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Abstract: Bis(1-butyl-1-methypyrrolidinium) perthiodicarbonate was obtained by the reaction of
carbon disulfide with 1-butyl-1-methypyrrolidinium acetate ([BmPyrro][Ac]) in the liquid phase.
Structural characterization of this original complex was achieved by single-crystal X-ray diffraction
(SCXRD) analysis. The asymmetric unit of the title compound, C,S4-2CoHygN, consisted of two
crystallographically 1-methyl-1-butyl pyrrolidinium cations and one perthiodicarbonate anion. The
complex CpS4-2CoHygN crystallized in the monoclinic space group, C 2/c¢, and possessed the follow-
ing cell parameters: a = 16.0970(10) A, b = 14.7140(9) A, ¢ = 12.3280(8) A, o = 90°, B = 112.3730(12)°,
v =90°,V =2700.11 A3,and Z = 8, Z’ = 0.5.

Keywords: bis(1-butyl-1-methypyrrolidinium) perthiodicarbonate; ionic liquid; single-crystal X-ray
diffraction analysis

1. Introduction

Ionic liquids attract the attention of physical chemists due to their unique characteris-
tics and wide spectrum of applications. As they have very good dissolution properties for
most organic and inorganic compounds, they are increasingly used neutrally by chemists as
substitutes for traditional organic solvents or as an excellent medium for the synthesis and
stabilization of nanoparticles. They also may have a role in trapping small molecules such
as CO; [1,2]. In recent years, they have also been used for new crystallization strategies,
including the crystallization of solids with high and low melting points, and they are found
as additives in the crystallization conditions of macromolecules such as proteins [3].

In this study, we extended our previous work on understanding the molecular mech-
anisms involved in the addition of CO,, OCS, and CS; in ionic liquids. Specifically, we
focused on developing a crystallization strategy for the compounds formed during the
reaction between 1-butyl-1-methylpyrrolidinium acetate ([BmPyrro][Ac]) 1 and CS;. These
previous NMR analyses highlighted the formation of CO,, CH3COS™, and CS3~ anions
in the reaction medium [4,5]. Consequently, these anions could compete with the initial
acetate to form either ([BmPyrro][CH3COS™]) 2 or (bis[BmPyrro][C832_]) 3.

In this work, we aimed to determine, by crystallization and X-ray diffraction, which of
these anions complexed the 1-butyl-1-methylpyrrolidinium cation. Surprisingly, a fasci-
nating structure of bis(1-butyl-1-methypyrrolidinium) perthiodicarbonate 4 was obtained
(Figure 1).
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Figure 1. Chemical structure of bis(1-butyl-1-methypyrrolidinium) perthiodicarbonate 4.

2. Results and Discussion
2.1. Synthesis of Bis(1-butyl-1-methypyrrolidinium) Perthiodicarbonate 4

Upon the dissolution of CS, in [BmPyrro] [Ac] 1, a blood-red solution was observed,
showing that a reaction had occurred. This blood-red color of the CS,-[BmPyrro] [Ac]
solution was due to the presence of CS52~ anions. Previous 'H, 13C NMR, and UV-visible
investigations conducted by our research team showed that the reaction of [BmPyrro] [Ac]
1 with CS; led, via coupled complex reactions, to the degradation of this molecule to form
several main adducts, namely, CO,, OCS, thioacetate anion (CH3COS™) 2, and, as a minor
species, trithiocarbonate anion (CS327) 3 (Scheme 1) [4,5]. Such products formed in this
system have already been found in the solution of CS; in 1-butyl-3-methylimidazolium
acetate ([Bmim] [Ac]) [6]. In order to isolate one of these 1-butyl-1-methypyrrolidinium
salts, we investigated some crystallographic assays. The different tests made it possible to
isolate a single crystalline form. Thus, orange crystals in the shape of a thick diamond were
obtained. Surprisingly, the data of their measurement revealed the formation of a complex
consisting of two 1-methyl-1-pyrrolidinium cations coupled with a single perthiodicarbon-
ate anion (Scheme 1). This formation of perthiodicarbonate anion from a reaction medium
containing CS, and CS32~ initially formed has already been described in the literature [7,8].
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Scheme 1. Synthesis of bis(1-butyl-1-methypyrrolidinium) perthiodicarbonate 4.

