Buckybowls

Synthesis and Structure of a Dimetallated
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to Each Side of Corannulene**
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In transition-metal complexes of buckminsterfullerene
(Cgo),! the metal atom is bonded to two carbon atoms (1?)
shared by two six-membered rings. On the other hand,
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curved-surface fragments of Cg, called buckybowls, are
difficult to prepare and few transition-metal complexes of
them have been reported.”™ Improved procedures for the
synthesis of corannulene®™® (Cy,H,,, 1) have led to the
preparation of the 1% complexes [Cp*Ru(n’-
CyH,0)](O5SCF3)P and [Cp*Ir(n°-Cy,Hyo)|(BF,),,*! in which
Cp* is ’-CsMe;. Although these complexes have been well-
characterized by their NMR spectra, neither has been isolated
as the analytically pure solid. Recently, the gas-phase
deposition synthesis of [{Rh,(O,CCF;),},,-(CyHyg),] (m:n=
1:1 and 3:2), were reported.pa] Their structures, as determined
by X-ray diffraction studies, contain 1D and 2D networks of
[Rh,(O,CCF;),] and corannulene units in which the {Rh,}
groups are 1’-coordinated to both the convex and concave
sides of the corannulene. These are the only crystal structures
of transition-metal complexes of corannulene. Herein, we
report the first X-ray structural characterization of a cor-
annulene that contains n’-coordinated metal fragments. Of
particular interest are the observations that the two {Cp*Ru}*
fragments are on opposite sides of the corannulene bowl,
which is significantly flattened as compared to free corannu-
lene.

The reaction of [{Cp*Ru(ps-Cl)},]” (0.020 mmol) with
AgBF, (for 2a) or AgPF, (2b) (0.081 mmol) and 1
(0.040 mmol) in a 2:1 ratio of {Cp*Ru}t to C,H,, in
CD;NO, under an Ar atmosphere at room temperature
gave the dimetallated complex [(Cp*Ru),(p,-n°n°-CyoH;0) X,
(X=BF, (2a), PF,(2b)) (Figure 1). Both 2a and 2b are

Figure 1. Atom labeling Scheme for compound 2.

stable in CD;NO, and CH,Cl,, very soluble in CD;NO,, and
moderately soluble in CH,Cl, at room temperature. They are
insoluble in diethyl ether and hexanes, and the {Cp*Ru}* units
are displaced from the corannulene when the complex is
dissolved in acetone. In the solid state, 2a and 2b are stable in
dry air for weeks. After 1 week, a solution of 2b in CD;NO, in
dry air decomposed ~50% to [Cp*Ru(n’-C,0H,,)]* with no
evidence for free corannulene in the 'H NMR spectrum.
Shaking a CD;NO, solution of 2b with water results in
decomposition with the liberation of free corannulene. While
the existence of [(Cp*Ru),(u,-n’n°’-CyHy) >+ was previously
proposed on the basis of unspecified NMR data,” it was not
further characterized.

The 'H NMR spectrum of 2a in the corannulene region
(Figure 2) has signals in the narrow range (6 = 6.87-6.74 ppm)
that are shifted upfield with respect to the signal of free
corannulene (e.g., 6=7.85ppm for 1 in CD;NQO,). These
protons (H1, H2, HS, H6), which are doublets with Jyy; values
of 6 Hz, are assigned to the six-membered rings that are n°-
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Figure 2. "H NMR spectrum of the corannulene region of 2A in
CD;NO,.

coordinated to the {Cp*Ru}t units. Such upfield shifts are
typical of other [Cp*Ru(n’-arene)]* compounds.® The
chemical shifts of the protons on the carbons not bonded to
Ru are downfield of free corannulene, as is observed in
[Cp*Ru(mP’-CyH) "™ and [Cp*Tr(n®-CyH o) [P+ These six
protons appear as two doublets (Jy;=9 Hz) and a singlet.
Only one methyl signal is observed in the '"H NMR spectrum,
and it integrates to 30H. A COSY NMR experiment was
carried out on complex 2a and used in the assignment of the
proton chemical shifts. The “C{'H} NMR spectrum of 2a
shows six carbon signals between 6=98.7 and 81.1 ppm,
which were assigned to the carbons bonded directly to the two
Ru atoms. These signals are substantially upfield with respect
to the uncoordinated carbon atoms (6 =140.2-126.7 ppm)
and free corannulene (6 =136.3, 132.0 and 128.2 ppm for 1 in
CD;NO,), a trend that is also observed in other [Cp*Ru(n°’-
arene)]* complexes.”*! The NMR data clearly show that the
ruthenium atoms are m° coordinated to two of the six-
membered rings of corannulene.

