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Abstract:

 Crystal structures of five hexaethylguanidinium salts (PF6−1, FeCl4−2, CuCl42−·H2O 3, CoBr42−/Br−·H2O 4, bistriflimide 5) were determined. Short interionic contacts were identified. Cyclic voltammetry of 2 revealed an electrochemical window from +1.0 to −1.5 V with a single Fe(III)/Fe(II) redox event at −0.27 V on a gold electrode versus Ag/AgCl.
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1. Introduction

The advent of phase-transfer catalysis has opened a very large new chapter in synthetic chemistry [1,2]. A number of catalysts are commercially available. There is, however, some confusion about their exact composition [3]. This is particularly true in the special case of Aliquat® HTA-1 (trademark of BASF) which is available from Sigma-Aldrich (Steinheim, Germany) as an aqueous solution (pH 9) of “a unique high temperature and caustic resistant phase transfer catalyst” [4]. What is Aliquat® HTA-1? Although it has a CAS Registry Number [1166837-27-9], the chemical structure is declared as unspecified [5]. To chemists who want to use this catalyst, this situation of course is unsatisfactory, if not unacceptable. Specification sheets for Aliquat® HTA-1 are available online from BASF [6] and from Cognis [7], the company which had been acquired by BASF in 2010. According to this specification, the solution contains 10%–15% NaCl and 30%–36% HTA-1, “a quaternary ammonium salt of unique structure”. In order to elucidate this secret structure, a crystalline salt (the hexafluorophosphate 1) was precipitated from the commercial solution and subjected to X-ray analysis. The organic cation was found to be N,N,N',N',N'',N''-hexaethylguanidinium (HEG). Compounds of this type have been pioneered by W. Kantlehner [8,9,10]. Their use as phase-transfer catalysts is well documented [11,12,13,14]. They have also been proposed as components of electrolytes in ultracapacitors [15]. Some hexaalkylguanidinium salts, which are liquid at room temperature, have been considered as novel reaction media for organic syntheses [16,17,18]. Thus far, only the crystal structure of HEG chloride has been reported [19], although crystal structures of several other hexaalkylguanidinium salts have been described in recent years [20,21,22,23,24,25,26,27,28,29].



2. Results and Discussion


2.1. Synthetic Considerations

After our initial success with the hexafluorophosphate 1, further attempts to obtain other salts (oxalate, lactate, tartrate, citrate, azotetrazolate, sulfate, acetate) were not successful. Crystallization gave, if at all, only sodium salts of these anions, confirming the presence of sodium in the commercial solution. Chloride was also detected. As we had noticed on other occasions [30], tetrachloroferrate(III) gives well-crystallizing salts with organic cations commonly used in the field of Ionic Liquids (ILs). Therefore, we turned to these complex halometallates and a series of salts was prepared by metathesis, such as tetrachloroferrate(III) 2, tetrachlorocuprate(II) 3, and tetrabromocobaltate(II) 4. Finally, the low-melting bistriflimide 5 was precipitated. The crystal structures of these new compounds were determined by single-crystal X-ray diffraction. The known chloride 6 [19] is included for comparison.



2.2. Crystal Structures

Crystal data and structure refinement details are summarized in Table 1. Hydrogen bond parameters are shown in Table 2. In the hexaethylguanidinium cations of 1–6, the central carbon atom is surrounded by the three nitrogen atoms in an approximately trigonal planar fashion. The central C atom deviates from the N–N–N plane by only 0.001 Å in 1, 0.003 Å in 2, 0.001 Å in 3, 0.001 Å in 4, and 0.000 Å in 5. The central C–N bond lengths are 1.342–1.344 Å in 1, 1.342–1.344 Å in 2, 1.331–1.350 Å in 3, 1.320–1.325 Å in 4, and 1.336–1.343 Å in 5. The pertinent N–C–N angles are 119.2°–120.6° in 1, 119.8°–120.1° in 2, 119.1°–120.7° in 3, 119.6°–120.8° in 4, and 119.9°–120.2° in 5. Additionally, the cations of 4–6 are located on a two-fold rotation axis. Figure 1a illustrates the different geometries adopted by the hexaethylguanidinium moiety. Differences in the conformation of the six ethyl groups are described by the six corresponding torsion angles C–C–N–C1. The diagram in Figure 1b indicates a general preference for geometries where these angles are near to 120°. The hexaethylguanidinium geometries of 1, 2 and 6 are closely related to one another in that all their C–C–N–C1 torsion angles lie between 110° and 130°. A similar geometry is also observed in 3, except for the conformation of one ethyl group (91.2°). In contrast, two ethyl groups of 4 exhibit a torsion angle of 92.4°, and two ethyl groups of 6 are gauche (63.1°). The remaining C–C–N–C1 angles of each of these two structures again are in the range between 110° and 130°.

