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Interactions between the surfaces of planar and nonplanar
molecules have generated considerable interest in materials
chemistry™? as critical elements for understanding two-
dimensional supramolecular assembly, molecular and chiral
recognition, and heterogeneous catalysis. Carbon-rich ball-
and bowl-shaped polyaromatic molecules, such as fullerenes
and fullerene fragments or buckybowls, figure prominently in
these studies. Fullerenes have been found to form solid
constructs with planar metalloporphyrins with remarkably
close contacts but without the need for matching their convex
and concave faces.”! Molecular self-organization of nonplanar
polyaromatic bowls on a planar metal surface introduces the
interesting additional factor of symmetry mismatch. Studies
of ordered structures formed by weakly bound corannulene,
CyHy, on the Cu(110) surface examined by scanning
tunneling microscopy (STM) have revealed interesting
insights into their molecular interactions. However, the
overall effect of these interactions on the geometry of the
corannulene bowl could not be evaluated by the STM
method.™

In this work, we selected a system that allowed us to
investigate the mutual structural influences of bowl-shaped
polyarenes and a planar polynuclear metal unit upon their
attractive interaction (Figure 1). Curving of the planar
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Figure 1. Matching planar and nonplanar molecules.
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trimetal unit to match the convex surface of a mw bowl may
be required to form a stable metal-organic complex. Flat-
tening of the bowl-shaped polyarene may also be anticipated,
with both effects changing the strain energy of interacting
partners and leading to “mutual curvature adaptations” at the
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molecular level. By selecting the highly Lewis acidic per-
fluoro-ortho-phenylenemercury CgF,Hg; complex as a
planar trimetal unit (Figure 2, [Hg;]), we have significantly

Figure 2. Perfluoro-ortho-phenylenemercury, corannulene, and monoin-
denocorannulene (top) along with their electrostatic potential (convex)
surfaces (bottom).

enhanced molecular interactions with m bowls. Although
[Hgs] is known to form stable complexes with a number of
single-ring and planar polycyclic aromatic hydrocarbons,! its
binding to curved polyarenes has never been examined. DFT
calculations for [Hg;] show a positively charged electrostatic
potential surface in the center of the trimercury complex,”®
thus making it an excellent electrophilic probe for solid-state
interactions with the negatively charged surfaces of bowl-
shaped polyarenes. As the latter, we chose corannulene,
C,0H,y, and monoindenocorannulene, C,H,, (Figure 2).

The former polyarene is the smallest subunit of the Cg,
fullerene with a Cs, symmetry,”! whereas the latter has a
larger surface area and deeper bowl depth than corannulene
with a symmetry reduced to C, Although the expected
complex formation in the [Hg;CyyH,)] and [HgsC)Hy,)
systems should be favored by electrostatic interactions, the
geometry and symmetry mismatch of building units ([Hgs] is
planar with a Dj, symmetry) makes both systems unique
models to examine fine-structure deformation effects result-
ing from molecular interactions between planar and non-
planar molecules. Additionally, indenocorannulene has both
planar (indeno group) and nonplanar (corannulene core)
parts, which makes the C,sH;, bowl a distinctive object for
further assessments of subtle interaction effects at the inter-
face of planar and nonplanar surfaces.

The complexation reactions between equimolar quantities
of [Hg;] and the selected bowls yield the desired products,
[Hgs-CyoHy] (1) and [Hg; CysH,,] (2), in excellent yields (see
the Supporting Information). The elemental analyses of 1 and
2 indicate a 1:1 stoichiometry of [Hg;] to the polyarene. The
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IR data for both complexes clearly confirm the involvement
of hydrocarbons in coordination. While the infrared spectra
of 1 and 2 are mostly dominated by strong absorption bands of
[Hg;] in the 1000-1600 cm™' region, the data permit the
detection of intense symmetrical out-of-plane C-H deforma-
tion bands of coordinated C,)H;, and C,;H,,. These bands
(843 and 823 cm™' in 1 and 2, respectively) are shifted to
higher energies by 10 and 7 cm ™', respectively, in comparison
to free buckybowls (see the Supporting Information for
details).

