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Contents rings among networks of six-membered rings allow the
synthesis of chemical Eulerean-curved surfaces, like coran-

1. Introduction o 4843 nulene (dibenzafhimndfluorantheney), fullerenes 2), and
2. Corannulene and lts Derivatives 4843 capped carbon tubegs(Chart 1)2
2.1 Corannuleng 4843 Corannulene was first prepared in 1966 and characterized
2.1.1. Pioneering Syntheses 4843 as a bowl-shaped polynuclear aromatic hydrocarbon (FAH).
2.1.2. Structure and Properties 4847 Less than two decades later, Kroto, Heath, O’Brien, Curl,
2.2. Highly Substituted Corannulenes 4850 and Smalley discovered buckminsterfullereBgif graphite
2.2.1. Synthesis 4850 vapors? The icosahedral cage structure dtonsists of 20
2.2.2. Structures and Properties 4851 six-membered rings and 12 five-membered rings; the five-
2.3. Cyclopentacorannulene, Acecorannulene. and 4852 membered rings (or corannulene fragment) provide the
peri-Annelated Corannulenes curvature. In 1991, Japanese researchers observed a related
2.3.1. Synthesis 4852 class of three—_dimensional carbon surfaces, namely, carbon
2.3.2. Structures and Properties 4852 nanotubes8.* Single-walled carbon nanotubes (SWNTSs) can
24. Dibenzocorannulenes 4854 be regarded as tubular polyhexa_gons _Wlth two Eu_lerean-
2.4.1. Synthesis 4854 curved end caps. The smallest size (diameter) limit for a
242, Structures and Properties 4855 SWNT has still not been determined. They,@nd cap,
e namely, corannulend), is a potential candidate for a seeding
2.5. Indenocorannulenes 4855 structure en route to SWNT.
251, Synthesis . 4855 Numerous additional examples of the [5]circulene motif
2.5.2. Structures and Properties 4855 in curved carbon surfaces exist. Indeed, the corannulene
2.6. Other Corannulene Derivatives 4855 skeleton is an elementary subunit of virtually all Eulerean
2.7. Complexed Corannulenes and Their 4857 carbon surfaces. In this review, the synthetic methods and
Derivatives _ physical properties of molecule bowls based on the coran-
2.7.1. n®-Complexed Corannulenes and Their 4857 nulene motif will be presented.
Derivatives
) .
2.1.2. ger(i:\/%rtr;\?(l;xed Corannulenes and Their 4861 2 Corannulene and lts Derivatives

2.7.3. Metal-Bonded Derivatives of Corannulene 4863

2.7.4. n"-Complexed Corannulenes and Their 4863 2.1. Corannulene

DeriVatiVeS in the Gas Phase 211 Ploneerlng Syntheses
2.8. Correlations between Structures and 4864
Bowl-to-Bow! Inversion Energy (AG¥p) CorannuleneX) was first synthesized from acenaphthene
3. Sumanene 4864 in 17 steps by Lawton and Barth in 1968s mentioned by
4. Molecular Packing of Bowls in the Solid State 4865 them: “Within its structural framework is an unusual strain
5. Conclusions and Outlook 4865 resulting from the geometrical requirement that the bond
6. References 4865 angles deiate appreciably from the normalalues found

for benzenoid compoundsThus, introduction of strain as

. late as possible was key to their synthetic strategy for the
1. Introduction preparation ofL.’”

Euler, a Swiss mathematician, demonstrated that a planar Their synthesis starts with acenaphthaledpt¢ afford
sheet of hexagons can be converted to a curved surface byhe first key intermediate, 3-carbomethoxi#t-4yclopenta-
inclusion of pentagons, 12 being a “magic” number for the [defphenanthrenes), over five steps using the method of
creation of closed surfacésn a chemical context, methods ~ Sieglitz and Schidlo (Scheme 3)Treatment of5 with

for the synthesis of gpcarbon sheets with five-membered N-bromosuccinimide gives bromidewhich can be alkylated
with triethyl 1,1,2-ethanetricarboxylate in the presence of

*Towh q hould be add d. E-mail: i  unizh.ch potassiuntert-butoxide andert-butyl alcohol and subsequent
ngt\f\(’)n%ﬁnCCﬁgﬁé_pfSnge rﬂfﬁi\fer%ﬁ’ty_ e addressed. E-mall: jss@oci.unizh.ch-yy 4 1ysis with aqueous potassium hydroxide to generate
¥ University of Zurich. diacid diester7. Cyclization of 7 with polyphosphoric acid
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Yao-Ting Wu was born in Taiwan in 1972 and received his B.Sc. degree Barth’s Procedure®
from National Cheng-Kung University in Taiwan in 1995. After 2 years of
military service, he studied chemistry at the University of Géttingen in Br
Germany and obtained his Diplom in 2000 and Dr. rer. nat. in 2003 under
the supervision of Professor Armin de Meijere. In 2004, he joined the ‘ . .Q NBS .Q
research group of Professor Jay S. Siegel as a postdoctoral fellow, working O - Q' 97% Q'

on the synthesis of corannulene derivatives and studying their physical

Scheme 1. Synthesis of Corannulene 1 Based on Lawton and
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properties. He has been Assistant Professor at National Cheng-Kung 4 5 6
University in Taiwan since the summer of 2005. His research interests
concern organometallic catalysts, polycyclic aromatic compounds, and E E ¢ COH E g GOH
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Jay S. Siegel was born in California in 1959. He received his BSc. degree 93% from 10 2) Pd/C, 270°C
from California State University, Northridge, in 1980. At Princeton he took
up graduate studies in Chemistry with Professor Kurt Martin Mislow and " 12

earned his M.S. (1982) and Ph. D. degrees (1985) in the area of Structural

Chemistry and Stereochemistry. During his studies at Princeton (1983), followed by Acyloin condensation produces the acyloin ester

he received a Swiss Universities Grant (cf. Fulbright Grants) to spend a 10. Sodium borohydride reduction o0 followed by

year studying crystallography at the Swiss Federal Institute of Technology hydrolysis with potassium hydroxide in-propyl alcohol

in Zurich, with Professor Jack. D. Dunitz. After earning his Ph.D. degree produces the diol acifll, which can be converted i® upon

he continued his studies in supramolecular chemistry as a NSF-CNRS acid dehydration followed by thermal decarboxylation.
postdoctoragfellogvship with l;]ean-l\/rl1arie Iaehn z?jt the University of Louis Sodium borohydride reduction of the ketone and subsequent
Pasteur in Strashourg. He began his independent career as Assistant o :

Professor of Chemistry in 1986 at UCSD and was promoted to Associate aromatlza’glon over palladium on Charcoal I_eads tq corannu-
Professor in 1992 and Full Professor n 1996. He was named a US—NSF lenel (17 linear stepsi1% overall yield). This classic work
Presidential Young Investigator in 1988, an American Cancer Society Jr. was a tour de force in PAH synthesis and started the field
Fellow in 1990, an Alfred P. Sloan Fellow in 1992, and an Arthur C. of Eulerean carbon surfaces; however, the lengthy synthesis
Cope Scholar by the ACS in 1998. He was elected fellow of the American and overall low yield limited further study of corannulene.
Association for the Advancement of Science in 1998. He has been visiting A few years latter, high-temperature pyrolysis routes

professor at Princeton, Caltech, University of Basel, the Weizmann Institute,
and Tokyo Institute of Technology. In 2003, he was appointed as Professor
and Co-director of the Organic Chemistry Institute of the University of

provided another possibility to achieve novel strained PAH
target molecules (Scheme 2 and Table 1). One key reaction

Zurich and Director of its laboratory for process chemistry research (LPF). for the history and development of corannulene derivatives
His research interests focus on the synthesis and stereochemistry of was the synthesis of acenapthalene from ethynylnaphthalene
designed molecular architectures. by Roger Browr?. This reaction suggested the possibility of

using the rearrangement of the ethynyl unit to a vinylidene
produces 5,5-dicarbethoxy-6-carboxy-3-oxo0-3,4,5,5a-tetrahy-reactive intermediate. Ingeniously, Larry Scott saw how to
drobenzahilfluoranthened, which upon hydrogenation over  use this rearrangement to prepdrén an incredibly short
palladium on charcoal gives dodecahydro diester 8aiul synthesis from commercially available starting materials; his
excellent yield. Esterification ofd with diazomethane  success sparked many others to join in the fi€ld.
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Scheme 2. Access to Corannulene (1) by Pyrolysis from produced by loss of hydrogen chlorides. Scott envisioned
Different Starting Materials that terminal acetylenes would rearrange to vinylidene
6 carbenes under these conditions and that the carbenes would
insert into the CH bonds of the naphthalene fragment to close
O Q the two six-membered ring8s
| Other groups have devised pyrolysis precursors like
PR R fluroanthanedl 3,*° cyclopentaflefphenanthrene&4,'* and
R O R MesSi b SiMes O benzo€)phenanthrenek5!? to preparel. In most cases, these
" ‘ " ‘ pyrolysis routes do not providé in high yields or ap-
900 °C preciably large scales. Nonetheless, Scott has been a master
OO l OO at crafting pyrolysis routes to curved aromatic surfaces (cf.
13 400-1200 °C 1200 °C 15 section x of this issue).
4% ,[s% Although the obvious success of the preparation of

backs: (1) modest yields, (2) almost no functional group

OCQ corannulene by the FVP strategy comes from the small
‘.o number of steps, the strategy suffers from several draw-