Figure 1. (a) Overlay of the hexaethylguanidinium cations (least-squares fits of the central C7N3 fragments of 1 = green, 2 = orange, 3 = yellow, 4 = blue, 5 = purple, 6 = grey); (b) Torsion angles C–C–N–C1 describing the conformation of the six ethyl groups in the cations of 1–6.
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Table 1. Crystal data and structure refinement details.


	Compound
	1
	2
	3
	4
	5





	CCDC No.
	976081
	976082
	976083
	976084
	976085



	Chemical formula
	C13H30N3·F6P
	C13H30N3·Cl4Fe
	(C13H30N3)2·Cl4Cu·(OH2)0.67
	C13H30N3·(Br4Co)0.42·Br0.16·OH2
	C13H30N3·C2F6NO4S2



	Mr
	373.37
	426.05
	674.16
	418.20
	508.55



	Crystal size/mm3
	0.15 × 0.15 × 0.10
	0.26 × 0.18 × 0.14
	0.20 × 0.15 × 0.15
	0.20 × 0.15 × 0.15
	0.26 × 0.20 × 0.03



	Crystal system
	Monoclinic
	Monoclinic
	Monoclinic
	Trigonal
	Tetragonal



	Space group
	P21/n
	P21/n
	C2/c
	R3c
	P43212



	a/Å
	9.6283(4)
	13.1905(4)
	16.2803(9)
	17.4600(2)
	9.05490(17)



	b/Å
	12.9449(4)
	10.3657(3)
	14.6412(7)
	–
	–



	c/Å
	15.5960(6)
	15.9222(5)
	17.1885(11)
	34.5190(3)
	29.3944(13)



	β/°
	105.511(4)
	102.698(3)
	117.797(8)
	–
	–



	V/Å3
	1873.05(12)
	2123.78(11)
	3624.4(4)
	9113.33(17)
	2410.08(12)



	Z
	4
	4
	4
	18
	4



	Dx/g·cm−3
	1.32
	1.33
	1.24
	1.37
	1.40



	μ/mm−1
	1.83
	1.21
	0.92
	4.02
	2.69



	F(000)/e
	792
	892
	1477
	3865
	1064



	Diffractometer
	Gemini-R Ultra
	Gemini-R Ultra
	Gemini-R Ultra
	Nonius KappaCCD
	Gemini-R Ultra



	Radiation
	CuKα
	MoKα
	MoKα
	MoKα
	CuKα



	Data collection method
	ω scans
	ω scans
	ω scans
	φ and ω scans
	ω scans



	T/K
	223
	173
	173
	233
	173



	θmax/°
	67.5
	25.4
	25.1
	25.0
	67.0



	h, k, l range
	−11 ≤ h ≤ 10

−14 ≤ k ≤ 15

−18 ≤ l ≤ 16
	−15 ≤ h ≤ 13

−12 ≤ k ≤ 11

−19 ≤ l ≤ 19
	−19 ≤ h ≤ 19

−17 ≤ k ≤ 17

−20 ≤ l ≤ 20
	−20 ≤ h ≤ 20

−20 ≤ k ≤ 20

−40 ≤ l ≤ 40
	−9 ≤ h ≤ 10

−10 ≤ k ≤ 10

−31 ≤ l ≤ 35



	Absorption correction
	multi-scan
	multi-scan
	multi-scan
	none
	analytical



	Measured reflections
	18889
	17064
	49168
	18293
	9170



	Independent reflections (Rint)
	3338 (0.040)
	3889 (0.032)
	3195 (0.065)
	1771 (0.038)
	2139 (0.040)



	Observed reflections [I ≥ 2σ(I)]
	2616
	3263
	2502
	1580
	1884



	Restraints/parameters
	54/300
	0/196
	2/213
	0/98
	9/151



	R1/wR2 [I ≥ 2σ(I)]
	0.049/0.085
	0.031/0.076
	0.060/0.108
	0.052/0.138
	0.048/0.123



	R1/wR2 (all data)
	0.064/0.090
	0.042/0.083
	0.075/0.114
	0.057/0.141
	0.054/0.130



	Goodness of fit
	1.02
	1.02
	0.93
	1.07
	1.05



	Flack parameter x
	–
	–
	–
	–
	0.04(4)



	∆ρmax/min/e Å−3
	0.24/−0.21
	0.42/−0.23
	0.64/−0.92
	1.19/−0.68
	0.31/−0.19









Table 2. Hydrogen bond parameters (Å, °).



