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ABSTRACT: Two silver-cyclodimethylsiloxane cation salts [AgD6][Al] ([Al] = [Al(ORF)4]-
(1) or [FAl(ORF)3](2), RF = C(CF3)3, D = Me2SiO) were prepared by the reactions
of Ag[Al] with D6 in SO2(l). For a comparison the [Ag(18-crown-6)]2[SbF6]2(3) salt
was prepared by the reaction of Ag[SbF6] and 18-crown-6 in SO2(l). The compounds
were characterized by IR, multinuclear NMR, and single crystal X-ray crystallography.
The structures of 1 and 2 show that D6 acts as a pseudo crown ether toward Ag+. The
stabilities and bonding of [MDn]

+ and [M(18-crown-6)]+ (M = Ag, Li, n = 4−8)
complexes were studied with theoretical calculations. The calculations predicted that
D6 adopts a puckered Ci symmetric structure in the gas phase in contrast to previous
reports. 18-Crown-6 was calculated to bind more strongly to Li+ and Ag+ than D6.
29Si[1H] NMR results in solution, and calculations in the gas phase established that a
hard Lewis acid Li+ binds more strongly to D6 than Ag+. A comparison of the [MDn]

+

complex stabilities showed D7 to form the most stable metal complexes in the gas
phase and the solid state and explained why [AgD7][SbF6] was isolated in a previous reaction where ring transformations
resulted in an equilibrium of [AgDn]

+ complexes. In contrast, the isolations of 1 and 2 were possible because the corresponding
equilibrium of [AgDn]

+ complexes was not observed with [Al]− anions. The formation of the dinuclear complex salt 3 instead
of the corresponding mononuclear complex salt was shown to be driven by the gain in lattice enthalpy in the solid state. The
bonding to Li+ in D6 and 18-crown-6 metal complexes was described by a quantum theory of atoms in molecules (QTAIM)
analysis to be mostly electrostatic while the bonding to Ag+ also had a significant charge transfer component. The charge transfer
from both D6 and 18-crown-6 to Ag+ and Li+ metal ions was depicted by the QTAIM analysis to be of similar strength, and the
difference in the stabilities of the complexes was attributed mostly to more attractive electrostatic interactions between 18-crown-6
and the metal ions despite the more negative oxygen atomic charges calculated for D6.

1. INTRODUCTION

The importance of crown ethers1 as metal complexing agents
and their role in the development of host guest chemistry is
undeniable,2 culminating in Pedersen’s 1987 Nobel Prize in
Chemistry3 shared with Lehn and Cram. In contrast to the wide
variety of crown ether metal complexes, the metal complexes of
analogous silicon-containing macrocyclic ethers, dimethylsilox-
anes Dn (Dn = (Me2SiO)n, n = 3 − 40) are rare4 despite the
widespread use of cyclic dimethylsiloxanes in industrial applica-
tions and consumer products.5 The first examples of Dn metal
complexes, two potassium complexes of D7 K3[KD7][InNp3H]4
(Np = neopentyl)6 and [KD7][C(SiMe3)2{SiMe2(CHCH2)}],

7

were reported in the 1990s as results of serendipitous reactions
between highly reactive species and silicon grease. More recently
the presence of silicon grease in a reaction mixture designed to
give Se6Ph2[Al(ORF)4] (RF = C(CF3)3) resulted in the isola-
tion of crystals of [LiD6][Al(ORF)4] and subsequently the syn-
thesis of [LiDn][Al(ORF)4] (n = 5,6; RF = C(CF3)3, C(CF3)2Ph)
via direct reactions between lithium salts and dimethylsiloxanes.8

Silicon grease has also been reported to take part in the bromina-
tion reaction of Zr(C5H5)2Br2 giving [ZrD7Br2][Zr2Br9]2 as a
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byproduct.9 The reactions of Dn (n = 3−6) with Ag[SbF6] in
SO2(l) gave rise to ring transformation reactions.10 The ring
transformation reactions have been suggested to be cation induced
and to proceed through a fluoride abstraction from [SbF6]

− and
an intermediate FSiMe2(OSiMe)m−2OSiMeO− anion resulting
in a mixture of the most thermodynamically favored [AgDn]

+

(n = 6−8) species (GC-MS, 29Si{1H} NMR) and the isolation of
[AgD7][SbF6] (XRD). The parent Lewis acids of large weakly
coordinating anions [Al]− {[Al] = [Al(ORF)4] or [FAl(ORF)3],
Rf = C(CF3)3} have higher fluoride ion affinities than SbF5 (cf.
calc. SbF5 489 vs [Al{OC(CF3)3}3] 537 kJ mol−1)11 and there-
fore the [Al]− salts are less likely to take part in the Dn ring
transformation reactions. A lithium induced ring-opening poly-
merization mechanism has also been suggested for the reaction
between D3 and tert-butyllithium that gives linear polydime-
thylsiloxanes.12

In this contribution we describe the preparation of two silver-
cyclodimethylsiloxane cation salts [AgD6][Al(ORF)4] (1) and
[AgD6][FAl(ORF)3] (2). 2 was first found as crystals in a com-
plex reaction mixture, and its structure showed ion pairs.13 In
the hope of getting a more ionic structure 1 was prepared by
a direct reaction between D6 and the more readily available
Ag[Al(ORF)4] (eq 1), and later 2 was also obtained via a direct
reaction. The direct preparation of 1 and 2 from their com-
ponents supports the suggested route for Dn ring transforma-
tion reactions.10 The stabilities and bonding of 1 and 2 have
been compared with the silver(I) complex of analogous crown
ether 18-crown-6.
No silver 18-crown-6 complex structures had been reported

prior to 2002.14 Since then some silver 18-crown-6 complex salts
have been characterized, for example, [Ag(18-crown-6)(H2O)-
(NO3)],

15 [Ag(18-crown-6)(CF3SO3)],
15 and [Ag4(18-crown-6)4-

(H2O)3][Ag18(C2)3(CF3CO2)16·(H2O)2.5]·2.5H2O.
16 In these

reported crystal structures significant coordination from solvent
molecules or counteranions to the silver 18-crown-6 complexes is
present. As a part of our effort to compare the bonding between the
cyclic dimethylsiloxane metal complexes and the cyclic ether metal
complexes we synthesized a solvent free [SbF6]

− salt of the [Ag(18-
crown-6)]+ complex to minimize the effect anions and solvent
molecules have on the complex structure. However instead of the
expected simple [Ag(18-crown-6)][SbF6] complex salt we obtained
a dinuclear [Ag(18-crown-6)]2[SbF6]2 (3) complex (eq 2). The
synthesis and characterization of 3 is described.
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The differences in the observed stabilities of siloxane and
ether complexes have been associated with low basicity of
oxygen in siloxanes.17 The low basicity of siloxanes has been
previously explained as due to p2(O) → σ*(Si-R) negative
hyperconjugation18 or the spatially diffuse oxygen electron pairs
that result from the high electronegativity difference between
oxygen and silicon and thus the high ionic nature of O−Si
bonds.19,20 Our theoretical studies on Li+ and Ag+ metal com-
plexes of O(SiH2Me)2 and OEt2 have shown the O(SiH2Me)2
complexes to be less stable than the OEt2 complexes despite

the more negative oxygen atomic charges on O(SiH2Me)2 that
would suggest stronger electrostatic attraction with the metal
cations.21 The repulsion between the positively charged silicon
atoms and the metal ions was shown to counteract the stronger
attraction between the oxygen atoms and the metal ions in
the O(SiH2Me)2 complexes. Furthermore, the presence of
metal cations was shown to cause changes in the bonding and
polarization of the ligands in a way that resulted in the lower
stability of the O(SiH2Me)2 complexes, that is, the further
polarization of the already polar O−Si bonds in 1,3-
dimethyldisiloxane caused the energy of 1,3-dimethyldisiloxane
to rise more than the polarization of O−C bonds raised the
energy of diethyl ether.

