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Abstract

Lewis acid-base adducts between SF, and the oxygen-bases THF, cyclopentanone and 1,2-
dimethoxyethane were synthesized and characterized by Raman spectroscopy and X-ray
crystallography. Crystal structures of (SF4OC4Hsg),, SF4(OC4Hs),, SF4-CH3;0C,H4OCH3, and
SF4(0O=CsHsg), show weak S---O chalcogen bonding interactions ranging from 2.662(2) to
2.8692(9) A. Caffeine, which has three Lewis basic sites, was reacted with SF4 and one aliquot of
HF forming CsH;oN4O,-2SF4,-HF which was also characterized by X-ray crystallography. DFT
calculations aided in the assignment of the vibrational spectra of (SF4-OC4Hg),, SF4-(OC4Hs)s,
SF4CH30C,H4OCH3, and SF4-(O=CsHg),. Bonding was studied by Natural Bond Order (NBO)

and the Quantum Theory of Atoms in Molecules (QTAIM) analyses.



Introduction

Secondary bonding interactions play an important role in organizing molecules in the
condensed phase. One type of secondary bonding interactions is chalcogen bonding, where a c-
hole on a chalcogen atom is acting as an acceptor of electron density from a donor atom, which is
frequently a chalcogen atom itself.! These interactions are analogous to the more widely known
halogen bonding,>2 where a halogen atom acts as an acceptor atom. Generally, chalcogen bonding
is stronger for heavier chalcogen atoms with chalcogen bonding to sulfur being on the weakerside.
Nevertheless, analysis of crystallographic data has indicated that S---O chalcogen bonding
interactions may play a role in biochemical structures, such as protein folding.?

Most chalcogen bonding studies involving sulfur as the acceptor atom have focussed on
divalent sulfur. Scheiner et al. have mnvestigated chalcogen bonding for tetravalent sulfur by
computational means.*> The molecular electrostatic potential (MEP) of SF4 shows two o-holes,*
which explains the experimentally observed coordination of two fluoride ions to SF4% aswell as
the weak interactions between fluorine and sulfur in the crystal structure of SF,.” Interestingly, the
MEP maxima, i.e., the c-holes, for SF4 have a similar value compared to those of divalent H,S
(SF4: 176.6 kJ/mol; H,S: 176.4 kJ/mol).*

In our investigations of the Lewis-acid behaviour of SF,, we conclusively showed the
formation of 1:1 Lewis acid-base adducts with a number of nitrogen bases, i.e., pyridine,? 4-
methylpyridine,® 2,6-dimethylpyridine,® 4-dimethylaminopyridine,® and triethylamine.® The S---
N chalcogen bonds in these adducts are weak and the adducts dissociate above —35 °C under
dynamic vacuum. Sulfur tetrafluoride has been shown to combine with uncoordinated, ‘naked’
fluoride to form the SFs~ anion.!® The crystal structures of Rb'[SFs],l! Cs'6[SFs J4[HF, ],

[Cs(18-crown-6),"][SFs 1,12 [HNCsH3(CHs),']oF [SFs ]-4SF7 [HNCsHs(CHs)y"]oF[SFs~]-SF46



and [HNC;sH4N(CH;),"][SFs ]F~-CH,CL° confirmed the square pyramidal geometry of the SFs~
anion that is predicted by the VSEPR rules. In cases where the fluoride is not ‘naked’, dramatically
weaker interactions between SF4 and F~ are observed in the solid state.® In contrast to the 1:1
adducts with nitrogen bases, sulfur in SF4 accepts two coordinative bonds from two F~ anions.

Since SF; has been used as a deoxofluorinating reagent in organic chemistry,!? the
mteraction between SF; with oxygen-bases is of particular interest in order to elucidate the
mechanism of deoxofluorination reactions. Basedon the '°F chemical shift of SF4 in THF (OC4Hg)
and ethyl acetate, Muetterties suggested that SF4 does not form adducts with these two oxygen
bases.!* Azeem, on the other hand, concluded from changes in &('°F) and the decrease in
2J("F—1°F) coupling of SF4 in THF and diethylether solvents that SF4;-OC4Hg and SF4-O(C,Hs),
adducts form at low temperatures.!> Two new bands (680 and 1706 cm™') in the infrared spectrum
of matrix-isolated SF, with acetone in an N, matrix were also interpreted in terms of the formation
of a 1:1 adduct.'® More recently, a computational study has investigated intramolecular S---O
interactions in substituted phenyl-SF; molecules.!” Because of the lack of conclusive experimental
information about Lewis acid-base interactions between SF, and O-bases, the goal of the current
study was to nvestigate whether S---O chalcogen bonding interactions are sufficiently strong to
isolate adducts between SF4 and organic oxygen-bases, suchas a cyclic ether (tetrahydrofuran), an
open-chain diether (dimethoxyethane), and a ketone (cyclopentanone).

The heaviest chalcogen analogue of SF,4, TeF,, which is significantly more Lewis acidic than
SF,, reacts with various cyclic and acyclic cthers to form the adducts TeF,-1,4-dioxane,!®
TeF4 (1,2-dimethoxyethane);,!® TeF4 Et,0,18 and TeF4 (THF),,!° which have been structurally
characterized by X-ray crystallography. The related SeF,(CN), has recently been found to form

adducts with O-bases, such as 1:2 adduct with THF, SeF,(CN),:(THF),.20



Results and Discussion
Synthesis and Properties

The reactions of SF4 with representative oxygen-bases were studied by low-temperature
Raman spectroscopy and X-ray crystallography. Mixtures of SF, and THF in various ratios form
clear colourless liquids between —60 to —90 °C, which have lower vapour pressures than neat SF4
or THF. A 1:1 mixture of SF4 and THF freezes at —99 °C, forming a clear colourless crystalline
solid whereas a 1:2 mixture of SF4 to THF freezes at a lower temperature (=106 °C). As shown by
Raman spectroscopy and X-ray crystallography, two distinct adducts were obtained from the two
reactant ratios (Eq. 1).

