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Abstract
A solvent that reversibly converts from a nonionic liquid mixture to an ionic liquid
upon contact with a selected trigger, e.g., contact with CO,, is described. In preferred
embodiments, the ionic solvent is readily converted back to the nonionic liquid mixture.
The nonionic liquid mixture includes an amidine or guanidine or both, and water, alcohol,
or a combination thereof. Some embodiments require increased pressure to convert,

others convert at 1 atmosphere.
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Switchable Solvents and Methods of Use Thereof

FIELD OF THE INVENTION
The field of the invention is solvents, and specifically solvents that can be

reversibly converted between ionic and nonionic forms.

BACKGROUND OF THE INVENTION

Conventional solvents have fixed physical properties which can lead to significant
limitations in their use as media for reactions and separations. Many chemical
production processes involve multiple reaction and separation steps, and often the type
of solvent that is optimum for any one step is different from that which is optimum for the
next step. Thus it is common for the solvent to be removed after each step and a new
solvent added in preparation for the next step. This removal and replacement greatly
adds to the economic cost and environmental impact of such processes. Therefore,
there exists a need for a solvent that can change its physical properties.

Solvents are commonly used to dissolve material in manufacturing, cleaning,
dyeing, extracting, and other processes. In order for a solvent to dissolve a material
quickly, selectively, and in sufficient quantity, it is usually necessary for the solvent to
have particular physical properties. Examples of such properties include dielectric
constant, polarizability, acidity, basicity, viscosity, volatility, hydrogen-bond donating
ability, hydrogen-bond accepting ability and polarity. At some point in such a process
after the dissolution, separation of the material from the solvent may be desired. Such a
separation can be expensive to achieve, especially if the solvent is nonvolatile as is
commonly the case for polar solvents.

Moderate changes in temperature and pressure cannot be used as a method for
dramatically changing solvent properties as they cause only minor changes in a
conventional solvent’s physical properties. Some high-pressure fluids can be
continuously and reversibly changed by variations in pressure. Examples include
supercritical fluids such as CHF; (Jessop, 1999), and CO,-expanded liquids such as
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subcritical mixtures of CO, and organic liquid (Subramaniam, 2002). A disadvantage of
such fluids is the pressure required (greater than 25 bar and often greater than 50 bar)
causes added expense, inconvenience and risk.

There is a need for liquids that are able to switch by application of a trigger from

one form with a first set of physical properties to another form with a second and

different set of physical properties.

SUMMARY OF THE INVENTION

In a first broad aspect, the invention provides switchable solvents and methods of
preparing and using such solvents. The solvents are based on amidine or guanidine
and switch between a neutral form and a charged form (amidinium or guanidinium) in
response to selected trigger. When prepared as described hereinbelow, the charged
form provides an ionic liquid below 100 °C, e.g., at room temperature. The trigger to
change from neutral form to charged form may be exposure of the neutral form to CO,,
CS,, or COS. Given its convenience, CO, is especially preferred. In preferred
embodiments, solvents of the invention are not only switchable, but reversibly so, and
removal of the trigger, e.g., removing CO,, causes the charged form to switch to the
neutral form.

In a second broad aspect, the invention provides switchable solvents and
methods of preparing and using such solvents, where the solvents are based on amidine
or guanidine and switch between a first form with no local charges and a second,
zwitterionic form in response to selected trigger. The trigger to change from first form to
second, zwitterionic form may be exposure of the first form to CO,, CS,, or COS. Given
its convenience, CO, is especially preferred. Preferably, a solvent according to this
aspect of the invention is not only switchable, but reversibly so, and removal of the
trigger, e.qg., removing CO,, causes the second, zwitterionic form to switch to the first
form.

It should be understood that it is appropriate for purposes of the present
disclosure to call removal of a first trigger a “trigger” itself, in that it causes a change in
properties of the compound in question.

An aspect of the invention is a solvent that is an ionic liquid whose ionic
character is changed such that it becomes a nonionic liquid in response to a trigger.

Another aspect of the invention is a solvent that is a nonionic liquid whose nonionic

character is changed such that it becomes an ionic liquid in response to a trigger.
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According to a further aspect, the invention provides an ionic liquid that is formed
by the reaction of carbon dioxide with a amidine or guanidine and water. It is reasonable
to expect that these reactions are reversible; however, reversibility has not been
observed to date by bubbling a said guanidinium with nitrogen or argon to remove CO..

In one aspect, the invention provides an ionic liquid of formula (2)

R

©0,CR

7 ® O\

R'HN 3R4
NR“R (2)

where R is alkyl, alkenyl, alkynyl, aryl, silyl, or siloxyl, and may be linear,
branched, or cyclic, and may be substituted or unsubstituted; R', R?, R®, and R*are
independently H; a substituted or unsubstituted C, to C, alkyl group that is linear,
branched, or cyclic; a substituted or unsubstituted C,Si,, group where n and m are
independently a number from 0 to 10 and n + m is a number from 1 to 10; a substituted
or unsubstituted aryl group optionally containing one or more {-Si(R°),-O-} units; or a
substituted or unsubstituted heteroaryl group optionally containing one or more {-Si(R°),-
O-} units; and R°® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety.
In certain embodiments, R, R®, and R* are not hydrogen.

In another aspect, the invention provides an ionic liquid that is made by a method
comprising the steps of: mixing a compound with alcohol, water or a combination

thereof, where the compound is of the formula (1):

R1

R*N NR°R* (1)



CA 02539418 2006-03-13

where R', R?, R®, and R* are independently H; a substituted or unsubstituted C,
to C1o alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted C,Si,,
group where n and m are independently a number from 0 to 10 and n + m Is a number
from 1 to 10; a substituted or unsubstituted aryl group optionally containing one or more
{-Si(R®),-O-} units; or a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R°®),-O-} units; and R°® is a substituted or unsubstituted alkyl|,
aryl, heteroaryl, or alkoxy moiety; contacting the mixture with carbon dioxide, CS,, or
COS; and obtaining the ionic liquid. In certain embodiments, R% R®, and R* are not
hydrogen.

In certain embodiments of the previous two aspects, the compound and the
alcohol, water or combination thereof, are present in approximately equimolar amounts.

In another aspect, the invention provides a method of making an ionic liquid,
comprising the steps of. mixing a compound with alcohol, water or a combination

thereof where the compound is of the formula (1):

R‘l

R°N NR3R* (1)

where R', R%, R’ and R*are independently H; a substituted or unsubstituted C;
to Co alkyl group that is linear, branched, or cyclic, a substituted or unsubstituted C,Si,
group where n and m are independently a number from 0 to 10 and n + m is a number
from 1 to 10; a substituted or unsubstituted aryl group optionally containing one or more
{-Si(R°),-O-} units; or a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R°),-O-} units; and R°® is a substituted or unsubstituted alkyl,
aryl, heteroaryl, or alkoxy moiety; contacting the mixture with carbon dioxide; and
obtaining the ionic liquid.

The alcohol may be ROH, where R is alkyl, alkenyl, alkynyl, aryl, silyl, or siloxyl,
and may be linear, branched, or cyclic, and may be substituted or unsubstituted. The

alcohol may be a primary or a secondary alcohol.
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In another aspect, the invention provides a method of separating a solute from an
alcoholic solution comprising the steps of: adding to an alcoholic solution an amount of a
compound of formula (1) that is about equimolar to the amount of alcohol in the alcoholic
solution; contacting the solution with carbon dioxide to convert the solution to a first
component of ionic liquid and a second component of solute; and separating the first and
second components to isolate the solute.

In a further aspect, the invention provides a method for separating a desired
liquid from a mixture of an alcohol and the desired liquid, comprising the steps of:
adding a compound of formula (1) to a mixture of an alcohol and a desired liquid;
contacting the mixture with carbon dioxide to convert the alcohol and the compound to
an ionic liquid; and separating the ionic liquid and the desired liquid to isolate the desired
liquid, wherein the desired liquid is not reactive with the compound in the presence of the
carbon dioxide.

In another aspect, the invention provides a method for separating a desired liquid
from a mixture of water and the desired liquid, comprising the steps of: adding a
compound of formula (1) to a mixture of water and the desired liquid; contacting the
mixture with carbon dioxide to convert the water and the compound to an ionic liquid;
and separating the ionic liquid and the desired liquid to isolate the desired liquid, wherein
the desired liquid is not reactive with the compound in the presence of the carbon
dioxide.

In another aspect, the invention provides a method for converting an ionic liquid
to a nonionic liquid, comprising the steps of. providing an ionic liquid of formula (1),
where R?, R® and R*are not H, removing carbon dioxide from the ionic liquid; and
obtaining the nonionic liquid. Removing carbon dioxide may comprise one or more of:
heating the ionic liquid, and contacting the ionic liquid with a nonreactive gas that
contains substantially no carbon dioxide.

In a further aspect, the invention provides an ionic liquid having the general
formula (2), wherein the ionic liquid reversibly converts to a nonionic liquid when carbon
dioxide is removed, and wherein the nonionic liquid converts to the ionic liquid upon
contact with carbon dioxide. Carbon dioxide may be removed by contacting the ionic
liquid with a gas that contains substantially no carbon dioxide. Carbon dioxide may be
removed by contacting the ionic liquid with a gas that contains substantially no CO,,
CS,, or COS.

In yet a further aspect, the invention provides an ionic liquid of formula (4)
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NR?R3
©0,CR

7 ® N\

R'HN 4R5
NR*R (4)

where R is alkyl, alkenyl, alkynyl, aryl, silyl, siloxyl, and may be linear, branched,
cyclic, and may be substituted or unsubstituted; R', R?, R®, R*, and R® are independently
H; a substituted or unsubstituted C, to C4, alkyl group that is linear, branched, or cyclic;
a substituted or unsubstituted C,Si,, group where n and m are independently a number
from 0 to 10 and n + m is a number from 1 to 10; a substituted or unsubstituted aryl
group optionally containing one or more {-Si(R°),-O-} units; or a substituted or
unsubstituted heteroaryl group optionally containing one or more {-Si(R°),-O-} units; and
R° is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety. In certain
embodiments, R, R', R?, R®>, R*, and R’ are not hydrogen.

In a further aspect, the invention provides an ionic liquid that is made by a
method comprising the steps of. mixing a compound with an alcohol, water or a

combination thereof, where the compound is of the formula (3):

NR?R’

1 45
R'N NR™R (3)

where R', R%, R®, R*and R® are independently H: a substituted or unsubstituted
C, to Cy0 alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted
C.Sin, group where n and m are independently a numberfromOto10andn+mis a
number from 1 to 10; a substituted or unsubstituted aryl group optionally containing one
or more {-Si(R°),-O-} units; or a substituted or unsubstituted heteroaryl group optionally

containing one or more {-Si(R°),-O-} units; and R® is a substituted or unsubstituted alkyl,
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aryl, heteroaryl, or alkoxy moiety; contacting the mixture with carbon dioxide, CS,, or
COS, and obtaining the ionic liquid. In certain embodiments, R', R*, R®, R* and R’ are
not hydrogen.

In certain embodiments of the previous two aspects, the compound and the
alcohol, water or combination thereof, are present in approximately equimolar amounts.

In another aspect, the invention provides a method of making an ionic liquid,
comprising the steps of. mixing a compound with alcohol, water or a combination
thereof where the compound is of the formula (3):

NR%R3

R'N NR*R® (3)

where R', R% R®, and R*are independently H; a substituted or unsubstituted C,
to Cqo alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted C,Si,
group where n and m are independently a number from 0 to 10 and n + m is a number
from 1 to 10; a substituted or unsubstituted aryl group optionally containing one or more
{-Si(R°),-O-} units; or a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R®),-O-} units; and R® is a substituted or unsubstituted alkyl,
aryl, heteroaryl, or alkoxy moiety; contacting the mixture with carbon dioxide; and
obtaining the ionic liquid.

| The alcohol may be ROH, where R is alkyl, alkenyl, alkynyl, aryl, silyl, or siloxyl,
and may be linear, branched, or cyclic, and may be substituted or unsubstituted. The
alcohol may be a primary or a secondary alcohol.