	
Compound

	
Interaction

	
H···A

	
D···A

	
<D–H···A

	
Symmetry A






	
1

	
C34–H···F5

	
2.589

	
3.455(5)

	
148.6

	
x,y,z




	
C14–H···F5

	
2.612

	
3.439(4)

	
143.2

	
−1 + x,y,z




	
C14–H···F2

	
2.631

	
3.578(4)

	
165.2

	
−1/2 + x,1/2 − y,1/2 + z




	
2

	
C2–H···Cl1

	
2.9110

	
3.699(2)

	
137.3

	
x,y,z




	
C11–H···Cl3

	
2.9164

	
3.697(2)

	
136.4

	
−1/2 + x,3/2 − y,1/2 + z




	
3

	
O1–H···Cl2

	
2.18(3)

	
2.996(7)

	
156(7)

	
x,y,z




	
C14–H···O1

	
2.526

	
3.235(9)

	
130.7

	
1 − x,−y,1 − z




	
C13–H···O1

	
2.683

	
3.182(8)

	
112.4

	
1 − x,−y,1 − z




	
C11–H···Cl1

	
2.928

	
3.858(3)

	
161.0

	
1/2 − x,1/2 − y,1 − z




	
4

	
O2–H···Br1

	
–

	
2.76(2)

	
–

	
x − y,−y,1/2 − z




	
C5–H···O2

	
2.50

	
3.41(4)

	
156.6

	
x − y,−y,1/2 − z




	
O2–H···Br1

	
–

	
3.19(3)

	
–

	
y,x,1/2 − z




	
O1–H···Br1

	
–

	
3.30(1)

	
–

	
x − y,−y,1/2 − z




	
C2–H···Br1

	
3.001

	
3.913(6)

	
154.9

	
−1/3 + x − y,1/3 + x,1/3 − z




	
C5–H···O1

	
2.70

	
3.66(2)

	
168.0

	
x,y,z




	
5

	
C7–H···O2

	
2.515

	
3.356(5)

	
142.6

	
y,−1 + x,−z




	
C2–H···N3

	
2.62

	
3.582(7)

	
170

	
x,y,z




	
C8–H···O1

	
2.707

	
3.657(5)

	
163.5

	
−1 + y,−1 + x,−z











In the crystal structure of 1, the ions are linked by C–H···F contacts. The hexafluorophosphate ion exhibits 0.85:0.15 orientational disorder (Figure 2). In the structure of 2, Fe–Cl bond lengths range from 2.188 to 2.198 Å and Cl–Fe–Cl angles from 108.4° to 111.3°, indicating a regular tetrahedral geometry of the FeCl4− anion. The two types of ions are alternately arranged in chains by C–H···Cl contacts (Figure 3a). In monohydrate 3, the Cu atom is located on a two-fold rotation axis in the direction of the b axis. Cu–Cl bond lengths range from 2.248 to 2.274 Å, and Cl–Cu–Cl angles from 97.7° to 135.0°. Thus, the CuCl42− ion displays a distorted tetrahedral geometry. A three-dimensional network of C–H···Cl, C–H···O and O–H···Cl interactions is observed (Figure 3b).

Figure 2. (a) Ionic structure of hexaethylguanidinium hexafluorophosphate (1) showing the disordered anion; (b) C–H···F interactions in the crystal structure of 1. Hydrogen atoms have been omitted for clarity, except for those engaged in contacts.
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Figure 3. (a) C–H···Cl interactions in the crystal structure of hexaethylguanidinium tetrachloroferrate(III) (2); (b) C–H···Cl interactions in the crystal structure of hexaethylguanidinium tetrachlorocuprate(II) hydrate (3). Hydrogen atoms have been omitted for clarity, except for those engaged in contacts.
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In the crystal structure of monohydrate 4 (Figure 4a), there is half a molecule of the guanidinum cation in the asymmetric unit, and C1 and N1 occupy special positions on the two-fold rotation axis parallel to the b axis. The lattice contains two kinds of anions: first, the divalent anion Co(II)Br42− and second, the monovalent bromide Br−, which are distributed in a disordered manner. The Co atom and Br2 are located on a three-fold rotation axis parallel to the c axis with an occupancy of 0.21 (instead of 0.333), whereas Br1 is found in general position with occupancy of 0.63 (instead of 1.0). The bromide Br3 lies between the atoms Co1 and Br2 on the three-fold rotation axis with an occupancy of 0.08. This indicates an occupational disorder of the two anions, and charge neutrality requires that 0.043 of these positions remain vacant. Close to the CoBr42− anion, there is a water molecule, which is also split over two positions (O1 and O2 in the ratio 0.21:0.29). The disordered O positions of this water molecule were refined isotropically, while the positions of its H atoms could not be determined. The oxygen atoms obviously donate hydrogen bonds to Br1 of the anion (Figure 4b). The occupancies 0.21 for CoBr42− and 0.08 for Br− were first confirmed by free refinement of occupancy factors and then optimized by varying the occupancy factors manually to improve the R value.

