001] The present invention relates generally to the field of microwave-assisted

chemistry, and in particular relates to microwave-assisted hydrogenation reactions.

10002] A number of microwave-assisted chemistry techniques are known in the
academic and commercial arenas. Microwaves have some significant advantages 1n
heating (or otherwise supplying energy to) certain substances. In particular, when
microwaves interact with substances with which they can couple, most typically polar
molecules or ionic .species, the microwaves can immediately create a large amount of
kinetic energy in such species, which can provide sufficient energy to initiate or
accelerate various chemical reactions. Microwaves also have an advantage over
conduction heating in that the surroundings do not need to be heated because the

microwaves can react instantaneously with the desired species.

]0003] The term “microwaves” refers to that portion of the electromagnetic spectrum
between about 300 and 300,000 megahertz (MHz) with wavelengths of between about
one millimeter (1 mm) and one meter (1 m). These are, of course, arbitrary boundaries,
but help quantify microwaves as falling below the frequencies of infrared (IR) radiation
and above those referred to as radio frequencies. Similarly, given the well-established
inverse relationship between frequency and wavelength, microwaves have wavelengths

longer than infrared radiation, but shorter than radio frequency wavelengths.

[0004] Because of their wavelength and energy, microwaves have been historically
most useful in driving robust reactions or reactions in relatively large sample amounts,
or both. Stated differently, the wavelengths of most microwaves tend to create multi-
mode situations in cavities in which the microwaves are being applied. In a number of
types of chemical reactions, this offers little or no disadvantage, and microwave
techniques are commercially well established for reactions such as digestion or loss-on-

drying moisture content analysis.

[0005] Relatively robust, multi-mode microwave techniques, however, tend to be
less successful when applied to small samples of materials. Although some chemistry

techniques have the obvious goal of scaling up a chemical reaction, in many laboratory
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and research techniques, it is often necessary or advantageous to carry out chemical
reactions on small samples. For example, the availability of some compounds may be
limited to small samples. In other cases, the cost of reactants may discourage large
sample sizes. Other techniques, such as combinatorial chemistry, use large numbers of
small samples to rapidly gather a significant amount of information, and then tailor the
results to provide the desired answers, such as preferred candidates for pharmaceutical

compounds or their useful precursors.

(0006} Microwave devices with larger, multimode cavities that are suitable for other
types of microwave-assisted techniques (e.g., drying, digestion, €tc.) are generally less-
suitable for smaller organic samples because the power density pattern in the cavity 1s

relatively non-uniform.

[0007) Accordingly, the need for more focused approaches to microwave-assisted
chemistry has led to improvements in devices for this purpose. For example, in the
commercially available devices sold under the assignee’s (CEM Corporation, 3100
Smith Farm Road, Matthews, NC 28106) DISCOVER®, EXPLORER®, VOYAGER®,
NAVIGATOR™, LIBERTY™, and INVESTIGATOR ™ trademarks have provided
single mode focused microwave devices that are suitable for small samples and for

sophisticated reactions such as chemical synthesis.

[0008] The very success of such single mode devices has, however, created
associated problems. In particular, the improvement in power density provided by
single-mode devices can cause significant heating in small samples, including undesired
over-heating in some circumstances. Such over-heating can raise derivative problems
when one or more of the reactants are in the gas phase. Hydrogenation represents one

such reaction.

[0009] As is known to those having ordinary skill in the art, alkenes typically react
in the presence of hydrogen (H>) and a catalyst to form alkanes. This reaction is known
as a hydrogenation reaction. A common hydrogenation is the hardening of animal fats
or vegetable oils to make them solid at room temperature énd improve their stability.
Hydrogen is added (in the presence of a catalyst) to carbon-carbon double bonds in the
unsaturated fatty acid portion' of the fat or oil molecule: Hydrogenation reactions are

also important in petroleum refining; production of gasoline by cracking involves
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destructive hydrogenation (hydrogenolysis), in which large molecules are broken down

to smaller ones and reacted with hydrogen.

[0010] Organic reactions that include a gas phase are known in the art as often
lengthy and dangerous, with high potential for hydrogen gas explosions. One reason for
the difficulty in conducting (e.g.) hydrogenation reactions is the necessity of working
with hydrogen gas. As is known to those having ordinary skill in the art, hydrogen gas
is most often stored under pressure and is a highly flammable gas. This high

flammability renders hydrogen gas an undesirable reagent in lengthy reactions.

(0011) Traditional hydrogenation reactions are typically conducted at atmospheric
pressure in a hydrogen atmosphere. The hydrogen atmosphere may often be provided
by attaching a balloon filled with hydrogen to a round bottom flask containing the

hydrogenation reactants.

