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Oxidative Desulfurization of Azole-2-thiones with Benzoyl Peroxide: Syntheses
of Ionic Liquids and Other Azolium Salts

Derek M. Wolfe!®P! and Peter R. Schreiner*!2-!
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1-Alkyl-3-methylimidazole-2-thiones were prepared from
amino esters in one pot and converted to inherently halide-
free 1-alkyl-3-methylimidazolium benzoates by oxidation
with benzoyl peroxide followed by a novel anion exchange.
Also reported are the outcomes of exchanges with other
anions, acidifications of the imidazolium benzoates to other

salts, and extension of the method to the syntheses of 1,3-
diphenylimidazolium and 3-methyl- and -butylthiazolium
salts.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Ionic liquid (IL) literature!'®1 is dominated by 1-alkyl-3-
methylimidazolium salts, of which 1-butyl-3-methylimid-
azolium ([bmim] or [Cymim]) salts are the most recurrent
(Figure 1). The preponderance of [Cymim] ionic liquids in
the literature, especially the tetrafluoroborate and hexafluo-
rophosphate salts, probably derives from their synthetic ac-
cessibility.”) A typical preparation of [C,mim] ILs is the
quaternization of methylimidazole followed by an anion ex-
change as idealized in Scheme 1. Recent directions in IL
synthesis generally emphasize three points. First is the
manufacture of ILs of higher purity, especially with no or
low halide content. Inherently halide-free ILs have been fur-
nished by syntheses in which the leaving group for the quat-
ernization does not have to be exchanged (Table 1). A sec-
ond area of ongoing research is manipulation of the alkyl
substituents on the imidazolium cation. The substructure’s
hydrogen bonding and ligating abilities (as the N-heterocy-
clic carbene, NHC) feature prominently in reactions facili-
tated by ILs.[1:%10-14] There is particular emphasis on new
chiral structures,!'>1% and task-specific ILs (TSILs).l!7-20]

The third theme is variation of the anion (and its method
of introduction when necessary) from the ubiquitous tetra-
fluoroborate and hexafluorophosphate species. The direct
path in Table 1 allows such modification, but the desired
anion is not always available in a form that transfers the
desired alkyl group. Acids remain the ideal source of the
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Figure 1. Abundance of C,mim IL references as a function of ion
ir.[21
pair.
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Scheme 1. Representative preparations of C,mim ILs from chlo-
rides.
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Table 1. Syntheses of halide-free ILs by direct alkylation of imid-
azoles to ILs.

A
A ' A .
RSN _RA | ReyEN-R

\—/ \~/
R R’ A Ref.
Bu Me,O-Mel#! BF, 1381
Me, Et Me TH,N (391
Me Et CF3C02 [40]
Me, Et, nPr, nBu Me, Et 05SOR’ [41]0b]

[a] The authors note the release of dimethyl ether as IL formed,
and its removal under vacuum. [b] C(2)-Me ILs were also prepared.

desired anions to minimize inorganic contamination. Be-
cause an anion exchange cannot be efficiently done with the
imidazolium halide and an acid weaker than a hydrohalic
acid, routes to a wider range of conjugate bases must pass
through a different intermediate. Towards this end (and that
of higher purity ILs), Earle and Seddon transformed 1,3-
dialkylimidazolium halides to NHCs (Scheme 2), which
were distilled, and then reprotonated to I1Ls.??) Because the
carbenes are such potent bases,[>3>-2% this route could poten-
tially incorporate a large number of anions. Maase and
Massonne have reported a similar process.>” Ohno and co-
workers synthesized 1-ethyl-3-methylimidazolium ([emim]
or [C,mim]) ILs based on all 20 natural amino acids.[*®
After using an anion exchange resin to convert [C,mim][Br]
to [Comim][OH], the imidazolium hydroxide was added to
an amino acid to generate the IL and water, which was re-
moved in vacuo. Several other electrophiles have been re-
acted with NHCs,[**3% and a recent entry refers to ILs.[36

We stipulated a conversion of imidazole-2-thiones (1) to
ILs will unify these approaches (Scheme 2). Provided no ha-
logenated reagents are used, the IL products will be in-
herently halide-free. Ideally, an all-organic reaction would

MH, KOrBu,
2CO';, ete.

X =O0R, Z =0 (R*=H)
X =R* Z=(OR),
X=R",Z=0

Z. HN-R'

X R3

lead to a product mixture with lipophilic impurities that
could be washed from the IL product. Compounds 1 were
all the more attractive for conversion to ILs because the
method of assembly allows variation of the 1-, 3-, 4-, and
5-substituents,*”1 and this adaptability has an obvious bear-
ing on expanding the library of IL cations, including chiral
entries.

A variety of anions could be introduced depending on
the method for the desulfurization of 1. A reductive desul-
furization to the carbenel*? followed by treatment with
acid, or an unprecedented route to the gem-diamine fol-
lowed by oxidation should yield the desired IL. Regarding
the latter, similar systems have been ionized with trityl tetra-
fluoroborate,*3! which releases triphenylmethane and would
avoid the inorganic contamination possible by other con-
ceivable routes. Oxidative desulfurizations of compounds 1
to imidazolium salts with hydrogen peroxide and an
acid,** 47 iron(I1I) chloride,™® and nitric acid®®~>! are well
known.’?! Some of Wanzlick’s approaches to stable carb-
enes more than 30 years ago proceeded through oxidations
of compounds of type 1.3 Dimethyldioxirane can be
used,”3 and oxidation with mCPBA in the presence of per-
chloric acid yields an imidazolium perchlorate directly.[>*
We were especially interested in preparing ILs based on car-
boxylates more basic than trifluoroacetate. Examples of
these materials have been made by heavy metal anion ex-
change (to make [Comim][OBz]),>>! microwave promoted
anion exchange of imidazolium chlorides and ammonium
benzoate ([Comim], [C4mim], and [Csmim][OBz]),*®! anion
exchange in acetone ([Cymim][lactate]),’”) imidazole quat-
ernization with dimethyl carbonate ([C,mim][MeOCO,]),58!
and by the protonations of NHCsP>?71 and [C,mim]-
[OH]P81 described earlier.

The draw of imidazolium carboxylates is their rarity
(Figure 1) and the prospect of making other ILs simply by
treatment with stronger acids.’®! The ability to vary four

R3\N ~ N’Rl

HA

3 1
[0] RANAN-RY

Scheme 2. Known and postulated routes to imidazolium salts through 1.
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alkyl groups is the reason to make them from compounds
1. A path to ILs from compounds 1 would be complemen-
tary to the dominant paradigm, and could be one way to
spur the development of new ILs.

Results and Discussion

Synthesis of [Cymim] ILs

The original synthetic plan was based on the monoreduc-
tion and cyclization of a-thioureido esters with DIBALH
by Markwalder and co-workers.®®! Ethyl N-butylglycinate
(2) has been reported to form in 71 % yield by the butylam-
ination of ethyl a-bromoacetate in benzene.l°°! The reaction
of n-butylamine with chloroacetic acid and esterification of
the residue left after distillation of the amine gave the amino
ester in 57% yield (Scheme 3). Following reaction of 2 with
methyl isothiocyanate, two singlets consistent with a pro-
tons were found by 'H NMR, suggesting that some 2-
thiohydantoin (4) had spontaneously formed. It seemed
preferable to accomplish the thioureidation, reduction, and
cyclization in one pot with an excess of DIBALH to ac-
count for any that may be destroyed by ethanol released in
the incidental cyclization of 3 to 4. 1-Butyl-3-methylimid-
azole-2-thione (5) was isolated in good yield after
chromatography. This plan was changed upon finding that
3 completely cyclized to 4 thermally, that 4 was sufficiently
electrophilic to undergo sodium borohydride reduction,®!]
and that crude 4 could be used. We later found the cycliza-
tion proceeded more easily with ethanolic potassium hy-
droxide, and accomplished a water-insensitive one-pot syn-
thesis of 5 from 2.

Cl_COH
I mBuNH, DIBALH (2 Sy 11?}?1(\)4; 780
0°CtoA (2.5 equiv.), e, ~78 °C;
HCl, acetone
2. coned. 739
H,S0,~EtOH
(1:9), A
S
MeNCS, EtOH; KOH; )L
P N T N NaBH,; concd. HCI NN N
N7 co,Er  NaBHyi coned. HCL \__]
H 93 %
57 % 2

concd. HCI

l MeNCS, Et,0
99%

5
NaBH,, EIOH;|

8 S
140 °C
\NJ\N/\H/OEt /\/\NJLN/
H 0 \_§
H\ 79% o
3 from2 4

Scheme 3. Syntheses of 5.

Three reductive desulfurizations of 5 were evaluated
without success. Reduction with elemental potassium
(Scheme 2) appeared to proceed as described by Kuhn,[#?!
but the isolate decomposed without releasing any product
by distillation. Acidification of the residue with tetrafluo-
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roboric acid left a brown solution unaffected by Celite,
charcoal, silica gel, or aluminum oxide. Morel described
several desulfurizations of azole-2-thiones, one of which
was the reduction of a 2-methylthioimidazolium chloride to
the imidazolium chloride with sodium borohydride.[®? Af-
ter crystalline 6 was treated with sodium borohydride in
ethanol and quenched with acetic acid (Scheme 4), all sol-
vents were distilled and the '"H NMR of the residue re-
vealed the characteristic imidazolium protons at d > 7 ppm.
However, [C4mim][OAc] could not be adequately purified
from the “ionic soup” of [C4mim], sodium, iodide, and ace-
tate. Although a proper IL was not secured by this ap-
proach, we note Morel’s conversion of a 2-methylthioimida-
zolium salt to a crystalline imidazolium chloride could be
useful to prepare more derivatives as IL precursors in the
future. Reductive desulfurization of 5 with nickel(Il)
borohydridel® could have left a gem-diamine, carbene, or
[Cymim] product, but there was no indication of any of
these products and 5 was recovered in 28% yield.

. .- _
I
NaBH,, EtOH; AcO
NSNS AcOH A
@ /\/\N N
Y/
6

(85% from 5) traces

Scheme 4. Attempted synthesis of [Cymim][OAc] from 5.

Oxidative desulfurizations were attempted next. To pre-
pare [Cymim] carboxylates, hydrogen peroxide and, alter-
nately, acetic or benzoic acid were selected for the process,
giving identical results. In a variety of organic solvents (tol-
uene, glyme, p-dioxane, di-n-butyl ether), a solution of 5
and acid was unresponsive to 30% hydrogen peroxide up to
80 °C. Even at this temperature a surprisingly large amount
of peroxide (ca. 15 equiv.) was required before the yellow
color of 5 was consumed. An immiscible layer could be
formed and washed to constant weight with tetra-
hydrofuran. However, this formulation was unacceptable
for several reasons, primarily its stability. Upon standing at
room temperature, the product, which was initially a very
light yellow, darkened and released a precipitate. This de-
composition was hastened when the sample was heated for
drying, and prevented more thorough characterization.

