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Functionalized guanidinium ionic liquids as a new class of versatile organic materials have been
developed. Guanidinium salts containing olefinic functionalities have been prepared and completely
characterized. In order to illustrate the versatility of olefinic units, they were brominated and some
bromine-containing ionic liquids have been obtained. Relevant physico-chemical properties of the new
synthesized salts were evaluated including their melting points, glass transition temperatures,
miscibilities, densities, surface tensions and contact angles with glass and Teflon surfaces. Additionally
toxicity studies were performed using the human colon carcinoma CaCo-2 cell line. Several new
functionalized guanidinium based ILs showed high densities, low contact angles with Teflon, low surface
tensions as well as a non-toxic behaviour.
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1. Introduction

Ionic liquids, a class of compounds, which gained relevant
impact in the recent years mostly because their properties, such as
almost negligible vapour pressure, low flammability, high thermal
stability, large electrochemical window and capacity of dissolution
of several organic molecules; properties that convert ILs as poten-
tial green alternatives to volatile organic solvents.! The almost
infinite number of possible cation and anion combinations
(~10%)?? can be problematic in order to find an IL by trial an error
with the adequate properties to a specific application. In order to
facilitate the right combination of ions, some correlation studies
between the structure of salts and their physico-chemical proper-
ties were recently published.? Despite these studies is already
known that the majority of correct combinations between cations
and anions are still to be explored. Even with the limited knowl-
edge about this class of compounds, ILs have been used in several
applications such as biocatalysis,? synthesis,* analytical chemistry’
(e.g., stationary phase in gas chromatography, electrolyte medium
in electrophoresis, MALDI matrix), liquid membranes,® design of
solar cells,” extractions,® among other applications.

* Corresponding author. E-mail addresses: goncalo.carrera@dq.fct.unl.pt
(G.VS.M. Carrera), raquel.frade@ist.utlpt (R.EM. Frade), jas@fct.unl.pt (J. Air-
es-de-Sousa), carlosafonso@ist.utl.pt (C.A.M. Afonso), Ibranco@dgq.fct.unl.pt
(L.C. Branco).
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Hexaalkyl guanidinium salts, were recently described as a new
generation of ionic liquids® showing physico-chemical properties
comparable and in some cases complementary to widely used
1,3-dialkylimidazolium based ionic liquids. Guanidinium-based
jonic liquids were used as reaction media in Heck reactions,'
oxidation of benzyl alcohols,!! fixation of CO, by epoxides,'? Aldol
reaction,”> Knoevenagel reaction,”® nucleophilic substitution of
alkyl halides,'* Mannich reaction,® Henry reaction,'* hydrogena-
tion and hydroformilation,”® Sharpless asymmetric dihydroxi-
lation.'® Differently guanidinium salts were also used as electrolyte
medium in solar cells.!”

In order to obtain ILs with superior performances in some ap-
plications, Task Specific Ionic Liquids (TSILs) have been developed.
This class of ILs usually contains specific functionalities on cation or
anion structures, which facilitate the correspondent interaction
with a specific substrate or tune further physico-chemical proper-
ties. Several examples of TSILs are described in the literature such
as imidazolium-based ILs containing ether and alcohol function-
alities (for dissolution of inorganic salts,'® as reaction media in the
benzoylation of nucleosides'® and as anti-microbial agents?°);
fluorine-containing ILs (capacity to dissolve gases®! and low surface
tensions?%); Carbonylic and nitrile co ILs (higher viscosity*> and
density?* values); urea, thiourea and thioether-containing ILs (for
extraction of Hg?t and Ca®' from aqueous solutions®®); amine
functionalized ILs (capture of CO, by formation of a covalent
reversible bond??). The ILs containing ester functionality on the
cation and octylsulfate as anion are also relevant because their



8786 G.V.S.M. Carrera et al. / Tetrahedron 66 (2010) 8785—8794

superior levels of biodegradability*® and examples of the dicyana-
mide anion based ILs (for dissolution of carbohydrates in high
concentrations?’). ILs containing natural chiral anions were used to
induce chirality in C—H insertions and Sharpless dihydroxilations.?®
Finally amino acid-based ILs were applied to solubilise other ami-
noacids®® while some olefin-containing imidazolium ILs were
brominated in order to obtain high density ILs.>°

Ruled by the structure of the IL, physico-chemical properties are
essential to determine the applicability of such compounds.
Density is a very important physico-chemical property that plays
an essential role in extractions, in flotation fluids used in inertial
instruments,® or in energetic compounds.®’ This property is
essentially ruled by the mass and volume of each atom of the
compound and by the inter-molecular interactions between the
components of the IL. Another property related with density is
surface tension, v:32

Mm/zl‘t
p

where p is the density, M is the molar mass and P the parachor
value. This property is determinant on definition of a multiphasic
system, to apply, for example, in homogeneous catalysis** and
solubilisation of gases.>* The relation between the structure of the
IL and surface tension property was studied in the case of
imidazolium,>>® phosphonium,**3® ammonium®*3® and guani-
dinium>® based ILs.

Through Young equation surface tension vy is linked with con-
tact angle, 6. This angle is defined between a solid surface and the
line tangent to a point, of the surface of the drop, placed at the base:

P =

(1)

Ysv = 7YsL+ Yv-C€os f (2)

where vsy, vs. and vy are the solid-vapour, solid-liquid and
liquid-vapour surface tensions, respectively. Contact angle is
a measure of wettability of a surface. Recently was reported that the
complexity associated to ILs can be much more effective than water
in order to discriminate between different solid surface composi-
tions and profiles.3’ The structural variability associated to ILs can
be used to tune the wettability of solid surfaces.>®3° Teflon type
polymers are organo-fluoride compounds with high chemical
inertness, physical resistance and low wettability. Differently to
common organic compounds, the carbons bonded to the electro-
negative fluorine present positive partial charge, which can mini-
mizes possible interactions of Teflon with the most common
organic compounds.*° The design of a substance that can effectively
wet Teflon can be a cumbersome task. Recently, an attempt was
made to wet Teflon AF 1600 with ILs applying a potential difference
but only moderate wettability was obtained.#! Herein, the de-
velopment of novel guanidinium based ionic liquids, containing
olefinic (allylic) functionalities are described. In order to illustrate
the versatility of olefinic functionalities some ILs were then
brominated. Physico-chemical properties (e.g., solubilities, melting
points, glass transition and decomposition temperatures, densities
and surface tensions) of the novel synthesized ILs were evaluated.
Four of these ILs were selected for a detailed toxicity study using
the human colon carcinoma CaCo-2 cell line. A comparative study
of contact angles with Glass and Teflon PTFE surfaces were also
developed using different ionic liquids and common organic
solvents.

2. Results and discussion

Novel Guanidinium ILs containing allylic functional groups
(olefinic positions) were synthesized (Fig. 1). These salts containing
a different type of allyl groups (2 or 4) and n-alkyl side chains on
cation unit were combined with four anions.
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Fig. 1. Structure of functionalized guanidinium cations and anions of new synthe-
sized ILs.

The chloride salts 1a, 2a and 3a were prepared in one step
according to a published method®4? starting from N,N-dimethyl-
phosgeniminium chloride and a secondary amine (first step—
Scheme 1). The non-chloride salts were prepared further chloride
exchange (second step).
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Scheme 1. Synthesis of new functionalized guanidinium ILs.

The chloride salts (1—3) were obtained in moderated yields
(14—65%) where the other observed product was attributed to urea
resulted of partial amine substitution and further hydrolysis. For
the guanidinium salts (b—d) obtained in the second step were
prepared in high yields (86—97%).

The allylic units allow the possibility of further functionalization.
In order to illustrate this functional versatility, the olefin-containing
ILs (1 and 2) were then brominated according a published pro-
cedure.® Only olefinic ILs containing non-nucleophilic anions (PFg
(b) or Tf;N (c)) were used for bromination reactions (Scheme 2)
avoiding mixtures of products. New highly brominates salts were
obtained in moderate yields (14—75%). The spectral data, elemental
analysis and mass spectra of the isolated compounds prove that all
the olefinic positions were completely brominated.
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Scheme 2. Bromination of functionalized guanidinium ILs.
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2.1. Physical State, Density and Solubilities

In Table 1 is presented all the prepared guanidinium salts and
some of their representative properties. Compound 3a is the only
chloride salt synthesized as a viscous liquid at room temperature;
this compound presents groups of different sizes around the gua-
nidinium core, a characteristic associated to low solid-liquid tran-
sition temperatures.?® This feature is represented in Table 1, with
the guanidinium cations presenting chains of different sizes (3, 8,9
and 10) leading to room temperature ionic liquids, similarly to the
case of imidazolium salts (14—17).

