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Abstract: Two crystals incorporating the thiamine-HCl
cation and the fluorinated anion 1,3-disulfonylhexa
fluoropropyleneimide have been characterized via single-
crystal X-ray diffraction. The host-guest interactions of thia-
mine with the anions are analyzed and characterized using
Hirshfeld surface analysis. The cations in both structures
form a dimer in the solid-state via reciprocal hydrogen
bonding through the amine and hydroxyl moieties. Addi-
tional investigation into the interactions responsible for
dimer formation found that the sulfur atom in the thiazolium
ring interacting with several hydrogen atoms to form stabi-
lizing interactions. These interactions in the dimer are further
analyzed using reduced density gradient analysis and the
results are correlated to the fingerprint plots derived from the
Hirshfeld surfaces. Moreover, specific interactions are
observed from the cyclical anions, with both the fluorine and
sulfonyl oxygen atoms participating in bridging interactions,
displaying the diverse host-guest properties of thiamine.

Keywords: crystal structure analysis; Hirshfeld surfaces;
ionic liquids; RDG analysis; vitamin B1.

1 Introduction

Aside from its well-established history as an important
nutrient [1], vitamin B1 (or thiamine/thiamin) has also
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found applications across nearly all areas of chemistry
including nanoparticle synthesis [2], solid-state materials
design [3], as well as having a tremendous impact on
rational catalyst design [4-7]. Throughout all of these
fields, one of the most important underlying principles
of chemistry echoes: structure begets function [8-10]. One
of the first reports involving aspects of the structure of
vitamin B1 was from Bernal and Crowfoot wherein they
discuss the morphology of several crystalline samples of
vitamin B1 [11]. The molecular structure of thiamine was
acquired from diffraction data reported by Kraut and Reed
wherein they discuss the structure of the hydrochloride salt
of vitamin B, first noting the extensive hydrogen bonding
present in the compound [12]. The molecular structure re-
ported by Kraut and Reed also showed some of the
important characteristic features of vitamin Bl. For
example, the pyrimidinium ring and the thiazolium ring
were found to be orthogonal. Subsequent studies on the
structure of thiamine, and other derivatives, were analyzed
and it was found that these rings can be found in distinct
orientations which were given the labels F, S, or V [13]. The
historical definition of these configurations is based on the
observed torsion angles 1 and ¢p corresponding to the
torsion angles of C5'-~C35’-N3-C2 and N3-C35’-C5’-C4’,
respectively [14]. The three different configurations (that is
F, S, or V) are influenced, in part, by substitutions at the C2
position of the thiazolium ring, Figure 1 [15].

The three structural configurations of thiamine, and its
phosphorylated derivatives, affect the host-guest properties
of the molecule [16, 17]. As the conformations of thiamine
change, several anion binding pockets are formed which are
referred to as anion-holes or anion-bridges. Essentially,
there exist up to three locations wherein an anion can form
interactions that link the pyrimidinium and thiazolium
rings through a series of noncovalent interactions (pyr-
imidinium- - -anion- - -thiazolium). These pockets are referred
to by the symbols I, II, and III, with each corresponding to a
specific set of atoms involved with the bridging interactions
[18-21]. The nature, size, and existence of these anion
pockets are dependent on the conformations of the rings
as well as the local geometry of the ethyl alcohol side-chain
(C51-C52-053-H).
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Figure 1: (Left) Thiamine-HCl with labeling scheme used for the
structures herein based on previous reports [16] and (right)
depiction of the 1,3-disulfonylhexafluoropropyleneimide anion.

Thiamine has tremendous potential in that it is a natu-
rally occurring cation making it a readily available precursor
to forming ionic liquids. Ionic liquids (ILs) are a class of
materials that are typically comprised of an organic cation
with an inorganic anion, with melting points typically below
100 °C [22, 23]. One of the most studied anions used in the
development of ILs is bis(trifluoromethanesulfonyl)imide
[22, 24]. However, other fluorous anions are capable of
forming ILs as well, including the less-studied cyclical anion
1,3-disulfonylhexafluoropropyleneimide or [NCyF]™ [25, 26].
Due to the cationic nature of thiamine, ILs based on the
vitamin B1 structure have previously been reported and
studied [27, 28]. ILs incorporating the thiamine cation can be
considered as task-specific ionic liquids given the presence
of the varied functional groups on the molecule, such as the
alcohol and amine moieties, making these cations ideal
targets for applications such as catalysis [29-31]. Further, it
has been demonstrated that the thiazolium sulfur atom can
also be used as a functional group, useful for the polymer-
ization of sterically unhindered monomers [32].