{0012] Catalyst-assisted hydrogenation is also frequently carried out in a shaker-type
apparatus at pressures of up to about five atmospheres and temperatures up to about 80
°C. Hydrogenation instruments available from Parr Instrument Company, Moline,
Illinois , USA are illustrative of such techniques and represent a basic design (albeit
with improvements, accessories and related enhancements) that originated in the 1920s.
According to Parr, “Materials to be treated . . . are sealed in a reaction bottle with a
catalyst and connected to a hydrogen reservoir. Air is removed either by evacuating the
bottle or by flushing with hydrogen. Pressure is then applied from the reservoir and the
bottle is shaken vigorously to initiate the reaction. The bottle can be heated or cooled
during this process, if necessary. After the reaction reaches the desired point, the shaker
is stopped, the bottle vented and the product and catalyst are recovered.”

(www.parrinstruments.com).

{0013} Hydrogenation reactions of this sort usually have a slow reaction rate and
poor reaction yields. For example, a typical hydrogenation of cholesterol takes

approximately twenty four hours and evidences a yield of less than about 70%.

[0014] The lengthy reaction times, such as those described above, may subject the
researcher to extended exposure to pressurized hydrogen gas, therefore creating more
opportunities for problems with the hydrogen gas. Additionally, reactions with such

" extended reaction times are difficult to monitor continuously.
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[0015] Previous aitempts to utilize microwave technology for hydrogenation reactions to

reduce reaction time and hydrogen gas exposure typically focused on transfer hydro genation,
 “Transfer” reactions refer to hydrogenation reactions berfomed by producing hydrogen gas in
- situ rather than working with hydrogen gas maintained under pressure. A common technique

for the in situ production of hydrogen gas utilizes formic acid. This technique often suffers

from the drawbacks of extended reaction times and low yields.

[0016] Another technique for conducting microwave assisted hydrogenation reactions,

disclosed by Heller et a] in Tetrahedron Letters 46 (2005) 1247, utilizes hydrogen gas at al

fnrassure of aboul 25 bar (j.e., 2 saturated system), a temperature of about 125 C, and a
reaction time of about one hour to hydrogenate pyridine-2-carboxylic aci;:l_ to give pipecoloic
acid. The reaction included a minimum volume of about 20 mL and a maximum volume of
about 200 mL Similarly, hydrogenation of piperdinium utilizing the Heller method

proceeded at 20 bar, 60 °C, for 1.5 hours; debenzylation typically required a reaction time of

a.bout two houts, azide lld,ydrq genation typically required a reaction time of about three hours;

and hydrogenation of strychnine typically lasted about two hours.

[0017] Although this tcchniqu'e resulted in reduced reaction times, the necessary pressures

increase the po%mbﬂﬂy of hydrogen gas explosions in the lab. Additionally, the reactions

times of greater than one hcmr also 1 INCrease the posslbrlﬂy of hydrogen gas explmmns

[0017.1] Bonnet, Chemical Engineering and Processin, vol. 43, no. 11, November 2004,

pages 1435-1440, describes the hydrogenation of nitrobenzene in a microwave reactor using a

flow-tlirouch (continuous flow) reactor. .
[0017.2] WO 2004/002617A describes an instrument and method that includes applying

microwave radiation within a cavity to a potentially sealed vessel and its contents while

concurrently externally cooling the vessel conductively.

[0017.3] Condt, Journal of Catalysis, vol. 218, no. 1, 15 August 2003, pages 201-208

- describes oligomerization of methane under microwave radiation in a continuous flow

instrument,
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[0017.4] US2005/121307 Al describes a technique and instrument for carrying out

microwave-assisted reactions under high pressure and in a high throughput context

)
SUMMARY.

[0018] In one aspect, the invention is a method of acceleratfng the hydrogenation of organic

compounds. The method includes positioning an microwave transparent reaction vesscl

containing at least one reactant suitable for hydrogenation in a mictowave cavity, purging the

reaction vesgel, charging the reaction vessel with hydrogen gas, and applying a continuous
single mode of microwave radiation within the cavity and to the vessel and its contents for a

time sufficient to effect a chemical change in the reactants.

[0019] In another aspect,'the invention 15 a'method of accelerating the hyclmgenatiqn of

organic compounds including positioning a microwave transparent reaction vessel
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containing hydrogenation reactants in a microwave cavity, purging the reaction vessel,
charging the reaction vessel with hydrogen gas, and applying a continuous single mode
of microwave radiation within the cavity and to the vessel and its contents at a

temperature sufficient to effect a chemical change in the reactants.

{0020] In yet another aspect, the invention is an instrument for conducting
microwave assisted hydrogenation reactions including a source for applying a
continuous single mode of microwave radiation within a microwave cavity and to a
microwave-transparent vessel and its contents in the cavity. The instrument further
includes means for charging the vessel with hydrogen gas and at least one vent for

venting the vessel.

[0021] In another aspect, the invention is an improvement in a method of carrying

out hydrogenation reactions. The improvement includes charging a reaction vessel

containing hydrogenation reactants with hydrogen gas and applying a continuous single
mode of microwave radiation to the reaction vessel and its contents inside a microwave

cavity and at a temperature and for a time sufficient to effect a hydrogenation reaction.

[0022] The foregoing and other aspects and embodiments of the invention will

become clearer based on the following detailed description taken in conjunction with

the accompanying drawing.

