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techniqued. The first X-ray crystal structure of &gHio was
reported in 1976;however, more recent X-ray measurements
at low temperature have improved the quality of structural
analysis® To further alter the properties and the reactivity of
the bowl, controlled substitution at the rim of corannulene by
various substituents has been broadly studiedr example, a
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" , 2 2 >, o systematic spectroscopic and electrochemical investigation of
£ S 10.875 A methylated corannulenes revealed trends that are all consistent
3 ' ' with an increase in electron density in the core as the number
E c éw ¢ N o ‘i P of methyl substituents on the rim increasds. addition, alkyl

= e S ! %& - /K ..‘&; R substitution at the rim of corannulene by methyl groups
E” & &Vﬁ%{ﬁ—& ® “J0.72A gradually flattens the bowl and lowers the inversion barrier.

=<} ¢ € < Lc: “ e As part of our continuing study on the structures and reactivity

of open geodesic polyarenes, we have recently turned to
The first X-ray structural characterization of an alkyl- 1,3,5,7,9-pentaert-butylcorannulené29a bow! that has bulky
substituted corannulene, namely, 1,3,5,7,9-pésrtiabutyl- groups on all five of the rim double bonds 4Eis,, Scheme 1).
corannulene (gHsg), has been accomplished. The addition With our interest in the coordination properties of buckyboWls,
of bulky tert-butyl groups to the corannulene core flattens we speculated that crowdedness at the rim might force the metal
the bowl and affects the solid-state packing. The presenceto complex with less-hindered radial bonds, a type of coordina-
of two enantiomers, in addition to positional disorder of the tion preferentially exhibited in exohedral metal complexes of
CaoHso bowls in the solid-state structure, has prevented the
acquisition of accurate geometric parameters of this open (3 2y scott, L. T.: Hashemi, M. M.; Meyer, D. T.; Warren, H. &.
geodesic polyarene. Therefore, DFT calculations have beenam. Chem. Soc1991 113 7082-7084. (b) Scott, L. T.; Cheng, P.-C.;

used to describe its molecular geometry and to access bondc"aShem" M. M.; Bratcher, M. S.; Meyer, D. T.; Warren, H. B. Am.
lengths, bond angles, and a bowl depth hem. Soc1997 119 1096310968, i

engins, gles, ptn. (4) (a) Seiders, T. J.; Baldridge, K. K.; Siegel, J.JSAm. Chem. Soc
1996 118 2754-2755. (b) Sygula, A.; Rabideau, P. \M.Am. Chem. Soc.
1999 121, 7800-7803. (c) Sygula, A.; Xu, G.; Marcinow, Z.; Rabideau,
Buckybowls with nonplanar polyaromatic carbon surfaces P- W.Tetrahedron2001, 57, 3637-3644.

have attracted special attention in recent years as substructure§1é53) Hanson, J. C.; Nordman, C. Ecta Crystallogr.1976 B32 1147

of fullerenest Their curvature results in two distinct surfaces, (6) Petrukhina, M. A.; Andreini, K. W.; Mack, J.; Scott, L. T. Org.
one convex and one concave, that exhibit different properties Chem.2005 70, 5713-5716.

Wi (7) () Xu, G.; Sygula, A.; Marcinow, Z.; Rabideau, P. Wetrahedron
and reactivity. Corannulene, the smallesg@illerene fragment — i'5550" 1 ‘955776934 (b Seiders, T. J.. Baldridge, K. K.. Grube, G.

built around a five-membered ring {110, Scheme 1), has been - sjegel, J. SJ. Am. Chem. S02001, 123 517-525. () Dinadayalane,
a primary focus of theoretical and experimental studies. It was T. C.; Sastry, G. NJ. Org. Chem2002 67, 4605-4607. (d) Grube, G.
f”'st prepared in 1966 by a mu'ﬂstep Conventiona' orgaruc H.; E”IOtt, E.L.; Stef‘fens, R. J.; Jones, C. S;; Baldrldge, K. K.; Slegel, J.

synthesi€.More practical routes to corannulene were developed Eu%ugll_ ?g:&oié’;}imlgl.(eT)a';ﬂj’i”Eﬁ’. Lagszj ?(’)rsgf E;?%%Zhg T