2. EXPERIMENTAL SECTION
2.1. General Experimental Technique. All manipulations were

performed by using standard closed vacuum line techniques, grease
free metal apparatus, and drybox techniques under nitrogen atmo-
sphere.22 The compounds Ag[Al(ORF)4]

23a and Ag[FAl(ORF)3]
(RF = C(CF3)3)

23b were prepared as described in the literature. D6
(Gelest, ≥ 95%) (D = Me2SiO) was used as delivered. 18-Crown-6
(Fluka, ≥ 99%) was recrystallized from acetonitrile and vacuum-dried.
Ag[SbF6] (SynQuest, ≥ 99%) was purified by dissolving in liquid SO2
and filtering through a medium frit in the absence of light, so that
the reagent was snow-white. Sulfur dioxide (Matheson, anhydrous,
99.85%) was dried and stored over CaH2 and freshly distilled before
use. Diethyl ether was obtained from a solvent purification system and
stored over sodium metal before use. NMR spectra were recorded on a
Varian 400 NMR spectrometer. 1H, 13C, and 29Si[1H] chemical shifts
were reported in δ units downfield from Me4Si in SO2 as the reference
signal. CFCl3 (in D2O) and AlCl3 (in D2O) were used as references
for measuring 19F and 27Al spectra, respectively. NMR samples were
prepared in 10 mm thick walled NMR tubes fitted with J. Young valves
using SO2 as solvent. FT-IR spectra were recorded using a Thermo
Nicolet spectrometer (Nexus 470 FT-IR).

2.2. Crystal Structures. Single crystals were coated with Paratone-N
oil, mounted using a polyimide MicroMount and frozen in the cold
nitrogen stream of the goniometer. Crystal data were recorded on a
Rigagu RAXIS (1) and a Bruker AXS P4/SMART 1000 (2 and 3)
diffractometers. Crystalstructure 3.824 (1) and SHELX version 6.125

program packages (2 and 3) were used for the structure solutions and
the refinements. The crystal structures were solved by direct methods
and refined by full-matrix least-squares procedures. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included
at calculated positions and refined using a riding model. A summary
of the data collection parameters is provided in Table 1. All figures
illustrating crystal structures have been prepared using DIAMOND
program.26

2.3. Computational Details. All density functional theory (DFT)
calculations were carried out with the Gaussian 09 program package.27

The M06-L local functional28 and 6-311++G(2d,p) basis set29 (and
aug-cc-pVTZ-PP for silver)30 with ultrafine integration grids were
employed in the DFT calculations. Quantum theory of atoms in mol-
ecules (QTAIM) analyses were carried out with AIMAll program.31

The optimized structures have been drawn using ChemCraft program.32

2.4. Syntheses. Synthesis of 1. All reactions in SO2 were carried
out in a jointless Pyrex apparatus consisting of two tubes (OD 3 cm)
equipped with two Teflon in glass Rotaflo (6 HK) valves and joined by
a glass tube that incorporated a medium sintered frit as previously
described in reference 22. D6 (0.23 mL, 0.49 mmol) was added onto
Ag[Al(ORF)4] (0.532 g, 0.51 mmol) that was in one tube of a two-
tube vessel. The vessel was cooled with liquid N2 and degassed. SO2
(7 mL) was condensed onto the mixture and warmed to room
temperature. This mixture was stirred overnight at room temperature
and then filtered. Colorless crystals were obtained by evaporating the
volatiles from the resulting clear solution at 5 °C. The crystals were
washed three times with SO2 and the volatiles were removed under
vacuum. Yield: 0.652 g (89% yield based on D6). mp 177 °C (decomp).
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13C{1H} NMR (100.6 MHz, SO2, RT): δ = 120.6 ppm (q, J(C−F) =
291 Hz, 3C, CF3), 79.9 ppm (s, 1C, C(CF3)3), 0.1 ppm (q, 3C,
SiMe2);

29Si{1H} NMR (79.4 MHz, SO2, RT): δ = −11.1 ppm (s,
AgD6

+); 19F NMR (376.3 MHz, SO2, RT): δ = −75.3 ppm (s, CF3);
27Al NMR (104.2 MHz, SO2, RT): δ = 34.9 ppm (s, [Al(ORF)4]);

1H
NMR (399.9 MHz, SO2, RT): δ = 1.11 ppm (s, SiMe2). IR (KBr,
Neat, RT, ν assigned to [AgD6]

+ marked with *): νmax/cm
−1 = 2964

(w),* 2913 (vw),* 1457 (vw),* 1416 (vw),* 1400 (w),* 1352 (m),* 1302
(m), 1275 (s),* 1242 (m), 1220 (vs), 1166 (m), 1135 (w), 1090 (m;
νas(SiOSi)),* 1018 (s), 974 (s), 855 (m),* 820 (m), 803 (m; νas(SiC2)),*
755 (w; νas(SiC2)),* 728 (m), 708 (m, νs(SiC2)),* 657 (w, νs(SiOSi)),* 613
(vw, νs(SiOSi)),* 571 (vw), 560 (w), 536 (w), 509 (m), 445 (m), 383
(m), 353 (m)* (see the Supporting Information, Figure S1.1 for the IR
spectrum and Supporting Information, Table S1.1 for the assignments).
Synthesis of 2. The preparation is similar to that of 1. (Ag[FAl-

(ORF)3] 1.096 g, 1.28 mmol; D6 0.5 mL, 1.08 mmol; SO2 12 mL). Yield:
0.581 g (41% yield based on D6). mp 124 °C (decomp). 13C{1H} NMR
(100.6 MHz, SO2, RT): δ = 120.7 ppm (q, 3C, J(C−F) = 291 Hz, CF3),
79.7 ppm (s, 1C, C(CF3)3), 0.5 ppm (q, 3C, SiMe2);

29Si{1H} NMR
(79.4 MHz, SO2, RT): δ = −14.2 ppm (s, AgD6

+); 19F NMR (376.3
MHz, SO2, RT): δ = −75.1 ppm (s, CF3), −176.3 ppm (s, FAl(ORF)3);
27Al NMR (104.2 MHz, SO2, RT): δ = 40.8 ppm (d, J(Al−F) = 68 Hz,
[FAl(ORF)3]);

1H NMR (399.9 MHz, SO2, RT): δ = 1.34 ppm (s,
SiMe2). IR (KBr, Neat, RT, ν assigned to [AgD6]

+ marked with *):
νmax/cm

−1 = 2964 (m),* 2906 (w),* 1456 (vw),* 1414 (w),* 1400
(w),* 1351 (w),* 1300 (m), 1272 (vs),* 1240 (m), 1221 (s), 1192
(m), 1167 (m), 1068 (vs; νas(SiOSi)),* 1012 (vs), 974 (vs), 854 (m),*
817 (m), 803 (s; νas(SiC2)),* 755 (m; νas(SiC2)),* 727 (s), 709
(m; νs(SiC2)),* 672 (w; νs(SiOSi),* 658 (w; νs(SiOSi)),* 612 (w;
νs(SiOSi)),* 564 (m), 536 (m),* 449 (m), 389 (m),* 354 (w) (see
the Supporting Information, Figure S1.2 for the IR spectrum and
Supporting Information, Table S1.1 for the assignments).
Synthesis of 3. A vessel similar to that in 1 was used for the

reaction. Ag[SbF6] (1.207 g, 3.51 mmol) and 18-crown-6 (0.742 g,
2.81 mmol) were added to separate tubes of the reaction vessel. The
vessel was degassed, and SO2 (4 mL) was condensed into the vessel to
dissolve both solids. The solution of 18-crown-6 was poured onto the
solution of Ag[SbF6]. Some gray precipitate was formed upon mixing
the solutions. The resulting solution was filtered, and the volatiles were
removed yielding 1.692 g (2.78 mmol; 99% yield based on 18-crown-6
and eq 2) of the white crude product. Using a similar reaction vessel as
above a small amount of crude product (0.110 g) was dissolved in SO2
(3 mL). A small amount of diethyl ether was condensed into
the solution resulting in the precipitation of the least soluble portion of
the crude product. This solution was filtered, and more diethyl ether

(10 mL) was condensed onto the solution. Colorless crystals (collected
amount 0.080 g) were obtained by slow removal of volatiles at 5 °C by
condensation using an ice−water bath. Mp 196 °C (decomp). 13C
NMR (100.6 MHz, SO2, RT): δ = 69.4 ppm (t, J(C−H) = 144 Hz,
CH2);

19F NMR (376.3 MHz, SO2, RT): δ = −115.2 ppm (sextet,
J(F−121Sb) = 1946 (±14) Hz; octet, J(F−123Sb) = 1054 (±21) Hz,
[SbF6]);

1H NMR (399.9 MHz, SO2, RT): δ = 4.73 ppm (d, J2(H−H) =
10 Hz, CH2). IR (KBr, Neat, RT, ν assigned to [Ag(18-crown-6)]+

marked with *): νmax/cm
−1 = 2909 (m),* 2871 (m),* 1489 (vw),*

1474 (w),* 1461 (w),* 1451 (w),* 1436 (vw),* 1419 (vw),* 1394
(vw),* 1387 (vw),* 1374 (vw)*, 1353 (m),* 1300 (m),* 1291 (w),*
1249 (m),* 1237 (w),* 1140 (w),* 1106 (vs),* 1077 (m),* 1065
(m),* 1053 (m),* 1035 (m),* 963 (m),* 955 (m),* 937 (m),* 915
(w),* 866 (m),* 834 (m),* 654 (vs), 575 (m), 566 (w),* 520 (m),*
403 (vw)* (See Supporting Information, Figure S1.3 for the IR spec-
trum and Supporting Information, Table S1.2 for the assignments).

