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Approaching the Gas-Phase Structures of [AgSg]* and [AgS]"

in the Solid State

T. Stanley Cameron,®!!! Andreas Decken,!*!?! Isabelle Dionne,!}! Min Fang,!<!3!
Ingo Krossing,*Il4l and Jack Passmore!*!*!

Abstract: Upon treating elemental sul-
fur with [AgSbF,], [AgAl(hfip),],
[AgAl(pftb),] (hfip=OCH(CF;),, pftb
= OC(CF;);) the compounds [Ag(Sg),]-
[SbFy] (1), [AgS[Al(hfip)] (2), and
[Ag(Ss): [[Al(pftb),] (3) formed in
SO, (1), CS, (2), or CH,CI, (3). Com-
pounds 1-3 were characterized by
single-crystal X-ray structure determi-
nations: 1 by Raman spectroscopy, 2 and
3 by solution NMR spectroscopy and
elemental analyses. Single crystals of
[Ag(Sg),][Sb(OTeFs)s]- 4 were ob-
tained from a disproportionation reac-
tion and only characterized by X-ray
crystal structure analysis. The Ag* ion in
1 coordinates two monodentate SbF,~
anions and two bidentate Sg rings in the
1,3-position. Compound 2 contains an
almost C,-symmetric {AgSg}™ moiety;
this is the first example of an 7*-coordi-
nated Sg ring (d(Ag—S) =2.84-3.00 A).
Compounds 3 and 4, with the least basic
anions, contain undistorted, approxi-
mately centrosymmetric Ag(1*-Sg),* cat-
ions with less symmetric 7*-coordinated
Sg rings (d(Ag—S)=2.68-3.35 A). The
thermochemical radius and volume of
the undistorted Ag(Sg),” cation was

deduced as  ry,.(Ag(Sg),") =3.378+
0.076/ —0.120 A and V,,,(Ag(Ss),") =
417+4/ — 6 A3. AgS¢t and several iso-
mers of the Ag(Sg)," cation were opti-
mized at the BP86, B3LYP, and MP2
levels by using the SVP and TZVPP
basis sets. An analysis of the calculated
geometries showed the MP2/TZVPP
level to give geometries closest to the
experimental data. Neither BP86 nor
B3LYP reproduced the longer weak
dispersive Ag—S interactions in Ag-
(7*-Sg),™ but led to Ag(y°-Sg)," geome-
tries. With the most accurate MP2/
TZVPP level, the enthalpies of forma-
tion of the gaseous [AgSg]" and
[Ag(Sg),]" cations were established as
AH?([Ag(Ss),] ", g) =856 kImol~! and
AH?3([AgSs]", g)=902 kJmol~". It is
shown that the {AgS;}" moiety in 2 and
the {AgSg),* cations in 3 and 4 are the
best approximation of these ions, which
were earlier observed by MS methods.
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Both cations reside in shallow potential-
energy wells where larger structural
changes only lead to small increases in
the overall energy. It is shown that the
covalent Ag—S bonding contributions in
both cations may be described by two
components: i) the interaction of the
spherical empty Ag 5s° acceptor orbital
with the filled S 3p? lone-pair donor
orbitals and ii) the interaction of the
empty Ag 5p° acceptor orbitals with the
filled S 3p? lone-pair donor orbitals. This
latter contribution is responsible for the
observedlow symmetry of the centro-
symmetric Ag(n*-Sg)," cation. The pos-
itive charge transferred from the Ag"
ion in 1-4 to the coordinated sulfur
atoms is delocalized over all the atoms in
the Sg ring by multiple 3p? — 30* inter-
actions that result in a small long-
short-long-short S—S bond-length alter-
nation starting from S1 with the shortest
Ag—S length. The driving force for all
these weak bonding interactions is pos-
itive charge delocalization from the
formally fully localized charge of the
Ag" ion.

Introduction

Many cations and anions that are unknown in condensed

phases have already been characterized in the gas phase by

one of the advanced mass spectrometric (MS) methods.

Recent examples include complexes of P, and H*,) Li* [ or
Ag*[Mas well as those of S, (n =2-8) and H*,[®l Ag*, and 28
other univalent transition metal cations.®*! However, all MS

methods are hampered by the lack of structural information
provided by this technique. Quantum chemical investigations
of the cations in question tend to be difficult since their

potential energy hypersurfaces are flat.l¥l Thus, although it has
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been established that the [AgP,]", [AgPs|", [AgS,]T, [AgSs] T,
and [AgS¢]" cations exist in the gas phase, their geometries
remained unknown, with the exception of a distorted [AgS;¢]*
salt with the [AsFg]~ anion (see below).[')] However, they may
be accessible in the solid state if provided with a very weakly
coordinating anion (WCA) such as [Al(pftb),]” (pftb=
OC(CF;);)" or [Sb(OTeFs)y]~.I'* 13141 Tn agreement with
this, an undistorted homoleptic [Ag(P,),]" cation formed from
Ag[Al(pftb),] and P, which is presumably the closest
approximation to the gaseous [AgPg]* cation.”! We note that
the authors of the MS paper!” postulated a structure with two
n'-bound P, molecules. However, the crystal structure of
[Ag(P,),][Al(pftb),]” showed the cation to have D,, symme-
try, with two coplanar, #*coordinated P, tetrahedra; this
highlights the necessity of an experimental method to
establish the geometry of the cation in question. Several
binary silver—sulfur complexes—the main objective of this
contribution—are known to exist in the gas phase, of which
[AgS,]" (presumably [Ag(S,).]"), [AgSs]" (presumably
[AgS¢]") and [AgSi]" (presumably [Ag(Ss),]") gave the
highest intensities in the MS.l In contrast, only two com-
plexes with an intact Sg crown ring acting as a ligand have
been structurally characterized in the solid state,'® that is,
[SsRh,(O,CCF;),]'" and [Ag(Ss),AsF]."" Copper() halides
were recently shown to interact weakly with the rings and
chains of the heavier chalco-
gens as well as with related
phosphorus or mixed phospho-
rus—selenium cages.' 11 The
structure of [Ag(Sg),AsF], al-
though formally containing an
[Ag(Sg),]" cation, is strongly
influenced by two Ag—F con-
tacts that considerably distort
the geometry of the [Ag(Ss),]"
cation, see Figure 1.2
Consequently, [AsF4] " is too
basic to provide an environ-
ment for the free and undis-
torted [AgS]* or [AgSg]* cat-
ions, and their geometries remain unknown. The undistorted
[Ag(Sg),]" ion in [Ag(Ss),] [Sb(OTeFs),~] was initially pre-
pared by us as one of the products of a complex reaction. An
X-ray structure was obtained but the standard deviations of
the structural parameters were high. The reaction of Ag[Al-
(hfip),] and Ag[Al(pftb),] (hfip=OCH(CF;),, pftb=
OC(CF;);) with Sg resulted quantitatively in the formation
of salts of an almost undistorted [AgSs]* (as shown by X-ray)
as well as a truly undistorted [Ag(Sg),]" cation (X-ray). We
also include the preparation and X-ray crystal structure of
[Ag(Sg),][SbF¢]. The structure and bonding of these silver—
sulfur cations was thoroughly examined based on the exper-
imental results and the quantum chemical calculations.

Figure 1. The solid state struc-
ture of the {Ag(Ss),} moiety in
[Ag(Ss),][AsF4]!' including the
two Ag—F contacts.*"]

Results and Discussion

Syntheses: [Ag(S;),][SbF4] (1) was prepared by a modification
of the reported method,'® by using [AgSbF,] instead of
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[AgAsF] and treating it with Sg in SO, solution according to
Equation (1):

[AgSbF,] + 28, — [Ag(S)][SbF{] O

This procedure yielded microcrystalline powders of 1 in
quantitative yield, which were identified by Raman spectro-
scopy. Single crystals were obtained from a disproportiona-
tion reaction (see Supporting Information for details). The
solid-state structure of 1 with two [SbF¢]~ anions coordinated
to the silver cation is isostructural to the known [Ag-
(Ss),][AsF¢].' Therefore we changed this classical anion to
the larger AI(OR),~ type anions. When Sy and AgAl(hfip),t!
were allowed to react in pentane or CS,, a colorless solution
formed from which the molecular compound [AgSg][Al-
(hfip),] (2) crystallized in almost quantitative yield as large
colorless blocks of up to 10 x 10 x 5 mm [Eq. (2)]:

Ag[Al(hfip),] + Sy — [AgS;][Al(hfip),] @

The high solubility of 2 in nonpolar CS, and pentane
suggested that this compound retains its molecular solid state
structure—with a coordinated [Al(hfip),]- anion (see be-
low)—also in solution. On replacing [Al(hfip),]~ by the less
basic [Al(pftb),]” anion, the Ag™ ion binds two molecules of Sg
giving the [Ag(S;),] T[Al(pftb),]~ salt 3, which is highly soluble
in CH,Cl,, in almost quantitative yield [Eq. (3)]:

Ag[Al(pftb),] + 28; — [Ag(Ss)] [Al(pftb),] ©)

Only 3 crystallized from solutions of [AgAl(pftb),] + n Sy
(n=0.5, 1.0, and 2.0) in CH,Cl, with the conditions employed.
Therefore it is more favorable for the {AgSs}™ moiety in 3 to
interact with a second molecule of Sg than with the
[Al(pftb),]” anion, and the neutral Sz molecule is more basic
toward the silver ion than the [Al(pftb),] anion. This may be
contrasted with the coordination of the more basic
[Al(hfip),]~ anion in 2. Similarly the crystal structure of
[AgP,][Al(hfip),] contains a coordinated anion while
[Ag(P,),]*[Al(pftb),]~, with the less basic anion, is a salt.['’]
Solid and dissolved 2 and 3 are very sensitive toward
atmospheric conditions and turn brownish-black within less
than a second when exposed to air. Several attempts to obtain
room temperature Raman spectra of 2 and 3 failed, even with
low laser energy (25 mW) and a wide focus, due to decom-
position evidenced by the dark appearance of the sample after
the acquisition of the Raman data (1064 nm radiation).l?!]

The undistorted [Ag(Ss),]* cation was first obtained with
the large [Sb(OTeFs)s]~ anion: [Ag(Ss),] [Sb(OTeFs)q]~ (4),
colorless single crystals of which formed as a by-product of the
reaction between sulfur, bromine and Ag[Sb(OTeF;)]!'*
and subsequent recrystallization from SO,CIF—possibly as in
Equation (4) (not balanced):

80,,20°C

2.44S + 144Br + Ag[Sb(OTeFs) ]

[Ag(S9): [Sb(OTeFo), ] (+ [SBr[Sb(OTeFy)] + AgBr 4 ..2) P

Compound 4 was only characterized by its solid state
structure.