Figure 4. (a) Packing diagram of hexaethylguanidinium tetrabromocobaltate(II)/bromide hydrate (4); (b) Short contacts in the crystal structure of 4. Hydrogen atoms have been omitted for clarity, except for those engaged in contacts.
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The geometry of the CoBr42− anion is that of an almost regularly shaped tetrahedron with a Co–Br1 bond length of 2.380 Å and Co–Br2 of 2.386 Å. The Br–Co–Br angles are 109.2° and 109.8°.

In bistriflimide ions two major conformations (cisoid/transoid; syn/anti) are known to occur [31,32,33,34,35]. In the crystal structure of 5, the bistriflimide clearly adopts an almost ideal anti conformation with a torsion angle of 179.2°.

A typical, weak coordination via the O atoms is observed, but the N atom is also involved in bifurcated, short contacts (Figure 5). The only hydrogen donors in this ion pair are, of course, of the C–H type.

Figure 5. Short contacts in the crystal structure of hexaethylguanidinium bistriflimide (5). Hydrogen atoms have been omitted for clarity, except for those engaged in contacts.
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2.3. Cyclic Voltammetry of Hexaethylguanidinium Tetrachloroferrate(III) (2)

As previously reported, a hexaalkylguanidinium-based IL showed a broad electrochemical window [36]. Thus, our HEG FeCl4 exhibited the expected wide window from +1.0 to −1.5 V with a single reversible Fe(III)/Fe(II) redox event at half-wave potential of −0.27 V (Figure 6). This compound could be of interest as a component in batteries [37,38].

Figure 6. Cyclic voltammogram of 2 (0.02 M in CH3CN) on a gold electrode vs. Ag/AgCl.
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3. Experimental Section

Aliquat® HTA-1 (High-Temperature Phase Transfer Catalyst, 30%–35% in H2O) was purchased from Aldrich, St. Louis, MO, USA (European affiliate Steinheim, Germany). NMR spectra were recorded with a Bruker Avance DPX 300 spectrometer (Billerica, MA, USA). IR spectra were obtained with a Nicolet 5700 FT instrument (Thermo Electron Scientific Instruments Corp., Madison, WI, USA). Cyclic voltammograms were measured on a Radiometer analytical Voltalab PGZ 402 instrument (Villeurbanne, France) at a scan rate of 50 mV·s−1. X-ray diffraction data were collected with an Oxford Diffraction Gemini-R Ultra (Oxford Diffraction Ltd., Abingdon, Oxfordshire, UK) or Nonius KappaCCD (Bruker, Billerica, MA, USA) diffractometer using MoKα (λ = 0.7107 Å) or CuKα radiation (λ = 1.5418 Å). CCDC reference numbers: 976081–976085. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.


3.1. Hexaethylguanidinium Hexafluorophosphate (1)

Aliquat® (30%–35% aqueous solution, 5.8 g) was diluted with H2O (10 mL), and addition of NH4PF6 (1.3 g) resulted in a white precipitate, which was filtered off and washed with cold H2O (35 mL). Vacuum-drying for 5 h gave a fine white powder (2.4 g). Single crystals were grown by slow evaporation of a solution in CH2Cl2. M.p. > 260 °C. 1H NMR (CD3OD, 300 MHz): δ 1.32 (t, J = 7.2 Hz, 18H), 3.41 (m, 12H) ppm. 13C NMR (CD3OD, 75 MHz): δ 13.0 (6C), 44.8 (6C), 164.9 ppm. IR (neat): ν 2998 (w), 2947 (w), 1540 (m), 1464 (m), 1440 (m), 1386 (m), 1296 (m), 1212 (w), 1189 (w), 1152 (w), 1127 (w), 1080 (w), 1056 (w), 1009 (m), 874 (w), 828 (s), 791 (m), 555 (m), 463 (m) cm−1.