The single-crystal X-ray diffraction analysis of 1*! reveals
the formation of extended binary stacks in which molecules of
[Hg;] alternate with C,yHj,, thus rendering the first example
of multiple metal binding to the interior buckybowl surface
(Figure 3).

Figure 3. Space-filling view of the stack (left) and top view to the
convex surface of CyH,, (right) in the solid-state structure of
[Hgs-CyoHyo] (1). F: green, C: violet/gray/light blue, Hg: dark blue,
H: white.

In 1, the successive trimercury units adopt an eclipsed
arrangement displaying short intermolecular Hg—C, qnaiic
distances with the hub Catoms of convex (3.14-3.51 A)
surfaces and the flank Catoms of concave (3.17-3.40 A)
surfaces. These contacts are significantly shorter than the sum
of the van der Waals radii of Hg (r,4 =2.0-2.2 A) and C
(roaw=1.7 A) and noticeably stronger than those previously
reported for the [Hgs;] complexes with planar aromatic
hydrocarbons.”! Additionally, although a number of metal
complexes of corannulene are known to date,”) none exhibits
multiple metal binding to its central five-membered ring. In
the case of indenocorannulene, no isolated metal complexes
have ever been reported.

The single-crystal X-ray diffraction analysis of 21! reveals
the existence of two crystallographically independent
extended stacks (2A and 2B) similar to that observed in 1
(Figure 4). The overall strength of interactions along the
stacks is illustrated by shortening of the distance between
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Figure 4. Space-filling views of the stacks in [Hgs-CyH1,] and free
CaeHya.
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indenocorannulene molecules in the binary complexes com-
pared to that in the solid-state structure of free C,gH,,.''l This
difference in stacking distance between 2 A and 2B correlates
well with the variation in bowl depths of the corresponding
C,sH;, molecules. Coordination slightly flattens the indeno-
corannulene surface compared to its free form with the bowl
being less curved in 2 A (bowl depth is 1.008 vs. 1.047 A in 2B
and 1.056 A in free indenocorannulene), and that allows a
closer packing of molecules along the stack in the former. For
comparison, corannulene is significantly more affected by
coordination, with its bowl depth being reduced to 0.754 A in
1 compared to 0.870 A in free C,H,,.['”! The smaller bowl
deformation in the indenocorannulene complex can be
attributed to the shift of primary Hg-C interactions away
from the corannulene core to the peripheral indeno group
(Figure 5).

Figure 5. Views to the convex surface of C,H;, in 2A and 2B in the
solid-state structure of [Hg;-CyH1,] (top). Bending the planar [Hg;]
unit over the nonplanar surface of indenocorannulene (bottom).

The observed difference in curvature of the C,;H,, bowls
in 2 A and 2B is a result of strong bonding interaction of [Hg;]
and the spoke bond connecting the two five-membered rings
of indenocorannulene in 2 A. This Hg—C,,. contact (3.052 A)
is the shortest in the series of [Hgz-arene] complexes. The
effect of this interaction shows up in significantly reduced -
orbital axis vector (POAV) angles of the C atoms forming the
bond and can even be seen in the infrared spectrum of 2, as
discussed in the Supporting Information. Two other Hg atoms
of the trimercury unit interact with the convex surface of
CyH,, through binding to the indeno group, with longer
contacts ranging from 3.395 to 3.634 A. In 2B, the [Hg;] unit is
side-shifted along the convex surface of C,sH;, and exhibits
weaker interactions with the spoke carbon atoms of inden-
ocorannulene, thus causing less deformation of the bowl. On
the concave face of C,4H;, in both 2 A and 2B, the Hg centers
bind the peripheral carbon atoms with the average Hg-C
contacts being noticeably longer than those to the convex side
of indenocorannulene.

Importantly, in addition to Hg-C interactions, strong
arene-fluoroarene interactions exist in both [Hg;-C,0H,(] and
[Hgs'CyHy,]. In 1, -y interactions between one of the C4F,
rings of the trimercury unit and the concave surface of
corannulene are identified (3.64 and 3.78 A, Figure S14 in the
Supporting Information). In 2A and 2B, both convex and
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concave surfaces are involved in arene—fluoroarene interac-
tions because of the larger surface area availability of
indenocorannulene compared to that of corannulene. The
shortest distances between the centroids of the C¢F, rings of
[Hgs] and the six-membered rings of indenocorannulene are
3.84 and 3.33 A with the convex and 3.88 and 3.97 A with the
concave surfaces of C,H;, in 2A and 2B, respectively
(Figures S18 and S19 in the Supporting Information).