Assuming residual hydrogen peroxide and acid were re-
sponsible for the decomposition, an oxidation of 1 with an
organic peroxide that could be washed from the final sam-
ple was a logical adaptation. With no precedent using one,
benzoyl peroxide seemed an appropriate selection. Com-
pound 5 in toluene resisted oxidation by three equivalents
of 75% benzoyl peroxide at 0 °C, room temperature, and
reflux. After the gradual addition of two more equivalents
of 75% benzoyl peroxide, however, the yellow color of the
thione disappeared and 5 could no longer be detected by
TLC. Conventional workup and removal of water left an
acidic light gold oil which presented only [Cymim] signals
in 'H NMR spectroscopy. The desulfurization likely pro-
ceeds via extrusion of sulfur dioxide from an intermediate
imidazoliumsulfinic acid like the reaction with hydrogen
2827
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peroxide.[>?! Direct isolation of [C4smim] as the benzoate was
most likely precluded by hydration of sulfur dioxide to sul-
furous acid, which can be oxidized by benzoyl peroxide to
sulfuric acid, and either of these acids would exchange with
benzoate to leave the bisulfite or bisulfate. In this reaction,
oxidation of sulfite to sulfate species must be nearly quanti-
tative, because the isolate did not respond to bromine. Sev-
eral isolates described later were randomly selected, and all
passed this test. Further, Karkhanis and Field report the
isolation of 1,3-dimethylimidazolium bi- and methylsulfates
from the oxidation of 1,3-dimethylimidazole-2-thione in
methanolic hydrogen peroxide, with no mention of sulfite
species.*?) As we refined the process, we found addition of
5 to a slurry of benzoyl peroxide in tetrahydrofuran brought
the reaction to spontaneous reflux, dissolving the benzoyl
peroxide, obviating the need to supply heat, and requiring
only 10 mL THF for the reaction of 10 g 75% benzoyl per-
oxide for each gram of 5, but an anion exchange was neces-
sary.

The first attempt at anion exchange was treatment with
two equivalents sodium benzoate (based on the amount of
5 used) to simultaneously neutralize bisulfate and supply
the desired anion. A solid was isolated. Although they did
not capitalize on the phenomenon for isolation of the IL,
Dupont and co-workers observed the separation of
[Cymim][BF,] from sufficiently concentrated aqueous po-
tassium chloride,!*! so we attempted to force a [C,mim]-
[OBz] layer from the aqueous wash with saturated sodium
benzoate. Diethyl ether was added to wash out benzoic
acid, and revealed two aqueous layers, one rich in IL and
another denser layer containing primarily inorganic salts,
but the IL solution still solidified after extraction with
dichloromethane and concentration. It seemed likely these
difficulties arose from the need to separate [C,mim][OBz]
from the excess sodium benzoate provided, and that careful
application of a stoichiometric amount of sodium benzoate
could lead to a more easily purified product.

We decided to solve the molar amount of [Cymim] spe-
cies per gram of solution by '"H NMR prior to addition of
sodium benzoate, and found sodium hydrogen carbonate
and sulfate are insoluble in 2:1 ethanol/water. Hence, the
acidic aqueous solution from the benzoyl peroxide oxi-
dation was neutralized with sodium hydrogen carbonate
(1 equiv. based on 5), and addition of two volume equiva-
lents ethanol precipitated the sodium salts. After filtration,
an aliquot of the filtrate was concentrated, and spiked with
dimethyl sulfoxide. Comparison of the integral of the
[Cymim] methyl proton resonance to the integral of the
neatly resolved dimethyl sulfoxide singlet was used to solve
for millimol [Cy;mim] species per gram of filtrate. Note all
three protons of a dialkylimidazolium ring can exchange
with deuterium oxide (although the process requires sup-
plied basel®-%%1 or a palladium catalyst®” to be synthetically
useful). After determination of [C4ymim] concentration with
NMR, a stoichiometric amount of sodium benzoate was
added to the remaining solution, precipitating a second
crop of sodium salts (Scheme 5, A = OBz). The requirement
for ethanol was surprisingly strict; the neutralized mother
2828
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liquor was unaffected by tetrahydrofuran, tert-butyl
alcohol, 2-propanol, or acetone. While methanol and aceto-
nitrile forced out some sediment, the dry weight of the salt
removed by suction filtration was less than that precipitated
with ethanol. Note that Bach and co-workers reported a
similar anion exchange with thiazolium salts using 2:1
methanol/water.® No additional solid was precipitated
with more than two volume equivalents ethanol, and nei-
ther crop of precipitate gave any signals in the '"H NMR
spectroscopy. The calibration process also provided an esti-
mate of the oxidation yield, which could vary from 60 to
80%, but was typically >70%. Concentration of the second
filtrate left a suspension in need of further purification,
which we address after making an observation on the rele-
vance of this anion exchange to the larger body of IL prepa-
ration methodologies.

(BzO),, THF;
NaHCO;, then EtOH;
j\ calibration by 'H NMR; A~
/\/\N — then NaA /\/\N/\N/
s =

Scheme 5. General approach to the preparation of [Cymim] ILs
from 5.

On its face, anion exchange between [C,,mim][CI] and al-
kali or ammonium salts (Scheme 1) seems ideal, but all
available data indicate that the organic soluble ion pair is
not cleanly extracted upon contact of two organic-insoluble
salts. In this work alone, this point is borne out by our
inability to recover [Cymim][OBz] from excess sodium ben-
zoate, or [C4mim][OAc] from the reaction in Scheme 4. This
anion exchange method generates an “ionic soup”, and it
is essential to wash a large concentrated solution of the IL
product mixture in dichloromethane with several tiny por-
tions of water (which is also necessary following an anion
exchange with acid),[®® or to repetitively cool and filter[!
the mixture to remove inorganic contaminants by degrees.
Anion exchange with heavy metal salts efficiently removes
the halide, but the salts are expensive and toxic. Our obser-
vation is functionally similar to the clean precipitation of
heavy metal halides, provided the imidazolium species is
available as a sulfate, hydrogen carbonate, or mixture
thereof. Like the precipitation of heavy metal halides, pre-
cipitation of sodium sulfate and hydrogen carbonate from
the appropriate imidazolium and sodium salts in 2:1 etha-
nol/water follows the natural direction of precipitation,
where two solutes release one precipitate, as opposed to the
release of one solute from two precipitates. In a partial sur-
vey of sodium salts, we found the chlorate,”"! tetrafluorobo-
rate, acetate, chloride, bromide, and trifluoroacetate were
all soluble in 2:1 ethanol/water, so there was a great deal of
latitude in the anion that could be introduced. Most signifi-
cantly, anions not conveniently available as the acid, such as
chlorate,’”! can be supplied. Unlike the nearly quantitative
precipitation of heavy metal halides, where the mass of the
precipitate relates the extent of halide removal, this anion
exchange precipitates a mixture of sodium sulfate and hy-
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drogen carbonate of unknown constitution, and the dry
weight of the precipitate does not directly indicate the ex-
tent of anion exchange. However, the concentration of
[C4mim] species determined in the calibration step can be
used to solve the theoretical yield of sodium sulfate and
excess mass of sodium hydrogen carbonate. Numerous se-
lected precipitates were dried to constant weight and re-
turned at least 80% of the expected dry mass.

Final purification of ILs is typically effected with adsorb-
ents — most commonly silica gel, aluminum oxide, charcoal,
and Celite; spectroscopic grade ILs purified on one column
layered with charcoal, silica gel, and Celite were recently
described.l”! Silica gel chromatography (SGC) seemed par-
ticularly well-suited to this example because the concentrate
from the reaction mixture at the stage of NMR calibration,
which should contain only [C4ymim] and sodium cations
paired with sulfate and hydrogen carbonate, was immobile
on silica gel, even with ethanol as the eluent. The desired
combinations of [Cymim] and supplied anions were ex-
pected to be separable from other combinations of ions,
although the effect of the desired ILs on the mobility of
undesired ions could not be known. Assessments of IL pu-
rity beyond color, mobility, and appearance of 'H and '3C
NMR spectra are rare,l*71-731 but we required a quantita-
tive handle for the purity of the isolates to compare several
anion exchanges and purifications. Solving for total milli-
mol [Cy;mim] species per gram of sample with a dimethyl
sulfoxide spike just as in the calibration step was straight-
forward. However, with no convenient way to confirm all
[C4mim] species were paired with the intended anion (ex-
cept for [C4mim][OBz]), this number could only be used to
find the possible range of [C4mim] content by mass, which
is reported as% IL in Table 2.

These ranges necessarily start from the multiplicative
product of the millimolecular weight of the lighter (or light-
est) reasonable [C4smim] product (on a per [Cymim] basis)
and millimol total [C4ymim] species, and run to the multipli-
cative product of the millimolecular weight of the effectively
heavier (or heaviest) reasonable [Cy;mim] product. In the re-

actions reported, bis-[Cymim] sulfate (MW = 374.50, 187.25
on a per [Cymim] basis) is the lightest combination of
[Cymim] and an available anion, except in the synthesis of
[Comim][CI] (MW = 174.67), where the low end of the range
is actually the highest possible content of desired IL. In all
cases, yields are reported on the basis of total millimol
[C4mim] species recovered, not mass, and are single numbers
inherently corrected for purity. The anion exchanges pro-
ceeded almost quantitatively (see Exp. Sect.), so the re-
ported numbers principally reflect the oxidation yield. This
approximation was used to describe every IL formulation
except [Cymim][OBz], where the integrals of the anion reso-
nances in the '"H NMR spectrum leave little room for
[C4mim] paired with any other anion and IL content is re-
ported as a single number. The maximum IL content of
[C,mim][ClO5]l" isolated by Method F actually solves to
101%, which we ascribe to cumulative experimental error.
Despite reference to “chromatography”, note the amount
of silica gel required was only 5 g silica gel (230-400 mesh)
per 2 g crude IL in all cases. The products were recovered
in bulk elutions of 30 to 50 mL per 2 g crude IL (except in
Method C). Based on the dry masses of precipitates de-
scribed earlier, we believe the content of undesired [Cymim]
species is low, and that the content of desired IL lies far to
the high (low for [C4mim][Cl]) end of the range.