1 tolerance, (3) small scale runs, and (4) potential for thermal
_ _ rearrangements of the molecule framework at high temper-
Table 1. Preparation of Corannulene by Pyrolysis Routes atures (1006-1300°C) to lead to undesired produéfsThus,
temp.  yield synthesis of corannuleng)(under mild synthetic conditions
entry S.M. substituents [°C] (%) et (in solution phase) became an important goal.
1 13a Rif —C=CH, R H 1000 10 10a In an early attempt to this goal, Siegel and co-workers
2 igb R: ~C=CSiMg, R™ H = = 1000 3 10b developed a method that started from 3,8-dimethylacenaph-
¢ RL C(OSiMe)=CH,, R% H 1000 8 10c . o
4 13d RL CH=CHCI, Rz H 1100 35-40 10d,e thene-l,z-d|0ne1(6, R? = Me), 3—pentan0ne, and nO.rbor'
5 13e R CH=CBr, 700-1000 4-23 10e/f nadiene to afford 1,6,7,10-tetramethylfluoranth@tevia,
6 13f R!=R2=CHBr 1000 18 109 again, Knoevenagel condensation and sequential Diels
7189 L. 400 7 10g Alder reaction'% Selective bromination 020 to the tetra-
8 15a R: —C—=CH 1200 24 12 bromide was possible_, but Wurtz-type couplings were not
9 15b R: CCECH, 1200 8 12 observed. At that point pyrolysis was used to finish the
10 15c R: CH=CHCI 1200 8 12 synthesis.
11 15d R: C(OSiMe)=CH; 1200 24 12

The first published example of a corannulene derivative
made by a wholly solution-phase synthesis was reported by
Siegel and co-workers a few years latefTherein 2,5-
dimethylcorannulene was prepared en route to a corannulene
cyclophane. The synthesis used the same path introduced
by Siegel and co-workers in 1992 to get to a 1,6,7,10-
tetraalkylfluoranthené& but by substituting 4-heptanone for
3-pentanone they were able to show that additional substit-

This practical and efficient method developed by Scott et
al. required three steps and produdem a total yield of
26%21%¢1n the first step, the three starting materials, i1,

(R? = H), 2,4,6-heptanetrionely, R* = Ac), and norbor-
nadiene, are heated with the catalyst, glycine, in toluene
(Scheme 3). The Knoevenagel condensation betwéamd

Scheme 3. Synthesis of Fluoranthene Derivatives 13 by uents could be introduced. Two key points followed: (1)
Knoevenagel Condensation and Sequential DietsAlder benzylic bromination gave the tetrabromide and (2) a
Reaction from Acenaphthenequione 16, Ketone 17, and reductive coupling strategy to close the carbearbon bond
Norboranadiene (or Alkyne 19) across the 1,10 and 6,7 positions followed by dehydroge-
o o o nation was introduced in place of a pyrolysis. Thus, this
RUALR' synthesis showed that solution-phase methods could intro-
R2 . R2 17 duce substituents regioselectively, which was not possible
OO by pyrolysis methods.
16 Siegel’s methodology for producing 2,5-dimethylcoran-
o] F)H  HRY nulene was applied later independently by Rabiédand
R! ' R Siegel® (Scheme 4 and Table 2) for the synthesis of the
Ab R O R' corannulene parent compound. Both research groups bro-
R2 ‘ R £ a2 ‘ R2 minated20 with NBS under forcing condition to produce
OO or OO octabromide21, which undergoes ring closure with the
18 R——r reducing agents in an anhydrous condition (Method A,
3 Scheme 4).
17 affords the cyclopentadienone derivati¥8 (R* = Ac, In a further refinement to the synthesis, Sygula and
R? = H), which undergoes DielsAlder reaction with Rabideau discovered an appealing alternative method to
norbornadiene (or alkynel9) in situ to give 7,10-di- 1,2,5,6-tetrabromocorannule@8 from 21 by use of sodium

acetylfluoranthend3 (R! = Ac, R?> = H) after loss of a hydroxide to deprotonate the remaining benzylic hydrogen
carbon monoxide and cyclopentadiene. Transformation of and initiate carborcarbon bond formatio#. The reaction

the two methyl ketones in the side chaingdl8fto chlorovinyl is solvent dependent but can be done on a large scale. The
groups occurs in 85% vyield by treatment 18 with PCE. desired moleculd (= 22a R = H) is formed by treatment
Pyrolysis of13d (Table 1; Entry 4) at high temperature yields of 23 (R = H) with zinc and potassium iodide (Method B,
corannulene k), presumably via a diethynyl intermediate Scheme 4).
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Scheme 4. Preparation of Corannulene Derivatives 22 by Solution Methods

NBS
[N\ T eue ll
R R R R

20

Method A: TiCl,, Zn/Cu, DME
or VCly, LiAlH,, DME

21

Method B: 1) NaOH, dioxane, H,O
2) Zn, Nal, EtOH or DMF

Table 2. Synthesis of Various Corannulene Derivatives in
Solution Phases

ield
entry product substituerits method y(%) ref
1 22a(=1) R=H A2 80 16
2 22a(=1) R=H AP 70-75 15
3 22a(=1) R=H B 74 17
5 22b R=CI A 85 16
6 25a R = Me B 66 18
7 28a R = 2-Br-Ph B 96 19
27a Rl=Me, RR=H,R=H C 24 16
9 27b Rl=H,R?=Me, R=H C 48 16
10 27c Rl=H, R?=Me, R=ClI C 45 16
11 27 Ri=R?=Me, RR=H C 6 16
12 3la R!=R?= CO;Me D 60 22
13 31b Rl=R?= COMe, RR=ClI D 49 20
14 3i1c R!'=Ph,R=COMe,RR=ClI D 51 20

aTiClg, Cu—2Zn procedure® VCls, LiAIH 4 procedure.

Under forcing bromintation conditions, octabromides (i.e.,
21) form from 1,6,7,10-tetramethyl fluoranther&3bearing
no flanking ortho substituents. Hexa- and tetrabromi2ies

Br,HC O CHBr,

CHBr,

%

R
o "
Bagas

R R
23

Method B is analogous to Sygula and Rabideau’s base-
promoted ring closure and converts hexabromigdsto
brominated derivatives of ty8, which upon reduction give
corannulene derivativezb (Scheme 5 and Table 2). Method
C was originally introduced by Siegel's group on the basis
of reductive benzylic coupling chemistry pioneered by
Prakash and OlaH.This procedure first generates tetrahydro-
corannulene derivativeg9 from tetrabromides26 under
reductive conditions. Subsequent oxidatior?28faffords the
desired corannulene derivativag.'t

Although methods AC are efficient to generate coran-
nulene derivatives, they would be problematic for sensitive
functionality like the ester moiety. For example, cyclization
of precursors80 (R! = R? = CO,Me) is doomed to failure
under the reduction conditions of method A and C or in the
presence of aqueous base as in method B. A new protocol
developed by Sygula et al. forms the corannulene core by a
nickel-mediated intramolecular coupling of benzyl and
benzylidene bromides (Method D, Scheme&%n contrast
to above other methods, this protocol provides higher

and?26, respectively, are obtained as a function of the steric tolerance of functional groups, especially esters. Closure of
hindrance of the flanking functional groups. Extension of two six-membered rings leads to completely debrominated
the 1,6,7,10 alkyl substituents (for example, to ethyl) also products31. According to the postulated mechanism for
limits the degree of bromination. Nonetheless, ring closure nickel-mediated reductive coupling of benzyl/benzylidene
of tetra- and hexabomides to corannulene derivatives canbromide?2*the dibromide32 should be formed; however,
be achieved by a variety of different procedures and lead 32 is not observed, probably due to a spontaneous double
regioselectively to substituted corannulene derivatives. elimination of HBr leading tai1.

Scheme 5. Formation of Corannulene Derivatives from Hexa- and Tetrabromofluroanthene Derivatives

Br O Br
R R
BrzHC* ! CHBr,

R#H
24 25
Br, Br Rl O R!
R? O R1 Method C g2 O R2
BrR2HC CHR?Br R'=H

27

Method B: 1) NaOH, dioxane, H,O
2) Zn, Nal, EtOH or DMF

Method C: 1) TiCly/LiAlH, or
TiCly/Cu-Zn DME
2) DDQ
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Scheme 6. Preparation of Corannulene Derivatives 31 by Ni-Mediated Cyclizations

R' R? R! R
BrH,C O CH,Br  Method D 6
Br,HC O‘O CHBr, NiDMF O‘Q Br
(I
R® RS RS R3
30 31
Scheme 7. Synthesis of Monosubstituted Corannulenes amount of tBUOK in THF at room temperature forms

corannulyne38, which can be trapped by diphenylisoben-
zofuran or furan to generate Dielélder products39 and
40, respectively, in good yields (Scheme B)N-Diisopro-
pylaminocorannulend?2 is also accessible by nucleophilic

R
RLi O 0
/ Q‘O %x R addition of N,N-diisopropylamine toin-situ-generated38.
O 33 <) Refluxing with Fe(CO), in benzene convert40 quantita-
0.0 cat. NiCl(dppp) O 0 tively into benzocorannulenél by cleavage of the ‘end-
AlMez, DME . , )
OO — ol OO oxode’ bridge. ' _
%‘iz 6 Br — Dichlorocarbene reacts with corannulene first at the fused
1 95% O Q / 34 6:6 bond to form43 but can react further to give a diadduct
. 2 ostone 44 (Scheme 9¥° No addition is seen at the rim alods
" nor at the 6:5 ring fusion. Selective attack at the 6:6 ring
35

cat. PdCI,(PPhg) R fusion is reminiscent of the reaction of dichlorocarbene with
/ m\—’ NEts Cso. Reaction of phenanthrene and dichlorocarbene produces
cat. NiCly(dppp)

Ar A . , :
6 AZnCl, THF 6 46. Formation of cyclopropané3is suggested as a stepwise
O‘Q O‘Q mechanism. No direct experimental evidence supports this
’o " hypothesis, but indirect support comes from the fact that
thermal decomposition ef3in the presence of cyclohexene

36 87 leads to corannulene and 3¢cyclohexenyl. If the G-C
Table 3. Photophysical Properties of Some Monosubstituted bond in the cyclopropane moiety @8 breaks to generate
Corannulenes diradical47, which abstracts hydrogen from cyclohexene to

yield produce radicak8, then formation of corannulene could
entry R product (%) Ja NITE oot & ensue by loss of HCElradical; 3,3-dicyclohexenyl would
1 SiMe 37a 97 376" 334" 426, 407" 014 form concomitantly by dimerization of the cyclohexenyl
2  Ph 37b 67 400,356 429,409 0.31 radical.
3 H 37c quant? 389, 38EF" 426,409" 0.08 Siegel and co-workers prepared 2,3-disubstituted coran-