BRIEF DESCRIPTION OF THE DRAWING

[0023) The present invention now will be described more fully hereinafter with
reference to the accompanying drawing, in which some, but not all embodiments of the
invention are shown. Indeed, this invention may be embodied in many different forms
and should not be construed as limited to the embodiments set forth herein; rather, these
embodiments are provided so that this disclosure will satisfy applicable legal

requirements.

[0024] Figure 1 is a schematic diagram of the elements of an instrument in

accordance with one embodiment of the invention.

DETAILED DESCRIPTION

[0025] The present invention is a method and apparatus for conducting microwave

assisted chemical reactions with a gas-phase reactant, such as microwave assisted
5
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hydrogenation reactions. Microwave assisted hydrogenation reactions may provide
higher yields, safer reactions, and shorter reaction times than conventional methods of
conducting hydrogenation reactions. Thus, hydrogenation as described herein provides

a helpful, rather than limiting, illustration of the invention.

[0026] Unless otherwise defined, all terms (including techﬁical and scientific terms)
used herein have the same meaning as commonly understood by one having ordinary
skill in the art to which this invention belongs. It will be further understood that terms,
such as those defined in commonly used dictionaries, should be interpreted as having a
meaning that is consistent with their meaning in the context of the relevant art and the
present disclosure and will not be interpreted in an idealized or overly formal sense

unless expressly so defined herein.

[0027] In describing the invention, it will be understood that a number of techniques
and steps are disclosed. Each of these has individual benefit and each can also be used
in conjunction with one or more, or in some cases all, of the other disclosed techniques.
Accordingly, for the sake of clarity, this description will refrain from repeating every
possible combination of the individual steps in an unnecessary fashion. Nevertheless,
the specification and claims should be read with the understanding that such

combinations are entirely within the scope of the invention and the claims.

[0028] Figure 1 is a schematic diagram of one aspect of the invention. According to
this aspect, the invention is an instrument broadly designated at 10 for conducting
microwave assisted chemical reactions. The instrument 10 includes a microwave cavity
12, preferably a closed microwave cavity, for conducting microwave assisted chemical
reactions. In exemplary embodiments, the microwave cavity 12 is a substantially
cylindrical cavity that supports a single mode at wavelengths generated by the relevant

SOource.

[0029] The instrument 10 further includes a‘'source, illustrated as the diode 14 for
applying microwave radiation within the cavity 12 and to a vessel 16 and its contents.
The apparatus may also include a waveguide 34 in communication with the source and
the cavity to direct the microwave radiation in the desired orientation. The apparatus
also includes temperature monitoring means 20 for monitoring the temperature of the

vessel 16 and its contents. The temperature monitoring means may include a fiber optic

6
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sensor 22 as depicted in Figure 1. In exemplary embodiments, the temperature.
monitoring means is selected from one or more of thermometers, thermocouples,

pyrometers, and optical temperature detectors.

[0030] It will be understood, of course, that although Figure 1 illustrates these
elements separately for purposes of clarity, a single fiber optic line could be used to
carry both the illumination wavelengths from the source to the cavity as well as
providing visible access for observatior purposes. Accordingly, Figure 1 is descriptive

and exemplary rather than limiting of this and other aspects of the invention.

[0031] The instrument 10 may also include means for charging the vessel with
hydrogen gas. In the illustrated embodiment, the charging means includes hydrogen

gas tank 24. Other means known in the art for charging a reaction vessel with hydrogen

gas are also contemplated as being useful in accordance with the present invention.

[0032] In one exemplary embodiment, the instrument 10 may also include at least
one valve 26 between the charging means 24 and the vessel 16 for controlling the flow
of hydrogen gas into the vessel 16. The instrument 10 may also include a vent 28 for
venting the vessel 16. In one embodiment, the valve 26 may enable both charging and

venting of the vessel 16.

[0033) In an exemplary embodiment, a shut-off valve 30 may be situated at or near
the tank 24 to enable direct control of the hydrogen pressure between the tank 24 and
the vessel 16. Such direct control may be desirable as an additional safety measure. As
discussed previously, those having ordinary skill in the art will recognize the inherent
difficulties in working with hydrogen gas. Accordingly, additional safety measures,

such as the presently discussed shut-off valve 30, are often desirable.

[0034]) In order to carry out the reaction appropriately and successtully, the valves
26 and 30 provide, individually, collectively, or redundantly, the ability to regulate the
pressﬁre, and thus the amount, of hydrogen from the source tank 24. Similarly, the
vessel 16 must be capable of handling the pressures necessary to drive stoichiometric

reactions to near-completion or completion.

[0035] In another embodiment, the instrument 10 can include a pressure sensor 32.
The pressure sensor 32 may be in communication with the vessel 16 and its contents to

monitor the pressure of a hydrogenation reaction. The schematic view of Figure ]
7
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illustrates the pressure sensor 32 as outside of the cavity and spaced from the valves

26,30, but it will be understood that this location is exemplary rather than limiting of the

invention.