In another aspect, the invention provides a method of separating a solute from
an alcoholic solution comprising the steps of. adding to the solution an amount of a
compound of formula (3) that is about equimolar to the amount of alcohol in the alcoholic
solution; contacting the solution with carbon dioxide to convert the solution to a first
component of ionic liquid and a second component of solute; and separating the first and
second components to isolate the solute.
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In another aspect, the invention provides a method for separating a desired liquid
from a mixture of an alcohol and the desired liquid, comprising the steps of: adding a
compound of formula (3) to a mixture of an alcohol and a desired liquid; contacting the
mixture with carbon dioxide to convert the alcohol and the compound to an ionic liquid;
separating the ionic liquid and the desired liquid to isolate the desired liquid, wherein the
desired liquid is not reactive with the compound in the presence of the carbon dioxide.

In another aspect, the invention provides a method for separating a desired
liguid from a mixture of water and the desired liquid, comprising the steps of: adding a
compound of formula (3) to a mixture of water and the desired liquid; contacting the
mixture with carbon dioxide to convert the water and the compound to an ionic liquid;
and separating the ionic liquid and the desired liquid to isolate the desired liquid, wherein
the desired liquid is not reactive with the compound in the presence of the carbon
dioxide.

In a further aspect, the invention provides a method for converting an ionic liquid
to a nonionic liquid, comprising the steps of. providing an ionic liquid of formula (4) or an
jonic liquid made from the compound of formula (3), where R, R', R% R® R* and R® are
not H, removing carbon dioxide from the ionic liquid; and obtaining the nonionic liquid.
Removing carbon dioxide may comprise one or more of. heating the ionic liquid, and
contacting the ionic liquid with a nonreactive gas that contains substantially no carbon
dioxide.

In a further aspect, the invention provides an ionic liquid having the general
formula (4), wherein the ionic liquid reversibly converts to a nonionic liquid when carbon
dioxide is removed, and wherein the nonionic liquid converts to the ionic liquid upon
contact with carbon dioxide. Carbon dioxide may be removed by contacting the ionic
liquid with a gas that contains substantially no carbon dioxide. Carbon dioxide may be
removed by contacting the ionic liquid with a gas that contains substantially no CO,,
CS,, or COS.

In yet a further aspect, the invention provides use of an ionic liquid of formula (2)
or (4), or made from a compound of formula (1) or (3), as a sensor of CO,, CS,, or COS.

In a further aspect, the invention provides use of an ionic liquid of formula (2) or
(4), or made from a compound of formula (1) or (3), as a detector of CO,, CS,, or COS.

In a further aspect, the invention provides use of an ionic liquid of formula (2) or

(4), or made from a compound of formula (1) or (3), as a chemical switch.
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In a further aspect, the invention provides use of an ionic liquid of formula (2) or
(4), or made from a compound of formula (1) or (3), to conduct electricity.
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BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will now be described, by way of example, with

reference to the accompanying drawings.

Figure 1 shows a chemical reaction equation and a schematic of the reaction. The
chemical reaction equation shows DBU (1,8-diazabicyclo-[5.4.0]-undec-7-ene) and an
alcohol on the left hand side and amidinium alkyl carbonate on the right hand side. This
reaction can be reversed, as indicated. The schematic shows the same reaction
wherein the nonpolar liquid mixture of DBU and the alcohol are on the left side under a
blanket of N,. The ionic liquid amidinium alkyl carbonate product is shown on the right
side under a blanket of carbon dioxide.

Figure 2 graphically presents the polarity of nonionic liquid mixtures of equimolar

amounts of DBU and C3 to C10 alcohols in the lower curve (¢); and the polarity of the
corresponding ionic liquids that result from reaction of the liquid mixtures with CO, gas at
1 bar, in the upper curve (). The polarity is indicated by the wavelength of maximum
absorbance of dissolved solvatochromic dye Nile Red.

Figure 3 graphically presents the melting temperature of ionic liquids that are formed by
the reaction of CO, with equimolar mixtures of DBU and C1 to C10 alcohols.

Figure 4 shows a schematic of the miscibility test described in Example 2 wherein
decane is miscible with alcohol and DBU on the left side and is immiscible with the
corresponding ionic liquid, [DBUH J[RCO3’], on the right side. This separation is
reversible as indicated.

Figure 5A shows a chemical scheme of N,N,N’,N’-tetramethyl-N"-phenylguanidine and
water reacting with carbon dioxide to form the corresponding guanidinium bicarbonate,
which is an ionic liquid. 5B shows a chemical scheme of N,N,N’,N'-tetramethyl-N"-(2-
fluorophenyl)guanidine and water reacting with carbon dioxide to form the corresponding
guanidinium bicarbonate, which is also an ionic liquid. 5C shows a schematic of these
reactions as described in Example 3, wherein the guanidine in each case (denoted as
‘amine”) is miscible with wet ether on the left side, and the guanidinium bicarbonate
separates from the ether into the ionic liquid on the right side.

10



CA 02539418 2006-03-13

Figure 6A shows a chemical scheme of Me-MTBD and alcohol reacting with CO, to form
the corresponding ionic liquid. Figure 6B shows a chemical scheme of N,N,N’,N’-
tetramethyl-N"-butylguanidine and methanol reacting with CO, to form the corresponding

lonic liquid.

Figure 7 shows NMR characterization data for N,N,N’,N’-tetramethyl-N"-phenylguanidine

and its bicarbonate salt.

11
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DETAILED DESCRIPTION OF THE INVENTION

As used herein, “aliphatic” refers to hydrocarbon moieties that are linear,
branched or cyclic, may be alkyl, alkenyl or alkynyl, and may be substituted or
unsubstituted. “Aryl” means a moiety including a substituted or unsubstituted aromatic
ring, including heteroaryl moieties and moieties with more than one conjugated aromatic
ring; optionally it may also include one or more non-aromatic ring. Examples of aryl
moieties include, phenyl, bipheny!, naphthyl, anthryl, phenanthryi, pyrenyl, pyridyl,
bipyridyl, xylyl, indolyl, thienyl, and quinolinyl.

“Substituted” means having one or more substituent moieties whose presence
does not interfere with the desired reaction. Examples of substituents include alkyl,
alkenyl, alkynyl, aryl, aryl-halide, heteroaryl, cyclyl (non-aromatic ring), Si(alkyl)s,
Si(alkoxy)s, halo, alkoxyl, amino, amide, hydroxyl, thioether, alkylcarbonyl,
alkylcarbonyloxy, arylcarbonyloxy, alkoxycarbonyloxy, aryloxycarbonyloxy, carbonate,
alkoxycarbonyl, aminocarbonyl, alkylthiocarbonyl, phosphate, phosphate ester,
phosphonato, phosphinato, cyano, acylamino, imino, sulfhydryl, alkylthio, arylthio,
thiocarboxylate, dithiocarboxylate, sulfate, sulfato, sulfamoyl, sulfonamide, nitro, nitrile,
azido, heterocyclyl, ether, ester, silicon-containing moieties, thioester, or a combination
thereof. Preferable substituents are alkyl, aryl, heteroaryl, and ether. It is noted that aryl
halides are acceptable substituents. Alkyl halides are known to be quite reactive, they
are acceptable so long as they do not interfere with the desired reaction.

As used herein, “heteroatom” refers to non-carbon atoms, such as, for example,
O, S, and N.

“Alcohol” means a molecule of the formula ROH, where R is alkyl, alkenyl,
alkynyl, aryl, silyl, or siloxyl, and may be linear, branched, cyclic, and may be substituted
or unsubstituted. Substituents are as defined above and include moieties that do not
interfere with the desired reaction.

The term “switched” means that the physical properties have been modified.

“Switchable” means able to be converted from a first state with a first set of physical
properties to a second state with a second set of physical properties. A “trigger’ is a
change of reaction conditions (e.g., introduction of a gas) that causes a change in the
physical properties. The term “reversible” means that the reaction can proceed in either

direction (backward or forward) depending on the reaction conditions.

12
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“Short chain aliphatic” or “lower aliphatic” refers to C; to C, aliphatic. “Long chain
aliphatic” or “higher aliphatic” refers to Cs to C,s aliphatic. “DBU” means 1,8-
diazabicyclo-[5.4.0]-undec-7-ene. As used herein, “air that has had its carbon dioxide
component substantially removed” means that the air has insufficient carbon dioxide
content to interfere with the removal of carbon dioxide from the solution.

As used herein, “amidine” (picture below) refers to a molecule with a structure
R'N=C(R?-NR’R* where R’ through R* are aliphatic or siloxyl or aryl or aliphatic/siloxyl
as discussed below. The bicarbonate salt of an amidine (picture below) is termed an
“amidinium bicarbonate”. An amidinium salt that has the anionic counterion [ROCO,] is
termed an “amidinium alkylcarbonate” (picture below). It should be noted that amidine
as used herein also includes the structure R'N=CH-NR°R* (i.e., R* is replaced by H),
where R and R®, R* are as discussed below.

As used herein, “guanidine” (picture below) refers to a molecule with a structure
R'N=C(NR’R®*(NR*R®) where R' through R® are aliphatic or siloxyl or aryl or
aliphatic/siloxyl as discussed below. The bicarbonate salt of such molecule is termed
the “guanidinium bicarbonate” (picture below). A guanidinium salt that has the anionic
counterion [ROCO,1] is termed “guanidinium alkylcarbonate” (picture below).

“lonic” means containing or involving or occurring in the form of positively or
negatively charged ions, i.e., charged moieties. “Zwitterionic” means having two
oppositely charged groups present at different locations within the same molecule. For
purposes of this disclosure, “ionic liquids” are salts that are liquid below 100 "C; such
liquids are typically nonvolatile, polar and viscous. For purposes of this disclosure,
“zwitterionic liquids” are zwitterionic compounds that are liquid below 100 "C. "Nonionic
liquids™ means liquids that do not consist primarily of molecules with formal charges such
as ions. Nonionic liquids are available in a wide range of polarities and may be polar or
nonpolar; they are typically more volatile and less viscous than ionic liquids.

A polar molecule is a molecule in which some separation occurs of the centres
of positive and negative charge. Polar solvents are typically characterized by a dipole
moment. lonic liquids are considered to be polar solvents (Aki, 2001; Reichardt, 2005),
even though a dipole may not be present, because they behave in the same manner as
polar liquids in terms of their ability to solubilize polar solutes, their miscibility with other
polar liquids, and their effect on solvatochromic dyes. A poiar solvent is generally better
than a nonpolar (or less polar) solvent at dissolving polar or charged molecules.

13
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“Nonpolar’ means having weak solvating power of polar or charged molecules.
Nonpolar solvents are associated with either having little or no separation of charge, so
that no positive or negative poles are formed, or having a small dipole moment. A
nonpolar solvent is generally better than a polar solvent at dissolving nonpolar, waxy, or
olly molecules.

“NMR” means Nuclear Magnetic Resonance. “Wet diethyl ether’ means diethyl
ether that has been purchased from a supplier and whose container has been opened to
the atmosphere such that water from the air surrounding the container has entered the
solvent.

The invention provides a method of separating a solute (a dissolved compound)
from solution by switching the physical properties (e.g., polarity, volatility, etc.) of the
solvent of the system. When the solvent has been converted into its second form, the
solute may be separated from solution. Separation may include, for example, decanting,
filtering, and centrifuging. The invention further provides a method for maintaining or
disrupting miscibility of two liquids by using a reversible switchable solvent as one of the
two liquids. When a trigger is applied, the switchable solvent’s properties change and
the newly-immiscible liquids separate. An embodiment of the invention provides a
switchable solvent that can be reversibly and readily switched between nonionic liquid
and ionic liquid forms by applying or removing CO..

In certain embodiments of the invention, the liquid mixture is (1) amidine and
alcohol, (2) amidine and water, (3) amidine, alcohol and water, (4) guanidine and
alcohol, (5) guanidine and water, (6) guanidine, alcohol and water, or (7) a nitrogen-
containing organic compound that is of about equal or weaker basicity than amidine (or

guanidine), and either alcohol, water or a combination thereof.
An amidine Is depicted below,

R1

RN NR°R (Amidine)

14
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where R', R?, R® and R*are independently H: a substituted or unsubstituted C;
to C4o alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted C,Si,
group where n and m are independently a number from 0 to 10 and n + m is a number
from 1 to 10; a substituted or unsubstituted aryl group optionally containing one or more
{-Si(R°),-O-} units; a substituted or unsubstituted heteroaryl group optionally containing
one or more {-Si(R°),-O-} units; and

R°® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety;
wherein a substituent is independently alkyl, alkenyl, alkynyl, aryl, aryl halide, heteroaryl,
non-aromatic rings, Si(alkyl)s, Si(alkoxy),, halo, alkoxy, amino, ester, amide, thioether,
alkylcarbonate, phosphine, thioester, or a combination thereof.