Recently our group has reported on the synthesis and
structure of a series of ILs of thiamine paired with per-
fluorinated anions [33]. In these studies, it was found that
the geometry of the anions was useful in facilitating
distinct cation---cation interactions, with the [NCyF] anion
leading to a dimerization of the cations. Herein, we
continue our previous studies by reporting two new IL-type
structures based on thiamine and [NCyF]™ anions. Only six
examples of crystal structures exist with the [NCyF] anion,
making new reports useful for the further development of
novel compounds incorporating this anion [33-36]. To
assess both short and long-range interactions in the
structures, Hirshfeld surface analysis of the structure was
performed [37-40]. Surface analysis shows a number of
features accounting for the observed interactions in the
crystal structures. For example, the specific cation---cation
interactions in the two structures can be noted by the
distinctive shapes seen in the fingerprints of the cations
calculated from the Hirshfeld surfaces. We also further
investigate the dimeric structure of the cations by using
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reduced density gradient analysis to evaluate the inter-
molecular forces and correlate these findings with the
surface analysis, allowing for a more in-depth study of
these vitamin-based ionic compounds.

2 Materials and methods
2.1 Single crystal growth

Both compounds were synthesized following the established procedure
[33]. In brief, thiamine-HCI (1 eq) was dissolved in a minimal amount of
water. To this solution, lithium 1,3-disulfonylhexafluoropropyleneimide
was added (2.2 eq) and the mixture stirred for 1 h. The mixture was
filtered and the resultant white solid was washed with cold water and
dried under high vacuum. Single crystals showing the structure of 1
were grown from slow diffusion of hexane into an acetonitrile solution of
1. Single crystals of 2 were grown from slow diffusion of diethyl ether into
an ethanol solution of 2.

2.2 Single crystal diffraction

Single crystals for compound 1 were coated in Cargille Type NVH
immersion oil and transferred to the goniometer of a Rigaku XtalLAB
Mini diffractometer with Mo Ka wavelength (A = 0.70926 A) and a CCD
area detector. Examination and data collection were performed at
170 K. For compound 1 data were collected, reflections were indexed
and processed, and the files scaled and corrected for absorption using
CrysALis PRO [41].

Single crystals of compound 2 were coated with Parabar 10312 oil
and transferred to the goniometer of a Bruker D8 Quest Eco diffractom-
eter with Mo Kawavelength (A = 0.71073 A) and a Photon II area detector.
Examination and data collection were performed at 100 K. Data were
collected, reflections were indexed and processed, and the files scaled
and corrected for absorption using Apex3 [42], Saint and Sapass [43].

For all compounds the space groups were assigned using Xprep
within the SHeLxTL suite of programs [44, 45] and the structures were solved
by dual methods using SrELxT [46] and refined by full-matrix least-squares
against F° with all reflections using SsELx12018 [47] using the graphical
interfaces OLex2 [48] and/or SueLXLE [49]. Carbon bound H atoms were
positioned geometrically and constrained to ride on their parent atoms. C—
H bond distances were constrained to 0.95 A for aromatic and alkene C-H
moieties, and to 0.99 and 0.98 A for aliphatic CH, and CH; moieties,
respectively. Alcohol H atoms were positioned geometrically and con-
strained to ride on their carrying oxygen atoms with O-H distances of
0.84A. Methyl and hydroxyl H atoms were allowed to rotate, but not to tip,
to best fit the experimental electron density. In 1, amine N-H H atoms were
positioned geometrically and constrained to ride on their parent atoms
with N-H distances of 0.86 A. Positions of all other amine hydrogen atoms
were refined with N-H distances restrained to target values (0.86(2) or
0.88(2) A). Water H atom positions were refined and O-H and H:--H
distances were restrained to 0.84(2) and 1.36(2) A. Water H atom positions
were further restrained based on hydrogen bonding considerations.
Usso(H) values were set to a multiple of Uy4(C, N or O) with 1.5 for CH; and
0-H, and 1.2 for C-H and CH,, N-H and NH, units, respectively.

In the structure of 2, one of four crystallographically indepen-
dent [NCyF]™ anions is disordered. A diethyl ether molecule was also
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refined as disordered. The major and minor [NCyF]™ moieties were
restrained to have similar geometries, the ether moieties were
restrained to have similar geometries as a non-disordered ether
molecule in the unit cell (SAME command of SELxL). U;; components
of ADPs for disordered atoms closer to each other than 2.0 A were
restrained to be similar (SIMU command of SueLxL). Subject to these
conditions the occupancy ratio refined to 0.9284(9)-0.0716(9) for the
[NCyF]™ anion and to 0.640(4)-0.360(4) for the ether molecule. A
partially occupied water molecule (associated with 054C) induces
disorder for one ethylhydroxyl substituent. The major and minor
moieties were restrained to have similar geometries (SAME com-
mand of SueLxL). Uy components of ADPs for disordered atoms closer
to each other than 2.0 A were restrained to be similar (SIMU com-
mand of SueLxr). The ADPs of methylene C atoms C51B and C51C were
constrained to be identical. Subject to these conditions the occu-
pancy ratio refined to 0.926(3)-0.074(3) in favor of the absence of
water. Crystallographic data and refinement details for 1 and 2 are
given in Table 1.

