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ABSTRACT: To explore if the catalytic activity of single metal species in halometallate catalysts can be enhanced with mixed
metal species, aluminum and gallium were simultaneously introduced to prepare a mixed metal ionic liquids (IL) through a
one-pot reaction of [HNy,,]Cl, AlCl3, and GaCl; in various amounts. The Lewis acidity in Friedel-Crafts acylation and alkylation
reactions of these IL compositions were evaluated and all mixed metal [HNy,,][xAICl3+(2-x)GaCl;]Cl ILs exhibited higher
catalytic activity than AlCl;, GaCls, [HN,2,][Al;Cl], or [HN;2,][Ga,Cl;]. The broadening in 2?Al NMR of these ILs indicates the
presence of dynamic anionic species, whereas MALDI-TOF and acetonitrile-probed FT-IR analyses correlates the structure-
activity relationship, for instance, identifying the presence of mixed metal containing [Cl,GaOCIAICIOGaCl,] species in the

better performing ILs.

KEYWORDS. Double salt ionic liquids, Friedel-Crafts acylation/alkylation, Lewis acid catalyst, chloroaluminate,

chlorogallate

Ionic liquids (ILs, salts with melting points below 100
°CY), have aroused extensive attention in different areas,
such as biomass processing,®> 3 active pharmaceutical
ingredients,* process development,® materials sciences,®
etc., due to their easily accessible and tunable properties.l”
The ease of combining different cations and anions in IL
structures to tune their catalytic properties has also been a
promising and active area in the search for alternatives to
traditional catalysts. For instance, halometallate ILs (a
subclass of ILs possessing metal halide(s) in/as anion®)
have been utilized as reaction media or active acidic
catalysts in many different reactions.?2°

Chauvin’s pioneering work with chloroaluminates for
catalytic olefin dimerization and metathesis was awarded
the 2005 Noble Prize in Chemistry.!° Since then, these ILs
have been exploited to replace traditional toxic and
corrosive Lewis acids e.g., aluminum chloride (AlCl;) or
boron trifluoride (BF;), and Bregnsted acids, such as
hydrofluoric acid (HF) or concentrated sulfuric acid
(H,S0,), etc., as catalysts in industrially relevant chemical
transformations,’* such as Friedel-Crafts reactions,
esterifications, and oxidations, among others. In fact,
Chevron recently announced a scaled-up facility for liquid-
phase alkylation using chloroaluminate ILs replacing the
toxic HF.12

The field of ILs has experienced extensive growth and
development in the past few years, and recently attention is
starting to focus on more complex liquids containing more
than two types of ions, variously named binary mixtures,
high ionicity ionic liquids, and double salt ionic liquids
(DSILs).13 Compared to single metal halometallate ILs, these
multiple metal center containing ILs can allow fine tuning of
the physical and chemical properties of the final IL

composition. ILs based on chloroaluminates ag% §Bglr§5‘§%

been used as a catalyst for industrial isobutane alkylation.'*
Very recently, we have also reported superior catalytic
performances of an Al-Zn IL system
([HN322]2:[(1-x)AlCl3+xZnCl4]) in Beckman rearrangement
reactions when compared to the individual single metal
catalysts.!’> The results suggested that this approach could
be a unique methodology for the design of highly pertinent
catalysts. Motivated by these results and with an urge to
develop highly active acidic catalyst, we sought to
strategically design new multiple metal center containing IL
catalytic systems, which could be prepared in
straightforward one-pot reactions.

Both AICl; and gallium chloride (GaCls) are established
Lewis acids, belonging to the same group and having similar
coordination  environments. Aluminum is more
electronegative than Ga indicating more electrostatic
attraction, while Ga has a larger size that can help
electron/charge delocalization. Both chloroaluminate and
chlorogallate ILs have been separately reported to be active
in acid-catalyzed reactions.” ® We hypothesized that ILs
containing both Al3* and Ga3* would possess an ideal Lewis
acidity leading to synergistic activity. Interestingly, despite
the ease of making mixed-metal ILs of this type, the
combination of both Al and Ga into one IL has not yet been
reported.

In our work, Al/Ga-based ILs were easily synthesized
in a one-pot approach by direct mixing, under an inert (Ar)
atmosphere and without additional solvents. Solid
triethylammonium chloride ([HN,2,]Cl), AlCl3, and GaCl;
were mixed in a 10 mL vial where the molar ratio of total
metal chlorides to ammonium salt was 2:1. The Al:Ga molar
ratio was varied to give systems of the following formulas
[HN3,,][xAICI3+(2-x)GaCl;]Cl, where x = 2.0, 1.5, 1.33, 1.0,

67,0.5, or (t) (ESI, Scheme 1). Mixing of the solid reactants
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led to an exothermic reaction immediately yielding
transparent liquids in all molar ratios studied. These
systems were then sealed and heated at 50 °C for 24 h.