0947-6539/02/0815-3387 $ 20.00+.50/0 3387



FULL PAPER

I. Krossing et al.

Crystal structures: Details on structure solution and refine-
ment are included in Table 9 below. A discussion of the
overall structures of 1-4, the solid state packing of the salts 3
and 4, and the geometries of the anions is included in the
Supporting Information. The anion in 3 undergoes a sub-
stantial ordering process between 150 and 200 K: at 150 K the
[Al(pftb),]” anion is ordered, and the [Ag(Sg),]" cation has C;
symmetry with three primary Ag—S contacts at 2.622(2),
2.794(2), and 2.838(2) A. At 200K, the slightly disordered
anion has large displacement parameters indicative of free
rotation of the CF; groups around the C—C bond, and the
(ordered) cation is almost centrosymmetric with considerably
rearranged coordination of the S rings as evidenced from the
four primary Ag—S contacts at 2.691(5), 2.708(5), 2.921(5),
and 2.937(5) A. A similar anion ordering phenomenon
between 150 and 200K was observed in [Ag(P,),]"-
[Al(pftb), .l

The {AgSg}™ and {Ag(S;),}" moieties: The geometries, solid
state contacts, and bond valences s of all the [AgS;]* and
[Ag(Sg),]" units are compared in Table 1 below. The structural
parameters of the individual {Ag(Sg),} (x=1,2) moieties are
included in Figures 2 and 3.

The Ag atom of the C,-symmetric [Ag(Ss),]" cation in
[Ag(Sg),][MF,] is pseudo tetrahedrally surrounded by four
Ag—S contacts at 2.774(3) (2 x ) and 2.802(3) A 2x) (M=
As) or 2.744(1) (2 x) and 2.792(1) A (2 x ) (M =Sb). Both
rings coordinate in a 1,3-bidentate fashion to the Ag™ ion and
the other Ag—S contacts, at 3.420(3) (2 x ) and 3.471(3) A
(2x) (M=As) or 3.461(1) (2 x ) and 3.4723) A 2 x) M=
Sb), are very weak. Silver coordination is completed by two
Ag—F contacts at 3.152(3) (M = As) or 3.016(2) A (M =Sb)
that finally lead to a distorted trigonal prismatic AgS,F,
coordination.

In 2 the silver ion binds #* to a 1,3,5,7-tetradentate Sq
molecule and the [Al(hfip),]~ anion. The {Ag(n*-Ss)}* moiety
in 2 is close to C,, symmetry (Figure 3) with four similar Ag—S
bond lengths at 2.835(1)—-3.002(1) A (average: 2.924 A). This
is the first observation of such a tetradentate Sgligand. The Ag

Figure 2. Solid-state structures with coordinated anions: the C, symmetric
{Ag(Ss),} moiety in 1, including the coordinated fluorine atoms, and the
AgS; unit in 2, including the coordinated oxygen and fluorine atoms. Bond
lengths are given in A. Sulfur atoms are shown in light gray, silver and
oxygen atoms in white, fluorine atoms in dark gray. Anisotropic thermal
ellipsoids were drawn at the 25 % probability level. Standard deviations (in
A) are: Ag—S=0.001, S—S=0.002, Ag—F =0.002 (1) and Ag—O =0.003,
Ag—F=0.004 (2) A. The structural data of the AgS; unit in 2 is included in
Figure 3. The black Ag—S bonds are those below 3.0 A and those shown in
gray are the weaker secondary bonds (Table 1).

coordination environment is completed by two oxygen and
two fluorine atoms of the anion at d(Ag—0)=2.345(3) and
2.737(3) A and d(Ag—F) =3.230(3) and 3.257(3) A (Figure 2).

Table 1. Comparison of the structural parameters and the strengths of the Ag—X and S—F contacts s (X =S, O, F) of the silver — octasulfur complexes in 1-4

and [Ag(Ss)][AsF]."!

Parameter [Ag(Ss),][AsFs] 1 2 3 (150 K) 3 (200 K) 4

d(Ag—S) [A], s [v.u.] 2.724,0.209 (2 x ) 2.744,0.201 2 x) 2.835, 0.166 2.622, 0.261 2.691, 0.225 2.68,0.230 (2 x)
2.802,0.178 (2 x) 2.792,0.181 (2 x ) 2912, 0.142 2.794, 0.181 2.708, 0.216 2.99,0.122 2 x)
3.420, 0.056 (2 x ) 3.461,0.052 (2 %) 2.945,0.133 2.838, 0.165 2.921, 0.140 3.20, 0.082 (2 x)
3.471,0.051 (2 x) 3.472,0.051 2 x) 3.002, 0.119 3.053, 0.108 2.937,0.135 3.31,0.068 (2 x )

Also Ag—O 0O: 2.345, 0.251 3.173, 0.086 3.159, 0.089

Also Ag—O 0:2.737, 0.080 3.182, 0.085 3.199, 0.082

Also Ag—F F: 3.152,0.044 F: 3.016, 0.059 F: 3.230, 0.038 3.271,0.072 3.330, 0.065

Also Ag—F F: 3.152,0.044 F: 3.016, 0.059 F: 3.257, 0.036 3.524, 0.047 3.354, 0.063

Zs(Ag—X) [vu.] 1.076!! 1.088le! 0.965!2! 1.005 1.015 1.003

d(S—S). [A] 2.050 2.053 2.048 2.050 2.033 2.04

d(S=S)range [A] 2.041-2.057(3) 2.047-2.070(2) 2.043-2.052(2) 2.038-2.067(3) 2.008-2.048(8) 2.01-2.06(2)

S-Sa-S [°] 107.9-109.3 107.7-109.1 109.0-109.3 108.1-110.0 108.2-109.5 109.5-110.2

Sag-S-Sag [°] 103.8-107.3 104.1-107.5 104.9-105.8 105.5-107.1 106.0-106.7 105.8-107.5

#(S—F) contacts 14 14 10 18 18 18

A(S—F) unge 3.051-3.380 3.015-3.347 3.147-3.348 3.011-3.315 3.148-3.399 3.168-3.411

25(S—F) [v.u.] 0.861 0.922 0.602 1.035 1.050 1.037

[a] 0.560 (S) + 0.332 (O) + 0.073 (F). [b] 0.988 (S) + 0.088 (F). [¢] 0.970 (S) + 0.118 (F).
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Figure 3. The approximately C,,-symmetric {AgSg} moiety in 2, the [Ag(Ss),]* cation in 3 at 150 and
200 K, as well as 4. The cation in 3 (200 K) is almost centrosymmetric and that in 4 is crystallographically
centrosymmetric. Bond lengths are given in A and S-S-S bond angles in degrees, standard deviations in
A are given within the figure. Sulfur atoms are shown in gray and silver atoms in white, anisotropic

between both cations are minimal al-
though their structural parameters dif-
fer considerably (cf. Figure 3).

The S—S bond lengths within all AgSy
units in Table 1 range from 2.008(8) to
2.070(2) A, the average of all distances
being 2.045 A. Two distinct sets of S-S-
S bond angles are formed: those in-
cluding a tricoordinate sulfur atom S,,
in the center are wider and range from
S—8,,~S=1077-110.2°; those with a
dicoordinate sulfur atom are more
acute, that is, S,,-S-S,,=103.8-
107.5°. Overall the S—S bond lengths
512 and S-S-S bond angles in Table 1 are

7 not significantly different from those
of orthorhombic sulfur:?! d(S-S),, =
2.0505(7) A, Ad(S=S)range = 2.0464(8) -
2.0537(6) A, (S-S-S),, = 108.15(2)°,
(S-8-8)1ange = 107.30(2) - 108.98(2)°.

All of the coordinated and most of
the noncoordinated sulfur atoms ex-
hibit weak S—F contacts to the anions
that range from 3.011 to 3.411 A, the
latter is about the sum of the S and F

Ag-5:0.01,
§-58: 0.02

3 (200 K) van der Waals radii of 3.30 A.2Y The
Ag-S: 0.005, number of contacts is related to the
S-5: 0,008

basicity of the anions: the less basic the
anion, the higher is the number of
secondary S—F contacts, that is, there
are 14 contacts in [Ag(Ss),][MF4] and
18 in 3 and 4. Since noncoordinated

thermal ellipsoids were drawn at the 25 % probability level. The bold black Ag—S bonds are those below

3.0 A and those shown in gray are the weaker secondary bonds (see Table 1 for details).

To a first order of approximation the Ag(n*-S;),* cations in
3-4 are sandwich complexes in which the tetradentate Sg
donor molecules fully incorporate the Ag* acceptor so that no
Ag—F contacts below 4 A are formed. Closer examination
reveals the presence of two different geometries: the unsym-
metrical [Ag(Sg),]" structure in 3 (150 K) and the very similar
centro- or almost centrosymmetrical structures of the Ag(n*-
Sg),™ cation in 3 (200 K) and 4 (see Figure 3). In this last
geometry, the silver ion may be described as linear dicoordi-
nate by two stronger Ag—S bonds at 2.700(5) A (average: 3,
200 K) or 2.68(1) A (4). The six other weaker contacts range
from 2.921(5) to 3.354(5) A (3, 200 K) or from 2.99(1) to
3.31(1) A (4). Alternatively, the primary Ag—S coordination
below 3.0 A can be described as being perfectly planar (see
Figure 3). The second [Ag(Ss),]" geometry observed was
found in 3 (150 K). It is less regular and may be constructed
from one {AgS;} moiety with a similar bonding as in
Ag(Sg),MFs; (M= As, Sb) and with two shorter Ag—S bond
lengths at 2.794(2) and 2.838(2) A. The bonding of the second
Sg ring in 3 (150 K) is closer to the situation in 4 with one
strong Ag—S bond at 2.622(2) A but all other contacts
between 3.053(2) and 3.524(2) A. The observation of two
different [Ag(Sg),]" cations in the solid state structure of 3 at
150 and 200 K indicates that the energetic differences

Chem. Eur. J. 2002, 8, No. 15

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

sulfur atoms also form contacts to
fluorine atoms, some charge delocali-
zation from the tricoordinate to the
dicoordinate sulfur atoms must have occurred. As Ag* and
[Ag(Sg),]" are univalent cations, the total of the bond valences
s of all contacts around the cations below the sum of the
respective van der Waals radii is expected to be 1 (usually
within 5%, see Supporting Information for details).? Both,
the sum of the intracationic Ag—S contacts and the interionic
S—F contacts in the truly ionic salts 3 and 4 with no Ag—F
contacts, give values close to unity (1.003 to 1.050 v.u.,
Table 1) indicating the validity of the empirical Bond-Valence
Method.®! In [Ag(Sg),][MF,] with two Ag—F contacts, the
sum of the S—F bond valences only gives 0.861 (M = As) or
0.922 (M =Sb) v.u.; this shows the structural importance of
the Ag—F contacts (As: 0.088, Sb: 0.118 v.u.). In 2 incorporat-
ing a coordinated anion, the sum of the bond valences around
Ag only reaches unity when contacts to S, O, and F are
included. The sum of the Ag—S bond valences to the Sg
molecule in 2 is higher (Ag—S: 0.560 v.u.) than those to the
anion (Ag—O: 0.332 v.u., Ag—F: 0.073 v.u.); this underlines
the weaker coordination of the Ag" cation to the [Al(hfip),]~
anion than to Sg. Therefore, the AgSg unit in 2 may be an
approximation of the gaseous [AgSg]* cation (see below).]
The intramolecular charge transfer from Ag to S of 0.560 v.u.
is also reflected in the intermolecular S—F contacts that add
up to a similar value of 0.602 v.u. (2 in Table 1).