In the presence of an alcohol and carbon dioxide, such an amidine converts to an
amidinium alkylcarbonate as depicted below,

R>

©0,CR

RTHN @ O\

NR3R* (Amidinium alky! carbonate)

where R where R is alkyl, alkenyl, alkynyl, aryl, silyl, siloxyl, and may be linear,
branched, cyclic, and may be substituted or unsubstituted:
R'. R% R® and R*are as defined above .

In the presence of water and carbon dioxide, such an amidine converts to an
amidinium bicarbonate as depicted below,

R,

©0,CH

RTHN O N

NRR* (Amidinium bicarbonate)

where R', R%, R®, and R are as defined above.

15
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A guanidine is as shown below,

NR°R’

1 .
R'N NR*R® (Guanidine)

where R’, R%, R® R*and R’ are independently H: a substituted or unsubstituted
C1 to C4o alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted
CnSim group where n and m are independently a number from Oto 10 andn+mis a
number from 1 to 10; a substituted or unsubstituted aryl group optionally containing one
or more {-Si(R°),-O-} units; a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R°),-O-} units:

R® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety;

wherein a substituent is independently alkyl, alkenyl, alkynyl, aryl, aryl halide,
heteroaryl, non-aromatic rings, Si(alkyl)s, Si(alkoxy)s, halo, alkoxy, amino, ester, amide,
thioether, alkylcarbonate, phosphine, thioester, or a combination thereof.

In the presence of an alcohol and carbon dioxide, such a guanidine converts to
an guanidinium alkylcarbonate as depicted below,

NR?R3
©0,CR

7 ® N\

R'HN —_
NR*R> (Guanidinium alkyl carbonate)

where R where R is alkyl, alkenyl, alkynyl, aryl, silyl, siloxyl, and may be linear,
branched, cyclic, and may be substituted or unsubstituted: and R, R? R3, R*and R® are

as defined above.
In the presence of water and carbon dioxide, such a guanidine converts to an

guanidinium bicarbonate as depicted below,
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NR?R?
©0,CH

S THN O N

NR*R® (Guanidinium bicarbonate)

where R, R', R? R® R* and R’ are as defined above.

A switchable solvent was formed by reacting the guanidine base N,N,N’ N’-
tetramethyl-N"-phenylguanidine with carbon dioxide in the presence of water (see the
reaction scheme below, and Example 3).

Nt
:‘ .'\ . . K
v ‘*:75-5-:5;0

sssssss

Analogously, a switchable solvent was formed by reacting the guanidine base
N,N,N’,N'-tetramethyl-N"-(2-fluorophenyl)guanidine with carbon dioxide in the presence
of water (see the reaction scheme below, and Example 3).
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Referring to Figure 1, a chemical scheme and schematic drawing are shown for a
switchable solvent system of the amidine DBU and an alcohol, see Example 1.

Figure 2 graphically depicts the polarity of the nonionic liquid mixtures of DBU
and C1 to C10 n-alcohols and the ionic liquids formed after exposure to carbon dioxide.
The graph in Figure 2 conveys polarity by displaying the wavelength of maximum
absorbance of dissolved solvatochromic dye Nile Red for each system.

Figure 3 shows the melting temperature of ionic liquids formed by reacting CO,
with equimolar mixtures of DBU with n-alcohols of varying lengths of carbon chains, as
indicated.

Figure 4 shows a schematic of the miscibility of decane with the nonionic and
ionic forms of DBU and alcohol. The nonionic liquid mixture is miscible with decane.
The ionic liquid is immiscible with decane. This separation is reversible as indicated.
The same behaviour was observed with hexane in place of decane for a DBU/alcohol
system. It was observed that the chosen alcohol must not have too long an alkyl chain,
or such separation will not be observed; the alcohol's alkyl chain must be shorter than 10
carbons for the ionic form to be immiscible with hexane.

Figure 5A shows a chemical scheme of N,N,N’,N’-tetramethyl-N"-
phenylguanidine and water reacting with carbon dioxide to form the corresponding
guanidinium bicarbonate. Figure 5B shows a chemical scheme of N,N,N’,N’-tetramethyl-
N”-(2-fluorophenyl)guanidine and water reacting with carbon dioxide to form the
corresponding guanidinium bicarbonate. A schematic at Figure 5C depicts the
experiment described in Example 3 where the guanidine and wet diethyl ether react with
carbon dioxide to form a liquid ionic salt at the bottom of the vessel and diethyl ether at
the top of the vessel, under a blanket of CO,. This reaction is not reversible by the
simple application of N, or argon.

Figure 6A shows a chemical scheme of 1,3,4,6,7,8 - hexahydro-1-methyl-2H-
pyrimido {1, 2-a] pyrimidine “Me-MTBD" in alcohol reacting with CO, to form the
corresponding salt (1,3,4,6,7,8 - hexahydro-1-methyl-2H-pyrimido [1, 2-a] pyrimidinium
hexylcarbonate). This reaction is not reversible by the simple application of heat. Figure
6B shows a chemical scheme of N,N,N’,N’-tetramethyl-N"-butylguanidine and methanol
reacting with CO, to form the corresponding ionic liquid.

Figure 7 shows NMR characterization data for N,N,N’,N’-tetramethyl-N"-

phenylguanidine and its bicarbonate salt.
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As described in the working examples, several ionic liquids have been formed
according to the invention by reacting carbon dioxide with amidines or guanidines and
alcohols or water. An advantage of the alcohol system is that the reverse reactions are
readily effected by removing the carbon dioxide from the ionic liquid by flushing the
system with a non-toxic gas that is substantially free of CO,. The alcohol system is
therefore advantageous to chemical processes wherein reversibility of the solvent
switching is desirable. An advantage of the water system is the rapid rate of reaction to
form the bicarbonate ionic liquids from the nonionic liquids. Due to this fast rate of
reaction relative to the alcohol system, it is postulated that if a mixture of water and
alcohol is used, the water will be used up prior to the consumption of the alcohol. This
selectivity may have applications in industry in processes where it is desirable to remove
water from solvents. If the quantity of reactant was known, this method may be useful
for removing water from alcohols as well. Similarly, consumption of alcohol in a solvent
mixture to form a nonionic liquid as described may be desirable.

Compounds of the invention may have higher aliphatic (Cs-C,) and/or siloxyl
groups, however, higher aliphatic groups may cause a compound to be waxy and non-
liquid at room temperature. Preferred embodiments of the invention are liquid at room
temperature. Also, as the length of an aliphatic and/or siloxyl group increases, the gap
between the polarity of the solvent in its two states is diminished. For these reasons,
preferred aliphatic and/or siloxyl chain length is 1 to 6. A siloxyl group contains {-Si(R°),-
O-} units, where R® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy
moiety. It should be understood that a compound of the invention may have an
aliphatic/siloxyl group which is a combination of hydrocarbon and siloxyl units. A
compound having a group that includes an ether or ester moiety is also encompassed by
the invention. In preferred embodiments, the aliphatic/siloxyl group is alkyl.
Aliphatic/siloxyl groups may be substituted with one or more moieties such as, for
example, a substituent is independently alkyl, alkenyl, alkynyl, aryl, aryl halide,
heteroaryl, non-aromatic rings, Si(alkyl);, Si(alkoxy)s, halo, alkoxy, amino, ester, amide,
thioether, alkylcarbonate, phosphine, thioester, or a combination thereof. Reactive
substituents such as alkyl halide, carboxylic acid, anhydride, aldehyde and acyl chloride
are not preferred.

In other embodiments of the invention all of the R groups of the compounds of
the invention are not higher aliphatic/siloxyl; they are lower aliphatic/silyl groups, and are
preferably small, nonpolar and non-reactive. Examples of such groups include lower
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alkyl (C4 to C,) groups. Preferred examples of the lower aliphatic/silyl groups are CHs,
CH,CH3;, CH(CH;),, C(CH;);, Si(CH3)s, and phenyl. Monocyclic, or bicyclic ring
structures, such as, for example, DBU, are also preferred.

In certain embodiments, the amidine or guanidine does not have any N-H bonds.
In preferred embodiments, conversion of the liquid mixture to an ionic liquid is complete.
In certain embodiments, the conversion to ionic liquid is not complete; however, a
sufficient amount of the liquid mixture is converted to the ionic liquid form to change the
properties of the liquid. Analogously, in some embodiments, the conversion of ionic
liquid back to the nonionic liquid may not be complete; however a sufficient amount of
the ionic liquid is converted to the nonionic liquid mixture to cause a useful change in the
properties of the liquid.

In other embodiments, an amidine moiety (or guanidine moiety or other nitrogen-
containing organic moiety) is present within the same molecuie as an alcohol moiety,
such that the molecule converts into a zwitterionic species in the presence of CO..
Preferably, the zwitterionic form of the compound converts back to its uncharged form
when the CO, Is removed. A chemical scheme depicting the formation of a zwitterionic
lonic liquid is depicted below, where B represents an organic base such as amidine or

guanidine.
/‘\ C~02 /‘\
B OH ~ CO HB O o
B 2 + Y

It should be understood that the invention further encompasses a combination of
amidines, a combination of guanidines, and a combination of amidines and guanidines
that react to form ionic liquids in the presence of water or alcohol, or a combination
thereof, and in the presence of CO,, CS,, COS, or a combination thereof, as discussed
herein. Similarly, a combination of nitrogen-containing organic compounds, with or
without amidines or guanidines, are also included in the invention.

Preferably, the choice of alcohol should complement the amidine or guanidine
being used in each system. Alcohols that were tested in a system of DBU and CO, were
1-propanol, 1-butanol, 1-hexanol, 1-octanol, 2-octanol, and 1-decanol (see Example 1).
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All of these systems formed viscous ionic liquids at room temperature. Miscibility data
for the ionic liquids with traditional nonpolar solvents is presented in Table 1. The ionic
liquids were thoroughly characterized spectroscopically by NMR and the NMR data is
presented in Tables 2 and 4. Analogous data for unreacted alcohols is presented in
Tables 3 and 5 for ease of comparison. The ionic liquids prepared from 1-octanol and 1-
decanol appeared liquid at room temperature upon preparation. However, subsequent
melting point tests (by freezing and thawing samples) showed their melting points to be
slightly above room temperature (see Figure 3). In contrast, the salts prepared by the
reaction of CO, with an equimolar mixture of DBU and water (Perez, 2004), DBU and
methanol (Main, 2001; Munshi, 2002) and DBU and ethanol formed white solids at room
temperature (Tq4.c Wwas 104 - 108 °C for bicarbonate). In addition, 3-ethyl-3-pentanol, a
tertiary alcohol, did not react with CO, and DBU, either in neat form or in CDCls.

Exposure of a 1:1 mixture of the two miscible nonionic liquids, DBU and 1-
hexanol, to gaseous CO,, at 1 atmosphere, caused a conversion to an ionic liquid (see
Figure 1 for the chemical scheme and Example 1 for procedural details). This
exothermic reaction caused a marked increase in the viscosity of the resuitant liquid.
NMR data for the n-hexano!/DBU system is presented in Table 6. The detection of the
hexylcarbonate anion was confirmed by mass spectroscopy as described in Example
1A.The ionic liquid was converted back into a nonionic liquid by bubbling argon through
the liquid at room temperature. The same reaction was also performed at 50°C; it
occurred more rapidly at the higher temperature.