1397-1400. (f) Lee, H. B.; Sharp, P. Rirganometallic005 24, 4875~

T State University of New York. 4877. (g) Georghiou, P. E.; Tran, A. H.; Mizyed, S.; Bancu, M.; Scott, L.
*Boston College. T. J. Org. Chem2005 70, 6158-6153.
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3 Ge we TABLE 1. Selected Bond Distances (A) and Angles (deg) in the
kg e g Cee ds, Structures of CogH10 and CagHsg?
i ‘\“ y ‘0 P “_c TR
.‘* G"t_ IQ o N~ L g é‘ E’_‘ CagH1o!® CoHio  CadHso  CadHso
e e ey g Te LS NI X-ray DFT  X-say  DFT
© q.,‘ (.h L...c ¥ & i © L g8 &,_e
N ‘\ 4 ¥ é‘%g- E‘;-.i Cogé. C—Ciim 1.3831(15)  1.385 1.40(4)  1.394
e < o ) “\ ‘l\% 1 e W C—Cspoke 1.3790(14) 1.381  1.38(4) 1.375
ep—& Yo et e ‘ -"t'-t,,.\k “f C—Ciiank() 1.4464(16)  1.443 1.46(4)  1.449
« @ é¢ b © L C—Criank@) 1.47(4) 1.464
C—Chub 1.4151(16) 1413  1.43(4)  1.409
FIGURE 1. (a) Two superimposed enantiomers oftdso. (b) Two C—C—Chub-spoke 122.92(23) 12296  123(3) 124.9
orientations of one enantiomer rotated by ca? &8und the 5-fold C—C—Ciiank(1)-spoke 114.39(22) 11429  113(3) 112.4
molecular axis. (c) Two enantiomers with one of them having two ~ C—C—Crank@)-spoke 113(3)  113.8
positional orientations. Methyl groups and hydrogen atoms are removed C—C—Ciank()-rim 121.95(17)  122.03  124(3) 1252
for clarity. C—C—Crank(2)-rim 119(3) 1193
C—C—Cihiank(r)-flank(2) 129.94(35) 130.15 132(3) 133.3

fullerenest! Our preliminary efforts in this direction have  Powldepth 0.875(2) 0870  072(5) 0677
confirmed that theert-butyl groups do indeed block coordina- a Al distances and angles are averagéd= —183 °C.
tion to the rim; however, we have not yet succeeded in preparing
any metal complexes with igHso as the ligand. On the other
hand, an X-ray crystal structure of this hydrocarbon has beenin Figure 1b. Three of these have a 50:50% occupancy and show
determined, and that makes this the first alkyl-substituted Molecular rotations of 11, 12, and“1&ith respect to the 5-fold
corannulene to be structurally characterized. The 1,3,5,7,9-penta@Xis of the corannulene core. The last independent molecule is
tert-butyl derivative of corannulene was first synthesized by the most complex because onggdso molecule exhibits both
direct Friedel-Crafts alkylation of corannulene more than 10 types of disorder. It has two enantiomers centered at about the
years agd2but no structural characterization has been reported. Same position, with one of them having two different orienta-
To access geometric parameters of this bowl and to comparetions rotated 9 with respect to each other (Figure 1c). The
its geometry with that of the parent corannulene, we attempted 0ccupancies are 1/3 for each part in this case.

to crystallize 1,3,5,7,9-pentart-butylcorannulene using gas- To derive geometric characteristics of,gHsg, the corre-
phase sublimation and solution crystal growth techniques. We sponding bond distances and angles have to be averaged for all
found that obtaining single crystals ofs¢Elso of sufficient five independent bowls, including their disordered parts (Table

quality is a serious challenge. Numerous attempts to crystallize 1). A significant variation of all parameters is observed as a
1,3,5,7,9-pentaert-butylcorannulene from the gas phase and result of this extensive disorder and numerous crystal packing
from several solvent systems were unsuccessful, yielding crystalsinfluences, and this reduces the ability of the X-ray data to reveal
of poor crystallinity. Finally, colorless plates of the title the true, intrinsic carboncarbon bond distances and angles for
compound were grown by very slow cooling of a benzene the molecule. A comparison of geometric parameters of
solution containing the title hydrocarbon over the period of 1,3,5,7,9-pentéert-butylcorannulene with those of corannulene
several months. Those crystals allowed us to complete the firstshows that averaged bond distances and angles are close for
X-ray diffraction study of an alkyl-substituted corannulene.  the two bowls. The bowl depthof CagHso (0.72 A), however,
X-ray Structural Study. A colorless plate was analyzed at is significantly reduced compared to that ofg810 (0.875 A).