2.2. Crystallographic Structure

The title compound crystallized in the monoclinic C 2/c space group. The asymmetric
unit of the title compound, C;S4-2CgHygN, consisted of one 1-methyl-1-butyl pyrrolidinium
cation and one half perthiodicarbonate anion; the whole anion was obtained by symmetry
around a 2-fold rotation axis situated at 0,y,1/4. The cation was disordered into two
positions, with the respective occupation of 86/14%, which corresponded approximately to
a 90° rotation around the alkyl axis of the molecule. Both conformations were stabilized by
different but similar S---H short contacts; however, a very short S---H contact and numerous
H---H interactions, potentially repulsive, were found for the minor conformation. Only the
main position is drawn in Figure 2 for clarity.
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Figure 2. ORTEP (Oak Ridge Thermal Ellipsoid Plot) drawing of the bis(1-butyl-1-
methypyrrolidinium) perthiodicarbonate with thermal ellipsoids at the 50% level. The labeling
scheme is shown for the asymmetric unit only. The minority part of the disordered cation is removed
for clarity.

The bond distances and angles of our pyrrolidinium cation were all within normal
ranges [9,10], with the butyl substituent adopting the energetically preferred anti confor-
mation with an N1-C6-C7-C8 torsional angle of 173.0(2)°. The pyrrolidine heterocycle
adopting the energetically preferred envelope (Cs) ring conformation with an interpla-
nar dihedral angle between the C7A-10A-N1A and C9A-C8A-C10A—-C7A planes in the
pyrrolidine ring was found at 32.9(3)°.

The anion had C2 symmetry in the crystal (Figure 2). The bond distances 1.794(2)
A (C1-S1), 1.676(2) A (C1-S2), 1.654(2) A (C1-S3), and 2.0405(10) A (51-S1) were in the
typical range for the C-S and conjugated C=S and S-S bonds in the C,S4?~ anion [11,12].
The torsion angle with 85.50(9)° (C1-51-51-C1) was also similar to the torsion angles
in (Et4N)2CySg (86.92(16)° [11]. In our pyrrolidinium salt, the S-C-S angle was noticed
at 129.3(1)° for S2-C1-S3, which was a significant increase from the ideal 120° in the
trithiocarbonate geometry. The dihedral angle between the two CS3 moieties via the perthio
bridge was found at 85.5(1)° in C;S¢-2C9HygN, which is comparable with other ammonium
perthiodicarbonate slats [11,12].

The network cohesion was ensured by anion—cation interactions through close H---S
contacts involving the methyl group, CH, of the pyrrole ring of the pyrrolidinium cation,
and the four sulfur atoms of the CS,™ moiety of the anion. Each anion interacted with
six cations (two with a double S---H contact with the methyl of the cation, Figure 3a; 2
with a single S---H contact with the methyl of the cation or the CH, of the pyrrolidine ring,
Figure 3b), whereas the cations interacted with three anions. All these interactions propa-
gated in the three directions to form the crystal network. According to the classification of T.
Steiner [13], the S---H short contacts can be considered weak hydrogen bonding, providing
that the distance is close to or below the sum of Van der Waals radii and that the D-H---S
angle is close to 180° (>110°). As the S---H short contacts of the title compound fulfilled
these requirements, they could be considered as weak hydrogen bonding (S---H distance
around 2.75 A within the 2.2-3.2 range found in the CSD data for similar interactions and
D-H:--S angle > 140°). Nevertheless, the C-S---H angle was far from the ideal value of
105° and did not lie within the 5-C-S plane, which most probably suggests the mainly
electrostatic nature of these interactions.
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Figure 3. View of the anion—cation interaction showing the (a) double S---H contacts and (b) single
S---H contacts.

It is worth noting that the structural description of this original dianion completes
the very scarce crystal structures containing this perthiodicarbonate moiety, as only five
entries were found in the CSD database [11,14-17]. It is interesting that the conformation
of this molecular dianion is quasi-identical within all the published crystal structures as the
RMSD (Root Mean Square Deviation) ranged from 0.065 A to a maximum value of 0.136 A
between our dianion molecular structure and that of the bis(tetraphenylphosphonium)
perthiodicarbonate [14].