Anion suitability and IL purification methods were or-
dered by this indicator of sample quality. Elution of the
crude isolates over silica gel with ethanol returned [C4ymim]-
[OBz], [BF,4], and [CIOs]" in roughly 40-60% yield and
60-80% IL content (Method A) as clear light gold, light
brown, and brilliant yellow liquids, respectively. Dissolution
of these in dichloromethane and treatment with Celite
(Method B) gave mixed results. The tetrafluoroborate was
purified, the chloratel’” was essentially unchanged, and the
benzoate was actually tainted, though this could be an ef-
fect of loss of IL to Celite, which was seen in all cases by
decreased yields from 5. To see if impurities more chro-
matographically mobile than the ILs could be removed,
new isolates were subjected to SGC with a solvent gradient

Table 2. Approximate Purities of [C;mim] ILs prepared according to Scheme 5.1

Method of Purification

A B C D E F

A %ILP  Yield % ILP! Yield® % IL0! Yield® %I Yielde % ILP Yield® % ILPl  Yield®

BzO 84 56 70 35 84 30 78 52 98 50 98 610
96le] 461d-¢]

ClO™ 6375 41 65-77 25 60-71 37 49-58 38 59-70 32 62-75 594
85-100¢  58id<l

BF, 68-82 49 7591 48 62-75 36 47-57 32 65-79 32 65-79 51

AcO 5861 32 - - - - 48-51 46 53-56 46 - -

cl 65-70 37 - - - - 5256 49 6368 49 - -

Br - - - - - - - - - - 8195 86"

CF,CO, - - - - - - - - - - 62-83 76"

[a] Key to methods: A = SGC in EtOH; B = A, then treatment with Celite in DCM; C = SGC with a solvent gradient from Et,O to
THF to EtOH; D = addition of 1:1 Et,O/EtOH, refiltration; E = D then SGC in 1:1 Et,O/EtOH; F = SGC in 1:1 Et,O/EtOH. [b] IL
content, as total grams [C4mim] species per 100 g sample. [c] From 5 in every instance, corrected for total IL content. Salts in each column
(method) were prepared by anion exchange from the same oxidation mother liquor, except Method F. [d] Yield from 5 following anion
exchange from an oxidation proceeding in 62% yield. [e] Purity and yield after a second SGC step in 1:1 Et,O/EtOH. [f] Yield from 5
following anion exchange from an oxidation proceeding in 98% yield.
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(Method C). Fractions containing IL products were iden-
tified by TLC in ethanol, where the IL manifested as a
streak from the origin after visualization with PMA (UV,s4
for [Cymim][OBz]). Aside from the absence of IL product
in fractions collected with less polar eluent, there were no
discernible differences in any fractions by TLC or in se-
lected fractions by NMR spectroscopy. When fractions con-
taining IL product were combined, their IL content was no
higher than those from Method A. Failure to detect an or-
ganic impurity by Method C and the similar IL contents
from Methods A — C indicate the major contaminants are
inorganic salts coeluting with IL in ethanol and/or dis-
solved silica gel. Fresh isolates were treated with 1:1 diethyl
ether/ethanol and precipitates formed. When separated
from the sediment simply by suction filtration, the dried
formulations had lower IL contents than after Method A
without exception (Method D, another testament to the dif-
ficulty of recouping IL from a mixture of insoluble salts).
The ILs were usefully mobile for SGC in 1:1 diethyl ether/
ethanol, and eluting the filtrates from Method D over silica
gel with 1:1 diethyl ether/ethanol (Method E) gave IL con-
tents rivaling those from Method A, except [Cymim][OBz]
which was significantly purer by this method. New isolates
from the oxidation were suspended in 1:1 diethyl ether/etha-
nol, loaded on a short column with their associated precipi-
tates, and recovered with the same solvent system (Method
F). ILs of similar or better IL content than Method E were
recovered, with [Cymim][OBz] still the purest isolate. The
lackluster chloride and acetate were replaced by the bro-
mide and trifluoroacetate to see how softer anions behaved
in the emerging method.

Table 2 demonstrates the success of the oxidation and
anion exchange sequence depends strongly on the supplied
anion, which makes acidifications of [C,mim][OBz] to other
ILs all the more desirable. Reaction with aqueous tetrafluo-
roboric acid followed by chromatography without first re-
moving water was unsuccessful; distillation of water led to
decomposition. Treatment with this acid in diethyl ether did
not require distillation of water, and gave a solution that
could be eluted with diethyl ether to two endpoints. First
until the issue was not responsive to UV light when spotted
on a silica gel plate (signifying the removal of benzoic acid),
and second until the issue was not acidic (signifying the
removal of excess tetrafluoroboric acid). Colorless
[Cymim][BF4] was then washed off with 1:1 diethyl ether/
ethanol; colorless [Cymim][CF3;CO,] was similarly obtained
as a mobile liquid (Scheme 6). In both cases an excess of
the acid was applied to destroy any residual hydrogen car-
bonate species. IL content is reported as a single number
since these ILs derive from the benzoate, and solves to
101% for [Cymim][BF,4], which we again believe is within
experimental error for a very pure sample.

Treatment of [Cy;mim][OBz] with concentrated aqueous
hexafluorophosphoric acid did not generate a separate
[C4ymim][PFg] layer, even upon standing for several days. A
small amount of very low quality IL separated from satu-
rated aqueous potassium hexafluorophosphate; washing the
sample with fresh water left only an impure specimen from
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BzO AT
SN
/\/\N®N/ HA /\/\N/G\N/
N/ HA = 54% HBF;—Et,0 (2 equiv.) 7

or TFA (2 equiv.)

A =BFy: 58% yicld, 100% IL
A = CF;C0,: 43% yield, 97% IL

Scheme 6. Preparation of [Cymim][BF,4] and [CF;CO,] from [OBz].

which no IL was recovered after SGC. The last experiment
in the [Cymim] series was an attempt to convert the benzo-
ate to acetate. Percolation of an aqueous solution of [Cymim]-
[OBz] and an excess of acetic acid with diethyl ether
slowly removed benzoic acid; it was necessary to periodi-
cally refresh the supply of acetic acid until the wash no
longer contained benzoic acid. Unfortunately, the IL reco-
vered after removal of water had decomposed and tena-
ciously retained a large amount of acetic acid.

Synthesis of [C;mim] ILs

Arduengo and co-workers described the preparation of
1,3-dimethylimidazole-2-thione (7) from the imidazolium
iodide via the carbene as exemplified in Scheme 2.741 On
the basis of the synthesis of 5, 7 was made in one pot from
methyl sarcosinate hydrochloride after neutralization with
fresh sodium ethoxide (Scheme 7). The intermediate hydan-
toin (8) was isolable in poor yield.

NaOEt, EtOH; MeNCS; JSJ\
KOH; NaBHy; concd. HCI1 ~N N
\—=/
HCI 65% 7
McHN CO;M
NS Na0Me, MeOH; S
MeNCS, xylenes, A JL
20% O‘;
8
Scheme 7. Syntheses of 7 and 8.
Table 3. Preparation of [C;mim] ILs from 7.
(BzO),, THF;
NaHCOj;, then EtOH;
S calibration by 'H NMR; A
\NJJ\N/ then NaA . \N@N/
\—/ \~/
7 A =10,
CF3COH A= OBz
A = CF4CO,
A % ILR Yield®
OBz 77 58
73l 37kl
ClO, 68-85 60
70-88[¢ 41l
CF;CO, 85l 751

[a] IL content, as total grams [C;mim] species per 100 g sample. [b]
From an oxidation of 7 proceeding in 85% yield, corrected for total
IL content. [c] Yield and % IL after a second chromatographic step.
[d] Yield and % IL from once chromatographed [C;mim][OBz].
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Compound 7 was much more sensitive to the conditions
of oxidation than 5. Calibration of the imidazolium concen-
tration revealed yields on the order of 30-40% unless the
temperature was carefully controlled with an ice bath, in
which case the yield exceeded 80%. The rest of the process
for [Cymim] IL synthesis (Scheme 5) was extended to
[Cimim] ILs without alteration (Table 3).

Synthesis of 1,3-Diphenylimidazolium ([dpim]) Salts

1,3-Diarylimidazolium salts are usually accessed by con-
densation of two equivalents aromatic amine with a 1,2-
dicarbonyl compound, and condensation of the diimine
with formaldehyde, orthoformates, or alkyl chloromethyl
ethers.*1-731 Wanzlick and Schonherr alkylated aniline with
chloroacetaldehyde dimethyl acetal under the influence of
sodium amide in diethyl ether, treated the product acetal 9
with phenyl isothiocyanate, and cyclized the intermediate a-
thioureido acetal with acid to make 1,3-diphenylimidazole-
2-thione (11) in 17% yield over three steps (Scheme 8).53!
We succeeded in preparing 9, although we preferred sodium
hydride in dimethyl sulfoxide, but were unable to secure 11
from it. Note that Wanzlick and Schonherr also alkylated
aniline with chloroacetaldehyde diethyl acetal, and carried
it through to 11 in 45% total yield. Although that result
demonstrates that 9 is not an ideal precursor to 11, we were
unable to recover any 11 from 9. We undertook syntheses of
11 from commercial N-phenylglycine, which comes in 95%
purity as a brown powder with visible heterogeneities. First,
N-phenylglycine was subjected to a Fischer esterification,
and the crude product reacted to 10 with phenyl isothiocy-
ante. Second, based on Johnson and Buchanan’s synthesis
of 1-methyl-2-thiohydantoin,[’® N-phenylglycine was dis-
solved in aqueous ethanolic potassium hydroxide and acyl-
ated with phenyl isothiocyanate. The putative intermediate
a-thioureido acid was precipitated, then cyclized in low
yield, likely the result of competitive S-alkylation in the acy-
lium intermediate.’”-7®] The specimens were indistinguish-
able by TLC, IR, and 'H and '*C NMR spectroscopy. The
melting point of 10 after Fischer esterification was only a
few degrees lower and broader than 10 accessed by the a-

thioureido acid. These similarities carried over to 11 follow-
ing sodium borohydride reduction. However, [dpim][OBz]
prepared from 11 following Fischer esterification contained
an impurity that was not sufficiently removed by SGC and
four crystallizations, all of which required hot gravity fil-
trations. On the other hand, 11 prepared via the a-thioure-
ido acid delivered [dpim][OBz] freed from heterogeneities
after silica gel filtration and three crystallizations, only the
first of which required a hot gravity filtration (Scheme 9).

(BzO),, THF;

NaHCOyj, then EtOH; A”

i calibration by 'H NMR;
Ph~ ~Ph then NaOBz Ph\N/\N’Ph
NN ©)
S—
11 = . 570/ i 0
TFA C A =BzO: 57A>yleld,. 98 % IL
A =CF;CO;y: 76% yield, 77% 1L

Scheme 9. Syntheses of [dpim] salts.

Synthesis of 1-Methyl- (|C,tz]) and 1-Butylthiazolium
(|Cutz]) Salts

Virtually all work on thiazolium salts has been on deriva-
tives of 5-(2-hydroxyethyl)-4-methylthiazole, a subunit of vi-
tamin B; (thiamin) and popular catalysts for the benzoin
and Stetter reactions.”-8!1 In the context of IL chemistry,
Pizzo, Vaccaro and co-workers recently prepared a pair of
thiazolopyridinium ILs,’®?! Davis and Forrester prepared N-
butyl-4- and -5-methylthiazolium tetrafluoroborates,!®3l
Deetlefs and Seddon prepared N-butyl, -hexyl-, and -octyl-
4-methylthiazolium bromides and iodides,’®* and Gaumont
and co-workers have prepared thiazolinium salts derived
from the chiral pool.®3! In their paper, Deetlefs and Seddon
call their N-alkyl-4-methylthiazolium cations “[C,mtz]”,
and it follows the 4-unsubstituted compounds should be
termed “[C,tz]”.

Thiazole-2-thiones are classically prepared by alkylating
an N-alkylthiocarbamate (formed in situ from an amine
and carbon disulfide) with an a-halocarbonyl compound,
and cyclizing the substitution product with acid.[®*-3%1 We

NaNH,, CICH,CH(OMe),

Et,O

= 1. PhNCS
Ph ; i OMe 2. coned. HCI, A
“NH — (ref. [35]) N ek
2 PH OMe 22%, 2 steps
NaH, CICH,CH(OMe), 0 (ref.[35])
DMSO S
84% -
Ph\N)LN ~Ph
—
1. 1:9 coned. H,SO,~EtOH, A \i/
2. PhNCS, xylenes, A
1% i NaBH,,
Ph. Ph~ ~Ph DCM—EtOH,
NH 1 1. KOH, H,O~EtOH; PhANCS N N " eoncd HCI
kCO H 2. conced. HzSO4, MCQCO \_§ 43%
2 39% o 0

Scheme 8. Syntheses of 11.
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Table 4. Syntheses of 13 and 14.