Table 1
Representative properties of some functionalized salts including new guanidinium
ILs

Salt Physical Density  Solubility
3

State (g cm™] Miscible Immiscible
1a Solid 1.06¢ H,0, dcm, acetone Et,0, Hex
1b Solid 1.21¢ dcm, acetone Et,0, Hex, H,0
1c Liquid 1.35° H,0 (pm), dcm, acetone Et,0, Hex
1d Liquid 1.37° Et,0, dcm, acetone, H,O (pm) Hex
2a Solid 1.02¢ dcm, acetone, H,0 Et,0, Hex
2c Liquid 1.28P dcm, acetone, H,0 (pm) Et,0, Hex
3a Liquid  ndd dcm, acetone Et,0, H,0
4b Solid 1.55¢ dcm, acetone Et,0, Hex, H,0
4c Solid 2.15¢ dcm, acetone Et,0, Hex, H,O
5c Solid 1.682 dcm, acetone Et,0, Hex, H,0
6a%? Solid — dcm, H,0 Et,0, Hex
6b%*  Solid — dcm Et,0, H,0, Hex
6c>? Liquid 1.36 dem Et,0, Hex, H,0
7a% Solid — dcm, H,0 Et,0, Hex
7b%? Solid — dem Et,0, H>0, Hex
8a% Solid — dcm, H,0 Et,0, Hex
8bh%? Liquid  — dem Et,0, H,0, Hex
9a% Liquid  0.90 dcm, H,0, Hex Et,O
9b>? Liquid  — dem, Et,0 H,0, Hex
10a®® Liquid  0.96 dcm,Et,0, Hex H,0
10b%  Liquid 091 dcm, Et,0 H,0, Hex
14a'8®  Solid 1.08 — —
14b'8*  Liquid 1.31 H,0 Et,0
14c*  Liquid 1.44 — H,0
15a'%?  Liquid 1.03 H,0 —
15b'8*  Liquid 1.29 — H,0%
15¢*®  Liquid  1.37 — H,0
16a'%  Liquid 1.00 — =
16b'% Liquid  1.19 = H,0, Et,0
16c**  Liquid  1.38 — H,0, Et,0, Hex
17¢**  Liquid 1.35 — H,0, Et,0, Hex
18¢*®  Liquid  — = =
19¢**  Liquid  1.06 Et,0 H,0, Hex

2 Density of liquid compounds with volume greater than 700 ul measured by
Anton Paar DMA38 densimeter at 25 °C.

b Density of liquid compounds with volume less than 700 pl measured with
micropycnometer at room temperature.

¢ Density of solid compounds measured with indirect method at room tempera-
ture. More details about ° and ¢ methods to measure density in Experimental
section.

d Et,0: diethyl ether; Hex: n-hexane; H,0: water; dem: dichloromethane; (pm)—
partially miscible, (nd)—not determined due to low amount available. Water con-
tent pg (H,0)/mg (IL): 1¢=9.7, 1d=31.0, 2¢=8.0.

Taking advantage of delocalization of negative charge and
organo-fluoro units the bis(trifluoromethanosulfonyl)imide (Tf;N)
(c) and perfluorooctanoate (d) are valuable anions in order to
obtain liquids at room temperature.*’ Similar to the previously
reported imidazolium case (18c) the olefin functionalized guani-
dinium salts are also RTILs (1c, 1d and 2d).

The observed viscosity of these novel guanidinium based RTILs are
comparable with previously reported® tetrahexylguanidinium ILs (6,
7 and 8). Some complementary rheological studies are in progress.

All of brominated salts are solids at room temperature. This fact
can be related with the presence of bromide, which is a volumous
and polarizable element increasing the importance of the van der

Waals interactions and decreasing the conformational degrees of
freedom of the cation and the entropy of fusion.

Low water content was observed for room temperature ionic
liquids (Table 1) obtained by chloride exchange (1c, 1d, 2c) corre-
sponding to 8—31 pg H,0.mg ™' IL.

The incorporation of bromine atoms into ILs structure allowed
a significant increase in the density values. Consequently, the
number of bromine atoms on the cation unit is determinant for
high densities (2c<5c<4c). The chosen anion also leads to con-
siderably different density values (Cl~<PFg<bis(trifluoromethyl-
sulfonyl)imide = Perfluorooctanoate) according to the synthesized
examples.

The nature of the anion might rule the influence of certain
features of the cation on the density of the compounds. When the
anion is bis(trifluoromethylsulfonyl)imide the olefin functionality
on the cation is not so significant to rule density because 6¢ and 1c
(that possess the same number of carbon atoms on the cation but
1c has two olefin functionalities), present similar densities (1.36
and 1.35 g/cm?, respectively). With this anion, the presence of
ramifications on the cation might be more significant to rule den-
sity (1c>2c). Differently when the anion is chloride, the new olefin
functionalized guanidinium salts (1a and 2a) possess generally
higher densities than reference non-functionalized guanidinium
salts (9a and 10a).

A curious observation is that in the case of guanidinium salts the
enhance of the number of carbon atoms leads to an increase of
density (9a<10a) while the opposite trend is followed by 1,3-di-
substituted imidazolium salts (14a>15a>16a). The reason for this
behaviour may lay on the trigonal geometry of guanidinium core
(corresponding to higher angles, 120°, than tetrahedron geometry)
that may lead to higher distances between atoms and consequently
lower density (Fig. 2).

Solubility studies of all the synthesized salts show a complete
dissolution in dichloromethane and acetone and insolubility in n-
hexane. The brominated compounds 4b, 4c and 5c¢ show the same
behaviour independently of the selected anion (PFg or bis(tri-
fluoromethylsulfonyl)imide) being diethyl ether and water in-
soluble. Differently, non-brominated salts are substantially
influenced by the nature of the anion. Comparing our new olefin
compounds with previous guanidinium salts, the solubility
behaviour is similar; the only difference is that when long chains are
present allow miscibility in n-hexane and diethyl ether (9a and 10a).

Like expect, the chloride salts prepared are water soluble, while
PFg, bis(trifluoromethylsulfonyl)imide and perfluorooctanoate
salts are non-soluble or partially water soluble. Curiously the per-
fluorooctanoate salt 1d is the only synthesized salt soluble in
diethyl ether.

2.2. Thermal properties

The DSC analysis of the prepared salts is presented in Table 2. All
the bromine-containing salts are solids at room temperature as
mentioned before, but is particularly relevant that compound 5c,
which contains lower number of bromine atoms in the cation,
present lower melting point (74.3 °C), being considered an high
density ionic liquid. The other brominated compounds didn’t
present transition to liquid state before decomposition. Consider-
ing the olefinic salts, all the bis(trifluoromethylsulfonyl)imide
based compounds are liquid at room temperature (1c and 2c)
presenting low Tg values (similarly to the previously reported olefin
functionalized imidazolium salt 18c) and the highest decom-
position temperatures (>300 °C) as observed for some previous
guanidinium and imidazolium salts (9¢, 16c, 17¢ and 19c).
Regarding the new compounds, the chloride salts are solids at room
temperature with the compound containing higher degree of
ramification on the cation unit (2a) showed a considerable higher
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Fig. 2. Structures of non-functionalized cations and anions of previously published ionic liquids used as references.

melting point than the previously* prepared compound (1a) with
no ramifications. Differently, the new chloride salt 3a is the only
olefin functionalized chloride salt liquid at room temperature, with
the substituents around guanidinium unit being dramatically dif-
ferent considering the size, leading to a low T value (—53.3 °C). The
same trend was observed in previously prepared non-functional-
ized guanidinium salts®® (9a, 10a), similarly to the medium chain
imidazolium salts 15a and 16a and differently from long and short
chain chloride based imidazolium salts 14a and 17a. The most
interesting result was obtained with perfluorooctanoate anion (1d),
an RTIL containing an unexplored anion.

In general, the compounds containing brominated cations
present much lower decomposition temperatures than olefinic
equivalents. According the results presented in Table 2 the guani-
dinium based salts (1a, 2a and 3a) show a similar thermal stability
(or even superior) when compared to reference imidazolium salts
of the same anion (14a and 17a).

Considering the anion the observed order of Ty is bis(tri-
fluoromethylsulfonyl)imide>Cl~>PFg >perfluorooctanoate.