SF4 + nOC4Hg = SF4(OC4Hg), (wheren =1,2) (1

Cyclopentanone is miscible with an equimolar amount of SF, at =50 °C. The mixture
solidifies at approximately —100 °C; however, the solid melts at —63 °C (Eq. 2). X-ray
crystallography showed a 1:2 molar ratio of SF4 vs. cyclopentanone. The nature of the solid was
also confirmed by Raman spectroscopy.

SF4 + 2 O=CsHg = SF4-(O=CsHs) (2)

A mixture of 1,2-dimethoxyethane in excess SF4 was placed under dynamic vacuum at —90
°C for several hours. Mass balance measurements indicated that the mixture obtained after the
removal of excess SF; corresponded to an approximate 1:1 molar ratio of SF4 to 1,2-
dimethoxyethane. The product froze at—105 °C to form a clear colourless crystalline solid which
was identified by Raman spectroscopy and X-ray crystallography as the SF4;CH;0C,HOCH;
adduct. (Eq. 3) It remains solid at —83 °C, but with vigorous agitation will revert back to the liquid

state.

SF4 + CH3;0H,H4,OCH3 = SF4-CH3;0C,H40CH3 3)



The SF4-O-base adducts dissociate when warmed above —60 °C or placed under reduced
pressure. Unlike the nitrogen-base adducts, mixtures of SF, with oxygen-bases do not appear to
be sensitive to the presence of traces of HF and no solvolysis products analogous to those
previously reported were observed.®

In order to ascertain interactions of SF4 with a molecular system that has several Lewis
basic sites caffeine was chosen, having two carbonyl groups and one N-basic site. Since caffeine
does not dissolve appreciably in SF4 and no reaction at room temperature was observed, one aliquot
of HF was added, resulting in good solubility. Hydrogen fluoride was generated by addition of
H,O that hydrolyzed excess SF4 to HF and SOF,, as reported in our previous study.® It had been
found that the hydrolysis product SOF, does not interfere with the chemistry in these systems.
Crystals were grown from liquid SF4 and found to have the composition CgH;o(N4O,-2SF4,-HF (Eq.
4).

2SF4 + CgH{oN4O, + HF — CgH;oN4O,-2SF4+-HF 4)

X-ray Crystallography

Details of data collection parameters and crystallographic information for (SF4OC4Hs)s,,
SF4-(OC4Hs),, SF4-CH3;0C,H4OCHj3, SF4-(0O=CsHg), and CsHoN4O,-2SF4-HF are given in Table
S1. Selected bond lengths and angles are listed in Table 1together with the predicted values based
on DFT calculations and the experimental, as well as predicted geometries are depicted in Figure

1. Full lists of metric parameters are given in Tables S2 to S6.



Table 1 Selected Bond Lengths (A), Contacts (A), and Angles (°) of (SF4-OC4Hg),, SF4-(OC4Hy)s,

SF4'(O:C5H8)2, SF4'CH3OC2H4OCH3, and C3H10N402'ZSF4'HF.

(SF4-OC4Hg)2
Bond Lengths and Contacts, A Bond Angles, deg.
Expt. Calcd. Expt. Calcd.
S—Feq 1.534(2) to 1.547(2)  1.584, 1.585  Feq—S—Fq 98.3(1), 98.5(1) 98.581, 98.55
S—Fax  1.643(2) to 1.661(2) 1.700 to 1.704  Fux—S—Fux 173.8(1), 171.6(1) 172.13, 172.14
S—--0  2.777(2) to 2.802(2)  2.895,2902 O---S--O 102.12(6), 102.03(5) 98.05, 98.08
S---O0---S 77.49(5), 77.97(4) 81.86, 82.01
Feq—S---O 175.99(8) to 178.47(8) 177.84, 177.84
SF4-(OCsHs):
Bond Lengths and Contacts, A Bond Angles, deg.
Expt. Caled.? Expt. Caled.?
S—Feq  1.528(2) to 1.546(2)  1.581, 1.589  Fe—S—Fq 96.5(1) to 97.1(1) 97.52
S—Fax  1.626(2) to 1.658(2)  1.705, 1.713  Fa—S—Fux 171.1(1) to 172.6(1) 172.43
S—--0  2.662(2) to 2.792(2)  2.739,2.872  O--S---O 107.25(7) to 112.86(7) 102.77
Feq—S---O 168.69(10) to 174.42(9) 176.64, 174.12
SF. 4'(O:C5Hg)2
Bond Lengths and Contacts, A Bond Angles, deg.
Expt. Caled.® Expt. Caled.®
S—Feq 1.546(1), 1.548(1) 1.588, 1.576  Feq—S—Fcq 98.24(6) 98.42
S—Fax 1.658(1), 1.667(1) 1.712, 1.703  Fax—S—Fax 171.85(6) 172.19
S---0 2.759(1), 2.788(1) 2.966,2.797 0O--S---O 105.46(4) 96.64
Cc=0 1.215(2), 1.216(2) 1.211,1.210  Feq—S---O 173.57(5), 177.00(5) 170.94, 175.23
SF4-CH;0C,HsOCH3
Bond Lengths and Contacts, A Bond Angles, deg.
Expt. Calcd.*? Expt. Calcd.*®
S—Feq 1.5474(7) 1.574 Feq—S—Fq 99.03(5) 98.88
S—Fax 1.660(1), 1.674(1) 1.705, 1.712  Fax—S—Fax 171.41(5) 173.07
S---0 2.8692(9) 2.996 0---S---0 107.49(4) 100.99
Feq—S---O 168.37(3) 172.79, 172.50
CsH10N4O,2SF4-HF
Bond Lengths and Contacts, A Bond Angles, deg.
Expt. Expt.
Si—Feq 1.5354(13), 1.5440(13) Feq—Si—Feq 99.74(8)
S1—Fax 1.6462(14), 1.6717(14) Fax—S1—Fax 172.50(7)
Si---0 2.8586(17), 2.9954(18) O---S;---0 103.78(5)
Sr—Feq 1.5466(12), 1.5483(13) Feq—S2—Feq 99.30(7)
Sr—Fax 1.6556(14), 1.6706(13) Fax—S>—Fux 171.48(6)
Sz---O 2.8034(19) 0---S,---F 96.94(5)
Sy---F 2.7932(15) Feq—S1--—-O 179.51(6)
Feq—Si-—F 175.44(5)