3. RESULTS AND DISCUSSION

3.1. Syntheses and Spectroscopic Characterizations.
The reactions of Ag[Al] ([Al] = [FAl(ORF)3], [Al(ORF)4])
with liquid D6 (1: 1) in liquid SO2 according to eq 1 led to
colorless, thermally stable salts. Crystalline material was
afforded by cooling of their saturated SO2 solutions. Single
crystal X-ray diffraction gave structures formulated as 1 and 2.
Their IR spectra show the characteristic peaks of the anion, and
the remaining peaks were very similar to the reactant siloxane
D6 (see the Supporting Information, Figures S1.1 and S1.2).
The 19F NMR spectra of 1 and 2 in liquid SO2 have one

sharp peak (Table 2: 1 −75.3 ppm; 2 −75.1 ppm), which is

assigned to −CF3 fluorine.23a The 19F NMR spectrum of 2
gives an additional peak (−176.3 ppm) corresponding to -AlF
fluorine.23b The 29Si{1H} NMR spectra of 1 and 2 in SO2(l)
have one peak indicative of one silicon species in solution
(Table 2). The 29Si{1H} chemical shift of 2 (−14.2 ppm) is
similar to that of [AgD6][SbF6] (−14.2 ppm)10 but about 3.1
ppm different from that of 1 (−11.1 ppm), depicting a stronger
coordination between D6 and Ag+ in 1. This suggests a stronger
coordination from [SbF6]

− and [FAl(ORF)3]
− anions to [AgD6]

+

ions in SO2(l) solutions of [AgD6][SbF6] and 2 compared to 1
that is more dissociated into [AgD6]

+ and [Al{OC(CF3)3}4]
−

ions. With the same anion [Al{OC(CF3)3}4]
−, the 29Si[1H]

NMR of 1 is at about 1.9 ppm lower field than that of [LiD6]
+

(−9.2 ppm), implying a stronger coordination between a hard
base (D6) and a hard acid (Li+) in solution than that of Ag+.
This observation is reflected by the calculated gas phase ener-
getics (see Table 4). The spectroscopic results are consistent
with the formation of only one silver-cyclodimethylsiloxane com-
plex [AgD6]

+ in contrast to the analogous reaction of Ag[SbF6]
with D5 that gave a mixture of products.

10

The reaction of Ag[SbF6] with 18-crown-6 (1:1) in liquid
SO2 according to eq 2 leads to a white, thermally stable salt.

Table 1. Selected X-ray Crystallographic Data for 1, 2, and 3

1 2 3

formula C28H36AgAlF36O10Si6 C24H36AgAlF28O9Si6 C12H24AgF6O6Sb

formula wt 1519.89 1303.92 607.93

T [K] 98(1) 173(1) 173(1)

space group P1̅ P2(1)/n P1̅

crystal system triclinic monoclinic triclinic

color and habit colorless, block colorless, plate colorless, irregular

a [Å] 14.2609(5) 12.990(3) 9.1671(15)

b [Å] 21.3122(9) 21.368(4) 9.6508(16)

c [Å] 21.6672(11) 18.082(4) 11.996(2)

α [deg] 115.3870(12) 105.639(2)

β [deg] 98.150(1) 93.199(4) 91.602(2)

γ [deg] 103.4840(7) 106.652(2)

V [Å3] 5562.1(4) 5011.3(18) 972.7(3)

Z 4 4 2

density [g cm−3] 1.815 1.728 2.076

μ, mm−1 0.673 0.709 2.475

collected reflections 25020 34368 6753

independent
reflections

13123 11207 4222

R1, wR2 0.0681, 0.0797 0.0686, 0.2163 0.0243, 0.0648

Table 2. 19F and 29Si{1H} Chemical Shifts of 1, 2, and Some
Reference Compounds in SO2(l)

compound 19F 29Si{1H}

D6
a −22.7

1 −75.3 −11.1
2 −75.1,−176.3 −14.2
[AgD6][SbF6] (in situ)a −14.2
[LiD6][Al(ORF)4]

b −75.3 −9.2
[LiD6][Al(ORPhF)4]

b −74.1 −10.1
aRef 10. bRef 8. RF = C(CF3)3, RPhF = C(Ph)(CF3)2.
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Crystals of the salt (3) for single crystal X-ray diffraction were
afforded by slow condensation of the solvent from SO2/diethyl
ether mixture. The IR spectrum of 3 (see Supporting Information,
Figure S1.3 and Table S1.2) show two bands at 654 and 575 cm−1

characteristic of the [SbF6]
− anion (compare for the 655 and

588 cm−1 bands of the [SbF6]
− anion in (N5)[SbF6]

33 and the
single 669 cm−1 band of the Oh symmetric [SbF6]

− anion in
Li[SbF6]).

34 The IR spectrum indicates a lower symmetry
than the ideal Oh symmetry of the [SbF6]

− anions as a result
of coordination to the silver atom of the [Ag(18-crown-6)]2

2+

complex (see Figure 4d).35 The other bands in the spectrum can
be assigned to the [Ag(18-crown-6)]2

2+ complex. Free 18-crown-6 is
known to crystallize in conformations having D3d and Ci
symmetries.36 A comparison of the IR spectrum of 3 with
that of a free 18-crown-6 (see Supporting Information, Figure
S1.3 and Table S1.2) shows disappearance of bands related to
the Ci symmetric conformation (e.g., 993, 1219, and 1444 cm−1)
and strengthening of bands related to the D3d symmetric
conformation (e.g., 963, 834, and 520 cm−1) indicating that
18-crown-6 has a structure approximating that of a D3d symmetric
conformation in the complex. However the IR spectrum of 3
remains more complex than expected for a D3d symmetric
complex consistent with the observed crystal structure.
The 19F NMR spectrum of 3 in liquid SO2 shows the

resonance of [SbF6]
− centered at −115.2 ppm (c.f. Ag[SbF6]

19F −123 ppm in CH3CN
37 and [TiF2(18-crown-6)][SbF6]

19F −114.5 ppm in SO2)
38 with a fine structure due to 121Sb-19F

and 121Sb-19F coupling. The well resolved fine structure indi-
cates that the cations and anions exist as separate species in
solution.39 The 13C NMR spectrum in SO2 showed a triplet at
69.5 ppm assigned to CH2 of [Ag(18-crown-6)]

+ lying 0.6 ppm
upfield from that of a free 18-crown-6, while in the 1H NMR
spectrum of the complex there is a 0.2 ppm downfield shift
to 4.73 ppm from that of a free 18-crown-6. A similar small
deshielding of 13C shifts has been previously observed upon
formation of alkali metal 18-crown-6 complexes.40 The NMR
spectra are consistent with the formation of a silver crown
complex in SO2 solution. However because of rapid exchange in
solution, the NMR spectra do not show whether the complex in
SO2(l) is mono- or dinuclear.
3.2. Structures of 1 and 2. The overall description of the

crystal structures and the packing of the ions in 1, 2, and 3 has
been presented in the Supporting Information, Section S3. The
following discussion concentrates on the structures of [AgD6]

+

cation complexes and the changes in the D6 molecules upon
complexation. The structures of [AgD6]

+ in both 1 and 2 (see
Figure 1) are similar but that in 1 more closely resembles the
ideal D6h symmetric structure, in which Ag+ is at the center of
the plane of the fully symmetrical Si6O6 ring. However [AgD6]