Another feature observed by the majority of the synthesized
salts is related with their strong jump in the molar heat capacity
associated with glass transition. These high values of ACp, indicate
that many degrees of freedom are released on heating above Tg.
High values of ACpm at the glass transition appear as a specific
feature of ILs.** The brominated salts present some of the lowest
ACpm'’s as bromine’s volume might preclude the release of too many
degrees of freedom (1c vs 4¢) above T, value. The salts 1b and 5¢
present both a T; followed by a melting point (mp) transition and
also the lowest ACpy's values.

2.3. Interfacial properties

The interfacial properties of the new olefin functionalized gua-
nidinium salts as RTILs (1c, 1d and 2c) were measured (Table 3) and
compared with some previously reported RTILs.

Different surface tension (vyy) values were obtained for the new
synthesized guanidinium salts; particularly relevant the lowest
value in the case of perfluorooctanoate anion (1d) when compared
with bis(trifluoromethanosulfonyl)imide based ILs (1c and 2c¢) and
previously reported ionic liquids as described in Table 3. The low
interaction between the cation and the perfluorinated anion can
explain this observation. lonic liquids generally present surface
tensions lower than water and higher than the traditional volatile
organic solvents.>® The surface tension of 1c and 2c¢ was slightly
higher than the previously synthesized guanidinium IL 9¢ because
their smaller chain substituent sizes. The same trend was previously
found in the case of imidazolium (14a, 15a and 16a) and ammonium
(19c vs 20c) based ILs. In opposite direction, the surface tension of
n-alkanes increases with the size of the molecule (Table 3). This
trend in ILs is related with the decreasing of strong Coulombic
interactions while the weaker van der Waals interactions increase.

Considering contact angle studies, two different solid surfaces
were tested comprising different polarity profiles, soda-lime glass
(microscope slide) and Teflon® PTFE disk.® The three new guani-
dinium ILs (1c, 1d and 2c) presented similar contact angles values
with glass (Table 3) independently of the differences on cation or
anion structures. The considerably smaller contact angle of tetra-
hexylguanidinium IL (9¢) can be attributed as result of dispersive
interactions with glass, which play an important role*” in the
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Table 2

Thermal properties of the synthesized guanidinium salts and ionic liquids
Salt DSC Analysis

Mp? T T4 AC,? ACpm®
[°C] [°C] [°C] Ug 'Kk [ mol™' K]

1a 79.2 — 261.9 — —
1b 56.0 —55.5 2324 0.289 113.68
1c = —-57.9 >300 0.488 257.92
1d — —49.4 159.9 0.356 235.48
2a 146.5 — 213.6 — —
2c = —56.4 >300 0.337 178.11
3a — -53.3 195.4 0.504 215.78
4b — — 137.5 — —
4c = 10.6 1432 0.129 150.64
5¢c 74.3 -103 161.0 0.074 63.06
6a° — —-79.0 — — —
6b%? - —67.8 — - -
7a%? — -55.3 = = =
9a%? — —63.0 — — —
9p°? — —60.5 — — —
9ct — -72.1 >300 0.3811 269
10a% — —-76.0 = = =
10b°? — —-78.0 — — —
14a* 73.0 — 210.0 - -
14b 8343 10.0 —-80.0 >300 — —
15a'8? = —-75.0 — — —
15b'8? —61.0 —78.0 >300 — —
15¢* -9.0 = 275.0 = =
16a's? = -87.0 = = —
16b'8a — —-82.0 — — —
16¢* — —86.5 >300 0.4229 210
17a® 31.0 = 195.0 = =
17¢4 — — >300 — —
18c*® — -91.6 — — —
19¢* = 814 >300 0.3131 —

Table 3

8789

Interfacial properties (surface tension and contact angle with Teflon® PTFE disk and
soda-lime glass microscope slide) of the different tested ionic liquids and some
representative non-ionic organic compounds

Compound v [mN/m] 6° Teflon® PTFE disk 6° Soda-lime glass
(microscope slide)
1c 375 52.2 243
1d 253 27.6 22.6
2c 36.4 49.0 23.6
9c 328 58.1 10.6
11a 482482 — —
11b 47.5%8a — —
11c 38.4 (37.5)%" 68.8 17.5
11e 48.8 (46.6)8" 81.3 345
12a 41.8%a — —
12b 434482 — —
13a 31.9482 = =
18c 27.94¢ — —
19c 35.748¢ — —
20c 32.548¢ = =
1-Octanol 27.548d na. na.
Water 71.9%f 122(adv)*® <10%
94 (rec)*®
EG na 93 (adv)*® na
64 (rec)*®
DMF na 79 (adv)*® na.
48 (rec)*®
Pyr na 72 (adv)*® na.
54 (rec)*®
DCM 27.848d na. 14.447
n-Heptane 19.748¢ 10.348¢ <10%
n-Octane 21.6%4 21.148¢ na.
n-Nonane na. 28.348¢ na.
n-Decane 23.948d 32.74%¢ na.

2 yw—Surface Tension measured at 25 °C.

a
b
c
d

mp—melting point.

Ty—glass transition temperature.
Tq—onset of decomposition temperature.
ACp—Heat Capacity Jump.

¢ AC,m—Molar Heat Capacity Jump.

definition of the contact angle. The nature of the anion (14c vs 14e)
can also play an important role in the interfacial behaviour of the
ILs with glass. In general, the tested ionic liquids showed higher
contact angles than n-heptane, water or even dichloromethane
(Table 3), considering the glass surface. These three examples
illustrate the importance of both the polar and dispersive compo-
nents of the glass surface interactions.*’

Differently, the new guanidinium ILs presented dramatic
differences in terms of contact angle in Teflon surface, with the
perfluorooctanoate anion (1d) leading to a substantially lower
contact angle than bis(trifluoromethanosulfonyl)imide anion (1c
and 2c). The long organo-fluoride chain of perfluorooctanoate
might plays an important role in the depression of the contact angle
as Teflon is an organo-fluoride polymer. As our knowledge, 1d is an
example in terms of ILs with the lowest contact angle on Teflon
surface, even lower than perfluorinated ILs previously tested in
electrowetting studies.!

In this comparison it is important to note that the composition
of the AF 1600 Teflon polymer in Millefiorini study?! is different
from the composition of PTFE Teflon used in our work. Considering
different cationic structures, the size of the alkyl substituents (9c vs
7c¢) and the nature of the anion (1c vs 1d and 14c¢ vs 14e) might play
an important role at the surface of Teflon, a surface where the
dispersive interactions are dominant.4®

The new ILs synthesized showed lower contact angles with Teflon
than water or ethylenoglycol. The compounds 1c and 2c¢ presented
higher contact angles than n-alkanes and comparable values when
compared with pyridine and DMF. In the case of perfluorooctanoate
anion (1d) the values of contact angles are also comparable relative to
n-alkanes (between n-nonane and n-decane).

b 4 Contact Angle. rec—receding contact angle, adv—advanced contact angle. EG—
ethyleneglycol, DMF—dimethylformamide, Pyr—pyridine, DCM—dichloromethane.

Relevant is the result obtained in the case of 7e ([bmim][BF4]),
which was the highest contact angle value observed with Teflon (as
well as in glass) among the ILs here studied.

In Fig. 3 is presented the variation of the contact angle on Teflon
with the structure of the IL, where is possible to observe that the
new olefin functionalized guanidinium ILs (1c and 2c) showed
lower contact angles than reference ILs (9¢ and 14c). In this com-
parison is relevant to note that the presence of olefin units instead
n-alkyl functionalized cations allowed an increase of electron
density around olefin functionality and consequently a consider-
able depressing of contact angle with Teflon. Considering the effect
of the anion is possible to observe a dramatic decrease in the
contact angle when the anion is changed from bis(trifluoro-
methanosulfonyl)imide to perfluorooctanoate (1d<1c).

2.4. Toxicities studies

Cations 1 and 2 were evaluated toxicologically using the human
colon carcinoma CaCo-2 cell line.*° Both cations produced similar
results. They were both negligible toxic when combined with
chloride (Fig. 4).

Changing from Cl to bis(trifluoromethylsulfonyl)imide anion
leads to some enhancement of cellular viability for high concen-
trations (Fig. 4). This effect seems to be associated with the anion
because the same was shown for other types of cations.”® We
consider that ionic liquids that lead to a considerable increment of
cellular metabolism, when compared to the control cells, are not
desirable. However, such effect was not very significant for these
cases: approximately 30% increase at high doses of 4.5 mM (1c) and
7.5 mM (2c) (Fig. 4).