;‘ COIL?]””U'E“Y' g;d ;‘?b ;‘913’ ggg“ 4;‘391'44118% 00-2%7 nulene derivatived9—52 by an alternative synthesis, which
Fs © ’ ' ' starts from acenaphthalene and proceeds via 1,6-dibromo-
a\'(ield is calculated for the desiliylation gﬁ‘?a b Reaction of37c 3,4-dichloro-7,10-dimethylfluoranthene 2@b (Scheme 10}%
and iodoperflurorobenzeneéMeasurements in cyclohexane. Treatment of22b with trimethylaluminum in the presence
of NiCly(dppp) yields 2,3-dimethylcorannulenéd, from
Monoalkyl-substituted corannuler@4 can be accessed Which the bis(bromomethyl) derivative0 can be produced
from corannulend. by alkylation and subsequent dehydro- Py benzylic bromination wittN-bromosuccinimide. Similar
genation. Intermediates, 1-alkyl-1,2-dihydrocorannul@ges ~ treatment of22b with phenylmagnesium bromide in the
(R = iPr) and33b (R = tBu), are generated upon treatment Presence of NiG(dppp) yields 2,3-diphenylcorannulerg}.
of 1 with the corresponding organolithium reagents in good Heating22bin diethylene glycol monomethyl ether with an
to excellent yields (Scheme 7 X-ray diffraction analyses ~ €xcess of sodium hydride effects a nucleophilic aromatic
of both compounds in the solid state exhibit bulky substit- Substitution to form the 2,3-bis(diethylene glycol methyl
uents in theexopseudoaxial location. However, methyl- €ther) derivatives2
lithium does not give33c (R = Me) under the same  2.1.2. Structure and Properties

conditions. The G-C bonds in corannulene are conveniently classified

Bromocorannulen85 is prepared from corannulene and as Rim, Flank, Hub, and Spoke (Scheme *3)X-ray
bromine in the presence of a Lewis acid catafjsvleth- crystallographic analysis df shows a bowl depth of 0.87
ylcorannulene34c (R = Me) can be prepared froi85 by A2 as measured from the plane containing the five-
treatment with trimethylaluminum in the presence of N_+C| membered ring to the p|ane Containing the periphera|
(dppp) as catalyst Monoaryl- and monoalkynyl-substituted  aromatic carbon atoms, and this is significantly more shallow
corannulenes36 and 37 are also accessible fro5 by than would be expected for the polar cap withig €a. 1.5
Negishi coupling¥ and Sonogashira reactiofisespectively &) .33 Curvature of corannulene is analyzed by the POAV
(Table 3). Conversion 085 with nBuLi to the corannulyl  (z-orbital axis vector) pyramidalization angteThe POAV
lithium species and quenching with alkylation agents (RX pyramidalization angle of the carbon on the central five-
or acetone) also affords the correspondidgderivative!®’ membered ring (hub) is &2in contrast to 11.5for Ceo.

The buckybowl aryn&8 has been prepared by Sygula et The rim carbons are predicted to be only slightly pyrami-
al?° Treatment oB5 with an excess of NaN#and a catalytic dalized with pyramidalization angles in the range ef2t.
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Scheme 8. Generation and Reactions of Corannulyne 38

35

NaNH,,
tBuOK

W
S &

38

THF,
RT

Wu and Siegel

<>>

41

' NiPrz

Scheme 9. Reaction of Dichlorocarbene with Corannulene

CHCl,

Unlike the crystal structures of pyrene and related aromatic this hypothesis (Table 5}:2¢ The order of barrier heights
compounds of comparable surface area, the crystal structurdollows oxygen 62) > phenyl 61) > bromomethyl $0) >

of 1is void of any aromatic face-to-face or bowl stacking.

Corannulene ) is known for its bowl shape. Its bowl-
to-bowl inversion process is defined as bowl forin
converting to forml' via a transition structuré™ (Figure
1). The difference in energy betwednand 1* represents
the bowl inversion energyNG*.,), which can be measured
experimentally by variable-temperatulld NMR study of
suitably substituted corannulen&st. Values for AG¥,
depend on the substituent R with benZylisopropyl-3 and
bromomethylcorannulefeexhibiting a higheiAG¥,,, than
1-corannulenyl-1-methyl-1-ethanol (Table#)The experi-
mental value ofAG¥,, for the nonsubstituted pareitis
estimated as 11.5 kcal/mol, although in achiral media it
cannot be directly measured due to symmeéfry.

As the hydrogens of thperi positions inl are replaced

chlorine @2b calcd;55 exptl), but all the preceding exhibit
lower barriers than other disubstituted corannulene deriva-
tives, like53 and54 (Chart 2), for which there is no special
peri X/X repulsion. Clearlyperi repulsions flatten the bowl
and cause a decreaseAG,.

Reduction of corannulenel) at —78 °C with excess
lithium metal in THF€dg over a period of several days leads
to a series of three color changes, first to green, then to
purple, and finally to brownish-red.Quenching this solution
with water affords tetrahydrocorannulene as the major
product accompanied by lesser amounts of dihydrocorannu-
lene and corannulene. The reduction states of corannulene
(Scheme 11) lie between the neutral hydrocarbon and the
tetraanion {#7/4Li") via the radical monoanionl{/Li™),
dianion (>-/2Li"), and trianion £>~/3Li"). These intermedi-

by larger moieties the repulsion energy should increase andates and final product were characterized by NMR and

AG¥, should decrease relative to that forDetermination

EPR?” A pronounced counterion effect on the chemical

of the AG¥,,, of some 2,3-disubstituted corannulenes tested reduction is observed. Reduction to the corannulene trianion
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Scheme 10. Synthesis of 2,3-Disubstituted Corannulenes

o O
1) SO,Clp ‘
‘ 2)Bry, FeBrg  Br. Br
CO ™"

49%
Cl

O Q cat. N|CI2(dppp)
“' T 0%

Cl ¢l
22b

NBS
Zn-Cu ,TiCly
85%

NaOR ROH
cat. NiCly(dppp),
PhMgBr J 40% 250/

Scheme 11. Schematic Presentation of HiCorannulene
Complexes

+Li o +Li 2-
O Q -Li [ @ ST [ @ @]
1-/Li* 12-/2Li*
1 @ Ty [ @ @ } _
im: F: Flan +_L', +Li
ﬁ }Fj:.:rl; g ';lpolte -Li [ 56 _::, é’ 4
13+/3Li+ ’ [ @ @
14-/4Li*

and tetraanion can be achieved with lithium, whereas

reduction with the larger potassium stops at the dianion stage.
The corannulene tetraanion exists as a stable diamagnetiGompd.  AGH.e

species due to the unexpected aggregation to form a high
order molecular sandwich with four lithium atoms between
the two corannulene tetraanioffs.

Recently, Morita et al. reported the first bowl-shaped
neutral radicab8, which is prepared from corannulefién
four steps via aldehyde6 and tetrahydrotetrazine derivative
57 (Scheme 12}° Radical58 was obtained as a vivid red

Figure 1. Energy diagram of the bowl-to-bowl inversion process
of 1. Reprinted with permission from ref 31. Copyright 2001
American Chemical Society.
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1a) 3-pentanone, KOH
b) norbornadiene, Ac,0O

Q

2) AMes , Pd(PPhg),
16%

_NBS, hv_
90°/

O
6
2

50 Br

OR OR
= (CHZCH20)20H3

Table 4. AG*,, for monosubstituted Corannulenes 34

coalescence AGFny

compd. R temp. (K) (kcal/mol) ref
1 11.3 31, 36
1 9.2 31, 36
34a C(CHs),0OH 209 10.2 10f
34b C(CHs)H 242 11.3 35
34c CH.Br 223 11.0 31
34d CH,Ph 234 11.2 35

aExperimental estimaté.B3LYP/cc-pVDZ.

Table 5. Inversion Barrier (AG%,,) and Bowl Depth of
peri-Substituted Corannulene§*3¢

MP2/cc-pVDZ (sp) RHF/cc-pv DZ B3LYP /cc-pV DZ

exp. bowl bowl
m?  AGYn2  AGH2 dept® AGH,.2  depth
51 9.4
52 9.9
53 10.4
27a 11.1 9.1 0.825 9.0 0.866
54 10.5
27b 11.1 9.1 0.825 9.0 0.865
55 8.7
22b 9.1 7.5 0.782 7.4 0.822
50 9.1
49 9.6 7.7 0.789 7.7 0.830

aUnits: kcal/mol.? Units: A.

powder, stable in the solid state in air and degassed toluene
for long periods. The values of58 and59 are the sameg(

= 2.0041). Experiment and computation (DFT method)
indicate that most of spin density is localized on the
oxoverdazyl moiety. Compared to the corannulene absorption
bands in the region 226300 nm, the peak maxima &8
shift only 3—6 nm, indicating that ther conjugation between
the corannulene moiety and the oxoverdazyl unit is weak.
The reduction potentials df and58 by cyclic voltammetry

are nearly identical. Radica®8 displays an irreversible
oxidation wave at- 0.24 V (vs Fc/F¢), whereas radicéd9
shows a reversible signal at the same potential.
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Scheme 12. Stable Neutral Radical 58
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6 1 cat. FoBrn B 6 SN 6 HN/
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. 1-cat. FeBry, Brp . cHO __NHa K, . L
2. (a) n-BuLi, cat. p-TsOH N~ (0]
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Scheme 13. Synthesis of Penta- and Decacholorocorannulene

Cl
|
oY o o O
ICI, CH,Cl, AIClg, S,Cl,
Cl D — — > Cl
" 50% " 60%
Cl
1
0

Cl

6
2.2. Highly Substituted Corannulenes gashira reactionS.Additionally, tetramethyl- and tetrapheny-

