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ABSTRACT: Cationic rhodium complexes with 1,5-cyclooctadiene (cod) ligands are
important organometallic compounds that are useful as precatalysts; however, their solid-
state structures and thermal properties have not been adequately investigated. In this
study, we synthesized [Rh(cod)L]X (L = cod, C6H6, PhMe; X = SbF6, (FSO2)2N (=
FSA), CF3BF3, CB11H12) and investigated their phase behaviors, crystal structures, and
reactivities. The phase transitions of these salts result in disordered solid-state structures.
Moreover, the structural disorder increases with a decrease in the cation symmetry in the
SbF6 salts; [Rh(cod)(PhMe)]SbF6 exhibits a rotator phase, and the cations in other salts
exhibit a dynamic rotational disorder. In contrast, a lower crystal symmetry with less cation
disorder is observed for FSA salts. The thermal stabilities and reactivities of these salts
were further investigated. FSA salts with arene ligands produce anion-coordinated
complexes upon melting, and SbF6 salts with arene ligands produce [Rh(cod)L′2]SbF6 (L′
= MeCN and SMe2) via an in situ single-crystal-to-single-crystal ligand-exchange reaction.

■ INTRODUCTION
Cationic rhodium complexes with diene ligands such as 1,5-
cyclooctadiene (cod) are important organometallic species that
are useful for various catalytic applications, such as the
hydrogenation of alkynes.1−5 Among them, [Rh(cod)2]+ serves
as a precatalyst and can be used for the in situ generation of
catalysts via ligand exchange. The catalytic activities of Rh−cod
complexes are affected by the thermodynamics and kinetics of
their ligand exchange reactions.6 In recent years, research on
solid-state organic reactions has become increasingly impor-
tant.7 Although solid-state properties of Rh−cod complexes are
important for exploring solid-state organometallic reaction
chemistry, this aspect has received little attention.8 In contrast,
extensive solid-state research has been conducted on the
chemistry of sandwich compounds such as ferrocene,
cobaltocene, and their derivatives.9,10 Salts of cationic
sandwich complexes, such as [Fe(C5H5)2]PF6, typically exhibit
an ionic plastic crystal (IPC) phase because of the spherical
shape of their cations.11−16 The constituent molecules undergo
fast reorientation or rotation in the IPC phase, resulting in high
crystal symmetry and ionic conductivity.17−29 Therefore, we
hypothesized that salts of cationic Rh-cod complexes also
exhibit an IPC or rotator phase. Molecules in the rotator phase
typically rotate along the molecular long axis.30−33 Further-
more, [Rh(cod)2]+ and its derivatives readily undergo ligand
exchange reactions in solution,34 although their solid-state
reactivity has not been investigated. Crystalline phase reactions
require structural flexibility or reaction cavities; hence, IPC or
rotator phases may provide a suitable reaction medium for
ligand exchange reactions.

The present study reports the structures, thermal properties,
and reactivities of [Rh(cod)L]X (L = cod ([1]X), C6H6

([2]X), PhMe ([3]X), X = SbF6, (FSO2)2N (= FSA),
CF3BF3, CB11H12), and [Ir(cod)2]SbF6 ([1′]SbF6) in the
solid state (Figure 1). Among these, [1]SbF6,35 [1′]SbF6,36

and [2]SbF6
5 are known compounds. Most of the anions are

nearly spherical and are often used as components of IPCs,
whereas the FSA anion (= (FSO2)2N−) is typically used for
ionic liquids.37,38 First, we discuss the phase transitions and
thermal decomposition behavior of [1]X, [2]X, and [3]X (X =
SbF6, FSA). [1′]SbF6 and Rh−cod complexes with CF3BF3

and CB11H12 anions were also studied. These salts exhibit
phase transitions that produce disordered structures in the
solid state, of which [3]SbF6 exhibits a rotator phase at room
temperature. The melting behavior of the FSA salts was
investigated in detail. In addition, the cation dynamics of the
SbF6 salts were investigated by solid-state NMR spectroscopy.
Finally, we investigated the reactivity of SbF6 salts with arene
ligands and observed that in situ ligand exchange occurs in
ether via a single-crystal-to-single-crystal (SC−SC) reaction.
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■ RESULTS AND DISCUSSION
Phase Behaviors. The phase behavior of [1]X−[3]X (X =

SbF6, FSA, CF3BF3, and CB11H12) was investigated using
differential scanning calorimetry (DSC). The phase sequences
and DSC curves of the salts are shown in Figures 2 and S1,
respectively. All the salts exhibit solid phase transitions, and the
lowest temperature phase in each salt is designated as phase I.
These salts decompose without melting at high temperatures,
except for [1]FSA and [2]FSA, which melt at approximately
360 K.

The phase sequences of the SbF6 salts are shown in Figure
2a. [1]SbF6 exhibits a phase transition at 329.9 K (ΔS = 19.6 J
mol−1 K−1), and the corresponding Ir complex ([1′]SbF6)
exhibits a phase transition at almost the same temperature
(327.4 K). [2]SbF6 exhibits four phase transitions, and the sum
of its transition entropies (ΔStotal = 16.6 J mol−1 K−1) is
comparable to that of [1]SbF6. [3]SbF6 exhibits a phase
transition from phase I to II, which is a rotator phase (see
below), at 271.6 K (ΔS = 33.7 J mol−1 K−1). This transition
entropy is quite large and comparable to those of sandwich
complexes from an anisotropic crystalline phase to a plastic
phase (e.g., [Ru(Cp)(PhMe)]PF6, ΔS = 29.0 J mol−1

K−1 11,14). The transition from phase II to III at 452.3 K (ΔS
= 6.8 J mol−1 K−1) is a transition between rotator phases;
birefringence was observed in both phases under a polarizing
optical microscope, indicating their anisotropic crystal
structures (Figure S2).

The phase sequences of the FSA salts are shown in Figure
2b. [1]FSA undergoes a phase transition at 307.4 K (ΔS = 30.6
J mol−1 K−1). [2]FSA and [3]FSA exhibit phase transitions at
358.7 and 350.3 K, followed by melting at 369.2 and 363.3 K,
respectively. The details of the melting phenomenon are
discussed in the next section.