Ionic liquid 1a and 2a were compared with other cations that
had been already evaluated using the same model’®*! (Fig. 5).
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Fig. 3. Effect of both cation and anion on the contact of ILs with Teflon.

They were seen to be less toxic than dimethyl-guanidinium
[(tetra-hexyl)DMG] (9a), [(di-butyl)(ethylbutyl)DMG] (11a), tri-n-
hexyl-tetra-n-decylphosphonium (|P6,6,6,14]) (12a) and tri-n-octyl-
methylammonium ([Aliquat]) (19a) (Fig. 5).

Most of this data was expected due to the longer alkyl chains of
cations 9, 12 and 19. However, introduction of lateral groups as an
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Fig. 4. Toxicological results of cations 1 and 2, combined with chloride (1a and 2a) and
bis(trifluoromethanosulfonyl)imide (1c and 2c) on CaCo-2 cells monolayer. Cells were
exposed to the ionic liquids for 4 h and viability was assessed by the MTT reagent.
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Fig. 5. Comparison of the toxic effect of different ionic liquids in CaCo-2 monolayer:
cells were exposed to 7.5 mM of each ionic liquid for 4 h and viability was assessed by
the MTT reagent.

o
3

CaCo -2 relative viahility

attempt to reduce the number of carbons of the main alkyl chain
and the presence of unsaturated bonds do not seem to contribute to
toxicity.

Cation 2 had a similar effect as phenyltrimethyl-ammonium
([PhTMA)] (21a) in this model. We can assume that cation 1 and 2
are promising for designing of greener solvents.

3. Conclusions

In conclusion, new olefinic functionalized guanidinium ILs were
synthesized and completely characterized. The olefinic positions
are very versatile units, which can be easily converted in to dif-
ferent functionalities; this possibility was illustrated by the
synthesis of high density brominated guanidinium salts. The novel
cation-brominated salt 5¢ and the unexplored perfluorooctanoate
anion 1d are the most promising examples of task specific
ionic liquids with possible applications as high density additive
(or media) and as material with relevant surface properties
(lower surface tension and stronger Teflon surface interaction),
respectively. Toxicity evaluation of cation 1 and 2 suggests that they
are promising cations for designing of greener solvents and also the
first non-toxic guanidinium ILs examples.

4. Experimental section
4.1. General

All commercial reagents were used as supplied. Solvents used
during synthesis and workup phases were previously distilled from
CaH; under an argon atmosphere before their use in the prepara-
tion of guanidinium salts. 'H and '*C NMR spectra were recorded on
a Bruker AMX400 spectrometer. Chemical shifts are reported
downfield in parts per million from a tetramethylsilane reference.
IR spectra were recorded on a Jasco FT/IR-430 spectrometer. The
samples for elemental analysis were performed by Laboratério de
Andlises at REQUIMTE, Departamento de Quimica Faculdade de
Ciéncias e Tecnologia (Monte de Caparica) using Thermo Finnigan-
CE Instruments equipment, model Elemental Analyser 1112 series.
The removal of the volatile compounds in each guanidinium salt
was accomplished under high vacuum (10~® mbar) during 5 h. The
calorimetric measurements were performed with a 2920MDSC
system from TA Instruments Inc. Dry high-purity helium gas with
a flow rate of 30 cm® min~! was purged through the sample.
Cooling was accomplished with liquid nitrogen cooling accessory
(LNCA), which provides automatic and continuous programmed
sample cooling down to —150 °C. The baseline was calibrated by
scanning the temperature domain of the experiments with an
empty pan. The temperature calibration was performed taking the
onset of the endothermic melting peak of several calibration
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standards: n-decane (Ty,=243.75 K), n-octadecane (Ty,=301.77),
hexatriacontane (Tp,=347.30 K), indium (T;,=430.61 K) and tin
(Tm=506.03 K). The organic standards were high-purity Fluka
products, while the metal standards were supplied by TA In-
struments Inc. The enthalpy was calibrated with indium (melting
enthalpy AH,=28.71 ] g~1). The density measurements were ac-
complished using three different strategies according to nature and
quantity of the samples: For liquid samples corresponding to vol-
umes above 700 pl an Anton Paar DMA38 (0—3 g cm~>) densimeter
was used at 25 °C. Liquid samples corresponding to volumes below
700 pl were measured using micropycnometer calibrated with
paraffin. The volume of the micropycnometer is 214 pl at 22 °C. The
obtained volume was validated comparing measurements of den-
sity for polyglycol BO1/240 (CH3CH,CH,CH,(OCH,CHCH3), OH with
MW ca. 2300 g mol~') with Anton Paar DMA38 densimeter and
micropycnometer. Finally, solid samples were measured by indirect
method using pycnometer for solids. The pycnometer was cali-
brated with decane at 20 °C (1.085 mL) and the method validated
measuring the density of sodium chloride at 20 °C in the presence
of decane as the liquid used to complete de volume of the pyc-
nometer. The measured density of NaCl was compared with the
literature value (2.165 g cm> at 20 °C). The mass spectra were
recorded by mass spectrometry unit at Santiago de Compostela
University using Micromass equipment, Autospec model. The ion-
ization techniques used were FAB and EIl. Additionally was used
Bruker equipment, model micrOTOF, and the ionization technique
was ESI. The water content of the samples were obtained with
Metrohm KF Coulometer 831 equipped with 703 TI stand and 768
KF oven. The samples were titrated in a 130 °C oven with air flux of
100 mL/min. Surface tension, interfacial tension and contact angle
measurements were performed in a surface tension and contact
angle meter from KSV Instruments using CAM 100 model. The
pendant drop method was used to measure surface tension at
25 °C. Previously, the method to obtain surface tension was vali-
dated by measuring surface tension of 11e (BMIMBF,) a compound
with previously reported surface tension.

4.2. General procedure for the synthesis of guanidinium
chlorides

All the guanidinium chlorides were prepared adapting a de-
scribed procedure.®

4.2.1. (1a) [(Di-allyl),DMG]J[CI]. Prepared following the general
procedure from diallylamine (2 g, 20.6 mmol), N,N-dimethyl
phosgeneiminium chloride (1.59 g, 9.8 mmol) and triethylamine
(3,84 mL, 21.56 mmol) in dichloromethane (47 mL) during 10 h. As
workup, the mixture was filtered, and the obtained solid washed
with dichloromethane. The solvent of the combined organic
mixture was removed under vacuum with an aqueous NaOH so-
lution (2 M, 16 mL) added to the mixture. The aqueous phase was
washed twice with diethyl ether (2x22 mL), and the pH adjusted to
7 by dropwise addition of hydrochloric acid (37%). The water was
removed under vacuum. The guanidinium salt was obtained as
a pale brown solid (1.8 g, 65%). Mp 79.2 °C, p 1.06 g mL~' (20 °C). IR
vmax (KBr): 3082, 2978, 2920, 1643, 1589, 1539, 1419, 1338, 1277,
1234,1146, 1061, 999, 933, 876,671 cm ™ . 'H NMR (400 MHz, CDCl3)
0: 3.06 (6H, s), 3.78—3.96 (8H, m), 5.28—5.32 (8H, m), 5.76 (4H, m);
13C NMR 6: 40.97, 52.64 and 52.89 (rotamers), 121.57, 131.11, 163.03.
Analysis: calcd for Cy5H26CIN3.1.7H20: N 13.36, C 57.29, H 9.42.
Found: N 13.48, C 56.91, H 9.63.