S
R\, —<onditions R\NJ\S
O 12

NaBH,, EtOH; S
then coned. HCI

Re N

N s
\—/

13: R = Me, 60 % overall
14: R =Bu, 57 % overall

R Conditions Crude yield for 12
Me, HCI NaOH (2 equiv.), water; then CS, (1 equiv.); then aq. KO,CCH,CI (1 equiv.); then H,SO, 77%
Bu K,CO3 (0.5 equiv.), CS; (1 equiv.), MeOH; then KO,CCH,CI (1 equiv.), MeOH; then H,SO, 94%

attempted syntheses of 13 and 14 from the appropriate
amine, carbon disulfide, and chloroacetaldehyde, but recov-
ered mixtures that did not suitably carry through the oxi-
dation. No reaction took place between the N-alkylthiocar-
bamates and chloroacetaldehyde dimethyl acetal, even in re-
fluxing acetonitrile. Chloroacetic acid readily accepted the
N-alkylthiocarbamate nucleophiles, and the rhodanine in-
termediatesi®®°!l were accessed by a one-pot synthesis.
Whereas these intermediates resisted bulk purification, we
found 13 and 14 easily sublimed and distilled, respectively,
and deferred purification until the crude isolates were re-
duced and dehydrated (Table 4).

Oxidation of 13 and 14 to thiazolium salts required some
operationally trivial but chemically significant modifica-
tions to the existing process (Table 5). When the aqueous
oxidation mother liquor was treated with sodium hydrogen
carbonate, then ethanol, and an aliquot of the filtrate was
concentrated for 'H NMR calibration, the specimens
turned pink and no thiazolium species were visible in the
spectra. The pK, values of thiazolium C(2) protons have
been reported as 17-19 in deuterium oxide®>?3 and as 12.9
(for vitamin B;) in methanol.’¥ Although these values are
several orders of magnitude higher than the pK, of carbonic
acid in water (3.6), the decomposition is likely the result of
carbene dimerization, which does not require quantitative
conversion of salt to carbene.’> For comparison, the pK,
values of imidazolium salts in water are >202° (a data
point that can be considered alongside other reports of
NHC basicity>>23), which explains why decomposition
was not observed in the synthesis of imidazolium salts, and
why catalysis with NHCs is ordinarily accomplished by ad-
dition of discrete carbene or treatment of an imidazolium
with a powerful base.[80-81.96-98]

After seeing how easily these salts could be destroyed, we
used the calibration step to limit hydrogen carbonate to one
equivalent against putative [C,tz][HSO,]. We did not expect
successful isolations of azolium benzoates (or other simple
carboxylates) since the pK, of benzoic acid is 4.2 in water,
but for completeness these exchanges were attempted; total
[C,tz] species decreased at each measurement from the cali-
bration to each concentration following two SGC steps. We
focused instead on poorly basic anions that proved ade-
quate for direct exchange in the [Cymim] series — [Br], [BF,],
and [CF;CO.]. Additional to inorganic contaminants, these
crude isolates contained highly colored, comparatively mo-
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Table 5. Synthesis of [C;tz] and [Cytz] salts via anion exchange.

(BzO),, THF;
calibration by '"H NMR; _
S NaHCOj; (1 equiv.), then EtOH; A
R then NaA Reni N
NS N @ N
\—/ "~/
R X % IL Yield
Me Br 73-89 12
Bu Br 99-100, not more than 9.6% as [C4tz][Br] 26
Bu BF, 77-92 10
82-100, not more than 72% as
Bu CF3C02 [C4tZ][CFgCO2] 41

bile impurities that could be removed by SGC in tetra-
hydrofuran to a visible endpoint. Thiazolium salts were
then collected with 1:1 Et,O/EtOH. Skipping the first chro-
matographic step returned [C,tz] formulations with roughly
50% IL content. Note that the same three sodium salts were
deployed across both thiazole-2-thiones, but [C,tz]-
[CF;CO,] decomposed upon isolation, and [BF4] was lost
to the initial tetrahydrofuran eluent. Having seen hot aque-
ous acid was well tolerated by the thiazolium salts during
concentration for calibration, aqueous acids were used to
convert [C4tz][CF5CO,] to [BF,4] and [PF] (Scheme 10). A
second approximation is used to report the IL content of
[C4tz][Br], [CF3CO,], and [PF¢], which had upper bounds
of 115, 110, and 112 g IL per 100 g sample, respectively,
by the first approximation. This simple adaptation is fully

AN —
/\/\NQS CF,CO0;

HA =50% aq. HBF, (1 equiv.)

HA 1 o 60% aq. HPF, (1 equiv.)

/V\N@S A

-/

A =BF;: 72% yield, 82 — 99% IL content
A =PFg: 45% yield, 75 — 100% IL content,

not more than 75% as [C4tz][PFg]

Scheme 10. Acidification of [C4tz][CF5CO,] to [BF,4] and [PFg].
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described in Supporting Information. Interested parties will
note it could also be used in descriptions of ILs prepared
by quarternization and anion exchange.

Conclusions

A new oxidative desulfurization of compounds 1 with
benzoyl peroxide followed by a carefully regulated anion
exchange is best suited to the preparation of inherently ha-
lide-free 1,3-dialkylimidazolium benzoate ILs, which can be
converted to other ILs with acid. Preparations of
[C4mim][BF,] and [CF;CO,], and of [Cimim] and
[dpim][CF;CO,] demonstrate the viability of this oxidation—
anion exchange-acidification protocol. The sequence fur-
nishes ILs with varied imidazolium ring substitutents, as
seen in the synthesis of [dpim] salts. The sodium borohyd-
ride reductions of hydantoins/®!! with or without their isola-
tion and the one-pot preparation of 7 are striking, as is
the two-step synthesis of [C;mim][OBz] from commercially
available sarcosine methyl ester hydrochloride. This proto-
col also provides a hitherto unknown route to [C,tz] ILs.

Experimental Section

General: Methyl isothiocyanate (97 %) was distilled prior to use. All
other reagents were used as received from commercial sources.
NMR spectra of compounds in the [C4ymim], [dpim], and [C,tz]
series were recorded with a Varian Mercury 400; compounds in the
[Cymim] series were analyzed with a Bruker AV400WB. Mass spec-
tra were collected with a Hewlett—Packard 5970 (EI). IR spectra
were taken in ATR mode with a BioRad Excalibur Series FTS 4000
(Harrick Split Pea or Specac Golden Gate Diamond accessory) or
a Bruker Optics IFS 48 (Specac Golden Gate Diamond accessory).
HRMS analyses were performed with a Finnigan MAT 95 (EI).
M.p. values were recorded with a MelTemp apparatus or a Biichi
SMP-20 and are uncorrected. All chromatographic purifications
were performed with 230-400 mesh silica gel. This section contains
protocols for syntheses of 2, 4, 5 from 4, 7, 10 from a-thioureido
acid cyclization, 13, 14, oxidations of all azole-2-thiones, anion ex-
changes (AEs) and purifications leading to [C4mim][OBz] and
[C4tz][CF5CO,], and acidifications of these salts to
[C4mim][CF3CO,] and [Cytz][BF,4], respectively. These AE and
acidification methods are representative of all imidazolium and
[C,tz] syntheses, respectively. Specific quantities of reagents used
for AEs and acidifications leading to all other salts are included in
Supporting Information (SI, for supporting information see also
the footnote on the first page of this paper), as are synthetic proto-
cols for all other neutral compounds; these salts and neutrals are
enumerated at the end of this section. In both sections, yields from
both the oxidation and the AE are included for each salt.

The observed '"H NMR coupling constants between C(4) and C(5)
protons from azole-2-thiones with C symmetry (5, 13, 14) are small
(J = 3-4 Hz). This fine structure is obscured by line broadening in
at least one "H NMR signal of most salt formulations derived from
these thiones; only [C,tz] and [C4tz][Br], and [C4tz][BF,4] are unaf-
fected. This effect has been discussed in terms of the magnetic
properties of nitrogen and sulfur and of H-D exchange in nitrogen
heterocycles;”*1°2 because this broadening is observed for the salts
but not the thiones, we suspect the latter case is the dominant fac-
tor here. When this distortion is observed, it is designated in the
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line assignment of the affected peak with an “LB” before the ap-
parent multiplicity of the affected peak. Three salts ([C4tz][BF,4]
and [Br], and [dpim][OBz]) underwent C(2) H-D exchange too
rapidly to see the C(2) proton in 'H NMR; the associated C(2)
triplets in '13C NMR spectra were observed. Copies of spectra are
included in SI for inspection.

Ethyl N-Butylglycinate (2): Over the course of 30 min, chloroacetic
acid (100.05 g, 1.06 mol) was cautiously added portionwise to
nBuNH, (1.0 L, 740 g, 10.0 mol) cooled with an ice bath. After
addition, the ice bath was removed and the mixture was refluxed
4 h, whereupon nBuNH, was removed by distillation. Residual
nBuNH, was released by three additions and distillations of EtOH
(100 mL each). The mixture was cautiously acidified with 1:9 (v/v)
concd. H,SO,/EtOH (1.0L), then refluxed 48 h. EtOH (ca.
500 mL) was removed by rotary evaporation, and the remaining
solution was poured into Na,COs (175 g) in water (1.1 L). The mix-
ture was extracted with DCM (3 X 200 mL), and the combined or-
ganic layers were washed with water, then brine (1 X 100 mL each),
dried (MgSO,), filtered, and concentrated. Amino ester 2 (96.15 g,
604 mmol, 57%) was distilled from the crude mixture (b.p.g»3
42 °C, ref® bp.;; 52 °C). "H NMR (400 MHz, CDCls): 6 = 4.14
(q, J = 7.1 Hz, 2 H), 3.33 (s, 2 H), 2.54 (t, J = 7 Hz, 2 H), 1.50 (br.
s, 1 H), 1.44 (quint, J = 7 Hz, 2 H), 1.34 (sext, / = 7 Hz, 2 H), 1.22
(t, J = 7THz, 3 H), 0.85 (t, / = 7Hz, 3 H) ppm. 3*C NMR
(100 MHz, CDCly): 6 = 172.4, 60.5, 50.9, 49.1, 32.0, 20.2, 14.0,
13.8 ppm.

