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Sulfur is the element with the largest number of modifications
and usually exists as Sn ring molecules; those with n = 6–14,
18, and 20[1,2] have been structurally characterized. Thermo-
dynamically, the two most stable rings are D4d S8 and
D3d S12.

[1a, 2] In contrast to the rich structural chemistry of
elemental sulfur, the coordination chemistry of neutral sulfur
molecules is underdeveloped and, to our knowledge, limited
to [Ag(S8)]+, [Ag(S8)2]

+,[3] [{Rh2(O2CCF3)4}n(S8)m][4a] and
[Re2(m-X)2(CO)6(S8)] (X = Br, I).[4b] The coordination
chemistry of the other chalcogens, Se and Te, is also
restricted[5a] to few examples including [(OSO)AgSe6Ag-
(OSO)]2+ and [(Se6Ag+)n].[5b] In agreement with this, the
sulfur ring molecules usually undergo redox degradation
when treated with transition metal cations, leading to simpler
metal (poly-)sulfide complexes, rather than forming coordi-
nation compounds.[6] However, Fourier transform ion cyclo-
tron resonance mass spectrometry (FTICR-MS) gas phase
investigations of transition metal monocations M+ with sulfur
vapor (mainly S8) detected strong signals for [MSn]

+ com-
plexes (n = 2–4, 6–8, 10, 12, and 14), suggesting that such
coordination complexes can exist.[7] However, it remains
unclear, if the observed compounds are true coordination
compounds of the Sn molecule or if M+ oxidatively added to
the S�S bond, forming a (n + 1)-heterocycle. Recent quantum
chemical studies on [MSn]

+ complexes (M = Li, Ca, V, Cu)
suggested complexation of the metal cation to the ring
structures.[8] Another open question from the pioneering mass
spectrometric study[7] is whether the [MSn]

+ complexes
contain a single Sn molecule or two (or more) smaller
molecules Sx and Sy (x + y = n). For Ag+ and S8, the mass
spectrum showed two main signals, for [AgS8]

+ and [AgS16]
+,

both of which were also fully characterized as [Ag(h4-S8)]+

and [Ag(h4-S8)2]
+ incorporated in the corresponding salts in

the solid state,[3] using large and weakly coordinating anions

(WCAs).[9] These large WCAs create pseudo-gas-phase con-
ditions in the solid state and the gas-phase reactivity was
reproduced in the condensed phase. However, the reaction of
Cu+ with S8 vapor is more challenging:[7a,b] MS experiments
showed that the “natural” S8 complexes [CuS8]

+ and [CuS16]
+

were only observed within the first ten seconds of the
experiment, after which [CuS12]

+ was the major peak. From
the mass spectra it was not clear, if the S12 ring was present as
a ligand or if the detected mass corresponded to one S4 and
one S8, two S6, or even three S4 units. Figure 1 gives an
overview of PBE0/TZVPP calculated [Cu(Sx)(Sy)]+ (x + y =

12) species. These calculations indicate that that C3v [Cu-
(S12)]+ is the most stable cation in the gas phase.[10]

To examine whether [Cu(S12)]+ is also the global minimum
in the condensed phase, we studied the reaction of cyclo-
octasulfur S8 with Cu+ salts of WCAs. Reactions of Cu[AsF6]
with S8 in solution in SO2 immediately gave an insoluble
compound, which was fully characterized by Raman spec-
troscopy.[12] By comparison with the structurally characterized
homologues [Ag(h2-S8)2]

+[EF6]
� (E = As,[3a] Sb[3b]), this mate-

rial was assigned as [Cu(h2-S8)2]
+[AsF6]

� (see the Supporting
Information). Thus, using the classical weakly coordinating
[AsF6]

� anion, the gas-phase behavior[7] is not reproduced,
probably as a result of the insolubility of [Cu(h2-S8)2]

+[AsF6]
� ,

which may kinetically stabilize the S8 complex over the S12

complex.
Larger WCAs of the type [Al(ORF)4]

� (RF = C(CF3)3)
[9a]

are less coordinating than [SbF6]
� or [AsF6]

� and induce
higher solubility. Therefore, they are more suitable for the
isolation of complexes of weakly bound ligands, such as
[Ag(h2-P4)2]

+,[13a] [Ag(h4-S8)2]
+,[3b] [Ag(h2-C2H4)3]

+,[13b] or [Ag-
(h2-C2H2)4]

+.[13c] We also isolated and characterized related
Cu+ complexes, such as [Cu(h2-P4)2]

+ and [Cu(h2-C2H4)3]
+,

which were obtained by sonicating Ag[Al(ORF)4], the
corresponding ligand and CuI in CH2Cl2 solution [Eq. (1);
L = P4, C2H4].[14]

Ag½AlðORFÞ4� þ n Lþ CuI! ½CuðLÞn�þ½AlðORFÞ4�� þAgI ð1Þ

The analogous reaction of CuI and Ag[Al(ORF)4] with
L = S8 only led to the formation of [Ag(S8)2]

+[Al(ORF)4]
� ,

independently of the solvent used (more than five independ-
ent reactions).[15] Therefore, a different approach was neces-
sary. Our recently prepared CuI complex [Cu(1,2-
F2C6H4)2]

+[Al(ORF)4]
�[16] is a good source of “naked” Cu+.