H,NJ +x AICL + (2-x) GaCl; —  [HNyy,][xAlCly+(2-x)GaCl5]Cl
Kcr
Scheme 1. One pot synthesis of [HNjy,][xAICI;+(2-
x)GaCl;]Cl liquids from solid precursors.

The Lewis acidity of the [HN,y][xAlCl;+(2-x)GaCl;]Cl,
ILs was investigated by FT-IR spectroscopy with
acetonitrile (CH3CN) as probe,'” and compared with AlCl;
and GaCls. The ILs, AlCl;, and GaCl; were treated with CH;CN
in 1:1 molar ratio and the FT-IR spectra were recorded
(Figure 1). Pure CH3;CN has two characteristic bands at
2292 and 2252 cm, originating from its C=N stretching
vibrations. For AlCl;, GaCl;, and [HNyp,][xAlCl3+(2-
x)GaCl;3]Cl, two new bands at ca. 2320 and 2300 cm
appeared after mixing with acetonitrile, confirming
coordination of CH3CN and allowing an evaluation of the
overall Lewis acidity of the metal centers.

CH,CN

[HN,;]C1

AICI,

[HN ] [ALCL,

v

[HN,,,][1.5AICL, + 0.5GaCL|Cl

[HN33,][1.33AIC1+ 0.67GaCl,]C1

[HN,,][LOAICL+ 1.0GaClLy]C1

W i
/——————’___——
\ 7 T [HN,,,][0.67AICL + 1.33GaCL]CL
e
AN Ve

[HN,5,][0.5AICL+ 1.5GaCl,]Cl

Transmittance (%)

[HN,,, ] [Ga,Cly]

2350 2300 2250

Wavenumber (cm™)
Figure 1. FT-IR spectra of the ILs and starting materials
after treatment with acetonitrile.

2400 2200

In these spectra, the higher the wavenumber of the
coordinated CH3CN bands, the stronger the coordination
and the higher the Lewis acidity. Compared to AlCl; and
GacCls, all [HN,,][xAICl3+(2-x)GaCl3]Cl ILs exhibited higher
CH;CN band wavenumbers (around 2330 cm; Figure 1)
indicating each IL was more Lewis acidic than either pure
metal chloride. Of the ILs, [HN;,,][1.33A1CI3+0.67GaCl;]Cl,
was found to be the most acidic (v = 2335 cm™).

Interestingly, during this study crystals were formed
overnight from the 1:1 solution of [HNj;;][xAICl3+(2-
x)GaCl;]Cl and acetonitrile. Single crystal X-ray diffraction
of these crystals revealed them to be the previously
reported [AI(CH5CN)sCI][AICI,],*CH3CN18 and
[Al(CH3CN)sCl][GaCl,],*CH3CN  (Figure 2). The crystal
structure of the latter is isostructural with the former,®
with one [Al(CH3CN);ClI]?* cation and two [GaCl,] anions. In
the cation, the Al atom is bonded to one CI atom and five

CH3CN molecules in a distorted octahedral geometry
(Figure 2). The four equatorial acetonitrile ligands in the
cation are in the plane perpendicular to A1-C1(1) bond. This
bond slightly bends away from the equatorial acetonitrile
ligands plane with a mean C1-A1-N angle of 94.6° due to the
consequence of steric effects generated by Cl. The [GaCl,]
anions have approximate tetrahedral geometry.

Figure 2. Probability ellipsoid (50%) plot of the formula
unit of [AI(CchN)SCI] [GaC14]20CH3CN.

Overall, these results confirmed that the ILs with
double metal centers had higher Lewis acidity compared
with the Lewis acid precursors, confirming our hypothesis.
We next tested their catalytic performance in the classic
Lewis acid catalyzed Friedel-Crafts acylation reaction of
1,3-dimethoxybenzene (DMB) and acetyl chloride. Table 1
summarizes the results for acylation of DMB with 10 mol%
[HN2,,][x¥AICl3+(2-x)GaCl;]Cl, AlCl;, and GaCls in benzene at
30 °C for 3 h. The only product observed under our
employed reaction conditions was the monoacylated
product 2',4'-dimethoxyacetophenone (DMAP). Among all
of the acid -catalysts, [HNjy,][1.33AlCl3+0.67GaCl;]Cl
resulted in the highest yields of DMAP (25.4%; Table 1,
entry 6).