Orange crystals of [(Cp*Ru),(k-1°1°-CyHyo)][PEg], (2b)
suitable for an X-ray structure investigation were grown by
inverse diffusion of a saturated methylene chloride solution of
the complex surrounded by hexanes at —20°C over a period
of one week.’! The crystals, which contained four molecules
of CH,Cl, per unit cell, quickly deteriorated when removed
from the methylene chloride solution. The structure reveals
that the {Cp*Ru}* units bind to both the convex and concave
sides of the C,H,, bowl (Figure 3). Coordination of the two
{Cp*Ru}* cations to the corannulene causes significant
structural changes in the shape of the bowl. Differences in
bond lengths are observed in the six-membered rings to which
the {Cp*Ru}* groups are coordinated; in these rings, the HC=
CH rim bonds are elongated to an average of 1.454(11) A
from 1.402(5) A in corannulene itself'”’ This elongation
releases some strain in the corannulene subunit of 2b causing
a notable flattening of the bowl as compared to 1. The
diminished curvature of the coordinated bowl is clearly
demonstrated by a m-orbital axis vector (POAV) analysis.!"!
(Figure 4). The pyramidalization angles of the five central
carbon atoms and those that are attached to them are on
average 4.2° and 1.3° respectively, in 2b, whereas the
analogous values for corannulene and its derivatives are
8.4° and 3.8°, respectively.'"'? Thus, the curvature of the
corannulene bowl in 2b is reduced to approximately half of
the curvature of corannulene. A closer view of the POAV
values shows that they are smaller for the carbon atoms
bonded to the convex {Cp*Ru}* unit (0.8, 3.5, 3.7, 0.5°) than
for those bonded to the concave {Cp*Ru}*t unit (2.1, 4.3, 4.4,
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Figure 3. ORTEP drawing of [(Cp*Ru), (1-n*,N®*CaoH10)][PFel. (2b).
Ellipsoids are shown at the 30% probability level; hydrogen atoms are
omitted for clarity. Selected bond lengths [A]: Ru1-C1, 2.219(7); Rul-
C2, 2.214(6); Ru1-C12, 2.346(6); Ru1-C18, 2.209(6); Ru1-C17,
2.209(6); Ru1-C11, 2.343(7); Ru2-C5, 2.171(8); Ru2-C6, 2.169(7);
Ru2-C14, 2.266(7); Ru2-C20, 2.276(7); Ru2-C19, 2.264(7); Ru2-C13,
2.263(7).

1.375(10)

convex concave

2b

Figure 4. POAV pyramidalization angles and C—C bond lengths (A;
values shown in italics) as found in corannulene (1) and [(Cp*Ru), (1,
N°M°CaoH10)](PFg) -4 CH,Cl, (2b). Only the carbon atoms of the coran-
nulene are shown for clarity.

1.2°), which indicates that the convex {Cp*Ru}" causes a
greater flattening of the six-membered ring than the concave
{Cp*Ru}*. This flattening of the bowl might be expected to
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reduce the barrier to inversion of the C,,H;, bowl, which is
known to have a barrier of 10-11 kcalmol ! in corannulenes
functionalized by organic groups on the rim carbon atoms.
A previous investigation of corannulene derivatives showed
that a flattening of the bowl leads to a decrease in the bowl
inversion barrier."! The methyl carbon atoms of the two Cp*
ligands give a singlet in the room temperature “C NMR
spectrum of 2b in CD,Cl, indicating rapid inversion of the
bowl. Due to the insolubility of 2b in CD,Cl, at low
temperatures, separate resonances for the convex and con-
cave {Cp*Ru}* groups have not been observed.