This species was dissolved in a 2:1 mixture of CH2Cl2 and CS2,
and an excess of elemental sulfur (approximately 2.5 equiv-
alents) was added [Eq. (2) and the Supporting Information].
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½Cuð1,2-F2C6H4Þ2�þ½AlðORFÞ4�� þ ðexcessÞ S8 !½CuðS12ÞðLÞ�þ½AlðORFÞ4�� þ 2ð1,2-F2C6H4Þ
1 : L ¼ S8

2 : L ¼ CH2Cl2

ð2Þ

Depending on the sonication time, single crystals of
[(h1-S8)Cu(1,5,9-h3-S12)]+[Al(ORF)4]

� (1)[17, 18] or
[(CH2Cl2)Cu(1,5,9-h3-S12)]+[Al(ORF)4]

� (2) were isolated
from several independent reactions; yet the reactions could
never be driven to completion. Along with the product
crystals, a few of cyclooctasulfur were detected by Raman
spectroscopy, unit cell determinations, and crystallography.[22]

Complexes 1 and 2 both contain almost undistorted coordi-
nated D3d S12 and provide the first examples of any metal–S12

complex. Additionally, 1 is the first example of a complex in
which two modifications of an element are bound to a metal
atom. Complex 2, which contains a very weakly bound
CH2Cl2 molecule, is probably a structural approximation of
gaseous C3v [CuS12]

+ (see below).
In 1, the S12 ring coordinates to Cu+ with an almost

trigonal planar geometry, with Cu residing 33 pm above the S3

plane, giving an almost C3v-symmetric [CuS12]
+ ion with an

average Cu�S bond length of 232.3(2) pm (or 0.317 valence
units)[10d] and a sum of the S-Cu-S bond angles of 354.98
(Figure 2). Compared to free cyclo-S12 (S�S 205.2 pm),[19a] the
Cu+-coordination leads to elongation of the S�S bonds
around the tricoordinate sulfur atoms by approximately
2.5 pm, whereas the other S�S bond lengths remain almost
unchanged (Figure 2). The h1-S8 ring coordinates perpendic-
ular to the trigonal plane, with a Cu�S bond length of
243.3(1) pm (or 0.236 valence units),[10d] so that the resulting
coordination geometry of the copper cation is trigonal
pyramidal and the total valency around Cu+ reaches
1.19 valence units. Structurally related complexes with a
{CuIS4} core are known.[20, 21] Compared to free cyclo-S8, with
an average S�S bond length of 205.29(2) pm (in the range
204.79(3)–205.59(2) pm),[22] the coordinated S�S bond is
elongated by approximately 2 pm, whereas the uncoordinated
S�S bonds remain almost unchanged (as in Figure 2).

Quantum-chemical calculations[10] at the PBE0/TZVPP
level reproduced the structural parameters of the crystal
structure within 4.9 pm for Cu�S and 0.8 pm for S�S.

In 2, cyclo-S12 also coordinates in a h3 fashion with an
almost trigonal planar {CuS3} core. The Cu+ cation lies
approximately 21 pm above the S3 plane, with an average Cu�
S bond length of 228.4 (4) pm (or 0.352 valence units,[10d]

Figure 3). The apical position is now occupied by a weakly
bound CH2Cl2 molecule (Cu�Cl 256.4(3) pm, 0.141 valence
units[10d]). The sum of the S-Cu-S bond angles is 357.58. In 2,
the Cu�S bond lengths are approximately 4 pm shorter than
in 1, and in good agreement to related complexes.[20, 21] The
Cu�Cl bond length is significantly longer than in
[(CH2Cl2)Cu[Al(ORF)4] (RF = C(CH3)(CF3)2)

[16] (by approx-
imately 40 pm) and [Cu(CO)(CH2Cl2)3]

+[Al(ORF)4]
� [23] (by

Figure 1. Calculated energies (PBE0/TZVPP, DH8(g)/kJmol�1)[10] and experimental values:[11] Interconversion of cyclooctasulfur into other Sn species
and possible [Cu(Sx)(Sy)]

+ (x + y =12) structures: underlined. Relative energies to C3v [Cu(S12)]
+ (the most favorable complex): bold. Cu�S bond

lengths [pm]: [brackets].*C2v S4 was recently described as the global minimum structure of all possible S4 isomers. See ref. [8b]. All unlabelled
atoms are S.

Figure 2. Crystal structure of the cation [Cu(S12)(S8)]
+ in 1. The anion

[Al(ORF)4]
� has been omitted for clarity. Left: Experimental average

bond lengths [pm]: bold ; calculated values [pm] (PBE0/
TZVPP):[10] [brackets]. Thermal ellipsoids are set at 50 % probability.
Right: PABOON partial charges:[10c] bold italics ; shared electron num-
bers (SEN):[10c] underlined. All unlabelled atoms are S.
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approximately 20 pm) suggesting a
very weak Cu–Cl interaction.