Conversion between a nonionic liquid and an ionic liquid results in a change in
the properties of the solvent. As depicted in Figure 4, the nonionic liquid mixture of 1-

hexanol and DBU under N, was miscible with decane, which is a nonpolar solvent. The
ionic liquid that was formed from 1-hexanol/DBU/CO,; was immiscible with decane. Thus

CO, and N, at 1 bar can be used as triggers of immiscibility and miscibility, respectively
(see Table 1). Equimolar mixtures of DBU with 1-butanol, 1-hexanol and 1-octanol
exhibited the same behaviour with hexane as was described above for decane. The
nonionic forms (while under N,) were miscible. The ionic forms (while under CO,) were
immiscible. However, miscibility was restored when N, was bubbled through the
mixtures. By contrast, a 1:1 mixture of DBU and 1-decanol was miscible with hexane
even when exposed to CO,. In this case, the relatively low polarity of the ionic form, due
to the length of the decyl chain in the alcohol, caused the ionic form to be sufficiently
nonpolar so as to be miscible with hexane.
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The CO,/N, switchable system of an equimolar mixture of DBU with ethanol
exhibited different behaviour from the higher alkylcarbonates discussed above. The
amidinium ethylcarbonate was immiscible with hexane, toluene and ethyl acetate, and
formed a separate liquid phase even though it is solid when pure. It is not yet
understood whether this is supercooling behaviour or a melting point depression due to
the presence of the extra solvent. The polarity of supercooled liquid [DBUH][O,COEL] is
far higher than that of liquid [DBUH][O,COCgH13].

The polarity of the 1-hexanol/DBU 1:1 mixture was measured with the use of two
solvatochromic dyes, Reichardt’s dye (a pyridinium N-phenolate betaine) (Reichardt,
2003) and Nile Red. Reichardt's dye was green when dissolved in the alcohol/DBU
mixtures under N, and appeared yellow when dissolved in the same liquids under CO..
This colour change is likely due at least partly to protonation of the dye or hydrogen-
bonding of the dye with the acidic proton of protonated DBU or carbonic acid
monohexylester; for this reason we discontinued use of Reichardt’s dye for this study.

lonic solvents were made from reacting DBU and C3 to C10 alcohols with carbon
dioxide. The polarities of the resultant ionic liquids are represented by the wavelength of
maximum absorbance of light of Nile Red dissolved in the ionic liquids presented in
Figure 2 (upper curve). Similarly, the polarities of the equimolar DBU/alcohol mixtures
under N, are represented by the lower line in Figure 2.

The melting point of the DBU/alcohol/CQO, ionic liquids as a function of the
alcohol’s chain length are depicted graphically in Figure 3. This graph shows that for
room temperature applications of the switchable solvent of the invention, a carbon chain
length of 3 to 6 is preferred to avoid freezing of the ionic liquid.

The switchable solvents that use water rather than alcohol as the second
component of the nonionic form differ from the switchable solvents that use alcohol
because the amidines, guanidines or other N-containing organic bases are usually but
not necessarily immiscible with water. Thus in most cases the nonionic form of the
base/water mixture would consist of two phases, one organic and one aqueous, and
would merge to a single ionic liquid phase upon exposure to CO,. This behaviour is
observed in the systems described in the N,N,N’,N’-tetramethyl-N"-phenylguanidine and
N,N,N’,N’-tetramethyl-N"-(2-fluorophenyl)guanidine schemes of Figure 5. In contrast,
most base/alcohol pairs and some base/water pairs form miscible mixtures even in their
nonionic forms.
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The particular choice of alcohol for use with the invention depends on the
amidine or guanidine compound. |n the case of DBU, methanol and ethanol are not
preferred when it is desired to obtain a liquid at room temperature. In contrast, propanol
or a higher alcohol are suitable for DBU.

In certain embodiments of the invention, a combination of two or more alcohols
are used in place of an alcohol. In some embodiments it may be preferably to have
multicomponent mixtures to decrease the melting point of the resultant ionic liquid and/or
modify other properties of the ionic or nonionic forms of the switchable solvent.

In some embodiments of the invention, ionic liquids or nonionic liquid mixtures are added
to conventional solvent(s) in either form.

In some embodiments, the ratio of non-gaseous reactants (amidine or guanidine
or similar base and alcohol, water or aicohol/water mixture) is about equimolar. This is
advantageous since when the ionic liquid is prepared from this mixture, there will remain
little or no unreacted reactant(s).

In other embodiments, the ratio of non-gaseous reactants is not equimolar. As a
result, when the ionic liquid is formed, it is present with a reactant.

In other embodiments, carbon dioxide may be substituted by carbon disulfide
(CS,) or carbonyl sulfide (COS). Carbonyl sulfide is not preferred because of its
flammability, its negative impact on human health (irritant, damage to nervous system),
and its negative impact on the environment. Carbon disulfide is not preferred because
of its flammability, its toxicity, and its negative impact on the environment. Nevertheless,
CS; and COS are expected to be capable of triggering the same change in the
switchable solvents as can CO..

Carbon dioxide may be provided from any convenient source, for example, a
vessel of compressed CO,(g) or as a product of a non-interfering chemical reaction. The
ionic liquid can be converted to a nonionic liquid by removing the carbon dioxide, for
example, by exposing the mixture to a non-toxic gas that contains substantially no
carbon dioxide. Preferred gases that are substantially free of CO, include, for example,
argon, N, argon, air that has insufficient carbon dioxide to switch the nonionic liquid
mixture to ionic liquid, air with the carbon dioxide component removed. In some cases,
normal air, without any removal of the existing CO, content, will suffice. Conveniently,
such exposure is achieved by bubbling the gas through the mixture or by any other
means of providing efficient contact between the liquid and gas phases. However, it is
important to recognize that heating the mixture is an alternative method of driving off the
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CO,, and this method of converting the ionic liquid to nonionic liquid is also
encompassed by the invention. In certain situations, especially if speed is desired, both
bubbling (or other means of providing efficient contact) and heat can be employed.

Some embodiments of the invention require a pressure of CO, greater than 1 bar
to switch the solvent from nonionic to tonic . Preferred embodiments are able to react
with CO, at 1 bar or less to trigger the switch. High pressure switchable solvent
molecules require a pressure of CO, greater than 1 atm to switch to ionic form and are
substantially completely switched to the nonionic form by a decrease in CO, pressure to
about 1 atm. High pressure switchable solvents may be more time efficient than
atmospheric-pressure systems. These high pressure switchable solvents may differ
from the atmospheric-pressure switchable solvents by a change in the steric or
electronic properties of the amine base (e.g., guanidine or amidine). Such molecules
may include, for example, tertiary amines, trialkylamines such as N-methylpyrrolidine,
and amidines and guanidines with decreased basicity when compared to DBU such as
amidines and guanidines having aryl groups directly attached to one or more of the N
atoms. Alternatively, high pressure switchable solvents may differ from the atmospheric
pressure switchable solvents by a change in the steric or electronic properties of the
alcohol. It should be understood that the invention encompasses amidine or guanidine
compounds that have lower or about equal basicities than DBU and that react with CO,
In the presence of alcohol, water or a combination thereof under high pressure (i.e., are
high pressure switchable solvent compounds).

Although the requirement for high pressure in generation of an ionic liquid can be
viewed as a disadvantage, the ability to switch the properties of such a molecule rapidly

by reduction of the CO, pressure may conversely be viewed as an advantage. For these
reasons, the high pressure switchable solvent molecules may be particularly suited to
some industrial processes, for example, where elevated pressures are already used or

where rapid solvent switching is required.
Atmospheric pressure switchable solvents include amidines, guanidines and

primary and secondary amines, each with aliphatic/siloxyl portion(s) as discussed below.
If the switch to the ionic form is to be easily reversible, the amidines or guanidines are
preferably peralkylated. The term “peralkylated” as used herein means that the amidine
or guanidine has alkyl or other groups connected to the N atoms so that the molecule
contains no N-H bonds. This lack of N-H groups is intended to avoid potentially
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irreversible reactions with carbon dioxide. If the switch to the ionic form is not to be
reversible, then there is no preference that the amidine or guanidine be “peralkylated”.

An alternative method of preparing a high-pressure switchable solvent would be
to use an alcohol that shows diminished conversion to the alkyl carbonate (in the
presence of an amidine or guanidine and carbon dioxide) at 1 atm of CO, pressure. An
example of such an alcohol is a secondary or tertiary alcohol.

An advantage of switchable solvents is that they facilitate organic syntheses and
separations by eliminating the need to remove and replace solvents after each reaction
step. With triggers that are capable of causing a drastic change in the solvent properties
while it is still in the reaction vessel, it may be possible to use the same solvent for
several consecutive reaction or separation steps. This would eliminate the need to
remove and replace the solvent.

Reuse and recycling of solvents of the invention are convenient, with attendant
economic benefits. The time required to switch between the ionic and nonionic forms
according to the invention is short. In certain applications, it may be advantageous to
convert from nonionic to ionic and then back again (or vice-versa). For example, the
solvent could be made nonionic to be miscible with a nonpolar liquid, and then the
solvent could be switched to its ionic form to allow for separation of the resulting two
liquid components. The liquid components may or may not appear as distinct layers.
Separation of the components may include decanting, or centrifuging. After separation,
it may be desirable to convert the ionic form back to its nonionic form. Thus the solvent
can be reused. In some embodiments it may be desirable to use the solvent in its ionic
form. This molten salt form would separate from aqueous solutions when converted to

its nonionic form, allowing for easy recovery and reuse of the solvent.

The invention provides a convenient system to controlling the properties of a
solvent. Thus, it is useful in many industrial applications. For example, a chemical
reaction that requires a polar solvent could be performed in the switchable solvent while
In its ionic form. Once the reaction is complete, the solvent could be switched to its
nonionic form which is substantially incapable of dissolving the product of the reaction.
This would force the product to precipitate, if solid, or become immiscible, if liquid. The
solvent could then be separated from the product by physical means such as, for
example, filtration or decantation. If appropriate, the solvent could then be switched back
to its lonic form and reused. This method allows the use of a polar solvent without the
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requirement for an energy-intensive distillation step to remove the solvent. Such
distillation steps are costly since many polar solvents have high boiling temperatures.

A switchable solvent would be advantageous in a two-step chemical synthesis in
which the first step requires a polar solvent and the second step requires a nonpolar
solvent (or vice versa). The first chemical reaction, which requires a polar solvent, could
be performed in the solvent while in its ionic form, producing a chemical intermediate.
Once the first reaction is complete, the solvent could be switched to its nonionic form,
which is capable of maintaining the chemical intermediate in solution. The intermediate
would then be converted to a desired product by a second reaction, which requires a
nonpolar solvent. Traditionally, this two-step synthesis would be performed using two
solvents, a polar solvent for the first step, and a nonpolar solvent for the second step.
The removal of the polar solvent after the end of the first step would involve extra cost,
time and energy. Thus switchable solvents as described herein can lessen the
environmental impact of industrial processes, by saving time and energy normally
expended during solvent substitutions, or during solvent removal from product or solute.

Switchable solvents of the invention can be useful in water/solvent or
alcohol/solvent separations in biphasic chemical reactions. As seen in Figure 4,
separation of a nonionic liquid from a switchable solvent may be effected by switching
the switchable solvent to its ionic form. This ability to separate solvents may be useful in
many industrial processes where upon completion of a reaction, one of the solvents is
switched to its ionic form allowing for facile separation of the two distinct phases. Thus a
switchable solvent, may be used in its nonionic state as a medium for a chemical
reaction. Upon completion of the reaction, the chemical product is readily separated

from solution by switching the solvent to its ionic form. The solvent can then be
recovered and reused, if appropriate.

A further aspect of the invention is a nonionic liquid mixture that is largely
nonconductive (or only weakly conductive) of electricity, that becomes more conductive
when it is converted to its ionic form, and that this change may be reverseable. In the
hexanol/DBU system described in Example 1A, conductivity of the ionic form was 20
times that of the nonionic form. Such a conductivity difference would enable the liquid to
serve as an electrical switch, as a switchable medium, as a detector of CO,0r CS, or
COS, or as a sensor of the presence of CO, or CS, or COS. This ability of the ionic
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liquid to conduct electricity may have applications in electrochemistry, in liquid switches
and in sensors and/or detectors.

WORKING EXAMPLES

DBU (Aldrich, Oakville, Ontario, Canada, 98% grade) was refluxed over CaH,
and distilled under reduced pressure onto 4A molecular sieves and then deoxygenated
by repeated freeze/vacuum/thaw cycles. Alcohols (99+%, anhydrous) were used as
received from Aldrich. Decane (Aldrich, 99+% grade) was degassed with nitrogen prior
to use. Hexanes (Fisher Scientific, HPLC grade) and Toluene (Fisher Scientific, HPLC
grade) were degassed and dried by passing them through an activated alumina column
under nitrogen prior to use. Ethyl acetate (Fisher Scientific, HPLC grade) was degassed
with nitrogen prior to use. Supercritical grade CO, (99.999%, H,O < 0.5 ppm), nitrogen
(99.998%, H,O < 3 ppm) and argon (99.998%, H,O < 5 ppm) were used as received
from Praxair Canada Inc., (Mississauga, Ontario, Canada).