4.2.2. (2a) [Di-ethyl(methylallyl),DMGJ[CI]. Prepared following the
general procedure from ethyl-2-methylallylamine (5 g, 50.4 mmol),
N,N-dimethyl phosgeneiminium chloride (3.72 g, 22.92 mmol) and
triethylamine (7.35 mL, 52.7 mmol) in dichloromethane (50 mL)

during 68 h. As workup, the mixture was filtered. The solvent of the
organic mixture was removed under vacuum with an aqueous
NaOH solution (2 M, 35 mL). The aqueous phase was washed twice
with diethyl ether, and the pH adjusted to 7 by dropwise addition of
hydrochloric acid (37%). Water was removed under vacuum and the
residue dissolved in dichloromethane. The solution was filtered,
and the solvent removed under vacuum. To the residue was added
acetone, being formed a white precipitate at the bottom. The
mixture was filtered and a white solid was isolated (2.94 g, 45%).
Mp 146.5 °C, p 1.02 g mL™! (20 °C). IR vax (KBr): 3083, 2976, 2939,
1650, 1579, 1537, 1456, 1438, 1419, 1380, 1361, 1346, 1338, 1292,
1240, 1213, 1168, 1145, 1126, 1074, 1061, 1045, 1027, 989, 918, 862,
798, 615, 580, 559, 517 cm ™. 'H NMR (400 MHz, CDCl3) 6: 1.16 (6H,
Is), 1.66 (6H, s), 3.07—3.18 (10H, m), 3.81-3.91 (4H, m), 5.02—5.05
(4H, m). 13C NMR (100 MHz, CDCl3) 6: 12.96 and 13.25 (rotamers),
20.32, 40.72 and 41.00 (rotamers), 44.41 and 44.72 (rotamers),
55.54 and 56.04, 117.82, 137.23, 137.65 and 163.45. Analysis: calcd
for C15H30N3Cl: N 14.51, € 62.19, H 10.51. Found: N 14.48, C 62.01, H
10.03. m/z (EI'*) 252 (M, 100), 99 (CgH12N", 73), 84 (CsH1oN™, 82).
HRMS 252.244117 (C15H39N3 requires 252.243973).

4.2.2.1. Allyl-octylamine. Prepared by addition of sodium
carbonate (2.16 g, 20.4 mmol) and chlorooctane (4 g, 26.9 mmol) to
allylamine (12.28 g, 215.2 mmol). The reaction mixture was stirred
during 36 h at 80 °C in a micro-reactor. As workup, the mixture was
filtered and the solution was submitted to vacuum. Finally was
obtained a colourless liquid (1.99 g, 44%). '"H NMR (400 MHz, CDCl3)
0: 0.86—0.89 (3H, t, J=6.8 Hz), 1.27—1.29 (10H, m), 1.48—1.53 (2H,
m), 2.29 (1H, Is), 2.60—2.64 (2H, t, J=7.2 Hz), 3.27—3.28 (2H, d,
J=6 Hz), 5.10-5.12 (1H, d, J=10.4 Hz), 5.17—-5.21 (1H, d, J=17.2 Hz),
5.88—5.98 (1H, m). >C NMR (100 MHz, CDCl3) 6: 14.03, 22.60, 27.31,
29.21, 29.46, 29.79, 31.78, 49.23, 52.28, 116.20, 136.34.

4.2.3. (3a) [(Di-octylallyl)DMG][CI]. Prepared following the general
procedure from allyl-octylamine (1 g, 5.9 mmol), N,N-dimethyl
phosgeneiminium chloride (0.46 g, 2.81 mmol) and triethylamine
(0.9 mL) in dichloromethane (7.5 mL) during 19 h. As workup, the
mixture was filtered, and the solvent was removed under vacuum.
To the obtained residue was added water. After separation of the
organic phase, the obtained mixture was submitted to high vacuum
to obtain the residue that was dissolved in the minimum amount of
dichloromethane, being added to a chromatography column where
silica is the stationary phase and dichloromethane the mobile
phase. The last fraction being eluted from column was presented as
an orange viscous liquid (0.35 g, 14%). T, —53.26 °C. TH NMR
(400 MHz, CDCls3) ¢: 0.58—0.67 (6H, m), 0.97—1.05 (24H, m), 2.90
(6H, s), 3.01-3.03 (4H, m), 3.53—3.69 (4H, m), 5.13—5.24 (4H, m),
5.49—5.67 (2H, m). *C NMR (100 MHz, CDCl3) 8: 13.52, 22.04, 26.25,
26.46, 26.75, 27.20, 28.58, 30.63, 31.17, 40.24, 40.61, 48.84, 49.27,
49.56, 49.74, 52.18, 52.43, 52.70, 53.17, 120.80, 121.06, 130.39,
130.93, 162.85. m/z (EI*) 392 (M™, 78), 238 (C14H2gNg, 38), 224
(C14H2gN3, 58), 183 (Cq1Hx3N3, 57), 71 (C4HoN™, 100). HRMS
392.4005 (Ca5H50Ng require 392.3999).

4.3. Substitution of chloride with non-nucleophilic anions:
PFg, Tf2N, perfluorooctanoate

4.3.1. (1b) [(Di-allyl),DMG][PFg]. Prepared from (1a) [(di-allyl),-
DMG][CI] (0.5 g, 1.76 mmol) and potassium hexafluorophosphate
(0.407 g, 2.20 mmol) in 25 mL of dichloromethane. The reaction
mixture was stirred at room temperature during 24 h. At workup
the mixture was filtered and the solvent was removed under
vacuum. The guanidinium salt was obtained as an orange solid
(0.62 g, 89%). Mp 56.09 °C, p 1.21 g mL~" (25 °C). IR vmax (KBr) 3088,
3032, 2988, 2945, 2912, 1645, 1583, 1535, 1448, 1417, 1356, 1339,
1278, 1267, 1236, 1159, 1112, 1094, 1067, 1002, 956, 929, 837, 678,
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648, 557 cm~ .. TH NMR (400 MHz, CDCl3) 6: 2.87 (6H, s), 3.68 (8H,
Is), 5.25—5.29 (8H, m), 5.66 (4H, Is). 3C NMR (100 MHz, CDCl3) :
39.94, 52.03 and 52.49 (rotamers), 121.25 and 121.46 (rotamers),
130.63, 162.69. Analysis: calcd for Cy5HogN3FgP: N 10.68, C 45.80, H
6.66. Found: N 10.62, C 45.96, H 6.60.

4.3.2. (1c) [(Di-allyl);DMG][NTf,]. Prepared from (1a) [(di-allyl),-
DMG][CI] (2 g, 7.06 mmol) and lithium bis(trifluoromethane-
sulfonyl)imide (2.53 g, 8.82 mmol) in 15 mL of acetone. The reaction
mixture was stirred during 56 h at room temperature. At workup
the mixture was filtered and the solvent was removed under vac-
uum and the residue dissolved in dichloromethane. The mixture
was filtered, and the solvent removed under reduced pressure. The
guanidinium salt was obtained as yellow oil (3.62 g, 97%).
Ty —57.94°C,p1342¢ mL (25 °C). IR vay (film) 3087, 2985, 2925,
1645, 1541, 1527, 1508, 1436, 1419, 1348, 1330, 1294, 1278, 1226,
1184, 1134, 1056, 993, 935, 877, 865, 788, 761, 740 cm~'. 'H NMR
(400 MHz, CDCl3) 6: 2.93 (6H, s), 3.74 (8H, Is), 5.31-5.35 (8H, m),
5.68 (4H, Is). 3C NMR (100 MHz, CDCls) 6: 40.27, 52.39, 52.86,
114.87, 118.06, 121.25, 121.75, 121.97, 124.44, 130.44, 162.95. Analy-
sis: calcd for Ci7HgN4Fg04S2.2.9H,0: N 9.65, C 35.16, H 5.52.
Found: N 9.87 C 34.67 H 5.00.

4.3.3. (2c) [Di-ethyl(methylallyl),DMG][NTf,]. Prepared from (2a)
[di-ethyl(methylallyl);DMG][C]] (1.5 g, 5.2 mmol) and lithium bis
(trifluoromethanesulfonyl)imide (2.46 g, 8.9 mmol) in 20 mL of
acetone. The reaction mixture was stirred during 56 h at room
temperature. At workup the mixture was filtered and the solvent
was removed under vacuum. The residue was dissolved in
dichloromethane and the resulting mixture was filtered. The sol-
vent was removed under vacuum. The guanidinium salt was
obtained as yellow oil (3.01 g, 86%). T; —56.4 °C, p 1.28 g mL~!
(22 °C). IR vmay (film) 3082, 2978, 2941, 2814, 1845, 1655, 1570, 1527,
1458, 1420, 1381, 1350, 1331, 1294, 1225, 1134, 1055, 987, 914, 870,
820, 787, 739, 652, 615, 599, 568, 513 cm~'. 'H NMR (400 MHz,
CDCl3) 4: 115—1.20 (6H, m), 1.70 (6H, s), 2.94—3.03 (6H, m),
3.20—3.28 (6H, m), 3.69—3.79 (4H, m), 5.07—5.11 (4H, m). *C NMR
(100 MHz, CDCl3) ¢: 12.21 and 12.59 (rotamers), 19.15 and 19.65
(rotamers), 39.76, 40.01 and 40.22 (rotamers), 43.78, 44.39, 55.08,
55.66, 114.60, 117.55, 117.80, 117.99, 120.99, 124.19, 136.72, 136.99,
162.74, 163.15. Analysis: calcd for C17H30N404S,Fg: N 10.52 C 38.34
H 5.68. Found: N 10.51 C 38.16 H 5.56.