Complete crystallographic data, in CIF format, have been
deposited with the Cambridge Crystallographic Data Centre. CCDC
2090436 and 2090437 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Crystallographic details are provided in Table 1.

Table 1: Crystallographic data and refinement details for 1 and 2.

Empirical Cy,H;gN,0OS- C4,H1gN;0S-0.019(H,0,)-

formula C;,H,7N,0S- 2(C5FgNO,S,)-C4H, 0
3(C3FgNO,S,)

Formula weight  1408.20 925.47

Crystal system Monoclinic Triclinic

Space group P2,/n P1

a/A 10.1037(3) 13.580(3)

b/A 21.2709(7) 14.706(4)

c/A 24.3090(9) 19.425(5)

al® 90 68.673(8)

B/° 92.281(3) 79.799(7)

yl° 90 80.771(7)

Volume/A® 5220.2(3) 3537.3(15)

2|7 4/1 4/2

D./gcm™ 1.792 1.738

F(000) 2848 1881.0

p(MoKa)/mm™  0.48 0.451

Measured data 126,275 83,661

O range for data 2.2-24.4 2.7-27.9

collection/°

Unique data 19,593 16,799

Rint 0.104 0.021

Observed data 9153 14,761

(/=2.00())

R, obs. data; all  0.066; 0.166 0.030; 0.037

data

a, b in weighting 0.069; 3.14 0.030, 3.14

scheme

R, obs data; all 0.149; 0.193 0.073; 0.078

data

APmaxmin/e A2 0.65/-0.47 0.66/-0.53
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2.3 Software

Hirshfeld surfaces, images, and two-dimensional fingerprint plots
were calculated and produced using CrystaLExpLoRER17 [50]. Images
and analysis of the structures was accomplished using Olex2 [48]. A
complete listing of interaction percentages from individual atoms in
cations 1A, 1B, 2A, and 2B calculated from the surface analysis is
provided in Table 2.

Reduced density gradient (RDG) analysis was accomplished us-
ing the MuLtiWEFN software [51]. The wavefunction of the dimer from
the crystal structure of 1 was generated using Orca [52] and NoSpHERA2
[53] software suites, employing the B3LYP [54-56] functional, with
direct implementation in Olex2. The output files of the RDG analysis
from MuLtiWFN was visualized using gnuplot and VMD [57]. Reduced
density gradient isosurface maps (Figure 6) are shown with an iso-
surface value of 0.65.

3 Discussion

With respect to 1, this crystalline sample was a minor
component from a slow diffusion of diethyl ether into a
saturated solution of the compound in acetonitrile wherein
two morphologies of crystal samples were found. The
major crystalline sample was reported and discussed in
our previous manuscript [33]. Compound 1 crystallizes in
the P2,/n space group with a dication (labeled A) and a
monocation (labeled B) in the asymmetric unit, Figure 2.
Three [NCyF]™ anions present in the asymmetric unit bal-
ance the charges from the cations. No solvent or water
molecules are present in the structure. Both cations exist in
the F conformation with @ = 6.8(4)° and @p = 93.9(3)° for
cation 1A, and @ = 10.2(4)° and ¢@p = 84.9(3)° for cation 1B.
The plane angles for the thiazolium and pyrimidnium rings
in cation 1A are 87.60(8)° and the plane angles in 1B are
79.88(9)°.

3.1 Compound 1: cation---cation
interactions

The two cations are linked through a series of N-H---N, N—
H---O0 and O-H-:--N hydrogen bonds. The primary hydrogen
bond observed in the asymmetric unit is between N1’A-
H---NU’B at an H---N distance of 1.939(2) A, connecting the
protonated cationic pyrimidinium nitrogen N1’A of cation 1A
with its unprotonated counterpart in cation 1B. The position
of the proton is resolved in difference density maps and
clearly shifted towards N1’A (the difference density peak is
located 0.96 A from N1’A and 1.83 A from N1’B), thus con-
firming the presence of distinct mono and dications in the
crystal. Further, this hydrogen-bonding interaction is
readily observed on the Hirshfeld surface as the bright red
spot over the appropriate nitrogen moieties, indicating an
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Table 2: Percentages of interactions arising from atoms for each cation in compounds 1 and 2.

