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ABSTRACT: The metal-controlled self-assembly of nano-
meter-sized trinuclear cylinder-like assemblies is described.
The 1,3,5-triphenylbenzene-derived trisimidazolium salt
[1](PFy), reacts with 1.5 equiv of Ag,O to yield the trinuclear
Ag' hexacarbene complex [2](PF),, where three Ag' ions are
sandwiched in between two C;-symmetric tris-NHC ligands.
Transmetalation of [2](PFq); with 3 equiv of [AuCI(SMe,)] or
Cul yields the trinuclear Au' hexacarbene complex [3](PFg); or
the trinuclear Cu' hexacarbene complex [4](PFy)s, respectively,
with retention of the metallosupramolecular structure. The
1,3,5-triphenylbenzene ligand in the gold complex adopts a
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nonplanar geometry to allow 7 interactions between the central phenyl rings.

B INTRODUCTION

The metal-directed self-assembly of supramolecular architectures
has become a field of intense research, starting with the early
work by Lehn on the dinuclear helicate complex prepared from
Cu' and 2,2"-bipyridine." Thereafter, the self-assembly of a large
number of metallosupramolecular structures, with various shapes
and s1zes, has been 1ndependently reported by Fujita,”
Raymond,” Stang,* Nitschke,” and others.”” Selected metal-
losupramolecular structures can function as molecular hosts by
encapsulating small guest molecules.**® The stabilization of
reactive intermediates and selected catalytic transformations
have also been observed within the cavities of metallosupramo-
lecular assemblies.”"

Most of the known metallosupramolecular hosts are built from
Werner-type coordination compounds with metal centers
coordinated by nitrogen and/or oxygen donor atoms of
polydentate ligands. With the recent resurgence of interest in
N-heterocyclic carbenes (NHCs)'' discrete metallosupramo-
lecular structures held together by M—C bonds between metal
centers and poly-NHC ligands have recently emerged Today,
molecular squares and rectangles,"* cylinders,"> and organo-
metallic polymers'* built from polycarbene ligands are known.

The silver(I)-mediated self-assembly of supramolecular
assemblies from poly-NHC ligands has developed into an
emerging field of organometallic chemistry due to the facile
synthesis of silver-NHC complexes via the Ag,0 method"® and
the possibility to transmetalate the NHC ligands from silver
to other transition metals.'>**'* This method was also used
for the pre?aratlon of the cylinder-like assemblies A and B
(Figure 1),"**f and even the analogous My dodecacarbene
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complexes have been described.'® Molecular assemblies derived
from NHC-substituted phenylenes such as A and B feature a
rather small cavity for the incorporation of molecular guests. We
have therefore investigated tricarbene ligands having a larger
m-conjugated backbone.

Werner-type tridentate ligands with such an enlarged
backbone featuring a central triazine'” * or phenylene'”® linker
have been described. Related tris-NHC ligands are rare although
some C;-symmetric ligands with different backbone groups been
described.'® Here we describe the preparation of nanometer-
sized cyclinder-like assemblies from the 1,3,5-triphenylbenzene-
bridged trisimidazolium salt [ 1](PF); (Scheme 1)"and Ag'and
the subsequent transmetalation of the tricarbene ligand to Au'
and Cu'.

B RESULTS AND DISCUSSION

The trisimidazolium carbene precursor [1](PFg); was synthesized
by a three-step procedure starting from 1,3,5-tris(4-bromophenyl)-
benzene (Scheme 1). Treatment of 1,3,5-tris(4-bromophenyl)-
benzene with imidazole in the presence of CuSO,-SH,0O and
K,CO; in the solid state at 160 °C for 24 h resulted in the
formation of the known'® compound I in 68% yield as a colorless
solid. The trisimidazolium salt [1](Br); was obtained as an
off-white solid in 66% yield upon heating of compound I
with an excess of ethyl bromide at 100 °C for 48 h in DMF.
Addition of NH,PF, to a methanolic solution of [1](Br); gave
the trisimidazolium hexafluorophosphate salt [1](PF); in an
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Figure 1. Cylinder-like assemblies from benzene-derived tris- or tetra-NHC ligands.