The phase sequences of salts with other anions (X = CF3BF3
and CB11H12) are shown in Figure 2c. [1]CF3BF3 and
[3]CF3BF3 exhibit two and six phase transitions, respectively,
which occur at considerably lower temperatures than those of
the other salts, probably because the CF3BF3 anion facilitates
disorder.16 [1]CF3BF3 undergoes a phase transition from
phase I to II at 212.6 K (ΔS = 16.8 J mol−1 K−1), whereas

[3]CF3BF3 undergoes three successive phase transitions at
approximately 230 K and the sum of the transition entropies
(ΔSsum = 15.6 J mol−1 K−1) is comparable to that of
[1]CF3BF3. [1]CB11H12, which contains the carborane anion,
exhibits three phase transitions above 385.4 K, probably
because of the large anion volume, facilitating its molecular
rotation only at high temperatures. Other salts such as
[2]CF3BF3 could not be synthesized because ligand exchange
from [1]CF3BF3 did not occur.34 Similarly, [2]CB11H12 and
[3]CB11H12 were not obtained, probably because of anion
coordination.39

Most salts showed successive phase transitions as a result of
successive order−disorder rearrangements of cations and
anions (see below), similar to the salts of sandwich
complexes,13 although none of the current salts exhibits an
IPC phase; optical birefringence was observed for all phases.
This is probably because of the elongated cation shapes
compared to that of [M(Cp)2]+, which hinders isotropic
rotation. However, the salts exhibit dynamic phases, including
rotator phases, as described below.

Figure 1. Structural formulae of (a) cations and (b) anions used in
this study.

Figure 2. Phase sequences of [1]X−[3]X with (a) SbF6, (b) FSA, and
(c) other anions. The phase transition temperature (K) and transition
entropy (J mol−1 K−1) of each phase transition are shown above and
below the bar charts, respectively. The liquid phases of [2]FSA and
[3]FSA contain thermal reaction products (see text).
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Melting Behaviors of FSA Salts. We investigated the
melting behaviors of [2]FSA and [3]FSA in detail.
Interestingly, ligand exchange reactions occurred after melting
to form anion-coordinated complexes (Figure 3a).

Polarizing optical microscopy (POM) images of the melting
behavior of the [3]FSA are shown in Figure 3b. This salt melts
at 363 K, after which the deposition of crystals in the melt
occurs within 10 min when the liquid is maintained at 383 K,
and the crystals dissolve upon further heating to 409 K.
[2]FSA exhibits a similar behavior by melting at 369 K,
followed by crystal deposition (Figure S3). The entropy
change observed by DSC at the melting point was small for
this salt (Figure 2) because melting overlapped with the
exotherm from the ligand exchange reaction.

X-ray structural analysis of the crystal formed upon melting
[3]FSA at 388 K showed the structure to be [3][Rh(cod)-
(FSA)2]. The compound contains an anionic complex with
two FSA anions coordinated to the metal center via N atoms
(Figure 3a, right), indicating that the arene ligands of every
second cation are exchanged for anions. The molecular
structure of this anion is shown in Figure S4. However, we
do not provide a detailed structural discussion because of its

low data quality (R1[I > 2σ(I)] = 14.4%). Structural analysis of
the reaction product of [2]FSA was not possible.

Although several group-11 metal complexes are known to be
coordinated via the N atom of FSA or Tf2N (=
(CF3SO2)2N−),40−43 very few have been studied such as
platinum-group metal complexes.44 A related phenomenon is
the formation of the anion-coordinated complex [Ir(cod)-
(OTf)] (OTf = CF3SO3

−) as an intermediate in the ligand
exchange reaction of [Ir(cod)(p-xylene)]OTf in solution.45

The formation of anion-coordinated complexes in the liquid
phase observedin this study is consistent with this phenom-
enon.

Thermal Decomposition Behaviors. The thermal
stability of [1]X−[3]X (X = SbF6, FSA) was investigated by
thermogravimetric (TG) measurements. FSA salts decompose
at lower temperatures than SbF6 salts. The TG curves were
measured at a scan rate of 3 K min−1 under a nitrogen
atmosphere, as shown in Figures 4 and S5. The decomposition
temperatures (Tdec = 3 wt % weight loss temperature)
determined from the curves are listed in Table 1, together
with those of the related salts.

The TG curves of the SbF6 salts are shown in Figure 4a.
[1]SbF6 decomposes at 463 K and exhibits a weight loss of
approximately 36 wt % up to 548 K owing to the loss of two
cod ligands (calculated value: −39 wt %). The decomposition

Figure 3. (a) Ligand exchange reaction of [2]FSA and [3]FSA that
occurred upon their melting. (b) POM images of [3]FSA taken
during heating. (c) Microscopic image of the crystals grown in the
melt of [3]FSA taken under polarized light, after breaking up an
aggregate using a needle.

Figure 4. TG traces of (a) SbF6 and (b) FSA salts measured at a scan
rate of 3 K min−1 in a nitrogen atmosphere.

Table 1. Decomposition Temperatures (Tdec) of Salts
Containing Rh−cod Complexes (K)a

salt Tdec salt Tdec

[1]SbF6 463 [1]CB11H12
c 423

[1′]SbF6 421 [1]CF3BF3
b 463

[2]SbF6 511 [1]BArF
4
b,d 437

[3]SbF6 518 [1]BF4 454
[1]FSA 439 [3]CF3BF3

c 453
[2]FSA 407 [3]BF4

b,e 447
[3]FSA 423 [4]SbF6 433

[5]SbF6 441

aDetermined by TG measurement (−3 wt %) unless otherwise
specified. bDetermined by visual inspection. cDetermined by DSC
measurement (peak-top temperature). dRef 46. eRef 34 (described as
a melting point).
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temperature is similar to those of [1]BF4 (454 K, determined
by TG, Figure S5c) and [1]BArF

4 (Tdec = 437 K, BArF
4 =

tetrakis((3,5-trifluoromethyl)phenyl)borate),46 indicating that
the cation is responsible for the decomposition. The arene-
coordinated complexes, [2]SbF6 and [3]SbF6, exhibit consid-
erably higher decomposition temperatures of 511 and 518 K,
respectively; [3]SbF6 is more stable owing to the electron-
donating substituent in the ligand. Each salt exhibits a weight
loss of approximately 65 wt % in one step, which may be
ascribed to the loss of cod, arene ligand (calculated value: −37
wt %), and some SbF5 formed by partial decomposition of the
anion.

The TG curves of the FSA salts are shown in Figure 4b. The
decomposition temperature of [1]FSA is 439 K, approximately
20 K lower than that of [1]SbF6. The weight loss of
approximately 34 wt % occurs in one step owing to the loss
of two cod ligands (calculated value: −37 wt %). In contrast,
the decomposition temperatures of [2]FSA and [3]FSA are
407 and 423 K, respectively, approximately 100 K lower than
those of the corresponding SbF6 salts owing to ligand exchange
reactions that occur upon melting, as described above. Namely,
the decomposition is ascribed to the coordination ability of the
anions, which leads to ligand dissociation. These salts exhibit
weight losses of 18 and 12 wt %, respectively, within a
temperature range of 390−450 K, which corresponds to the
loss of arene ligands (calculated values: −16 and −19 wt %,
respectively). [1]CB11H12 exhibits a similar decomposition
temperature (423 K), which is consistent with the coordina-
tion ability of the carborane anion.39

In addition, the decomposition behavior of the Ir complex
[1′]SbF6 was investigated. The lower decomposition temper-
ature (Tdec = 421 K) of this salt compared to that of [1]SbF6
(Tdec = 463 K) indicates weaker coordination bonding. A
similar tendency has been reported for the melting points of
BF4 salts ([1′]BF4:413−418 K, [1]BF4:479−481 K),47 which
are probably accompanied by decomposition.