Feq=S2---O 173.13(6),174.26(6)
@ Calculated at the B3LYP/aug-cc-pVTZ level of theory ® Predicted for the DMESFsDMEadduct.
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Figure 1 Thermal ellipsoid plots of (a) the (SF4OC4Hg), dimer, (b) one of the four
crystallographically independent SF4(OC4Hs),, (¢) the SF4(O=CsHg), molecule, and (d) part of
the chain of the SF,CH;0C,H4OCHj3; structure. Thermal ellipsoids are set at 50% probability.
Optimized gas-phase geometries are shown of (SF4-OC4Hg),, SF4-(OC4Hs),, SF4-(0O=CsHs),, and
SF4'(CH3OC2H4OCH3)2 on the I’ight side.



The 1:1 adduct between SF4 and OC4Hg crystallizes in the monoclinic space group P2,/n,
with two SF; and two THF molecules in the asymmetric unit. The structure consists of
(SF4-OC4Hg), dimers that contain two SF4 molecules bridged by the oxygen atoms of two THF
molecules (Figure 1a). The coordination of SF4 by two oxygens of THF in the (SF4-OC4Hs), dimer
prompted the preparation and investigation of the 1:2 adduct SF4(OC4Hsg), which crystallizes in
the triclinic space group P1. The asymmetric unit of SF4-(OC4Hg), contains four independent, well
separated adduct molecules (Figures 1b and S1). As expected from the coordination environment
of sulfur in (SF4-OC4Hg),, two THF molecules coordinate to one sulfur atom of each SF4 molecule.
In an analogous fashion, two cyclopentanone molecules coordinate to one SF, in the 1:22 adduct
SF4-(O=CsHs), (Figure 1c), which crystallizes in the monoclinic space group P2;/n. Based on the
coordination of two Lewis basic oxygens towards sulfur in (SF4;OC4Hsg),, SF4-(OC4Hg),, and
SF,4-(0=CsHys),, the possibility of forming a chelate complex with a bidentate ligand was explored.
The bidentate ligand, 1,2-dimethoxyethane, which had been shown to form a chelate complex with
TeF,4,!8 was used to form adducts with SF4. The resulting adduct, SF,-CH;0C,H4OCH;,
crystallizes in the orthorhombic space group Pbcm. Instead of acting as a chelating ligand, 1,2-
dimethoxyethane bridges two SF4 molecules, resulting in a chain structure (Figure 1d).

In all adducts with the O-bases, the coordination number about sulfur is extended to six,
with two S---O chalcogen bonds. The two S---O distances are the same for SF4-CH;0C,H4OCH3
or somewhat different for the other adducts (difference of 0.025 A, (SF4+OC4Hg),; 0.130 A,
SF4-(OC4Hg)y; 0.029 A, SF,4(O=CsHg),). This coordination mode is in stark contrast to the
geometry of SF4-N-base adducts, in which only one nitrogen atom coordinates towards SF4
resulting in a square-pyramidal geometry about sulfur.?° In the SF4-O-base adducts the seesaw

geometry of free SF, is retained upon coordination of two O-bases with S---O bond lengths ranging