+

in 1 is better described as having a D3h symmetry since all of the
oxygen atoms are not equally coordinated to Ag+. Three of the
oxygen atoms (see Table 3) in the Si6O6 ring are more strongly
coordinating toward silver(I) (avg. Ag···O contact 2.422(5),
0.208 v.u.) than the other three oxygen atoms (avg. Ag···O con-
tact 2.656(5), 0.110 v.u.). The strongly and weakly coor-
dinating oxygens are trans to one another. In 2, Ag+ is slipped
even further from the center of the plane of the Si6O6 ring and
there is no significant coordination between Ag+ and O2 atoms
(3.069(4) Å, 0.036 v.u.,41 c.f. sum of the silver and oxygen van
der Waals radii of 3.27 Å). The other five silver(I) oxygen
contacts range from 2.419(4) to 2.798(6) Å. The distortion
results from a Agδ+···Fδ− cation anion interaction, which is
greater in the more basic [FAl{OC(CF3)3}3]

− salt (0.041 v.u. vs

0.267 v.u.) leading to a displacement of Ag+ above the Si6O6
plane in 2 (1.221(4) Å), and a markedly stronger coordination
to oxygen atoms in 1 (0.954 v.u.) than in 2 (0.604 v.u.). The
Agδ+···Fδ− interaction in 2 is similar in strength to that found
between [FAl{OC(CF3)3}3]

δ− unit and one of the Liδ+ atoms in
(SO2)2Li[AlF{OC(CF3)3}3]Li[Al{OC(CF3)3}4] (1.845(5) Å,
0.268 v.u.).42 The sum of the bond valences of the metal oxy-
gen contacts indicates a stronger coordination between M+ (M =
Li, Ag) and Dn (n = 6, 7) in 1 (0.954 v.u.) than in [LiD6][Al{OC-
(CF3)3}4] (0.810 v.u.)8 or [AgD7][SbF6] (0.629 v.u.)10 (See
Table 3). This suggests that in the solid state, Ag+ is a stronger
Lewis acid than Li+ toward D6, while D6 is a stronger base than
D7 toward Ag+. The sum of the bond valences (1 1.023 v.u.; 2
0.907 v.u.) of all Ag−O contacts and Ag−F contacts correspond
to one positive charge on silver.
The M06-L/6-311++G(2d,p) optimized structure of [AgD6]

+

presented in Figure 2 deviates even further from the ideal D6h
symmetry than the approximately D3h symmetric experimental
structure in 1 by distorting the Si6O6 ring and moving the
silver(I) atom away from the plane of the ring resulting in an
overall symmetry of C3. The ideal D6h symmetric structure is
calculated to be a saddle point on the potential energy surface
lying +18.4 kJ mol−1 higher in energy than the minimum
structure (+11.4 kJ mol−1 at RI-MP2/def2-TZVPP level of
theory).43 The difference between the Ag−O1 and Ag−O2
contacts in the optimized structure (Figure 2) is also larger than
the differences between the opposite Ag−O contacts in the
Si6O6 rings of 1 (Figure 1), making the optimized ring more
distorted from the ideal D6h symmetry than the experimental
structure. The calculated structure is reminiscent of the
[AgD6]

+ in 2 where the silver(I) atom lies above the Si6O6
ring. It is presumed that the two weak Ag(I)···F contacts are
enough to stabilize the more symmetric planar structure
observed in 1 over the less symmetric gas phase structure. In 2,
with only one fluorine contact to the silver(I), the gas phase
structure is retained.
Previously neutral D6 has been determined by electron

diffraction to have a D3d symmetric structure, where the Si6O6
ring is puckered with all oxygen atoms forming a plane and
silicon atoms lying alternately above and below the plane with
some methyl groups pointing inward.44 However our
calculations predict a lower symmetry puckered Ci structure
(See Figure 3) as the minimum structure for D6 instead of the
D3d structure. The discrepancy might arise from the fact that
the electron diffraction study44 only considered higher
symmetries (C6v, D3d, S6, and C6) for fitting the D6 structural
data based on evidence from an earlier vibrational study.47

Furthermore the authors of the electron diffraction study did
admit that the experimental conformation of D6 was ill-defined.
Another study48 had suggested that the solid state structure
of D6 should resemble that of the chair conformation in
N6P6(NMe2)12 (See Supporting Information, Figure S3.8),49

and our optimized structure of D6 does bear a certain resem-
blance to that of N6P6(NMe2)12. The more symmetrical D3d
structure of D6 is calculated to be a saddle point +67.5 kJ mol

−1

higher in energy than the minimum structure (energy difference
of the structures at the RI-MP2/def2-TZVPP level of theory
+19.0 kJ mol−1).43

Compared to the puckered (calculated) structure of neutral
D6 the Si6O6 framework in 1 and 2 is nearly planar similar
to the structures of the lithium complexes [LiD6][Al{OC-
(CF3)2Ph}4] and [LiD6][Al{OC(CF3)3}4] (see Figure 3).8 In
[LiD6]

+ complexes the D6 ring is more distorted from the ideal

Inorganic Chemistry Article

dx.doi.org/10.1021/ic3025793 | Inorg. Chem. 2013, 52, 3113−31263116



D6h symmetric structure than the D6 rings in 1 and 2. In the
[LiD6]

+ complex structures four of the D6 oxygen atoms are
coordinated more strongly to Li+ than the other two (c.f. avg.
Ag···Oc contacts 2.052(20) Å and Ag···Owc contacts 3.248(20) Å,
respectively in [LiD6][Al{OC(CF3)3}4].

8 The difference be-
tween the strong and weak metal oxygen contacts is larger in
[LiD6]

+ than in [AgD6]
+ complexes (c.f. avg. Ag···Oc contacts

2.591(5) Å and Ag···Owc contacts 2.851(5) Å, respectively in 1).
The average bond lengths between the silicon and oxygen
atoms coordinated to metal ions Oc−Si become longer in all
complexes [see Table 3, for example, avg. Oc−Si 1.647(5) Å
in 1 and avg. Oc−Si 1.658(7) Å in [LiD6][Al{OC(CF3)3}4)]
compared to those in free D6 (O−Si 1.622(1) Å).44 The effect
is more pronounced for the lithium complexes. In contrast, the

Figure 1. (a) Closest silver(I)-anion contacts (bond valences [v.u.]),41 (b) bond lengths [Å], and (c) bond angles [deg] in 1 (′) and 2 (″). Thermal
ellipsoids drawn at 50% probability level.
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average bond lengths between the silicon and oxygen atoms
that are weakly coordinated to metal ions Owc−Si do not change
significantly [e.g., avg. Owc−Si 1.625(8) Å in [LiD6][Al{OC-
(CF3)3}4)]. The average Si−C bond distance in both 1 and 2 is
1.836(7) Å, close to those in [LiD6][Al{OC(CF3)2Ph}4]
(1.836(2) Å)8 and [LiD6][Al{OC(CF3)3}4] (1.837(1) Å),

8

and slightly shorter than that in D6 (1.846(1) Å).44

There is a large change in average Si−O−Si angles between
the D3d and Ci symmetric D6 (149.6(1) exp. and 167.9 calc. vs
137.2° calc., respectively). In D6 complexes the Si−O−Si angles
are in general larger than those in free D6 (Ci) with those of the
coordinated oxygen atoms being narrower than those of the
weakly coordinated oxygen atoms. For example the Si−O−Si
angles of both the coordinated [152.9(3)°] and weakly coor-
dinated [159.5(3)°] oxygen atoms in [AgD6]

+ of 1 are larger
than those in free D6 [149.6(1)°] indicating that the Si6O6 ring
has expanded to accommodate the silver(I) atom. For the
lithium complexes the Si−O−Si angles are smaller in line with
the smaller size of lithium (Si−Oc−Si 141.0(4) and Si−Owc−Si
148.3(5)° in [LiD6][Al{OC(CF3)3}4]).

8 In the calculated [AgD6]
+

structure the silver(I) atom lies (0.626 Å) above the Si6O6 ring
(plane of oxygen atoms) and as a result the Si−O−Si angles
(Si−Oc−Si 142.2 and Si−Owc−Si 144.5°) are more narrow

than those observed in the experimental structure (1). Similar
structural changes resulting from the coordination to silver(I)
are observed for D6 in 2 as for 1, but they are not as clear
because of distortions caused by the more coordinating anion.