Interestingly, the well-established state-of-the-art
Lewis acidic catalysts, AlCl; and GaCls, afforded DMAP in
only 7.3% and 3.6% yield, respectively, under identical
conditions (Table 1, entries 3-4). The all Al-based IL,
[HN2,][Al,Cl;], could not convert DMB efficiently and
offered only 3.7% DMAP yield under the employed reaction
conditions, even lower than AlCl; (Table 1, entry 5). The all
Ga-based IL, [HNy,,][Ga,Cl;], on the other hand, had a
decent DMB conversion to form 16.6% DMAP (Table 1,
entry 11). Nevertheless, all of the Al/Ga ILs could convert
48-70% DMB to afford DMAP yields of 13-25% (Table 1,
entries 6-10).

The catalytic activity of the mixed metal ILs was also
evaluated for the alkylation of benzyl chloride (BzCl) using
benzene under inert atmosphere at 30 °C for 15 min (Table
1). Diphenylmethane (DPM) was the only product detected.
The trend in catalytic activities was similar to that observed
for the acylation reaction, with
[HN32,][1.33AICl;3+0.67GaCl;]Cl exhibiting the highest DPM
yield (72%, Table 1, entry 7). DPM yields with AlCl; and
GaCl; under identical conditions were 63.6% an 64.1%,
respectively (Table 1, entries 3-4). The all Al- or Ga-based
ILs afforded only 65.5% and 57.8% DPM, respectively
(Table 1, entries 5 and 11). The [HNy;][xAlCl5+(2-
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x)GaCl;]Cl ILs have better or similar catalytic performance

1 considering the yields, compared with the well-established
2 Lewis acids catalyst, e.g., AlCl;, GaCls;, [HN;,,][Al,Cl;], and
3 [HN22,][Ga,Cly].
4
5
6 Table 1. Acylation and alkylation reactions studied
7
MeO OMe o) o,
8 . 1 10 mol% Catalyst \C[
9 \©/ HCCl 3900, 31 C CH,
DMB DMAP
10
-I -I al 10 mol% Calalyst
12 ©/\ ¥ © 30°C, 15 min
BzCl

13
14 DMAP? DPM?P
15 Entry Catalyst Yield Sel. Yield Sel.
16 (%) (%) (%) (%)
17 1 None 0 0 0 0
18 2 [HN3;,]Cl 0 0 0 0
;g 3 AlCkh 73 341 636 636
py 4 GaCls 3.6 320 641 641
22 5 [HN22,][AL,Cl;] 3.7 123 655 655
4 6 +0.5GaCls]Cl 18.7 360 693 693
25 [HN3,,][1.33AICl;
26 7 +0.67GaCl;]Cl 254 209 720 720
27 [HN32,][1.0AICI;
28 8 +1.0GaCls]Cl 203 316 717 717
29 [HN;,,][0.67AICI;3
30 9 +1.33GaCly]Cl 13.7 285 68.0 68.0
31 [HN,,][0.5AICl;
32 10 +1.5GaCls]Cl 19.1 311 625 625
2431 11 [HN22,][Ga,Cly] 166 337 578 57.8
35 3aDMB: Acetyl Chloride: Catalyst = 1:1:0.1 (molar ratio),
36 benzene (1 mL), 30 °C, 3 h. PBzCl: Catalyst = 1:0.1 (molar

ratio), benzene (5 mL), 30 °C, 15 min. Product yield and
37 selectivity were determined by GC-MS using naphthalene as
38 an internal standard.
39
40 Having shown [HN,5,][1.33A1C15+0.67GaCl;]Cl to be the
41 best catalyst, we sought to understand what species was
42 responsible for the synergistic catalytic activity. 'H, 13C, 27A],
43 and "!Ga NMR spectra were recorded for all of the ILs
44 studied (see Figures 3, $1, S2). 'H and 3C NMR confirmed
45 the presence of [HN,z,]* rather than any N-coordinated
46 species. 2 Al NMR (Figure 3) showed a broad peak centered
47 at 106 ppm for[HNy;,][Al,Cl;] which was assigned to the
48 [Al,Cl3,.1] anion in dynamic equilibrium based on previous
49 reports (Figure S$3).1° The spectrum for Ga containing ILs,
50 exhibited a clear hump at 98 ppm and also the broader peak
51 for [Al,Clz,.1]- This suggests that the chemical environment
5o of Alin the anion is not the same in these ILs compared with
53 [HN;,,][ALLCl;]. The peak shapes of these ILs are also

different, which is possibly due to the dynamic equilibrium
>4 of the anion species and their different concentrations?® We
55 believe the presence of Ga modifies the chemical
56 environment leading to stronger acidic species, which could
57 explain the higher activity of these ILs compared with
58
59

[HN,2,][Al,Cl;]. *\Ga NMR was attempted to characterize the
ILs, however no signal was obtained, which is consistent
with the reported absence of a 7'Ga signal in studies where
polynuclear anions containing Ga were studied.?!

106 ppm

[HN2,][ALCI)

[HNy,,1[1.5AICI+0.5GaCly|C1
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Figure 3. 27Al NMR spectra of [HN,,,][xAICl3+(2-x)GaCl3]Cl
ILs at 300 K, DMSO-d, as external lock solvent in a capillary.