Cation 1A Outside atoms

Inside atoms S [0} H N C F Total
C 0.2 5.8 0.6 0.2 - 0.1 6.8
F - - - - - - -
H 0.9 27.0 22.8 7.6 0.2 18.2 76.7
N 0.5 3.5 2.9 - - - 6.8
(o] - 0.1 2.5 - - 0.1 2.7
S - 3.2 2.9 0.3 - 0.5 6.9
Total 1.7 39.6 31.6 8.1 0.2 18.8

Cation 1B Outside atoms

Inside atoms S 0 H N C F Total
C 0.1 2.0 0.2 0.9 - 4.1 7.2
F - - - - - - -
H 0.8 20.4 21.9 4.9 - 26.9 74.8
N 0.2 1.1 4.6 0.1 - 3.1 9.2
(o} - 0.1 2.6 - - - 2.7
S 0.1 1.1 1.8 0.6 0.1 2.3 6.1
Total 1.2 24.7 31.1 6.4 0.1 36.3

Cation 2A Outside atoms

Inside atoms S 0 H N C F Total
C 0.1 4.9 1.2 1.0 - - 7.1
F - - — — — - -
H 1.3 28.9 24.9 5.6 0.1 16.3 77.2
N 0.2 2.8 3.3 0.5 - - 6.8
0 - - 2.5 - - - 2.5
S - 3.0 2.9 0.4 - - 6.3
Total 1.6 39.5 35.0 7.5 0.1 16.3

Cation 2B Outside atoms

Inside atoms S [0} H N C F Total
C 0.2 5.9 0.6 0.5 - 0.3 7.4
F - - - - - - -
H 0.8 31.1 22.3 7.8 0.5 14.3 76.9
N 0.2 3.4 3.3 - - - 6.9
0 - 0.1 2.5 - - - 2.6
S 0.1 1.7 2.9 0.5 0.1 0.9 6.2
Total 1.3 42.3 31.5 8.8 0.6 15.6

interaction less than the sum of the van der Waals radii,
Figure 3 [37]. Examining the long-range ordering of the cat-
ions, there is a distinctive formation of a second form of
dimers between the cationic moieties 1A & 1B. Reciprocal
hydrogen bonding between the hydroxyl moiety and the
pyrimidinium nitrogen (053-H---N3’, d(H---N) = 2.070(2) A)
link the two cations together forming a pocketed dimer in the
manner seen in Figure 4. This cation structure was observed
in our previous reports of a related structure and appears to
be influenced by the geometry of the anion [33]. The alcohol
moieties, that is O53A and 053B, also act as hydrogen bond

acceptors, forming close H---N interactions with the amines
(N41 and N472) at distances ranging 2.0-2.2 A. These addi-
tional O—H---N hydrogen interactions effectively link the
dimers into longer chains of discrete dimers. These recip-
rocal hydrogen interactions are readily seen on the two-
dimensional fingerprint plots as the sharp spiked features
indicated in Figure 5.

Structure 1, as well as 2 (vide infra), exhibits cati-
on---cation interactions leading to the formation of cyclical
dimers. To better understand the noncovalent interactions
between the two cations leading to the formation of these
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Figure 2: Asymmetric unit of compound 1.
Thermal ellipsoids shown with 50%
probability ellipsoids. Color code for this
and other molecular structure diagrams:
gray = carbon; white = hydrogen;

blue = nitrogen; red = oxygen;

yellow = sulfur; green = fluorine.

Cation 1A Cation 1A

Cation 1B Cation 1B

Figure 3: The Hirshfeld surfaces for the cations of compound 1 mapped with d,or, (left) and the shape index (right).

Figure 4: (Left) Cationic dimer formed from reciprocal hydrogen bonding in 1. (Right) The dimer observed in 2, depicting the similarities
between the two structures.
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Figure 5: Two-dimensional fingerprint plots for cation 1A (left) and 1B (right). The labeled portions indicate salient structural features observed

in the plots.
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Figure 6: (Left) Scatter plot of the reduced density gradient (RDG) versus sign(A,)p. Coloring is based on the nature of the interactions with
blue = attractive interactions (hydrogen bonding), green/tan = van der Waals interactions, red = repulsive interactions (sterics), and (right)
RDG isosurface map with an isovalue of 0.65 for the dimeric structure from 1.

dimers, as well as to better recognize the features of the
fingerprint plots for the cations, reduced gradient (RDG)
analysis was completed on a dimer taken from the struc-
ture of 1 [58]. In brief, RDG analysis uses the molecular
electron density (p) and its derivatives to elucidate the
types of interactions between atoms allowing for assess-
ment of the relative strength of interactions within a
structure or molecule by categorizing the nature of the
interaction (hydrogen-bond, van der Waals interaction,
steric repulsion) [59, 60]. RDG analysis has been applied to
varied systems including crystal structures, protein bind-
ing pockets, and ionic compounds of a similar nature to
that discussed herein [61, 62]. The scatter plot of sign(A,)p

versus the RDG and the visualized surface map of these
interactions is shown in Figure 6.