Besides the different effects that the concave and convex
{Cp*Ru}" units have on the flattening of the bowl, they also
appear to interact with the six-ring carbon atoms differently.
The Ru2—C distances for the concave {Cp*Ru}* unit are
significantly shorter to the rim carbon atoms (C5, C6)
(2.173(5) A) than to the other four carbon atoms (C14, C20,
C19, C13) (2.267(4) A). However, the Rul—C distances for
the convex {Cp*Ru}t group are significantly longer to the
atoms C11 and C12 (2.345(5) A) than to the other four carbon
atoms (C1, C2, C18, C17;2.213(3) A). Although these results
await a theoretical interpretation, it is obvious that the
binding of {Cp*Ru}* is different to the two sides of the bowl.
It should be noted that a study of [Cp*Ru(n’-fluoradene)]*,*!
in which fluoradene (C,oH;,) is another type of curved surface
hydrocarbon, showed that {Cp*Ru}* binds more strongly to
the concave side than to the convex side.

In conclusion, complex 2b is the first structurally charac-
terized compound in which a buckybowl is n’-coordinated.
The {Cp*Ru}" moieties bind to non-adjacent arene rings on
opposite sides of corannulene, and *C NMR spectroscopic
evidence shows that the bowl undergoes rapid inversion at
room temperature. Coordination of the {Cp*Ru}* fragments
significantly reduces the overall curvature of the buckybowl;
the convex {Cp*Ru}*t group causes a greater flattening than
the concave {Cp*Ru}* unit. These substantial structural
effects of the {Cp*Ru}" units, which contrast with the absence
of significant structural changes upon n’-coordination to
[Rh,(O,CCF;),],?! appear to be caused by the preference of
{Cp*Ru}* for n-coordination to a planar arene ring.

Experimental Section

Synthesis and characterization of [(Cp*Ru),(p,-n°n’-CyHy)](X),
(X=BF, 2a, PF;” 2b): AgBF, or AgPF; (0.081 mmol) was added
to a solution of [Cp*Ru(p;-Cl)], (0.022 g, 0.020 mmol) and corannu-
lene (1; 0.010 g, 0.040 mmol) in 1 mL of CD;NO,. The solution was
stirred at room temperature for 1h, and the AgCl precipitate was
removed by filtration. The resulting dark-orange solution was
evaporated to dryness under vacuum to give an oily residue of 2a
or 2b. These reactions are nearly quantitative by NMR spectroscopy.
The residue was washed with diethyl ether (2 x 3 mL) and dried under
vacuum. After 2a or 2b had been dissolved in 1-2 mL of CH,Cl,, the
resulting solution was added to ~5 mL of hexanes by cannula to give
orange powders (0.034 g, 85% yield, for 2b). 'H NMR (400.13 MHz,
CD;NO,, RT, 2a): 6 =8.51 (d, *J(H,H) =9 Hz, 2H, H8,9), 8.20 (s, 2H,
H3,4), 8.17 (d, *J(H,H) =9 Hz, 2H, H7,10), 6.87 (d, *J(H,H) =6 Hz,
2H, H1,6), 6.80 (d, *J(H,H)=6 Hz, 2H, H2,5), 1.27 ppm (s, Cp*,
30H). “C{'H} NMR (100.61 MHz, CD;NO,, RT, 2a): 0=135.1
(C8)9), 132.2 (C3,4), 128.8 (C7,10), 98.7 (C-Ru), 98.5 (C-Ru), 96.9
(C-Ru), 96.8 (CsMes), 95.6 (C-Ru), 86.9 (C2,5), 85.8 (C1,6), 9.0
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(CsMes), 135.6, 132.7 ppm (C15, C16). MS m/z 362 ([(Cp*Ru),(u,-
1°°*-CyHy)|*), electrospray in CD;NO,. Anal. Caled for
[(Cp*Ru),(nn’n-CyoHy0)[(PF) 1 CH,CL:  C, 44.86; H, 3.86.
Found: C, 45.32; H, 3.99. The presence of CH,Cl, in the sample was
confirmed by an '"H NMR spectrum of the compound in CD;NO,.

Full details of the synthesis and complete characterization of
compounds 2a and 2b, including 'H, ®C{1H}, COSY NMR and mass
spectra (2a), elemental analysis (2b), and thermal ellipsoid drawings
and numbering Scheme for 2b are given in the Supporting Informa-
tion.
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