[0036] In one embodiment, the source 14 propagates a continuous single mode of
microwave radiation in the cavity 12. Because of the nature of microwaves, which
follow well understood laws of wave propagation, the production of a single mode 1s
most often accomplished by designing a cavity 12 having a geometry that supports a
single mode at a wavelength produced by the source 14. For example, in the United
States, 2450 megahertz (MHz2) is one of the regulated frequencies (wavelengths)
reserved for laboratory microwave use. As used herein and generally well-understood
in this field, the term “mode” refers to the permitted (i.e., with respect to principles of

physics) electromagnetic field pattern within a cavity.

[0037] Microwave modes are generally referred to by the TE,;» designation (TE for
the magnetic field) where the subscripts refer to the number of nulls in the propagated
direction. Cavities 12 that can support single modes are set forth in the art and are
generally understood by those familiar with microwaves and their propagations. An
exemplary cavity 12 for propagating a single mode of microwave radiation is set forth

in U.S. Patent No. 6,288,379, incorporated herein by reference.

[0038] Any appropriate microwave source 14 can be used that is consistent with the
other aspects of the invention. Typical sources such as magnetrons, klystrons, or sold
state sources, such as Gunn diodes, can be used in the present invention. In an
exemplary embodiment, the application of continuous microwave radiation 1s
accomplished using a resonant inverter switching power supply as set forth in
previously incorporated U.S. Pat. No. 6,288,379. Thus, the term “continuous” 1s used
herein in a descriptive rather than an absolute sense and refers to applying radiation
from a source while driving the source at a frequency greater than about 60 hertz. More
preferably, the source is driven at a frequency greater than about 600 hertz, even more
preferably at greater than about 6000 hertz, and most preferably at frequencies between
about 10,000 and about 250,000 hertz. As described in the ‘379 patent, this permits the
power to be applied at a more even level over a longer period of time than in
conventional devices which operate on 50 cycle (typical in Europe) or 60 cycle

alternating current (standard in the United States).
8
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[0039] Figure 1 also illustrates a cooling mechanism schematically illustrated as the
coil 44. In preferred embodiments the cooling system is the same as or equivalent to
those described in commonly assigned U.S. Patent No. 6,744,024 and co-pending and
commonly assigned United States Patent Application Publication No. 20060039838.
The cooling mechanism moderates or controls the temperature in the vessel during the
application of microwave energy. The physical connection between the coil (or
equivalent cooling mechanism) 44 and the vessel 16 is schematically illustrated by the
line 45, and the coil (or equivalent) 44 is in signal communication with the processor 36
through the line 46. For purposes of clarity, Figure 1 illustrates the coil 44 as outside of
the cavity 12, and this will normally be the position in order to avoid interference
between metal parts and the single mode in the cavity 12. Thus, the line 45 will
typically be formed of a microwave transparent material that can carry cooling air or
other fluid without interfering with the wave mode in the cavity 12. The external

location of the coil 44 is, however, an exemplary description rather than limiting one.

[0040] The invention may further include a procéssor 36 in signal communication
with one or both of the temperature sensor 20 and the pressure sensor 32. The
processor 36 can be selected from among widely available and well understood
processors such as the Pentium® or Core™ Duo series from Intel® (Santa Clara, CA)
that are commonly used in personal computers, or functionally equivalent processors
from other sources such as AMD® (Sunnyvale, CA). In some -cases, a commercially-
available desktop or laptop computer can be programmed with software to carry out the
desired control functions while in other circumstances, the processor can be used in
cooperation with preprogrammed read only memory (ROM) for the same purpose. In
either case, the skilled person can obtain and use the relevant processor without undue
experimentation. General discussions of control circuits and logic and related devices
and systems are widely available, with one common source being Dorf, The Electrical
Engineering Handbook, 2d Ed. (1997, CRC Press), at pages 1104-1107, sections 43.6-
43.7.

[0041] In one exemplary embodiment, the apparatus may also include a temperature
display 38 to further enable monitoring of the temperature of the reaction. The
apparatus may further include a pressure display 40 to further enable monitoring of the

pressure of the reaction.
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[0042] In another exemplary embodiment, the processor 36 is in signal

communication with the temperature sensor 20 and is capable of controlling the

microwave source 14 in response to the monitored temperature.

[0043] In another exemplary embodiment, the processor 36 is in signal

communication with the pressure sensor 32 for controlling the microwave source 14 in

response to the monitored pressure.