Examining the RDG isosurface map (Figure 6) a num-
ber of interactions can be can be related to the Hirshfeld
surface. For example, the H---S|S---H regions of the
fingerprint plots show a disperse, wide ranging set of in-
teractions (Figure 7). Part of these interactions arise from
the arrangement of the cations wherein the thiazolium
sulfur atoms and the aromatic C2-H moiety interact. While
similar sulfur-based interactions have been reported pre-
viously to affect long-range supramolecular ordering
[63-65], the exact nature and relative contribution to the
stabilization or formation of the dimeric structures herein
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Figure 7: Two-dimensional fingerprints for cations 1A (left) and 1B (right) depicting the H---S|S---H interaction regions.

appears weak given the results of the RDG analysis. How-
ever, given the repeated and consistent appearance of
these dimers it is plausible that these sulfur interactions do
lead to a measure of stabilization given the green coloring
(sign(A)p = 0), corresponding to weak, attractive non-
covalent interactions.

Other contributions to the H---S|S---H interactions are
seen from the amine moieties (N4'1) on the pyrimidinium
rings. The curved surfaces near the amines indicate weak
interactions with both the sulfur and the alcohol O53. The
geometry of these interactions, however, is such that it is
unlikely that these could be considered hydrogen-bonds in
the classical sense [66, 67]. Further, the N4’1---053 distance
of 2.860(3) A lends evidence to this interaction being
classified more as a dispersion/electrostatic interaction
[66]. Higher level computational work investigating the
exact nature of these contributions to the formation of the
different cation—cation structures is currently being con-
ducted to help answer these questions. However, it is
apparent that there are a number of H---S interactions
which are present in the dimeric structure of the cations
within both structures reported herein. Results from the
RDG analysis clarify the two sets of H atom donors inter-
acting, to some extent, with the thiazolium sulfur ac-
counting for the disperse set of interactions (Figure 7).

3.1.1 Compound 1: anion interactions

Concerning anion---cation interactions, most interactions
arise from the sulfonyl oxygen atoms. While weaker in-
teractions from the fluorine atoms link cations and anions,
as has been reported previously, the sulfonyl oxygen atoms
of the sulfonimide-based anions have a higher negative

charge density than the fluorines which would lead to-
wards increased interactions from these moieties [68, 69].
With respect to anion-holes for cation 1A, anion B sits in the
anion-hole I, anion A sits in anion-hole II, and anion C sits
in anion-hole III. For reference, an image showing both
cations 1A and 1B in the dimeric form with the anions in the
respective anion-holes is shown in Figure 8.

For cation 1A, anion B bridges the pyrimidinium and
thiazolium cation through mpy,:--O---H-C2 interactions
wherein two sulfonyl oxygens (O1A & 02A) are interacting
with the aromatic C2-H moiety at O---H distances of 2.54
and 2.49 A, respectively. Additionally, O2A interacts with
the m-cloud of the pyrimidinium ring at a distance of
d =3.051(3) A to the ring center. This bridging interaction is
seen in the Hirshfeld surface as the bright red indentations
over the pyrimidinium ring and the C2-H moiety on the
shape index of the molecule, providing a clearer picture of
the bridging nature of the anion pocket, Figure 3.

The red indentations on the top of the surface in Figure 3
correspond to the bridging interactions arising from anion C
in the anion-hole III location for cation 1A. The three in-
dentations are from interactions with C6-H, S1A, C35’-H,
and C41A-H showing that weaker contacts with methylene
(C35’-H), methyl (C41-H), and aryl hydrogens (C6—H) are
also a part of the binding pocket interactions. This idea is
further emphasized with the observed interactions between
anion A and the methylene hydrogens on C35'-H in the
anion-hole II position. Anion A shows a number of short
interactions, bridging the pyrimidinium and thiazolium
through interactions originating from the sulfonyl oxygens
(O2A and O5A) with the amine N41-H and methylene
C52A-H groups at distances of 2.16 A (02A---H-N4'1) and
2.31 A (C52-H---05A) respectively.
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Anion B~