between 2.662(2) and 2.8692(9) A, which are smaller than the sum of the van der Waals radii (3.32
A), but substantially longer than the S---N distances in the crystal structures of SF;-N-base adducts
(2.141(2) to 2.514(2) A).8° The longer S---O chalcogen bonds are a consequence of the lower
Lewis basicity of the O-bases compared to the N-bases and the fact that two base molecules
compete for the Lewis acidity of the same sulfur center. The O-bases avoid the lone pair on sulfur,
resulting in O---S---O angles between 105.49(4) and 117.86(7)° for SF,(OC4Hg), and
SF4,CH;0C,H4OCH3, respectively. The O---S---O angles in (SF4OC4Hg), are significantly
smaller (102.12(6) and 102.03(5)°) because of constraints from the formation of the four-
membered S;0; ring in the dimer. This geometric constraint in the (SF4-OC4Hg), dimer also results
in small S---O---S angles of 77.49(5) and 77.97(4)°. For all adducts, the oxygen atoms are
essentially in the same plane as the sulfur atom and the equatorial fluorine atoms of SF4. As a
consequence, the Foc—S—F,q angles in the adducts are contracted to values ranging from 96.5(1) to
99.03(5)° compared to those in free SF4 (SF4): 101.6(5)/103.8(6)°,2122 SF4(): 99.6(3)/101.0(2)°).7
The Fq—S—F.q angle is the largest for the adduct with 1,2-dimethoxyethane (99.03(5)°), which
exhibits the longest S---O distances, whereas it is the smallest for the 1:2 adduct with THF (96.5(1)
to 97.1(1)°), which has the shortest S---O distances among the studied O-base adducts. The
contraction of the Foe—S—F¢, angle in SF, is, however, not as dramatic as in the adducts between
SF, and a nitrogen base (89.98(11) to 95.74(9)°).8 The Fx—S—F. angle does not change
appreciably upon adduct formation between SF4 and O-bases when compared to solid and gaseous
SF4 (SF4g): 173.1(5)°,2! SF4): 171.6(3)/172.6(3)°).7 Such an almost negligible effecton Fa—S—F .«
angle had also been observed for the SF,-N-base adducts with the smallest F,—S—F, angle
(169.70(14)°) for the SF4-4-NCsH4N(CH3), adduct, which exhibits the strongest S---N interaction.®

The equatorial S—F bond lengths in the O-base adducts range from 1.528(2) to 1.5478(10) A,
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which are, as expected, significantly shorter than the axial bond lengths that range from 1.626(2)
to 1.6736(10) A. The experimental S—F bond lengths in the adducts are not significantly different
from those of solid SF4 (S—Feq: 1.474(6) to 1.553(4) A; S—Fu: 1.635(4) to 1.676(5) A), reflecting
the weakness of the Lewis acid base interactions.

In the (SF4-OC4Hg), dimer, the thermal ellipsoids of the carbons (C(4), C(5) Figure 1 a.)
on one of the two THF molecule are elongated, reflecting a high degree of thermal motion, i.e.,
puckering of the THF ring, which is a common occurrence with THF. The small size of the carbon
thermal ellipsoids in SF4(0O=CsHg), indicates less thermal motion in the carbon ring of
cyclopentanone. The C=O lengths of the cyclopentanone molecules in the SF4 adduct (1.215(2)
and 1.216(2) A) are in the range of bond lengths found for neat cyclopentanone (1.2109(15) and
1.2148(15) A)) reflecting the insignificant effect of SF4 coordination on the geometry of
cyclopentanone.?*> The 1,2-dimethoxyethane molecule lies on a crystallographic C,-axis and
adopts the gauche conformation that has previously been predicted to be the stable conformation
for free 1,2-dimethoxyethane.?*

To the best of our knowledge, these structures represent the first examples of oxygen-bases
coordinating to a S(IV) center as well as the (SF4-OC4Hsg), dimer represents a rare structure in
which an organic oxygen-base is coordinated to two non-metals. A search of the Cambridge
Crystal Database for coordination complexes of a neutral organic oxygen-base to sulfur gave only
one result where dioxane is coordinated to SO3.23

In general, the geometry of the SF4O, moiety in the adducts is well reproduced by the
geometry optimization at the B3LYP/DFT level of theory. The predicted conformations of the
THF and cyclopentanone rings in the gas-phase structures of the mononuclear adducts, however,

are different from those found in the crystal structure. The differences can be explained by subtle
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mtramolecular interactions in the gas phase, such as very weak CH-'FS hydrogen-bonding
interactions, which are easily overruled by solid-state effects. Similarly, the conformation of the
dimethoxyethane (DME) ligands in the optimized gas-phase geometry of DME-SF4;DME is very
different to that observed in the solid-state chain structure. The predicted S—F and S---O bond
lengths are systematically longer than the experimental ones, but the F—S—F angles are reproduced
well. The overestimation of bond lengths was previously observed in the study of SF, nitrogen
base adducts.® Whereas the slight asymmetry in the experimental S---O distances is well
reproduced for the THF adducts, the difference in the two predicted S---O distances for
SF4-(0=CsHg), (0.17 A) is substantially larger than that observed in the crystal structure (0.03 A).
This discrepancy is likely a consequence of the difference in conformation of the two
cyclopentanone ligands. Despite the difference in predicted S---O distances for SF4-(O=CsHs)s,
the predicted C=0O bond lengths of the two O=CsHg molecules in the adducts are essentially the
same. The predicted O---S---O angles for SF4(O=CsHg), and SF4-(OC4Hsg), are significantly
smaller than the crystallographically observed values, reflecting the facile deformability of this
angle. For the (SF4-OC4Hg), dimer the O---S---O angles are also predicted to be smaller than the
observed ones, likely asa consequence of the weaker predicted S---O interaction. This is paralleled
by larger predicted S---O---S angles.

Caffeine has three Lewis basic sites, i.e., one nitrogen, N(4) and two C=0O groups. The
addition of one HF aliquot was expected to solvolyse one base---S interaction, as observed in our
previous study.® The structure of CgH;oN4O, 2SF4-HF (Figure 2) contains two independent SF4
molecules that exhibit C=0---S interactions with both carbonyl groups of caffeine, which were not
affected by HF. For one SF; molecule, two symmetry-related carbonyl-oxygens, ie., O(2) and

O(2A), bridge two symmetry-related SF; molecules, forming a four-membered S,0; ring,
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structurally similar to that in (SF4-OC4Hg),. The second SF4 molecule forms one C=0O---S contact
to the other carbonyl oxygen, i.e., O(1), and an F---S contact to the fluorine atom of HF, which is
hydrogen bonded to the Lewis basic N(4) atom of caffeine. The S---O distances in this structure
are significantly longer than those in SF4(O=CsHg),. In light of the present work with oxygen-

bases and our previous work about F4S---F interactions, this hexacoordination is not unexpected.