, corannulene®7d and 64, respectively, can be also obtained
2.2.1. Synthesis from 23 by Ni-catalyzed methylation and Suzuki coupling

Di ; o - - in good yieldsto¢

irect multiple electrophilic aromatic substitution on ) ) )
corannulene has shown limited but important successes. It is well known that the cross-coupling reactions of aryl
Friedel-Crafts alkylation is able to introduce five sterically ~chlorides with various reagents are much more difficult than
bulky groups liketert-butyl in a symmetrical fashion, but the corresponding bromide. Thus, 1,3,5,7,9—pentasubst|tuted
general alkylation, acyiation, or halogenation leads to corannulenes fronG0 presented several major challenges,
products with various degrees of substitution and as mixtures@mong them overcoming the sparing solubility, activating
of isomers?®® Two special chlorination procedures enable the chloride for substitution, and completing the reaction five
study this area (Scheme 13). (1) Balister conditions, using times on each molecule. Developing effective synthetic
sulfonyl chloride, aluminum chloride, and sulfur dichloride, Methods for coupling reactions wifi is an accomplishment
produce a sparingly soluble decachlorocorannul&mé® on par with the mostd|ff|cult.sgbstrates. Desp|te.the expec.ted
albeit a very difficult product to purify. (2) A curious reaction 10w Yields and poor reactivity, several solutions to this
between ICl and. leads to roughly 50% of theym+1,3,5,7,9-  Problem have been found.

pentachlorocorannulené0.4! Already mentioned above, Pentaalkylcorannulends and pentaarylcorannulené3
1,2,5,6-tetrabromocorannulerZ8 (R = H) is a formal are accessible by alkylation and arylation @ in the
precursor of corannulene when using the Sygula/Rabideaupresence of NiG(dppp) catalyst with organoaluminium and
closure. In the context of discussing the synthesis of organozinc reagents, respectively (Scheme 15, Tabté 6).
corannulyl halides, it is worth mentioning that tetrabromide The extremely low yield of coupling produé?clikely stems

23 can undergo halogen-exchange reactions to form thefrom the steric hindrance of the two ortho methyl groups in
corresponding iodid&2 (Scheme 14), also a precursor of the manisyl moiety. Implementation of more stable palladium
1.17 Arguably 23 and 62 are however even more important catalysts based on N-heterocyclic carbenes, ala Nokliow

to making corannulene derivatives than it is to making the higher reaction temperatures and result in better yields in
parentl (=223 R = H, Scheme 4). these sterically congested cases.

The importance of halogen derivativ@s, 22b, 60, 61, Direct nucleophilic substitution @0is possible to produce
and62 stems from the variety and reliability of nucleophilic  66in the presence of nucleophiles without any catalysts, even
aromatic substitutions and related transition-metal-mediatedat 25 °C. Treatment of60 with sodium arylthiolates in
couplings of nucleophiles with aryl halides. Already intro- DMEU (= dimethylethanourea) at ambient temperature (for
duced in the chemistry of the 2,3-dichlorocorannulenes like 66a and 66b)** or at 120°C (for 660*? gives 1,3,5,7,9-
22b,'¢ this chemistry transfers well with minor modifications  pentakis(arylthio)corannulene derivatives. Pentakis(1-thia-
to other halogenated corannulenes. Preparations of tetrapropyl)corannulene66d is also accessible by the same
ethynylcorannulene derivativé3 are accessible by Sono- method. Formation o66e from reaction of60 and the
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Scheme 14. Synthesis of 1,2,5,6-Tetrasubstituted Corannulenes

S
A
=
Me3S|
Cul, KI, MezSi—=
62 DMF cat. PdCly(PPhg),,
70% Cul, NEts, 90 °C/ o
A
Hagtt
) t. Pd(PPhg)s,
NiCly(dppp), " P, "
AlMez;, DME 23 Na,COg, toulene
76% 66%
@ e
L L

64

27,

o

Scheme 15. Synthesis of Pentasubstituted Corannulene Derivatives (for details, see Table 6)
Alkyl

XR
(X (S
Q Alkyl O.Q XR
Alkyl " cat. NiCl(dppp) NaXR , RX ’O

Al(Alkyl)3, DME
65 Alkyl \
31-51% cl
=)
cat. NiCly(dppp) C! . ‘ 7nc
ArZnCl, THF 60 Cl \ ’
7-49% 53% )

L,

67 Ar |
(iPr)oP—Pd—P(iPr)
Cl
68

St

X=0,8
R = Alkyl, Aryl

/ 66 XR
cl

corresponding sodium alkoxide requires high temperature 2.2.2. Structures and Properties

(180 °C).*2 The mechanism of these direct nucleophilic . ,

substitution for generation d§6 should be via a Meisen- The calculated value oAGiy for 65a3é3 8.7 kcal/mol,

heimer comple%® rather than an aryne intermediate. and its bowl depth is 0.85 A (Table 7)* The calculated
o . value of AG¥, for 70is 2.2 kcal/mol, and its bowl depth is

_1,3,5,7,9-Pentakis(trimethylsilylethynyl)corannuleg)t? 0.58 A313%Both compounds conform well to the bowl-depth/

is prepared from pentachlorid#) and a large excess (Ca.  inyersion barrier relationship described aboA&in, for 67¢

50 equiv) of trimethylsilylethyne using Eberhard’s metffod g experimentally determined to be ca. 12.1 kcal/mol, which

with the pincer catalysé8 at high temperature (ca. 168). is about 2.5 kcal/mol higher than expected based on its bowl
Decamethylcorannuleng0 is obtained in 30% yield by  depth and 0.5 kcal/mol higher than the calculated barrier for
methylation of 61 in the presence of Ni@ldppp) and the parentl. The increase of the barrier height has been
trimethylaluminum (Scheme 168j The possibility to replace  assumed to come from van der Waals attractive forces among
chlorine with sulfur by a nucleophilic aromatic reaction is the endo methyl groups in the conformational ground state
general for61 and a variety of S-nucleophiles. Indeed, Scott of 67¢ these interactions are not present in the bowl-
et al. prepared various decakis(l-alkylthio)corannulenesinVGrSiOﬂ transition state, and overcoming them adds to the

71a—c and pentakis(1,4-benzodithiino)corannulerfd.d) overall inversion barriet?
from decachlorocorannulené) and the corresponding The attached methyl groups @aand70 not only flatten

sodium thiolates at room temperature in good yiélds. the corannulene cores, but also increase electron density in
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Table 6. Selected Examples of Pentasubstituted Corannulene
Derivatives

Wu and Siegel

Table 7. Inversion Barrier and Bowl Depth of Some Highly
Substituted Corannulenes

Entry Alkyl/XR/Ar Product  Yield (%) A, nm A, nm
1 Me 65a 33 295 31
2 Et 65b 51 297 431
s sl How @ w

S

4 66b 55

5 SPh 66¢ 38 349

6 SEt 66d 37 337

7 O(C,H,0),Me 66¢ 41 308 433
8 Ph 67a 49 319 447
9 67b 28 308 440
10 E@om 67c 7 305 439
11 67d 38 311 445

12 SiMe, 69 53 337, 366" 474

Scheme 16. Preparation of Decasubstituted Corannulenes

RS SR
asd peess
e
RS " R
RS SR

71a (R = nC3Hy, 40%)
71b (R = nCgH s, 68%)
71¢ (R = nCyoHas, 77%)

cat. NiCly(dppp)
AlMe,, DME

30%

NaSR
DMEU

(\S DMEU
N Na 50%

the corannulene nucleus. It is consistent with the electro-

MP2/cc-pVDZ (sp) RHF/cc-pvDZ B3LYP/cc-pVDZ

exp. bowl bowl bowl

compd. AGH,2 depth AGH2 AGH,2 dept? AGH,.2 dept®

65a 11.3 8.9 0.81 8.7 0.85
67c 12.1 0.94

70 1.3 2.0 0.54 2.2 0.58

aUnits: kcal/mol.b Units: A.

The calculated structure of compleX:Cgo is shown in
Figure 2. HoweverKassocvalues of the complexations with
Ceo for the less congested derivativé&a and 66b are
obviously smaller tharr1d.#’

The crystal form of the decathio compound displays an
alternating up/down out-of-plane conformation for the phen-
ylthio substituents. As known for other perthioaromatics, the
perthiophenylcorannuer@scis much easier to reduce than
the parent, displaying a reduction potential close to that for
Cso.

2.3. Cyclopentacorannulene, Acecorannulene. and
peri-Annelated Corannulenes

2.3.1. Synthesis

Cyclopentacorannulene7d was first prepared as a
mixture with corannulene (in ratio 7:3) in +05% yield
from dichloride 72 by flash vacuum pyrolysis at 1000
(Scheme 17)° Later, Siegel and co-workers synthesiz&d
from 74 in the solution phase in 20% yield by titanium-
mediated carbenoid couplings.

Acecorannulene7b) can be generated from cyclopenta-
corannuleneq3) by hydrogenation in excellent yield (Scheme
18) 50 Alternatively, 75 is produced from dibromid&0 in
ca. 20% vyield by either palladium-catalyzed Stille-type
coupling® or treatment with phenyllithiurit

Various (heterocyclic) six-membergeri-annelated coran-
nulene76—80 derivatives are accessible from reaction of
divalent nucleophiles with 2,3-bis(bromomethyl)corannulene
(50) (Scheme 19§* The sulfide76 can be synthesized by
treatment of 50 with sodium sulfide nonahydrate. The
malonate derivativ@7ais prepared by condensation 5@
with diethylmalonate in an ethanolic solution of sodium
ethoxide. Reaction of amines with sodium hydride &td
produce the aza derivativ@8. The selenid&9is generated

chemical measurement that the reduction potential for thein one pot by reaction of 1 equiv of potassium selenocyanate

monoaninon o65aand70is more negative than that af

by 150 and 250 mV, respectively. Additionally, the
computational results at the RHF/DZV(2d,p)//B3LYP/cc-
pVDZ level using Koopman’s theorem predict ionization
potentials for65a(7.71 eV) and70(7.19 eV) that are smaller
than that forl (8.05 eV). Like electrochemical reduction,
the shift to lower ionization potential arises from an increase

with 50 followed byin situ generation of the selenide anion
with sodium borohydride and ring closure. Treatmenb0f
with potassium hydroxide in 1,2-dimethoxyethane affords
the ether derivativé0.