General Features of the Crystal Structures. The crystal
structures of phase I of the salts were determined, except for
[3]SbF6 and [3]CF3BF3, and the structural changes from phase
I to II were crystallographically elucidated for most salts
(Figure 5). Their structural features are dependent on the
anion, cation, and radius ratio, as summarized in this section.
In higher-temperature phases, the structural disorder is
enhanced to a larger extent when the transition entropy is
large.

A correlation was observed between molecular and crystal
structures. In phase I, the crystal system of the FSA salts is
monoclinic, reflecting low anion symmetry, whereas those of
the other salts (X = SbF6, CF3BF3, and CB11H12) are
orthorhombic, except for [1]SbF6. The cations and anions
are arranged alternately in all the salts, where the number of
cations surrounding the anions (coordination number)48 is
eight for [1]CB11H12, seven for [2]SbF6, and six for all others
in phase I. The cation-to-anion radius ratio ρ, calculated from
the van der Waals volumes of the molecules, is 0.87 for
CB11H12 salts, whereas it is 0.71, 0.68, and 0.65 for FSA,
CF3BF3, and SbF6 salts, respectively. Thus, with the exception
of [2]SbF6, the results are consistent with the radius ratio rule
for ionic crystals,49 which determines the six-coordinated (0.41
< ρ < 0.73) or eight-coordinated (0.73 < ρ) structures.
Interestingly, the coordination number of [1]FSA, whose
radius ratio is close to the boundary, changed from six in phase

I to eight in phase II, owing to an increase in the effective
volume caused by anion disorder in phase II.

Although phase I is an ordered phase for a majority of the
salts, structural disorder of this phase increases as the cation
symmetry decreases in the order [1]X, [2]X, and [3]X. Both
cations and anions are ordered in [1]X (X = SbF6, CF3BF3,
and CB11H12) with high packing coefficients (72.8−73.2%),
and both exhibit disorder in [2]SbF6, and are even more
extensively disordered in [3]X (X = SbF6 and CF3BF3). The
FSA salts exhibit less disorder. In each salt, the structural
disorder increases, and the crystal symmetry tends to be higher
for higher-temperature phases.

Cation disorder is typically a twofold rotational disorder
around the long axis, as seen in [2]SbF6 (phases I and II),
[1]FSA (phase II), and [1]CF3BF3 (phase II), reflecting the
elongated cation shape (Figure 5). Cation structures in other
high-temperature phases could not be determined because of
extensive disorder. Ordered cations were found in phase I of
[1]CF3BF3, [1]CB11H12, and [1]FSA−[3]FSA, with geo-
metries almost identical to those of [Rh(cod)2]X (X = BF4,
OTf)50,51 and [Rh(cod)(arene)]SbF6 (arene = hexamethyl-
benzene, 1,4-dimethylnaphthalene, etc.).5

The structure of each salt is discussed in detail in the
following sections.

Figure 5. Molecular structures (left, ORTEP drawing, 50%
probability level) and packing diagrams (right) of [1]X−[3]X. (a,b)
SbF6 salts, (c,d) other salts, and (e−g) FSA salts. Less occupied parts
of disordered groups are shown in a lighter color.
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Crystal Structures of SbF6 Salts. The structural disorder
becomes more extensive with a decrease in cation symmetry
from 1 to 3. The structure of [1]SbF6 at 90 K (phase I), shown
in Figure 5a, has an ordered phase with a coordination number
of six. The structure of phase II could not be fully refined
because of extensive rotational disorder. The space groups of
phases I and II are monoclinic C2/c and orthorhombic A,
respectively, with Z = 8 (Table S1), where molecular rotation
leads to a higher symmetry in phase II. The corresponding Ir
complex [1′]SbF6 is isomorphous, and its unit cell volume is
identical to that of [1]SbF6 within the standard deviation
(Figure S6). Their molecular structures are almost identical,
with M−C(cod) distances of 2.220(2)−2.269(2) Å (M = Rh)
and 2.196(7)−2.254(7) Å (M = Ir).

The structures of [2]SbF6 at 90 K (phase I) and 333 K
(phase II) are shown in Figure 5b. The structural changes at
the phase transition are small; both phases exhibit the Cmcm
space group and a coordination number of seven, and their
unit cell volumes are almost the same (Z = 4). The cations and
anions exhibit rotational disorder in both phases. The cod,
benzene ligands, and anion were refined as twofold disordered
in phase I (occupancy ratios 0.5:0.5, 0.63(2):0.37(2), and
0.654(5):0.346(5)), whereas the anion required refinement of
threefold disorder in phase II, with the occupancies becoming
more averaged (occupancy ratios 0.5:0.5, 0.56(3):0.44(3), and
0.402(3):0.302(3):0.296(3)). These small structural changes
are consistent with the small phase-transition entropy (ΔS =
2.9 J mol K−1). Phase IV (373 K) has the same unit cell and
space group as those in phase II; the structure could not be
fully refined owing to extensive disorder (Table S2).

The structure of [3]SbF6 could not be determined because
of the extensive rotational disorder of the cations in both
phases. The powder X-ray diffraction (PXRD) patterns of
[3]SbF6 at 90 K (phase I) and 293 K (phase II) are shown in
Figure S7a; the pattern at 293 K is considerably simpler, with
fewer peaks than that at 90 K. The crystal systems of these
phases are orthorhombic P (Z = 16) and tetragonal I (Z = 2),
respectively (Table S7). Molecular rotation (see below)
resulted in high crystal symmetry.

Cation Dynamics in SbF6 Salts. The cation motion in
[1]SbF6−[3]SbF6 was investigated using solid-state 1H and 2H
NMR spectroscopy. As shown in the previous section, X-ray
structural analysis revealed that the cation has an ordered
structure in [1]SbF6, rotationally disordered structure in
[2]SbF6, and extensive disorder in [3]SbF6 at room temper-
ature. To investigate the motion of the cod and arene ligands
in the cation independently, salts with benzene-d6 and toluene-
d8 ligands (d-[2]SbF6 and d-[3]SbF6, respectively) were
synthesized and used for NMR measurements.