0947-6539/02/0815-3389 $ 20.00+.50/0 3389
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Thermochemical radii and volumes of the [Ag(S;),]" cation:
The thermochemical radii and volumes of the [Al(pftb),]”
(r=4.725 A, V=758 A% and [Sb(OTeFs),]~ (r=4.79 A,
V=724 A% anions are known!'l. Therefore the average
values for the [Ag(Ss),]* cation can be deduced as:*"]

Fiorm([A(Sg),] ") =3.378 +0.076/ — 0.120 A
Vthernz([Ag(Sg)2]+) = 417 +4/ — 6 A3

The lattice potential energies®! of 3 and 4 can be more
reliably established by using thermochemical volumes and are
326 (3, 200 K) to 328 (4) kJ mol~". These data may be used as
input in further Born—Fajans—Haber cycle calculations, see
references [29, 30] and below for examples.

Computational chemistry: To analyze the structure, bonding,
and thermochemistry of the gaseous [Ag(Sg),]" (n=1, 2)
cations, we optimized the geometries of [Ag(S;),]", [AgSs] T,
and Sg (D,y) at the BP86, B3LYP, and (RI-)MP2 level using
the double-zeta-quality SVP or triple-zeta-quality TZVPP
basis sets. Only the values calculated with the larger and more
reliable TZVPP basis set are given. For comparison, the D -
symmetric neutral Sg was also calculated (Table 2). Optimi-
zations of gaseous [AgS;]" started from the AgSg* geometry in
2 as well as from one half of the [Ag(S;),|™ cation in 4 (C;
symmetry) but all levels always led to a minimum of
approximate C, symmetry. The final optimizations were
done by using this symmetry restraint (Table 2 and Figure 5
below).

The experimental and DFT-calculated Sg geometries are in
good agreement with experiment, and show the usual 0.03 -
0.05 A overestimation of the S—S bond length.*! The ab initio
MP?2 optimization gave structural data closest to experiment
(S—S0.0075 A larger than experiment). The S—S bond lengths
and S-S-S bond angles of the [AgSg]t unit in 2 and the
geometries of the calculated C,, [AgS;]" cations are in good
qualitative agreement (Table 2).

Optimizations of the [Ag(Sg),]" cation started without
symmetry by using the nonsymmetric orientation of the cation
in 3 at 150 K as well as in C; symmetry by using the geometry
of the centrosymmetric cation in 4 as an input. However, due
to the size of the calculation, the MP2/TZVPP optimization of
the [Ag(Ss),]" cation was only done in C; symmetry (see
Table 3 for C; geometries and energies).

Table 3. Optimized geometries of C; [Ag(Ss),]". Comparison to ortho-
rhombic Sg,** the [Ag(Ss),]* cation in 3 (200 K), and the average S—S bond
lengths as deduced in Figure 8 (= S—S,,).

Parameter 3 (200 K) S-S, BP86/ B3LYP/ MP2/
[A] TZVPP  TZVPP  TZVPP
Agl-S1 2.700(5) - 2.539 2.593 2.609
Agl-S3 2.929(5) - 3.225 3.316 2.989
Agl—S5 3.179(5) - 3.281 3.321 2.994
Agl-S7 3.342(5) - 3.842 3.906 3.408
S1-S2 2.026(8) 2.047 2.117 2.108 2.069
S2-S3 2.032(8) 2.043 2.079 2.077 2.057
S3—S4 2.041(8) 2.048 2.096 2.091 2.062
S4-S5 2.014(8) 2.035 2.086 2.083 2.054
S5-S6 2.024(8) 2.037 2.086 2.083 2.054
S6—S7 2.046(8) 2.048 2.096 2.091 2.062
S7-S8 2.039(8) 2.045 2.079 2.077 2.057
S8-S1 2.047(8) 2.056 2.117 2.108 2.069
S—S (Sy) 20505(7) - 2.092 2,087 2.058

The BP86 and B3LYP C; optimizations led to geometries
close to C,, symmetry, and the silver coordination in the
obtained stationary points differs considerably from the
geometry observed in the solid state in 3 (200 K) or 4. This
shows strongly in the longest Ag—S contacts, which were
weakly bound in the experimental centrosymmetric Ag(n*-
Sg)," at 3.31-3.35 A, but are nonbonded in the optimized
geometries (BP86: 3.84 A, B3LYP: 3.91 A: see Table 3), that
is, the calculations led to Ag(#*-Sg),” minima. Also the C;
geometry optimized by MP2 has almost C,, symmetry;
however, this calculation led to an Ag(n*-Sg),” minimum with
structural parameters much closer to the experimental data.
All calculations gave a small long-short-long-short S—S bond-
length alternation starting from S1 with the shortest Ag—S
separation (Table 3); this reproduced the experimental
results (Figure 8 below). In contrast to the optimization using
C; symmetry, the minimum geometry of the nonsymmetric
[Ag(Ss),]* at the BP86/SVP level has an almost D,-symmetric
structure, with a stacked parallel arrangement of the
two Sy rings that was 3.98 kJmol~! more favorable than
the [Ag(Ss),]" geometry optimized in C; symmetry (Fig-
ure 4a).

An MP2/SVP optimization without symmetry also led to
this D,y minimum (not shown), while the nonsymmetric
B3LYP optimization with the larger and more flexible TZVPP
basis set led to a minimum of approximate C,, symmetry, such
as the one included in Table 3 or Figure 4b. The existence of
C,, and D,y [Ag(Sg),]" geometries, as in Figure 4, therefore
appeared likely, and the cations were also optimized with

Table 2. Optimized geometries and total energies of Ag*, Sg (D,4), and [AgSg]" (C4). Comparison to orthorhombic Sg and the {AgSg}* moiety in 2.

Species Param. Exp. BP86/TZVPP B3LYP/TZVPP MP2/TZVPP
Agt E [a0] - — 14675986 — 146.63335 — 14621688
Sl Eo [a0] - —3186.11668 — 318532542 — 318172527
S-S [A] 2.0505(7)t 2.092 2.087 2.058
S-S5 [] 108.15(2) 109.0 108.5 107.4
[AgSy]* 1 E [a0] - —3332.97063 — 333203805 —3328.02537
Ag-S [A] 2.835-3.002(1)1 2790 2.860 2.728
S-S [A] 2.043-2.051(2)0 2.100 2.094 2.066
S-SaeS [] 109.0-109.3™ 1127 1113 110.1
Sne-S-Sag [] 104.9-105.8"! 105.5 105.9 104.4

[a] Orthorhombic Sg.?* [b] The {AgSs}* moiety in 2. [c] ZPE(BP86/SVP): 0.01103 a.u. [d] ZPE(BP86/SVP): 0.01145 a.u.
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Figure 4. a) BP86/SVP-optimized geometry of C; [Ag(Ss),]" with a mini-
mum close to D,y symmetry. The optimization started from the unsym-
metrical orientation of the [Ag(Sg),]" cation in the solid state structure of 3
(150 K). b) BP86/SVP-optimized geometry of C,, [Ag(Ss),]"-

these symmetries. Their total and relative energies are
collected in Table 4, the structural parameters are given in
Table 5.

Table 4. Total and relative energies of C;, Cyy,, and D,y Ag(Sg)," at the BP86, B3LYP,
and (RI-)MP2 levels. Relative energies [kImol~!] were obtained including the zero
point energy (= ZPE) calculated at the BP86/SVP level.l!

Eu [a.u] BPS6/TZVPP E,, B3LYP/TZVPP E,, ”

C[Ag(Sy)]" —6519.12226 0  —6517.39565 0  —6509.80022 +17.22
Con [Ag(Sy)s]* —6519.12224 +0.74 —6517.39540  +0.74 —6509.80032 +16.86
Dt [Ag(Se)o]" —6519.12142 +335 —6517.39438  +3.33 —6509.80674 0

MP2/TZVPP E,

Thermodynamics: To establish the quality of the calculations,
we assessed the ligand-exchange reaction of the [Ag(P,),]*
cation with Sg as in Equation (5) (Table 6), which was shown
experimentally™ 32 to be endergonic in CH,Cl,.

[Ag(Py).]" + 285 — [Ag(Ss)]” + 2Py ®)

Table 6. The free energies of a reaction according to Equation (5),
solvation energies in CH,Cl, were calculated with the COSMO solvation
model.”’l These reflect the experimental findings.

BP86/SVP B3LYP/TZVPP MP2/TZVPP
AG 33 57 21
AG(CH,CL)® 62 86 50

[a] AH ) (AG,) denote the enthalpy (free energy) change in the gas phase
at 298 K. [b] Values indexed with (CH,Cl,) approximate the solution
behavior in CH,Cl, [kJ mol™'].

In agreement with the experimental observation, the calcu-
lations showed that the reaction is endergonic in the gas phase
and in solution. Therefore we are confident that the compu-
tations provide useful insights into the thermodynamics of the
system. The energetics of the formation of the gaseous (g) and
dissolved (CH,Cl,) [AgSs]t and [Ag(Ss),]t cations are col-
lected in Table 7.

Table 7. Enthalpies of the reactions of Ag* and one or two molecules of S.

[a] The BP86/SVP ZPEs are: 0.02275 (C,), 0.02278 (Csy), 0.02276 (D).

Table 5. Optimized geometries of Cy, and D,y [Ag(Ss),]. Labeling as in

Figure 8.