2.3.2. Structures and Properties
The crystal structure of3 is determined to have a bowl

of electron density in the corannulene nucleus by the methyl depth of ca. 1.054 Al The POAV pyramidalization angles

groups at theim of corannulene.

An X-ray crystal structure of71d reveals that two
molecules of the ‘fly trap’ surround one molecule of benzene
in this crystal (Figure 2, left)’ This result indicates the
possibility for formation of supramolecular complexes with
the fullerene family. The convex surface 0§,Gs electron
deficient (goods-acceptor), whereas compourild is
electron rich. A z-donorfr-acceptor complex forms by
treatment of71d with Cgo and Go (ratio 1:1) in carbon
disulfide. The Kassoc Values (ca. 1420 and 1080 W)
respectively) were determined usiftd NMR techniques?

for the carbon atoms ir¥3 calculated from the crystal
structure and ab initio HF/6-31G* geometries are larger than
those forl (Figure 3). Annelation of a five-membered ring
to the rim of the corannulene carbon framework increases
significantly the curvature and rigidity of the system.
Computational studies oAG*,, for 73 and 75 predict
values of 27.730.9 and 25.628.9 kcal/mol, respectively
(Table 8).52 These results are consistent with the fact that
75is less bowl-strained thars, co-incident with a shallower
bowl as well*136 Heterogeneous or homogeneous deutero-
genation of73 affordsexadideuteriocyclopentacorannulene
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Figure 2. Structure of71d in the solid state (left, Reprinted with permission from ref 74. Copyright 2004 Georg Thieme Verlag

Stuttgart- New York) and the calculated structure 01d:Cgso complex (right, Reprinted with permission from ref 49. Copyright 2005
American Chemical Society).

Scheme 17. Synthesis of Cyclopentacorannulene (73)

6 Br,HC O CHBr,
ci Cl 1000 °C, N Tczzln e
y 1Cly,
. —_— . ~—2 " BrHC . CHBr,
OO 10-15% s' 20% OO
' g Br,HC  CHBr,
72 73 74
Scheme 18. Synthesis of Acecorannulene (75) Table 8. AG¥,, and Bowl Depth of (heterocyclic)peri-Annelated

[

100% s or PhLi compd. AGH2 AG w2 AGH,2 depth AGH,2 depth®

' 20% 73 30.9 292 1.05 277  1.08
BrH,C  CHoBr 75 28.9 26.6 1.04 256  1.07

(MeqSn) Corannulene$13550.53
3 2,
OCQ OC Pd(PPhg),, 06 MP2/cc-pVDZ (sp) RHF/cc-pvDZ  B3LYP/cc-pVDZ
Ni, H 20%
. e, . - . exp. bowl bowl
73

75 50 75-D2 2
76 1 14.5 12.1 0.863 11.8 0.898
Scheme 19.peri-Annelated Corannulenes (heterocycles) 77a 1

7

3

5

77b

6 78a 16
78b 16
. 78¢c 16

so 79 13.0

6 80 17.3 16.9 148 0.914 14.7 0.947

O Q aUnits: kcal/mol.P Units: A.
@, s
) 7 W
"' 35% ‘ Na,S N HF/6-31G* _
A y
HoE
e<g ® m:’ 78a (R = Ph; 35%)

50 78b (R=H; 46%)  "TtTtommmmmesmeegeess i
77a (E = COAEt; 15%) 78¢ [R = (CH,)gMe; 55%] i

77b (E=H) 20% Kon, ' i, 90N
;g Eggg:“ 50% Crystal Structure : ; i
O‘Q O.Q Figure 3. POAV pyramidalization angles for cyclopentacorannu-
" s' lene (73).
Se
79

15.7 13.8  0.890 134 0.928
16.4 14.3  0.903 13.9 0.935

o 75-D,. By following the chemical equilibration at elevated
80 temperatures, a value &G¥,, = ca. 27.6 kcal/mol was
determined.
(exo75-D,) with the exo specificity (Scheme 20 The AG*,, for (heterocyclic) peri-annelated corannulenes

proton spectra 0éxo75-D, shows no change on standing depends on the bridging groups. The methylene carbon
at room temperature for several days. Heating the sampleheteroatom bond length shortens along the series Se>
causes bowl-to-bowl inversion betweexo 75-D, andende C > N > O and the ring size contracts. This strained
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Scheme 20. Synthesis of
exo-Dideuteriocyclopentacorannulene éxo-75-Dy)

Dy, 1 atm
P2-Ni or Rh(l)

73

Exo-75-D,

Endo-75-D,

annelation leads to a slight increase in bowl depth, but due
to the high sensitivity of the inversion barrier to bowl depth
there is a significant increase afG*,,. Therefore AG*,
for the heterocycliperi-annelated corannulenes follows the
sequencer8 > 80 > 76 > 79 (Table 8)3! The nitrogen-
substituted serieg8was studied in greater det&iIN-Phenyl-
andN-butyl-substituted 2,3-dihydroH-corannuleno|[2,2d]-
pyridine, 78aand78g, respectively, displanG¥,, at about
16.5 kcal/mol, slightly higher than that of the NH derivative
78b (16.1 kcal/mol).

It was also found that the basicity of compour8c in
CDCl; is on par with that of amine81 (Chart 3) or

Chart 3

morpholine (K, 7.5) but significantly lower than tribenzyl-
amine (K, 8.3) and triethyamine (b 10.7)53 For compari-
son, dihydroN-methylfullereno-Go-pyrrole 82 exhibits an
even lower basicity like that oN,N-dimethylaniline (K,
5.1). Although the absoluteip values for78c and 82 are

Wu and Siegel

|87aLit

Figure 4. Proposed structure for the reductive coordinative dimer
73-2Lit-73*/6Li". Reprinted with permission from ref 55.
Copyright 2006 American Chemical Society.

of 78band 2,3-dimethylcorannulene are essentially identical,
indicating that no strong -Az mixing is present in either
the ground or the excited state. The UV spectrum8af
shows that the main electronic features @f main and a
new absorption band appeéfs.

Like corannulene, reduction of cyclopentacorannuléi@g (
with lithium in THF-dg affords dianion73*-/2Li* and
tetraanion73*/4Li*, respectively® However, tetraanion
73*/4ALi* is unlike corannulene to form a sandwich structure,
such asl*/4Li*/14/4Li*. According to NMR and compu-
tational studies, the tetraanion &%3 should be a Li-
coordinated dimer with a structuré3*-2Li*-73*/6Li"
(Figure 4), and the two molecules @8 point toward different
directions. Reduction o3 with potassium stops at the stage
of the trianion radical.

2.4. Dibenzocorannulenes
2.4.1. Synthesis

Dibenzop,g]corannulene&®) is accessible from 7,10-di-
(2-bromophenyl)fluoranthen®&4) by an intramolecular pal-
ladium-catalyzed arylation reaction (Scheme 21in that
report, Scott and co-workers tested various palladium
catalysts, bases, and reaction conditions and found the best

solvent dependent, two hypotheses for the basicity trendsresults to be the combination of palladacycle/DBU/DMF at

persist: (1) the fullerene+g annelation through the-rr
interaction results in a much stronger electron-withdrawing
effect than the rim annelation on corannulene or (2) the steric
bulk of the Gy is more effective in disrupting the solvation

150°C with 57% yield. The FVP technique at 1000 can
also converB4 to the desired molecul@6 in modest yield
(38%) ¢ The key intermediat84 is prepared from acenaph-
thenequinonel6, ketone83, and NBD by a Knoevenagel

shell of the amine. Indeed, the UV and fluorescence spectracondensation and a subsequent Diglder reaction in a

Scheme 21. Synthesis of Dibenzap]corannulene (86)
o 0
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16
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QL)

Br Br
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|
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Scheme 22. Synthesis of lene 94 are accessible from the corresponding 2,3-dichlo-

1,2-Dihydrocyclopentap,cdibenzo[g,mlcorannulene (88) rocorannulene derivativeX2/31 and trimethyltin-substituted

Q O O alkynes; several derivatives could be synthesized (Scheme
Pd(PCys),Clp, DBU, 145 °C

25). Indenocorannulen&s are generated from reaction of
BBr N,N-dimethylacetamide
' 36%
87

diynes 94 and alkynesl9. It has been observed that the
substituents Rin diynes94 and R and R in alkynes19
play important roles in this formal [(Z 2) + 2] cycload-
dition (Table 9). Initial studies suggest that alkyl functional
groups at the Rposition give lower chemical yields than
aryl moieties.