(a)

(b)

Figure 2 Thermal ellipsoid plot of (a) the asymmetric units and contacts in CgH;oN4O,-2SF4-HF
and (b) the coordination mode about S(1)F4. Thermal ellipsoids are set at 50% probability.

The geometry about sulfur in these adducts could be classified as AX4Y,E VSEPR-type.

For main-group elements with seven electron groups the pentagonal bipyramid is generally
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preferred, as observed for main-group fluorides such as IF; (AX; VSEPR geometry),26 10F52~
(AX5YE VSEPR geometry),?’ and XeFs~ (AXsE, VSEPR geometry).2® In contrast, for the AX¢E
geometry with a stereochemically active lone pair, a distorted octahedral geometry has been
found.?® For the SF4-O-base adducts, two fluorine atoms are in the axial positions, while two
fluorine atoms, two oxygen atoms, and the lone pair are located in the equatorial plane. The
Feq=S—Feq (96.5(1) to 99.03(5)°) and Feq=S—O (75.69(3) to 79.72(8)°) angles are significantly
larger than the ideal angles for a pentagonal plane (72°). Instead of considering the S---O
interactions as full bonding electron-pair domains, they need to be viewed as weak secondary
bonding interactions, i.e., chalcogen bonds, that do not fundamentally change the geometry of the
SF4 molecule. Chalcogen bonding interactions had been found to have a directionality as a
consequence of the location of the o-holes. For SF,4, two o-holes were predicted on the molecular
electrostatic potential of sulfur.’ These o-holes were located opposite of the equatorial S—F bonds,
suggesting a preference for an approximate linear F,—S---O arrangement, which is experimentally
supported by the observation of F.—S---O angles ranging from 168.7(1) to 178.47(8)°.
Comparing SF4 with its tellurium analogue, the larger Lewis acidity of TeF, is apparent.
As in the 1:2 adducts of SF4 with THF, TeF;-20C4Hg consists of monomeric units with two Te---
O chalcogen bonds. These two Te---O bonds are quite short (2.448(2) and 2.697(2) A), reflecting
the larger Lewis acidity of TeF4 compared to SF4.'° In contrast to the coordination chemistry
towards SF,, the 1,2-dimethoxyethane acts as a chelating ligand towards the chalcogen centre in
TeF,.18 It is interesting to note that TeF4 even forms an adduct with two 1,2-dimethoxyethane
ligands coordinated to Te in a bidentate fashion. The resulting coordination number of 8 about Te

is possible because of the much larger atomic radius of tellurium versus that of sulfur. A chelating
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coordination of 1,2-dimethoxyethane towards SF,is apparently geometrically disfavoured because

of the small size of sulfur.

Raman Spectroscopy

Solid (SF4-OC4Hs),, SF4(OC4Hg),, SF4-CH;0C,H4OCHj3, and SF4-(O=CsHg), were characterized
by Raman spectroscopy at —110 °C and the spectra are depicted in Figures 3 to 5 together with
those of the free bases. Experimental, as well as predicted vibrational frequencies of the SF,O,
moiety of the adducts are listed in Table 2, together with the approximate mode descriptions.
Complete lists of experimental and predicted vibrational frequencies are provided in the
Supporting Information (Tables S7 to S10). The assignments of the vibrational bands are based on
the computational results and comparison with the vibrational frequencies of the free bases and
SF,. The assignment and description of the modes associated with THF, cylcopentanone and 1,2 -

dimethoxyethane are also based on the spectroscopic and computational work by Berthier ez al. 30

Cataliotti and Paliani3! and Yoshida and Matsuura.32
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The Raman spectra of the four adducts contain bands attributable to vibrations of the O-
base and SF,4 moieties with only a few modes predicted to exhibit vibrational coupling of SF4 and
the base. The S—F stretching bands of all four adducts are shifted to lower frequencies compared
to those of free SF4,>3 reflecting an increase in ionic character of S—F bonding in adducts. The
Raman band associated with the v4(SF»¢) mode in neat SF4 (896 cm™!) is significantly lowered
upon adduct formation to 859 ((SFyOCsHg),), 847 cm™! (SF4(OC4Hg),), 872 cm!
(SF4(0=CsHs),), and 850 cm™! (SF4,-CH3;0C,H4OCH3). Similarly, the vy(SF,.) band of neat SF,
(558 cm™!) is significantly shifted to lower frequencies in the adducts ((SF4-OC4Hg),), 527 cmil;
(SF4(OC4Hg),), 518 cm!; (SF4-(O=CsHg),), 519 cm™!; SF4-CH30C,H4OCHj3, 522/512 cm™1).

Most Raman bands attributable to the O-base moieties exhibit shifts relative to those of the
free O-base. The complexation shifts of THF for (SF4-OC4Hsg), and SF4-(OC4Hs), are the same or
very similar. For example, the most intense band in the Raman spectrum of neat THF (vy{(C—C),
914 cm™) is shifted to 923 cm™! in the spectra both adducts. The CO stretching bands of
cyclopentanone (1743/1728 cm™!) are shifted to 1724/1712 c¢cm! for SF4-(O=CsHs),, reflecting the
weakening of the CO bond upon formation of the adduct. In general, the observed complexation
shifts for the three O-bases are significantly larger than the predicted shifts, which can be explained
by the underestimation of the predicted Lewis acid-base interactions.