4.34. (1d) [(Di-allyl),DMG]|[perfluorooctanoate]. Prepared from
(1a) [(di-allyl);DMG][C]] (0.5 g, 1.77 mmol) and sodium per-
fluorooctanoate (1.16 g, 2.65 mmol) in 25 mL of methanol. The re-
action mixture was stirred during 56 h. At workup the reaction
mixture was filtered and the solvent was removed under vacuum.
The residue was dissolved in dichloromethane and the resulting
mixture was filtered. The solvent was removed under vacuum. The
guanidinium salt was obtained as yellow oil (1.02 g, 88%).
Ty —49.41 °C, p 1.37 g mL™! (21 °C). IR vmax (film) 3084, 3015, 2984,
2920,2810,1867,1697,1643,1589,1529,1420,1350,1315,1238,1203,
1147, 1128, 1099, 1007, 993, 929, 883, 798, 744, 734, 719, 661, 640,
559,530 cm~ . "H NMR (400 MHz, CDCl3) 6: 2.98 (6H, s), 3.75 (8H, Is),
5.27—5.31 (8H, m), 5.70 (4H, Is). '>*C NMR (100 MHz, CDCl3) 6: 40.39,
52.40 and 52.80 (rotamers), 110.83,111.14,121.45 and 122.61,130.87,
160.06, 160.29, 160.52, 163.06. Analysis: calcd for Co3H26N302F15: N
6.35, C41.76, H 3.96. Found: N 6.49, C 41.24, H 4.16.

4.4. General procedure for the bromination of guanidinium
salts

All the brominated guanidinium salts were prepared adapting
a described procedure.3® To a stirred mixture of guanidinium salt
(1.00 mmol—the anion is non-nucleophilic) in anhydrous

dichloromethane (20 mL), under an argon atmosphere, was added
bromine (Bry, at least 1.3 equiv per double bond present in the
guanidinium salt). The stirred mixture was refluxed during several
hours (specified for each case). For each case are specified the
quantities and the workup procedure used.

4.4.1. (4b) N,N-Dimethyl-N',N',N",N"- tetrakis(2,3-dibromopropyl)-
guanidinium hexafluorophosphate. Prepared from N,N-dimethyl-
N ,N',N" N"-tetraallyl guanidinium hexafluorophosphate (1b) (0.4 g,
1.02 mmol), bromine (Br,—0.835 g, 5.29 mmol) in 20 mL of
dichloromethane. The stirred mixture was refluxed during 24 h. At
workup, the mixture was filtered, and the recovered organic phase
was washed with 2x10 mL of aqueous solution of sodium sulfite
(10%). The resulting organic phase was washed with 3x10 mL of
water. The product was isolated by crystallization being added ethyl
ether to the organic phase. The guanidinium salt was obtained as
awhite solid (0.144 g, 14%). p 1.55 g mL™! (25 °C). IR vmax (KBr) 3001,
2935, 2362, 2345, 1585, 1517, 1419, 1383, 1313, 1284, 1242, 1151,
1124, 1084, 1063, 949, 935, 901, 840, 655, 575 cm L. 'H NMR
(400 MHz, CDCl3) ¢: 3.30—3.38 (8H, m), 3.79—3.88 (14H, m),
4.04—4.16 (4H, m). 3C NMR (100 MHz, CDCl3) 6: 33.89, 33.94, 34.48,
34.69, 35.27, 35.38, 35.58, 35.77, 42.18, 42.27, 42.32, 42.53, 42.63,
46.43, 46.62, 47.32, 47.56, 47.62, 47.95, 48.09, 48.93, 53.20, 53.35,
53.77, 54.31, 54.69, 54.78, 56.31, 57.91, 163.89, 164.89. m/z (FAB™)
894 (M1, 2), 893 (M™, 10), 892 (Mt, 7), 891 (M™, 38), 890 (M*, 14),
889 (M*, 79), 888 (M™, 18), 887 (M, 100), 885 (M™, 81), 884 (M*,
8), 883 (M™, 43), 882 (M, 2), 881 (M™, 13)—several combinations
of isotopes of bromine. 807 (Cy5sH27Br7N3, 17)—fragment with the
more abundant combination of isotopes. 727 (C15Hp7BrgN%, 34)—
fragment with the more abundant combination of isotopes. 645
(C15H7BrsN3, 8)—fragment with the more abundant combination
of isotopes, 568 (C15H27BryN3, 8)—fragment with the more abun-
dant combination of isotopes.

44.2. (4c) N,N-Dimethyl-N',N',N",N"-tetrakis(2,3-dibromopropil )-
guanidinium  bis(trifluoromethanosulfonyl)imide. Prepared from
N,N-dimethyl-N’,N',N”,N”-tetraallyl guanidinium bis(trifluoro-
methanosulfonyl)imide (1c) (1.51 g, 2.86 mmol), bromine (Br,—
3.65 g, 22.87 mmol) in 20 mL of dichloromethane. The stirred
mixture was refluxed during 51 h. At workup, the mixture was
filtered, and the recovered organic phase was washed with
1x35 mL of aqueous solution of sodium sulfite (20%). The resulting
organic phase was washed with 3x20 mL of water. The solvent was
removed under vacuum. The guanidinium salt was obtained as
abrown solid (1.47 g, 44%). T, 10.60 °C, p 2.15 g mL ™! (20 °C). IR ¥max
(KBr): 3032, 3003, 2957, 2930, 1582, 1522, 1458, 1431, 1344, 1223,
1190, 1132, 1045, 959, 937, 897, 793, 741, 652, 619, 569, 514 cm~ L. 'H
NMR (400 MHz, CDCl3) 6: 3.32—3.34 (8H, m), 3.39—3.41 (6H, m),
3.80—3.84 (8H, m), 3.99—4.05 (4H, m). 13C NMR (100 MHz, CDCl3) 6:
32.95, 33.08, 33.30, 33.67, 33.84, 34.27, 53.71, 53.96, 54.29, 54.60,
57.11, 114.99, 118.19, 121.38, 124.58, 163.85, 164.64 and 165.71.
Analysis: calcd for Ci7H2gBrgFgN404S2: N 4.80, C 17.48, H 2.24.
Found: N 4.40, C 17.04, H 2.49.

4.4.3. (5¢) N,N-Dimethyl-N',N"-diethyl-N',N" bis(2,3-dibromo-2-me-
thylpropyl) guanidinium bis(trifluoromethanosulfonyl)imide. Pre-
pared from N,N-dimethyl-N',N"-diethyl-N',N”-bis(2-methylallyl)
guanidinium bis(trifluoromethanosulfonyl)imide (2c) (1.76 g,
3.31 mmol), bromine (Br,—2.12 g, 13.2 mmol) in 25 mL of
dichloromethane. The stirred mixture was refluxed during 56 h. At
workup, the mixture was filtered, and the recovered organic phase
was washed with 1x25 mL of aqueous solution of sodium sulfite
(20%). The resulting organic phase was washed with 2x25 mL of
water. The solvent was removed under vacuum. The guanidinium
salt was obtained as yellow solid (2.00 g, 75%). T; —10.41 °C, Mp
7431 °C, p 1.68 g/mL™! (20 °C). IR vmax (KBr): 3038, 2995, 2977,
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2945, 2588, 2468, 2365, 2316, 2270, 1961, 1928, 1880, 1589, 1577,
1506, 1452, 1419, 1386, 1348, 1296, 1259, 1224, 1174, 1134, 1054,
1045, 1003, 980, 933, 897, 869, 834, 764, 727, 715, 651, 635 cm~ L H
NMR (400 MHz, CDCl3) 6: 1.33—1.43 (6H, m), 1.87—2.01 (6H, m),
297-2.99 (4H, m), 3.27-329 (6H, m), 3.66—3.71 (4H, m),
3.79—3.92 (4H, m). 3C NMR (100 MHz, CDCl5) 6: 12.34, 12.70, 12.96,
13.28, 13.49, 13.94, 14.05, 29.08, 29.26, 29.31, 39.92, 40.89, 41.60,
41.82, 47.96, 48.11, 48.22, 48.59, 54.20, 54.79, 54.97, 57.02, 57.24,
65.01, 66.79, 66.99, 67.27, 115.06, 118.25, 121.45, 124.65, 166.81,
167.42. Analysis: calcd for Cy7H30N404S,FgBrs: N 6.57, C 23.96, H
3.55. Found: N 6.57, C 23.93, H 3.85. m/z (ESI-TOF) 577 (M, 2), 576
(M™, 21), 575 (M™, 12), 574 (M*, 83), 573 (M™, 20), 572 (M*, 100),
571 (M™, 14), 570 (M™, 82), 569 (M, 2), 568 (M*, 24). HRMS:
571.9135 (Cy5H30BrsN3 requires 571.9132).