Scheme 1. Synthesis of the Ligand Precursor [1](PF);
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excellent yield of 79% as a colorless solid. The formation of
1](PF,); was confirmed by NMR spectroscopy (‘H, *C{'H},
2D NMR) and by high-resolution electrospray ionization
(HR-ESI) mass spectrometry. The imidazolium C2—H reso-
nance was observed as a singlet at 6 9.88 ppm, a value consistent
with chemical shifts reported for related trisimidazolium
hexafluorophosphate salts."** The C{'H} NMR spectrum
shows the resonance for the C2 carbon atom at & 140.8 ppm. "3
The HR-ESI mass spectrum (positive ions) of [ 1](PFj), exhibits
the most intense peak at m/z 197.1073 (caled for [1]** m/z
197.1079). The procedure described here for the synthesis of
1](PF); differs slightly from that used for the synthesis of
1](BE,);, which was described by some of us previously."?
The reaction of 2 equiv of salt [1](PFy); with 3 equiv of Ag,O
in acetonitrile under exclusion of light yielded the trinuclear Ag'
hexacarbene complex [2](PF); in 77% yield as a colorless solid
(Scheme 2; see also the Supporting Information). The formation

of complex [2](PF); was confirmed by 'H and *C{'H} NMR
spectroscopy and by HR-ESI mass spectrometry. Upon
formation of [2](PFy),, the characteristic resonance for the
C2—H proton of azolium salt [1](PF¢); at § 9.88 ppm (in
DMSO-dy) is no longer observed in the "H NMR spectrum. The
BC{'H} spectrum shows the Cyyc resonance of [2](PFq); at &
178.3 ppm (in DMSO-dg), which is consistent with the values
previously reported for Ag'—=NHC complexes. 13ebh16 The
HR-ESI mass spectrum (positive ions) of [2](PF), featured
the most intense peak at m/z 500.4380 (caled for [2]** m/z
500.4390).

Since Ag'-NHC complexes are good carbene transfer
agents,> we tried to substitute the Ag' ions in [2](PF); for
Au' ions. Stirring of a mixture of [2](PF¢); and 3 equiv of
[AuCl(SMe,)] in acetonitrile for 16 h at ambient temperature
led to the formation of the trinuclear gold(I) hexacarbene
complex [3](PFq); as an air- and moisture-stable white solid in
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Scheme 2. Synthesis of Complex [2](PF;); and Transmetalation of the Tris-NHC Ligand To Give [3](PF); and [4](PFg),
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an excellent yield of 70%. The metallosupramolecular remained
intact (Scheme 2).

The formation of complex [3](PFq); was confirmed by 'H and
BC{'H} NMR spectroscopy and by HR-ESI mass spectrometry.
In the *C{'H} NMR spectrum, the resonance for the Cyyc
carbon atoms was observed at § 180.6 ppm (in DMSO-dy),
in the range observed for previously reported [Au'(NHC),]
complexes.***™'® The complete substitution of all three Ag'
ions by Au' ions is also evident from the observation of only one
Cyuc resonance in the C{'H} spectrum. The HR-ESI mass
spectrum (positive ions) confirmed the formation of [3](PFy),
by exhibiting an intense peak at m/z 589.1665 (calcd for [3]*
m/z 589.1666).

Single crystals of [3](PF¢);CH;CN-SEt,0 for an X-ray
diffraction study were obtained by slow vapor diffusion of
diethyl ether into a saturated acetonitrile solution of [3](PF),
at ambient temperature. The structure analysis revealed the
expected molecular structure of the trinuclear gold(I)
hexacarbene complex cation [3]**, which is shown in Figure 2.

The metric parameters observed in the cation [3]%*
(Au—Cyyc, 1.918(14)—2.096(14) A; Cyuc—Au—Cyge,
170.5(7)—178.6(5)°) fall in the ranges previously reported for
dicarbene gold compl<e)(es.13e’f’h The three gold atoms form a
triangle featuring Au---Au separations of about 1.4 nm. The two
central phenyl rings of the tris-NHC ligands are oriented in a
nearly coplanar fashion featuring a centroid---centroid separation
of about 3.644 A. We take this short separation as an indication
for the presence of 7---7 interactions between these rings. By
assuming that cation (3] possesses a pseudo-triangular-prismatic