To  further wunderstand the speciation in
[HN2,,][¥AICI3+(2-x)GaCl;]Cl, these ILs were analyzed with
matrix-assisted laser-desorption ionization time-of-flight
(MALDI-TOF). All of the ILs have the expected peak at m/z
102 in the positive-ion spectra (Figure S4), indicating the
existence of the [HNy;;]* cation. The negative-ion spectrum
of [HN;,][Al,Cl;] (Figure 4) has two signals at m/z 168 and
302 that can be assigned to [AlICl;]- and [Al,Cl;]". This is in
agreement with the broad signal assigned to [Al,Cl3,.1] in
the 27Al NMR.?? For [HN3,,][Ga;Cl;], GaCl; and [GaCl,]" were
observed, confirming the dynamic equilibrium between
GaCls, [GaCl,];, and [Ga,Cl,].!

168,857

. [AICL]
N Ve
12748 = 281169 302277
il il e

160.785

[ALCL]

[GaCLJ-
Y. [CLGaOCIAICIOGaCL, -
1)
121676 210.508 /
IJ ‘1-.5 \JJ w\". jsj‘yx: 233026 ) % v’l'?j;‘!é
c _r [GacCl)
2108
|
woaa |
1(‘\" 10 "’:(‘ “S‘J 300 ‘U 4('13

Figure 4. Negative-ion MALDI-TOF mass spectra of (a)
[HN32,][ALCl7], (b) [HN22,][1.33AICl3+0.67GaCl;]Cl, and (c)
[HN22,][Ga,Cl7].

When [HN;,][1.33AICI3+0.67GaCl3]Cl was studied by
MALDI-TOF, a [GaCl,] peak at m/z 211 was observed,
however, a peak corresponding to [AICl,]- was not found.
Instead, a new peak at m/z 415 appeared suggesting the
presence of an anion containing both Al and Ga. This peak
was also observed for [HNy;,;][1.0AlCl3+1.0GaCl5]Cl and
[HN32,][0.67AlCl3+1.33GaCl;]Cl (Figure S5) and suggests
the presence of a complex polynuclear species consisting of
Al, Ga, 0, and Cl atoms based on the mass and charge, which
could possibly be [Cl,GaOCIAICIOGaCl;]- (Figure S6), where
the oxygen and chloride atoms are shared by both Al and Ga.
The presence of oxygen is likely due to the highly
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hygroscopic nature of the metal chlorides employed in this
study, likely resulting in the formation of AIOCI or GaOCI
type units. Such a coordination mode could account for the
higher catalytic activity observed, however, it must be
noted that under the conditions of our experiment such
large dynamic anions are highly unstable, and thus a lower
concentration should be anticipated. The formation of the
polynuclear [Cl,GaOCIAICIOGaCl;]" (and similar) anions
could explain why there is no signal in the 7!Ga NMR.?! In
some cases, such as [HN,,][1.33AICl3+0.67GaCl;]Cl (Figure
4) and [HN,,][0.67AlCl3+1.33GaCl;]Cl (Figure S7), we also
observed a peak at m/z 361 that also suggests the presence
of the oxygen atom in the system.!® 23 Even, without
definitive proof of the [Cl,GaOCIAICIOGaCl;]" ion and its
concentration, overall, however, the data suggests that the
ions in these ILs are in dynamic equilibrium and we thus
anticipate exact identification of all species present will turn
out to be quite difficult.

In summary, room temperature ILs containing both Al
and Ga could be easily synthesized by simply mixing solids
of [HNy,,]Cl, AlCl;, and GacCl; in desired molar ratios using a
one-pot strategy. The ILs [HN;,,][xAICl3+(2-x)GaCl;]Cl have
enhanced Lewis acidity compared with their precursors.
Among these, [HNj;,][1.33A1C13+0.67GaCl;]Cl has the
strongest Lewis acidity, which resulted in the highest
catalytic activities in Friedel-Craft acylation and alkylation
reactions, even higher than AlCl;, GaCls, [HN,,2][Al,Cl;], or
[HN3,,][Ga,Cl;]. Studies of the speciation (NMR and MALDI-
TOF) suggested the existence of [Al,Cls,.1]" and [Ga,Cls,.1]
transient anions, and a possible complex polynuclear
species of [Cl,GaOCIAICIOGaCl;], which would be the most
acidic species. The synergism of having two metal centers
or multiple metal centers into a catalytic IL appears to be a
reasonable strategy to tune IL catalysts by design and the
ease of the one-pot reaction to prepare them provides a
versatile platform making and investigating the ILs.
However, more work is needed to fully define the complex
speciation in these systems whose anions appear to be in
transient equilibrium.
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