1-Butyl-3-methyl-2-thiohydantoin  (4): Methyl isothiocyanate
(44.15 g, 604 mmol) was dissolved in dry Et,O (50 mL) and added
dropwise to freshly distilled 2 (96.15 g, 604 mmol) cooled with an
ice bath. The reaction was continued at 0 °C for 10 min after com-
plete addition, then fitted with a simple distillation apparatus for
the removal of Et,O. The thick orange residue was stirred neat and
heated 3 d at 140-150 °C. The product at this stage was used for
the synthesis of 5 described below, but can be distilled (b.p.oss
126 °C, 79% yield). After one distillation each, compound 4 was
the same red hue as 5 made from it. The distillates had similar b.p.
values, which probably reflect a common codistilling impurity.
Their appearance and b.p. values could be resolved by further puri-
fication, but their respective spectroscopic and chromatographic
characteristics were unchanged. In this case, distilled 4 (4.63 g) was
chromatographed (100 g silica gel, eluent: 2:1 Et,O/petroleum
ether, Ry = 0.6) and redistilled (b.p.q.15 86 °C), returning 4 (3.25 g)
as a dull yellow oil (70% recovery, 55% yield from 2). '"H NMR
(400 MHz, CDCl;): 0 = 4.01 (s, 2 H), 3.81 (t, J/ = 8 Hz, 2 H), 3.24
(s, 3 H), 1.65 (quint, J = 8 Hz, 2 H), 1.40 (sext, / = 8§ Hz, 2 H),
0.97 (t, J = 8 Hz, 3 H) ppm. '*C NMR (100 MHz, CDCls): ¢ =
183.0, 170.6, 51.7, 46.5, 29.0, 28.1, 19.7, 13.6 ppm. MS: m/z (%) =
186 (100) [M*], 157 (18) [M* — Et], 153 (25) [M™ — SH], 144 (46)
[M* — propene], 130 (20) [M™ — butene]. IR (film): ¥ = 3597, 3480,
2958, 2932, 2872, 1744, 1496, 1334 cm™!. HRMS (EI) calcd. for
CgH4N,OS: 186.0827, found 186.0822.

1-Butyl-3-methylimidazole-2-thione (5). From 4: Crude 4 prepared
as described above was diluted with EtOH (200 mL) and cautiously
treated with NaBH, (22.84 g, 604 mmol) in EtOH (600 mL). The
mixture turned from the deep red color of crude 4 to a bright pur-
ple while stirring 7 h, and was then slowly treated with concd. aq.
HCI (200 mL, 2.40 mol), turning an intense yellow while stirring
30 min. The slurry was poured into water (750 mL) containing
NacCl (100 g), and shaken with DCM (500 mL). The mixture slowly
separated into two layers, and the organic layer was collected. The
aq. layer was extracted with more DCM (3 X 100 mL), the com-
bined organic layers were washed with water (1 X 100 mL) and re-
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petitively with brine (100 mL) until the recovered volume was ap-
proximately equal to the volume invested (requiring at least 3 X),
then dried (MgSQ,), filtered and concentrated to leave crude 5
(98.97 g) as an oil that was distilled (b.p.g4 132°C) (81.15g,
477 mmol, 79% from 2, 99% from 4). After one distillation each,
compound 5 was the same red hue as 4 used to make it. The distil-
lates had similar b.p. values, which probably reflect a common co-
distilling impurity. Their appearance and b.p. values could be re-
solved by further purification, but their respective spectroscopic
and chromatographic characteristics were unchanged. In this case,
distilled 5 (4.38 g) was chromatographed (105 g silica gel, eluent:
2:1 Et,O/petroleum ether, Ry = 0.4) and redistilled (b.p.g.15 77 °C),
returning 5 as a brilliant yellow oil (1.68 g, 38% recovery, 30%
from 2). '"H NMR (400 MHz, CDCls): 6 = 6.84 (d, J = 4 Hz, 1 H),
6.83 (d, J =4 Hz, 1 H), 4.03 (t, J = 8 Hz, 2 H), 3.60 (s, 3 H), 1.75
(quint, J = 8 Hz, 2 H), 1.37 (sext, J = 8§ Hz, 2 H), 0.96 (t, / = 8§ Hz,
3 H) ppm. 3*C NMR (100 MHz, CDCls): § = 160.8, 117.1, 116.0,
46.8, 34.2, 30.1, 18.9, 12.9 ppm. MS: m/z (%) = 170 (100) [M™*],
141 (33) [M* — Et], 137 (77) [M* — SH], 128 (43) [M* — propene],
114 (72) [M* — butene]. IR (film): ¥ = 3449, 3095, 2957, 2932, 2872,
1569, 1461, 1413, 1401 cm™'. HRMS (EI) caled. for CgH 4N,S:
170.0878, found 170.0878.

Oxidation of 5 with (BzO),: A two-necked flask containing a mag-
netically stirred slurry of 75% (BzO), (190.10 g, MW = 322.97,
589 mmol) in THF (200 mL) was cooled in an ice bath, and fitted
with an addition funnel containing neat 5 (20.04 g, 118 mmol) and
a condenser. The reaction first bubbled and fumed locally as 5 was
introduced dropwise, then achieved reflux, dissolving (BzO),. The
persistent yellow color of § disappeared as the oxidation continued.
The reaction stood at room temp. until excess (BzO), precipitated.
The mixture was filtered, and the filter cake was washed with water
(100 mL). The filtrate was diluted with Et,O (200 mL) and shaken,
the aq. layer was recovered, washed with DCM (5X20mL),
drained onto NaHCO; (9.86 g, 117 mmol), stirred 15 min, then
treated with EtOH (300 mL) and stirred 30 min. The supernatant
was recovered by suction filtration into a tared flask, and the filter
cake was washed with EtOH (2X20 mL). An aliquot (4.5803 g)
was removed from the aq. EtOH solution (407.67 g), concentrated,
spiked with DMSO (0.1018 g, 1.30 mmol), and the entire mixture
was taken up in D,O. When the integral of the neatly resolved C(3)
methyl singlet at ca. 4 ppm was set to 3.0, the integral of the neatly
resolved DMSO singlet at ca. 2.8 ppm integrated to 9.48 H, corre-
sponding to a [Cymim] species concentration of 0.8247 mmol/
4.5803 g solution, or 0.1800 mmol [Cymim] species/g solution
(73.4 mmol, 62%).

AE to [Cymim][OBz]: A portion of the calibrated solution from the
oxidation of 5 (367.67 g, 66.2 mmol, representing 106 mmol 5) was
treated with NaOBz (9.54 g, 66.2 mmol), stirred 2.5 h, suction fil-
tered, and concentrated. The product and associated sediment were
taken up in 1:1 Et;O/EtOH (100 mL) and loaded on silica gel (50 g)
packed in 1:1 Et,O/EtOH. The column was drained to level the
loaded volume with the top of the column below the insoluble mat-
ter. The vessel originally containing the sample was rinsed with
fresh 1:1 Et;O/EtOH (100 mL), which was loaded on the column
and similarly leveled. The column was washed with fresh 1:1 Et,O/
EtOH (400 mL). All column issue was collected in one vessel, con-
centrated, then dried at 0.2 Torr to leave a light gold liquid (17.18 g,
3.78 mmol [Cy;mim][OBz] per g; 64.9 mmol, 16.90 g [C4mim][OBz]
total, 98% from AE, 61% from 5). A portion of this formulation
(2.45 g, 9.26 mmol [C;mim][OBz]) was rechromatographed (5 g sil-
ica gel, 10 mL loading and rinsing vol, 40 mL wash vol), returning
a light gold liquid (1.88 g, 3.69 mmol [C,mim][OBz] per g;
6.94 mmol, 1.81 g [Cymim][OBz] total, 75% recovery, 46% from 5)
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after drying in vacuo. 'H NMR (400 MHz, D,0): 6 = 8.36 (s, 1
H), 7.71 (d, J = 8 Hz, 2 H), 7.33 (t, / = 8 Hz, 1 H), 7.26 (t, J =
8 Hz, 2 H), 7.15 (LB s, 1 H), 7.13 (LB s, 1 H), 3.85(t, J = 8§ Hz, 2
H), 3.62 (s, 3 H), 1.54 (quint, J = 8 Hz, 2 H), 1.06 (sext, J = 8 Hz,
2 H), 0.74 (t, J = 8 Hz, 3 H) ppm. *C NMR (100 MHz, D,0): 6
=179.1, 140.9, 140.3, 136.1, 133.8, 133.1, 128.2, 126.9, 54.0, 43.7,
36.0, 23.6, 17.6 ppm. IR (film): ¥ = 3153, 3061, 2963, 2859, 1597,
1556, 1364 cm ™.

Acidification of [Cymim][OBz] to [Cymim][CF;CO,]: Once-chro-
matographed [Cymim][OBz] (2.0 g, 7.56 mmol) was treated with
neat TFA (1.2mL, 1.84 g, 16.2 mmol). Before the mixture could
cool, it was loaded on silica gel (5 g) packed in Et,O. The column
was washed with Et,O until the collected wash did not respond to
UV light when spotted on a TLC plate and was not acidic (requir-
ing ca. 30 mL). The column was then washed with 1:1 Et,O/EtOH
(50 mL), the collected issue was concentrated and dried in vacuo
to isolate [Cymim][CF;CO,] (0.82 g, 3.88 mmol [C,;mim][CF;CO,]
per g; 3.18 mmol, 0.80 g [Cymim][CF;CO,] total, 43%). "H NMR
(400 MHz, D,0): 6 =8.75 (s, 1 H), 7.48 (LB 's, 1 H), 7.44 (LB s, 1
H), 4.17 (t, J = 7.2 Hz, 2 H), 3.89 (s, 3 H), 1.81 (quint, J = 7.2 Hz,
2 H), 1.29 (sext, J = 7.2 Hz, 2 H), 0.89 (t, J = 7.2 Hz, 3 H) ppm.
13C NMR (100 MHz, D,0): § = 166.8 [q, 2J(**C-1°F) = 35 Hz],
140.5, 128.3,127.0, 119.8 [q, 'J(**C-1°F) = 291 Hz], 54.0, 43.6, 36.0,
23.5, 17.4 ppm. IR (film): ¥ = 3157, 3092, 2966, 2865, 1683, 1576,
1197, 1164, 1110 cm .

1,3-Dimethylimidazole-2-thione (7): Fresh ethanolic NaOEt was
prepared by the dissolution of Na (8.90 g, 387 mmol) in EtOH
(250 mL). Solid methyl sarcosinate hydrochloride (50 g, 358 mmol)
was cautiously added to the solution through a powder funnel, and
any residue was washed in with EtOH (ca. 100 mL). The solution
was stirred 30 min, cooled to 0°C, then methyl isothiocyanate
(26.2 g, 358 mmol) in EtOH (300 mL) was added, the ice bath was
removed, and the reaction was stirred 1 h before the addition of
85% KOH (2.25 g, 34.1 mmol). Solid NaBH, (13.6 g, 360 mmol)
was added 2 h later. Stirring was continued overnight, then concd.
HCI (150 mL, 1.80 mol) was added. After 30 min, the bright yellow
slurry was diluted with water (400 mL) and extracted with DCM
(2X400 mL, 1x200mL). The combined organic layers were
washed with water, then brine (1 X200 mL each), dried (MgSO,),
filtered and evaporated to leave crude 7 (33.3 g) as a yellow solid
which was crystallized twice from EtOH (350 mL) to leave colorless
7 (29.89 g, 233 mmol, 65%). M.p. 177-179.5°C (ref."* = 182
184 °C). The 'H and '*C NMR spectra match the reference.l’

Oxidation of 7 with (BzO),: To oxidize 7 (32.72 g, 255 mmol), a
magnetically stirred slurry of 75% (BzO), (412.0g, MWy =
322.97, 1.28 mol) in THF (250 mL) was first treated with small (ca.
150 mg) portions of 7, which turned orange and fumed, until the
stiff slurry stirred freely, and the flask was warm to the touch, but
not hot enough to completely dissolve (BzO),. Then an ice bath
was added, and small portions of 7 were added at a faster rate,
stopping for ca. 1 min every time vigorous gas evolution was ob-
served. Complete addition required 30 min, after which time the
ice bath was removed and the solution was stirred for 1 h. Unlike
the analogous reaction with 5, excess (BzO), did not precipitate,
so the stock solution was thinned with Et,O (400 mL) and water
(100 mL). The aq. layer was recovered, and the organic layer was
washed with water (1X50 mL). The combined aq. layers were
washed with DCM (5 X 40 mL), then drained onto solid NaHCO;
(21.5 g, 256 mmol), stirred 15 min, treated with EtOH (600 mL),
stirred 30 min, suction filtered into a tared flask, and the filter cake
washed with EtOH (2 X 50 mL). An aliquot (6.095 g) was removed
from the solution (803.395 g), concentrated, spiked with DMSO
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(0.080 g), and the 'H NMR revealed a concentration of
0.2708 mmol [C;mim] species/g solution (218 mmol, 85%).