The motion of the cod ligand was investigated using 1H
NMR spectroscopy. The static 1H NMR spectra of [1]SbF6, d-
[2]SbF6, and d-[3]SbF6 recorded at 299 K are shown in Figure
6a, each displaying the proton signal of the cod ligand. The
full-width-at-half-maxima of the peaks for [1]SbF6, d-[2]SbF6,
and d-[3]SbF6 are 54.0, 19.3, and 8.9 kHz, and the second
moments (M2) for the signals are 29.1, 3.7, and 0.8 G2,
respectively. The broad signal in [1]SbF6 indicates that the
ligand is static, which is consistent with the X-ray structure.
The narrow signal in d-[2]SbF6 indicates that the ligand
undergoes dynamic reorientation, which demonstrates that the
crystallographically observed twofold rotational disorder of cod
is dynamic in nature, with the disordered moieties not statically
locked in place. A narrow signal was also obtained for d-

[3]SbF6 (M2 < 1), indicating that the ligand undergoes
extensive motion.52

The motions of the deuterated arene ligands in d-[2]SbF6
and d-[3]SbF6 were investigated using 2H NMR spectroscopy.
The static 2H NMR spectrum of d-[2]SbF6 measured at 296 K
is shown in Figure 6b(i), in which the nuclear quadrupole
coupling constant (e2Qq/h) is 88.7 kHz (asymmetry factor η =
0). This value is half that of the static phenyl group (176
kHz),53 indicating that the benzene ligand undergoes
continuous rotational diffusion around the molecular long
axis. Therefore, although benzene is rotationally disordered
according to X-ray analysis, it rotates faster than the NMR time
scale. This phase can also be regarded as rotational in a broader
sense.

The solid-state static 2H NMR spectra of d-[3]SbF6 in
phases II (299 K) and I (263 K) are shown in Figure 6b(ii)
and consist of two and three components, respectively. In each
spectrum, the innermost Pake doublet represents the methyl-D
signal, and its small e2Qq/h value (20.5 kHz in phase II and
20.1 kHz in phase I) indicates continuous rotational motion of
the methyl group.54 The outer Pake doublet at 299 K
represents the arene-D signal, and its e2qQ/h value (84.3 kHz,
η = 0) is approximately 4 kHz smaller than that of [2]SbF6.
Line shape analysis revealed that the toluene ligand undergoes
continuous rotational diffusion around the molecular long axis,
accompanied by precessional motion (γ = 10.4°) of the cation
along the molecular long axis, as illustrated in the figure. In
contrast, two types of Pake doublets are observed for arene-D
at 263 K, indicating the presence of nearly static and dynamic
cations. The e2qQ/h value of the outer signal (165.7 kHz) is
approximately 10 kHz smaller than that of the static phenyl

Figure 6. (a) Solid-state static 1H NMR spectra of [1]SbF6, d-
[2]SbF6, and d-[3]SbF6 recorded at 299 K. (b) Solid-state static 2H
NMR spectra of (i) d-[2]SbF6 recorded at 299 K and (ii) d-[3]SbF6
recorded at 299 and 263 K. The molecular motions occurring in each
phase are illustrated for each spectrum in (b). The frequency of the
center of the resonance line of d-[3]SbF6 was set to 0 Hz for the 1H
NMR spectra, whereas the center of the Pake doublet of [1]SbF6 was
set to 0 Hz for the 2H NMR spectra.
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group, indicating that the ring rotation is nearly frozen,
although a slight precessional motion of the cation still exists (γ
= 11.4°). The small e2qQ/h value of the inner signal (48.1
kHz) indicates extensive cation motion, which is analyzed as
the continuous rotation of the phenyl ring and large
precessional motion of the cation (γ = 33.3°). Alternatively,
a larger precessional motion (γ = 44.1°) without molecular
rotation would produce the same line shape; however, this
seems less plausible.

These analyses reveal the characteristic molecular motion of
the Rh−cod cations. The 1H and 2H NMR spectra consistently
account for the X-ray structure, and the results suggest the
dynamic nature of the twofold disorder of cod observed in
other salts. In addition, [3]SbF6 has been demonstrated to
exhibit a rotator phase in which the molecules undergo
extensive but anisotropic rotation. Considering these results,
the room-temperature phase of [3]CF3BF3 and the high-
temperature phases of the other salts are probably rotator
phases with extensive molecular motion, similar to [3]SbF6.
However, this could not be confirmed experimentally because
of the high temperatures or narrow temperature range.

Crystal Structures of CF3BF3 and CB11H12 Salts. The
crystals of [1]CF3BF3, [1]CB11H12, and [3]CF3BF3 belong to
an orthorhombic crystal system in phase I, similar to most
SbF6 salts. [3]CF3BF3 exhibits extensive structural disorder.

The structures of [1]CF3BF3 determined at 90 K (phase I)
and 223 K (phase II) are shown in Figure 5c. Phase I is an
ordered phase with space group Aba2 (Z = 16). The two pairs
of cations and anions are crystallographically independent, and
the coordination number is six. The crystal symmetry in phase
II is higher (space group Pnnm, Z = 2). Phase II is regarded as
the averaged structure of phase I, having only one cation−
anion pair in the asymmetric unit, with the cation best refined
as twofold rotationally disordered (occupancy ratio
0.642(15):0.358(15)). The anion occupies a special position
of the twofold rotational axis and mirror plane, with an
occupancy ratio of 0.25. As a result, the carbon and boron
atoms are refined as twofold rotationally disordered
(occupancy ratio 0.5:0.5), occupying almost the same position,
and the fluorine atoms are refined as fourfold disordered by
rotation (occupancy ratio 0.25). The molecular arrangements
in phases I and II are almost identical, with slight shifts in their
molecular positions (Figure S8). This structure differs from
that of [1]OTf (space group C2/c at room temperature,
ordered structure),50 despite the presence of structurally
similar anions.

The structure of [1]CB11H12 at 90 K (phase I) in Figure 5d
clearly shows an ordered phase. This phase crystallizes in the
space group Pnma (Z = 4), exhibiting a coordination number
of eight owing to the large size of the anion. The anion
geometry is almost identical to those of other reported salts.55

The structures of [3]CF3BF3 in both phases are extensively
disordered and not satisfactorily refined, similar to those of
[3]SbF6. The apparent crystal systems of phases I (90 K) and
IV (248 K), based on the unit cell dimensions, are
orthorhombic and tetragonal, respectively (Z = 2). The
PXRD patterns of this salt, shown in Figure S7b, are similar
to those of [3]SbF6 (Figure S7a). In particular, the patterns of
the high-temperature phases are almost identical to each other,
indicating that their structures are isomorphic, which is
reasonable considering their similar anion volumes.

Crystal Structure of FSA Salts. The FSA salts [1]FSA−
[3]FSA have a lower crystal symmetry than the other salts,
reflecting their low anion symmetry.

The structures of [1]FSA at 90 K (phase I) and 333 K
(phase II) are shown in Figure 5e. Phase I crystallizes in space
group P21/c (Z = 4) and exhibits an ordered structure, whereas
phase II crystallizes in space group C2/c (Z = 4) and exhibits
extensive disorder. The molecular long axes of the cations are
canted with each other in phase I, but they are nearly parallel
in phase II (Figure 5e). The cation in phase II is refined as
twofold disordered by rotation (occupancy ratio
0.516(15):0.484(15)), and the anion is also refined as
disordered with two equally occupied symmetry equivalent
moieties. Such order−disorder in the FSA anion upon phase
transition is often observed.56−59 The coordination number
change from six in phase I to eight in phase II is ascribed to an
effective change in the radius ratio caused by the disorder of
the anion. These large structural changes are consistent with
the large transition entropy (30.6 J mol K−1).