[0044] Stated differently, the processor 36 may be programmed to reduce or
strengthen the output of the microwave source 14 in response to a monitored change in
the temperature and/or pressure of the vessel 16 and its contents. Accordingly, the
source 14 may be automatically shut-off or adjusted in response to the monitored
temperature and/or pressure. In one embodiment, the processor 36 may be programmed

to adjust the microwave source 14 when the temperature and/or pressure reach a

threshold level.

j0045] Although the term “vessel” is used herein with respect to both the instrument
and method aspects of the invention, it will be understood that the invention 1S not
limited to vessels of any particular size or shape. Additionally, the term vessel can
include other physical arrangements for handling the reactants, including flow-through
systems. In general, because the hydrogenation reaction typically incorporates
hydrogen gas as one of the reactants, the vessel or vessels system will be sealed to
contain the hydrogen gas with the other reactants. The most typical method of
containing the hydrogen gas is to use a sealed vessel, but an open vessel in a larger
sealed system or some other equivalent arrangement, could be incorporated provided it
operated consistently with the remainder of the method steps described herein. As
noted elsewhere herein, the vessel should be able to withstand expected pressures
(usually up to several atmospheres) at elevated temperatures (usually up to about 200
°C). Exemplary vessels are well-understood in the microwave art such as those

available from the assignee herein.

{0046} Figure 1 also includes a number of schematically illustrated pathways, some |
(i.e. pipes or tubing) for gas flow communication, some (wires or wireless devices) for
electrical or signal communication, and some (fiber optics) for optical communication.

Thus, the line designated at 17 represents a gas flow path from the hydrogen tank 24

10
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through the valve 30 to the valve 26. A similar gas flow pipe 21 communicates
between the vent 28 and the valve 26. A third gas flow pipe 23 communicates between
the valve 26 and the vessel 16. Optical lines 25 and 27 communicate between the
vessel 16 and the temperature monitor 20. Electrical or signal lines respectively
communicate between the pressure sensor 32 and the processor 36 (line 33), between
the processor 36 and the source 14 (line 35), between the processor 36 and the
temperature sensor 20 (line 37), between the processor 36 and the display 338 (line 41),
and between the processor 36 and the display 40 (line 43).

[0047] In-another aspect, the invention is a method of accelerating the organic
reactions that include a gas phase reactant. In terms of hydrogenation, the method -
includes positioning a microwave transparent reaction vessel containing at least one
reactant suitable for hydrogenation in a microwave cavity. The reaction vessel may be
purged, either before or after the positioning step, and then charged with hydrogen gas.
After the vessel is positioned in the cavity, the method further includes aﬁplying a
continuous single mode of microwave radiation within the cavity and to the vessel and

its contents until the reactant is hydrogenated to a desired yield .

[0048] As used herein, the term “purging,” refers to any appropriate step of
emptying undesired gases from the reaction vessel and replacing them with the desired
reactant gas (or gases), usually hydrogen. In some cases the purging step empties (or
almost empties) the vessel of gas using a vacuum type pump while in other cases, the
purging gas is added in a manner that displaces other gases so that only the desired

purging gas or reactant gas remains.

[0049] Those having ordinary skill in the art will recognize that a hydrogenation
reaction is an addition reaction, during which on atom of hydrogen adds to each atom 1n
a double bond. For example, one atom of hydrogen may add to each carbon atom in a

carbon-carbon double bond.

[0050] Reactants suitable for hydrogenation include those reactants having double or
triple bonds. Accordingly, common hydrogenation reactants are often alkenes or
alkynes. Other reactants including double bonds, such as between a carbon atom and a
nitrogen atom, are also contemplated as useful in the present invention. Those having

ordinary skill in the art will recognize, therefore, useful hydrogenation reactants.
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[0051) In one embodiment, the step of positioning a microwave transparent reaction
vessel containing hydrogenation reactants in a microwave cavity includes positioning a
microwave transparent vessel further containing at least one hydrogenation catalyst. As
is known to those having ordinary skill in the art, common hydrogenation catalysts
include, but are not limited to, platinum, nickel, palladium, rhodium, ruthenium,.and
combinations thereof. Other hydrogenation catalysts known in the art are also

contemplated as useful in the present invention.

[0052] In another embodiment, the method includes placing reactants in a
microwave-transparent vessel, potentially, but not necessarily, including placing the
reactants in pressure-resistant vessels which can be sealed prior to the application of
microwave radiation. The vessel and its contents are then placed into a microwave
cavity and microwave radiation, preferably a continuous single mode of microwave
radiation, is applied within the cavity to the vessel and its contents while concurrently

externally cooling the vessel.

[0053] In one embodiment, the step of purging the reaction vessel may be conducted
more than once to further ensure the purity of the vessel atmosphere. For example, the
reaction vessel may be purged and charged with hydrogen two or more times before the

application of microwave radiation within the cavity.

[0054]) In one embodiment, the step of charging the reaction vessel with hydrogen
gas may include chérging the reaction vessel with an amount of hydrogen gas that is
stoichiometric with respect to the at least one hydrogenation reactant. For example, the
reaction vessel may be charged with a sufficient amount of hydrogen gas such that the

ratio of double bonds to be hydrogenated to H; 1s about 1:1.