1,3-Diphenyl-2-thiohydantoin (10). Through a-Thioureido Acid Cy-
clization: N-Phenylglycine (95%, 8.45 g, 53.1 mmol) was added to
a mixture of 50% aq. KOH (6.27 g, 55.9 mmol), EtOH (18 mL)
and water (10 mL). After dissolution, EtOH (8 mL) was added, the
mixture cooled to 0°C, then phenylisothiocyanate (7.56 g,
55.9 mmol) in EtOH (6 mL) was added dropwise via addition fun-
nel. The funnel was rinsed with EtOH (5 mL), then the ice bath
was removed and the reaction stirred 3 h. Following addition of
1 M HCI (200 mL), the mixture was stirred 30 min, cooled to 0 °C,
and the intermediate acid was collected by suction filtration. The
filter cake was taken up in acetone (400 mL), dried (MgSQO,), and
filtered. At this point TLC analysis (eluent: diethyl ether) showed
a mixture of two compounds, one of which (R; = 0.9, Et,0) proved
to be 10 and another (R = 0.0 to 0.3), which was presumed to be
the intermediate acid. The solution was treated with 98% H,SO,
(5 mL), and the slower spot disappeared while stirring 3 d at room
temp. Acetone was removed by rotary evaporation, and the residue
was treated with satd. aq. NaHCOj; (250 mL), stirred 30 min, and
filtered. The filter cake was reprecipitated twice from 1.5:1 DCE/
iPrOH to deliver 10 (5.61 g, 20.9 mmol, 39%); the first reprecipi-
tation required a hot gravity filtration. M.p. 218-220 °C. '"H NMR
(400 MHz, CDCl;): 6 = 7.58 (d, J = 8 Hz, 2 H), 7.54-7.46 (m, 5
H), 7.37 (m, 3 H), 4.59 (s, 2 H) ppm. '3C NMR (100 MHz, CDCls):
o0 = 182.1, 169.1, 138.0, 133.2, 129.4, 129.3, 129.2, 128.5, 128.0,
125.4, 55.1 ppm. MS: m/z (%) = 268 (100) [M™*], 239 (21), 105 (39),
77 (23) [Ph*]. IR (ATR): ¥ = 3056, 2939, 1756, 1592, 1453 cm™".

1,3-Diphenylimidazole-2-thione (11): A solution of 10 (1522 g,
56.7 mmol) prepared by a-thioureido acid cyclization was brought
to vigorous reflux in DCM (200 mL) prior to treatment with
NaBH, (2.36 g, 62.4 mmol) in EtOH (75 mL). Monitoring the reac-
tion by TLC was difficult because 10 and 11 had identical R; values
in a variety of solvent systems; however, 10 was dark purple when
viewed at 254 nm while 11 was a brilliant blue. After 2.5 h at reflux,
the solution was cooled to room temp., cautiously treated with
concd. aq. HCI (40 mL, 480 mmol), stirred 30 min at room temp.,
then diluted with water (200 mL). The released DCM was col-
lected, and the water washed with DCM (2 X 100 mL). The com-
bined organic extracts were washed with water, then brine
(1 X100 mL each), dried (MgSQO,), filtered, and concentrated.
Crystallization of the residue from EtOH returned 11 (6.21 g,
24.6 mmol, 43%). M.p. 156-158.5°C (ref.**! m.p. 161 °C).
Wanzlick and Schénherr’s '"H NMR was reported on the 7 scale
and only resolved aromatic from o protons at 100 MHz.?3 TH
NMR (400 MHz, CDCl;): 6 = 7.63 (d, J = 8 Hz, 4 H), 7.51 (t, J =
8 Hz, 4 H), 7.42 (t, J = 8 Hz, 2 H), 6.97 (s, 2 H) ppm. '3C NMR
(100 MHz, CDCl3): 6 = 163.7, 138.0, 128.9, 128.3, 126.1,
118.6 ppm. MS: m/z (Vo) = 252 (76) [M*], 251 (100) [M* — H], 77
(12) [Ph*]. IR (ATR): ¥ = 3175, 3141, 1594, 1493 cm™!.

Oxidation of 11 with (BzO),: A magnetically stirred slurry of 75%
(BzO), (31.99 g, MW = 322.97, 99.0 mmol) in THF (40 mL) was
slowly treated with 11 (5.0 g, 19.8 mmol) in THF (30 mL). Ad-
dition of solid instead of dissolved 11 resulted in violent gas evol-
ution. The reaction cycled through reflux, dissolving (BzO),, and
cooled back to room temp., precipitating (BzO),, within 1 h, after
which the mixture was diluted with water (25 mL), filtered, and the
filter cake was washed with water (25 mL). The first addition of
water was necessary because the solid salt product was not freely
soluble in the wet THF mother liquor, as evidenced by an obvious
dissolution of some of the filter cake in wash water if the first
addition of water was neglected. The filtrate was shaken with Et,O
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(100 mL), the aq. layer was recovered and washed with DCM
(5X5mL), and then drained onto solid NaHCO; (1.66g,
19.8 mmol) and stirred 15 min. Additional water (ca. 25 mL) was
needed for solubility, and brought the total volume of water to ca.
83 mL [ca. 8 mL from 75% (BzO),, and 75 mL wash water]. Suf-
ficient EtOH (175 mL) was added to precipitate putative Na,SOy,,
and the mixture was suction filtered into a tared flask. An aliquot
(2.7861 g) was removed from the solution (212.49 g), concentrated,
spiked with DMSO (0.0257 g, 0.329 mmol), and the '"H NMR re-
vealed a concentration of 0.0894 mmol [dpim] species/g solution
(19.0 mmol, 96%).

3-Methylthiazole-2-thione (13): To a solution of NaOH (26.58 g,
665 mmol) in water (200 mL) was added methylamine hydrochlo-
ride (22.51 g, 333 mmol), which was dissolved before the addition
of CS, (20 mL, 25.32 g, 333 mmol). Over the course of 2 h, a clear
red solution resulted, which was stirred a further 3 h before the
addition of a prepared solution of chloroacetic acid (31.43 g,
333 mmol) and K,COs5 (23.22 g, 168 mmol) in water (150 mL). The
mixture was stirred 5 h, then cautiously treated with concd. H,SO,
(10 mL, 180 mmol) and stirred overnight. The formed precipitate
(50.86 g) was collected by suction filtration, dissolved in DCM
(300 mL), washed with water (1X50mL), satd. aq. NaHCO;
(1 X100 mL), water (1X50mL), brine (1X100mL), dried
(MgS0,), filtered and concentrated to give orange crystals (37.74 g,
256 mmol putative rhodanine intermediate). These crystals were
dissolved in EtOH (800 mL), cooled to 0 °C, treated with NaBH,
(9.70 g, 256 mmol), stirred 20 min at 0 °C before the ice bath was
removed, then allowed 40 min to achieve room temp. The mixture
had turned brown. After the slow addition of concd. HCI (125 mL,
1.50 mol), the bright yellow mixture was stirred 30 min, then con-
centrated by rotary evaporation at 100 mbar in a 60 °C water bath
until most EtOH had been removed. The mixture was diluted with
water (500 mL) and washed with DCM (3 X 100 mL). The com-
bined organic extracts were washed successively with water and
brine (1 X 100 mL each), dried (MgSQ,), filtered and concentrated
to leave crude, brown 13 (27.64 g) which was sublimed twice at
0.15 Torr from a 95-100 °C oil bath to yield 13 (26.36 g, 201 mmol,
60%) as sticky orange crystals. M.p. 45-47°C. 'H NMR
(400 MHz, CDCls): 0 =7.12(d, J =4 Hz, 1 H), 6.65(d, /=4 Hz, 1
H), 3.71 (s, 3 H) ppm. '3C (100 MHz, CDCl;): 187.4, 132.3, 110.9,
37.5 ppm. MS: m/z (%) = 131 (100) [M*], 72 (20) [H,CNCS™], 58
(21) [HCCSH*]. IR (ATR): ¥ = 3124, 3090, 3050, 1556 cm™!.

Oxidation of 13 with (BzO),: A stirred slurry of (BzO), (184.58 g,
MW = 322.97, 572 mmol) in THF (250 mL) was treated with
solid 13 (15.0 g, 114 mmol) in one portion. After the reaction re-
fluxed under its own power and cooled back to room temp., an ice
bath was added to force the precipitation of excess (BzO),, which
was removed by suction filtration. The filter cake was washed with
water (75 mL), and the filtrate was shaken with Et,O (250 mL).
The aqueous layer was separated and washed with DCM
(5X15mL), then recovered in a tared flask. An aliquot (4.1421 g)
was removed from the isolated solution (102.75 g), concentrated,
spiked with DMSO (0.0483 g), and the 'H NMR in D,O revealed
a concentration of 0.9138 mmol [C tz] species/g solution (ca.
94 mmol, 82%).