Species Param.[A] BPS6/TZVPP B3LYP/TZVPP MP2/TZVPP

Con Agl —S1 2.546 2.593 2.572
Agl-S3 3245 (4 x) 3325 (4 x) 3.016 (4 x)
Agl—S5 3.830 3.920 3.420
S1-S2 2117 2.107 2.071
S2—-S3 2.079 2.077 2.056
S3—-S4 2.096 2.091 2.061
S4-S5 2.086 2.082 2.055

D,y Ag—S 3.025 3.091 2.885
S-S 2.092 2.088 2.061

The small energetic differences between the D,4, C,,, and
C; isomers of only 0.74-17.22 kI mol~! indicate the presence
of a very shallow potential energy surface where small
energetic changes may lead to drastically changed geometries,
that is, although C; and D, Ag(Ss),* are almost isoenergetic,
their Ag—S distances differ by up to 0.7-0.8 A (cf. Tables 4
and 7 below). From the data in Table 4, the global minimum of
the gaseous [Ag(Ss),]" cation cannot be deduced. It might
either be D, symmetric or C; symmetric. In the BP86 and
B3LYP C; geometries, the primary Ag—S bonds are too short,
and all secondary weak bonds are too long if compared with
the experimental structure in 3 (200 K) and 4. Only at the
MP2/TZVPP level were the lengths of the secondary Ag—S
bonds similar to experiment, although MP2 is not able to
reproduce the unsymmetrical silver environment of the
experimental cation and gives an almost C,-symmetric
minimum.

Chem. Eur. J. 2002, 8, No. 15
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Reaction Property BP86l!l B3LYPR MP2@
(a) Ag" + 28— [Ag(Ss)]"  AH, -334  -290 —363
AG, —256  —210 —283
AG(CH,Cl,) —123 =77 — 149
(b) Ag* + Sg— [AgSq]* AH,, —245  —206 —216
AG, —212 —173  —184
AG(CH,Cl,) —115 77 —87
(c) [AgSs]" + Ss— [Ag(Se)l™ AH, -91 -84 —147
AG, —44  —37  —100
AG(CH,Cl,) =7 +4 —62

[a] TZVPP basis set.

These reaction enthalpies, obtained by the three different
methods, are comparable and differ by a maximum of
73 kJmol~! [Eq. (a)]. The formation of [Ag(Ss),]" in Equa-
tion (a) is also highly exergonic in CH,Cl,. The binding of the
first S molecule in Equation (b) is more favorable than that
of the second Sy molecule in Equation (c), but according to
the BP86 and MP2 values also possible in CH,Cl,—the
solvent used for the synthesis of 3. However, exchange
reactions of the second Sy molecule bonded to the silver atom
with the solvent will certainly occur in solution. Photodisso-
ciation experiments of the gaseous [AgS;]* cation (193 nm
Laser) indicated that fragmentation with the separation of
one Sg molecule was easily achieved, while the second Sg
molecule could only be released with a much lower photo-
dissociation percentage.™ The reaction enthalpies in Table 7
are in good agreement with those observed or calculated for
related systems Ag" + 2L —[Ag(L),]*, that is, the AH,
(AG,) for L=CH/P or P, is —276.5 (—169.5) or —265
(—186) kI mol~! (cf. Equation (a) in Table 7). For the reaction
[AgL]t + L —[Ag(L),]": AH,) (AG,) for L=C,H, or P, is
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—135.5 (—=71.5) or —112 (—61) kJmol~! (cf. Equation (c) in
Table 7).

With our most accurate MP2/TZVPP enthalpy values (see
below) and the known heats of formation of Ag*
(1017 kI mol~') and Sg (101 kI mol~'), the gaseous enthalpies
of formation of [AgSg]* and [Ag(Ss),]* are established as:[4

AH([Ag(Sg)2]", g) =856 kI mol ™!
AH?3([AgS;s]*, g) =902 kT mol ™!

By using the lattice potential energies estimated from the
thermochemical volumes, the experimental sublimation en-
thalpy of Sg (101 kImol '), the MP2-calculated gas phase
contributions, and a Born—-Haber cycle as in Scheme 2
(below), the solid state enthalpy of reaction of
Ag'[Al(pftb),]", with two molecules of Sy, [Eq. (6)] was
estimated as exothermic by 95 kJ mol~".

Ag'AI(pftb)y ] + 2S5 — [Ag(Ss)] [Al(PLtb)s] () (6)

[AgSsl[Al(hfip)4] (2): A model for gaseous AgSg™: The
geometry of the gaseous AgSg™ cation is still unknown.
However, all quantum-chemical optimizations starting in C,
symmetry from the [AgSg]* geometry in 2 or one half of the
[Ag(Sg),]" cation in 4 always led to a minimum of approx-
imate C,, symmetry (see above) with similar structural
parameters as the AgS; unit in 2. Therefore it appears
reasonable to propose that gaseous [AgSg]t has a C,-
symmetric geometry like the one shown in Figure 5, calcu-
lated at the best computational level employed ((RI-)MP2/
TZVPP).

+(),346

0.189
+0.09 / \
'i\. [

Figure 5. Fully optimized geometry of the C,, [AgSg]* cation at the (RI-)-
MP2/TZVPP level. Bond lengths are given in A, computed partial charges
are in italics, shared electron numbers (SEN) are shown in italics and
underlined. For comparison Sy (D,q) at this level: S—S =2.058 A, S—S—-S =
107.4°, SEN(S—S) =1.089.

In agreement with this proposal, we showed by an analysis
of the strengths of the Ag—X bond valences (X=S, O, F, see
Table 1) that, in the molecular compound 2, the more covalent
interaction of the silver atom with the Sg molecule is stronger
(0.560 v.u.) than the ionic interaction with the [Al(hfip),]~
anion (0.405 v.u.). Therefore, it is reasonable to use this almost
C,-symmetric {AgSs}* moiety in 2 or the calculated geometry
as a model for the structure of the gaseous [AgSg]*™ cation
observed in the MS.! Since the Ag* ion in 2 is still
coordinated by the [Al(hfip),]- anion, the average Ag—S
bond length in 2 (2.924 A) is longer than that between the
naked Ag* ion and the four sulfur atoms in C,, [AgSg]" in the

3392

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

gas phase (2.728 A in Figure 5). The calculated sulfur partial
charges of 0.067 to 0.097 are in good agreement with the
observation of 10 S—F contacts in 2 (Table 1).

But how is the silver ion bonded to the Sg molecule? In C,,
[AgSs]* ionic and covalent bonding contributions lead to the
same structure: the purely ionic case would clearly give the
C,, structure, as in Figure 5, since the number of contacts from
the silver ion to the sulfur atoms is maximized in this
geometry. An orbital-based interpretation comes to the same
conclusion. One important component of the silver-sulfur
bonding in C,, [AgSg]" is certainly the interaction of the
spherical 5s° Ag acceptor orbital (LUMO) with the HOMO of
the Sg molecule (MO representation of the 3p? lone-pair
orbitals of the sulfur atoms). This may be seen from the
comparable energies of the Agt LUMO at —0.230 a.u. and
the Ss HOMO at —0.373 a.u. (HF/TZVPP).»! Secondary
bonding contributions may arise from the interaction of the
occupied sulfur 3p? lone-pair donor orbitals with two of the
empty silver 5p° acceptor orbitals as in Figure 6.

1
occupied 3p?

empty silver
' lone pair
Sp accepior i
: donor orbitals
orbitals

Figure 6. Top view of the C,, [AgSs]" cation: a suitable arrangement for
the additional interaction of the occupied sulfur 3p? lone-pair donor
orbitals with two of the empty silver 5p° acceptor orbitals. This leads to
positive charge transfer from the silver atom to the sulfur atoms.

Such an interaction additionally reduces the positive charge
residing on the silver atom. In agreement with this, the
calculated positive partial charge assigned to the Ag atom of
the [AgSg]* cation in Figure 5 is very low, only 0.346, the rest is
delocalized onto the coordinated Sg ring. It may be noted that
a similar experimental partial charge was assigned to the silver
atom of the AgS; unit of 2; based on the four Ag—O and Ag—F
contacts of the {AgSs} moiety, the Ag atom has a positive
charge of 0.405 v.u. (Table 1).!

The undistorted [Ag(S;),]" cation: A model for the gas phase:
The undistorted [Ag(Ss),]" cations in 3 (200 K) and 4 are
presumably the best experimentally established models for
the gaseous cation observed in MS experiment.”] At 150 K the
geometry in 3 is slightly distorted. On cooling from 200 to
150 K, the ordering process of the CF; groups of the anion led
to a reorientation of the cation-anion contacts. Due to the
decreased thermal energy available at 150 K, these S—F
contacts now displace the cation slightly from the ideal
minimum geometry.B

What is the global minimum of gaseous Ag(Ss),"? The
computational models employed here are not conclusive
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about the global minimum geometry of gaseous [Ag(Sg),]*
and disagree already on the most favorable overall struc-
ture—BP86/TZVPP and B3LYP/TZVPP suggest the C;
isomer to be the most favorable minimum, but MP2 favors
the more symmetric D, cation. However, the energetic
differences are minimal (see Table 4). As shown earlier for
other weakly bound systems,’”) the DFT and HF-DFT levels
BP86 and B3LYP are intrinsically incapable of properly
describing very weak dispersive interactions and, consistently,
overestimate the strengths of the short, more covalent Ag—S
bonds by >0.1 A, but considerably underestimate the
strengths of the very weak dispersive Ag—S interactions by
0.1-0.5 A compared with the cations in 3 (200 K) or 4
(Table 3). The computationally relatively expensive MP2/
TZVPP ab initio level, which accounts for 80 to 85 % of the
dispersive interactions,®! such as those in the weak Ag—S
contacts, performs better and gives structural parameters
closer to the experiment (Table 3). However, since the overall
geometry of the calculated [Ag(Sg),]t structures depends
strongly on the correct description of the multitude of weak
dispersive Ag—S interactions, the fine tuning to model the
exact (less symmetric) position of the silver ion between the
two Sgrings was not achieved. Presumably a better description
of the weak dispersive Ag—S interactions has to be provided
by higher correlated methods such as MP3, MP4, or CCSD(T)
and even more flexible basis sets. Due to computational and
program limitations, it is currently impossible for us to employ
better methods, and this work remains to be done.! Alter-
natively, one could argue that the geometries of the solid
[Ag(Sg),]" cations in 3 (200K) and 4 were distorted by
packing effects, especially considering the flat potential-
energy surface where large structural changes may only lead
to small energetic changes (cf. 150 K and 200 K phases of 3).
However, the centrosymmetric geometry of the [Ag(Sg),]*
cation was independently found with two conceptually very
different anions: the “Teflon coated” [Al(pftb),]~ anion with a
surface built from CF; groups and the [Sb(OTeF;)s]~ anion,
which has a surface made from Te—F bonds. From the
ellipsoid plot of the 200 K phase of 3 (deposited), it is evident
that all the CF; groups are freely rotating around the C—C
bond, and at least one entire C(CF;); group is also rotating
around the C—O vector. This suggests that the cation—anion
interactions and thus packing effects in 3 (200 K) are minimal,
and that the centrosymmetric geometry of the [Ag(Sg),]"
cation, as in 3 (200K) and 4, also represent the global
minimum of the gaseous [Ag(Sg),]* cation. We suggest that
higher correlated calculations will confirm this conclusion.*!