The cation in the crystallograph-
ically determined structure of
[(CH2Cl2)Cu(1,5,9-h3-S12)]+[Al-
(ORF)4]

� (2) is in agreement with
the PBE0/TZVPP calculation,
within approximately 5 pm for
Cu�S and 0.6 pm for S�S[10]

(Figure 3). The anion is heavily
disordered (see the Supporting
Information).

An AIM analysis[10e] for [Cu-
(S12)]+ gives electron densities of
0.49 e��3 at the bond critical points
(BCPs) for the Cu�S bonds and
0.95–1.00 e��3 for the S�S bonds.
The value of 0.49 e��3 at the Cu�S
BCP is in a similar range to the
experimental value calculated ear-
lier for very weak complexes on the
borderline between electrostatic
and covalent bonding, such as [Ag-
(h2-C2H2)]+ (0.48 e��3),[13c] or as
was calculated for [Cu(h2-P4)2]

+ (0.44 e��3; PBE1PBE/6-
311G(2df)).[10e] Similar values were also calculated for
[Cu(S12)(S8)]+ (Cu�S12 bonds: 0.43 e��3; Cu�S8

bond: 0.38 e��3). Molecular orbital (MO) and natural bond
orbital (NBO) analyses[10c,e] suggested that cyclododecasulfur
is a better ligand for Cu+ than cyclooctasulfur (see the
Supporting Information).

Calculated reaction energies (PBE0/TZVPP) and disper-
sion-corrected values ((RI)-BP86/TZVPP, values in ita-
lics)[10a] in the gas phase for the formation of [Cu(Sn)]+

moieties from [Cu(1,2-F2C6H4)2]
+ [Eq. (3)–(7)] confirm the

thermodynamically preferred bonding to S12. Ligand
exchange between C6F2H4 and cyclo-Sn (n = 8 or 12) is
favored in all of these cases by at least 32 kJ mol�1. Dis-
persion-corrected energetics[10a] favor ligand exchange to an
even greater extent [Eq. (3)–(9)]. The coordination of one S12

and one S8 ring is favored over the coordination of two S8

rings by at least 42 kJ mol�1 [Eq. (3) and (4)]. The formation
of [Cu(S12)(S8)]+ and [Cu(S12)]+ or [Cu(S12)(CH2Cl2)]+ is
favored by at least 34 kJ mol�1 over the formation of two
[Cu(S8)2]

+ moieties [Eq. (8) and (9)]. A Born-Fajans-Haber
(BFH) cycle [Eq. (10)] supports these results and indicates
that solid [Cu(S12)(S8)]+[Al(ORF)4]

� and [Cu(S12)-
(CH2Cl2)]+[Al(ORF)4]

� are favored by 66 kJmol�1 over two
molecules of solid [Cu(S8)2]

+[Al(ORF)4]
� and liquid CH2Cl2

(see the Supporting Information).
We postulate the following pathway for the formation of 1

and 2 : [Cu(S8)(S8)]+ is formed first [Eq. (3) and Supporting
Information], as evident from the synthesis of insoluble
[Cu(S8)2]

+[AsF6]
� . BFH cycles also support the kinetic argu-

ment (see the Supporting Information). However,
[Cu(S8)2]

+[Al(ORF)4]
� is soluble and the [Cu(S8)2]

+ ion
remains in solution, allowing an intermolecular rearrange-

ment to give the thermodynamically more stable cations,
[Cu(S12)(S8)]+ and [Cu(S12)(CH2Cl2)]+ [Eq. (8) and (9) and
the Supporting Information]. Another possibility is that an
interconversion of S8 into S12 is driven by the energy supplied
by the ultrasonic bath [Eq. (10)]. With cyclododecasulfur
present in the reaction mixture, the formation of [Cu-
(S12)(S8)]+ [Eq. (5)], [Cu(S12)]+ [Eq. (6)] or [Cu(S12)-
(CH2Cl2)]+ [Eq. (7)] would be thermodynamically favored
in either case.

Figure 3. Crystal structure of the cation [Cu(S12)(CH2Cl2)]
+ in 2. The

anion [Al(ORF)4]
� has been omitted for clarity. Left: Experimental

average bond lengths [pm]: bold ; theoretical average values [pm]
(PBE0/TZVPP):[10] [brackets]. Thermal ellipsoids are set at 50 % proba-
bility. Right: PABOON partial charges:[10c] bold italics ; shared electron
numbers (SEN):[10c] underlined. All unlabelled atoms are S.
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Raman spectra of [Cu(S8)2][AsF6], [Ag(S8)2][SbF6], and
S8, experimental procedures, ESI-MS data, MO and NBO
theoretical calculations, Born–Fajans–Haber cycles, total
energies and dispersion-energy corrections, coordinates for
all calculated species, crystallographic tables, and CIF files are
contained in the Supporting Information.
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