3-Butylthiazole-2-thione (14): A mixture of nBuNH, (25 mL, 18.5 g,
253 mmol), K,CO; (17.24 g, 125 mmol), and CS, (15 mL, 18.99 g,
249 mmol) in MeOH (300 mL) required ca. 3 h to cleanly dissolve,
whereupon a prepared solution of chloroacetic acid (23.90 g,
253 mmol) and K,COj; (17.45¢g, 126 mmol) in MeOH (400 mL)
was added. The KCI precipitated during the reaction was removed
by suction filtration every 1.5 h to allow easy stirring of the mix-
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ture. After 4.5h at room temp., and three suction filtrations, no
more KCI precipitate formed, and the mixture was cautiously acidi-
fied with concd. H,SO4 (30 mL, 540 mmol). The solution was
stirred overnight, then most EtOH was removed by rotary evapora-
tion. The mixture was diluted with water (200 mL) and washed
with DCM (3X 100 mL). The combined organic layers were
washed with satd. aq. NaHCO3, then water, then brine (1 X 100 mL
each), dried (MgSQO,), filtered and concentrated to leave a yellow
oil (44.14 g, 233 mmol putative rhodanine intermediate), which was
dissolved in EtOH (200 mL) and cooled to 0 °C. The solution was
treated with NaBH, (8.81 g, 233 mmol), stirred 20 min at 0 °C be-
fore the ice bath was removed, then allowed 40 min. to achieve
room temp. The mixture had turned brown, but during the slow
addition of concd. HCI (100 mL, 1200 mmol), turned yellow again.
The acidified mixture stirred 30 min at room temp. before it was
diluted with water (750 mL) and washed with DCM (3 X 150 mL).
The combined organic layers were washed successively with water
and brine (1 X 100 mL each), dried (MgSO,), filtered and concen-
trated to leave crude 14 (27.69 g), which was distilled (b.p.g»o 118—
130 °C) to deliver 14 (24.41 g, 141 mmol, 57%) as a bright yellow
oil. "TH NMR (400 MHz, CDCl5): 6 = 7.12 (d, J = 4 Hz, 1 H), 6.65
(d, J =4Hz, 1 H), 417 (t, J = 8 Hz, 2 H), 1.79 (quint, J = 8§ Hz,
2 H), 1.41 (sext, J = 8 Hz, 2 H), 0.96 (t, J = 8 Hz, 3 H) ppm. 1*C
NMR (100 MHz, CDCly): 6 = 187.0, 131.4, 111.1, 49.6, 30.4, 19.7,
13.6 ppm. MS: m/z (%) = 173 (90) [M*], 144 (17) [M* — Et], 140
(62) [M* — SH], 131 (26) [M™ — propene], 117 (100) [M* — butene].
IR (film): ¥ = 3099, 3049, 2956, 2930, 2870, 1548 cm .

Oxidation of 14 with (BzO),: A stirred slurry of 75% (BzO),
(130.90 g, MW, = 32297, 405 mmol) in THF (110 mL) was
treated with neat 14 (14.02 g, 80.9 mmol), added through a funnel
in one portion. The holding vessel and funnel were rinsed with
THF (2 X 10 mL). The reaction cycled from room temp. to reflux,
dissolving (BzO),, and back to room temp., precipitating (BzO),,
in less than 1 h. The precipitate was removed by suction filtration,
and the filter cake was washed with water (70 mL). The filtrate was
shaken with Et,O (130 mL), the aq. layer was recovered and
washed with DCM (5 X 14 mL), then drained into a tared flask. An
aliquot (3.1377 g) was removed from the isolated solution (92.31 g),
concentrated, and spiked with DMSO (0.0634 g), and the '"H NMR
in D,O revealed a concentration of 0.4062 mmol [Cytz] species/g
solution (37.5 mmol, 46%).

AE to [C4tz][CF3CO,): A portion of the calibrated solution from
the oxidation of 14 (44.05 g, 17.9 mmol, representing 38.6 mmol
14) was treated with NaHCO; (3.01 g, 35.8 mmol), then TFA
(2.04 g, 17.9 mmol), and stirred 30 min before the addition of
EtOH (100 mL). The mixture was stirred 2 h, suction filtered, and
concentrated by rotary evaporation. The crude isolate was slurried
in THF (20 mL), loaded on a column of silica gel (20 g) packed in
THE, and the loading volume was forced down to the top of the
column. The reaction vessel was rinsed with THF (20 mL), which
was similarly loaded and forced down. The column was then
washed with fresh THF until the issue was nearly colorless (requir-
ing ca. 90 mL). The column was washed with 1:1 EtOH/Et,O
(300 mL), the collected issue was concentrated and the residue was
dried in vacuo to isolate [C4tz][CF5CO,] (3.68 g, 4.30 mmol [Cy4tz]
salts per g; 15.8 mmol [Cytz] salts total, 88% from AE, 41% from
14). 'H NMR (400 MHz, CDCl,): 6 = 11.03 (s, 1 H), 8.56 (d, J =
3.2Hz,1H),8.36 (LBt, 1 H),4.68 (t, /= 7.4 Hz, 2 H), 1.96 (quint,
J=74Hz, 2 H), 1.35 (sext, J = 7.4 Hz, 2 H), 0.93 (t, / = 7.4 Hz,
3 H) ppm. 3C NMR (100 MHz, CDCls): 6 = 161.2 [q, 2J(*C-1°F)
=33 Hz], 159.7, 137.2, 126.5, 117.3 [q, 'J(*3C-°F) = 294 Hz], 55.5,
32.4,19.3, 13.2 ppm. IR (film): ¥ = 3397, 3056, 2964, 2939, 2878,
1666, 1197, 1164, 1117 cm™.
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Acidification of [C,tz][CF3CO,] to [Cutz][BF4: A solution of
[C4tz][CF3CO,] (1.5 g, 6.45 mmol) in water (5 mL) was treated with
50% aq. (8.029 m) HBF, (0.81 mL, 6.50 mmol), and concentrated
by distillation at atmospheric pressure. After distillation, the sam-
ple was put under the light vacuum provided by a water aspirator
for 1 h, then taken up in DCM (5 mL), loaded on silica gel (4 g)
packed in Et,O, and the column was eluted with Et,O until the
issue was neutral when spotted on pH paper, requiring ca. 80 mL.
The column was then eluted with 1:1 EtOH/Et,O (70 mL), the col-
lected issue was concentrated and the residue was dried in vacuo
to isolate [Cytz][BF,] (1.17 g, 3.99 mmol [Cutz] salts per g;
4.67 mmol [Cytz] salts total, 72%). The C(2) proton was invisible
by '"H NMR (400 MHz, CDCl5/CD;0D): 6 = 8.43 (d, J = 3.5 Hz,
1 H), 8.26 (d, J=3.5Hz, 1 H), 4.60 (t, J = 8 Hz, 2 H), 1.99 (quint,
J =8Hz, 2 H), 1.39 (sext, J = 8 Hz, 2 H), 0.98 (t, J = 8 Hz, 3 H)
ppm. 3C NMR (100 MHz, CDCI5/CD;0D): 6 = 157.9 [t, 'J(3C-
D) = 75 Hz], 137.4, 126.5, 55.8, 32.4, 19.5, 13.2 ppm. IR (film): ¥
= 3116, 2964, 2937, 2877, 1025 cm ™.

Supporting Information (see also the footnote on the first page of
this article): Quantities for AEs leading to [C4mim][CIO5],""
[Cimim][OBz] and [ClO;],"" [dpim][OBz], [C,tz] and [Catz][Br],
and [C4tz][BF,]. Acidification protocols leading to [Cymim][BF,],
[Cimim] and [dpim][CF3CO,], and [C4tz][PF¢]. Protocols for syn-
theses of 5 from a DIBALH reduction, 5 from a one-pot reaction,
6, 8, 9, 10 from Fischer esterification, and [Cymim][BF,] from a
quaternization and AE approach. Copies of all spectral characteri-
zations.

Acknowledgments

This work was supported by the National Science Foundation
(CHE-0209857). We thank Prof. James de Haseth and Mr. J. Brian
Loudermilk for the use of their IR spectrophotometer and techni-
cal assistance, and Dr. B. Christopher Rinderspacher for useful dis-
cussions.

[1] P. Wasserscheid, T. Welton (Eds.), lonic Liquids in Synthesis,
Wiley-VCH, Weinheim, 2003.

[2] S.T. Handy, Curr. Org. Chem. 2005, 9, 959-988.

[3] C. Chiappe, D. Pieraccini, J. Phys. Org. Chem. 2005, 18, 275—
297.

[4] P.J. Scammells, J. L. Scott, R. D. Singer, Aust. J. Chem. 2005,
58, 155-169.

[5] H. Olivier-Bourbigou, L. Magna, J Mol. Catal. A 2002, 182—
183, 419-437.

[6] P. Wasserscheid, W. Keim, Angew. Chem. Int. Ed. 2000, 39,
3772-3789.

[71 M. 1. Earle, K. R. Seddon, Pure Appl. Chem. 2000, 72, 1391—
1398.

[8] T. Welton, Chem. Rev. 1999, 99, 2071-2083.

[9] To wit, 1-methylimidazole is the cheapest commercially avail-
able N-alkylimidazole and is the logical starting point for IL
syntheses. In the quaternization step, alkyl chlorides are fa-
vored over bromides (which are superior to iodides) to facilitate
a subsequent anion exchange with acid. 1-Chlorobutane (b. p.
= 80 °C) is optimal because it can be reacted at significantly
elevated temperature to facilitate the quaternization step. Fur-
ther, [Cymim][Cl]] (m. p. 60 °C) is fluid at this temperature, so
the reaction can be done without solvent. For the anion ex-
change, tetrafluoroboric and hexafluorophosphoric acids are
probably favored because they are comparatively cheap acids
strong enough to drive off hydrogen chloride. We infer the lat-
ter is especially popular because it generates a hydrophobic IL,
which separates from an aqueous solution of [Cy;mim][Cl] and

Eur. J. Org. Chem. 2007, 2825-2838



Syntheses of Ionic Liquids and Other Azolium Salts

FULL PAPER

acid, and can be washed free of residual acid and halide with
water without significant loss of IL.

[10] A. Aggarwal, N. L. Lancaster, A. R. Sethi, T. Welton, Green
Chem. 2002, 4, 517-520.

[11]C. M. Gordon, Appl. Catal., A 2001, 222, 101-117.

[12] C. J. Mathews, P. J. Smith, T. Welton, A. J. P. White, D. J. Wil-
liams, Organometallics 2001, 20, 3848-3850.

[13] T. Welton, Coord. Chem. Rev. 2004, 248, 2459-2477.

[14] T. Welton, P. J. Smith, Adv. Organomet. Chem. 2004, 51, 251—
284.

[15] V. Cesar, S. Bellemin-Laponnaz, L. H. Gade, Chem. Soc. Rev.
2004, 33, 619-636.

[16]J. Ding, D. W. Armstrong, Chirality 2005, 17, 281-292.

[17]Z. Fei, T.J. Geldbach, D. Zhao, P.J. Dyson, Chem. Eur. J.
2006, 12, 2122-2130.

[18]J. Gui, Y. Deng, Z. Hu, Z. Sun, Tetrahedron Lett. 2004, 45,
2681-2683.

[19] E. D. Bates, R. D. Mayton, I. Ntai, J. H. Davis Jr, J. Am. Chem.
Soc. 2002, 124, 926-927.

[20] A. E. Visser, R. P. Swatloski, W. M. Reichert, R. Mayton, S.
Sheff, A. Wierzbicki, J. H. Davis Jr, R. D. Rogers, Environ. Sci.
Technol. 2002, 36, 2523-2529.

[21] These values were returned by SciFinder searches of the corre-
sponding compounds on December 22, 2006.

[22] M. J. Earle, K. R. Seddon, Preparation of imidazole carbenes
and the use thereof for the synthesis of ionic liquids, WO 01/
77081, 2001.

[23] S. Filipponi, J. N. Jones, J. A. Johnson, A. H. Cowley, F. Gre-
pioni, D. Braga, Chem. Commun. 2003, 2716-2717.

[24] Y.-). Kim, A. Streitwieser, J. Am. Chem. Soc. 2002, 124, 5757
5761.