The crystal structures of [2]FSA and [3]FSA at 90 K (phase
I) are shown in Figure 5f−g. They crystallize in the space
groups P21/c and P21/n, respectively (Z = 4). The cations in
both structures are ordered, but the anion in [2]FSA exhibits
twofold disorder (occupancy ratio 0.581(5):0.419(5)). The
proximity of their melting points prevented the collection of
diffraction data for phase II in these salts.

Ligand Exchange Reactions. To explore the solid-state
reactivity of Rh−cod complexes, we investigated the ligand
exchange reactions of SbF6 salts using single crystals and found
that [3]SbF6 and [2]SbF6 undergo an in situ SC−SC reaction.

Single crystals of [3]SbF6 (0.5 mg, typical size: ∼150 × 50 ×
50 μm3) were immersed in diethyl ether (5 mL), followed by
the addition of a very small amount of the coordinating solvent
(SMe2 or CH3CN, 4 μL). The sample was left to stand for 3
days, during which the ligand exchange reaction proceeded
gradually in an SC−SC manner (Figure 7a,b and Table 2).
[3]SbF6 and its products were yellow crystals insoluble in the
solvent, and the structures of the SC−SC reaction products
[4]SbF6 and [5]SbF6 were confirmed by single-crystal X-ray
structural analysis (see below). The reaction occurred on the
surface, which was visually observable under a polarizing
optical microscope, as thick crystals did not allow the reaction
to proceed into the interior. This resulted in overall
conversions of 52 and 14%, respectively, over 3 days, as
confirmed by 1H NMR spectra.

Single crystals of [2]SbF6 (∼50 × 50 × 20 μm3) also
exhibited SC−SC ligand exchange reactions for SMe2 and
CH3CN under similar conditions, with overall conversions of
92 and 17%, respectively (Table 2). The higher conversion
compared to that of [3]SbF6 is ascribed to its smaller crystal
size.

Interestingly, the addition of a large excess of SMe2 to
dissolve [3]SbF6 in air resulted in the deposition of a mixture
of [4]SbF6 and of the new salt [Rh(C8H12O)(SMe2)3]SbF6
([6]SbF6) over the range of 2 weeks. The cation of the latter
consists of a ligand and central metal in the oxidized state. The
structure determined by crystallographic analysis is shown in
Figure 7c. The formation of similar compounds by the
oxidation of cod complexes is known;60,61 hence, the reaction
observed here probably also occurred by the air oxidation of
the cation in solution.

In contrast, the reaction of [1]SbF6 proceeded in a
considerably shorter time without maintaining crystallinity.
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The reaction of [1]SbF6 with SMe2 and CH3CN in diethyl
ether proceeded in 76% (in a day) and 100% (in 1 h) yields,
respectively, both changing from red-brown crystals to lumpy
yellow amorphous solids (Table 2, Figure S9). The reaction
with SMe2 was slower than that with CH3CN. The faster
reaction of [1]SbF6 than those of [2]SbF6 and [3]SbF6 is
probably ascribed to the easier dissociation of the cod ligand
than that of the arene ligands,34 which is also consistent with
their thermal decomposition behavior (Figure 4a).

For comparison, the direct reactions of single crystals of
[1]SbF6 and [3]SbF6 with solvent vapors were examined. The
reactions proceeded quantitatively in a considerably shorter
time without maintaining crystallinity (Figure S10). Exposure
to SMe2 vapor for 5 min produced amorphous products, even
for [3]SbF6, indicating that a very fast reaction results in
crystallinity loss. Exposure to CH3CN vapor resulted in the
formation of yellow liquids, which is ascribed to the presence
of released ligands in the products. Therefore, the use of ether
as a medium is advantageous to slow down the reaction speed
because of dilution, and the released ligand is efficiently
removed, preventing the formation of an oily mixture.

[2]SbF6 and [3]SbF6 are both dynamically disordered
crystals, and this feature may facilitate the SC-SC reactions.

However, because both salts undergo the SC−SC reaction in a
similar manner, the correlation between reactivity and
rotational phase is not clear from the current experiments.
Although many examples of SC−SC reactions in coordination
compounds have already been reported,62 the current reaction
is important because it involves Rh−cod precatalysts and can
be potentially extended to solid-state catalytic reactions. In the
current SC−SC reactions, ether may have a role in assisting
molecular diffusion at the surface, similar to solvent-assisted
solid-state reactions.63 These points require further inves-
tigation.

Characterization of the Ligand-Exchanged Products.
The crystal structures of the single crystals of [4]SbF6 and
[5]SbF6 obtained via in situ SC−SC ligand exchange were
determined along with their thermal properties.

The structure of the as-formed crystal of [4]SbF6
determined at 90 K (phase I) is shown in Figure 8a. This
salt crystallizes in the triclinic space group P-1 (Z = 2) with a
coordination number of six. One cation and two half anions are
crystallographically independent, and the Rh−S bond distances
are 2.370(1) and 2.3824(9) Å, respectively. The crystal
structures of [5]SbF6 were determined at 90 K (phase I)
and 293 K (phase II) because of the phase transition at 136 K
(see below). We also confirmed that the crystal structure of
[5]SbF6 synthesized by the SC−SC reaction is identical to that
obtained by recrystallization of an authentic sample from
dichloromethane-diethyl ether (Table S3). Phase I crystallizes
in space group C2/c (Z = 8). Two half pairs of cations and
anions are present in the asymmetric unit of the structure and
are crystallographically independent, and all four ions are
located on the crystallographic twofold axes. Phase II
crystallizes in space group Fddd (Z = 16). The crystal
symmetry is higher, and the unit cell volume is twice that of
phase I, but the molecular arrangements are almost identical
(Figures 8b and S11). One half cation, located on a twofold
axis, and two quarters of the occupied anions, located at the
intersections of two twofold axes, are crystallographically
independent. Anion I is surrounded by acetonitrile molecules
and is ordered, whereas anion II is surrounded by cod and is
refined as twofold disordered by rotation (occupancy ratio
0.876(8):0.124(8)), probably because of the larger space
surrounding the anion. The small transition entropy from
phase I to II (4.4 J mol K−1) is consistent with this rather small
structural change. The cation has Rh−N bond lengths of
2.07−2.08 Å and exhibits virtually identical structure as that in
[5]BF4.6

DSC measurements revealed no phase transitions for
[4]SbF6 and decomposition at 433 K without melting, whereas
[5]SbF6 exhibited a solid phase transition at 136.0 K (ΔS = 4.4
J mol−1 K−1), followed by melting at 410.6 K (ΔSm = 61.7 J
mol−1 K−1, Figure S1a). Its melting point is approximately 50
K lower than that of [5]BF4 (Tm = 461−463 K64). Upon
cooling from the melt, the salt exhibited glass transition at

Figure 7. (a) In situ ligand exchange reaction of single crystals of
[3]SbF6 performed in a diethyl ether medium. (b) Conversion from
[3]SbF6 to [4]SbF6 or [5]SbF6, captured for the same samples during
ligand exchange reactions in ether. (c) Oxidation reaction of [4]+.
The X-ray structure of the cation is shown on the right.