Analysis of the structural data: Due to the lack of a computed
geometry very close to the experimental structure, we
concentrate in the following on the analysis of the exper-
imental data and only refer to the computation when
appropriate. The primary coordination of the silver atom of
the undistorted [Ag(Ss),]* cation may be described as linear
dicoordinate or alternatively as planar (see above). Both
descriptions and the similar ionization potentials /P(Ag) =
731 and IP(Sg) =872 kImol~'53 suggest that this bonding is
not entirely due to electrostatic contributions, for which a
more regular at least C, symmetric cation would be expected

Chem. Eur. J. 2002, 8, No. 15
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(cf. Dy [Ag(Ss),]" in Figure4a and Table 5). Therefore
orbital-based interactions have to play an important role in
the Ag—S bonding. Due to the coordination to the Ag* ion, all
Sg rings in 1-4 are positively polarized, that is, they exhibit
contacts to the fluorine atoms of the anions that are shorter
than the sum of their respective van der Waals radii. An
analysis of the S—F solid-state contacts showed that not only
the formally positively charged tricoordinated sulfur atoms
form contacts but also most of the formally neutral dicoordi-
nate sulfur atoms. Figure 7 summarizes the sulfur partial

0122 In [Ag(Syh MISBOTEE), | 4
b 0053 F.JJ’ i 3-.:’ us 0%
s S4
2.9 2.06 2.99 203
§50.066

206
3.20 B \ 3.20 24

S8
P 0.118 ;i;-—-sﬁfsﬁa.usr:

0082 0.058

Intracationic Ag*- induced charge
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Interionic (partial) charge residing
on sulfur (5=F comtacts)
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Figure 7. Observed intra- and interionically induced partial charges
residing on the Sq ring of the centro- or almost centrosymmetric [Ag(Ss),]*
cation in a top view. For clarity the geometry of the almost centrosymmetric
[Ag(Ss),]" cation in 3 (200 K) was averaged by assuming centrosymmetry
and the symmetry equivalent halves were omitted. S—S bond lengths

(underlined and in italics) are given in A, (S—S standard deviation: 0.008
(3) or 0.02 (4) A). * No S—F contacts.

charges of the undistorted centrosymmetric or almost cen-
trosymmetric [Ag(Ss),]* cations in 3 and 4, as induced by
intracationic Ag—S and interionic S—F contacts based on
Brown’s bond valence method.] The lengths, and therefore
also the strengths, of the intracationic (interionic) Ag—S (S—F)
contacts in v.u. reflect the amount of positive charge trans-
ferred from the Ag* ion to the coordinated sulfur atoms (the
coordinated sulfur atoms to the fluorine atoms of the anion).

This analysis gives the highest intracationic induced sulfur
partial charges on S1 and S3, corresponding to the shortest
Ag—S contacts (0.122 to 0.230 v.u., Figure 7). However, the
interionic S—F separations imply that the sulfur partial
charges are almost evenly spread over all the sulfur atoms
and range from 0.028 to 0.122. Note that S1 and S3, with the
shortest Ag—S contacts, bear relatively little positive charge
based on the S—F contacts. Moreover, we find the highest
interionic partial charges of 0.118 and 0.122 residing on the
formally neutral dicoordinate atom S8 (Figure 7). The regular
distribution of the interionic sulfur partial charges indicates
some kind of orbital-based charge delocalization from the
tricoordinate S,, to the dicoordinate S atoms. However, the
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S—S bond lengths are only very slightly influenced during this
process (Figures 8 and 12, below). To obtain meaningful
average S—S lengths of the coordinated S;g rings of all the
structurally characterized {Ag(Sg),} moieties, they were
brought into an orientation as shown in Figure 8. Then we
obtained the average S—S bond length for each type of S—S
bond within the ring (see Supporting Information for details).

2043 48
52 sS4

2.(]4'?/ = \Z.U_i‘_'?
Slsh(:nust longer 5

2.056 2.037

= __Shor
[ ]

o]

S8 S6
20187 T a8

Figure 8. Average S—S bond lengths of seven Sg rings coordinated to a Ag*
ion in [Ag(Ss),][AsFs] and 1, 3, and 4. To allow for a comparison of the S—S
lengths, all {AgSg} moieties had the same orientation of the Ag—S contacts,
that is, the shortest contact was to S1, the second shortest to S3, and the two
longer contacts to S5 and S7 (labeling as in this Figure).

The average separations between the different types of S—S
bonds in Figure 8 differ only by a maximum of A(d(S—S)) =
0.021 A. However, some statistically meaningful features may
be noted from Figure 8. The longest average S1—S8 bond
incorporates S1 that has the shortest contact to the silver
atom. The shortest S5—S6 and S5—S4 bonds are found around
the weakly silver-coordinated S5 atom with the largest
possible separation from S1. There is a slight long-short-
long-short S—S bond length alternation starting from S1. This
observed alternation is supported by the calculations collect-
ed in Table 3, which all show this small S—S bond length
alternation with A(d(S—S)) =0.031-0.039 A.

A bonding model: From first principles it is clear that the
bonding in [Ag(Ss),]* has an ionic and a covalent contribu-
tion. A purely ionic bonding interaction would lead to a highly
symmetric structure in which the coulombic interactions are
maximized (i.e. at least C, symmetry) and a purely covalent
bonding would lead to a geometry that is determined by the
geometric restrictions imposed on the species by maximizing
the orbital overlap between the Ag™ and Sg orbitals. As seen
from the shallow potential energy surface of the cation, both
ionic and covalent contributions are of importance for the
description of the bonding of the Ag(Ss)," cation. Important
orbitals involved in the bonding are the occupied 3p? lone-pair
donor orbitals of Sy (= HOMO) and the empty 5s° and 5p°
acceptor orbitals of the silver ion (= LUMO and LUMO-+1).
At this point we note that there is ongoing controversy about
the importance of (n + 1)p-orbital contributions to the bond-
ing of nd metals.*0%-dl

To a first order of approximation, the [Ag(Sg),]" cationsin 3
(200 K) and 4 are linear dicoordinate. It was shown for linear
M(CO),* complexes*? (M =Cu, Ag, Au) as well as other
linear d!° coinage-metal systems® that the preferential
linear arrangement is induced by a sd hybridization (see
ref. [42] for a bonding model). However, we concluded®! that
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an alternative description that does not require the unusual
polarization of the closed 4d' shell of the silver ion is more
likely.?l Similarly to the situation in C,, [AgSg]*, the
interaction of the spherical 5s° Ag acceptor orbital with the
occupied 3p? lone-pair donor orbitals of the Sg molecule is a
strong component of the silver —sulfur bonding in undistorted
[Ag(Sg),]T. However, it is improbable that only the empty
spherical 5s° Ag orbital acts as an acceptor, since this would
lead to a very regular structure, that is, to an at least C,
symmetrical [Ag(Ss),]* cation, which would also be expected
to be the minimum structure of an exclusively ionically
bonded [Ag(Ss),]* cation. Due to the lower symmetry of the
observed structure, it is likely that the empty 5p° orbitals are
also involved in the covalent Ag—S bonding (cf. [AgSg]™
above). Figure 9 shows a MO representation of the possible
bonding interaction between the empty Ag 5p° acceptor
orbitals and the occupied S 3p? lone pair donor orbitals in the
cation.

a) by}
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Ag Sp arbitals
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" oecupied sulfur
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o i - |
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Figure 9. a) Ag 5p orbital participation in the covalent Ag—S bonding:
donation of electron density from the occupied 3p? sulfur lone-pair orbitals
to the empty 5p° silver orbitals, and transfer of positive charge from the
silver to the coordinated sulfur atoms. b) The resulting set of one bonding
(b.), one nonbonding (n.b.) and one antibonding (a.b.) molecular orbital for
one linear S-Ag-S unit.

The empty Ag 5p° acceptor orbital lying at the lowest
energy interacts strongest with two of the S 3p? lone-pair
donor orbitals leading to a primary linear silver coordination
with two comparatively strong Ag—S bonds at about 2.68—
271 A as shown in Figure 9b.1 This 3-center/4-electron
bonding resembles the situation in XeF, or I;7, in which the
same three molecular orbitals are responsible for the bond-
ing.[*l The next strongest set of Ag—S bonds, at about 2.92 -
2.99 A, leads to the “planar” conformation and arises from the
interaction of the next energetically favorable orthogonal Ag
5p° acceptor orbital with two 3p? lone-pair donor orbitals of
sulfur atoms in a suitable orientation (1,3 coordination,
Figure 10a). The energetic separation between the donor
(3p?) and the acceptor (5p°) orbital in this secondary
interaction is larger and, therefore, the Ag—S bond is longer.
Due to symmetry,*] steric hindrance, and a further increased
energetic separation, the last remaining empty Ag Sp acceptor
orbital interacts only weakly with the four occupied S 3p?
lone-pair donor orbitals left and consequently the last Ag—S
contacts are long and range from 3.18 to 3.35 A. The correct
description of this last, very weak bonding interaction is
crucial for obtaining the correct geometry in the quantum
chemical optimization (see below). An interaction as shown in
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Figure 9 transfers the positive charge from the Ag® cation
onto the coordinated sulfur atoms S, (cf. intracationic sulfur
partial charges in Figure 7). Consistently, all calculated partial
charges of the Ag atom within the [Ag(S;),]" cation are very
low and range from +0.23 to +0.29 (all levels and TZVPP
basis set).

A bonding interaction that describes the delocalization of
the positive charge within the Sg ring is still missing (cf.
interionic sulfur partial charges in Figure 7). Due to the small
range of the average S—S bond lengths of 2.035-2.056 A
(Figure 8) and the orthogonal orientation of the adjacent 3p
orbitals in the coordinated Sg ring, 3p,—3p, bonding, as often
found in the homopolyatomic sulfur or binary sulfur halogen
cations,?% %1 is probably nor the reason for this charge
delocalization.*”] Another interaction observed in polysulfur
chemistry is the 3p?—30* bonding which accounts for
additional charge delocalization in S,*! as well as in
S0 462l 'With this interaction, electron density from an
occupied S 3p? lone-pair donor orbital is transferred to the
empty 30* acceptor orbital of a vicinal S—S bond. This
interaction accounts for further charge delocalization, as
shown in Figure 7. A MO-based representation of this 3p*> —
30* delocalization process within the Sg ring is shown in
Figure 10.

occupied
3p? lone
pair, orbital

orbital

B " c AD

Figure 10. Positive-charge delocalization in the Sg rings of [Ag(Sg),]"
achieved by a 3p? — 30* interaction. Transfer of positive charge from the
coordinated sulfur atoms to the uncoordinated sulfur atoms.