The observed m—m; interactions have a pronounced effect
on the planar trimetal unit in the solid state. In 1 and 2, the
trimercury unit bends over the nonplanar polyarenes to
embrace the convex faces of the m bowls. The best surface
match of interacting units, and thus the strongest arene—
fluoroarene interactions with the convex surface of C,4H;, in
2B, lead to an unprecedented distortion of [Hg;] upon
coordination (y =21.8°, Figure 5). This value exceeds those
found in 2 A (15.0°) and the corannulene complex 1 (11.2°).
The smaller surface area of C,,H,, leads to the absence of
arene—fluoroarene interactions on the convex surface of the
bowl, and only those on the concave side are observed in 1.
This results in the significantly reduced deformation of the
planar [Hgs] unit in 1 compared to that in 2. It is worth
stressing here that in 2A, where the directional Hg—Cg,qc
interaction takes place, the corannulene core of C,H,, is
affected substantially more strongly, whereas the [Hgs] unit is
less affected than 2B, where the above Hg—C interactions
could not be clearly identified. This fact corroborates the
importance of m—my interactions for matching the surfaces of
the planar trimercury unit and the 7t bowls.

Although arene—fluoroarene interactions are widely used
in crystal engineering with flat molecules,"® herein they are
utilized for the first time for bending a planar complex over
nonplanar templates. The ability to manipulate and control
attractive interactions between planar and curved surfaces
that we have demonstrated here should further advance the
fields of supramolecular assembly and molecular recognition,
as well as generally expand the synthetic chemist’s toolbox.

Nonplanar polyaromatic hydrocarbons exhibit interesting
luminescent properties.'¥! The emission of indenocorannu-
lene in the solid state is substantially red-shifted (.=
537 nm, 1., =400 nm) in comparison with that of corannu-
lene (A =454 nm, 1., =350 nm) and other smaller bowls.
In the solid state, both adducts 1 and 2 show bright photo-
luminescence at room temperature (Figures S10 and S11 in
the Supporting Information). The energy for the emission of
the crystalline solid 1 corresponds to that observed for the
phosphorescence of free corannulene in a glass matrix at 77 K
(lifetime 1.9 s)."*! Similar observations have been made for
the [Hg;] complexes with planar polyaromatic hydrocarbons,
which display phosphorescence of arenes and, importantly,
the emission lifetimes are always shorter than those of the
free arenes by 3-5 orders of magnitude.”! Thus, adduct
formation affords room-temperature-phosphorescent materi-
als with excited-state lifetimes on the order of 100 us, which
makes them great candidates for light-emitting applications.
For comparison, the lifetime of the phosphorescence of
tetrabromocorannulene in a glass matrix at 77 K is about
50 ms*¥ and, in contrast to complexes 1 and 2, the shortening
of the value is derived from an internal heavy atom effect. It is
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also worth mentioning here that these room-temperature-
phosphorescent materials with short lifetimes can be easily
accessed without recourse to the challenging synthesis of
heavy-atom-substituted buckybowls. Another possible
advantage of using the [Hgs;] complexes of mt bowls over
those with planar arenes is the potential for substantial cost
savings as a result of the longer excitation wavelengths (for
example, 1., =400 nm for 2, and excitation will be further
red-shifted for more curved bowls).

In summary, matching the planar [Hg;] unit with non-
planar surfaces of corannulene and indenocorannulene
resulted in significant geometry adjustments of both interact-
ing partners in the resulting solid-state complexes. This is
manifested in such a way that [Hg;] adopts highly bent
configurations, which are deviating from planarity by up to
21.8°. The adducts display intermolecular Hg—C distances
starting at 3.0 A, which rank among the shortest contacts
observed in organomercurial complexes. However, multiple
arene—fluoroarene interactions seem to be responsible for a
tight match of the interacting units during complexation.
Utilization of these rather weak individual forces for large-
surface molecules reinforces mutual attractive interactions of
the symmetrically and geometrically mismatched partners
and results in an unprecedented increase in strain energy at
the molecular level. The observed curvature tradeoffs phe-
nomenon should be further harnessed for enhancement of the
chemical reactivity of the interacting units in subsequent
chemical transformations, and tested for storage/release of
strain energy in the solid state.