40% vyield. Recently, a new synthetic method has been
reported to prepare 7,10-disubstituted fluoranthenes, includ-
ing 84, from 1,8-bis(ethynyl)naphthalenes and NBD in good 2.5 2 Structures and Properties
to excellent yields by a formal [(Z 2) + 2] cycloaddition?’ i ] o
Similar to the Synthesis of dibenm@]corannu'ene&6), The CI’ySta| structure 0959 is the first eXampIe within
preparation of 1,2-dihydrocyclopenteldibenzop,m- the mdenocorann_ul_ene famity Curvature and bowl depth
22)58 The key intermediat87 is accessible from diketopy-  depth in95gas gauged from the distance between hub and
racylene, keton&3, and NBD, like84. Palladium-catalyzed ~ fim planes is ca. 1.04 (exptl) and 1.07 A (cacld). The POAV
cyclodehydrohalogenation &7 affords producB8in 36% pyramidalization angles for the carbon atoms of the hub ring
yield. are 8.8, 9.8, and 10.8 (expt]) vs 9.0, 9.9, and 11.0
Tetraiodide 62 provides an alterative way to prepare (calcd), respectively (Figure 5); however, the benzo ring
substituted dibenze[g]corannulenes. Reaction 62 and ~ adopts a more flat conformation (POA¥ 0.1°, 4.7, and
methyl acrylate in the presence of palladium catalyst gener-6-4’). Determination of the coalescence temperatur®$ar
ates the tetraen@9, in which both sets of vicinal dienes IS limited by temperature specifications on the NMR instru-
undergo & cyclizations and sequent dehydrogenations to Ment. Energetic computation &iG*,, for the nonsubstituted
produce dibenza{g]corannulene derivativ®0a (Scheme  indenocorannulene9p) via MP2/cc-pVDZ//B3LYP/cc-
23)5° Under the same condition§2 and styrene giv@ob ~ PVDZ is estimated as 29.8 kcal/mol.

in a one-pot operation. Rabinovitz and co-workers reported that indenocorannu-
. lenyl tetraanion92*-/4K* could be formed by a four-step
2.4.2. Structures and Properties reductive process with potassium (Scheme ®6lEach

reduced species displays a different color. The first and third

As ex he X-r r | str r in th li . i - .
s expected, the X-ray crystal structuredffin the solid stages of reduction give dianid®6>/2K* and hexaanion

state exhibits significant curvature, and the POAV pyrami- SOAPNEIRNG : S T
dalization angles of the carbon atoms in the central five- 96 /6K", which are accessible frof2 /K™ and the trianion

membered ring are found to be 18,20, 9.6, 8.7, and X:ldica:](dn%t shO\;vr;), respedctiV(I—:'Iy, by arr1adical dimerize:jtionl.

o ; 58 ' the haci s with dibenzofulvene radical anion, the maximum radical
8.4°. The bowl depth oB8 is 1.033 A% On the basis of density should be generated at the C3 position of the trianion
radical928~/3K* that then dimerizes through coupling at C3
to form96°/6K*. DFT calculations (B3LYP/6-311G**) also
predict a high spin density for the odd electron at the C3
carbon atoms. Furthermore, the second and fourth stages of
25 Indenocorannulenes reduction give dianion922/2K* and tetraanior®2* /4K*

e by cleavage of thes bond. Publication of these unusual
2.5.1. Synthesis properties constitutes the first report that a large nonplanar
PAH can exhibit multiple dimerization/bond-cleavage stages.
Additionally, a significant counterion effect is observed.
Reduction 0@2 with lithium gives the cognate dianid@®*/
2Li" at reduction stage one and diani®®2> /2Lit at
reduction stage two. Further reduction of dian@#3~/2Li*
with lithium affords the unstable trianion, but the tetraanion
92*7/ALi* has not yet been observed.

variable-temperaturdd NMR experiments and computations
at the Becke3LYP/6-31G**//Becke3LYP/3-21G levAGFn,
for 88 is estimated as 23-323.6 kcal/mol, which is much
smaller than that of acecorannulern,(27.6 kcal/mol).

Indeno[1,2,3]annelation of polycyclic aromatic hydrocar-
bons by a new SuzukiHeck-type coupling cascade has been
developed by de Meijere and co-worké?sThis synthetic
method easily provides the extension of an aryl functional
group with a junction of a five-membered ring in a single
synthetic step. Nonsubstituted indenocorannu@teas been
also prepared in 40% vyield by the same method (Scheme
24). N ot

Recently, synthesis of fluoranthene derivatives from 1,8- 2.6. Other Corannulene Derivatives
bis(arylethynyl)naphthalenes and alkynes by a new formal Corannulene CyclophanesSiegel and co-workers pre-
[(2 + 2) + 2] cycloaddition was reporteld:>’ This successful ~ pared the first corannulene cyclopha®ein 19961 Bro-
method was also applied to the preparation of indenocoran-mination of 2,5-dimethylcorannuler® awith N-bromosuc-
nulenes95.2° The key starting materials 2,3-diethynylcoranu- cinimde affords the key intermedia®3, which cyclizes to

Scheme 23. Synthesis of Tetrasubstituted Dibenzfjjcorannulene Derivatives 90

R R
=/ —

R R R
-
P(o-tol)3, Pd(OACc)s,, i O 6 O
oo e PAOA R\ .Q /R _PDQ_R O Q R
BuyNBr, K,CO3, DMF o s o

90a (R = CO,Me, 55% from 89)
90b (R = Ph, 43% from 62)

43% (R = CO,Me)
89
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Scheme 24. Synthesis of Indenocorannulenes 92 by a New

Suzuki—Heck-type Coupling

20% Pdy(dba)g,

so . P(Cy)s, DBU, ‘
DMF, 155 °C
B Br  Br 40% '
L O
92

Table 9. Preparation of Highly Substituted Indenocorannulenes
95

yield yield
entry SM. R RZ R® diyne (%) R R5> product (%)
1 22 H H Ph 94a 33 Ph Ph 95a 54
2 22 H H Ph 9a CMe,OH H 95b 60
3 22 H H nPr 94b 34 CH(OEy H 95c 14
4 22 H H nPr 94b Ph Ph  95e 42
5 3la EP E Ph 94c 65 Ph Ph  95f 64
6 3la E E Ph 94c E E 95¢g 19
7 3la E E Ph 94c nPr nPr 95h 57
8 3la E E nPr 94d 51 Ph Ph  95i 47
9 31lb Ph E Ph 94e 42 Ph Ph  95j 81

a95c was isolated as an aldehyde a#4b (69%) was recovered.
bE = COMe.

97 upon slow addition to a mixture of 1,4-bis(mercapto-
methyl)benzene, potassiuert-butoxide, and tetrahydrofuran
(Scheme 27). Similarly, 1,5-pentadithiol/1,6-bis(bromo-
methyl)corannulene cyclophan@8j can be also prepared

Wu and Siegel

92 (B3LYP/cc-pVDZ)

95g (X-ray)
Figure 5. POAV pyramidalization angles for indenocorannulenes.

from 54 and 1,5-pentadithiol in 75% yiel}. Synthesis of
[3,3]seleno/1,6-dimethylcorannulene cyclopha®@,(a cy-
clophane from two corannulenes, was not straightforward.
Transformation 064 to the bis(selenocyano) derivative and
subsequent formation of the bis(selenide anion) with NaBH
in the presence of addition&l afford the seleno-bridged
dimer99, which has poor solubility in most organic solvents.
The sulfur analogue d9 has not yet been prepared.

The calculated bowl depth f@7 in the most stable form
agrees well with the experimental bowl depth found in
corannulene (0.87 vs 0.89 A, respectively) and indicates that
no significant amount of strain is introduced by forming the
cyclophane. Nonetheless, the molecule is conformationaly
restricted. According to the variable-temperatlireNMR
study, no coalescence or peak broadening was found at 148
°C.1482This observation, in conjunction with the large peak
separation for thexoand endobenzene ring signals, sets

Scheme 25. Preparation of Highly Substituted Indenocorannulenes 95 from Diynes 94 and Alkynes 19
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Scheme 27. Synthesis of Corannulene Cyclophane-999

" {BUOK, THF
o @
53
97
=
HS _~_~_SH .

Cs,CO3, THF 98
75%

1) KSeCN, EtOH

5 \
2) NaBH,
S

the minimum limit for the barrier to benzene ring flip at 18
+ 1 kcal/mol. Thus, construction of the cyclophane ef-
fectively locks the structure into only one bowl form.

In comparison, the calculated bowl depth of the most stable

form of cyclophane9d8 (0.96 A) is significantly increased

relative to the calculated bowl depth of free corannulene or
97.%2 This increase in bowl depth is associated with an

increase of ca. 5 kcal/mol fokG¥,,. Here too the bowl is

locked into one form and distorted as folded in a bilaterally

symmetric way. The jump-rope motion of the bridge is

precluded and from the proton signals along the bridge the
ring anisotropy estimated to be similar to that in pyrene, a

comparably sized PAH.

Two isomers 099 are possible, a head-to-tail for@9a
and a head-to-head for@®b. The former is more stable than
the later by ca. 1.5 kcal/mé#. In the synthesis described
above, 99a is formed predominantly and its structure

confirmed by transannular NOE experiments. The juxtaposi-

tion of the capping & fragments in99ais the same as in
Ceo. Looking down the 5-fold axis of § or the mirror plane

in 99aone sees that the proximal and distill five-membered

rings areanti with respect to each other (Figure 6). The
calculated bowl depth &9a(0.86 A) is, if anything, slightly
flattened with respect to that of corannulene.