3. Materials and Methods

Commercial reagents were used as received, without additional purification. Crystal-
lographic data were collected at 298 K on a Bruker APEX Duo diffractometer (Bruker France
S.AS., Champs-sur-Marne, France) using monochromatic Mo-K« radiation (A = 0.71073 A).

3.1. Bis(1-butyl-1-methypyrrolidinium) Perthiodicarbonate

CS; was dissolved in [BmPyrro][Ac] at a 0.02 mole fraction at room temperature. A
slight release of heat was observed as well as a strong red coloring of the sample. The
solution was then distributed into drops of different volumes (4 pL to 10 puL) on a siliconized
glass slide. The glass plate was then placed in a vacuum desiccator (0.05 mbar) overnight
to remove residual water traces and CO, and OCS forms during the chemical reaction
between [BmPyrro][Ac] and CS; [4-6]; then, it was placed at 4 degrees Celsius for 72 h.
Suitable green-orange diamond-shaped crystals 300 x 200 x 100 um long were observed
in the drops. The crystals were then preserved in paraton oil before being measured.

3.2. Crystal and Refinement Data

The structure of bis(1-butyl-1-methypyrrolidinium) perthiodicarbonate was estab-
lished using X-ray crystallography (Figure 2) [18]. The green-orange crystal of the title
compound was obtained by slow evaporation under reduced pressure from the reaction
solution mixture, as described above.

The collected data were reduced using SAINT software, version 6.45 (SAINT, Bruker
AXS Inc., Madison, WI, USA), and all reflections were used for unit—cell refinement. The
crystal structure was solved by direct methods and successive Fourier difference syntheses
with the SHELXS program and refined on F? by anisotropic full-matrix weighted least
square methods using SHELXL within the OLEX2 package [19-21]. All non-H atoms except
those of the minority disordered part of the cation were refined anisotropically. H-atoms
were analyzed according to the riding model and included for structure factor calculation,
but not refined.



Molbank 2024, 2024, M1849 50f6

Crystal data for bis(1-butyl-1-methypyrrolidinium) perthiodicarbonate 4: mono-
clinic, space group C 2/c, a = 16.0970(10) A, b = 14.7140(9) A, ¢ = 12.3280(8) A, o = 90°,
B =112.3730(12)°, y = 90°, V = 2700.11 A3, Z = 8, Z' = 0.5, p(caled) = 1.232 Mg.m 3,
FW =500.91 for C;S4-2C9HyoN, F(000) = 1080, crystal size = 0.30 x 0.20 x 0.10 mm,
0 range = 3.892-52.744°, 23,027 reflections collected, 2745 independent reflections,
Rint = 0.0238, R1 [T > 20(I)] = 0.0341, wR2 (all data) = 0.0909, Apmax = 0.25 eA~3, and
Apmin = —0.21 eA~3, Full crystallographic results were deposited at the Cambridge Crys-
tallographic Data Centre (CCDC-995843), UK, as shown in the Supplementary X-ray Crys-
tallographic Data.

4. Conclusions

By taking into account our previous research data in the domain of ionic liquid, and
mainly during the reaction between 1-butyl-1-methylpyrrolidinium acetate ([BmPyrro][Ac])
and CS;, we identified a new component, i.e., bis(1-butyl-1-methypyrrolidinium) perthiodi-
carbonate 4, for which the structure was established and confirmed by X-Ray crystallography.