Whereas vibrational coupling of the two THF moieties in SF4(OC4Hs), is predicted to
result in splitting of a few bands with a maximum splitting of 14 cm™!, none of those predicted
sphttings were resolved. The two THF moieties in dimeric (SF4-OC4Hs), are predicted to exhibit
stronger vibrational coupling because of the more rigid cyclic structure. As a result, three bands in
the experimental Raman spectrum exhibit splittings. In the Raman spectrum of SF4:(O=CsHsg), a

number of bands are split. For the 1,2-dimethoxyethane adduct, the vibrational coupling was
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predicted to be negligible, which is paralleled with no resolved splitting in the experimental

spectrum.

Raman Intensity

©

1000 800 600 400 200
Wavenumber cm™

Figure 3 Raman spectra of a) (SF4-OC4Hs), (at =110 °C), b) SF4-(OC4Hg), (at =107 °C), and c)
OC4Hg (room temperature). Asterisks (*) denote bands arising from the FEP sample tube.

J\J\MWAMUL o)

Raman Intensity

1000 800 600 400 200
Wavenumber cm™

Figure 4 Raman spectra of SF4(0O=CsHg), at =110 °C (upper trace) and neat cyclopentanone
(O=CsHg) at room temperature (lower trace). Asterisks (*) denote bands arising from the FEP

sample tube.
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Figure 5 Raman Spectrum of SF,-CH;0C,H4OCH; at —110 °C (upper trace) and neat 1,2-
dimethoxyethane at room temperature (lower trace). Asterisks (*) and daggers (1) denote bands
arising from the FEP sample tube and residual SF4, respectively.

Computational Results.

The electronic structures of (SF4-OC4Hsg),, SF4-(OC4Hg),, and SF4(O=CsHg),, as well as
those of the free oxygen-bases, were optimized in the gas phase using the B3LYP/aug-cc-pVTZ
method, where each structure is a stationary point at the potential energy surface and all frequencies
are real. To reproduce the vibrational frequencies of the 1,2-dimethoxyethane adduct, the geometries
of the SF4(CH3;0C,H4OCH3), and (CH;OC,HsOCHj3)-SF4(CH3;0C,H4,OCH3) adducts were
optimized and vibrational frequencies were calculated. The optimized geometries of (SF4OC4Hg)s,
SF4-(OC4Hs),, SF4-(0O=CsHsg),, and SF4(CH;0C,H4OCHj3); adducts are depicted in Figure 1 and
selected calculated metric parameters are listed in Table 2. A complete list of calculated metric
parameters is provided in the Supporting Information. Natural bond order (NBO) analyses and

quantum theory of atoms in molecules (QTAIM) were carried out (Tables S14 to S21).
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While the experimental geometries about sulfur for (SF4OC4Hg),, SF4(OC4Hg),, and
SF4-(O=CsHg), were reproduced well by the calculations, the predicted conformations of the
ligands in these adducts exhibit significant differences compared to the experimental structures.
Those differences can be attributed to F---H hydrogen bonding interactions in the gas-phase
structures, which manifest themselves in bond paths obtained from the QTAIM analyses. The
associated bond critical points have extremely small electron densities (p, < 0.006 a.u.), which is
a sign of the weakness of these hydrogen bonds. In the case of dimeric (SF4-OC4Hg),, a S---S bond
path was also observed. Those weak interactions resulted in a number of ring critical points and,
for SF4(0O=CsHs), and SF,4(CH;0C,H4OCH3),, cage critical points.

The electron density at the bond critical pont, py, of the S---O chalcogen bonds for the
SF4-O-base adducts are very small (SF4(OC4Hg),: 0.021 and 0.016 a.u.; SF4-(O=CsHsg),: 0.019 and
0.013 a.u.; SF4(CH50C,H4OCHj3),: 0.012 and 0.011 a.u.). These p, values are significantly lower
than those found for the SF4-N-base (SF4-NCsHs: 0.037 a.u.).? illustrating the weakness of the S--
-O chalcogen bonding interactions. The small p, values are accompanied by significant positive
values of the Laplacian of the electron density at the bond critical point, V2py (SF4(OC4Hg),: 0.053
and 0.069 a.u.; SF4(O=CsHg),: 0.044 and 0.060 a.u.; SF4(CH;0C,H4OCHj3),: 0.041 a.u.), which
is characteristic for closed-shell, electrostatic interactions, such as chalcogen-bonding interactions
of the oxygen lone pairs with the c-holes on sulfur. These values are within those found for
hydrogen-bonds, which have p, values between 0.002 to 0.035 a.u. and V?2p, values of 0.024 to
0.139 a.u.3*The charge transfer from the ligand to SF4 canbe calculated as the sum of the atomic
basin charges for SF, moiety in the adducts (SF4-OC4Hsg),: —0.055/-0.051; SF4(OC4Hg),: —0.071;

SF4(0=CsHg),: —0.056; SF4(CH3;0C,H4OCH3),: —0.039). As expected, the transferred charge is
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substantially smaller than that in SF4-N-base adducts, such as SF4NCsHs (—0.115),% in spite of the
donation of electron density from two oxygens.