—183°C and found to be monoclinic: space grdegy/c, a = Solid-state packing of the 4Hso molecules is very loose,
30.190(3).b = 23.5668(18)c = 25.858(2) A,f = 115.333-  yith no closer— interactions being detected. The estimated
(2)°,V'=16629(2) &, Z= 20. Itis worth noting that the same  yolyme per C atom is 20.8%s that of 15.3 Ain the crystal

unit C?” parameters were obtained for crystals QfO"GQ structure of GoH1o. This difference is attributed to the presence
deposited from the gas phase at 40 however, the quality  of pulky peripheral groups that prevent close-z contacts

of the latter crystals was insufficient to permit structural petween the bowls and hamper the efficient solid-state packing.
characterization. The successful crystal structure determination|; is known that cyclopentacorannulene,§B10)!3 and other
performed on crystals grown from solution revealed an asym- powis with sufficient curvature, namely, a hemifullerene
metric unit containing five crys_tallographically indepe_ndent (CaH12)1%P and circumtrindene (§H.2),4 form aligned stacks
molecules of GeHso that are highly disordered. The ideal  though insertion of one bowl into the concave surface of the
molecular point symmetry of the 1,3,5,7,9-petsat-butyl- neighbor. Such stacking is absent in the solid-state structures

corannulene bow|Gs) is reduced in the crystal (6. For one of corannulene and 1,3,5,7,9-petea-butylcorannulene (Figure
independent molecule, two enantiomeric forms of thgHgo

bowl! are centered at the same position with a 65:35% ratio,
and this is responsible for the type of disorder shown in Figure
la. It should be noted here that because the space group i
centrosymmetic the total ratio of enantiomers in the crystal is
1:1. As a result, the crystalline compound is a racemic mixture
of the two enantiomeric forms.

In addition, four out of five independent46H50 molecules (12) The “bowl depth” is taken as the shortest distance between the

; i e - - ; centroid of the five interior carbon atoms and the mean plane of the ten
in the solid-state structure exhibit the positional disorder depicted carbon atoms on the corannulene rim.

(13) Sygula, A.; Folsom, H. E.; Sygula, R.; Abdourazak, A. H.;

Owing to intrinsic problems related to the above-described
sdisorders in the solid-state structure ofgdso, we were
dissatisfied with the accuracy of the X-ray structural data.
Therefore, we turned to DFT calculations to assess the geometry

(11) (a) Fagan, P. J.; Calabrese, J. C.; Malon&Ad&. Chem. Re4992 Marcinow, Z.; Fronczek, F. R.; Rabideau, P. W.Chem. Soc., Chem.
25, 134-142. (b) Balch, A. L.; Olmstead, M. MChem. Re. 1998 98, Commun.1994 2571-2572.
2123-2165. (c) Lee, K.; Song, H.; Park, J. Acc. Chem. Re2003 36, (14) Forkey, D. M.; Attar, S.; Noll, B. C.; Koerner, R.; Olmstead, M.
78—86. M.; Balch, A. L. J. Am. Chem. S0d.997, 119, 5766-5767.
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FIGURE 2. Solid-state packing of the 4Hso bowls.

of CsoHs0 and to evaluate the effect of rim functionalization of
the corannulene core with five bulky alkyl groups.

DFT Study. Calculations were carried out by using a
gradient-corrected density functional theory with the hybrid
Perdew-Burke—Ernzerhof parameter free exchangmrrela-
tion functional (PBEQ}>!6as implemented in the PC GAMESS
suite of programs (Supporting Information). Recently, this

approach (PBEQ) was shown to be the best choice for theoretical

modeling of structures and properties of conjugated aromatic
compounds$8-21 including curved polyaromatic systerfst®
Standard 6-31G(d) basis sets that are known to provide an
adequate description of curved polyaromatic hydrocarbéhs
were employed for all atoms. THg&; point group of symmetry
was used for geometry optimizations of theldp and GoHso
molecules. On the basis of the optimized geometry configura-
tions of both bowls obtained in this work, single-point calcula-
tions along with the NBO analygswere performed using the
extended 6-311G(d,p) basis sets for all atoms. Bond orders wer
computed in accordance with the Wiberg techniéfuas it is
incorporated in NBO analysis.

The optimized structural parameters of 1,3,5,7,9-péattia-
butylcorannulene are presented in Table 1 and compared with
those of corannulene. Importantly, the use of the PBEO
functional in this work for modeling the geometry of corannu-

(15) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77,
3865-3868.

(16) Adamo, C.; Barone, VJ. Chem. Phys1999 110 6158-6170.