4.5. Toxicological studies

Human colon carcinoma CaCo-2 (ATTC, USA) were kept in
175 cm? flasks in RPMI Medium 1640 (GIBCO), supplemented with
10% fetal bovine serum (FBS, GIBCO) and 2 mM t-glutamine (GIBCO)
at 37 °C in a humidified atmosphere of 5% CO,. For the assay, cells
were cultured in 96-well-plates until reaching confluence and
consequently, formation of a monolayer. Stock solutions of the ionic
liquids were diluted with the cell culture medium in order to attain
the desirable concentrations. Cells were incubated with the dif-
ferent ionic liquids for 4 h. Afterwards, medium was removed and
fresh medium with 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenylte-
trazolium bromide (MTT, Sigma) 0.5 mg/mL was added to the cells.
Plate returned to the incubator for 3—4 h. During this period, MTT
was reduced by a mitochondrial enzyme in metabolic active cells.
The resultant formazan product was solubilised with 150 pl DMSO/
well. The purple product was measured in a plate reader spectro-
photometer using the wavelength of 570 nm and 690 nm.
Incubations were done in triplicate, as the controls. The ratio be-
tween the absorbance of sample treated cells and the absorbance of
control cells was used to determine the cell viability and this pa-
rameter was plotted in function of the base 10 logarithm of the
ionic liquid concentration (uM).

Acknowledgements

We are grateful to REQUIMTE and Fundag¢do para a Ciéncia e
Tecnologia (PTDC/QUI/70902/2006 project and SFRH/BD/18354/
2004); Professor Anabela Raymundo and Dra Cristiana Nunes for
viscosity measurements; Dr. Nuno Lourenco for water content
titrations; Professor Jodo Sottomayor for helpful discussions;
Solchemar Lda and Cytec Co. for availability of some Ionic liquids
used in surface tension and contact angle studies.

References and notes

1. (a) Welton, T. Chem. Rev. 1999, 99, 2071—2084; (b) Dupont, J.; de Souza, R. F.;
Suarez, P. A. Z. Chem. Rev. 2002, 102, 3667—3691; (c) Sheldon, R. Chem. Commun.
2001, 2399—-2407; (d) Rogers, R. D.; Seddon, K. R. lonic Liquids as Green Solvents:
Progress and Prospects; American Chemical Society: Washington, DC, 2003; (e)
Wasserscheid, P.; Welton, T. lonic Liquids in Synthesis, 1st ed.; Wiley-VCH:
Weinheim, 2002.

2. (a) Katritzky, A. R.; Jain, R.; Lomaka, A.; Petrukhin, R.; Karelson, M.; Visser, A. E.;
Rogers, R. D. J. Chem. Inf. Comput. Sci. 2002, 42, 225-231; (b) Carrera, G.;
Aires-de-Sousa, ]. Green Chem. 2005, 7,20—27; (c) Carrera, G. V. S. M.; Branco, L. C.;
Aires-de-Sousa, ]J.; Afonso, C. A. M. Tetrahedron 2008, 64, 2216—2224; (d)
Varnek, A.; Kireeva, N.; Tetko, 1. V.; Baskin, L. L.; Solov'ev, V. P. J. Chem. Inf. Model.
2007,47,1111-1122; (e) Eike, D. M.; Brennecke, J. F.; Maginn, E. ]. Green Chem. 2003,
5,323-328; (f) Palomar, J.; Ferro, V. R; Torrecilla, . S.; Rodriguez, F. Ind. Eng. Chem.
Res. 2007, 46, 6041—6048; (g) Gardas, R. L.; Coutinho, J. A. P. Fluid Phase Equilib.
2008, 265, 57—65; (h) Dupont, J.; Suarez, P. A. Z. Phys. Chem. Chem. Phys. 2006, 8,
2441-2452.

3. (a) Sheldon, R. A;; Lau, R. M.; Sorgedrager, M. ].; van Rantwijk, F.; Seddon, K. R.
Green Chem. 2002, 4, 147—151; (b) Van Rantwijk, F.; Sheldon, R. A. Chem. Rev.
2007, 107, 2757—-2785.

4. (a) Sheldon, R. Chem. Commun. 2001, 2399—2407; (b) Chiappe, C.; Pieraccini, D.
J. Phys. Org. Chem. 2005, 18, 275—297; (c) Martins, M. A. P.; Frizzo, C. P.; Moreira,
D. N.; Zanatta, N.; Bonacorso, H. G. Chem. Rev. 2008, 108, 2015—2050.

5. (a) Zhao, H. Chem. Eng. Commun. 2006, 193, 1660—1677 and references therein;
(b) Shamsi, S. A.; Danielson, N. D. J. Sep. Sci. 2007, 30, 1729—1750.

6. (a) Branco, L. C.; Crespo, ]. G.; Afonso, C. A. M. Angew. Chem., Int. Ed. 2002, 41,
2771-2773; (b) Branco, L. C.; Crespo, ]. G.; Afonso, C. A. M. Chem.—Eur. J. 2002,
8, 3865—3871; (c) Bara, J. E.; Carlisle, T. K.; Gabriel, C. J.; Camper, D.; Finotello, A.;
Gin, D.L.; Noble, R. D. Ind. Eng. Chem. Res. 2009, 48, 2739—2751; (d) Wang, B.; Lin, J.;
Wu, E; Peng, Y. Ind. Eng. Chem. Res. 2008, 47, 8355—8360.

7. (a) Antonietti, M.; Kuang, D.; Smarsly, B.; Zhou, Y. Angew. Chem., Int. Ed. 2004,
43, 4988—4992; (b) Fei, Z.; Kuang, D.; Zhao, D.; Klein, C.; Han Ang, W.;
Zakkeruddin, S. M.; Gratzel, M.; Dyson, P. Inorg. Chem. 2006, 45, 10407—10409;
(c) Kuang, D.; Walter, P.; Nuesch, E; Kim, S.; Ko, J.; Comte, P.; Zakkeruddin, S. M.;
Nazeeruddin, M. K.; Gratzel, M. Langmuir 2007, 23, 10906—10909.

8. (a) Zhao, H.; Xia, S.; Ma, P.J. Chem. Technol. Biotechnol. 2005, 80, 1089—1096; (b)
Mochizuki, Y.; Sugawara, K. Energy Fuels 2008, 22, 3303-3307; (c)
Papaiconomou, N.; Lee, ].-M.; Salminen, J.; von Stosch, M.; Prausnitz, J. M. Ind.
Eng. Chem. Res. 2008, 47, 5080—5086.

9. (a) Mateus, N. M. M.; Branco, L. C.; Lourengo, N. M. T.; Afonso, C. A. M. Green
Chem. 2003, 5, 347—352; (b) Kunkel, H.; Maas, G. Eur. J. Org. Chem. 2007,
3746—-3757.

10. Li, S.; Lin, Y.; Xie, H.; Zhang, S.; Xu, J. Org. Lett. 2006, 8, 391—-394.

11. Xie, H.; Zhang, S.; Duan, H. Tetrahedron Lett. 2004, 45, 2013—2015.

12. Xie, H.; Duan, H.; Li, S.; Zhang, S. New J. Chem. 2005, 29, 1199—1203.

13. Zhu, A,; Jiang, T.; Buxing, H.; Huang, ].; Zhang, J.; Ma, X. New J. Chem. 2006, 30,
736—740.

14. Xin, X.; Guo, X.; Duan, H.; Lin, Y.; Sun, H. Catal. Commun. 2007, 8, 115—117 and
references therein cited.

15. Ishikawa, T.; Kumamonto, T. Synthesis 2006, 737—752.

16. (a) Branco, L. C.; Afonso, C. A. M. J. Org. Chem. 2004, 69, 4381—4389; (b) Branco,
L. C.; Ferreira, F. C.; Santos, J. L. Adv. Synth. Catal. 2008, 350, 2086—2098.