Adduct formation results in an increase of the NPA charges on sulfur and fluorine, indicating
an increase of ionic character. As a consequence, the equatorial and axial S—F bond orders are
somewhat smaller in the adducts compared to those in free SF4. The bond orders for the S---O bonds
are smaller by one order of magnitude than those of the S—F bonds. NBO second order perturbation
analysis showed thatthe donation of electron density from the lone pairs of oxygen, Oy, and Oy, into
the o*(S—F) orbital trans to the S---O contacts provides stabilization. The stabilization energies, E(2),
for SF4-(OC4Hsg), and SF4-(O=CsHg), are 20.75 kJ/mol (from O(1): 12.97 kJ/mol; from O(2): 7.78
kJ/mol) and 15.07 kJ/mol (from O(1): 10.88 kJ/mol; from O(2): 4.19 kJ/mol) per sulfur atom,
respectively. As expected, the NBO E(2) energies for dimeric (SF4-OC4Hg), are smaller with 13.1
kJ/mol for each sulfur atom, because each oxygen donates electron density to two sulfur centres.
The NBO E(2) value per sulfur atom for SF4(CH3;0C,H4OCH3); is significantly smaller with 5.90
kJ/mol. Calculations of the enthalpies of adduct formation for the molecular 12 adduct,
SF4(OC4Hg), and SF4(O=CsHg),, from SF4 and the O-bases in the gas phase revealed negative
enthalpy values of —12.27 and —13.15 kJ/mol, respectively. As expected from the weakness of the
chalcogen bonding interactions, the exothermicity of these reactions is lower than those for the
formation of the SF4-N-base adducts SF4-N(C,Hs); (—15.98 kJ/mol), SF4-NCsHs (—23.12 kJ/mol),
SF4+NCsH4CH3 (—24.84 kJ/mol), and SF4-NCsH4N(CH3), (—30.99 kJ/mol). The addition of the
first O-base molecule to SF4 contributes the most of the exothermicity (Table S22), however, a
detailed analysis of the enthalpies of the two steps should be considered with caution because of
the effect of weak intra (F---HC hydrogen bonding) and intermolecular interactions on the small

enthalpy of reaction values.
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Summary and Conclusion

For the first time, experimental proof for chalcogen bonding of oxygen-bases to SFj is
presented by the isolation and structural characterization of SF4-O-base adducts. Adduct formation
was observed with the three oxygen-bases THF, 1,2-dimethoxyethane, and cyclopentanone at low
temperatures. It was crucial to handle these adducts at temperatures below —60 °C to avoid
dissociation because of the weakness of their Lewis-acid-base mteraction. The isolation of the first
SF4-ketone adduct SF4(O=CsHy), is of particular interest, since SF4 can serve as a fluorinating
agent towards carbonyl groups. In the solid-state structures of the adducts, sulfur accepts chalcogen
bonds from two Lewis-basic oxygens, increasing the coordination environment about sulfur to six.
The two S---O chalcogen bonds are directed towards the previously predicted c-holes on sulfur in
SF,.# This observation is in contrast to SF4;N-base adducts in which only one nitrogen base
coordinates to SF,4 to form a square pyramidal geometry about sulfur.3: In the SF4-N-base adducts,
one molecule of the more Lewis-basic N-bases donates sufficient electron density towards sulfur,
lowering the Lewis acidity of the resulting adduct and circumventing the coordination of the
second N-base molecule. In addition, the closer proximity of the N-base may prevent the
coordination of a second base molecule. Therefore, both electronic and steric arguments likely
contribute in preventing facile coordination of a second nitrogen base.

Quantification of Lewis basicity is difficult, since it depends on the nature of the Lewis acid.
The most extensive list of Lewis basicity values is that for the BF; affinity scale.3> Although BF;
is a harder acid than SF4, we found i our previous studies that the trends in BF; affinity values
describe the strength of the organic bases towards SF4 well.® The BF; affinity of THF (90 kJ mol™!)
is the highest in the series of O-bases of this study, followed by cyclopentanone (77 kJ mol™!) and

1,2-dimethoxyethane (75 kJ mol™").35> Those donor strengths, which are significantly smaller than
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those of the N-bases DMAP (152 kJ mol'!) and pyridine (128 kJ mol!),>> generally follow an
mverse relationship with the observed S---O distances (SF4(OC4Hg),: average of 2.711 A;

SF4-(0=CsHy),: average of 2.774 A; SF4(CH;0C,H4OCH;): 2.8692(9) A).

Experimental Section

Caution! Sulfur tetrafluorideis volatile and corrosive gas which has toxicity similar to that of
phosgene. Hydrogen fluoride is also highly toxic and corrosive. Compounds should be disposed
of in a concentrated base inside a fume hood. Care should be taken to minimize exposure to SFy
while mounting crystalline samples.

Materials and Apparatus. Tetrahydrofuran was handled on a Pyrex vacuum line equipped
with glass/Teflon J. Young valves. Sulfur tetrafluoride was handled on a vacuum line constructed
of nickel, stainless steel, and tetrafluoroethylene-hexafluoropropylene-copolymer (FEP). Reaction
vessels were fabricated from Y-n. o.d. FEP tubing and outfitted with Kel-F valves.
Tetrahydrofuran (Fisher, HPLC grade) was refluxed with benzophenone and sodium, and vacuum
distilled onto freshly cut sodium. Dimethoxyethane (Fisher, 99.9%), cyclopentanone (BDH, 99%)),
and caffeine (Pure Bulk, 99%) were used as received. Sulfur tetrafluoride (Ozark-Mahoning Co.)
was purified by passing the gas through an FEP U-trap containing activated charcoal. Traces of
thionyl fluoride and sulfur hexafluoride were present in the sulfur tetrafluoride, as observed by °F
NMR spectroscopy, but did not interfere with the chemistry.