Figure 2. Molecular structure (top view) of the trication [3]** in
[3](PF¢);CH;CN-SEt,O (hydrogen atoms omitted for clarity, 50%
probability ellipsoids). Selected bond distances (A) and bond angles
(deg): range Au—Cyyc, 1.918(14)—2.096(14); range Cyyc—Au—
Cnno 170.5(7)—178.6(5); range N—Cypyc—N, 101.5(10)—105.1(12).

structure, we estimated the internal volume of the cavity to
be 360 A%, which is significantly larger than the internal volume
estimated for the previously reported tri-Au' structures
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(the internal volume of the cavity of the tri-Au complex with
structure A is estimated as 72 A%).

In addition, trinuclear cylinder-like assemblies related to [3]**
obtained from tris-NHC ligands but featuring only a phenylene
linker (see A in Figure 1) exhibit a much larger separation of the
midpoints of the central phenylene groups (M = Ag, 4.914 A;
M = Ay, 4.762 A; M = Cu, 4.239 A) in comparison to that of [3]**
(3.644 A)."** To accommodate the Cyy;c—Au—Cyyc bonds of
about 4.0 A, the carbene donors in [3]%* are pushed out of the
plane of the central phenyl group toward the outside of the
cylinder, giving the tricarbene a convex geometry (Figure 3).

Figure 3. Schematic representation of the molecular structure (side
view) of the cation [3]** showing the 77 interactions between two
central phenyl rings and the nonplanar geometry of the tricarbene
ligands.

This convex distortion is only possible with the 1,3,5-
triphenylbenzene backbone. In addition, the NHC donors are
not oriented perpendicular to the aromatic backbone, also
contributing to the short separation of the central phenylene
rings.

Transmetalation of the trisilver complex [2](PF¢); with 3
equiv of Cul in acetonitrile at ambient temperature yielded the
trinuclear copper(I) hexacarbene complex [4](PFq); as a white
solid in 63% yield with retention of the metallosupramolecular
structure (Scheme 2). The formation of complex [4](PF), was
also confirmed by 'H and C{'H} NMR spectroscopy and
HR-ESI mass spectrometry. In the '*C{'"H} NMR spectrum, the
resonance for the Cyyyc atoms was observed at § 174.3 ppm (in
DMSO-dy), in agreement with previously reported chemical
shifts for Cyyc atoms in moieties of the type {Cu(NHC),}."***°
The magnetic equivalence of the resonance for the Cyyy¢ atoms is
consistent with the 3-fold symmetry of the complex cation (for a
full set of NMR spectra see the Supporting Information).

B CONCLUSIONS

In summary, we prepared a nanometer-sized cylinder-like
trinuclear Ag' hexacarbene complex via metal-controlled self-
assembly. The trinuclear silver complex undergoes trans-
metalation with [AuCl(SMe,)] or Cul to form the homo-
trinuclear hexacarbene complexes [3](PFg); and [4](PF); with
retention of the cylinder-like architecture. Use of the 1,3,5-
triphenylbenzene backbone leads to large (1.4 nm) M--M
separations in the trinuclear complexes. In addition, the aromatic
backbone is flexible enough to adopt a nonplanar geometry in the
metal complexes to allow for 77 interactions between the
central phenylene rings. The new structures may be related
to previously reported, cylinder-like hexa-NHC structures
developed by us, but here we developed a suitable method for
increasing the M---M separation. Potentially, this could lead to an
increased internal volume of the cavity while maintaining the
inherent reactivity properties of the molecule. Such an increase
was, however, not observed for the gold complex [3](PFy); due
to the 7---7r interactions of the central phenyl rings. It remains to

be seen if addition of suitable aromatic guest molecules leads to
encapsulation and a breakup of the observed 7---7 interactions.

The development of methods for efficient control of the shape
and volume of cavities is of crucial interest for the design of
metalosupramolecular structures that can function as molecular
hosts for molecular recognition and selective catalysis. Further
studies will be directed toward the utilization of the flexibility
observed in [3]** for the encapsulation of aromatic guests inside
the cavity of these synthetic organometallic receptors.