Table 2. Morphology of Products Formed by In Situ Reactions of [1]SbF6−[3]SbF6 with Coordinating Molecules (L′) Using
Single Crystals [SC = Single Crystal, A = Amorphous]a

reaction in diethyl ether reaction with vapor (5 min)

L′ [1]SbF6 [2]SbF6 [3]SbF6 [1]SbF6 [3]SbF6

SMe2 A (76%, 1 day) SC (92%, 3 days) SC (52%, 3 days) A (99%) A (98%)
MeCN A (100%, 1 h) SC (17%, 3 days) SC (14%, 3 days) oilb oilb

aConversion and reaction time are shown in parenthesis. bOil is gradually formed during reaction.
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279.8 K, and cold crystallization and melting occurred during
its reheating.

The TG charts for these salts are shown in Figure 9. The
decomposition temperature (3 wt %) of [4]SbF6 is 433 K, and
a slight weight loss starts at approximately 350 K. The loss of
the two SMe2 molecules occurs in two steps, exhibiting a
weight loss of approximately 10 wt % in each step, up to 460
and 520 K (calculated value for the loss of one SMe2: 11 wt
%), and a weight loss of approximately 34 wt % is observed
between 520 and 600 K, which corresponds to the losses of
cod and some SbF5 formed by partial decomposition of the
anion. The decomposition temperature (−3 wt %) of [5]SbF6
is 441 K, exhibiting a one-step weight loss of 36 wt % up to 518
K. This corresponds to the loss of two acetonitrile molecules
and cod (calculated value: 36 wt %). These salts are less

thermally stable than [1]SbF6 and exhibit ligand desorption at
lower temperatures. In particular, the slight weight loss
initiated at relatively low temperatures in [4]SbF6 is consistent
with its tendency to gradually decompose in air. Furthermore,
the slower reaction of [1]SbF6 with SMe2 than with CH3CN in
diethyl ether (Table 2) is consistent with the lower thermal
stability of [4]SbF6 than that of [5]SbF6.

The syntheses of structurally related salts, [5]ClO4,65

[Rh(cod)(dmso)2]BF4,66 and [Rh(cod)(H2O)2]OTf,67 have
been reported, of which [Rh(cod)(dmso)2]BF4 and [Rh(cod)-
(H2O)2]OTf have been structurally characterized. [Rh(cod)-
(H2O)2]OTf exhibits a phase transition at 215 K,67 where the
order−disorder of the anion occurs, similar to [4]SbF6.

■ CONCLUSIONS
In this study, the thermal properties and crystal structures of
cationic Rh−cod complexes with cyclic ligands were
investigated. These salts exhibit solid phase transitions,
through which the disorder and crystal symmetry increase in
higher-temperature phases. Crystal symmetry typically depends
on the anion, whereas less symmetrical cations tend to exhibit
more severely disordered phases. [Rh(cod)(PhMe)]SbF6
exhibits a rotator phase at room temperature, whereas the
other salts exhibit dynamically disordered phases. In contrast
to the salts of sandwich complexes, no structurally isotropic
IPC phase was found owing to the elongated, ellipsoidal shape
of the cations. We also investigated the thermal stabilities and
chemical reactivities of these salts. FSA salts with arene ligands
undergo ligand exchange reactions upon melting, leading to
lower thermal stability. Salts with arene ligands undergo in situ
ligand exchange in ether via an SC−SC reaction. The insights
obtained in this study provide fundamental information that is
useful for the development and application of organometallic
reactions because the catalytic reactivities of Rh−cod
complexes are based on their coordination abilities. Fur-
thermore, this knowledge will be useful for the future
exploration of organometallic solid-state reaction chemistry,
including catalytic reactions.

■ EXPERIMENTAL SECTION
General. All reactions were performed under a nitrogen

atmosphere, and dehydrated solvents were used. [M(cod)2]SbF6
(M = Rh, Ir),35 [Rh(cod)2]BF4,68 AgFSA,40 and AgCB11H12

69 were
synthesized according to previously reported procedures. AgCF3BF3·
nCH3CN was obtained as a hygroscopic white powder by the reaction
of KCF3BF3 and silver nitrate in acetonitrile. The white precipitate of
potassium nitrate formed during the reaction was removed by
filtration, and the filtrate was concentrated, followed by the addition
of diethyl ether. The desired compound precipitated after standing
the solution at 233 K for a day, which was collected by filtration.
Other reagents were purchased from TCI. 1H NMR spectra were

Figure 8. Packing diagrams of (a) [4]SbF6 and (b) [5]SbF6. ORTEP
drawing of the cation is shown in (a). Crystallographically
independent molecules are labeled as I and II.

Figure 9. TG curves of [1]SbF6, [4]SbF6, and [5]SbF6, measured at a
scan rate of 3 K min−1 in a nitrogen atmosphere.
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recorded on a Bruker Advance 400 spectrometer. FTIR spectra were
acquired using a Thermo Nicolet iS5 spectrometer fitted with
attenuated total reflectance (ATR). DSC measurements were
performed using a TA Q100 differential scanning calorimeter at a
scan rate of 10 K min−1 using aluminum hermetic pans as sample
containers. TG-DTA measurements were performed using a Rigaku
TG8120 thermal analyzer at a scan rate of 3 K min−1 under a nitrogen
atmosphere. Solid-state NMR spectra were recorded on a Tecmag
Apollo spectrometer (operating at 46.045 MHz for 2H and 299.95 2
MHz for 1H) equipped with a Doty XC MAS 4 mm probe head. The
1H NMR spectra were measured with a 3.9 μs π/2 pulse. The 2H
spectra were measured with a solid echo pulse sequence [π/2 − τ −
π/2 − τ − acquisition],70 using a 4.6 μs π/2 pulse and a delay time τ
of 40 μs. The recycle delays for the 1H and 2H measurements were 7 s
and 3 s, respectively.