3.3. Structure of 3. The 18-crown-6 complex of silver(I)
adopts a dinuclear [Ag(18-crown-6)]2

2+ structure in the crystal
structure of [Ag(18-crown-6)]2[SbF6]2 (3) (see Figure 4). The
silver atoms in the cationic complex have distorted octahedral
coordination environments. The silver atoms are equatorially
coordinated by four oxygen atoms (O1, O2, O4, and O5) of
one of the 18-crown-6 molecules and axially by one oxygen
atom (O6′) of the other 18-crown-6 molecule. The axial coor-
dination of Ag by O6′ (Ag−O6′ 2.501(2) Å, 0.168 v.u.) is
stronger than any of the individual contacts from the four
equatorially coordinated oxygen atoms. The axial coordination
of Ag to O of a second 18-crown-6 molecule is reminiscent of
{[(18-crown-6)Ag]2(18-crown-6)}[SiF5]2, where two [Ag(18-
crown-6)]+ complexes are bridged by an oxygen coordination
from a third 18-crown-6 molecule [Ag···O(bridging) 2.515(3) Å,
0.161 v.u.].50

The octahedral coordination around Ag is completed by a
[SbF6]

− anion via an axial Ag+···F2 contact (2.649(2) Å, 0.101
v.u.). Although the Ag+···F2 contact is significant, it is weaker
than the silver···anion and silver···solvent molecule contacts ob-
served in other [Ag(18-crown-6)]+ complex salt structures, for
example, Ag+···O(anion) (2.352(3) Å, 0.251 v.u.) contact in
[Ag(18-crown-6)]CF3SO3

15 or the Ag+···OH2 (2.383(2) Å,
0.230 v.u.) contact in [Ag(18-crown-6)(H2O)]NO3.

15 The O3
and O6 atoms lie in the second coordination sphere and are
only very weakly coordinated to Ag (Ag···O3 2.907(2) Å, 0.056
v.u. and Ag···O6 2.970(2) Å, 0.047 v.u.). The sum of the bond
valences around Ag in 3 is 0.77 v.u. (0.87 v.u. if contacts to O6
and O3 are taken into account).
The calculated structure of the mononuclear model [Ag(18-

crown-6)]+ complex (see Figure 5) exhibits C2 symmetry, where
the crown ring is folded around the silver(I) atom to allow for
shorter and near equal Ag+−O contacts from all oxygen atoms of
the ring. The ideal D3d symmetric structure is calculated to be a
local minimum +20.0 kJ mol−1 higher in energy (+23.9 kJ mol−1

at RI-MP2/def2-TZVPP level)43 with longer Ag+−O contacts of
2.721 Å. The 18-crown-6 rings in the experimentally observed
dinuclear [Ag(18-crown-6)]2

2+ (3) complex are less folded
around the silver(I) atoms because of the presence of the second
crown ring (see Figure 4c). The structure parameters of the

Figure 2. Optimized structure and selected structure parameters of
[AgD6]

+(C3 symmetric).

Figure 3. Structure comparison of (a) D6 (calculated), (b) [LiD6]
+ {in [LiD6][Al{OC(CF3)3}4]},

8 and (c) [AgD6]
+ (in 1).
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calculated dinuclear [Ag(18-crown-6)]2
2+ complex are in good

agreement with the structure of 3 (see Table 3) albeit most of
the silver(I) oxygen contacts are calculated shorter than those in
the observed structure (e.g., avg. Ag−Oc 2.577 Å calc. vs 2.613(2) Å
exptl.). It appears that while an 18-crown-6 ring distorts to give
a stronger binding to silver(I) the formation of the dinuclear
complex is favored over the more extended distortion of the
ring exhibited by the mononuclear complex. Furthermore
the formation of the dinuclear complex appears to be more
favorable in the solid state than filling the silver coordination
environment with stronger anion contacts from [SbF6]

−. Since
the sum of the Ag···O bond valences from one 18-crown-6 ring
in 3 (0.604 v.u.) is less than those in 1 (0.954 v.u.) and 2 (0.640
v.u.) it might be tempting to think that 18-crown-6 acts as
weaker base toward Ag+ in the solid state than D6. However,
the lower bond valence sum is more likely an indirect result of
the coordination from the second 18-crown-6 ring and the
more coordinating anion in 3.
The optimized structure of [Li(18-crown-6)]+ exhibits a

similar folded ring around the lithium atom to that found, for

example, in the crystal structure of [Li(18-crown-6)][Nd(η5-
Cp″)2(κ1-O3SCF3)(κ

2-O3SCF3)]
46 (see Table 3 and Support-

ing Information, Figure S4.1). The optimized folded ring
structure of [Li(18-crown-6)]+ is also in agreement with the
optimized minimum conformation reported for the complex in
previous studies.51 Because of the relatively small size of lithium
compared to that of the 18-crown-6 ring, crystal structures
where lithium is asymmetrically coordinated to only some of
the oxygen atoms of the 18-crown-6 ring are also known, for
example, [Li(18-crown-6)]ClO4·2H2O

52 and [{Li(NC5H4S-2)}2-
(18-crown-6)].53

The structural changes in 18-crown-6 are smaller upon
coordination to metal atoms than in D6 (see Table 3). All O−C
bonds are slightly lengthened in the complexes compared to
free 18-crown-6. The lengthening in the silver(I) complexes
correlates with the strength of the oxygen coordination to
silver(I), with the largest difference observed for the oxygen
atoms that are axially coordinated to silver(I) in the dinuclear
[Ag(18-crown-6)]2

2+ complex. The calculated and experimental
Li−O contacts in [Li(18-crown-6)]+ are shorter than the

Figure 4. Top-view of one-half of [Ag(18-crown-6)]2
2+ with (a) bond lengths [Å] and (b) bond angles [deg]. (c) A side-view of [Ag(18-crown-6)]2

2+

with intradimer Ag−O contacts [Å and v.u.]. (d) Cation−anion contacts in [SbF6]
−···[Ag(18-crown-6)]2

2+···[SbF6]
− ion pair of 3. Thermal ellipsoids

have been drawn at 50% probability.
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Ag−O contacts in the mononuclear [Ag(18-crown-6)]+

complex similarly to the trend observed for the D6 complexes.
Contacts to metal atoms from the coordinating oxygen atoms
Oc of 18-crown-6 are longer than the contacts from the co-
ordinating oxygen atoms of D6 in both the lithium and the
silver(I) complexes with the exception of Ag−Oax contact in
[Ag(18-crown-6)]2

2+.
3.5. Gas Phase Binding Energies in Metal Complexes.

Theoretical gas phase lithium and silver(I) binding energies
of 18-crown-6 and Dn (n = 5−8) have been calculated at the
M06-L/6-311++G(2d,p) level to compare the relative binding
strengths of the 18-crown-6 and D6 metal complexes and to
examine the stability trend of the metal complexes within the
Dn series. The calculated gas phase binding energies are pre-
sented in Table 4. To get an estimate of the reliability of the
calculated binding energies M06-L/6-311++G(2d,p) calculated
proton affinity of 18-crown-6 (−929.1 kJ mol−1; For the struc-
ture of the protonated 18-crown-6 see the Supporting Information,
Figure S4.2) was compared with a recently established experimental
value from competitive threshold collision-induced dissociation
measurements (−935.3 ± 11.4 kJ mol−1),54 and found to agree
well with the experiment.
18-Crown-6 is calculated to bind more strongly to metal

cations than D6 similar to the trend reported for the relative
metal binding strengths of simple ethers and siloxanes in pre-
vious studies.21 The binding energy difference for the 18-crown-6
and D6 complexes calculated by DFT is somewhat smaller than
the 100 kJ mol−1 reported for the Li+ complexes at the HF/3-
21G* level in our previous study.8 Part of the energy difference
between the 18-crown-6 and D6 complexes can be associated with
the larger structural changes that D6 goes through to accommodate
the metal ions (c.f energy differences between the complexed and
free geometries of 18-crown-6 and D6 in Table 7). However, the
structural changes do not account for all of the binding energy
difference between these complexes.
Lithium, being a harder Lewis acid than silver(I),55 is cal-

culated to bind more strongly to both 18-crown-6 and D6 at the
M06-L/6-311++G(2d,p) level of theory (as well as at the
RI-MP2/def2-TZVPP level, see the Supporting Information,
Table S4.1 for details). The stronger calculated binding of lithium
to D6 is in line with the relative coordination strengths in

solution as suggested by the 29Si[1H] NMR. It is worth noting
that this binding strength trend is opposite to what was found
for the relative stabilities of the Li+ and Ag+ complexes of an
acyclic siloxane O(SiH2CH3)2 in our previous study.21 Within
the Dn (n = 5−8) series the binding strength to lithium and
silver(I) increases as the ring size increases up until D7 that
forms the most stable of the calculated Dn complexes. The
smaller Dn rings are calculated to bind more strongly to lithium
while the larger D7 and D8 rings tend to favor silver(I) in line
with the relative sizes of the lithium and silver(I) cations. To
further elucidate the relative stabilities of the Dn metal
complexes the energetics of disproportionation reactions in
eqs 3-5 have been considered.