B EXPERIMENTAL SECTION

General Procedures. All manipulations were carried out under an
argon atmosphere using standard Schlenk techniques. Glassware was
oven-dried at 130 °C. Solvents were distilled by standard procedures
prior to use. "H and "*C{'H} NMR spectra were recorded at 298 K on
Bruker AVANCE 1400, Bruker AVANCE III 400, and Bruker AVANCE
11 200 spectrometers. Chemical shifts (§) are expressed in ppm downfield
from tetramethylsilane using the residual protonated solvent as an internal
standard. All coupling constants are expressed in hertz and are only given
for 'H,'H couplings unless mentioned otherwise. Mass spectra were
obtained with an Orbitrap LTQ XL (Thermo Scientific) spectrometer.
1,3,5-Tris(4-bromophenyl)benzene, [AuCl(SMe,)], and Ag,O were used
as received from commercial sources. Satisfactory microanalytical data for
[1](PF¢); and the metal complexes could not be obtained, due to the large
fluorine content in the hexafluorophosphate counterions. A complete set
of NMR spectra is provided in the Supporting Information.

Synthesis of Compound I.
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Samples of 1,3,5-tris(4-bromophenyl)benzene (0.272 g, 0.5 mmol),
imidazole (0.204 g, 3.0 mmol), K,CO; (0.346 g, 2.5 mmol), and CuSO,
SH,0 (0.025 g, 0.1 mmol) were mixed in a SO mL Schlenk flask, and the
solid mixture was heated to 160 °C for 24 h under an argon atmosphere.
The reaction mixture was then cooled to ambient temperature and was
washed three times with water (10 mL each). The remaining solid
residue was extracted with methanol (150 mL). The solvent was
removed to give compound I as a colorless solid. Yield: 0.171 g (0.339
mmol, 68%). "H NMR (400 MHz, DMSO-dy): 6 8.36 (s, 3H, H1), 8.06
(d,% = 8.5 Hz, 6H, H6), 8.01 (s, 3H, H9), 7.84 (s, 3H, H3), 7.80 (d, 3] =
8.5 Hz, 6H, HS), 7.15 ppm (s, 3H, H2). *C{'H} NMR (100 MHz,
DMSO-dg): 140.6 (C8), 138.3 (C7), 136.4 (C4), 135.5 (C1), 129.9
(C2), 128.6 (C6), 124.4 (C9), 120.6 (CS), 117.9 ppm (C3). HRMS
(ESI, positive ions): m/z 505.2132 (calcd for [I + H]* 505.2141). Anal.
Calcd for M-H, 0 (C43H,,Ng'H,0): C, 75.84; H, 5.01; N, 16.09. Found:
C, 75.86; H, 5.03; N, 15.99.

Synthesis of [1](Br),.
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1
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A sample of compound I (0.316 g, 0.626 mmol) and ethyl bromide
(0.409 g, 3.756 mmol) were dissolved in DMF (10 mL), and the
solution was heated to 100 °C for 48 h. A white solid precipitated
over this period. After the reaction mixture was cooled to ambient
temperature, the white precipitate was filtered off, washed with diethyl
ether, and dried in vacuo to give the salt [1](Br);. Yield: 0.344 g (0.414
mmol, 66%). "H NMR (400 MHz, DMSO-dj): 5 10.05 (s, 3H, H1), 8.46
(s,3H, H3), 8.29 (d, ] = 8.7 Hz, 6H, H6), 8.17 (s, 3H, H9Y), 8.14 (s, 3H,
H2), 8.00 (d, *] = 8.7 Hz, 6H, HS), 4.35 (q, °] = 7.3 Hz, 6H, H10), 1.56
ppm (t, %] =7.3 Hz, 9H, H11). *C{’"H} NMR (100 MHz, DMSO-d;): §
140.7 (C7), 140.1 (C8), 135.1 (C1), 134.3 (C4), 128.9 (C6), 125.3
(C9), 123.0 (C2), 122.1 (CS), 121.0 (C3), 44.8 (C10), 14.8 ppm
(C11). HRMS (ESI, positive ions): m/z 197.1073 (caled for [1]**
197.1079). Anal. Calcd for [1]Br;-H,0 (C3yH3oNBry-H,0): C, 55.14;
H, 4.87; N, 9.90. Found: C, 55.11; H, 5.25; N, 9.94.
Synthesis of [1](PF);.
] (PFe)s