Synthesis of Metal Complexes. [Rh(cod)2]X ([1]X; X = FSA,
CB11H12, CF3BF3). These salts were synthesized using a method similar
to that of [Rh(cod)2]SbF6.35 The synthesis of [Rh(cod)2]FSA is
described below as an example. 1,5-Cyclooctadiene (29 mg, 0.31
mmol) was added to a solution of [Rh(cod)Cl]2 (50 mg, 0.10 mmol)
in dichloromethane (2 mL) under stirring. An acetone solution (1
mL) of AgFSA (79 mg, 0.23 mmol) was added, and a white
precipitate was immediately formed. The suspension was stirred for 1
h, and the white solid was removed by Celite filtration. The filtrate
was concentrated using a rotary evaporator, to which hexane (5 mL)
was added. A reddish-brown oil phase containing the desired product
was separated, the hexane phase was removed with a pipette, and the
remaining oil was washed with hexane (5 mL × 2) and diethyl ether
(5 mL × 3). The remaining solvent was removed under reduced
pressure, and recrystallization of the resultant solid from dichloro-
methane-diethyl ether at 233 K resulted in the desired product as
reddish brown crystals (78 mg, 78% yield). 1H NMR (400 MHz,
CDCl3): δ = 2.47−2.68 (m, 16H, CH2), 5.34 (br, 8H, CH). FTIR
(ATR, cm−1): 564, 736, 823, 1105, 1171, 1360, 1427, 2891. Anal.
calcd. for C16H24F2NO4RhS2: C, 38.48; H, 4.84; N, 2.80. Found: C,
38.42; H, 5.02; N, 2.87. The other salts were synthesized in a similar
manner using the corresponding silver salts. [Rh(cod)2]CB11H12:
reddish brown crystals (20% yield). 1H NMR (400 MHz, CDCl3): δ
= 0.81−0.91 (br, 11H, BH), 2.18 (s, 1H, CHBH11) 2.35−2.54 (m,
16H, CH2), 5.11 (br, 1H, cod−CH), 5.29 (br, 2H, cod−CH), 5.59
(br, 5H, cod−CH). FTIR (ATR, cm−1): 716, 783, 860, 1001, 1023,
1065, 1426, 1472, 2509. Anal. calcd. for C17H36B11Rh: C, 44.17; H,
7.85; N, 0.00. Found: C, 43.55; H, 7.40; N, 0.12. [Rh(cod)2]CF3BF3:
reddish brown crystals (29% yield). 1H NMR (400 MHz, CDCl3): δ
= 2.46−2.69 (m, 8H, CH2), 5.33 (br, 4H, CH). FTIR (ATR, cm−1):
632, 783, 829, 862, 946, 970, 1043, 1430. Anal. calcd. for
C17H24BF6Rh: C, 44.77; H, 5.30; N, 0.00. Found: C, 44.67; H,
5.36; N, 0.07.

[Rh(cod)L]X ([2]X: L = C6H6, [3]X: L = PhMe, X = SbF6, FSA). The
synthesis of [Rh(cod)(PhMe)]SbF6 is described below as an example.
Toluene (325 mg, 3.5 mmol) was added to a solution of
[Rh(cod)Cl]2 (349 mg, 0.81 mmol) in dichloromethane (5 mL)
with stirring. In sequence, a solution of AgSbF6 (510 mg, 1.7 mmol)
in acetone (1 mL) was added to this solution to form a white
precipitate. The suspension was stirred for 1 h, and the solid was
removed by Celite filtration. The filtrate was concentrated using a
rotary evaporator, followed by addition of hexane (5 mL). A yellow oil
phase containing the desired product was separated, the hexane phase
was removed using a pipette, and the remaining oil was washed with
hexane (5 mL × 2) and diethyl ether (5 mL × 3). The remaining
solvent was removed under reduced pressure, and recrystallization of
the resultant solid from dichloromethane-diethyl ether (233 K)
resulted in the desired product as yellow crystals (618 mg, yield 81%).
1H NMR (400 MHz, CDCl3): δ = 2.08−2.17 (m, 8H, CH2), 2.35−
2.45 (m, 8H, CH2), 2.39 (s, 3H, CH3), 4.65 (br, 4H, CH), 6.68−6.74
(m, 3H, arene−H), 6.77−6.82 (m, 2H, arene−H). FTIR (ATR,
cm−1): 647, 807, 889, 990, 1165, 1452, 1549. Anal. calcd. for
C15H20F6RhSb: C, 33.43; H, 3.74; N, 0.00. Found: C, 33.37; H, 3.77;
N, 0.08. The corresponding deuterated complex [Rh(cod)-
(C6D5CD3)]SbF6 (d-[3]SbF6) was synthesized using toluene-d8

(84% yield). The other salts were synthesized in a similar manner
using the corresponding ligands and silver salts. [Rh(cod)(C6H6)]-
SbF6: Yellow crystals (19% yield). 1H NMR (400 MHz, CDCl3): δ =
2.11−2.19 (m, 4H, CH2), 2.36−2.46 (m, 4H, CH2), 4.83 (br, 4H,
CH), 6.87 (s, 6H, C6H6). FTIR (ATR, cm−1): 647, 785, 827, 891,
990, 1010, 1163, 1309, 1337, 1443, 1464. Anal. calcd. for
C14H18F6RhSb: C, 32.03; H, 3.46; N, 0.00. Found: C, 31.81; H,
3.38; N, 0.08. The corresponding deuterated complex [Rh(cod)-
(C6D6)]SbF6 (d-[1]SbF6) was synthesized using benzene-d6 and
acetone as the solvents. In this case, benzene-d6 was added to the
recrystallization solvent to suppress ligand dissociation (60% yield).
[Rh(cod)(PhMe)]FSA: Yellow crystals (45% yield). 1H NMR (400
MHz, CDCl3): δ = 2.11−2.20 (m, 4H, CH2), 2.35−2.45 (m, 4H,
CH2), 2.42 (s, 3H, CH3), 4.67 (br, 4H, CH), 6.72−6.78 (m, 3H,
arene−H), 6.81−6.87 (m, 2H, arene−H). FTIR (ATR, cm−1): 564,
727, 826, 1101, 1174, 1216, 1360, 1451, 2842. Anal. calcd. for
C15H20F2NO4RhS2: C, 37.27; H, 4.17; N, 2.90. Found: C, 37.27; H,
4.19; N, 2.83. [Rh(cod)(C6H6)]FSA: Yellow crystals (19% yield). 1H
NMR (400 MHz, CDCl3): δ = 2.11−2.19 (m, 4H, CH2), 2.36−2.46
(m, 4H, CH2), 4.83 (br, 4H, CH), 6.87 (s, 6H, C6H6). FTIR (ATR,
cm−1): 563, 737, 824, 1098, 1171, 1360, 1549, 1622, 2955. Anal.
calcd. for C14H18F2NO4RhS2: C, 35.83; H, 3.87; N, 2.98. Found: C,
35.34; H, 3.76; N, 2.91.