Example 1. Reversible Solvent Switching in an Amidine and Alcohol System

Example 1A. Reversible Solvent Switching in a DBU and 1-Hexanol System

Dried DBU (0.60 mL, 4.0 mmol, see Figure 1) and 1-hexanol (0.50 mL, 4.0 mmol)
were placed in a dry glass NMR (Nuclear Magnetic Resonance) tube in a glove box
(Vacuum Atmospheres Company, Hawthorne, California) under N,. Carbon dioxide was
bubbled through the liquid via a hollow narrow-gauge stainless steel tube which was
iInserted in the solution within the NMR tube. The rate of bubbling was 2 bubbles per
second for 1 hour. The liquid became increasingly viscous. The conductivity of the
solution, measured using an immersible conductivity probe (Jenway, model 4071,
available at Canadawide Scientific, Ottawa, Canada), increased more than 20 fold. The
'H NMR spectrum of the resultant solution, although broadened due to the solution’s
viscosity, clearly indicated complete conversion to [DBUH}[O,CO(CH,)sCH;] (where
“‘DBUH" is protonated DBU) with no residual signals for free 1-hexanol or unprotonated
DBU. The 'H NMR resonance in CDCl; attributed to the oxygen-bound methylene of the
hexyl group had shifted to 3.90 ppm from 3.58 ppm (the resonance for the same
methylene group in unreacted hexanol). This resonance is comparable to the
corresponding chemical shifts seen for CH;C(O)O(CH;)sCH; (in CDCI;) at 4.05 ppm
(Reynders, 1990) and dihexyl carbonate at 4.13 ppm (in CCl,) (Sakai, 1971).
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Please see the picture below for the numbering scheme for positions in the DBU

structure.

Spectroscopic data for [DBUH][O,CO(CH,)sCHs]:

'H NMR (8, ppm, in CDClIs) 3.90 (t, 2H, hexyl C1), 3.49 (m, 4H, DBUH C2 and
C11), 3.43 (t, 2H, DBUH C9), 2.81 (br, 2H, DBUH C6), 2.00 (quintet, 2H, DBUH C10),
1.75 (br, 6H, DBUH C3, C4, and C5), 1.58 (quintet, 2H, hexyl C2), 1.37 (m, 2H, hexyl
C3), 1.29 (br, 4H, hexyl C4 and C5), 0.87 (t, 3H, hexyl C6).

BC{'H} NMR (8, ppm, in CDCl,, referenced to CDCls at 77.2 ppm) 164.9 (DBUH
C7), 158.7 (O,COR), 64.6 (hexyl C1), 53.5 (DBUH C2), 48.1 (DBUH C11), 38.6 (DBUH
C9), 32.3 (DBUH CB6), 31.5 (hexyl C4), 29.4 (hexyl C2), 28.8 (DBUH C4), 26.8 (DBUH
C3), 25.5 (hexyl C3), 24.0 (DBUH C5), 22.2 (hexyl C5), 19.7 (DBUH C10), 13.7 (hexyl
C6); IR (neat) 2938 (m), 1648 (s), 1613 (s), 832 (m), 688 cm™ (m).

Mass Spectroscopy of a Mass Spectroscopy Sample in Electrospray lonization
negative mode ("MS/MS (ESI, negative mode)” 145.1 (M), 101.1 (M-CO,), 99.1 (M-
H,CO,), 83.0 (M-H,CO,), 60.0 (COj3), where “M” is the anion CsH4;0CO,.

For comparison, literature shows that [NBu,]JJ[O,COEt] has a **C{'H} NMR signal
for the carbonyl at 157.9 ppm in CDCI; and IR peaks at 2940, 2880 and 1670 cm™ in
KBr (Verdecchia, 2002).

Spectroscopic changes upon exposure of the hexanol/DBU mixture to CO, are
presented in Tables 2, 4 and 6. Solvatochromic data meaéuring the polarity of the liquid
before and after exposure to CO, are presented in Figure 2.

Reversability of the reaction was confirmed when a sample of the ionic liquid in an
NMR tube was heated to 50 "C and argon was bubbled through the sample for 1 h. The
viscosity dropped greatly. The 'H NMR spectrum after this procedure was consistent
with the spectra of 1-hexanol and DBU, showing no peaks for residual ionic liquid.

Exposure of [DBUH][O,COCgH,] ionic liquid to moist air resulted in the
appearance of a white solid within a few minutes. The white solid, washed with
acetonitrile, was identified as the bicarbonate salt [DBUH][O,COH] by IR and 'H NMR (in
CDCl,).
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Example 1B. Reversible Solvent Switching in a System of DBU and Various
Alcohols.

Analogous tests as the one described in Example 1A were performed for DBU
and n-chain alcohols having 1, 2, 3, 4, 6, 8 and 10 carbon atoms. The products of the
DBU with the C3-C10 alcohols were liquids at room temperature as indicated in Figure
3. Preliminary tests of DBU with secondary and tertiary alcohols were not successful in
obtaining complete conversion to ionic liquids. An example of a tertiary alcohol, 3-ethyl-
3-pentanol, with an equimolar amount of DBU did not react with carbon dioxide.
Secondary alcohols (2-octanol, (1R, 2S, 5R)-(-)-menthol and (1S)-endo — (-) borneol)
reacted to form an ionic liquid, but complete conversion was not obtained. The greatest
conversion of these secondary alcohols (about 64%) was obtained with 2-octanol.

In the cases of the primary n-alcohols, the ionic liquids were characterized by 'H
and °C NMR. The reversibility of the reaction in each case to reform DBU and the
appropriate alcohol was also confirmed by '"H NMR. Spectroscopic changes upon
exposure of the alcohol/DBU mixtures to CO, are presented in Tables 2, and 4 while the
unreacted alcohols’ spectroscopic data is presented in Tables 3 and 5, for comparison
purposes. Solvatochromic data measuring the polarity of the liquid before and after
exposure to CO, are presented in Figure 2.

The relative polarities of the DBU/alcohol mixtures and the corresponding ionic
liquids are presented graphically in Figure 2, where the y axis is the wavelength of the
peak of Nile Red dye in the solvent. High polarity is represented by a greater
wavelength value, and lower polarity is represented by a lower wavelength value.

The melting point of the ionic form of the switchable solvent made from DBU and
an alcohol having 1 to 10 carbon atoms is presented graphically in Figure 3 wherein the
y axis is the melting point and the x axis is the length of carbon chain of the R
component of the salt which is derived from the alcohol.

Example 2. Miscibility Switching in a DBU and Alcohol System.

In an inert atmosphere, 26.8 mmol each of DBU (95 ppm H,0O) and 1-hexanol (26 ppm
H,O) were charged into a flame-dried flask. N-Decane (2 mL, undried) was added and
was found to be miscible at room temperature; only one homogeneous liquid phase was
observed. CO, (H,O < 5 ppm) was slowly bubbled through the decane/1-hexanol/DBU
mixture at 1 bar overnight. The resultant mixture appeared split into two separate
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liquids. Argon was then bubbled through the two-phase liquid mixture for 1 h at 35 °C.
After 1 h, the two liquids had merged into one liquid. A schematic representation of this
reversible reaction appears in Figure 4. Similar experiments were performed with
hexane in place of decane and with several alcohols (1-propanol, 1-butanol, 1-hexanol,
1-octanol, and 1-decanol) in place of 1-hexanol; similar results were obtained except that

with 1-decanol, no phase split was observed even after the treatment with CO..
Miscibility data for alcohol/DBU systems is presented in Table 1.

Example 3. Solvent Switching in a Guanidine and Water System.

An ionic liquid was formed by bubbling carbon dioxide through a solution of
N,N,N’,N’-tetramethyl-N"-phenylguanidine (500 mg) (see Figure 5A) in wet diethyl ether
(5 mL). The liquid bicarbonate salt formed a separate liquid phase from the diethyl ether
(see Figure 5C). The ionic liquid was characterized by 'H NMR spectroscopy wherein
the proton resonances of the guanidinium bicarbonate had shifted relative to the
corresponding resonances of the unreacted N,N,N’,N’-tetramethyl-N"-phenylguanidine
(see Figure 7).

Similarly, an ionic liquid was formed by bubbling carbon dioxide through a
solution of N,N,N’,N’-tetramethyl-N"-(2-fluorophenyl)guanidine (500 mg) (see Figure 5B)

dissolved in wet diethyl ether(5 mL). The liquid bicarbonate salt formed a separate liquid
phase that was distinct from the diethyl ether as depicted in Figure 5. The ionic liquid

was characterized by 'H NMR spectroscopy wherein the proton resonances of the
guanidinium bicarbonate had shifted relative to the corresponding resonances of the
unreacted N,N,N’,N’-tetramethyl-N"-(2-fluorophenyl)guanidine.

An ionic liquid was formed, in the absence of ether, by bubbling carbon dioxide
through an equimolar mixture of water and N,N,N’,N’-tetramethyl-N"-phenylguanidine.

Prior to bubbling, the liquids appear as a biphasic mixture with the guanidine on the top

and the water on the bottom. After bubbling, the liquid appeared as a single phase ionic
liquid.

Attempts to reverse the switch to reform the nonionic guanidines of Example 3 by
bubbling the ionic liquids with argon have been unsuccessful to date.

Example 4. Reversible Solvent Switching in a Guanidine and Alcohol System.

An ionic liquid was reversibly formed by bubbling carbon dioxide through a mixture
of 1,3,4,6,7,8-hexahydro-1-methyl-2H-pyrimido[1,2-a]pyrimidine (“Me-MTBD”, see Figure
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6A), which was used as purchased from Aldrich, and 1-octanol. The formation of the
jonic liquid was confirmed by 'H NMR spectroscopy. The same reaction with methanol
in place of octanol gave a solid product. Attempts to reverse the switch to reform Me-
MTBD and 1-octanol by heating the ionic liquids have been unsuccessful to date.

An ionic liquid was reversibly formed (as described in Example 1A) by bubbling
carbon dioxide through a solution of N,N,N’,N'-tetramethyl-N"-butylguanidine (see
Example 5 and Figure 6B) and methanol. The formation of the ionic liquid was
confirmed by 'H and "*C NMR spectroscopy, including the >°C NMR technique known as
“attached proton test” (APT or DEPT). The reversibility of the reaction to reform the
nonionic guanidine and methanol was confirmed by 'H and °C NMR. The reversal was
achieved by bubbling N, through the neat ionic liquid at 50 "C. The reversal was also
achieved by dissolving the ionic liquid in a solvent and then bubbling N, through that
solution. The reversal by the latter method, at room temperature, took 12 hours of
bubbling in DMSO and greater than 24 hours in CDCls.

Example 5. Synthesis of N,N,N’,N’-tetramethyl-N"-butylguanidine
N.N,N’,N'-tetramethyl-N"-butylguanidine was prepared as follows: 9.3 g
tetramethyl urea was added to 80 mL dry dichloroethane in a two-neck 250mL round-
bottom-flask. 11.3 mL oxalyl chloride was added and the solution was heated at 70°C
for two hours. The solvent was evaporated in vacuo after the solution cooled to room
temperature. Residual solid was then dissolved in dry acetonitrile and cooled to 0°C. 15
mL butyl amine (1.02 eq) was slowly added. The solution was slowly warmed and
allowed to reflux for one hour. Finally, the mixture was cooled to room temperature and
the solvent was removed in vacuo to yield 9 g of a clear oil. 'H (CDCl,): 6 (ppm): 2.99
(t, 2H); 2.62 (s, 3H); 2.53 (s, 3H); 1.39 (quintet, 2H); 1.24 (quintet, 2H); 0.78 (t, 3H). The
synthesis was performed several times and the yield ranged from 37%- 70%.
Information regarding switchable solvents appears in Jessop, P. G.; Heldebrant,
D. J.: Li, X.: Eckert, C.A.; Liotta, C. L. “ A Reversible lonic/Non-lonic Switchable
Solvent,” Nature 436, 1102 (2005), which is hereby incorporated in its entirety by
reference. Furthermore, all scientific and patent publications cited herein are hereby

incorporated in their entirety by reference.