17. Wang, P.; Zakeeruddin, S. M.; Gratzel, M.; Kantlehner, W.; Mezger, J.;
Stoyanov, E. V.; Scherr, O. Appl. Phys. A 2004, 79, 73—77.

18. (a) Branco, L. C; Rosa, J. N.; Ramos, J. J. M.; Afonso, C. A. M. Chem.—Eur. J. 2002,
8, 3671-3677; (b) Holbrey, J. D.; Visser, A. E.; Spear, S. K.; Reichert, W. M.;
Swatloski, R. P.; Broker, G. A.; Rogers, R. D. Green Chem. 2003, 5, 129—135.

19. Prasad, A. K.; Kumar, V.; Malhotra, S.; Ravikumar, V. T.; Sanghvi, Y. S.; Parmar, V. S.
Bioorg. Med. Chem. 2005, 13, 4467—4472.

20. Pernak, ].; Sobaszkiewicz, K.; Mirska, 1. Green Chem. 2003, 5, 52—56.

21. Xue, H.; Shreeve, ]J. M. Eur. J. Inorg. Chem. 2005, 2573—2580.

22. Merrigan, T. L.; Bates, E. D.; Dorman, S. C.; Davis, J. H., Jr. Chem. Commun. 2000,
2051-2052.

23. Wasserscheid, P.; Driefen-Hiilscher, B.; van Hal, R.; Steffens, H. C.; Zimmer-
mann, J. Chem. Commun. 2003, 2038—2039.

24. Zhao, D.; Fei, Z.; Scopelliti, R.; Dyson, P. J. Inorg. Chem. 2004, 43, 2197—2205.

25. (a) Bates, E. D.; Mayton, R. D.; Ntai, .; Davis, J. H., Jr. J. Am. Chem. Soc. 2002, 124,
926—927; (b) Soutullo, M. D.; Odom, C. L.; Wicker, B. F.; Henderson, C. N.;
Stenson, A. C.; Davis, J. H., Jr. Chem. Mater. 2007, 19, 3581—3583.

26. Garcia, M. T.; Gathergood, N.; Scammells, P. J. Green Chem. 2005, 7, 9—14.

27. (a) Liu, Q.; Janssen, M. H. A.; van Rantwijk, F.; Sheldon, R. Green Chem. 2005, 7,
39—42; (b) Rosatella, A. A.; Branco, L. C.; Afonso, C. A. M. Green Chem. 2009, 11,
1406—1413.

28. Branco, L. C.; Gois, P. M. P.; Lourengo, N. M. T.; Kurteva, V. B.; Afonso, C. A. M.
Chem. Commun. 2006, 2371—2372.

29. Fukumoto, K.; Yoshizawa, M.; Ohno, H. J. Am. Chem. Soc. 2005, 127, 2398—2399.

30. Ye, C; Shreeve, ]J. M. J. Org. Chem. 2004, 69, 6511—6513.

31. Ye, C.; Shreeve, J. M. J. Phys. Chem. A 2007, 111, 1456—1461.

32. Deetlefs, M.; Seddon, K. R.; Shara, M. Phys. Chem. Chem. Phys. 2006, 8, 642—649.

33. Law, G.; Watson, P. R. Langmuir 2001, 17, 6138—6141.

34. Kilaru, P.; Baker, G. A.; Scovazzo, P. J. Chem. Eng. Data 2007, 52, 2306—2314.

35. Freire, M. G.; Carvalho, P. J.; Fernandes, A. M.; Marrucho, I. M.; Queimada, A. J.;
Coutinho, ]. A. P. J. Colloid Interface Sci. 2007, 314, 621—630.

36. Carrera, G. V. S. M.; Afonso, C. A. M.; Branco, L. C. J. Chem. Eng. Data 2010, 55,
609—-615.

37. Gao, L.; McCarthy, T. J. J. Am. Chem. Soc. 2007, 129, 3804—3805.

38. Lee,B.S.; Chi, Y.S.; Lee, J. K.; Choi, I. S.; Song, C. E.; Namgoong, S. K.; Lee, S. J. Am.
Chem. Soc. 2004, 126, 480—481.

39. Zhao, Y.; Li, M.; Lu, Q. Langmuir 2008, 24, 3937—3943.

40. Ferreira, R.; Blesic, M.; Trindade, J.; Marrucho, L.; Lopes, ]. N. C.; Rebelo, L. P. N.
Green Chem. 2008, 10, 918—928.

41. Millefiorini, S.; Tkaczyc, A. H.; Sedev, R.; Efhimiadis, ].; Ralston, J. J. Am. Chem.
Soc. 2006, 128, 3098—3101.

42. Schlama, T.; Gouverneur, V.; Valleix, A.; Greiner, A.; Toupet, L.; Mioskowski, C.
J. Org. Chem. 1997, 62, 4200—4202.

43. All around ionic liquids: http://98.131.55.98/ accessed at 21/02/2010.

44, Kulkarni, P. S.; Branco, L. C.; Crespo, ]J. G.; Nunes, M. C.; Raymundo, A.;
Afonso, C. A. M. Chem.—Eur. J. 2007, 13, 8478—8488.

45, Ohno, H.; Mizumo, T.; Yoshida, M.; Suga, T. Novel imidazolium compound,
EP1721900, 2006.

46. Lee, S.; Park, J.-S.; Lee, T. R. Langmuir 2008, 24, 4817—4826.

47. Janssen, D.; De Palma, R.; Verlaak, S.; Heremans, P.; Dehaen, W. Thin Solid Films
2006, 515, 1433—1438.

48. (a) Ghatee, M. H.; Zolghadr, A. R. Fluid Phase Equilib. 2008, 263, 168—175; (b)
Martino, W.; de la Mora, J. F.; Yoshida, Y.; Saito, G.; Wilkes, ]. Green Chem.
2006, 8, 390—398; (c) Wandschneider, A.; Lehmann, J. K.; Heintz, A. J. Chem.



8794 G.V.S.M. Carrera et al. / Tetrahedron 66 (2010) 8785—8794

Eng. Data 2008, 53, 596—599; (d) Freitas, A. A.; Quina, F. H.; Carroll, F. A. J. 50. Frade, R. F. M.; Rosatella, A. A.; Marques, C. S.; Branco, L. C.; Kulkarni, P. S.;
Phys. Chem. B 1997, 101, 7488—7493; (e) Janczuk, B.; Zdziennicka, A.; Wojcik, Mateus, N. M. M.; Afonso, C. A. M.; Duarte, C. M. M. Green Chem. 2009, 11,
W. Eur. Polym. J. 1997, 7, 1093—1098 (20 °C); (f) http://www.sigmaaldrich. 1660—1665.

com/ (20 °C). 51. Frade, R. F. M.; Matias, A.; Branco, L. C.; Afonso, C. A. M.; Duarte, C. M. M. Green
49. Jumarie, C.; Malo, C. J. Cell. Physiol. 1991, 149, 24—33. Chem. 2007, 9, 873—877.



	Synthesis and properties of new functionalized guanidinium based ionic liquids as non-toxic versatile organic materials
	Introduction
	Results and discussion
	Physical State, Density and Solubilities
	Thermal properties
	Interfacial properties
	Toxicities studies

	Conclusions
	Experimental section
	General
	General procedure for the synthesis of guanidinium chlorides
	(1a) [(Di-allyl)2DMG][Cl]
	(2a) [Di-ethyl(methylallyl)2DMG][Cl]
	Allyl-octylamine

	(3a) [(Di-octylallyl)DMG][Cl]

	Substitution of chloride with non-nucleophilic anions: PF6, Tf2N, perfluorooctanoate
	(1b) [(Di-allyl)2DMG][PF6]
	(1c) [(Di-allyl)2DMG][NTf2]
	(2c) [Di-ethyl(methylallyl)2DMG][NTf2]
	(1d) [(Di-allyl)2DMG][perfluorooctanoate]

	General procedure for the bromination of guanidinium salts
	(4b) N,N-Dimethyl-N′,N′,N″,N″- tetrakis(2,3-dibromopropyl)-guanidinium hexafluorophosphate
	(4c) N,N-Dimethyl-N′,N′,N″,N″-tetrakis(2,3-dibromopropil)-guanidinium bis(trifluoromethanosulfonyl)imide
	(5c) N,N-Dimethyl-N′,N″-diethyl-N′,N″ bis(2,3-dibromo-2-methylpropyl) guanidinium bis(trifluoromethanosulfonyl)imide

	Toxicological studies

	Acknowledgements
	References and notes