Supplementary Materials: 'H-NMR and '3C-NMR spectra of 1-butyl-1-methylpyrrolidinium ac-
etate ([BmPyrro][Ac]) 1 and 1-butyl-1-methylpyrrolidinium acetate ([BmPyrro][Ac]) 1 in reaction
with CS; are available online. Figure S1: IH-NMR spectrum of 1-butyl-1-methylpyrrolidinium
acetate ([BmPyrro][Ac]) 1. Figure S2: '3C-NMR spectrum of 1-butyl-1-methylpyrrolidinium ac-
etate ([BmPyrro][Ac]) 1. Figure S3: 'H-NMR spectrum of 1-butyl-1-methylpyrrolidinium acetate
([BmPyrro][Ac]) 1 with CS,. Figure S4: '3 C-NMR spectrum of 1-butyl-1-methylpyrrolidinium acetate
([BmPyrro][Ac]) 1 with CS,. Figure S5: Zoom of '*C-NMR spectrum of 1-butyl-1-methylpyrrolidinium
acetate ([BmPyrro][Ac]) 1 with CS,. Table S1: Crystallographic data of bis(1-butyl-1-methypyrrolidinium)
perthiodicarbonate 4. Table S1: Crystal data and structure refinement for the title compound 4.
Table S2: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A2 x 10°) for the title compound 4. Ueq is defined as 1/3 of the trace of the orthogonalized Uy; tensor.
Table S3: Bond lengths for the title compound 4. Table S4: Bond angles for the title compound 4.
Table S5: Hydrogen bonds for the title compound 4. Table S6: Torsion angles for the title compound 4.
Table S7: Atomic occupancy for the title compound 4.
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graphic experiments. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article [and /or] its Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Welton, T. Ionic liquids: A brief history. Biophys. Rev. 2018, 10, 691-706. [CrossRef] [PubMed]

2. Lei, Z.; Chen, B.; Koo, Y.-M.; MacFarlane, D. Introduction: Ionic Liquids. Chem. Rev. 2017, 117, 6633—-6635. [CrossRef] [PubMed]

3.  Ghorbani, M.; Bernhardt, P.; Simone, M. Structural characterization of new ionic liquids via X-ray crystallography. J. Mol. Lig.
2020, 319, 114091. [CrossRef]

4. Cabago, L; Besnard, M.; Vaca Chavez, F,; Pinaud, N.; Sebastiao, PJ.; Coutinho, J.A.P.,; Danten, Y. Understanding chemical reactions
of CO, and its isoelectronic molecules with 1-butyl-3-methylimidazolium acetate by changing the nature of the cation: The case
of CS; in 1-butyl-1-methylpyrrolidinium acetate studied by NMR spectroscopy and density functional theory calculations. J.
Chem. Phys. 2014, 140, 244307. [PubMed]

5. Danten, Y.; Cabaco, I.; Coutinho, J.A.P,; Pinaud, N.; Besnard, M. DFT Study of the Reaction Mechanisms of Carbon Dioxide and
its Isoelectronic Molecules CS, and OCS Dissolved in Pyrrolidinium and Imidazolium Acetate Ionic Liquids. J. Phys. Chem. B
2016, 120, 5243-5254. [CrossRef] [PubMed]

6.  Cabaco, M.L; Besnard, M.; Vaca-Chavez, F.; Pinaud, N.; Sebastido, P.J.; Coutinho, J.A.P.; Mascetti, J.; Danten, Y. On the chemical
reactions of carbon dioxide isoelectronic molecules CS, and OCS with 1-butyl-3-methylimidazolium acetate. Chem. Commun.
2013, 49, 11083-11085. [CrossRef] [PubMed]

7. Gattow, G.; Behrendt, W. Carbon Sulfides and Their Inorganic and Complex Chemistry; Thieme: Stuttgart, Germany, 1977; p. 261.


https://doi.org/10.1007/s12551-018-0419-2
https://www.ncbi.nlm.nih.gov/pubmed/29700779
https://doi.org/10.1021/acs.chemrev.7b00246
https://www.ncbi.nlm.nih.gov/pubmed/28535681
https://doi.org/10.1016/j.molliq.2020.114091
https://www.ncbi.nlm.nih.gov/pubmed/24985638
https://doi.org/10.1021/acs.jpcb.6b03229
https://www.ncbi.nlm.nih.gov/pubmed/27186961
https://doi.org/10.1039/c3cc46038j
https://www.ncbi.nlm.nih.gov/pubmed/24141427

Molbank 2024, 2024, M1849 60f6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

James, C.M. Synthesis and Characterisation of Inorganic Trithiocarbonates, Perthiocarbonates and Related 1,1-Dithiolate Com-
pounds. Ph.D. Thesis, University of Cologne, Cologne, Germany, 2021; p. 295.