The starting point for the delocalization is B. Electron
density is transferred—as in Figure 9—from the occupied S
3p? lone-pair orbitals to the Ag* ion. Correspondingly, the
sulfur atoms are left positively charged, as shown in B.
Positive charge is further delocalized onto the dicoordinate
sulfur atoms by donation of electron density from the
occupied S 3p? lone-pair orbitals into the empty 30* orbital
of the vicinal S—S bonds as illustrated in A. In total this leads
to positive (partial) charges on all sulfur atoms as in C (cf.
Figure 7 above and Figure 11 below). Most of the bond
shortening and lengthening induced by the multiple 3p? — 3¢*
interactions in [Ag(Ss),]* cancel out due to the only slightly
distorted D, symmetry of the Sg rings; however, the overall
energy is lowered by this positive charge delocalization
process. The small bond-length alternation within the Sg ring,
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as evident from Figure 8 and the calculations (Table 3), is due
to the differing strengths of the Ag—S contacts, which lead to
differing partial charges induced on the coordinated S,,
atoms. Therefore, depending on the amount of positive
charge induced on the S,, atom, the multiple 3p®>— 30*
interactions vary in strength leading to different S—S bond
lengths. This is also reflected in the calculated SENs of the
S—S bonds and the calculated partial charges on the sulfur
atoms in the best optimized geometry (MP2/TZVPP), shown
in Figure 11.

108.6 +0.086

I'U}jl/? 3420 2.572

106.1
\\ +0.282
1086
109.1 /3-‘”” \ 2,061
E.HM/ \ ;
\ / +hid s

— ‘EI[]_-TS

105.1  L072 1105 +0.025

Figure 11. Fully optimized geometry of the C,, [Ag(Ss),]" cation at the
(RI-)MP2/TZVPP level. Bond lengths are given in A, bond angles in
degrees, computed partial charges are shown in italics, SENs are shown in
italics and underlined. For comparison Sg (D,) at this level: S—S =2.058 A,
S-S-S=107.4°, SEN(S—S) =1.089.

wzdTL = 0,047

T

#0036

“Pseudo-Gas-Phase Conditions” in the Solid State: Large and
weakly coordinating anions stabilize salts that contain unusual
and undistorted cations such as O,*,*> X+ (X =Br, I),*
Xe, P HCyt P2 [Ag(P,),]", [ and Ag(Ss)," that were
initially observed in the gas phase by mass spectrometry.
How can this be understood? All the anions employed are
stable toward oxidation, very nonbasic, and the single
negative charge is dispersed over many atoms; this eliminates
anion decomposition as well as strong and structure deter-
mining cation—anion contacts (cf. 1). Since lattice energies
are inversely proportional to the sum of the ionic radii (or
volumes) of the constituting ions, the lattice energies of the
obtained salts are very low (Scheme 1 and Table 8). In fact,

Gas Phase: M+(g) + X’(g,

Lattice Energy Upgr:

UPOT o ll(rcalion + l‘anion)

Solid State: M*X

Scheme 1. The difference between solid state and gas phase: the lattice
potential energy.

they are so low that the lattice energy of 3 of 326 kJmol~!
approaches the values of sublimation enthalpies of molecular
solids of comparable atomic weight, that is, of Cy, or C;, of 175
or 200kJmol™! (cf. M,(3)=1588 vs. 721 (Cq) and 841
(Cy) gmol1).5334 Comparing the lattice energy of 3 with
the lattice energies of typical salts such as LiF (1036 kJ mol ')
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Table 8. Thermochemical volume and lattice potential energies of several
M*X" salts.

Salt Verm [A%] U, [kI mol ]
LiF 27 10360
CsF 43 74002
Cs[AsF) 128 5680
Cs[Al(pftb),] 776 362001
[Ag(Ss).][Al(pftb),] 1169 3260

[a] Experimental value.’¥! [b] Calculated from the thermochemical vol-
umes.

and CsF (740 kJ mol~!') shows clearly that the environment of
the ions in Ag(Ss), [Al(pftb),”] more closely resembles the
situation in the gas phase (or a molecular solid) than the
strong electrostatic field within a classical salt, as in LiF or
CsF. Therefore, we call the environment of the cations within
the framework of an ensemble of very weakly coordinating
anions such as [Al(pftb),]- or [Sb(OTeFs)s]~ “pseudo-gas-
phase conditions” in the solid state.

Apart from being weakly basic and stable to oxidation,
another stabilizing term for weak Lewis acid base adducts
[AgL,]"[X"] (X~ =suitable anion) arises from using large
counterions—reduced gain in Ag*[X~] lattice energy upon
dissociation of [AgL,]"[X"] into Ag*[X"] and 2L (see
Scheme 2 for the Born—Haber cycle).

+ - AI’H(gaS) + -
Agla'(g) + Xl ——  Adi(g)+ [Xlg)+2L(g)
+AH| att.(3) -AH Latt.(4)J l— 2 AHsupl (L)
eon ArH(solid) -
Aglz [X](c) —"  Ag'IX](c) + 2 L(c)
3 4

Scheme 2. Born—Haber cycle for the dissociation of a solid Lewis acid
base adduct [AgL,]*[X"] into Ag*[X~] and 2L.

Let us consider two cases: L=S; and X~ =[AsF,]~ or
[Al(pftb),]~. The calculated lattice potential enthalpies for
[Ag(Ss),]T[X] are 393 and 327 kI mol~}, those of Ag*[X~] are
586 and 361 kJmol~! (thermochemical volumes).?8! The gas-
phase enthalpy A H(gas) and the sublimation enthalpy of Sg
are the same in both cases, and therefore the only differences
are due to the lattice energies. For X = AsF,~, the resulting
gain in lattice energy upon dissociation is 193 kJ mol~!, while
that for X=[Al(pftb),]” is only 34 kJmol!. Therefore
[Ag(Ss).]T[Al(pftb),~] is more stable by 159 kI mol~! against
a dissociation as in Scheme 2 than the [AsF;]~ salt. In other
words, with the [Al(pftb),]~ anion one can stabilize [AgL,]"
Lewis acid base adducts of very weak bases L for which the
gas-phase term [Ag(L),]" o — Ag* + 2L, is less endother-
mic than that with the [AsFs]~ anion by about 100-
160 kJ mol-".

Many other simple cations of fundamental interest may be
stabilized by using “pseudo-gas-phase conditions” in the solid
state, that is, weak Lewis acid base adducts as well as highly
electrophilic cations such as [PsX,]* (X=Br, 1) or
[AgSeq] P and Ss*F7) hitherto unknown in the solid state.

3396 ——
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Conclusion

The concept of “pseudo-gas-phase conditions” in the solid
state allowed us to stabilize the first examples of undistorted
homoleptic metal—Sg complexes, that is, the almost C,-
symmetric Ag(n*-Sg)* and the approximately centrosymmet-
ric [Ag(n*-Sg),]" cation. Their geometries are the best
approximation of the structure of the gaseous [AgSg]* and
[AgSs]* cations observed by MS methods.”) A new gener-
ation of very weakly coordinating anions (WCAs) of type
[AI(OR)),]~ (OR;= polyfluorinated aliphatic alkoxide)!'!] was
used to stabilize the cations, and the results obtained showed
that the [Al(pftb),]~ anion!'l is an at least as good WCA as
[Sb(OTeFs)s]~, while being much easier to preparel'!l and
handleP®! on a large scale. Similarly to the situation in the
[Ag(7?-P,),]" cation '] unusual weak bonding interactions in
[Ag(n*-Sg)]* and [Ag(n*-Sg),]* could be stabilized by WCAs.
However, the [Ag(5?-P,),]" and [Ag(n*-S;),]* bonding differs
considerably. Due to the availability of sulfur 3p? lone-pair
orbitals in Sg, only an additional 3p?> — 5p° donation resulted,
which leaves very little positive charge on the Ag atom (+0.23
to +0.29). tetrahedro-P, has no 3p* lone pairs and is even more
reluctant to bear positive charge than sulfur (cf. homopolya-
tomic sulfur cations are known,?! those of P are still unknown
in condensed phases). Consistently the 4d'°— 30* back
donation'™ reduces the charge residing on the phosphorus
atoms and leaves more positive charge on the silver atom
(+0.74 according to ref. [15b]). The multitude of weak
dispersive Ag—S interactions in [Ag(n*-Ss),]" is difficult to
model computationally, and the DFT or HF-DFT levels BP86
and B3LYP, which are intrinsically incapable of describing
weak interactions, failed to give satisfying geometries of the
[Ag(17*-Sg),]* cation. Only the rather expensive MP2/TZVPP
level is able to account for most of the weak bonding and gave
geometries closest to the experimental data. However, it still
remains to be seen if the global minimum of the gaseous
[Ag(17*-Sg),]* cation is Dy, C,,- or Ci-symmetric as in the
experiment. We are confident that higher correlated methods
such as MP3, MP4, or CCSD(T) with flexible basis sets will
reproduce the experimental C; minimum; however, due to
program limitations and lack of computational power for us
this is impossible to achieve currently.? In this respect C;
[Ag(17*-Sg),]* may in future serve as a test case for modeling
weak interactions.

Experimental Section

All manipulations were performed by using standard grease-free Schlenk
or dry-box techniques and a dinitrogen or argon atmosphere. Reactions
were carried out in a two-bulb glass vessel incorporating a medium or fine
sintered-glass frit, one or two J. Young valves and a Teflon-coated stirring
bar as described in ref. [59]. All reactions with AgSbF, were handled in the
dark in glass vessels wrapped in aluminum foil. FT-Raman spectra were
obtained at RT from neat samples sealed under a dinitrogen atmosphere in
dried melting point capillaries or Smm NMR tubes on an FTIR
spectrometer (Bruker IFS-66) equipped with a FT-Raman accessory
(Bruker FRA-106) and with a Nd-YAG laser (1064 nm irradiation,
4 cm~! resolution). NMR spectra of sealed samples were run in CD,Cl, on a
Bruker AC250 spectrometer and were referenced to the solvent ("H, °C)
or external aqueous ’AlCl;. The silver aluminates AgAI(OR), were
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prepared according to the literature.™ Sulfur (BDH, precipitated, 99 %)
was vacuum dried before use. AgSbF (Aldrich, 98 % ) was used as received.
SO, and SO,CIF (Matheson) were distilled onto and stored over CaH, or
molecular sieves (4 A), respectively, at least 24 hours prior to use. CH,Cl,
(Anachemia Science, 99.5% min.) and CS, (UV grade) were stirred over
P,O,, for two days with four additions of fresh P,O,, and then distilled onto
and stored over molecular sieves (4 A) or CaH,.