It will be understood by those skilled in the art that this description is made with

reference to the preferred embodiments and that it is possible to make other
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embodiments employing the principles of the invention which fall within its spirit and
scope as defined by the claims appended hereto.
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Table 1. Miscibility of the [DBUH][O,COR] ionic liquids with hexane, toluene

and ethyl acetate (traditional nonpolar solvents).

R of [O,COR] Miscible with Miscible with Miscible with

Hexanes? Toluene? Ethyl acetate?
Ethyl No No No
1-Butyl No Yes Yes
1-Hexyl No Yes Yes
1-Octyl No Yes Yes

1-Decyl Yes Yes Yes
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Table 2. "C{'H} NMR chemical shifts of [DBUH][O.COR] salts in CDCl;.
B R of [O,COR]

Carbon H ‘ethyl 1-propyl | 1-butyl | 1-hexyl [l-octyl | 1-decyl

[0,COR] |161.1 |158.6]158.6 157.8 | 158.7 157.5 | 158.3
DBUC, [532 [53.5 |53.9 529 |53.5 52.6 53.3
DBUC; [297 271 [269  [281 268 26.7 26.4
DBUC, [283 [289 [28.9 23.5 [288  [23.3 1237
DBUCs |[25.7 25.9 262 (240  [28.0 28.6
DBUCs |366 |33.1 |31.5 31.0  |323 | 318 31.7
DBUC; [162.6 [164.4(164.9 1642 |164.9 163.6 164.8

39.4 | 384 _fﬁ 38.2 38.0
F)BUmz.O 20.1 1?5"__'"I 19.1 19.0 19.2
'DBUC,; |485 |482 |[48.5 “FTE 472 478
ROHC; |[N/A [60.0 |657  [63.5 63.5 64.2
ROHC, [NA [15.1 [315 317 [ 294 28.6 28.6
ROHC; [N/A 19.1 183 [255  [25.0 25.3
ROHC; [N/A [N/A [N/A 13.0 [315 28.0 29.0
ROHCs [N/A N/A N/A [222 28.0 29.0 |
ROHC¢ [NA [N/A [NNA  [NA 137  [305 29.0 |
ROHC; |N/A N/A N/A |[N/A 21.3 29.0 |
ROHCs [NA |[NA [NA  [NA [NA  [128 31.1
ROHC, [N/A NA  [NA [NA  [NA 21.9
ROHC;,, |NA [NA |[NA '_IT/A _LN/A N/A —_IT_M

I I R R S
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Table 3. °C{'H} NMR chemical shifts of pure n-alcohols in CDCl;.

Carbon  Ethanol Fropeinol Butanol Hexanol Octanol Decanol

— N —— Y e e—— P ——— e ———— i .

ROHC1  58.0 64.5 62.4 62.7 62.9 62.9
ROHC2 18.3 26.0 34.8 32.7 32.9 32.8
ROHC3 na 10.2 19.0 25.4 25.8 25.9
ROHC4 na na 13.9 31.6 29.3 29.6
ROHCS na na na 22.5 29.4 29.6
ROHC6 na na na 14.0 31.8 29.6
ROHC7 na na na na 22.7 29.4
ROHC8 na na na na 14.1 32.0
ROHCY9 na na na na na 22.8
ROHCI10 na na na na na 14.2
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Table 4. '"H NMR chemical shifts of [DBUH][O,COR] salts in CDCl;.

—— i e———i—

~ Rof[0,COR]

Proton

position H Ethyl 1-butyl  1-hexyl 1l-octyl 1-decyl
DBU C2 3.39 3.61 3.54 3.49 3.53 3.53
DBUC3 1.72 1.74 1.73 1.75 1.70 1.76
DBUC4 1.65 1.74 1.73 1.75 1.60 1.76
DBUCS 1.72 1.74 1.73 1.75 1.75 1.76
DBUC6 2.71 2.86 2.79 2.81 2.77 2.84
DBUC9 3.39 3.42 3.40 3.43 3.39 3.43
DBU C10 1.94 2.05 2.01 2.00 2.00 2.02
DBU C11 3.39 3.61 3.54 3.49 3.53 3.53
ROHCIl na 3.91 3.38 3.90 3.88 3.89
ROHC2 na 1.19 1.6 1.58 1.58 1.59
ROHC3 na na 1.41 1.37 1.36 1.27
ROHC4 na na 0.92 1.29 1.28 1.27
ROHCS na na na 1.29 1.28 1.27
ROHC6 na na na 0.87 1.28 1.27
ROHC7 na na na na 1.28 1.27
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ROHC8 na na na na 0.88 1.27
ROHC9 na na na na na 1.27
ROHCI10 na na na na na 0.88

na = not applicable.

Strongly overlapped peaks have been given identical chemical shifts.
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Table 5. 'H NMR chemical shifts of pure n-alcohols in CDCl;.

Proton

Position EtOH PrOH BuOH  Hexanol Octanol Decanol
ROHClI  3.68  3.58 3.62 3.63 362 3.6l
ROH C2 1.22 1.58 1.55 1.58 1.56 1.56
ROHC3  na 0.93 1.38 1.30 1.30 1.27
ROHC4 na na 0.93 1.30 1.30 1.27
ROHCS na na na 1.30 1.30 1.27
ROHC6  na na na 0.91 1.30 1.27
ROHC7 na na na Na 1.30 1.27
ROHC8 na na na Na 0.88 1.27
ROHC9 na na na Na na 1.31
ROHCI10 na na na Na na 0.88
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Table 6 '"H NMR chemical shifts for key protons observed in n-hexanol, DBU, or
mixtures of n-hexanol and DBU.

S
Pure Nonionic Liquid lonic Liquid
hexanol or |
DBU In
CDCl,
Solvent CDCl; i CDCl, Neat CDCl, neat
Sample pure | 1:1 mix®
CO, absent | absent absent present present
Protons on 3.58 | 3.56 3.38 3.90 3.69
C1 of i |
hexanol’
|
Protons on 0.82 | 0.80 0.85 0.87 0.85
CH; of ‘
hexanol” :
— —_ - | - — — _— - —
|
Protons on 3.1-3.3 3.1-3.3 3.1-3.2 3.4-3.5 3.2-3.5
C2, C9 and !
C11 of DBU®
Protons on 2.38 2.37 2.28 2.81 2.75
C6 of DBU”

°1:1 mole ratio of DBU and 1-hexanol.

°The internal methylene protons in hexanol (1.2 to 1.5 ppm) and methylenes on C3, C4, C5, and C10 of
DBU at 1.5 to 1.8 ppm are heavily overlapped with other peaks in the spectra of the mixtures.
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We claim:

1. Anionic liquid of formula (2)

©0,;CR

7 ® N\

RTHN 34
NR’R (2)

where R is alkyl, alkenyl, alkynyl, aryl, silyl, or siloxyl, and may be linear,
branched, or cyclic, and may be substituted or unsubstituted,;

R', R? R® and R*are independently H; a substituted or unsubstituted C, to C;,
alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted C,Siy, group
where n and m are independently a number from 0 to 10 and n + m is a number from 1
to 10; a substituted or unsubstituted aryl group optionally containing one or more {-
Si(R%),-O-} units; or a substituted or unsubstituted heteroaryl group optionally containing
one or more {-Si(R°),-0-} units; and

R°® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety.

2. An ionic liquid that is made by a method comprising the steps of:
mixing a compound with alcohol, water or a combination thereof, where the

compound is of the formula (1):

RN NR®R* (1)

where R', R?, R® and R*are independently H; a substituted or unsubstituted C,
to Cyo alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted C,Si,
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group where n and m are independently a number from 0 to 10 and n + m is a number
from 1 to 10; a substituted or unsubstituted aryl group optionally containing one or more
{-Si(R®),-O-} units; or a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R°),-O-} units; and

R® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety:

contacting the mixture with carbon dioxide, CS,, or COS; and

obtaining the ionic liquid.

3. The ionic liquid of claim 2, wherein R? R®, and R* are not hydrogen.

4. The ionic liquid of claim 1, 2, or 3, wherein the compound and the alcohol, water or
combination thereof, are present in approximately equimolar amounts.

5. A method of making an ionic liquid, comprising the steps of:
mixing a compound with alcohol, water or a combination thereof where the
compound is of the formula (1):

R°N NR®R* (1)

where R, R% R?® and R*are independently H; a substituted or unsubstituted C,
to Cqo alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted C,Si,
group where n and m are independently a number from 0 to 10 and n + m is a number
from 1 to 10; a substituted or unsubstituted aryl group optionally containing one or more
{-Si(R%),-0O-} units; or a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R°),-O-} units: and

R® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety :

contacting the mixture with carbon dioxide: and

obtaining the ionic liquid.
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6. The method of claim 5, wherein the alcohol is ROH, where R is alkyl, alkenyl, alkynyi,
aryl, silyl, or siloxyl, and may be linear, branched, or cyclic, and may be substituted or
unsubstituted.

7. The method of claim 6, wherein the alcohol is a primary or a secondary alcohol.

8. A method of separating a solute from an alcoholic solution comprising the steps of:

adding to an alcoholic solution an amount of a compound of formula (1) of claim
2 that is about equimolar to the amount of alcohol in the alcoholic solution;

contacting the solution with carbon dioxide to convert the solution to a first
component of ionic liquid and a second component of solute; and

separating the first and second components to isolate the solute.

9. A method for separating a desired liquid from a mixture of an alcohol and the desired
liquid, comprising the steps of:

adding a compound of formula (1) of claim 2 to a mixture of an alcohol and a
desired liquid;

contacting the mixture with carbon dioxide to convert the alcohol and the
compound to an ionic liquid; and

separating the ionic liquid and the desired liquid to isolate the desired liquid,

wherein the desired liquid is not reactive with the compound in the presence of

the carbon dioxide.

10. A method for separating a desired liquid from a mixture of water and the desired
liquid, comprising the steps of:

adding a compound of formula (1) of claim 2 to a mixture of water and the
desired liquid;

contacting the mixture with carbon dioxide to convert the water and the
compound to an ionic liquid; and

separating the ionic liquid and the desired liquid to isolate the desired liquid,

wherein the desired liquid is not reactive with the compound in the presence of

the carbon dioxide.

11. A method for converting an ionic liquid to a nonionic liquid, comprising the steps of:
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oroviding an ionic liquid of claim 2, where R?, R®, and R*are not H,
removing carbon dioxide from the ionic liquid; and

obtaining the nonionic liquid.

12. The method of claim 11, wherein removing carbon dioxide comprises one or more

of.
heating the ionic liquid, and
contacting the ionic liquid with a nonreactive gas that contains substantially no

carbon dioxide.

13. An ionic liquid having the general formula (2) of claim 1, wherein the ionic liquid

reversibly converts to a nonionic liquid when carbon dioxide is removed, and wherein the

nonionic liquid converts to the ionic liquid upon contact with carbon dioxide.

14. The ionic liquid of claim 13 wherein carbon dioxide is removed by contacting the

ionic liquid with a gas that contains substantially no carbon dioxide.

15. An ionic liquid of formula (4)
NR?R3

©0,CR

7@ N\

R'HN 45
NR*R (4)

where R is alkyl, alkenyl, alkynyl, aryl, silyl, siloxyl, and may be linear, branched,
cyclic, and may be substituted or unsubstituted;

R' R2 R® R* and R® are independently H; a substituted or unsubstituted C, to
C.o alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted C,Sin,
group where n and m are independently a number from O to 10 and n + m is a number
from 1 to 10: a substituted or unsubstituted aryl group optionally containing one or more
{-Si(R®),-O-} units; or a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R°),-O-} units; and

R® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety.
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16. An ionic liquid that is made by a method comprising the steps of:
mixing a compound with an alcohol, water or a combination thereof, where the

compound is of the formula (3):

NR?R®

1 45
R'N NR*R (3)

where R' R? R® R*and R’ are independently H; a substituted or unsubstituted
C, to C4o alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted
CnSim group where n and m are independently a number fromQOto 10andn+mis a
number from 1 to 10; a substituted or unsubstituted aryl group optionally containing one
or more {-Si(R®%),-O-} units; or a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R°),-O-} units; and

R® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety :

contacting the mixture with carbon dioxide, CS,, or COS, and

obtaining the ionic liquid.