⇌ + =+ + +2[MD ] [MD ] [MD ] (M Li, Ag)5 4 6 (3)

⇌ ++ + +2[MD ] [MD ] [MD ]6 5 7 (4)

⇌ ++ + +2[MD ] [MD ] [MD ]7 6 8 (5)

The calculated reaction energies (See Table 4) suggest that
for [LiD6]

+ a disproportionation to [LiD5]
+ and [LiD7]

+ (eq 4)
is unfavorable while for [AgD6]

+ the corresponding dispro-
portionation is marginally favorable (ΔGgas = −5.4 kJ mol−1).
For [MD5]

+ and [MD7]
+ (M = Li, Ag) the disproportionation

reactions (eqs 3 and 5 respectively) are calculated to be un-
favorable. A comparison with the disproportionation reactions
of neutral Dn (n = 5−7) (see Table 4) indicates that the com-
plexation of D6 with Ag+ destabilizes D6 significantly compared
to other rings (the disproportionation of neutral D6 is dis-
favored by +26.7 kJ mol−1) while the metal complexation
stabilizes D5 and especially D7. The high relative stability of

Figure 5. Optimized structure and selected structure parameters
(bond lengths in Å, bond angles in deg) of [Ag(18-crown-6)]+

(C2 symmetric).

Table 4. Gas Phase [M06-L/6-311++G(2d,p)] Lithium and
Silver(I) Binding Energies (ΔEgas), Enthalpies (ΔHgas), and
Free Binding Energies (ΔGgas) (kJ mol−1) of 18-Crown-6
and Dn (n = 5−8) and Relative Stabilities of Lithium and
Silver(I) Dn Complexesa

reaction ΔEgas ΔHgas ΔGgas(298 K)

Li+ + 18-crown-6
⇄ [Li(18-crown-6)]+

−416.0 −422.5 −372.7

Li+ + D4 ⇄ [LiD4]
+ −241.4 −245.2 −205.0

Li+ + D5 ⇄ [LiD5]
+ −286.8 −291.2 −252.0

Li+ + D6 ⇄ [LiD6]
+ −332.3 −337.3 −294.9

Li+ + D7 ⇄ [LiD7]
+ −373.5 −377.9 −333.5

Li+ + D8 ⇄ [LiD8]
+ −331.9 −336.9 −296.5

Ag+ + 18-crown-6
⇄ [Ag(18-crown-6)]+

−407.2 −411.1 −362.0

Ag+ + D4 ⇄ [AgD4]
+ −240.5 −241.4 −201.5

Ag+ + D5 ⇄ [AgD5]
+ −278.5 −279.4 −241.4

Ag+ + D6 ⇄ [AgD6]
+ −317.7 −320.1 −273.6

Ag+ + D7 ⇄ [AgD7]
+ −375.8 −376.7 −338.0

Ag+ + D8 ⇄ [AgD8]
+ −357.0 −357.8 −317.2

2 D5 ⇄ D4 + D6 +3.8 +5.1 −1.1
2 D6 ⇄ D5 + D7 +23.9 +22.0 +26.7
2 D7 ⇄ D6 + D8 −40.7 −42.9 −27.3
2 [LiD5]

+ ⇄ [LiD4]
+ + [LiD6]

+ +3.6 +5.0 +3.1
2 [LiD6]

+ ⇄ [LiD5]
+ + [LiD7]

+ +28.2 +27.4 +30.9
2 [LiD7]

+ ⇄ [LiD6]
+ + [LiD8]

+ +42.2 +38.9 +48.4
2 [AgD5]

+ ⇄ [AgD4]
+ + [AgD6]

+ +2.7 +2.4 +6.5
2 [AgD6]

+ ⇄ [AgD5]
+ + [AgD7]

+ +4.8 +6.0 −5.4
2 [AgD7]

+ ⇄ [AgD6]
+ + [AgD8]

+ +36.4 +32.8 +57.9
aFor the calculated structures see the Supporting Information,
Figure S4.3.
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[MD7]
+ complexes is in contrast with the stability order of the

neutral Dn rings that has been reported to favor the smaller
rings.56

The calculated metal cation binding and reaction energies for
the Dn complexes give further evidence for the suggested stability
order of the metal Dn complexes and justification for finding
[AgD7]

+ as the major component and the isolated species in the
AgSbF6 + Dn reaction mixture in a previous study.10 The reaction
energies also suggest that the equilibrium between the Dn rings
can be moved toward the larger rings by templating the rings
with suitable (metal) cations.
3.6. Solid State Binding Enthalpies in the Metal

Complexes. The stabilities of cationic complexes in the solid
state depend on the sizes of the complexes and anions that
form the salts. With the aim of evaluating the effect counterions
have on the stabilities of 18-crown-6 and Dn (n = 5−8) metal
complexes in the solid state, the stabilities of different salts of
the mononuclear complexes have been predicted using a
Born−Fajans−Haber cycle shown in Scheme 1. The lattice
enthalpies (ΔHL) involved in the Born−Fajans−Haber cycle
have been estimated by a volume based thermodynamics
(VBT) approach.57 To take into account the fact that
silver(I) forms a dinuclear complex with 18-crown-6 and a
2:1 salt in 3, the stability of 3 compared to the corresponding
mononuclear complex in the solid has been estimated from
eq 8.

‐ ‐

‐ ‐
Δ
H Iooo

2[Ag(18 crown 6)][SbF ](s)

[Ag(18 crown 6)] [SbF ] (s)
H

6

2 6 2
R

(8)

The calculated solid state enthalpies (Table 5) establish that
the 18-crown-6 metal complex salts of Li+ and Ag+ are stable
with the anions of all considered sizes in good agreement with
the characterization of structures like [Li(18-crown-6)]ClO4·
2H2O

52 and 3. In the gas phase formation of the dinuclear
[Ag(18-crown-6)]2

2+ complex from the mononuclear [Ag(18-
crown-6)]+ complex is calculated to be endothermic by +103.5
kJ mol−1, but in the solid state the high lattice energy from a 2:1
salt formed by [Ag(18-crown-6)]2

2+ drives the reaction 8 to the
right giving a reaction enthalpy ΔHR of −265 kJ mol−1 (Details
have been given in the Supporting Information, Section S5).
The solid state reaction enthalpy is so exothermic that increas-
ing the size of the anion further is most likely not going to be
enough to stabilize the mononuclear [Ag(18-crown-6)]+ complex
over the dinuclear [Ag(18-crown-6)]2

2+ unless there is a signif-
icant stabilizing coordination from the anion or solvent molecules
(e.g., ΔHR (eq 8) for a [Al{OC(CF3)3}4]

− salt is −212 kJ mol−1).

The stability of the dinuclear [Ag(18-crown-6)]2
2+ complex in

the solid state is reminiscent of E4
2+[AsF6]2

− (S, Se, Te) and
I4
2+[AsF6]2

− where the dicationic dimers are stabilized in the solid
state by a gain in the lattice enthalpies.58

According to the calculated solid state reaction enthalpies the
D6 metal complex salts of Li

+ and Ag+ (see Table 5) with small
anions are unlikely to be stable, but the [SbF6]

− anion should
be large enough to stabilize the complexes. The experimental
attempts to make [AgD6][SbF6](s) have not been successful
because the reactions led to Dn ring transformations and
the isolation of the most stable Dn silver(I) complex salt
[AgD7][SbF6] (see Table 5).