[25]R. W. Alder, P. R. Allen, S.J. Williams, J. Chem. Soc., Chem.
Commun. 1995, 1267-1268.

[26] T. L. Amyes, S. T. Diver, J. P. Richard, F. M. Rivas, K. Toth, J.
Am. Chem. Soc. 2004, 126, 4366-4374.

[27] M. Maase, K. Massonne, Method for the production of purified
1,3-substituted imidazolium salts, WO 2005/19183, 2005.

[28] K. Fukumoto, M. Yoshizawa, H. Ohno, J Am. Chem. Soc.
2005, 127, 2398-2399.

[29]1 N. Kuhn, A. Al-Sheikh, Coord. Chem. Rev. 2005, 249, 829-857.

[30] D. Bourissou, O. Guerret, F. P. Gabbaie, G. Bertrand, Chem.
Rev. 2000, 100, 39-91.

[31TA. J. Arduengo III, R. Krafczyk, R. Schmutzler, H. A. Craig,
J.R. Goerlich, W.J. Marshall, M. Unverzagt, Tetrahedron
1999, 55, 14523-14534.

[32] N. Kuhn, A. Al-Sheikh, S. Schwarz, M. Steimann, Z. Natur-
forsch., B: Chem. Sci. 2005, 60, 398-402.

[33] H. A. Duong, T. N. Tekavec, A. M. Arif, J. Louie, Chem. Com-
mun. 2004, 112-113.

[34] M. Begtrup, J. Chem. Soc., Chem. Commun. 1975, 334-335.

[35] Number 20 in the series: H.J. Schonherr, H. W. Wanzlick,
Chem. Ber. 1970, 103, 1037-1046.

[36]S. T. Handy, M. Okello, J. Org. Chem. 2005, 70, 1915-1918.

[37] B. V. Trzhtsinskaya, N. D. Abramova, Sulfur Rep. 1991, 10,
389-421.

[38]P. J. Dyson, D.J. Ellis, W. Henderson, G. Laurenczy, Adv.
Synth. Catal. 2003, 345, 216-221.

[39]J). Zhang, G. R. Martin, D. D. DesMarteau, Chem. Commun.
2003, 2334-2335.

[40] K. R. Seddon, A.J. Carmichael, M. J. Earle, Process for pre-
paring ambient temperature ionic liquids, WO 01/40146, 2001.

[41]J. D. Holbrey, W. M. Reichert, R. P. Swatloski, G. A. Broker,
W. R. Pitner, K. R. Seddon, R. D. Rogers, Green Chem. 2002,
4, 407-413.

[42] N. Kuhn, T. Kratz, Synthesis 1993, 561-562.

[43]C. Kleiner, Synthese Neuer Diaminocarbenkomplexe, Diplo-
marbeit, Technische Universitiat Berlin, 2005.

[44]J. H. Chang, K. W. Lee, D. H. Nam, W. S. Kim, H. Shin, Org.
Process Res. Dev. 2002, 6, 674-676.

[45]S. Grivas, E. Ronne, Acta Chem. Scand. 1995, 49, 225-229.

Eur. J. Org. Chem. 2007, 2825-2838

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[46] D. W. Karkhanis, L. Field, Phosphorus Sulfur Relat. Elem.
1985, 22, 49-57.

[471Y. M. Loksha, A. A. El-barbary, M. A. El-badawi, C. Nielsen,
E. B. Pedersen, Synthesis 2004, 116-120.

[48] Ashutosh, N. D. Pandey, J. K. Mehrotra, Heterocycles 1979,
12, 1339-1341.

[49] V. Buran, G. G. Massaroli, Boll. Chim. Farm. 1980, 119, 725-
730.

[50] 1. Hayakawa, K. Yamazaki, R. Dohmori, N. Koga, Heterocy-
cles 1978, 10, 241-245.

[5S11R. G. Jones, J. Am. Chem. Soc. 1952, 74, 1085-1086.

[52] K. Hofmann, Imidazole and Its Derivatives, Interscience Pub-
lishers, New York, 1953.

[53] G. Frachey, C. Crestini, R. Bernini, R. Saladino, E. Mincione,
Heterocycles 1994, 38, 2621-2630.

[54]J. Pesch, K. Harms, T. Bach, Eur. J Org. Chem. 2004, 2025-
2035.

[55]R. T. Carlin, H. C. De Long, J. Fuller, P. C. Trulove, J. Electro-
chem. Soc. 1994, 141, L73-L76.

[56] S. Murugesan, N. Karst, T. Islam, J. M. Wiencek, R. J. Lin-
hardt, Synlett 2003, 1283-1286.

[571M.J. Earle, P. B. McCormac, K.R. Seddon, Green Chem.
1999, 7, 23-25.

[58]Z.-B. Zhou, M. Takeda, M. Ue, J. Fluorine Chem. 2004, 125,
471-476.

[59]J. A. Markwalder, R. S. Pottorf, S. P. Seitz, Synlett 1997, 521—
522.

[60] A. J. Speziale, E. G. Jaworski, J Org. Chem. 1960, 25, 728-732.

[61]1. E. Scott, G. Henderson, Biochem. J. 1968, 109, 209-215.

[62] G. Morel, Synlett 2003, 2167-2170.

[63]J. M. Khurana, G. Kukreja, G. Bansal, J. Chem. Soc., Perkin
Trans. 1 2002, 2520-2524.

[64]J. Dupont, C.S. Consorti, P. A. Z. Suarez, R. F. De Souza,
Org. Synth. 2003, 79, 236-243.

[65] S. Okamoto, K. Takano, T. Ishikawa, S. Ishigami, A. Tsuhako,
Tetrahedron Lett. 2006, 47, 8055-8058.

[66] K. M. Dieter, C. J. Dymek Jr, N. E. Heimer, J. W. Rovang, J. S.
Wilkes, J. Am. Chem. Soc. 1988, 110, 2722-2726.

[67] C. Hardacre, S. E. J. McMath, J. D. Holbrey, Chem. Commun.
2001, 367-368.

[68] L. Cammarata, S. G. Kazarian, P. A. Salter, T. Welton, Phys.
Chem. Chem. Phys. 2001, 3, 5192-5200.

[69] K. R. Seddon, A. Stark, M.-J. Torres, Pure Appl. Chem. 2000,
72, 2275-2287.

[70] CAUTION: Although [C;mim][ClO;] was formed, chromato-
graphed, concentrated at 60 °C, and seemingly unremarkable,
there was a detonation in an unoccupied laboratory several
weeks later which we have every reason to believe was caused
by a 5-g sample of the once chromatographed chlorate. A 1-g
sample from the same batch and a 1-g sample of twice chro-
matographed material were unchanged, and a 1-g sample of
[C4ymim][ClO;] was stable for several months, but we must insist
no one else attempt the synthesis of these materials.

[711M. J. Earle, C. M. Gordon, N. V. Plechkova, K. R. Seddon, T.
Welton, Anal. Chem. 2007, 79, 758-764.

[72] C. C. Cassol, G. Ebeling, B. Ferrera, J. Dupont, Adv. Synth.
Catal. 2006, 348, 243-248.

[73] P. Nockemann, K. Binnemans, K. Driesen, Chem. Phys. Lett.
2005, 415, 131-136.

[74] B. L. Benac, E. M. Burgess, A.J. Arduengo III, Org Synth.
1986, 64, 92-95.

[75] L. Jafarpour, E. D. Stevens, S. P. Nolan, J. Organomet. Chem.
2000, 606, 49-54.

[76]J. R. Johnson, J. B. Buchanan, J Am. Chem. Soc. 1951, 73,
3749-3751.

[771Y.S. Lee, C.S. Kim, H. Park, Heterocycles 1994, 38, 2605—
2614.

[78] M. Avalos Gonzalez, J. Fuentes Mota, 1. M. Gomez Monter-
rey, J. L. Jimenez Requejo, J. C. Palacios Albarran, M. C. Or-
tiz Mellet, Carbohydr. Res. 1986, 154, 49-62.

2837

WWW.eurjoc.org



FULL PAPER

D. M. Wolfe, P. R. Schreiner

[79] R. Kluger, Pure Appl. Chem. 1997, 69, 1957-1967.

[80] D. Enders, T. Balensiefer, Acc. Chem. Res. 2004, 37, 534-541.

[81]1J. S. Johnson, Angew. Chem. Int. Ed. 2004, 43, 1326-1328.

[82] F. Fringuelli, F. Pizzo, S. Tortoioli, C. Zuccaccia, L. Vaccaro,
Green Chem. 2006, 8, 191-196.

[83]J. H. Davis Jr, K. J. Forrester, Tetrahedron Lett. 1999, 40, 1621
1622.

[84] M. Deetlefs, K. R. Seddon, Green Chem. 2003, 5, 181-186.

[85]J. Levillain, G. Dubant, I. Abrunhosa, M. Gulea, A.-C. Gau-
mont, Chem. Commun. 2003, 2914-2915.

[86] E. Vajda, A. Simon, Sulfur Lett. 1989, 10, 123-128.

[87] T. Chiba, H. Sato, T. Kato, Chem. Pharm. Bull. 1982, 30, 3548
3554.

[88] S. Huenig, G. Sauer, Justus Liebigs Ann. Chem. 1971, 748, 173—
188.

[89] D. Kikelj, U. Urleb, Sci. Synthesis 2002, 11, 627-833.

[90] M. M. Orlinskii, Z. Org. Khim. 1994, 30, 1696-1697.

[91] L. Pettersson, K. Rang, J. Sandstroem, Acta Chem. Scand., Ser.
B 1986, 40, 751-756.

[92] M. W. Washabaugh, W. P. Jencks, J. Am. Chem. Soc. 1989, 111,
674-683.

2838

WWW.eurjoc.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[93] M. W. Washabaugh, W. P. Jencks, Biochemistry 1988, 27, 5044—
5053.

[94]R. F. W. Hopmann, G.P. Brugnoni, Nature (London) New
Biol. 1973, 246, 157-158.

[95] Y. T. Chen, F. Jordan, J. Org. Chem. 1991, 56, 5029-5038.

[96] J. E. Thomson, K. Rix, A. D. Smith, Org. Lett. 2006, 8, 3785
3788.
[97]1 G. A. Grasa, T. Gueveli, R. Singh, S. P. Nolan, J. Org. Chem.
2003, 68, 2812-2819.
[98] Weaker bases outperform stronger bases in the following exam-
ple: K. Zeitler, Org. Lett. 2006, 8, 637-640.
[99] A. J. van Gammeren, F. B. Hulsbergen, C. Erkelens, H. J. M.
de Groot, J. Biol. Inorg. Chem. 2004, 9, 109-117.
[100] J. L. Sudmeier, J. L. Evelhoch, N. B. H. Jonsson, J. Magn. Re-
son. 1980, 40, 377-390.
[101] H. Knoblauch, H. Ruterjans, W. Bloemhoff, K. E. Kerling,
Eur. J. Biochem. 1988, 172, 485-497.
[102] J. P. Kintzinger, J.-M. Lehn, Mol. Phys. 1968, 14, 133-145.
Received: February 9, 2007
Published Online: April 24, 2007

Eur. J. Org. Chem. 2007, 2825-2838