Synthesis of [Ag(S;),][SbF4] (1): Elemental sulfur (0.97 g, 3.78 mmol, 1.6 %
excess) and AgSbF, (0.64 g, 1.86 mmol, limiting reagent) were placed into
one bulb of a two-bulb vessel. SO, (15 g) was condensed onto the solids,
and the mixture was stirred for 1 day at room temperature; this resulted in a
pale orange solution over a large amount of a white to pale orange solid.
The solution was filtered into the other bulb and then repeatedly
condensed (21 x, 7 days) back onto the solid mass to leave no soluble
material only an insoluble microcrystalline product. The solvent was slowly
removed, and close examination of the recovered solid (total 1.66 g,
expected 1.59 g) under the microscope revealed the presence of a few
yellow crystals that did not decompose when brought in contact with the
atmosphere and were probably the remaining excess sulfur (expected
0.02 g). The crystals were physically removed, and the remaining white to
pale orange microcrystalline product 1 was characterized by FT-Raman
spectroscopy (see Table S5 and Figure S5 in the Supporting Information).
Raman: 7#(Ag(Sg),") (%) =476 (70), 468 (50), 441 (13), 421 (1), 262 (10),
255(2),246 (2),224 (70),220 (30), 203 (1), 167 (20), 157 (100), 92 (15) cm™1;
7(SbFs7) (%) =642 (10, 7,), 278 (10, 75) (cm~'). Compound 1, which was
insoluble in SO, turned dark brown in daylight (1 day); this probably
indicated decomposition (possibly to Ag,S or Ag). Samples were stored in
the dark without noticeable decomposition in sealed glass tubes under
nitrogen at —20°C over a period of at least 2 years. Single crystals of 1
resulted from the light-induced disproportionation of [C;;H;S;]*[SbF,~]
that formed from the reaction of Ag[SbF,] and C;H;S;Cl; possibly as
shown in equations S1 to S3 in the Supporting Information.

Synthesis of [AgSgl[Al(hfip),] (2): In a typical preparation AgAl(hfip),
(0.530 g, 0.660 mmol) and Sg (0.169 g, 0.660 mmol) were weighed into one
bulb of a two-bulb vessel. Pentane (10 mL) was added to the mixture, and
the resulting suspension was exposed to ultrasound for 1 h, with warming to
approximately 30—40°C. A colorless solution over very little grayish
precipitate resulted and was filtered. Successive reduction of the volume of
the filtrate to about 3 mL and cooling to —30°C led to the formation of a
large amount of colorless, very air- and moisture-sensitive single crystals of
2, which grew to dimensions of up to 10 x 10 x 5mm (0.586 g, 84%).
'H NMR (250 MHz, CD,Cl,, 25°C): 6=4.49 (sept., Jyr=5.7 Hz);
BC NMR (63 MHz, CD,Cl,, 25°C): 6 =70.6 (sept., 2Jcz=32.8 Hz), 122.3
(q, CF;, Y =283.5Hz); Al NMR (78 MHz, CD,Cl,, 25°C): 6 =59.1 (s,
7,,=200 Hz); elemental analysis calcd (%) for AgAlC,,F,;H,0,Ss: Ag
10.18, Al 2.55; found Ag 10.0, Al 1.9.

Synthesis of [Ag(S;),]" [Al(pftb),]- (3): In a typical reaction, [AgCH,.
CL][Al(pftb),] (0.294 g, 0.25 mmol), Sg (0.130 g, 0.50 mmol), and CH,Cl,
(4 mL) were placed into one bulb of a two-bulb vessel. The suspension was
exposed to ultrasound for 1 h with warming to approximately 30 to 40°C,
after which a clear colorless solution over very little grayish precipitate was
obtained. The mixture was filtered, and the solvent removed in a dynamic
vacuum until the filtrate had an very dense oily consistency (only very small
amounts of CH,Cl, left). This oil was stored overnight at +7 °C, after which
a large amount of colorless crystals of 3 had formed within a few drops of
CH,Cl,. The solvent was quickly decanted, and the crystals dried in a
dynamic vacuum and isolated. Yield: 0.387 g (91 %); *C NMR (63 MHz,
CDCl;, 25°C): 6=121.45 (q, J=293.3 Hz, CF;); Al NMR (300 MHz,
CDCl;, 25°C): 0=34.1 (¥,,=6 Hz); elemental analysis calcd (%) for
AgAIC(F30,S;s: Ag 6.79; found Ag 6.9.

Reaction leading to single crystals of [Ag(S;),1[Sb(OTeFs)s] (4): SO,
(3.57 g) was condensed onto Ag[Sb(OTeFs;)e]!*! (0.666 g, 0.401 mmol) and
a mixture of sulfur bromides [Sg (0.0314 g, 0.1224 mmol) preheated with Br,
(0.0462 g, 0.2891 mmol) to give a yellowish brownish oil] in a 10 mm (o.d.)
thick-walled NMR tube. On warming the mixture to RT an intensely red-
orange solution over some fine colorless precipitate was obtained. The
solution was decanted by a direct connectionl® into a one-bulb vessel
(4.26 g solution) leaving an insoluble, beige material (0.1208 g) in the NMR
tube. SO,CIF (4.99 g) was condensed onto the soluble materials giving a
reddish solution. Various attempts to grow crystals by successively reducing
the volume of the solvent were unsuccessful. All volatile materials were

Chem. Eur. J. 2002, 8, No. 15

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

removed in vaccuo to give a brown solid that gave a very poor FT-Raman
spectrum (fluorescence). SO,CIF (0.75 g) was condensed onto the residue
(0.4699 g). Cooling the solution for 4 days to +5°C afforded colorless
crystals, which were shown by X-ray crystallography to be 4. One of the
colorless crystals was placed in a capillary, and a FT-Raman spectrum of
this material showed strong fluorescence but the absence of Sg.

X-ray crystal-structure determinations: Data collection for X-ray structure
determinations was performed on a Bruker AXS P4/SMART1000 (1),
STOEIPDS (3 150K, 3 200K, S;), STOE STADI4 (2) or RIGA-
KUAFC5R (4) diffractometer with graphite-monochromated Moy,
(0.71073 A) radiation. Single crystals of 1-3 and S; in perfluoroether oil
were mounted on top of a glass fiber and then brought into the cold stream
of a low-temperature device so that the oil solidified. A hemisphere of data
of 1 was collected by using w and 6 scans with a scan width of 0.3° and 10 s
exposure times. The detector distance was 6 cm. The raw data frames
indicated multiple twinning, and routine indexing failed. The orientation
matrix of the major component was obtained manually (RLATT), the data
were indexed and reduced (SAINT)® and corrected for absorption
(SADABS).I®I Calculations for 1-3 and Sy were performed on PCs by
using the SHELXY97 software package.l Initially for 3 (200 K) the
centrosymmetric space group P2,/m was chosen, giving a centrosymmetric
[Ag(Ss),]" cation, but the agreement factors only converged at R1 =0.1009.
From the 150 K determination of 3, it was evident that the chiral space
group P2, was correct at this temperature, and the lattice exceptions of the
200 K determination also fitted better to P2,. Therefore this space group
was also checked for the 200 K structure of 3 and led to better agreement
factors of the 200 K structure of R1=0.0895. This suggests that at higher
temperatures than 200 K a phase transition to a centrosymmetric mono-
clinic phase (P2,/m) may occur. The anions in 3 exhibit rotational disorder
of the CF; groups as well as one entire C(CF;); group. Therefore three
fluorine and three carbon atoms were split over two positions; this resulted
in site occupation factors of 40-45% (figure deposited). A series of
151SADI and FREE restraints had to be used in 3 to assign reasonable
structural parameters to the CF; groups. However, the cations in 3 are well
behaved. A crystal of 4 was mounted in a glass capillary and sealed under
an atmosphere of dry nitrogen as previously described.l®! The cell constants
and an orientation matrix for data collection of 4 were obtained by least-
square refinement of 24 carefully centered reflections in the range of
38.16° <20 < 39.86°. Data were collected in the w—26 scan technique up
to a maximum of 26 of 60.1° with an w scan width of 1.63+0.35tan®" at a
scan speed of 16°min~!. Weak reflections (I < 150) were rescanned up to a
maximum of six scans, and the counts were accumulated. Stationary
background counts were recorded on each side of the reflection with a
peak/background counting time ratio of 2:1. The intensities of three
representative standard reflections were measured every 150 reflections
and decreased during the data collection by 4.5%. A linear correction
factor was applied to account for this phenomenon. An empirical
absorption correction, using the program DIFABS,! was applied. The
refinement of 4 was done with the TEXSANI’] crystallographic software
package. All data were corrected for Lorentz and polarization effects. All
structures were solved by direct methods and successive interpretation of
the difference Fourier maps, followed by least-squares refinement on F?
(SHELXL97, 1-3) or F (TEXSAN, 4). All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms in the calculated positions were
included into the refinement by a riding model. The solid state packing of 3
and 4 was drawn with Diamond 2.1. Relevant data concerning crystallog-
raphy, data collection, and refinement details are compiled in Table 9.
CCDC-177421 (2), 177422 (3 200K), 177423 (3 150K) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.
cam.uk). Further details of the crystal-structure investigations of the purely
inorganic compounds may be obtained from the Fachinformationszentrum
Karlsruhe, 76344, Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting the depository
numbers CSD-412324 (1) and -412325 (4).

Computational details: All computations were done with the program
TurBOMOLE.®l The geometries of all species were optimized at the (RI-)-
BP86, B3LYP, and (RI-)MP2 levels!® 7 with the triple-§ valence polar-
ization (two d and one f function) TZVPP basis set/’'! or partly with the
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Table 9. Crystallographic and refinement details.