10 The metal complexes of smaller
D4 and D5 are calculated to be marginally stable with anions the
size of [SbF6]

−. In conclusion the calculations suggest that the
lithium and silver(I) complexes of the smaller Dn rings (n = 4,
5, 6) could be stabilized with weakly coordinating anions larger
than [SbF6]

− provided that ring transformation reactions can
be inhibited.
The solid state reaction enthalpies retain the higher gas phase

acidity of Li+ toward the smaller Dn (n = 4, 5, 6) compared to
Ag+. The higher calculated stability of [LiD6]

+ is in contrast
with the bond valence results from [LiD6][Al{OC(CF3)3}4]
(sum of Li+−O contacts 0.810 v.u.)8 and 1 (sum of Ag+−O
contacts 0.954 v.u.). The energy differences between the solid
state stabilities of [LiD6]

+ and [AgD6]
+ salts are well within the

accuracy of the VBT approach,59 but the difference can also be
related to structural differences between the calculated and
experimental complex structures. Unlike the bond valences
determined from the crystal structures the sums of the bond
valences of the metal oxygen contacts for optimized structures

Scheme 1. Born−Fajans−Haber Cycle for the Formation of [ML][anion] Complexes in the Solid State

Table 5. Solid State Reaction Enthalpies ΔHR for Formation
(Scheme 1) of Lithium and Silver(I) 18-Crown-6 and Dn
(n = 5-8) Complex Salts with Anions of Different Sizes

I− [SbF6]
− [Al{OC(CF3)3}4]

−

[Li(18-crown-6)][anion] −49 −114 −267
[LiD4][anion] +59 −8 −168
[LiD5][anion] +35 −32 −204
[LiD6][anion] +11 −58 −237
[LiD7][anion] −11 −81 −267
[LiD8][anion] +44 −26 −217
[Ag(18-crown-6)][anion] −48 −108 −256
[AgD4][anion] +51 −10 −165
[AgD5][anion] +36 −27 −192
[AgD6][anion] +17 −47 −220
[AgD7][anion] −22 −86 −266
[AgD8][anion] +11 −54 −238
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agree with the calculated energies that suggest lithium to be
more strongly coordinated to D6 than silver(I) (c.f. [LiD6]

+

0.953 v.u. vs [AgD6]
+ 0.914 v.u.). The lower coordination

strength of Li+ to D6 indicated by the bond valences of the
[LiD6][Al{OC(CF3)3}4] crystal structure is therefore most
likely because of the closer proximity of the anions and
cations in [LiD6][Al{OC(CF3)3}4] compared to 1 (c.f. Li+···F
2.641(16) Å in [LiD6][Al{OC(CF3)3}4] and Ag+···F 2.980(3) Å
in 1, see Figure 1a) that weakens the Li+−O contacts in the
crystal structure compared to the calculated structure (see
Table 3).
3.7. QTAIM Analysis of the Bonding in D6 and 18-

Crown-6 Metal Complexes. Our theoretical studies on
Li+ and Ag+ complexes of 1,3-dimethyldisiloxane and diethyl
ether have shown that the electron donation strengths of
O(SiH2Me)2 and OEt2 to metal ions are similar and the elec-
trostatic interactions between the metal ions and ligands in the
complexes are comparable.21 The calculations also suggested
that the stability differences between the siloxane and ether
complexes arise from the structural changes in the ligands and
the polarization of the O−X bonds (X = Si, C) in the presence
of metal ions that raise the energy of O(SiH2Me)2 more upon
complexation than the energy of OEt2. To assess if the stability
differences of the D6 and 18-crown-6 metal complexes of Li+

and Ag+ are due to the same reasons, atomic charges and
delocalization indices (DIs) of selected bonds in the D6 and 18-
crown-6 metal complex structures have been determined by the
QTAIM method60 and presented in Table 6. For comparison

the natural bond orbital (NBO) analysis results have been
presented in the Supporting Information, Section 6. The NBO
results suggested a different but not as consistent bonding

picture as the QTAIM description given here and have not
been considered further.
Atomic charges on silicon atoms in D6 are calculated to

be much higher than atomic charges on carbon atoms in
18-crown-6, and oxygen atomic charges in D6 are more negative
than those in 18-crown-6. Added to the atomic charges the
lower DI values of Si−O bonds compared to C−O bonds indi-
cate the higher ionic nature of the Si−O bonds. The differences
between the Si−O bonds in D6 and the C−O bonds in 18-crown-6
reflect those found previously for the bonds in O(SiH2Me)2
and OEt2.

21

In the calculated complex structures all of the oxygen atoms
of 18-crown-6 and D6 coordinate to the lithium and silver(I)
atoms except for [LiD6]

+, where only four oxygen atoms are
connected to the lithium atom by a bond path. In the lithium
complexes the oxygen atomic charges on the coordinating oxy-
gen atoms in D6 and 18-crown-6 become more negative
compared to the free molecules (see Table 6). This indicates a
polarization of the molecules by the metal ion similar to what
was found in the lithium complexes of OEt2 and O(SiH2Me)2.

21

The polarization of D6 and 18-crown-6 by metal ions is not
as pronounced as the calculated polarization of OEt2 and
O(SiH2Me)2 was due to the weaker individual oxygen metal
interactions that result from the longer contacts (c.f. calculated
Li−O 1.809 Å in [LiOEt2]

+21 and 2.120 Å in [Li(18-crown-6)]+).
In the silver(I) complexes the atomic charges of the coordinat-
ing oxygen atoms are slightly less negative than in free D6 and
18-crown-6. The less negative atomic charges on the oxygen
atoms are related to the low atomic charges on the silver(I) atoms
and the relatively high Ag−O DI values (e.g., Ag−Oc 0.32 in
[AgD6]

+), that indicate a significant electron transfer from
both D6 and 18-crown-6 to silver(I) in the complex structures.
The atomic charges and the DI values suggest that donation

from 18-crown-6 and D6 to metal ions is of similar strength.
This implies that the stability difference between the 18-crown-
6 and D6 metal complexes is either caused by the differences in
the electrostatic interactions between the metal ions and the
ligands and/or the structural and bonding changes in 18-crown-6
and D6 upon complexation. By calculating the energy differences
ΔEgeom between the free and complex geometries of 18-crown-6
and D6 molecules (see Table 7), it can be shown that the

structural changes account for a part of the stability difference
of the complexes but are not the major contributor to the
different stabilities.
Interacting quantum atoms (IQA) energy decomposition anal-

ysis is a convenient method for estimating the covalent and
electrostatic contributions to bonding.61 The IQA analysis allows
a division of the binding energies to deformation energies Edef
of the bonded groups,62 exchange-correlation EXC (covalent)

Table 6. Comparison of Average QTAIM Charges and
Delocalization Indices (DI) of Calculated D6 and 18-Crown-6
Complexes of Lithium and Silver(I)a,b

charge DI

D6 (Ci) O −1.64 O−Si 0.39
Si +3.04

[LiD6]
+ (C2) Li +0.92 Li−Oc 0.06

Oc −1.66 Li−Owc 0.00
Owc −1.63 Oc−Si 0.36
Si +3.03 Owc−Si 0.39

[AgD6]
+ (C3) Ag +0.74 Ag−Oc 0.32

Oc −1.61 Ag−Owc 0.10
Owc −1.63 Oc−Si 0.36
Si +3.03 Owc−Si 0.38

(18-crown-6) (Ci) O −1.06 O−C 0.87
C +0.53

[Li(18-crown-6)]+ (D2) Li +0.92 Li−O 0.04
O −1.08 O−C 0.86
C +0.50

[Ag(18-crown-6)]+ (calc. C2) Ag +0.73 Ag−O 0.21
O −1.05 O−C 0.86
C +0.50

[Ag(18-crown-6)]2
2+ (calc. Ci) Ag +0.75 Ag−Oc 0.19

Oc −1.06 Ag−Owc 0.11
Owc −1.05 Ag−Oax 0.22
Owc/ax −1.04 Oc−C 0.85
C +0.50 Owc/ax−C 0.85

ac = coordinated, wc = weakly coordinated, ax = axially coordinated.
bM06-L/6-311++G(2d,p) wave function.

Table 7. Energy Changes ΔEgeom (kJ mol−1) for 18-Crown-6
and D6 Going from Free Ligand Geometries to Complex
Geometries in Lithium and Silver(I) Complexes and IQA
Classical, Ecl, and Exchange-Correlation, EXC, Energy
Contributions to Metal Ligand Binding in the Complexes
[HF/6-311++G(2d,p) Wavefunction]

ΔEgeom Ecl EXC

[Li(18-crown-6)]+ +68.4 −596 −114
[LiD6]

+ +74.8 −512 −127
[Ag(18-crown-6)]+ +43.8 −289 −529
[AgD6]

+ +65.3 −251 −513
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contributions, and classical Ecl (electrostatic) contributions to
the binding energies according to eq 9.