Received: June 24, 2009
Published online: October 5, 2009

Keywords: buckybowls - corannulenes - mercury -
strained molecules - supramolecular chemistry

[1] P.D. W. Boyd, C. A. Reed, Acc. Chem. Res. 2005, 38, 235-242.
[2] K. E. Plass, A. L. Grzesiak, A. J. Matzger, Acc. Chem. Res. 2007,
40, 287-293.
[3] T.Ishii, N. Aizawa, R. Kanehama, M. Yamashita, K. Sugiura, H.
Miysaka, Coord. Chem. Rev. 2002, 226, 113-124.
[4] a) T. Bauert, L. Merz, D. Bandera, M. Parschau, J. S. Siegel, J.
Am. Chem. Soc. 2009, 131,3460-3461; b) L. Merz, M. Parschau,
L. Zoppi, K. K. Baldridge, J. S. Siegel, K.-H. Ernst, Angew.
Chem. 2009, 121, 2000-2003; Angew. Chem. Int. Ed. 2009, 48,
1966 —1969.
a) T. J. Taylor, C. N. Burress, F. P. Gabbai, Organometallics 2007,
26, 5252-5263; b) C. N. Burress, M. I. Bodine, O. Elbjeirami,
J. H. Reibenspies, M. A. Omary, F. P. Gabbali, Inorg. Chem. 2007,
46, 1388 -1395.
[6] A. Burini, J. P. Fackler, R. Galassi, T. A. Grant, M. A. Omary,
M. A. Rawashdeh-Omary, B. R. Pietroni, R.J. Staples, J. Am.
Chem. Soc. 2000, 122, 11264 -11265.
For recent work on the smallest C;-symmetric subunit of Cy,
sumanene, see: a) H. Sakurai, T. Daiko, T. Hirao, Science 2003,
301, 1878-1882; b) T. Amaya, S. Seki, T. Moriuchi, K. Naka-
moto, T. Nakata, H. Sakane, A. Saeki, S. Tagawa, T. Hirao, J.
Am. Chem. Soc. 2009, 131, 408 —409.
Crystal data for 1: Pl, a=7247(2), b=11.1204), c=
19.703(6) A, a= 92.536(4), f=93.095(4), y=94.991(4)°, V=
1577.5(9) A% Z=2,R1=0.0822 (wR2=0.1776) for I>20(I).

[5

—_

[7

—

8

_

www.angewandte.org

Chemie

8475


http://dx.doi.org/10.1021/ar040168f
http://dx.doi.org/10.1021/ar0500158
http://dx.doi.org/10.1021/ar0500158
http://dx.doi.org/10.1016/S0010-8545(01)00442-8
http://dx.doi.org/10.1021/ja8101083
http://dx.doi.org/10.1021/ja8101083
http://dx.doi.org/10.1002/ange.200804563
http://dx.doi.org/10.1002/ange.200804563
http://dx.doi.org/10.1002/anie.200804563
http://dx.doi.org/10.1002/anie.200804563
http://dx.doi.org/10.1021/om070125d
http://dx.doi.org/10.1021/om070125d
http://dx.doi.org/10.1021/ic061998n
http://dx.doi.org/10.1021/ic061998n
http://dx.doi.org/10.1021/ja0024690
http://dx.doi.org/10.1021/ja0024690
http://dx.doi.org/10.1126/science.1088290
http://dx.doi.org/10.1126/science.1088290
http://dx.doi.org/10.1021/ja805997v
http://dx.doi.org/10.1021/ja805997v
http://www.angewandte.org

Communications

8476

]