Chemical Reviews, 2006, Vol. 106, No. 12 4857

Twin Corannulene. The novel twin corannuleng01 is
prepared from cyclopentadienofh8 and 1,4-benzoquinone
via an intermediat&00(Scheme 2852 Diels—Alder reaction
of 100with dimethyl acetylenedicarboxylate and closing four
six-membered rings with Method D (Scheme 6) affords
designed molecul&01 SincelOl1contains two corannulenyl
bowl subunits, three conformerd01A—C, should exist.
Computational calculations (AM1 and Becke3/6-311G**//
Becke3/3-21G levels) suggest the energetic stability in the
series101A > 101C > 101B with relatively small energy
difference. The room-temperatuitd NMR spectrum ofL01
exhibits only five different signals. Upon cooling, the
spectrum becomes complicated, consistent with the presence
of multiple conformers. Single-crystal analysis @01
revealed conformet01A in the solid state, and its POAV
angles are very similar to corannulene itself.

asIndaceno[3,2,1,8,7,6pgrstw]picenes and Semibuck-
minsterfullerene. Shevlin et al. developed a new efficient
method to prepare benzjilfluoranthenes from benzgJ-
phenanthrenes derivatives by palladium-mediated cou-
plings® This novel method also provides a route to synthesis
of asindaceno[3,2,1,8,7,Gqrstw]picenes 104). The key
starting materials, dichlorobenzfjjicenesl03a are gener-
ated fromtrans-2,3-distyrylnaphthalene402 by double-
photocyclization oxidation in the presence of iodine and
propylene oxide (Scheme 29). Palladium-mediated intramol-
cular cyclizations convert03to 104 in high yields®®

Rabideau and co-workers reported that semibuckminster-
fullerenesl06a® and1065° could be easily accessible from
decabromidel05 via McMurry and carbenoid coupling,
respectively (Scheme 30). The four bromine substituents in
106b can be easily replaced by methyl groups to generate
tetramethyl-substituted derivatii6cin good yield%®

Single-crystal X-ray analyses d04aand 106c provide
comparisons of curvature for both compounds (Figur&®.
Not surprisingly,104ais much shallower thad06¢c The
local maximum curvature of the former compound is slightly
larger than that in corannulene (POAV pyramidalization
angles 8.5 vs 8.4). However, the highest POAV pyrami-
dalization angle ofL06cis at the central carbon atoms with
a value of 11.6, which is almost identical to buckminster-
fullerene (11.68).33

2.7. Complexed Corannulenes and Their
Derivatives
2.7.1. n5-Complexed Corannulenes and Their Derivatives

2.7.1.1. Synthesis af®-Complexed CorannulenesSiegel
and co-workers reported the first transition-metal-complexed

Figure 6. Structures of the head-to-tail and head-to-head iso®@@asand 99b. Reprinted with permission from ref 62. Copyright 2001

Elsevier.
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Scheme 28. Synthesis of Twin Corannulene 101 and its Three Conformers, and the Crystal Structure of 181a

O 1)E—=—E
— Q 2) NBS
— _
—_— 3) Ni, DMF

E= COzMe

101A 101B 101C
aThe crystal structure of0lawas provided by Prof. Andrzej Sygula.

Scheme 29. Synthesis dsIndaceno[3,2,1,8,7,6pgrstw]picenes (104)

PdCI,(PCys3),,
DBU, DMAc, 140 °C

102a (R = CHy) 103a (R = CHy), 47% 104a (R = CH3), 91%
102b (R = OCH,) 103b (R = OCHyg), 42% 104b (R = OCHg), 70%

Scheme 30. Synthesis of Semibuckminsterfullerenes 106

Br,HC O CHBr,
BrH,C ll CH,Br
X7

BrH, CH,Br
Br,HC O CHBr,
105 106a (R = H)
106b (R = Br) )
Method A: 1) Ti*, 2) DDQ (22%, directly to 106a) cat. NiCly(dppp)

106¢ (R = Me)~’ AlMes, DME
Method B: NaOH, dioxane, H,O (26%, directly to 106b).

corannulend073g which is prepared from [Cp*Ru(MeCHR}) electron-riclk® or electron-deficiei? planar arenes form air-
(OTf) and corannulene in CCI, (Scheme 31§7 Although stable [Cp*Ruf®-arene)](OTf) complexed,07ais air sensi-
tive in the solid state as well as in solution. The presence of
nucleophillic solvents also disrupts Cp*Ru coordination to
corannulene. Addition of acetonitrile to GO, solutions of
isolatedl07aleads to regeneration dfaind [Cp*Ru(MeCNyJ-
(OTf) by arene-nitrile exchange. The iridium analog®7b
has also been prepared fromusing { Cp*Ir[C(O)Me;]s} -
(BF,) in CDsNO..”° As with 1073 107b also shows air
sensitivity.

; o : Otherzy®-complexes [(COER(#8-CaoH10)]PFs (1089 and
104a j 106¢ [(COEXIr(175-CyoH10)]PFs (108b) are accessible from the

Figure 7. POAV pyramidalization angles df04a and 106¢ in unsaturated tcomplexes (COELM[C(O)Me;]} PR (M =
the crystal. Rh, Ir; COE= cyclooctene) with an equimolar amount of
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Scheme 31. Synthesis afé-Complexed Corannulenes

2+

] ax (COE),M AT
\ oy
Q O [Cp*MLg]*X" (COE)zMLzl*PFe'

AGENE e

107a (M = Ru, L = MeCN, X = OTf)

107b (M = Ir, L = acetone, X = BF,) O'

1

[Cp*Ru(u5-Cl)l4
AgX, CD3NO,

<=
el ,,
Y3 i
109a (X = PFg)

110a (X = PFg)
109b (X = BF) 110b (X = BF,)
109¢ (X = SbFg) 110c (X = SbFg)

Table 10. Calculated Cr—Arene Bond Energies (kcal/mol)

compound 6-31G* 6-31G*/LanL2DZ cc-pvDzZ
Cr(CO)3 endol1ll 51.9 42.3 44.9
exolll 57.4 47.3 50.5
(78-CeHg)Cr(CO)2 64.5 54.0 57.7

exo-111

a Experimental value: 53 kcal/mol.

———.
\ﬁﬁﬂa
Q__ ::9 ’ _.
b/. CcB .__o

Figure 8. Crystal structures afxoheptamerd 08a(left) and108b(right). Reprinted with permission from ref 71. Copyright 2006 American
Chemical Society.

corannulene at room temperatttén contrast to complexes  Cr(CO) (111) suggest thaexo111is more stable than its
107, these [(COBM]™* fragments can undergo chemical endoisomer and ther-CyH10)-Cr linkage of the former

transformations while still bound to corannulene. complex is only a few kcal/mol weaker than the correspond-
Recently, Angelici and co-workers provided a new method ing bond in ¢°CeHg)Cr(CO) (Table 10). These results
to prepare stable ruthenium-complexed corannulé@gand ~ imply that failures in syntheses arise from kinetic, not

110and analyzed their structures in the solid state (Schemethermodynamic, problems.
31).2 Selective formation of mono- and dimetallated coran-  2.7.1.2. Structures and PropertiesMetal coordination
nulenes109 and 110, respectively, depends on the ratio of can occur on the convexxXoisomer) or concave bowl face
corannulene and [Cp*Rti] which is generated from [(Cp*Ru-  (endoisomer). Computations on tH€7aanalogue [CpRu-
(u3-Cl)]4 and silver salts. Complexé€9 can be generated  (i5-corannulene)] and 109c predict theexoisomer to be
in excellent yields when the ratio of corannulene to [Cp*Ru] more stable than thendoisomer. Actually, in the crystal
is 4:1. However, the ratio can be modified to 1:2 to obtain structures ofl08(Figure 8)* and109¢"? all metal fragments
complexesl10, aren®-coordinated to thexoside of corannulene.

Several groups have attempted to prepafeQzoHig)M- Another interesting feature, revealed by the crystal struc-
(CO)% (M = Cr, Mo, W) complexes; however, to date, none tures of108 109, and 110, is that the formally;8-bonded
have been successftilDFT calculations for #5-CyoH10)- ring has a shallow boat geometry.109¢ the POAYV angles
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inter-ring movement of the [(COERh]" fragment remains
open.

Obvious inter-ring movements of metal fragments are also
displayed on complexed acecorannulene and 1,2,5,6-tetra-
methylcorannulene. Monitoring the reaction of acecorannu-
lene (75 with [Cp*Ru(MeCN}](OTf) in CD.Cl, at room
temperature reveals that initial formation of isonir2b

109¢ 110a rapidly evolves to an equilibrating mixture of the two isomers
Figure 9. POAV for stable mono- and diruthenium corannulene 112aand112bin a ratio 'Of 13_2 withn 2 h (Scheme 327)5-_
complexesl09 and 110 In order to follow the migration process of the ruthenium

moiety more closely, the same reaction was conducted at
of two core carbons bonded to Ru are slightly smaller than —80 °C, wherein112b forms but no isomerization ensues
those of the other three carbons and also of free corannu-even after 7 h. Upon warming to room temperature, the ratio
lene’? This reduction in POAV upon binding indicates that of 112aand112bstabilizes at 1:2 within 1 h. Computations
coordination of the Ru cation to corannulene makes the bowl with the B3LYP/GEN (MP2/Gen//B3LYP/GEN) basis set
slightly flatter. Additionally, the molecular packing @b9c for the six complexes 0f12 but using Cp instead of Cp*,
presents the corannulene ligands of the [CpiRtGzoH10)] indicate that allexo isomeric complexes are energetically
cation with their concave faces directed toward each other.favored over the respectivendocomplexes and moreover
The shortest intermolecular carbon-to-carbon distance be-pinding to the sites of lowest curvature leads to a more stable
tween two corannulene ligands is ca. 3.4 A. complex. The stability of the threexoisomeric complexes

The crystal structure of [(Cp*Ru(u*7°7°CioH20)][PFel2 with the Cp*Ru follows the seried12b~ 112a> 112¢

(1109 reveals that one unit of [Cp*Rulbinds to the convex . . .
and the other to the concave side of the corannulene bowl_, R€action o7dwith { Cp*Irfacetong]} (BF,) in CD:NO,
at room temperature after 3 min gives a mixture of three

(Figure 9)7 In the crystal investigation o110a POAV . ; : P
angles of either the central five-membered ring or the outer ISOMerst13a 113h and113cin the ratio 16:23:61 (Scheme
9 g 32).° After a long period (6 h), complet13c disappears

six-membered ring are dramatically smaller than that of free ;
corannulene and the corannulene bowl becomes much flatter@d the ratio betweefi13aand 113b becomes to 12:88,
The curvature of the corannulene bowlif0Oais reduced ~ Which does not change, even over 1 month. This value can
to approximately one-half of the curvature of corannulene P& more readily reached when the reaction for the preparation
and the six-membered ring bonded to the convex [Cp*Ru] ©Of complexesl13is conducted at 101C instead of at room
unit is flatter than that to the concave [Cp*Rulnit. This ~ temperature. Treatment of the mixtuté3aand 113b (12:
distortion essentially blurs the distinction between convex 88) with excess benzene and acetone insXlD; at room
and concave complexation. temperature results in complete substitution 2xd by
TheH NMR spectrum ofl08adisplays broad signals in benzene witm 6 h and by acetone within 4 h. It is also
the aromatic region at 2%. When the spectra were recorded found that the disappearance of isomédBais faster than
at lower temperature (6C), distinct signals for all of the  113b. The combined results from the above research agree
protons of corannulene were obtained. These data indicatethat an alkylated arene in [Cp*lf-arene)](BF). leads to a
that migration of the [[COERhO]" fragment over the rings  more stable complex. Thus, complét3b is more stable
of corannulene takes place. The precise mechanism of thethan the other two isomers.