[0055] The determination of desired or appropriate stoichiometric amounts 1s well
within the skill of persons familiar with this art. As well understood, the stoichiometric
amount of a solid or liquid reactant is typically evaluated based on grams and molecular
weight or (e.g. liquids) density, volume and molecular weight. For gases, amounts are
calculated using the ideal gas law or well-understood derivations of the ideal gas law.
Accordingly, once the volume of a vessel is defined or measured, the amount of gas in

the vessel is directly proportional to the pressure.
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[0056] In another embodiment, the step of charging the reaction vessel with
hydrogen gas may include charging the reaction vessel with an amount of hydrogen gas
that is greater than stoichiometric with respect to the at least one hydrogenation
reactant. Stated differently, the reaction vessel may be charged with hydrogen gas such

that the ratio of double bonds to be hydrogenated to H is less than 1:1.

[0057] In yet another embodiment, where only partial hydrogenation of the reactants
is desired, the reaction vessel may be charged with an amount of hydrogen gas that is
less than stoichiometric with respect to the at least one hydrogenation reactant. For
example, the reaction vessel may be charged with a sufficient amount of hydrogen gas

such that the ratio of double bonds to be hydrogenated to Hj is greater than about 1:1.

[0058] The present method may further include the step of monitoring the
temperature of the reaction vessel. The temperature monitoring step may be conducted

utilizing a temperature probe or other temperature monitoring means known in the art.

[0059] The method typically comprises heating the vessel and its contents to a
temperature of between about 60 and 180 °C, with the upper limit being represented by
the temperature and pressure capacity of the vessel 16. In most circumstances, the
vessel will withstand the necessary pressure at temperatures up to about 200 °C. More
robust vessels can, of course, be used, but at a certain point, the increase in temperature
will drive degradation reactions rather than the desired hydrogenation. Thus the upper
temperature and pressure limits are most often established by the reactants and the

products rather than by the physical limits of the instrument or the vessel.

[0060] In one embodiment, the step of applying a continuous single mode of
microwave radiation may include applying a continuous single mode of microwave
radiation within the cavity and to the vessel and its contents for'a time sufficient to
effect a yield of greater than about 50% hydrogenation, more preferably greater than
about 75% hydrogenation, and most preferably greater than about 90% hydrogenation.
In one exemplary embodiment, the step of applying a continuous single mode of
microwave radiation within the cavity includes applying a continuous single mode of
microwave radiation within the cavity and to the vessel and its contents for a time

sufficient to effect a yield of about 100% hydrogenation.
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(0061} Ini at least one embodiment, the step of applying a continuous single mode of
microwave radiation for a time sufficient to effect a chemical change in the reactants
may include applying a continuous single mode of microwave radiation for between

about two and twenty-five minutes.

[0062] In another embodiment, the method includes applying the continuous single
mode of microwave radiation within the cavity and to the vessel and its contents to
produce a temperature sufficient to hydrogenate the reactants to the desired yield. In
one embodiment, the step of applying a continuous single mode of microwave radiation
at a temperature sufficient to effect a chemical change includes heating, by utilizing the

continuous single mode of microwave radiation, the vessel contents to a temperature of

between about 60 and 180 °C.

[0063] The method may also include the step of using various robotic transfers to
both place the reactants in a microwave transparent vessel and to place the vessel and

contents into a microwave cavity.

[0064] The invention provides the capability to moderate the microwave radiation in
response to an observed change, either automatically or manually. The microwave
radiation may be moderated in response to a monitored temperature change, a visually
monitored change, or both. Additionally, it may be preferable to moderate the
microwave radiation, either automatically or manually, in response to a predetermined

monitored change.

{0065] In one aspect, the invention is a method of carrying out microwave assisted
hydrogenation reactions. The method includes placing hydrogenation compositions—
frequently reactants—in a microwave-transparent vessel, positioning the vessel and its
contents inside a microwave cavity, and applying a continuous single mode of

microwave radiation within the cavity and to the vessel and 1its contents

{0066} It will be understood, of course, that although the term *reactants™ is used
frequently herein, the method is not limited to starting materials, but can be applied to

any appropriate compositions.

-

[0067] In one embodiment, the microwavé power may be adjusted either manually

or automatically in response to the monitored change in the reactants in the vessel.
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Moreover, the microwave power may be adjusted in response to a change monitored by

the temperature sensor or in response to a change monitored by a pressure sensor.

[0068] The method may also include placing the reactants in a vessel, preferably a
pressure-resistant vessel, and sealing the vessel prior to the step of applying the
microwave radiation. The step of applying microwave radiation preferably includes

applying a continuous single mode of microwave radiation as previously discussed.

{0069] In another aspect, the invention is an improvement in a method of carrying
out hydrogenation reactions. The improvement includes charging a reaction vessel
containing hydrogenation reactants with hydrogen gas and applying a continuous single
mode of microwave radiation to the reaction vessel and its contents at a temperature and

for a time sufficient to effect a hydrogenation reaction.

[0070] In one embodiment, the méthod may further include catalyzing the
hydrogenation reaction. Exemplary catalysts include nickel (N1), platinum (Pt),
palladium (Pd) and other noble metals and combinations of metals. Additionally, a
variety of suitable hydrogenation catalysts are known to, and will be recognized by,

those having ordinary skill in the art without undue experimentation.