17. The ionic liquid of claim 15 or 16, wherein R, R', R%, R®>, R* and R’ are not

hydrogen.

18. The ionic liquid of claim 15, 16, or 17, wherein the compound and the alcohol, water
or combination thereof, are present in approximately equimolar amounts.

19. A method of making an ionic liquid, comprising the steps of:
mixing a compound with alcohol, water or a combination thereof where the

compound is of the formula (3):
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NR°R®

R'N NR*R® (3)

where R', R% R® and R*are independently H: a substituted or unsubstituted C,
to Cy alkyl group that is linear, branched, or cyclic; a substituted or unsubstituted C,Si,
group where n and m are independently a number from 0 to 10 and n + m is a number
from 1 to 10; a substituted or unsubstituted aryl group optionally containing one or more
{-Si(R°),-O-} units; or a substituted or unsubstituted heteroaryl group optionally
containing one or more {-Si(R°),-O-} units; and

R® is a substituted or unsubstituted alkyl, aryl, heteroaryl, or alkoxy moiety:

contacting the mixture with carbon dioxide; and

obtaining the ionic liquid.

20. The method of claim 19, wherein the alcohol is ROH, where R is alkyl, alkenyl,
alkynyl, aryl, silyl, or siloxyl, and may be linear, branched, or cyclic, and may be
substituted or unsubstituted.

21. The method of claim 20, wherein the alcohol is a primary or a secondary alcohol.

22. A method of separating a solute from an alcoholic solution comprising the steps of:
adding to the solution an amount of a compound of formula (3) of claim 16 that is

about equimolar to the amount of alcohol in the alcoholic solution;

contacting the solution with carbon dioxide to convert the solution to a first
component of ionic liquid and a second component of solute;

separating the first and second components to isolate the solute.

23. A method for separating a desired liquid from a mixture of an alcohol and the
desired liquid, comprising the steps of:

adding a compound of formula (3) of claim 16 to a mixture of an alcohol and a
desired liquid;
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contacting the mixture with carbon dioxide to convert the alcohol and the
compound to an ionic liquid; and
separating the ionic liquid and the desired liquid to isolate the desired liquid,
wherein the desired liquid is not reactive with the compound in the presence of
the carbon dioxide.

24. A method for separating a desired liquid from a mixture of water and the desired
liquid, comprising the steps of:

adding a compound of formula (3) of claim 16 to a mixture of water and the
desired liquid;

contacting the mixture with carbon dioxide to convert the water and the
compound to an ionic liquid; and

separating the ionic liquid and the desired liquid to isolate the desired liquid,

wherein the desired liquid is not reactive with the compound in the presence of
the carbon dioxide.

25. A method for converting an ionic liquid to a nonionic liquid, comprising the steps of:
providing an ionic liquid of claim 15 or 16, where R, R, R?, R® R* and R® are not
H,
removing carbon dioxide from the ionic liquid; and
obtaining the nonionic liquid.

26. The method of claim 25, wherein removing carbon dioxide comprises one or more
of:
heating the ionic liquid, and
contacting the ionic liquid with a nonreactive gas that contains substantially no
carbon dioxide.

27. An ionic liquid having the general formula (4) of claim 15, wherein the ionic liquid
reversibly converts to a nonionic liquid when carbon dioxide is removed, and wherein the
nonionic liquid converts to the ionic liquid upon contact with carbon dioxide.

28. The ionic liquid of claim 27 wherein carbon dioxide is removed by contacting the
lonic liquid with a gas that contains substantially no carbon dioxide.
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29. The ionic liquid of claim 13 or 27, wherein carbon dioxide is removed by contacting
the ionic liquid with a gas that contains substantially no CO,, CS;, or COS.

30. Use of the ionic liquid of claim 1, 2, 15 or 16 as a sensor of CO,, CS,, or COS.

31. Use of the ionic liquid of claim 1, 2, 15 or 16 as a detector of CO,, CS,, or COS.

32. Use of the ionic liquid of claim 1, 2, 15 or 16 as a chemical switch.

33. Use of the ionic liquid of claim 1, 2, 15 or 16 to conduct electricity.

42



CA 02539418 2006-03-13

CO,
-CO,

+ ROH

R TR R
. . ... "Lﬁ-'k‘-'k B _".
X, RN
e R
‘ k.\ 3 ' 2

“ : _.\
<
N SN S N
A
AT N . S

»

Gy aim, E 80, \.'..“ % “ . .
NN k{_\l"-.':.':'\".\".\' R\
R e R M D y
e e

"o . .'
"\'\';."'." ww e N e -

LR '\':.\.f."-.'f '-

Figure 1



-;ir_‘.‘.- AL chAA A Al BT ALAART R IR ARRIRIAIAIAIRIAd I uld huannd. =~ N N N N e L N N P I N R N R L R B L I I L L T T T T L L L L e

CA 02539418 2006-03-13

4 4 iy v v - v v\ W N T R e Y R A R W W R R R VR W Ve 0 e e W AN A R A A T Y VA VYR VI AV W i i e e L b e e e hdedhead hdeddedd iy “Mi.
4
b :
b 3
b 3
b 3
4
1 ]
4 <
<
4
4
“
4
4
“
4
L v . 3
<

S SSEEE e o ® s s . wme « = ® @ s o s o sse s e ® - ses . . . © sesesssssss s s ses s sessses s s semss s . . e s ®ms s 85 s s s @ s & . B I S T P e e e - . - m = s = e e - LR R G
4
4 D
“
4
4

B T T T T T T T T N T T TN T T T N R N N N I N N N S R N R I I I I R R )

dravancirann B L L L L L L L T T T T

M fresr i o= r

triTrrrriarrT ey

B b b A A

Ssssssssnnnyw Sewssvesssnns wbbdnpbodbddndadbddaddodondd

LA L T L e L L e L L

memryresrre

“
. B N R PPN T

ARAAAARTARRI I RAT IS CA AL AMIIIAII VIV Vs

decdddad Vi iaan

- cssssssssssss cccemesmems e T L T csscssssccsde [ Y AATIARI I IAA I AMY AN R R R N

YN Y YYYNNNYYYYYYYYYYYY

yYYmmms mm—-

PP YN P YT Y Y Y Y I Y Y Y YN Y Y YR YYYYY Y rY R Y Y

ALBL LA LA AAccAddAbddddaaan

“BALBLLALLALLLL

RiAsmnssaa

wmrireiar

. J..{L. B e e T S - A A RAAR  AAALS B AR AL AN AL IR R L AN TR R R P A P e Y e e Y A e L e T N N T Y Y N Y I A 1 e e e R R R e R R R e e s s e s e e e N A PR R R R N s YR R R s e R e R R e AR L s e e e e

l“ Mr'e'v's v re e e s s e e a'va s O e s W e O 08 VW Y Y SR e e e

e e e s e I T I R L caa]

e A 2 A i,

BALAA AL lbbbbbbbnpyrbybrbrrrrrrrssns
4

P P P P T R R R T S R S N T T e W e W T o N o o S N o ek St SRR AL Sy LR

o' WS A A ) 4w 4

Y'Y VY YV Y Y Y YYYYYYYYYT

b
b
4
4
4
4
b
b
b
b
b
b
4
p
b
b
b
b
b
b
b
b
b
b

. p

p

- . . 4

4

. p

a

b . . . 4

1 4

o p

“ . :

- 4 N AN A N N T AT NN I NN A TE T TSRS P rARrRrrA T Ts AT TSI A wrrrasvevrrrrrevvvvevibvs d " i L. A LA LA L L A A L A A A A Al A A ALl ) .F..'.“..Q‘!l“““v'.b
A ) 3

h

h

h

h

. 3

h

. 3

" . :

N B - E

p

p

4

p

a4

. 4
" . 4
"'?7 By b ’ i w -~ - < .
. . . .

’ ’ : : < :

ROH chain length

Figure 2

« A . i
wew'wwry e vy T Y vy vr VY Y e Y r Y Ve Ve r Ve Ve M YT Y Y W Y WYY WYY Tty e 'y YrvvvrYrviried v vevrarvry
p 4
b4
< <
5 ‘
1 4
<
>
b,
]’ 1
b
4
-
<
L
1
4
4
4
4
k3
4
R e . - A S A 2 b A e S e e W SV e o AR S A S L S AT P O W i b et o et et o o o o et o o o i o g o e o Pt o et S Py - gty —
>
<
"
r
<
4
r
b
Y
1

sl

A

Ll LR L L R T R L R LR Ll L ALl Ll Ll L bbbl Ll b bl A Ll AL A L L Ll AL L Ll Dbl Dl L e L L L b L e Dl D el S L e L L e L L L L L L T Y rawr LA L LR LR L R Ll il e d e L L L L L L L L LR LV

AAAAALAARAA

E
i
E
r
E

A

AR AAAN

3 ‘.

ey mypeyrymypmpemeyeprmemesagessqemessdessee st te e et e e e eSS m e S m—. ey ...y

-

VARV Y
W Y

- L, - -~ e e ————— .

At BRSO T

ol

A

ASAAAAAA,

)

?..........“...................................“...... ssmsammssssssasssssssssnnns s e S E A SRR AR AN AN AP AAA P AAAAA AL b A N At AAA AR LA b by by b Pa LAt bmmd s bt

Ssssssnssnnse Sssasssssnnnse SRsmssssssEssane SsssgransEppr

d
r
r
4
4
d
d
r
r
r
r
r
r
r
4

e E- AR R R R R R R R R AR e AR L R R e R R R R R L T s R L L s s e :.-rn‘dmwtdww.w.wn Vawaddadddadadss s ivdina s 4’-‘4 TwE s s s R AN AWM emmneyy s puyr ey PR VP Y e SN TN Y S TR S TS S 8 eS8 8 P YRR Y Yy Y Y e e Y Y e e e e e v e e e e e e e e e e e s e s s wrs s s e .'}u-.\hmw*.ﬂ.‘.\‘.'M\'.*.\'.‘.'."‘J.\\'.'.‘_
3 . . 2
] : 3
p
p
p
p
r
>
. -
.. -
B - '.... -
by
. . . b
‘l
3
3
b
1’
<
y
>
A
- -4 A - . A 3
g v v v T AN Y vayvay vVaarr v VYV Y oy VY
. " . - . H 4 4 v
. . ) - . v 1 < > .

ROH chain length

Figure 3



CA 02539418 2006-03-13

BAT VAR IINANS NS LN AN LRI L N L AN LR e B e L, S N S,
AR INARN S LA AR PN AN R AN LB AR A L SR IR SNSRI R L P LIRS I A A
T R N A N Y N I A T N T N I LY L LI T L
L N R S I PO R T o e R T R T B B I T I TR
B W PE cec w "W cy e AW e aY re U v e NA b 4y el Ve - "’ se a¥ 1w w0 ww
Ll I Y e R R e L T T N L e TR T b N A N A T e S T TR Tl R
A TR T AT R R N o T R L DL I T T L W T o T A R N "D
L LA L R AT L A L LA AN A YL LT o L A e e L L I L NI WL L TR LIl I
LI R I L L N i B TR L Rl o L N L T LR L I L L B
LA L N W LA I Y L O L LN
< ev b€ cuc we Wk v w

P e mm ah me bhe ora e ey .
s Ne me v veme e = D I T T
LT AT RATAE AT I TR T A T EE T N T T T T AT
R L T A T R T T TN
CANPINENIND PN INT NN
AN A 4 ALY Y B e,

LR LR

- .
BT T A Y e Y
P Lt LI A A T AT
A AL AL A AT AR T T
N L I N N R I ]
BLANAR IS L aNAn e vy
PR ‘e Y o ER e Yh Em Y A
" ey be e W oam e, YW am
te Ye’ wi o rw cw ws W ey =a
P T TR T T e T AL W
AT A NENLTNENIANANL AN
A B Tk A W R BN b B S
L L RN LW L e AL T LN
NENARIAL TR s by
BTN TR N L Ty
v ax rm €y BV AL P4 AL AT

LR L LA 2R LA T AL AL .