Allen, FH.; Kennard, O.; Watson, D.G.; Brammer, L.; Orpen, A.G.; Taylor, R. Tables of bond lengths determined by X-ray and
neutron diffraction. Part 1. Bond lengths in organic compounds. J. Chem. Soc. Perkin Trans. 11 1987, 12, S1-S19. [CrossRef]
Dean, PM.; Pringle, ].M.; MacFarlane, D.R. 1-Methyl-1-propylpyrrolidinium chloride. Acta Cryst. 2008, E64, 0637. [CrossRef]
[PubMed]

Bernhardt, E. Crystal structures of (Et4N),C,S¢, (Et4N)2C2Ss, (Et4N)>CSy, (Et4N)HCS3, (Et4N),CS3-2H,Oand (EtyN),CS4-y-yH, O
(y=0.69). Z. Anorg. Allg. Chem. 2021, 647, 777-782. [CrossRef]

Silber, P.; Robineau, M.; Zins, D.; Brianso-Perucaud, M.C. Structure of a new perthiocarbonate anion, C,542, in the solid
[(CH3)4N1,C3S¢.1/2 CS,. Comptes Rendus Hebd. Seances Acad. Sci. Ser. C 1975, 280, 1517-1519.

Steiner, T. The Hydrogen Bond in the Solid State. Angew. Chem. Int. Ed. 2002, 41, 48-76. [CrossRef]

Miiller, A.; Krickemeyer, E.; El-Katri, F; Rehder, D.; Stammler, A.; Bogge, H.; Hellweg, F. Einfache Trithio- und Perthiocarbona-
tokomplexe mit interessanter Koordinationschemie: [E(CS3),]?~ (E = Sn, Zn, Cd), [E(CS3)3]>~ (E = As, Sb, Bi, Co), {Cu(CS3)~ }eo
und [Zn(CSy), 1%~ Z. Anorg. Allg. Chem. 1995, 621, 1160-1170. [CrossRef]

Robineau, M.; Zins, D.; Brianso-Perucaud, M.-C. Crystal structure of a new type of perthiocarbonate, [(CH;3)4N],CS¢, 1/2 CS;.
Rev. Chim. Miner. 1975, 12, 440-447.

Samouei, H.; Reibenspies, ].H.; Darensbourg, D.J. Studies of the interactions of the tungsten pentacarbonyl fluoride anion with
carbon dioxide. Polyhedron 2022, 221, 115852. [CrossRef]

Kelly, R.P; Falcone, M.; Alvarez Lamsfus, C.; Scopelliti, R.; Maron, L.; Meyer, K.; Mazzanti, M. Metathesis of a UY imido complex:
A route to a terminal UV sulfide. Chem. Sci. 2017, 8, 5319-5328. [CrossRef] [PubMed]

Supplementary X-ray Crystallographic Data; Marchivie, M. (Eds.) Cambridge Crystallographic Data Centre, University Chemical
Lab: Cambridge, UK, 2024. Available online: https://www.ccdc.cam.ac.uk/ (accessed on 20 June 2024).

Sheldrick, G. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C 2015, 71, 3-8. [CrossRef] [PubMed]

Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. Sect. A 2008, 64, 112-122. [CrossRef] [PubMed]

Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A K.; Puschmann, H. OLEX2: A complete structure solution, refinement
and analysis program. J. Appl. Cryst. 2009, 42, 339-341. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/p298700000s1
https://doi.org/10.1107/S1600536808005229
https://www.ncbi.nlm.nih.gov/pubmed/21201968
https://doi.org/10.1002/zaac.202100001
https://doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U
https://doi.org/10.1002/zaac.19956210708
https://doi.org/10.1016/j.poly.2022.115852
https://doi.org/10.1039/C7SC01111C
https://www.ncbi.nlm.nih.gov/pubmed/28970911
https://www.ccdc.cam.ac.uk/
https://doi.org/10.1107/S2053229614024218
https://www.ncbi.nlm.nih.gov/pubmed/25567568
https://doi.org/10.1107/S0108767307043930
https://www.ncbi.nlm.nih.gov/pubmed/18156677
https://doi.org/10.1107/S0021889808042726

	Introduction 
	Results and Discussion 
	Synthesis of Bis(1-butyl-1-methypyrrolidinium) Perthiodicarbonate 4 
	Crystallographic Structure 

	Materials and Methods 
	Bis(1-butyl-1-methypyrrolidinium) Perthiodicarbonate 
	Crystal and Refinement Data 

	Conclusions 
	References