[0071) The method may also include the step of purging the reaction vessel at least

one time prior to the step of charging the reaction vessel with hydrogen gas. -

[0072] The step of applying a continuous single mode of microwave radiation may
include applying a continuous single mode of microwave radiation at a temperature
between about 60 and 180 °C, more preferably between about 65 and 85 "C. The step
of applying a continuous single mode of microwave radiation may further include
applying a continuous single mode of microwave radiation for a time of between about

two and twenty-five minutes.

[0073] The method may further include monitoring the temperature of the
hydrogenation reaction and adjusting the microwave power, either automatically or
manually, in response to a monitored temperature change. Similarly, the method may
also include monitoring the pressure of the hydrogenation reaction and adjusting the

microwave power in response to a monitored pressure change.

|0074) The present instrument and method provides a more efficient path for

conducting hydrogenation reactions. The present method reduces the reaction time and
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increases the yield over both conventional hydrogenation techniques and previously
developed microwave assisted hydrogenation techniques. Moreover, the present
method provides improved safety when working with explosive hydrogen gas due to the

reduced temperatures and exposure time to the hydrogen gas.
Examples:

[0075] A number of hydrogenation reactions were conducted using the present
apparatus and method. Several of these reactions, along with their reaction conditions
and yields, are listed below. Unless otherwise noted, each reaction proceeded with a
stoichiometric amount of hydrogen with respect to the reactant to be hydrogenated and

1% catalyst loading.

[0076] As used in the drawings, the abbreviation Pd/C refers to a palladium metal
catalyst on a carbon support. The abbreviation EtOH refers to ethyl alcohol and the
abbreviation EtOAc refers to ethyl acetate. The abbreviation pA refers to the
application of microwaves. Simultaneous cooling was carried out using the

PowerMAX™ single mode capacity microwave instrument available from the assignee
herein, CEM Corporation of Matthews, North Carolina, USA.
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" Olefin Hydrogenation:

Pd/C. Hz. EtOAC
AN
‘ 1), 80 °C, 3 min

100% conversion at 1% catalyst loading

O
X _Me Pd/C, H,, EtOAC o Me
© ui, 80 °C, 3 min

100% conversion

H,, EIOA
PN ‘ Pd/C, 2 tOAC
‘ uA, 80 °C, 5 min

100% conversion

PAIC, Hp, EtOAC
uA, 80 °C, 10 min |

100% conversion

Pd/C, H,, EtOAC
pA, 80 °C, 5 min

100% conversion

OH Pd/C, H,, EtOAc
| ui, 80 °C, 5 min
100% conversion

Pd/C, H,, EtOAC
ud, 80 °C, 5 min
simultaneous cooling
100% yield
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Alkyne Hydrogenation:
FZ Pd/C, H,, EtOAC
uA, 80 °C, 5 min ©/\
100% conversion
O O
~ Pd/C, H, EtOAC
MeO X OMe
X_ _OMe ux, 80 °C, 3 min MeOJK/\n/
O
O 100% conversion
7 O
Pd/C, Hz, EtOAC
EtO” . , OFEt
N _OEt uA, 80 °C, 3 min EtO
O
O 100% conversion

Reduction of Nitro Groups to Amine Groups:

Pd/C, H,, EtOAC
ui, 80 °C, 10 min

51% conversion

Pd/C, H,, EtOAC
uA, 80 °C, 10 min

simultaneous cooling

100 % conversion

: _NO, : NH;
A A
ONOZ Pd/C, H,, EtOAC /©/NH2
O 1 '
. pA, 80 °C, 15 min -
Me Me
S S
Me Me

simultaneous cooling

96 % conversion

Pd/C, H,, EtOAC
uA, 80 °C, 15 min

simuitaneous cooling

100 % conversion
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Cbz Deprotection:
O O O
o N/U\O Pd/C, H,, EtOAG o "
| uA, 80 °C, 5 min
100% yield

Reductive Amination:

NG /@ Pd/C, Hp, EtOAC /@
+
HoN ua, 80 °C, 3 min ©/\E

98% conversion

[0077] In the drawing, specification, and examples there have been set forth
preferred embodiments of the invention, and although specific terms have been
employed, they are used in a generic and descriptive sense only and not for purposes of

limitation, the scope of the invention being defined in the claims.
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Claims
1. A method of awalmﬂing organic reactions that include a gas phase

- reactant, the method comprising:
| introducing a microwave transparent reaction vessel containing at least one
reactant into a closcd microwave cavity; %
purging the reaction vessel; _
chm ging the reaction vessel with a pas phase reactant in an amount that is at least

stmchlometnc with respect to the reactant in the vessel; and

applying a continuous single mode of microwave radrauon within the cavity and to

ihe vessel and its contents until the reaction proceeds to a desired yield.

2. A method of accelerating organic reactions according to Claim. 1
comprlsmg
introducing a vcsscl contaming a compound to be hydrogenated itito the cawty

charging the reaction vessel with hydrogen gas; and

applying a continuous single mode of microwave radiation within the cavity and to

the vessel and its contents until the compound is hydrogenated to a desired yicld.