[Rh(cod)(PhMe)]CF3BF3 ([3]CF3BF3). The salt was prepared using a
similar method to that of [Rh(cod)(PhMe)]BF4.34 Toluene (1 mL)
was added to a solution of [Rh(cod)2]CF3BF3 (26 mg, 0.05 mmol) in
dichloromethane (2 mL) under stirring, and the mixture was further
stirred for 3 days. The solution was concentrated using a rotary
evaporator, followed by addition of diethyl ether (10 mL).
Subsequently, a pale orange solid precipitated and was collected by
filtration. Recrystallization from dichloromethane/diethyl ether (233
K) yielded orange crystals (21 mg, 84% yield). 1H NMR (400 MHz,
CDCl3): δ = 2.08−2.17 (m, 4H, CH2), 2.34−2.44 (m, 4H, CH2), 2.39
(s, 3H, CH3), 4.65 (br, 4H, CH), 6.70−6.77 (m, 3H, arene−H),
6.79−6.84 (m, 2H, arene−H). FTIR (ATR, cm−1): 631, 782, 828,
863, 947, 970, 1043, 1429, 1449. Anal. calcd. for C12H18F6N2RhSb: C,
43.67; H, 4.58; N, 0.00. Found: C, 43.48; H, 4.74; N, 0.00.

[Rh(cod)(CH3CN)2]SbF6 ([5]SbF6). Diethyl ether (5 mL) was added
to a solution of [Rh(cod)2]SbF6 (30 mg, 0.05 mmol) in acetonitrile
(1 mL). A yellow solid was precipitated, which was collected by
filtration, and recrystallization of the solid from dichloromethane-
diethyl ether at 233 K yielded yellow crystals. The second crop was
also collected and combined (76% yield). 1H NMR (400 MHz,
CDCl3): δ = 1.86−1.96 (m, 4H, CH2), 2.35 (s, 6H, CH3), 2.44−2.54
(m, 4H, CH2), 4.40 (br, 4H, CH). FTIR (ATR, cm−1): 652, 877, 981,
1005, 1027, 1082, 1166, 1228, 1314, 1337, 1409, 1437, 2284, 2311.
Anal. calcd. for C12H18F6N2RhSb: C, 27.75; H, 3.43; N, 5.30. Found:
C, 27.40; H, 3.31; N, 5.16.

Ligand Exchange Reactions. Ligand exchange reactions using
single crystals of [2]SbF6 and [3]SbF6 were performed in diethyl
ether. The crystals (0.5 mg) were placed in diethyl ether (5 mL)
under a nitrogen atmosphere. These salts were insoluble in ether. A
small amount of SMe2 or acetonitrile (4 μL) was added to the solvent,
which was left unperturbed, and the solids were gradually converted
to [Rh(cod)(SMe2)2]SbF6 ([4]SbF6) and [5]SbF6 without any
change in appearance. The conversions of [2]SbF6 to [4]SbF6 and
[5]SbF6 were 92 and 17%, respectively, whereas those of [3]SbF6
were 52 and 14%, respectively, as determined using 1H NMR
spectroscopy (CDCl3). The reactions of [1]SbF6 with SMe2 or
acetonitrile were performed in a similar manner. In this case, the
appearance changed from reddish-brown block crystals to yellow
solids, and the conversions were 76% (1 day) and 100% (after 1 h) for
the reactions with SMe2 and acetonitrile, respectively. The crystals of
[4]SbF6 gradually decomposed in air and turned green over a few
days. To avoid possible degradation, the samples recrystallized from
dichloromethane-diethyl ether (233 K) were immediately used for the
TG-DTA and DSC measurements. [4]SbF6: 1H NMR (400 MHz,
CDCl3): δ = 2.06−2.18 (m, 4H, CH2), 2.31 (s, 12H, CH3), 2.50−
2.63 (m, 4H, CH2), 4.55 (br, 4H, CH). FTIR (ATR, cm−1): 649, 857,
980, 1031, 1306, 1335, 1430. Anal. calcd. for C12H18F6N2RhSb: C,
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25.24; H, 4.24; N, 0. Found: C, 24.84; H, 3.65; N, 1.17. The
discrepancy in the analytical data was ascribed to slight decom-
position. Upon addition of a large excess of SMe2 (0.5 mL) to
[3]SbF6 (0.5 mg) in diethyl ether, part of the crystal dissolved, and
upon standing the solution, a solid mixture of [4]SbF6 and an
oxidation product [Rh(C8H12O)(SMe2)3]SbF6 ([6]SbF6) (molar
ratio ∼ 0.8:0.2) were deposited over 2 weeks. The structure of the
latter was determined using X-ray crystallography. [6]SbF6:1H NMR
(400 MHz, CDCl3): δ = 2.08 (m, 4H, RhCHCH2-endo, OCHCH2-
endo), 2.59 (m, 4H, RhCHCH2-exo, OCHCH2-exo), 2.63 (s, 9H,
CH3), 3.04 (m, 2H, RhCH), 5.87 (m, 2H, OCH).

The reactions with solvent vapors were performed as follows: A
small vial (1 mL) containing [1]SbF6 or [3]SbF6 crystals (0.5 mg)
was placed in a larger vial (10 mL) under a nitrogen atmosphere. A
small amount of the solvent (CH3CN or SMe2; 0.1 mL) was placed in
an outer vial, sealed, and allowed to stand at room temperature for 5
min. [1]SbF6 and [3]SbF6 reacted with SMe2 vapor to form [4]SbF6
as a yellow amorphous solid in almost quantitative yield. The
conversion was confirmed using 1H NMR spectroscopy (CDCl3).
The reactions with CH3CN vapor proceeded quantitatively to result
in a yellow liquid, which yielded solid [5]SbF6 after vacuum-drying.

X-Ray Crystallography. X-ray diffraction data were collected using
a Bruker APEX II Ultra diffractometer (X-ray source: MoKα rotating
anode), and calculations were performed using SHELXL71 (software:
APEX372). Packing diagrams were drawn using Mercury software,73

and the packing indices were calculated using Platon.74 [1]CF3BF3
(phase II) and [5]SbF6 (phase I) were twinned; therefore,
TWINABS75 was used for scaling and empirical absorption
correction, and the second component contribution was modeled
using the HKLF5 refinement. PXRD patterns were calculated using
XPREP76 from the single-crystal hkl reflection data. The unit cell
parameters were based on single-crystal unit cell determination. The
crystallographic parameters are listed in Tables S1−S7. For the
structural determination of [3][Rh(cod)(FSA)2], single crystals
formed from a molten liquid of [3]FSA were used, and the data
were collected at 388 K to prevent solidification of unreacted [3]FSA.
The data quality was less satisfactory because of the high data
collection temperature and gradual crystal degradation. Other crystals
were obtained by recrystallization from organic solvents. CSD
numbers: CCDC-2183669−2183683 and 2193891 contain the
crystallographic data for [1]SbF6, [1′]SbF6, [2]SbF6, [2]SbF6
(phase II), [1]FSA, [1]FSA (phase II), [2]FSA, [3]FSA, [1]CF3BF3,
[1]CF3BF3 (phase II), [1]CB11H12, [5]SbF6, [5]SbF6 (phase II),
[4]SbF6, [3][Rh(cod)(FSA)2], and [6]SbF6.
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