3.2. Hexaethylguanidinium Tetrachloroferrate(III) (2)

Aliquat® (30%–35% aqueous solution, 5.8 g), HCl (37%, 0.6 mL), iron(III) chloride hexahydrate (2.1 g) and H2O (100 mL) were mixed and stirred to give an orange solution. The solvent was removed under reduced pressure to give an orange residue which was resuspended in CH3CN (50 mL) and filtered off. Evaporation of the solvent and vacuum-drying for 5 h at room temperature yielded yellow crystalline hexaethylguanidinium tetrachloroferrate (3.0 g). Onset of decomposition: 300 °C. Single crystals were grown by slow evaporation of a solution in acetone or CH2Cl2. IR (neat): ν 2978 (m), 2937 (w), 1539 (s), 1440 (m), 1383 (m), 1296 (m), 1210 (m), 1185 (m), 1148 (m), 1116 (m), 1074 (m), 1053 (m), 1004 (m), 944 (w), 793 (m), 467 (m) cm−1.



3.3. Bis(Hexaethylguanidinium) Tetrachlorocuprate(II) Hydrate (3)

Aliquat® (30%–35% aqueous solution, 5.8 g), H2O (10 mL) and ammonium tetrachlorocuprate dihydrate (1.1 g) were mixed to give a green-blue solution. Evaporation of the solvent by means of a rotary evaporator gave a brown residue, which was resuspended in CH3CN (50 mL) and filtered off. Evaporation of the solvent and vacuum-drying for 5 h at room temperature yielded an orange solid (2.3 g). Single crystals were grown by diffusion of Et2O into a CH2Cl2 solution at −27 °C. Onset of decomposition: 85 °C, final melting: 150 °C. 1H NMR (CD3OD, 300 MHz): δ 0.91 (br s, 18H), 3.00 (m, 12H) ppm. 13C NMR (CD3OD, 75 MHz): δ 13.9 (6C), 45.6 (6C), 164.9 ppm. IR (neat): ν 2970 (m), 2938 (w), 2877 (w), 1551 (s), 1530 (s), 1448 (s), 1385 (m), 1294 (m), 1209 (m), 1186 (m); 1146 (w), 1112 (m), 1077 (m), 1053 (m), 1007 (m), 941 (w), 799 (m), 487 (m), 463 (m) cm−1.



3.4. Bis(Hexaethylguanidinium) Tetrabromocobaltate(II)/Bromide Hydrate (4)

Aliquat® (30%–35% aqueous solution, 5.0 g), HBr (48%, 0.8 mL) and cobalt bromide (16% water content, 0.9 g) were mixed to give a purple solution. Evaporation of the solvent under reduced pressure gave a dark blue residue which was resuspended in CH3CN (50 mL) and filtered off. Evaporation of the solvent and vacuum-drying for 5 h at room temperature yielded a blue crystalline solid (2.7 g). Single crystals were grown by slow evaporation of an acetone solution. Onset of decomposition: 70 °C, final melting: 170 °C. IR (neat): ν 2972 (m), 2931 (w), 1537 (s), 1437 (m), 1379 (m), 1298 (m), 1209 (w), 1184 (m), 1144 (w), 1103 (m), 1073 (m), 1052 (m), 1004 (m), 944 (w), 795 (m), 467 (m) cm−1.



3.5. Hexaethylguanidinium Bis(Trifluoromethanesulfonyl)Imide (5)

To Aliquat® (30%–35% aqueous solution, 5.8 g), CH2Cl2 (10 mL) and LiNTf2 (2.2 g) were added. The resulting aqueous phase was extracted with CH2Cl2 (2 × 10 mL) and the combined organic phases dried with Na2SO4. Removal of the solvent by means of a rotary evaporator and vacuum drying for 5 h at room temperature yielded a white solid (3.1 g). Single crystals were grown by slow evaporation of an EtOH solution. M.p. 75 °C. 1H NMR (CD3OD, 300 MHz): δ 1.22 (t, J = 7.2 Hz, 18H), 3.30 (m, 12H) ppm. 13C NMR (CD3OD, 75 MHz): δ 13.2 (6C), 45.0 (6C), 121.4 (q, J = 321 Hz), 165.0 ppm. IR (neat): ν 2985 (w), 2945 (w); 1540 (m), 1464 (w), 1444 (w), 1383 (w), 1339 (m), 1326 (m), 1302 (m), 1227 (w), 1173 (s), 1132 (s), 1053 (m), 1006 (m), 947 (w), 800 (w), 785 (m), 761 (w), 740 (w), 655 (m), 597 (m), 568 (m), 504 (m), 464 (m) cm−1.




4. Conclusions

Crystal structures of five salts derived from the commercial catalyst solution have been determined. Thus, the culprit has been identified and the mystery unraveled: Aliquat® HTA-1 is N,N,N',N',N'',N''-hexaethylguanidinium chloride in aqueous sodium hydroxide solution. It is certainly not a quaternary ammonium salt in a strict sense.
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