Anion A

Examining cation 1B, anion A sits in the anion-hole I,
anion B in anion-hole II, and anion C in anion-hole III.
Some distinct interactions are seen for these bridging in-
teractions when compared to cation 1A. For example, the
alignment of anion A is such that the interaction between
the anion and the pyrimidinium ring is off-center, with the
oxygen aligning above the aromatic carbon C2’'B (C---0,
d = 3.238(4) A) rather than to the ring center. This shifted
interaction is readily visualized when examining the
mapped dnorm Surface and shape index of the cation
(Figure 3). Weaker interactions, noted by the lack of red
spots on the mapped d,,.;m surface, arise from the shift in
the location of the anion while the red curvature over the
ring in the shape index is less pronounced and faded. This
change in interaction at anion-hole I in 1B is likely due to
the electronic structure of the ring as it represents the only
neutral pyrimidinium ring in the structures examined
herein. Completing the anion-hole I bridging interactions,
the S=0---H-C2 (d(O---H) = 2.56 A) interaction with the
central aromatic hydrogen on the thiazolium ring is slightly
longer than that in cation 1A.

Anion B, residing in anion-hole Il in cation 1B, displays
bifurcated hydrogen bonding with two of the sulfonyl ox-
ygens (012 & 013) and the amine hydrogens on N42-H. The
N42-H---012 interaction is shorter (d(O---H) = 2.470(19) A)
compared to the N4’2-H..-013 distance of 2.770(3) A.
Interestingly, there is a notably short interaction with the
methyl group C35B and 012 (d(O---H) = 2.48 A). Additional
C-H---0 interactions between the methylene groups C35B,
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Anion C*

’ Cation 1A

Figure 8: Compound 1depicted in its dimeric
form with the anions residing in the
respective anion-holes. The *indicates the
symmetry operator to generate the anion
(-Y2+x, Y2 -y, Y2 + 2). Atoms depicted as
spheres for clarity.

C51B, and C52B and the sulfonyl oxygens, ranging from
d = 2.7-3.1 A, complete the bridging interactions between
the rings.

Cation 1B shows a distinct set of H---F interactions
arising from anion C which sits in the anion-hole III pocket,
partially accounting for the more pronounced green spike
observed in the fingerprint plot of the cation, Figure 5 [70, 71].
Specifically, two axial fluorine atoms (F1C and F5C) and
one equatorial fluorine (F3C) of the anion exhibit the
shortest interactions in this location, at distances ranging
between 2.76 and 3.22 A. This is in contrast with the other
anion-holes wherein oxygen atoms participate in the
shortest interactions. These fluorine interactions are seen
when examining the shape index surface, visualized as the
three red indentations on the surface over the thiazolium
ring. However, it should be noted that the overall shortest
H---F interaction in cation 1B is between the methylene
C52-H and F3B from anion B at d = 2.74 A.

As has been previously reported regarding the short-
range ordering of ionic liquid-type structures there can be
distinct regions of polar, non-polar, and anion/cation clus-
tering [72-75]. Examining the asymmetric unit of 1, the
[NCyF]™ anions are observed in a cluster wherein multiple
F---F inter-anionic interactions are observed ranging from
~2.76 to 3.21 A. Figure 9. A repeating pattern of F..-F
interactions between anions is seen depicting the fluorous
region within the crystal structure. All three of the anions
exhibit F---F interactions, with anion B showing the highest
percentage (22.2%) followed by anion A (17.0%) and anion C
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(9.3%). Per the discussion regarding anion-holes (vide su-
pra), the lower percentage of F---F interactions in anion C is
due to the arrangement of the fluorine atoms and their use in
forming bridging interactions, preventing additional F in-
teractions. These interactions may be stabilizing or destabi-
lizing depending on the distances and angles involved
[76, 77]. Examining the interactions depicted in Figure 9, the
shortest is d = 2.761(4) A between F2C.--F6A. The angles of
this interactions (£C6C-F2C.--F6A 123.1(3)°, <C8A-
F6A.---F2C = 120.6(2)°) are indicative of a type I halogen bond
and have been shown to be non-stabilizing interactions
[78, 79]. A longer type I interaction between F3A and F4B is
also present (d = 3.206(5) A, 2C7B-F4B---F3A =117.03)°, and
£C7A-F3A---F4B = 120.3(2)°). The remaining interactions
with d < 3.2 A have angles which do not correspond to
established halogen bonding criteria.

3.2 Compound 2

Compound 2 crystallizes in the P1 space group with two
dications and four anions in the asymmetric unit. Figure 10.
Two diethyl ether molecules and one partially occupied
water molecule are also present in the asymmetric unit.
When the water molecule is in the cell, it causes a distinct
conformation of the ethyl alcohol chain on the cation,
creating disorder in the molecule. Additional disorder in
anion C and in the ether molecules are also observed. For the
purpose of discussion and surface analysis, only the major
portion (~92% occupancy) of the molecules was considered
unless otherwise noted. Both of the cations exist in the
F conformation of thiamine with ¢g 4.69(17)° and
@p = 79.98(17)° for cation 2A, and ¢r = 5.79(17)° and
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@p = 80.85(17)° for cation 2B. The plane angles for the rings
are 98.77(5)° for 2A and 103.34(5)° for 2B. One key distinction
between 1and 2 is that both pyrimidine nitrogens, N1’A & N1’
B, in 2 are protonated making both moieties dicationic. Four
anions in the asymmetric unit balance the charges from the
two dications. Figures 11 and 12 depict the two-dimensional
fingerprint plots and surfaces for cations 2A and 2B.