(17) Granovsky, A. A. URL http://lcc.chem.msu.ru/gran/gamess/index.
html.

(18) Barone, V.; Peralta, J. E.; Scuseria, GN&no Lett2005 5, 1830-
1833.

(19) Avramov, P. V.; Kudin, K. N.; Scuseria, G. Ehem. Phys. Lett.
2003 370, 597-601.

(20) An, W.; Gao, Y.; Bulusu, S.; Zeng, X. Q. Chem. Phys2005
122, 204109-1-204109-8.

(21) Johansson, M. P.; Sundholm, D.; Vaaradgew. Chem., Int. Ed.

JOCNote

lene reproduces the experimental X-ray structure better than all
previously reported theoretical methd@&.28 Thus, the greatest
difference in bond lengths between our experimental and
theoretical data is now only 0.005 A vs 0.01 A for the DFT/
B3LYP/6-31G(d) level of calculatiorfsThis justifies the use

of the above functional for accessing the geometry oHgo,

for which the X-ray data failed to provide sufficiently precise
structural characteristics.

In this context, a direct comparison of calculated parameters
for the two bowils is informative because it allows us to estimate
the influence of bulky substituents on the corannulene core in
CaoHso. First, becauseert-butyl groups are attached to one side
of the rim bonds of GHso only, there are two sets of
nonequivalent flank bonds (Scheme 1), with the flank(1) bond
being noticeably shorter than flank(2) (1.449 vs 1.464 A).
Second, the latter is elongated compared to the flank bond of
corannulene (0.021 for flank(2) vs only 0.006 A for flank(1)).
The rest of the bond differences are almost negligible. Although
the rim carbor-carbon bonds are elongated (0.009 A), the hub
and spoke bonds are slightly shortened (by 0.004 and 0.006 A,
respectively), when compared to the corresponding bond lengths
of the unsubstituted corannulene.

As expected, an addition of fiveert-butyl groups to the
corannulene core causes a noticeable reduction in curvature of
the GoHso bowl, as confirmed both experimentally and com-
putationally. Although the bowl depth ofs@Hso estimated by
DFT (0.677 A) seems smaller than that obtained from X-ray
data (0.72(5) A), the difference is statistically insignificant, if
the above large standard deviation is taken into account. For
comparison, the bowl depth of corannulene calculated at the
same level of theory (0.870 A) is very close to the experimental
value of 0.875(2) A.

In addition, an influence of bulky substituents on the
electronic structure of £Hso has been examined by the NBO
charge distribution and bond-order analysis. An introduction of
tert-butyl groups to the rim leads to redistribution of electron
density in GoHsp compared to that in £H10. This is clearly
seen from a comparison of charges for the ftanikn carbon
atoms. The latter are equal t©0.180 in GgHip but are

enonequivalent in GeHso, with values of—0.224 and+0.004

for the flank(1)-rim and flank(2)-rim carbon atoms, respec-
tively. This shows that theéert-butyl group acts as a weak
acceptor (in contrast to hydrogen) inyfHso, Which is also
reflected in a slight decrease of negative charges at the-flank
spoke and hubspoke carbon atoms in the penta-substittited
butylcorannulene (Supporting Information). The same trends
were observed for the bond orders in corannulene and 1,3,5,7,9-
pentatert-butylcorannulene. The presence of ttert-butyl
groups results in a slight decrease of bond orders for the rim,
hub, and flank (both types) carberarbon bonds. Moreover,
the flank(2) bond order becomes very close to that of the hub
bond. At the same time, the spoke bond order is increased.
The flattening of the bowl is expected to reduce quite
significantly the energy barrier for bowbow! inversion?®
Seiders et al. have found that the inversion barriers for a wide

2004 43, 2678-2681.

(22) Kavitha, K.; Manoharan, M.; Venuvanalingam, P.Org. Chem.
2005 70, 2528-2536.

(23) Dinadayalane, T. C.; Sastry, G. N.Org. Chem2002 67, 4605~
4607.

(24) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899-926.

(25) Wiberg, K.Tetrahedron1968 24, 1083-1096.

(26) Dinadayalane, T. C.; Deepa, S.; Reddy, A. S.; Sastry, G. Qrg.
Chem.2004 69, 8111-14.

(27) Seiders, T. J.; Baldridge, K. K.; Elliott, E. L.; Grube, G. H.; Siegel,
J. S.J. Am. Chem. S0d.999 121, 7439-7440.