∑ ∑= + +
>

E E E E( )
A

A

A B

AB AB
bind def XC cl

(9)

where A and B are atoms or group of atoms.
An IQA analysis was used in our previous study for the OEt2

and O(SiH2Me)2 complexes of Li+ and Ag+ to show that the
electrostatic interactions between the metal ions and both
ligands were similar and the stability differences of the com-
plexes were due to changes in the bonds of the ligands.21,63

Unfortunately full IQA energy decomposition analyses for the
18-crown-6 and D6 complexes of lithium and silver(I) are
beyond the computational resources available to us because of
the high computational effort related to the calculation of the
Edef of the ligands.31 However, estimates of the exchange-
correlation EXC and the classical Ecl contributions to the metal
binding can be made from integrations on the Li+ and Ag+ ions
in the complexes. The estimated exchange-correlation EXC and
classical Ecl metal binding energies are presented in Table 7.
The EXC in the silver(I) complexes compared to the lithium
complexes are much higher in good agreement with the more
extensive electron donation suggested by the atomic charges
and the DI values (see Table 6). The similarity of the EXC in the
18-crown-6 and D6 complexes gives further support for the
similar donation strengths of 18-crown-6 and D6 suggested by
the atomic charges and the DI values. The electrostatic metal
binding energies Ecl are calculated more attractive for the
18-crown-6 complexes compared to the D6 complexes (e.g.,
the difference in Li+ complexes −84 kJ mol−1) even though the
oxygen atoms are calculated to be more negative in D6. The
weaker electrostatic binding of the metal ions by D6 can be
related to the repulsion between the positively charged silicon
atoms and the metal ions (See Figure 6) similar to what was
found previously for the OEt2 and O(SiH2Me)2 metal
complexes.21 The difference in the electrostatic interactions in
the 18-crown-6 and D6 metal complexes is in contrast to the
OEt2 and O(SiH2Me)2 metal complexes where the electrostatic
interactions between the metal ions and the ligands were
similar. Presumably this difference is caused by the constraints
the ring structures impose on the charge distributions in the
18-crown-6 and D6 metal complexes.

In the OEt2 and O(SiH2Me)2 metal complexes (of Li
+ and

Ag+) the main contributions to the stability differences were
from the deformation energies of the ligands.21 The differences
in the deformation energies were attributed to the differences in
the polarization of O−X (X = C, Si) bonds by metal ions. In
the 18-crown-6 and D6 complexes the polarization of the O−X
bonds by Li+ and Ag+ ions are calculated to be less than those
in the OEt2 and O(SiH2Me)2 metal complexes, respectively,
and therefore the contribution of polarization effects to the
stability differences of the complexes can be expected to be
smaller. Although the calculation of deformation energies for
the 18-crown-6 and D6 complexes was not feasible their con-
tribution to the stability differences of the complexes can be
estimated by comparing the sums of the other terms (Ecl, and
EXC) in eq 9 to the differences in the binding energies. The
differences in the sums of Ecl and EXC in the 18-crown-6 and D6
complexes of Li+ and Ag+ are 71 and 54 kJ mol−1, respectively
(see Table 7). The corresponding differences in the metal bind-
ing energies of Li+ and Ag+ complexes are 84 and 90 kJ mol−1,
and a comparison of these shows that the differences in the
deformation energies account for 13 and 36 kJ mol−1 of the
stability differences in the Li+ and Ag+ complexes, respectively.
Furthermore, the deformation energies can be divided into
energy changes due to structural changes going from free to
bound geometries and changes in the bonding and polarization
of the bound groups. The magnitude of how the changes in the
bonding and polarization of 18-crown-6 and D6 upon complex
formation affect the relative stabilities of the 18-crown-6 and D6
complexes of Li+ and Ag+ can be estimated by subtracting the
energy changes due to the structural changes in ligands ΔEgeom
(see Table 7) and assuming the metal deformation energies
are similar in both the 18-crown-6 and D6 complexes. The sub-
traction of ΔEgeom from the deformation energy difference sug-
gests that changes in the polarization and bonding of 18-crown-6
and D6 account for 7 and 15 kJ mol−1 of the stability differences
in the Li+ and Ag+ complexes, respectively. In agreement with the
small changes in the atomic charges and the DIs the changes in
the bonding and polarization of 18-crown-6 and D6 account only
for a small part of the stability difference of the complexes. There-
fore the main contributions to the stability differences between
the 18-crown-6 and D6 metal complexes are due to the electro-
static interactions that are more attractive between 18-crown-6
and the metal ions. These results emphasize the importance the

Figure 6. Qualitative illustration of the attractive and repulsive electrostatic interactions between lithium and ligand atoms in (a) [LiD6]
+ and (b)

[Li(18-crown-6)]+ complexes. Hydrogen atoms and parts of the D6 and 18-crown-6 rings have been removed for clarity.
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electrostatic interactions can have in explaining the differences in
the bonding of other compounds of the second period and
heavier main group elements (e.g., pyramidal N(CH3)3 vs planar
N(SiH3)3).

19a,64

4. CONCLUSIONS
The syntheses and characterization of [AgD6][Al] ([Al] =
Al(ORF)4, AlF(ORF)3) salts presented in this paper provide the
first examples of a preparation of transition metal ion host−
guest complexes of cyclic dimethylsiloxanes directly from the
components. We have shown that metal complexes of cyclic
dimethylsiloxanes can be prepared via two routes in SO2(l):
Ring transformations with soluble [MF6]

− salts leading to the
thermodynamically most stable complexes, and reactions with
[Al]− salts giving the metal complex of a starting Dn. A requisite
for the reactions is the use of very weakly coordinating solvents,
for example, addition of CH3CN to reaction mixture was shown
to replace the Dn in the complexes.10

DFT calculations have been used to study the structures and
stabilities of [MDn]

+ (M = Ag, Li, n = 4−8) complexes. In
contrast to a previous electron diffraction report that has
suggested D6 to have a D3d symmetric structure,44 a puckered
Ci symmetric structure was predicted as the minimum structure
by calculations. Li+ was shown to be a stronger acid than Ag+

toward D6 by calculations in the gas phase and by the 29Si[1H]
NMR in solution. A comparison of the gas and solid state
stabilities of the [MDn]

+ (M = Ag, Li, n = 4−8) complexes
revealed that the larger Dn could be stabilized with respect to
the smaller rings by templating the rings with suitable (metal)
ions. This work together with previous reports8,10,21 implies that
numerous salts of metal cyclodimethylsiloxane complexes and
even acyclic siloxane metal complexes can be prepared by the
reactions of siloxanes with metal salts of weakly coordinating
anions in very weakly coordinating solvents, for example, SO2.
Dinuclear [Ag(18-crown-6)]2[SbF6]2 is a rare example of a

solvent free silver(I) 18-crown-6 complex. The formation of the
dinuclear [Ag(18-crown-6)]2[SbF6]2 complex instead of the
alternative mononuclear complex in the solid state was shown to
be driven by the gain in lattice enthalpy on formation of a 2:1 salt
compared to a 1:1 salt. A comparison of bonding in the 18-crown-6
and D6 metal complexes confirms the expected result that siloxane is
a weaker base toward Ag+ and Li+ ions. QTAIM bond analyses
described the bonding to lithium from D6 and 18-crown-6 to be
predominately electrostatic while the bonding to silver(I) showed
also a charge transfer from oxygen atoms to the silver(I) ions. The
QTAIM results indicated that the charge transfer from both D6 and
18-crown-6 to metal ions (Li+, Ag+) is similar and suggested that the
stability differences between the D6 and 18-crown-6 complexes arise
from the differences in the electrostatic interactions. The elec-
trostatic interactions were calculated to be more attractive between
18-crown-6 and the metal ions despite the more negative oxygen
atomic charges calculated for the D6 oxygen atoms. The weaker
electrostatic attraction between D6 and the metal ions is attributed
to the repulsion between the positively charged silicon atoms and
the metal ions similarly to what was found earlier for smaller
disiloxane metal complexes.21
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