3. A method of accelerating organic reactions according to Claim 1

comprising catalyzing the reaction,

4, A method of accelerating organic reactions according to Claim 2

comprising catalyzing the reaction with a hydrogenation catalyst.

5. A method of accelerating organic reactions according to Claim 4

comprising catalyzing the reaction with a palladium catalyst.

&.

the step of purging the reaction vessel comprises purging the reaction vessel more than

A method of accelerating organic reactions according to Claim 1 wherein

one time,.
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7. A method of accelerating organic reactions according to Claim 1 further

comprising the step of monitoring the temperature of the reaction vessel containing
hydrogenation reactants. ; | ;

8. A method of accelerating the hydrogenatioﬁ of organic compounds

according to Claim 2 wherein the step of applying a continuous single mode of microwave

radiation within the cavity and to the vessel and its contents for a time sufficient to effect a

chemical change in the reactants comprises' applying a continuous single mode of
microwave radiation within the cavity and to the vessel and its contents for a time

sutficient to etfect a yield of greater than 50% hydrogenation.

.9, A method of accelerating the hydrogenation of organic compounds
according to Claim 2 wherein the step of applying a continuous single mode of microwave

radiation within the cavity and to the vessel and its contents for a time sufficient to cffect a

chemical chanige in the reactants comprises applying a continuous single mode of

microwave radiation within the cavity and to the vessel and its contents for a time

sufficient to effect yield of greater than about 75% hydrogenation.

10.

acporrflin.g to Claim 2 wherein the step of applying a continuous single mode of microwave

A method of accelerating the hydrogenation of organic compounds

radiation within the cavity and to the vessel and its contents for a time sufficient to cffect a
chemical change in the reactants comprises applying a continuous single mode of
- microwave radiation within the cavity and to the vessel and its contents for a'time

sufficient to effect yield of greater than about 90% hydrogenation.

11. A method of acceleratin g organic reactions according to Claim 1

comprising applying the continuous single mode of microwave radiation within the cavity
and to the vessel and its contents to produce a temperature sufficient to drive the reactants

to the desired yield,
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comprising cooling the reaction vessel during the application of microwave radiation to

A method of accelerating organic reactions according to Claim 1 further
moderate and control the temperature of the reaction vessel and the at leasi one reactant.

13. A method of accelerating the hydrogenation of organic compounds
according to Claim 2 wherein the step of applying a continuous single mode of microwave
radiation within the cavity and to the vessel and its contents comprises heating the vessel

contents to'a temperature of between about 60 and 180 °C.

14, A method of accelerating organic reactions aceording to Claim |

comprising venting the vessel at the completion of the desired reaction.

15.  Aninstrument for conducting microwave assisted organic reactions that

include a gas phase reactant, comprising:
a source of microwave radiation .
a cavity in communication with said source, said cavity being capable of
supporting a single mode of mictowave radiation at frequeneics applied by said source;
a fnicmwave—tmnsparent pressum-—r.es’istan’t vessel in sald cavity;

means for charging said vessel with a controlled amount of reactant gas; and

" at least one vent for venting said vessel,

16.  Aninstrument for conducting microwave assisted reactions according to

‘Claim. 15 wherein said microwave cavity is substantially cylindrical.

17. Aninstrument for conducting microwave assisted reactions according to

Claim 15 further comprising means for monitoring the temperature in said cavity and said

e

vessel,

8. . Aninstrument for conducting microwave assisted reactions according 1o -

Claim 17 wherein said temperature monitoring means is selected from the group

conststing of thermometers, thermocouples, pyrometers and optical temperature detectors,

| 24
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)9. An Instrument according to Clam 17 further comprising a processor in
signal communication with said temperature monitoring means for controlling said
microwave source in response to the monitored temperature, -
K
20.  Aninstrument according to Claim 15 futther comprising a cooling system

for .Lk;ontrol].ing and moderating the temperature of said vessel and its contents. ¥

21, Aninstrument according to Claim 17 further comprising a cooling system

for controlling and moderating the temperature of said vesse] and its contents.

22.  Aninstrument accerding to Claim 21 wherein said cooling system is in
communication with said processor for contrelling said cooling system in response to said

processor and 1o said temperature monitoring means,

23, Anmstrument according to Claim 15 further comprising a waveguidc n

communication with said source and said cavity.

24,  Aninstrument according to Claim 15 furthet comprising at least one valve

between said charging means and said vessel for controlling the flow of reactant gas into

said vessel.

23,  An instrument according to Claim 15 further comprising a pressuré control

Instrument situated between said charging means and said vessel for directi ng'the flow of

reactant gas.

26, An instrument according to Claim 17 further comprising a temperature
display, 1

27 . An instrument according to Claim 15 further comprising means for

monitoring the pressure in gaid vessel.
CAFIRM DOCSV 700M 60WO\Replacement_Claims_12_07.doc
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