(28) Dinadayalane, T. C.; Deepa, S.; Sastry, G.Titrahedron Lett.
2003 44, 4527-4529.

(29) Scott, L. T.; Hashemi, M. M.; Bratcher, M. 3. Am. Chem. Soc.
1992 114, 1920-1921.
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range of substituted corannulenes vary in direct proportion to sodium chloride solution. The combined organic layers were dried
the fourth power of the bowl deptff8 Accordingly, a reduction over anhydrous MgSgfiltered, and concentrated to dryness under

in bowl depth from 0.875 A for gHio to 0.72 A for GoHso reduced pressure. The crude product was purified by column
(X-ray values for both, Table 1) should reduce the energy barrier chromatography on silica gel with 3:1 hexane/methylene chloride
for bowl—bowl inversion to 46% of the value for the unsub- 285 eluant, followed by recrystallization from ethanol and hexane

. . . - .~ (1:1) to give 145 mg of 1,3,5,7,9-pent@r-butylcorannulene as a
stituted parent hydrocarbon. Applying the quartic relationship f:olo)rlesg solid (yiel368%): mp 389(0: (dec);lHyNMR (400 MHz,

of Seiders et al. to the calculated bowl depths for corannulene CDCly) 6 8.14 (5, 5H), 1.72 (s, 45HJ3C NMR (100 MHz, CDCH)
and 1,3,5,7,9-pentert-butylcorannulene (0.870 and 0.677 A, 5 1480, 135.2, 128.1, 123.2, 37.8. 33.2: MS (El, 70 ewy
respectively, Table 1) predicts a reduction to 37% of the value (relative intensity) 530 (62, M), 515 (37), 305 (11), 291 (44), 250
for the inversion barrier of unsubstituted corannulene. DFT (53), 207 (18), 57 (100); HRMS (EI, 70 eV) calcd fojg8so (M ™)
calculations on the geometry-optimized transition states for both 530.3912, found 530.3912.

bowl—bowl inversions predict a reduction of 44% from the  X-ray Data for C 4Hso: My = 530.80, colorless plate, 0.30
barrier for GoH1o (10.3 kcal/mol) to that for &Hso (4.5 kcal/ 0.17 x 0.04 mm, monoclinic, space grof,/c, a= 30.190(3) b
mol). The experimental determination of energy barriers for - 23-5668(18)c = 25.858(2)_/3\,[3 = 115.333(2), V = 16629(2)
bowl—bowl inversions by variable-temperature NMR measure- A3, 2 =20,T=190(2) K, pc = 1.060 g cms, u = 0.059 mn*,

. . max = 22.51°. Bruker SMART APEX CCD diffractometer, Mo
ments requires the presence of one or more substituents thaf '™\ ..~ 4 = 0.71073 A). The structure was solved by the

contain diastereotopic atoms or groups of athr@.Unfortu-_ direct methods and refined with the Bruker SHELXTL (version
nately, 1,3,5,7,9-pentrt-butylcorannulene has no such dias- g 1) software package. Data were corrected for absorption effects
tereotopic probes, so no experimental test of these predictionsysing the empirical methods SADABS (min/max apparent transmis-
can be made. sions are 0.9825/0.9976). All C atoms were refined isotropically.
In summary, the first structural characterization of 1,3,5,7,9- All hydrogen atoms were included at idealized positions for
pentatert-butylcorannulene by X-ray diffraction and DFT  structure factor calculations. Full-matrix refinementfrconverged
methods reveals the geometric and electronic structure of theatR1l = 0.1692 andvR2 = 0.2990 for 13 093 reflections and 1804
bowl. A comparison of penta-substitutegt-butylcorannulene ~ Parameters with > 20(1). R1 = 0.2313, WR2 = 0.3267 for 21 692
with the parent corannulene shows that addition of bulky girfllfgru:nrc??:%thorin; ;Ze Tgﬁgu?nzgg Tc;n(')nl%rg ;ﬁﬁ"ﬁién;/hg final
peripheral groups significantly flattens the bowl and prevents GOE= 1122 P P ' )
close bowt-bowl 7—z interactions, which affects the solid- R
state packing of the fgHsp molecules. The steric crowdedness  Acknowledgment. M.P. is grateful to Dr. Nuala McGann

at the rim and induced electronic changes at the corannuleneprescher Leave Program, the Donors of the American Chemical
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e, in CIF format; computation details; and tabular materials. This
material is available free of charge via the Internet at http://
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