9
70

A methanolic solution of NH,PF4 (0.270 g, 1.656 mmol in S mL of
MeOH) was added to a methanolic solution of [1](Br), (0.344 g, 0.414
mmol in 10 mL of MeOH). The hexafluorophosphate salt [1](PFy),
precipitated as a white solid. The solid was collected by filtration, washed
with cold methanol and diethyl ether, and dried in vacuo. Yield: 0.334 g
(0.325 mmol, 79%). '"H NMR (400 MHz, DMSO-dy): 5 9.88 (s, 3H,
H1), 8.42 (s, 3H, H3), 8.29 (d, ’] = 8.6 Hz, 6H, H6), 8.18 (s, 3H, H9),
8.10 (s, 3H, H2), 7.96 (d, *] = 8.6 Hz, 6H, HS), 4.33 (q, *] = 7.3 Hz, 6H,
H10), 1.56 ppm (t, 3] = 7.3 Hz, 9H, H11). *C{'H} NMR (100 MHz,
DMSO-dg): 5 140.8 (C7), 140.1 (C8), 135.1 (C1), 134.4 (C4), 128.9
(C6), 125.3 (C9), 123.0 (C2), 122.1 (CS), 121.1 (C3), 44.8 (C10),
14.7 ppm (C11). HRMS (ESI, positive ions): m/z 197.1073 (calcd for
[1]3* 197.1079).
Synthesis of [2](PFg);.

"] (PFe)s

To a mixture of [1](PF); (0.080 g, 0.078 mmol) and Ag,0 (0.027 g,
0.117 mmol) was added acetonitrile (10 mL). The resulting suspension
was heated to 60 °C for 48 h under exclusion of light. After the reaction
mixture was cooled to ambient temperature, the obtained suspension
was filtered through a pad of Celite to give a clear solution. The filtrate
was concentrated to 3 mL, and addition of 15 mL of diethyl ether
resulted in the precipitation of a white solid. The precipitate was filtered
off, washed with diethyl ether, and dried in vacuo. Yield: 0.058 g
(0.030 mmol, 77%). '"H NMR (400 MHz, DMSO-dy): § 7.97 (s, 6H,
H3), 7.87 (s, 6H, H2), 7.79 (s br, 24H, HS, H6), 7.66 (s, 6H, H9), 4.43
(g, ¥ = 7.3 Hz, 12H, H10), 1.60 ppm (t, °] = 7.3 Hz, 18H, H11).
BC{'H} NMR (100 MHz, DMSO-d;): 5 178.3 (C1), 138.8 (C7), 138.6

(C4), 138.5 (C8), 127.2 (C6), 123.5 (CS), 122.8 (C9), 122.7 (C2),
122.0 (C3), 46.8 (C10), 16.9 ppm (C11). HRMS (ESI, positive ions):
m/z 500.4380 (calcd for [2]** 500.4390); m/z 823.1402 (calcd for
[[2]PF,]** 823.1406).

Synthesis of [3](PF);.

"] (PFe)s

To a solution of [2](PFy); (0.058 g, 0.030 mmol) in acetonitrile (S mL)
was added solid [AuCl(SMe,)] (0.027 g, 0.092 mmol). Immediately
after the addition a white solid started to precipitate. The reaction
mixture was stirred at ambient temperature for 16 h and was then slowly
filtered through a pad of Celite until a clear filtrate was obtained. The
filtrate was added slowly to diethyl ether (20 mL) to give a white solid,
which was collected by filtration, washed with diethyl ether, and dried in
vacuo. Yield: 0.046 g (0.021 mmol, 70%). "H NMR (400 MHz, DMSO-
dg): 67.96 (s, 6H, H3), 7.90 (s, 6H, H2), 7.84 (d, *] = 8.3 Hz, 12H, H6),
7.77 (d, *] = 8.3 Hz, 12H, HS), 7.71 (s, 6H, H9), 4.49 (q, *] = 7.3 Hg,
12H, H10), 1.63 ppm (t, *] = 7.3 Hz, 18H, H11). *C{’"H} NMR (100
MHz, DMSO-d,): 6 180.6 (C1), 138.7 (C7), 138.4 (C8), 137.9 (C4),
126.9 (C6), 124.4 (CS), 122.8 (C2), 122.7 (br, C3, C9), 46.4 (C10),
16.7 ppm (C11). HRMS (ESI, positive ions): m/z 589.1665 (calcd for
[3]%* 589.1666); m/z 956.2329 (calcd for [[3]PF¢]** 956.2320).
Synthesis of [4](PF);.