Preparation of (SF4+OC4Hs):. Tetrahydrofuran (0.233 g, 3.23 mmol) was distilled into a Y4-in.
FEP reactor. Sulfur tetrafluoride (0.35 g, 3.2 mmol) was transferred into the reactor at =196 °C.
The reactor was allowed to warm to —80 °C in an ethanol bath and agitated, forming a clear

colorless solution. Slow cooling of the reactor caused the solution to solidify at ca. —99 °C. Small

24



Raman bands at 848(12) and 513sh cm™! in the Raman spectrum of (SF4,-OC4Hs), indicated an
impurity of SF4-(OC4Hy),.

Preparation of SF4(OC4H3):. Tetrahydrofuran (0.172 g, 2.39 mmol) was distilled into a Y4-in.
FEP reactor. Sulfur tetrafluoride (0.13 g, 1.2 mmol) was transferred into the reactor at =196 °C
and the reactor was warmed to —80 °C. The solution was mixed forming a clear colorless solution.
Slow cooling of the reactor cause the solution to solidify at ca. —106 °C.

Preparation of SF4(CH30C:H4OCH3). In a fume-hood, 1,2-dimethoxyethane (0.037 g, 0.41
mmol) was transferred into a “4-in. FEP reactor using a glass pipette. The 1,2-dimethoxyethane
was then degassed using the freeze-pump-thaw method. Excess SF4 (0.231 g, 2.14 mmol) was
vacuum distilled into the reactor at =196 °C. The reactor was slowly warmed to —60 °C in order
to completely dissolve the solid 1,2-dimethoxyethane forming a clear colorless solution. No
precipitate was observed when the reactor was cooled to —110 °C. The reactor was warmed to —90
°C and placed under dynamic vacuum in order to remove excess SF4 for ca. 2 hours, after which
the Raman spectrum still showed small broad bands arising from residual SF,. The reactor was
slowly cooled causing the liquid to crystallize at ca. —100 °C. The solid (81 mg, 0.41 mmol) melted
atca. —83 °C. Crystals suitable for X-ray diffraction were grown from the melt by slow cooling to
—110 °C.

Preparation of SF4(O=CsHs);. In a fume-hood, cyclopentanone (20 mg, 0.24 mmol) was
transferred into a Y4-in. FEP reactor using a glass pipette. The cyclopentanone was then degassed
using the freeze-pump-thaw method. Sulfur tetrafluoride (26 mg, 0.24 mmol) was vacuum distilled
onto the frozen cyclopentanone at—196 °C. The reactor was warmed to —50 °C and vigorously

agitated in order to completely dissolve the solid cyclopentanone. The reactor was slowly cooled
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to —100 °C causing the liquid to crystallize. The colourless crystallne solid melted at
approximately —63 °C.

Preparation of CsH10N4O2-2SF4HF. Caffeine (42 mg, 0.22 mmol) was loaded nto a “2-in. FEP
reactor and placed under dynamic vacuum overnight. Using a micro syringe, H,O (0.002 mg, 0.1
mmol) was added into the reactor. Excess SF4 (ca. 0.3 mL) was distilled into the reactor at —196
°C. The reactor was warmed to the melting point of SF, and the reaction was quenched with liquid
N. The reactor was slowly warmed while mixing to completely dissolve the fine white solid. Slow
cooling of the clear colorless solution to —80 °C caused the formation of large crystalline plates.
Raman Spectroscopy. All Raman spectra were recorded on a Bruker RFS 100 FT Raman
spectrometer with a quartz beam splitter, a liquid-nitrogen cooled Ge detector, and R-496
temperature accessory. The actual usable Stokes range was 50 to 3500 cm~!. The 1064-nm line of
an Nd:YAG laser was used for excitation of the sample. The Raman spectra were recorded with a
spectral resolution of 2 cm! using laser powers of 150 mW.

X-ray Crystallography. Crystals were mounted at low temperature under a stream of dry cold
nitrogen as previously described,?® except sample tubes were cut and manipulated in the cold
trough at low temperatures. The crystals were removed with the tip of a glass pipette and were
directly affixed onto either a glass fiber, or a nylon cryo-loop dipped in mert perfluorinated
polyethers, Fomblin Z-25 or Z-15 (Ausimont Inc.). The use of a round FEP tray, inside the trough,
was also used to manipulate crystals which decomposed on contact with the metal troughs. The
crystals were centered on a Bruker SMART APEX II diffractometer, controlled by the APEX2
Graphical User Interface software.3” The program SADABS38 was used for scaling of diffraction
data, the application of a decay correction, and a multi-scan absorption correction. Program

SHELXS-2014/6 (Sheldrick, 2014)3° was used for both solution and refinement. Structure
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solutions were obtained by direct methods. CCDC 1507214 to 1507218 contain the
crystallographic data. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Computational Methods

Quantum-chemical calculations were carried out using the Gaussian 09 program package.?
Geometries and frequencies were fully optimized using density functional theory (DFT) at the
B3LYP/aug-cc-pVTZ level. The natural bond orbital (NBO) analysis was performed using the
NBO-6 program.#! The wavefunctions obtained from the DFT calculations were analysed
according to the quantum theory of atoms in molecules (QTAIM) using the AIM11/AIMStudio
suite of programs.*? The GaussView program was used to visualize the vibrational displacements

that form the basis for the vibrational mode descriptions.*3
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Sulfur tetrafluoride forms weak Lewis acid-base adducts with organic oxygen-bases, such as ethers

and ketones. In these adducts, sulfur accepts chalcogen bonds from two oxygens.

C,H,.N,O,-2SF,-HF
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