To briefly address the impact of the solvent mole-
cules, the H---O hydrogen bonding spike at d; ~ 0.7 A,
d. ~ 1.1 A in the fingerprint of the cation displays shorter
contacts when compared to the spikes observed in the
fingerprints from 1A and 1B. For example, the interactions
between the pyrimidinium amine and the oxygen from the
ether moiety (NI’A-H---05’, d(O---H) = 1.825(19) A; N1’B-
H---05B, d(O---H) = 1.917(15) A) are notably shorter than
any H---O hydrogen bonding interactions observed in 1.
These shorter interactions are from the protonated py-
rimidine nitrogens (N1’A & N1’B) and the ether molecules
in the asymmetric unit.

3.2.1 Compound 2: cation---cation interactions

Primary cation---cation interactions are hydrogen bonding
through the amine N4’1 and the hydroxyl 053 at a N41-
H---053 distance of 2.081(16) A. The protonated pyr-
imidinium nitrogens (N1’A & N1’B) are interacting with
solvent molecules, effectively preventing additional cati-
on---cation hydrogen bonding linkages observed in 1.
However, similar to that observed in structure 1, the cations
in 2 form dimers, held together with the reciprocal
hydrogen bonds through 053-H---N3’ (d = 2.0969(12) A).
The combination of the solvent molecules occupying
hydrogen bonding positions and the formation of the

Figure 9: Anions from 1 showing F---F
interactions of d < 3.2 A. Distances (in A) are
labeled in black with interactions shown in
blue.
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Figure 10: Asymmetric unit of compound 2.
Disordered components are omitted for
clarity. Thermal ellipsoids shown at the
50% probability.
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Figure 11: Two-dimensional fingerprint plots for cation 2A (left) and 2B (right). The labeled portions indicate salient structural features

observed in the plots.

dimers makes the long-range ordering of the cations nearly
identical in both structures, Figure 13.

3.2.2 Compound 2: cation---anion interactions

Figure 14 depicts both cations in the dimeric structure with
the anions residing in their respective anion-hole loca-
tions. For cation 2A, anions D, B, and C/E (the disordered
cation) reside in anion-holes I, II, and III, respectively.
Anion D bridges the two heterocyclic rings through the
expected Tipy---Ospy---H-C2 interactions. Both oxygens
04D and 03D participate in a bifurcated hydrogen

interaction with the aromatic C2-H atom at distances of
2.60and 2.47 A, respectively. These interactions are similar
to those observed in 1A and 2B, noted by the disperse set of
red interactions seen on the d,.m mapped surface
(Figure 12) of the respective cations in the region around
the thiazolium C2-H. Cation 1B appears unusual in this
regard, as the C2-H interaction with the anion appears to
only involve a singular oxygen atom as compared with the
bifurcated interactions the other three cations exhibit.

As seen in the shape index of cation 2A (Figure 14), the
S=0.--mpy interaction is off-center from the pyrimidinium
ring, residing instead over the N’1A atom (d = 3.156(2) A),
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Cation 2B
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Figure 13: Partial packing diagrams for 1 (left) and 2 (right) viewed from the 100 plane. Hydrogen bonds are shown linking cations together in
long-range structure. Anions, solvents, and disorder are omitted for clarity.

likely due to the more positive charge of this protonated
amine. However, the presence of the ethyl chains on the
solvent molecule could also be shifting the interactions of the
anion given the proximity of the alkyl groups with the fluo-
rine atoms of anion D (H---F, with d in the range 2.55-2.91 A).

Five red indentations on the top of the surface for 2A in
the anion-hole II position are from the four sulfonyl oxygen
atoms and the imide nitrogen (N5B) from anion B inter-
acting with the thiazolium ring. Both oxygens 02B and 04B
are interacting with the amine (N41A) hydrogens at dis-
tances of 2.297(19) and 2.620(2) A, respectively. Additional

interactions with the methylene carbon C52-H and 03B
(d = 2.63 A) account for a portion of the bridging in-
teractions between the two heterocyclic moieties. Anion B
also forms a bridge between the two cations (that is 2A and
2B) with a short interaction between F4B and C52B-H at a
distance of 2.37 A. It should be noted that this interaction
only exists with the major portion of the disordered
hydroxyethyl moiety.