Compound 1 2 3 (150 K) 3 (200 K) 4

crystal size [mm] 0.28 x 0.15 x 0.05 0.6 0.6 x 0.6 0.6x04x0.3 04x03x%x0.3 0.14 x 0.10 x 0.08
formula AgF¢S,:Sb C,H,AgAIF,,0,Sg C3AgAIF;0,S;6 C3AgAIF;0,S;4 AgF3,04S6SbTeg
M, 856.58 1059.48 1587.97 1587.97 2174.13

crystal system Monoclinic Triclinic Monoclinic Monoclinic Triclinic

space group C2lc Pl P2, P2, Pl

a[A] 17.535(4) 10.887(2) 10.707(2) 10.722(2) 10.756(3)

b [A] 7.8465(16) 10.979(2) 20.049(4) 19.997(4) 10.905(4)

c[A] 15.675(3) 14.961(4) 10.957(2) 11.058(2) 10.456(2)

a [’ 90 100.00(2) 90 90 95.96(2)

£ 1] 102.652(5) 96.31(3) 96.24(3) 95.94(3) 108.94(2)

v [°] 90 109.73(2) 90 90 81.29(3)

VA 2104.4(8) 1630.2(6) 2338.1(8) 2358.0(8) 1144.6(6)

V4 4 2 2 2 1

p(calc) [Mgm~3] 2.704 2.158 2.256 2.237 3.154

 [mm™1] 3.840 1.319 1.340 1.329 5.641

abs. corr. - empirical numerical numerical empirical
max/min Trans. - 0.3525/0.5202 0.683/0.471 0.672/0.461 0.7114/1.0000

20 [°] 50 54 52 50 60

T [K] 173 200 150 200 213

refl. collected 4628 17201 17459 9857 5372

refl. unique 1746 7072 4572 6644 5038

refl. observed (40) 1556 6274 3760 3880 1473

R (int.) 0.0580 0.0440 0.0438 0.0739 0.043

GOOF 1.050 1.079 0.972 0.964 1.94

final R (40) 0.0372 0.0439 0.0557 0.0895 0.058

final wR2 (all data) 0.1002 0.1306 0.1450 0.2650 0.0691!

larg. res. Peak [e A3 0.970 0.928 1.220 0.728 1.17

[a] Ry=[Zw(| Fo|—| Fe| IZ(w | Fo| ?)]'

smaller split valence polarization SVP basis set."'?l The 28 core electrons of
Ag were replaced by a quasi-relativistic effective core potential.l’”!

Frequency calculations were only performed at the more affordable [5]
BP86/SVP level and, unless otherwise stated, all structures represent true
minima without imaginary frequencies on the respective hypersurface. For [6]
selected species a modified Roby-Davidson population analysis was
performed by using the MP2/TZVPP electron density. Approximate
solvation energies (CH,Cl, solution with ¢, =8.92) were calculated with [7]
the COSMO model™ at the BP86/SVP (DFT-)level by using the MP2/ [8]
TZVPP geometries. Thermochemical evaluations include the zero point
energy calculated at the BP86/SVP level and thermal corrections to the
enthalpy and entropy at 298 K.'“7 AH, (AG,) denotes the enthalpy
(free energy) change in the gas phase at 298 K, values indexed with CH,Cl, [9]
include the COSMO solvation energies, and approximate the solution
behavior in CH,Cl,. Complete tables containing all necessary computed
energies have been deposited. [10]
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AH?  (Eq.a), AH™ ([Ag(Ss).]", 2)=1017+2x101—-363=
856 kI mol~. AH*S([AgSs]*, g) =AH>(Ag", g) + AH™ (S, g) —
AH?(Eq.b), AdH*([AgSs]*, g) =1017+101 — 212 =902 kJ mol .
Only HF orbital energies give the correct energetic leveling of the
orbitals, however, they always lead to too-large HOMO-LUMO
gaps. The inclusion of electron correlation reduces the HOMO -
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LUMO gap and would further reduce the energetic separation of
the Ss HOMO and the Ag* LUMO. However, if electron correlation is
treated by DFT, which is known to give a very unreliable energetic
leveling of the orbitals, the calculation leads to the inverse situation
(i.e., the energy of the Ss HOMO is calculated at —0.240 a.u.—higher
in energy than the Ag™ LUMO at —0.419 a.u. (BP86/TZVPP); cf. HF
values in text). With perturbation theory MP2 intrinsically no clear
orbital energies can be assigned and, therefore, we state the HF/
TZVPP values here and suggest that the inclusion of electron
correlation gives a smaller energetic separation of the S HOMO
and the Ag" LUMO; this leads to a more favorable interaction.

At 200 K the thermal energy is higher than the small bond energy of
the weak S—F contacts. Therefore the displacement parameters of the
CF; groups are large; this indicates almost free rotation around the
C—C bond and no distortion of the cation. However, upon cooling to
150 K, the thermal energy available is reduced and now the weak bond
energy of the S—F contacts is large enough to hinder the free rotation
of the CF; groups around the C—C bond and distort the [Ag(Sg),]"
geometry (cf. the shallow PES of the Ag(Sg)," cation found in the
computation). Consequently the thermal ellipsoids of the CF; groups
are much smaller in the 150 K determination (see ellipsoid plot in the
Supporting Information). In agreement with the quantum-chemical
calculations above, it is also concluded that the energetic difference
between the geometry of the [Ag(Sg),]" cation in 3 at 150 K) and at
200 K is very small (cf. the difference in thermal energy of ¥ RAT
amounts to only 0.6 kJ mol~!', AT=200 — 150 K =50 K).
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Since the RI approximation makes an RI-MP2 calculation versus a
conventional MP2 calculation faster by a factor of 10 it is still
impossible to use higher correlated methods such as MP3, MP4 or,
even more expensive, CCSD(T).

From the literature it is clear that the effect of (n+1)p orbital
contributions on the geometry of strongly bound systems is relatively
small (0.01-0.02 A)1“l and the energetic stabilization of a given bond
due to (n+1)p metal —ligand interactions is smaller than that of the
primary interaction. A suitable example to illustrate this is the bond
lengths and bond energy of the four Ni—CO bonds in Ni(CO),, which
are elongated by about 0.01 A and destabilized by 66 kImol~! (or
15% of the total binding energy) when the 4p basis set on Ni is
excluded from the calculation.l*™dl However, in the [Ag(Ss),]* cation a
series of weak interactions has to be accounted for. Weak bonds reside
in a shallow potential where small energetic changes may lead to
strong changes in the bond length. Therefore we include the
presumably weak bonding contributions of the empty silver Sp°
acceptor orbitals in our discussion. Key references are: a) C.R.
Landis, T. K. Firman, D. M. Root, T. Cleveland, J. Am. Chem. Soc.
1998, 120, 1842; b) C. A. Bayse, M. B. Hall, J. Am. Chem. Soc. 1999,
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Adv. Iorg. Chem. Radiochem. 1960, 2, 1; d) This was attributed to the
costly rehybridization of the metal M (to sd) which has to be paid by
the first ligand L so that the bond energy of the second ligand L to give
ML," is then fully released, see [41la-c].

The preferential linear arrangement of many linear d'° coinage-metal
systems!**<l is induced by an sd hybridization of one (occupied) 4d
orbital and the empty 5s orbital; this leads to an occupied and an
empty sd hybrid orbital shown in Figure 12.

The shortest Ag—S bonds in [Ag(Ss),]* of 2.68—2.71 A are trans to one
another and probably due to an interaction of the occupied sulfur 3p?
lone-pair donor-donor orbitals with the empty silver sd-hybrid
acceptor orbital as shown in Figure 13b. The longest Ag—S lengths
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Figure 12. sd-hybrid-orbital formation leading to linear d'° coinage-metal
complexes.

in [Ag(Ss),]* of 3.31-3.35 A are orthogonal to the shortest Ag—S
bonds. The occupied silver sd hybrid orbital must be found orthogonal
to the empty sd silver hybrid orbital. A repulsive linear arrangement
of three occupied orbitals, as in Figure 13a, results and leads to the
observed longest Ag—S separation. However, the remaining four
intermediate Ag—S separations at 2.92-3.20 A (Figure 3) cannot be
explained by an interaction as in Figure 13. Moreover, it was shown
that in sd hybridized [ML,]* systems (M =coinage metal) the
dissociation enthalpy of the first ligand L is higher than that of the
second ligand L, that is, AH for [ML,]* —ML* + L is higher than
ML* — M* + L4 In our [Ag(Ss),]* case, all levels agree that the
dissociation of the first Sy molecule is easier to achieve than that of the
second (cf. Table 7). Therefore and due to the, in total, eight Ag—S
contacts below the sum of the Ag and S van der Waals radii of 3.50 A
an alternative—and to our belief better—bonding model that does not
require the unusual polarization of the closed 4d' silver shell was
proposed (see main text).

occupied S 3p2 lone pair orbital

a) K b empty sd
~" hybri
y _ -~ hybrid
E ;; ot
pccupied sd
hybrid arbital

Repulsion Bonding interaction

=» d{Ag-5) = 3.31 10 3.35 A == d{Ag-5) = 2.68 to 2.71 A

Figure 13. a) Repulsive linear arrangement of two occupied sulfur 3p?
lone-pair orbitals and one occupied silver sd hybrid orbital. b) Bonding
interaction of two occupied sulfur 3p? lone-pair orbitals and one empty
silver sd hybrid orbital.

[43] When the silver ion approaches the Sy molecule, two different bonding
modes between the occupied sulfur 3p? lone-pair donor orbitals in the
1,3-position and the two empty orthogonal silver 5p” acceptor orbitals
are possible: 1) a symmetric combination forming two equal Ag—S
bonds giving, in total, a planar tetracoordinate primary coordination
environment of the silver ion (local AgS, symmetry is D,,). ii) a less
symmetric combination leading to one strong and one weak inter-
action giving, in total and to a first order of approximation, linear
dicoordination and a second set of weaker Ag—S bonds that complete
the Ag coordination environment to planar as in the experiment (local
AgS, symmetry is C,,). Since two p orbitals are at an angle of 90°, the
ideal S-Ag-S bond angle for (i) would be 90° (1,3 coordination). When
(ii) is correct, the cation can accommodate much sharper S-Ag-S bond
angles (cf. the experimental S-Ag-S bond angles in 3 (200 K) and 4 are
70.3%). The {AgSs} moiety of the solid-state structure of 1 provides a
coordination geometry as in (i) with two almost equal Ag—S
interactions at 2.744 and 2.792 A. Here the S-Ag-S bond angle is
72.0° and still considerably smaller than the ideal 90° value needed for
(i). This shows that, due to geometric restrictions, an optimal orbital
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overlap for a bonding as in (i) is impossible, and when cation —anion
interaction is minimized in going from 1 to 3/4 the Ag(Sg)," cation
therefore interact as in (ii).
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impossible for the axial Ag 5p° orbital (see Figure 9) to strongly
interact with the remaining four S 3p? lone-pair orbitals above and
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orientation of the 3p? lone-pair orbitals precludes 3p,—3p,
bonding.
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experimental sublimation enthalpies (in kJmol™'): OsO, (M,=254,
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