AL "] (PFe)s

A sample of [2](PF); (0.058 g, 0.030 mmol) was dissolved in 10 mL
of acetonitrile, and to this solution was added solid Cul (0.018 g,
0.095 mmol). The reaction mixture was stirred for 16 h at ambient
temperature. The resulting suspension was slowly filtered through a pad
of Celite to give a clear solution. The filtrate was concentrated to 2 mL,
and addition of 10 mL of diethyl ether resulted in the precipitation of a
white solid. The white solid was filtered off, washed with diethyl ether,
and dried in vacuo. Yield: 0.034 g (0.019 mmol, 63%). "H NMR (200
MHz, DMSO-dy): 6 7.98 (s, 6H, H3), 7.83 (s, 6H, H2), 7.78 (s, br, 24H,
HS, H6), 7.64 (s, 6H, H9), 4.45 (q, °] = 7.2 Hz, 12H, H10), 1.61 ppm (t,
] =72 Hz, 18 H, H11). *C{'H} NMR (50 MHz, DMSO-dg): 5 174.3
(C1), 137.9 (C7), 137.3 (br, C4, C8), 126.1 (C6), 122.3 (CS), 121.9
(C9), 121.5 (C2), 120.6 (C3), 45.9 (C10), 16.4 ppm (C11). HRMS
(ESI, positive ions): m/z 455.7953 (calcd for [4]** 455.7964).

X-ray Crystallography. Single crystals of [3](PF4);-CH;CN-
SEt,O for an X-ray diffraction study have been obtained by slow
vapor diffusion of diethyl ether into a saturated acetonitrile solution of
[3](PF¢), at ambient temperature. X-ray diffraction data were collected
at T = 153(2) K with a Bruker APEX-II CCD diffractometer equipped
with a rotation anode using graphite-monochromated Mo Ka radiation
(1=0.71073 A). Diffraction data were collected over the full sphere and
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were corrected for absorption. Structure solutions were found with the
SHELXS-97 package*" using direct methods and were refined with
SHELXL-97*" against |F?| values of all data using first isotropic and later
anisotropic thermal parameters for all non-hydrogen atoms. Hydrogen
atoms were added to the structure models on calculated positions.

Crystal data and structure refinement details for compound
[3](PF4)3-CH3CN-5Et,0: Cg0H 55N 3Au3F 1505P3, M, = 2614.94, color-
less crystal, 0.23 X 0.07 X 0.03 mm?®, monoclinic, space group P2,/n,
7 =4 a = 204029(11) A, b = 132486(8) A, ¢ = 33.885(2) A,
$=93.936(3)°, V=9137.8(9) A peeq = 1.901 g cm™, = 4960 mm ™,
@ and ¢ scans, 131138 measured intensities (2.3° < 26 < 62.1°), 28577
independent intensities (R;,, = 0.0841), and 17844 observed intensities
(I = 26(I)), refinement of 996 parameters against |F?| of all measured
intensities with hydrogen atoms on calculated positions. R = 0.058S,
R, = 0.1473, Ry = 0.1105, and R, ;; = 0.1632. The asymmetric unit
contains one formula unit of compound [3](PFg);, one molecule of
acetonitrile, and five molecules of diethyl ether. Three of the six N-ethyl
substituents, two imidazolin-2-ylidene rings, and two hexafluorophos-
phate anions are disordered. The positional parameters of disordered
atoms were refined with isotropic displacement parameters, and no
hydrogen positions were calculated for disordered carbon atoms. The
electron density of five diethyl ether molecules was removed from the
least-squares calculations by means of the SQUEEZE function of the
PLATON program.

B ASSOCIATED CONTENT

© Supporting Information

Figures giving NMR spectra of all new compounds and a CIF
file containing the X-ray crystallographic data for [3](PFq)s:
CH;CN-5Et,0.This material is available free of charge via the
Internet at http://pubs.acs.org.
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