AN AN A T LAY ARELAT A T AN LAY
FLANSR L ANAR S g rn
AR RAY L TP A T A AL RN
B AL AR "B dudh st ba 1A, 4 R A .dhdm b b oan re . R T L S S Y
[ LR L TR IRE E LN RS T RN EEEE R R N cey sm e mv
LRI B R PR L I I N R T B S T E Y .

re *w» - e

LA L L AR e AR T AN N AT AT L AR EAY AT LA T A A A T T T I A Wl W
AP S N O N AR S P L P N AN L AN AL SN AN PR YT AN ISP L AN P NN YT NI VN TN IS N ¥
WINANI NN TN AN L L PNV AN At N b an s s s B a pe sy
ANAR G T AL AR pd L AR AR A NI\ IR NS M amAaR P Payn so v aNnANAY LSRRI A An N~
< Ba BTN AP PR TS T A PR REDN RS U P Tl AN e ba sl ey s N e s lee cuy Ay

Figure 4



CA 02539418 2006-03-13

Figure 5(A)

+ Hzo

"OC(O)

H
N

N

."-I

Figure 3(B)

4 HQO

N

;

S ALES AJE S LE S ENLIsTE RS s A Aasiissssssmminannthu
ssspesbssviAdesdossnsgvsavisssbiavdadddavinswnidSVennnling
e d s d 40 A+ 44 d RN r ¥ eI N UP PN NI+ 44
PR RANC AR BAVIN IR PA PRI I AN PRVAFARIAP AT LA
PeP ISRy s RS RN AN EpEEEyE I

sssgpep e na
pPessgans gL s sssapebnnpaypunny

LAY LAY Y

vt immenns

SssgssmmreEvaIpEurm NrFssnssswr

A REE LR
PrER+ BN 2P0

sssasssmasssdesmmesnsssisssssvwessssdevs imrssrvTssmysnnncr
E TSI 4419 s i gy resmmygesssnsigangres

“-assmen
sspepsmpLEnEasssssssanepe
s ms s was e Tesssminnwans SiTsswsi svrsvadhbirwnd
IR N RN AN NN N NN N N Ydeqararpraerrndrnandiyg
CLT R4+ VP U P4+ 4P R4+ 4P B4t b Pqamsssajppiqgnancsanpebse
sssssdbs bV bsdmbbinmvsnnnnm Cebdbhdodinnnnrdbdtad iy
sasavesNsssbavsssnnrasavas . iy ssresvmfrsdavhivdasbabae
PEREREELE A dhtbdadanqguncr T ERRREE R EEE NI R N R
R N N NN N N N N N lTdssaqrpannspyporrngeonnw
A4 A PPV TRTLIPE NN NS PAT RIS LR N N A N L L AR
pmssgvdesstsssvesntmngopetd siwdbdatbsdanntbhre s
TmsssrvsnsmErvssssnavresbhasn
svssgwer

+erpgadan
teb e buqprramepgerr b

S s s s ssrs s s i asasrwhdrrsennnn

sanssprsigngessdmeinnems
Nimgsdesgnssbaduimpunnnn

T . T e dd D I(‘nn.ﬁbﬂicc LR R B ) L BLELE B L LI B B
N rYhad vyt d s B R PHT R RANER AN r= s ral "SR 4 - LB RN B B AL O I Y
- hp e b APga® AbAdy caap Paas . aALsaw g a "L sANSa A
‘a4 s wmsssvasmnns - ST mases

“an fTEms LA SR AAp TSR ERmanS SEFYTE s s s rE TSI s s ASTEmIE RS
T bt st d s b rtann b ab ey 1L+ 420 r b P P44 420424401

R R R R R O I I N e I N R I I N I B I I Y
e e el A hd e e e hdoeah b AL AN A Al e A AN d e B R AL AN AR AN AL
Asam s sacsssbacndbygessvnsssmansslobdodbonsiwwannnbubidonon
4 AN AR A A S S S SN S S SRS A TN IS Sl FEE S ES ST TS Ml s
R TN R R R RN I I NN R B A A B A B R L B BRI I SRR B
L I I B I I I N B R B R I R A I I I R
I A8 , S ANI R ASLALAS JL LS JB B LI EE BB REYT IR PRI I AN S RAaRAbisInun

# S8 EEY AN S AN TSR ST NI R RS I TR avessdwsvyewslobasw

S Answrane - memssssssnsssmbtsnsssdNesbbosnmmenndor b 4
L B R B BB B B BN L B B L LB B LB i L ageoassa
24 B R4 P4 AL 024200 PR RPN PAN AP P rany LR L A B B LB L
LI I S N R L I U I R R R R RS N R B S R R I R " iy e e

ssssssLgessssrsssssssmvssrmysdrssvédvdwvsnrrraaqgebvrbiddannc
rebel shododoavosdosnswwssho|lodntrttvrrs =ttt bdbartsndida-as+e
S P A NN P PN N 4P R AL PP IR A I S ALE RIS AAA IS RS SRS LR

P4 S P LR U PR PE g PR iR LE s AL IREERLgLesnnnaninsansudbasnnn

L rd e b bacdbmrrbodbarsdaccrraac=bbhiaqrt.paqaatpitoddans]

dedasnssssbossrsssssmyYrosnsnissssi ssnssssmdadassrvwssbosssrvyesnssdovwsnsnnsnvwuw

lllllll-."-'l-Illl(llllsll...-.-.rﬁll‘llll‘lll"sislss

s rdysrrryvr s cvrsn savyd ravrrivy sy vy ey =h

')

4% e bt ld e bty bd et
s s s ssvingn

v Frrrryryc = crvycrarv==di i re " "3 1ve"""ra 1 rans

VAYLE PP P CNPP P oY PN R R TAY A4 AN VAR Py PN AT 220 0N P P AQ AN R R PN MR A" PP ar
L L I L L L L L B N I I AL L B B B AL B O O LB L B L R L B L L B L L B B L I B IR B L L B B L O A
CSE 00 ASEAE0000APEPERN AN ANPAS N ISA /IS PrUSE NP IS0 rE0SPENENENTIRrY RRERRRLRE P

ssssdessssssssssnsnapwpessisrenrwands

v

sYmpessssrssIrrIesersTesel heswasur reesunu rew

e e gper s eeqgeenstpgype

PPrecypesccscyspaIPEErIcTYCPPI NP o] Wymebsjocccpecsgesgjacecy
Tabhappbageaprbygpadpaanpatalvqnppn Basd4badocppransbipaqqennprdaprannhaanharpnaq

LR T I R R I R I
e s sb st abadadbuaddannwrrbabaladbder
sdverenrsndasn

sdesssmrnar are s essds oo 0 bhad

redeosen tYYreass

o s ss vl wvas v dossavennn
L B e B B
SRR AR ATART SRR RL L gl RT g e
L es s s gEE s AaRqgLeungeEsLrgaadpEpamu
s sy vyhary bt desve b des sy ren

rry a4l M4 440NN dsnnrann~dadtat

rdaneys
scrbsdrren
r%4d i

SRS S SN ETRAS S AV AREp T LAAR R pEERIE.S s Aas s
b A srEv s sLI R s gE s R gprEEpPELmpu
rhddda bt antd s ratdb vt oyt
A b4 B r Pt e b Rbbtanrnnnsiaivyrdenns T2 vh e
R L I S L RN N

e e e b At ed
e s ssspuprgunssprdigUensnspunagunnnnacinnunrh erdNens
R R N A R I R N
I R R I I R S A N BN N ]
FPA4 4" "4 44 P 4Pt atrabatlddirnntiang
sssssssvmavrhossvemse ssssasspesn

sssabsassssssbhrmvs s s ssmas - TaAaITsssmsvsssEss sE s s sasswsws'"
L N B B I R I A B A Y R R TR T RN EE RN L RN EERE |
R R N o I I I A I B IR B B B - B4+  =d et P ddr P P44 24PPd i tvabbres

slvédmidbubonssnsavqussssnlanngninsns
S EY NS s EN S FE L EL EE R R s s RS S LR dsssmennnsnnniine
sevaividbvhaqodaquidnssvangsnnabidod
R L N NN RN W |
S Al AREEA PPN R TR PN IAPAY LAY EP IS
ssbvenawd mmmsssdanvaesn TR

tedsarmrs

R T EE L
Sl 4 AN L s pAaLngaa

4ar eI v e sss Ay .
PR AFLTAP =1L 4+ %00 F "%+ d 04PN A0 rran
L R L BT I I L B B B L B O B L B L I B
TAYE s s s YEsE s s EErF YRR EYSEFTE SN SRS
rresssssssnns

sessssnmsusbrrasesaqransas

S LAY S PP RA LA RS PP AN QLA J LAy EEEppEEg
s rvsbsbabe s tb s bevssnsvwtadosnnd i donsnnnwédred

ssssnrrenssndadunid
e p et ademmd f e sy ey

IR I LR R ]

' s ss L ss se s s ngnqupreer PP r b anp e I S N R I N IR N N

vyreasvr

SEYE s rIreE s s RN R

T XIS S S TSR EY F A YRR Sl PR TSR EY

e e e peme e eee ...

B AL S S SL LA SARE AR A LA Rs A

Anwen

sessbiirannpuaany
I4deadrr by vy s rssvyanrrran

T e s A€ d v radddoddran

S L I E T I e B e L4 8 e e e b pdadadband i yebooceeemn mmep

A S EvVaARTASE s E SRR E R saan Y

SR AL SRS AN S AANE AN S SR AR S AR Rs A
TR R I B LN L B N B 3
4t ddrad P rast st tabdrbdstadb b

s twsnr b bd 4ttt d

Pt i e e b lsls‘blllslrlrlr-sln--o-sl. -'-llll
4% ressssswennee g

SrLanvEsRs s

4 rre s vimennhonse
S EAS S S SN EE S EEY FAN S EE

Tesssansdbaprindedanconngesti sunbhapravennnngsn
o I I I N A L A B B I A
L N R N N N RN N RN RN N R RN N R

AR S Pl e s s d PN TR T ARSI P ST S AN IS S A SARAS SRS Y PSS AT ST SAS S FATYAST R R SRR SY R R

sdvvennnn R LR R R LR R L N I R RN

LA B L B L S R B L B B BN BB BRI B B B B L B B I L A B R B B T L B T L B B
BRAPAR R RARMNT A IAS MU AR IR AT IR P RA AT RPN AATT IR AN T LT N T A TNAR PP LT TP AR T

rdvy sdssd s ss v s s e sEEYEEY NI E NN S A S ESEEE S ST EY S S SR rF R

S Fs s EYSss s srY YR are b

sestwlalrbbédvebonndosnsnsvwsnsnssmensvwesbinnnsnrbdridosndqrrivnvssnnnnnspobatrdosdtnnttrpredinnnny

R I I R R B L L L R Rl L A R I N

Figure 5(C)



Figure 6(A)
d
N —~
Y “CaH + CH;0H =
/N\ -CO,

CA 02539418 2006-03-13

Figure 6(B)

ROCO,



5 4
N
6 , N=<N e
h P | \

5 4

CA 02539418 2006-03-13

I

'"H NMR chemical shifts of N,N,N’,N’-tetramethyl-N”-phenylguanidine, its
bicarbonate salt and HCI salt in CDCL"*

Compound H1 HA4 | HS5 | H6
tetramethylphenylguanidine 2.7 6.7 | 7.2 | 6.8 ppm
tetramethylphenylguanidinium | 3.0 7.1 7.4 7.2
bicarbonate salt |
tetramethylphenylguanidinium | 3.0 7.1 7.5 7.2
hydrochloride salt

“ Hi appears as a singlet, H4 as doublet and Hs and Hs as triplets.

3C NMR chemical shifts (in ppm) of N,N,N’,N’-tetramethyl-N”-phenylguanidine, its
bicarbonate salt and HC1 salt in CDCI3

Compound Name | Ci C2 | C3 C4 Cs Cé
tetramethylphenylguanidine 39.8 162.7 11522 |121.4 |} 130 122.3
tetramethylphenylguanidinium 39.9 159.5 | 138.8 |121.3 |130.3 | 125.7

| bicarbonate salt | |
tetramethylphenylguanidinium | 40.8 | 160.5 | 139.8 |122.7 | 131.8 | 127.3
hydrochloride salt |

Figure 7
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