The disordered anion set C (major) & E (minor) reside in
the anion-hole Il pocket of 2A. The ring-flipped geometry of
the two anions appears to be linked with the disorder of the
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proximal diethyl ether solvent bound to N1’A as the ethyl
chains for the solvent form close contacts with the minor
anion E (C16'-H.--F5E; d = 2.16 A). Curiously, anion E (O4E)
exhibits the shortest contact with the aromatic hydrogen C6’
A-H at a distance of 2.22 A. The ring flip along with the
positional shift of anion C practically eliminates this inter-
action, in essence removing the defined bridging interaction
of this anion-hole position with the C6’A-H aromatic
hydrogen [80]. Finally, anion C shows a short interaction
with the methylene linker C35A-H and O3C at a distance of
2.66 A. Further, the imide nitrogen (N5C) is interacting with
the cationic aromatic nitrogen N3A (d = 3.1756 (18) A). While
these specific interactions do seem perhaps unusual given
the observed pattern of interactions for these complexes,
organic molecular packing is often quite complex and the
molecules will arrange themselves to maximize interactions
and minimize empty space [71].

The cation---anion interactions in 2B share many simi-
larities with 2A, perhaps best visualized when contrasting
their fingerprint plots (Figure 11). Anion B sits in anion-hole
I, D sits in anion-hole II, and A in anion-hole III. As briefly
discussed previously, the shape index and mapped dyorm
surface of the two cations help in visualizing the similarities
of the interactions of the two moieties. O3B on anion B
shows the closest contact with the m-bonding region be-
tween NI'B-C2’B at a distance of 2.9510(19) A. These O---nt
interactions have been previously reported and studied for
their stabilizing influence on protein and other small
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Figure 14: Compound 2 depicted in its
dimeric form with the anions residing in the
respective anion-holes. The numeric su-
perscripts indicate the symmetry operator
to generate the anions; 1=(2 - x, -y, 1 - 2);
2=01+x +y,+2);3=01-x2 -y, -2).

Anion A

molecule structures [81]. Further, as previously mentioned,
two sulfonyl oxygen atoms (O3B and 04B) display bifur-
cated hydrogen interactions with the central aromatic C2B—
H at distances of 2.43 and 2.63 A respectively, completing the
expected pyrimidinium---anion---thiazolium bridge.

With respect to the major portion of the disorder, anion
D sitting in the anion-hole II position displays the expected
interactions between the cation and anion. For example,
the bifurcated hydrogen bonding between the amine
(N41B) to the sulfonyl oxygen moieties (02D and 04D) is
seen at a N41B-H---02D distance of 2.310(2) A and a N41B-
H---04D distance of 2.700(2) A. Examining the shape index
of the cation, one can see the four points of contact in
the area above the thiazolium ring, corresponding to the
close-contacts of the four sulfonyl oxygen atoms with the
ni-system of the ring.

Of particular note, with respect to cation 2B, is an
interaction which is only observed in the minor portion of
the disorder involving the ethyl alcohol side chain,
Figure 15. When the water moiety is present in the cell, this
shifts the S1B-C5B-C51B-C52B torsion angle of the side-
chain from 30.8(2)° to 101.2(14)°. This shift allows for a
notably shorter O53—-H---N5D hydrogen bond to form with
the imide moiety of anion D sitting in the anion-hole II
pocket at a distance of d = 2.0083(14) A. Of the structures
we have reported previously and herein, this is the only
example of a direct hydrogen bond with the imide nitrogen
of the anion which has been observed.
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Figure 15: The disordered portion of cation 2B showing the alcohol
moiety hydrogen bonding with the imide nitrogen of the anion in the
anion-hole Il pocket.

Finally, anion A resides in the anion-hole III pocket for
cation 2B. O2A makes the shortest interaction with the aro-
matic C6'B-H moiety at a distance of 2.39 A O4A then
completes the anion bridge with an interaction to the n bond
between C2-N3 on the thiazolium ring (d = 2.9157(16) A).

4 Conclusions

Thiamine-based structures continue to show a diverse set of
interactions with sulfonimide anions including traditional
hydrogen bonding as well as numerous other noncovalent
interactions. Multiple orientations of the anions are seen
making distinctive interactions to complete the cati-
on---anion---cation bridges which define the anion-hole
pockets. The structures presented herein and the inclusion
of RDG analysis provides further evidence regarding the
ordering of the cations being influenced by anion geometry.
The studies herein also continue to add to structural infor-
mation of the 1,3-disulfonylhexafluoropropyleneimide
anion, which remains a rarely studied anion compared to
the more popular anions such as trifluoromethanesulfonate
or bis(trifluoromethanesulfonyl)imide.
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