(10]

www.angewandte.org

a) M. A. Petrukhina, K. W. Andreini, J. Mack, L.T. Scott,
Angew. Chem. 2003, 115, 3497-3501; Angew. Chem. Int. Ed.
2003, 42, 3375-3379; b) E. L. Elliott, G. A. Hernandez, A.
Linden, J.S. Siegel, Org. Biomol. Chem. 2005, 3, 407-413;
c) M. A. Petrukhina, Y. Sevryugina, A. Yu. Rogachev, E. A.
Jackson, L.T. Scott, Angew. Chem. 2006, 118, 7366—7368;
Angew. Chem. Int. Ed. 2006, 45,7208 -7210; d) J. S. Siegel, K. K.
Baldridge, A. Linden, R. Dorta, J. Am. Chem. Soc. 2006, 128,
10644 -10645; e) B. Zhu, A. Ellern, A. Sygula, R. Sygula, R. J.
Angelici, Organometallics 2007, 26, 1721-1728; f) M. A. Petru-
khina, Angew. Chem. 2008, 120, 1572-1574; Angew. Chem. Int.
Ed. 2008, 47, 1550-1552; g) T. J. Seiders, K. K. Baldridge, J. M.
O’Connor, J. S. Siegel, J. Am. Chem. Soc. 1997, 119, 4781 -4782.
Crystal data for 2: P2/n, a=7.3947(11), b=21.661(3), c=
43.789(7) A, £=90.909(3)°, V=7013.2(18) A’ 7Z=8, Rl=
0.0778 (wR2=0.1043) for I>20(I). CCDC730559 (1) and
CCDC 730560 (2) contain the supplementary crystallographic

(11]

(12]

[13]

(14]

data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.

B.D. Steinberg, E. A. Jackson, A.S. Filatov, A. Wakamiya,
M. A. Petrukhina, L. T. Scott, J. Am. Chem. Soc. 2009, 131,
10537 -10545.

a) J. C. Hanson, C. E. Nordman, Acta Crystallogr. Sect. B 1976,
32, 1147-1153; b) M. A. Petrukhina, K. W. Andreini, J. Mack,
L. T. Scott, J. Org. Chem. 2005, 70, 5713 -5716.

K. Reichenbicher, H. 1. Suess, J. Hulliger, Chem. Soc. Rev. 2005,
34,22 -30.

a) M. Yamaji, K. Takehira, T. Mikoshiba, S. Tojo, Y. Okada, M.
Fujitsuka, T. Majima, S. Tobita, J. Nishimura, Chem. Phys. Lett.
2006, 425, 53-57; b) J. Mack, P. Vogel, D. Jones, N. Kaval, A.
Sutton, Org. Biomol. Chem. 2007, 5, 2448 —2452; c) Y.-T. Wu, D.
Bandera, R. Maag, A. Linden, K. K. Baldridge, J. S. Siegel, J.
Am. Chem. Soc. 2008, 130, 10729-10739.

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2009, 48, 8473 -8476


http://dx.doi.org/10.1002/ange.200351403
http://dx.doi.org/10.1002/anie.200351403
http://dx.doi.org/10.1002/anie.200351403
http://dx.doi.org/10.1039/b411987h
http://dx.doi.org/10.1002/ange.200602568
http://dx.doi.org/10.1002/anie.200602568
http://dx.doi.org/10.1021/ja062110x
http://dx.doi.org/10.1021/ja062110x
http://dx.doi.org/10.1021/om0610795
http://dx.doi.org/10.1002/ange.200704783
http://dx.doi.org/10.1002/anie.200704783
http://dx.doi.org/10.1002/anie.200704783
http://dx.doi.org/10.1021/ja964380t
http://dx.doi.org/10.1021/ja9031852
http://dx.doi.org/10.1021/ja9031852
http://dx.doi.org/10.1021/ja9031852
http://dx.doi.org/10.1021/ja9031852
http://dx.doi.org/10.1107/S0567740876012430
http://dx.doi.org/10.1107/S0567740876012430
http://dx.doi.org/10.1021/jo050233e
http://dx.doi.org/10.1039/b406892k
http://dx.doi.org/10.1039/b406892k
http://dx.doi.org/10.1016/j.cplett.2006.04.104
http://dx.doi.org/10.1016/j.cplett.2006.04.104
http://dx.doi.org/10.1039/b705621d
http://dx.doi.org/10.1021/ja802334n
http://dx.doi.org/10.1021/ja802334n
http://www.angewandte.org