Scheme 32%-Complexed Corannulene and Acecorannulene Derivatives 112 and 113
M\_ —| 24+

[MLg]*OTH
B O

M= Cp*Ru
L = MeCN
112a
-80°C 0
25°C 33 : 66 : 0

MLSI*BF,~ = 1"
.

X O 17
27q ~ 2N / 0 +
v O‘O M/

113a 113b
RT (t= 3 min) 16 : 23 : 61
RT (t= 15 min) 21 : 36 : 43
RT (t=6h) 12 : 88 : 0

101°C 12 : 88 : 0
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Figure 10. (a) Fragment and crystal packing bf4a(Reprinted with permission from ref 76. Copyright 2003 Wiley-VCH). (b) Fragment
and crystal packing o114b (Reprinted with permission from ref 76. Copyright 2003 Wiley-VCH). (c) Fragment and crystal packing of
tridentaten?n?n?-complex115 (Reprinted with permission from ref 77. Copyright 2005 American Chemical Society).

2.7.2. n?-Complexed Corannulenes and Their Derivatives

Petrukhina et al. prepared the rhodium-complexed coran-

nulenell4and -dibenzad,g]corannulené 15 (Figure 10)76
These compounds are synthesized fromy(RFCCR;)4] and
the corresponding molecular bowls at 18D in a solvent-
free environment. The mixture of corannulene and,[Rk&
CCR)4] in the ratio ca. 2:1 favors formation of complég4a
with composition{ [Rhy(O,CCFs)4]*(Cz0H10)} . On the other
hand, as the ratio is changed to ca. 1:3, another isdri

with the form{[Rh(O.CCF)4]3*(Cz0H10)2} can be obtained.
A similar synthetic procedure to that used to prephté,
but substituting dibenzalg]corannulene §6) for 1, led to
only one isomeric form of{[Rhy(O,CCR3)4]s*(CagH14)2}
(115.77

A X-ray single-crystal diffraction study of compouid4a
reveals a packing pattern akin to polymeric frieze or so-called
one-dimensional (1D) polymer. In the [RBD.,CCR),] unit,
one Rh coordinates to the convex( side of a corannulene
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Figure 11. Fragment and crystal packing of silver(l)-complexed corannulenes: (a) pad{g(CIOy), (b) [Ag(CxoH10)](OTf), and (c)
[Ag2(CaoH10)](BF4),. Reprinted from ref 78 (copyright 2005) by permission of the Royal Society of Chemistry.

and the other binds to the concavendqg side of the next 114aand 0.018 A in114b), and other geometric features of
corannulene [(a) in Figure 10]. Both Rh centers interact with the ligated corannulene remain very similar to the parent
the rim G=C bonds ofl in #?-coordination mode. structure. The bowl depths dfl4aand114bare 0.87 and

In contrast,114brepresents an infinite 2D network with  0.86 A, respectively, and suggest that the metarannulene
a repeating pattern of six [R{O.CCF)4] units and six interaction is very weak or does not significantly perturb the
corannulene molecules. Each corannulene provides tfiifree  structure of corannulene. DFT calculations predict that
coordination positions for Rh centers: two on the convex coordination of [RiO,CCR;)4] to the concave surface of
(exg surface and one the concaven(lg surface [(b) in corannulene is only ca. 2 kcal/mol more stable than that to
Figure 10]. Comparing the geometry of the corannulene the convex surface.
fragment in114bwith free corannulene, one finds that the The crystal packing of15forms a frieze or 1D polymer
bond lengths of the coordinated rim=C bonds of the [(c) in Figure 10]7" Three Rhy?-coordination positions are
ligated corannulene are only slightly elongated (0.009 A in possible in86. The averageexo Rh—C bond distance is
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Scheme 33. Metalb-Bonded Corannulene Derivatives

.0 Br _Ni(COD),, PEs | O. M(PEts),Br
o or Pt(PEts), QO

35 1 N|)
e e
O Q PUPEL), O.Q Br + Br(EtsP),Pt O 0 Br
23 119
slightly longer than those of the two endo R@ bonds. metal coordination plane is approximately orthogonal to the

Although the C-C bond distances a6 in 115 shows no corannulene bowl, and it leads tw@ns phosphine ligands
significant difference to fre&6, the result of binding three  with oneexoand onesndoto the bowl. Variable-temperature
Rh(Il) centers to the same unit 86 flattens the bowl from NMR studies indicate\G¥,, for 117aand117bis 11.6 and
0.831t0 0.77 A. 12.2 kcal/mol, respectively. These values are very close to
Reaction of corannulene with different silver(l) salts, e.g., some simple corannulene derivatives {cble 5). Similarly,
AgClO,, AgOTf, and AgBFR, affords various corannulene treatment of a toluene solution @B with 1 equiv of Pt-
complexes according to single-crystal structures analyses.(PE&)s from room temperature to 13 gives a mixture of
The reaction mixture of corannulene and silver(l) salt is used 118and 119, and the latter regioisomer was isolated as the
in a ratio 1:1, but the crystal packing motifs depend on the major product.
counteraniori® Complex116a ([Ag(CaH10)]ClO,) reveals . o
a 1D polymer with double-layer connectivity (Figure 11). 2.7.4. n"-Complexed Corannulenes and Their Derivatives
These polymers are packed into a zigzag pattern to minimize!l the Gas Phase

the free space. Each corannulene m0|ety is coordinated t0 Caraiman et al. studied the react|V|ty ofB10Fe" in the
two silver atoms through neighboring rim bonds. gas phase with small molecules, i.e;, Ny, CO;, CHy, CHo,

In contrast, crystals of complekl6b ([Ag(C2oH10)]OTH) CoH4, SO, CiDs, NH3, H,O, and CC* Complex GoHio-
display two unique silver environments in the solid-state Fe' is generated by the association reaction of ®éh the
packing. One corannulene ligand is coordinated to two silver corannulene vapor in a ratio of about 30:1. More interest-
atoms through neighboring rim bonds, and the secondingly, reactions of GgHioFe"™ with CO and NH generate
corannulene ligand is coordinated to two silver atoms through molecular ions for gH;oFe(CO}* and GoHioFe(NH)s".

the 1,2- and 5,6-positions. Furthermore, comylégbforms Becausej?-coordinated gFe" can add four molecules of
wave-like sheets, with each sheet stacked directly atop onCO and NH to form a complete 18-electron ligand field, it
another. is reasonable to propose that coordination of ke 120a

Yet different again from complef16b, complex116c and 120b takes place at the smaller corannulene curvature
[Ag2(Ca0H10)](BF4)2 contains two unique silver cations and in ann* mode (Chart 4). However, the relative stabilities of
two unique tetrafluoroborate anions but only one unique
corannulene moiety. The corannulene ligand is coordinatedChart 4
to four silver atoms through four of the five rim bonds. Three
of these contacts can be describediflsonds and the fourth LE
as ann'-bond. The packing pattern of complekl6c iy —| *
constitutes a nearly planar sheet with successive sheets /F
stacked one atop another. In all three complexes, no .0

statistically relevant deviation in the corannulene@bond OO
lengths is observed as a consequence of the coordination.
Although 7?-Pt(0)-complexed corannulene has not been 120a (L = CO)

yet prepared, Sakaki and co-workers predicted that B}¢PH 120b (L = NH)

(CaoH10) can be synthesized as a stable speigbeoretical
study of this compound indicates that Pt coordinates to

corannulene at aim position with»*> mode and that the  cationic GgHyFe™ at various binding sites resulting from
binding energy is 24.9 kcal/mol, which is similar to that of pET studies can be given as follows conwgxsite >
PH(PH)2(CoHa). concavex®-site > convexs’-site > concaven®-site &

More recently, Ayers et al. reported their study on the
reactivity of metal ions and corannulene and the possibility

Lee and Sharp reported the firstbonded corannulene  for preparation of multiple metal atom corannulene com-
complexes. Addition of Ni(CODR)to a mixture of bromo- plexes in the gas pha8&Gas-phase [M(&H10)] -molecule
corannulene3b) and PEfimmediately forms complek17a complexes are produced by covaporization of metal ion
(Scheme 33%° The structure ofl17awas confirmed by  sources, including Cr, Ti, UOAc, [CpFe{Bs)](PFs), and
single-crystal structure analysis. Compléd7b is also corannulene, with 532 nm laser light and detected using a
accessible fron85 and Pt(PEj),. In both complexes, the  TOF—MS. This procedure cannot provide efficient methods

2.7.3. Metal-Bonded Derivatives of Corannulene
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Scheme 34. Correlations between Structures and
Bowl-to-Bowl Inversion Energy

Class IA
O‘O Class Il
- 50 a8s,
Flattenting bowl QO Deeper bow! QO
Class IB Lower AG#n, Higher AG %y

D2
%

for production of multiple metal atom corannulene complexes
or complexes containing more than two corannulene mol-
ecules. Cr, Ti, and UOAc efficiently produce mono- and
dicorannulene complexes of the form M{Hi0)n™, with n

= 1, 2. However, metal oxides, TiCand UO'", are found

to produce monocorannulene complexes MkGo)™ with
high efficiency. Covaporization of [CpFe{Bs)](PFs) with
corannulene yields FefgHi0)™, CpFe(GoHig)*, and Fe-
(CaoH10)2T but no (GHe)Fe(GoHig)*. The binding energy

of the iron cation to corannulene (ca. 84 kcal/rfal} is

Wu and Siegel
Scheme 35. Synthesis of Sumanene (124)

A7

1) nBuLi, KOtBu,
BrCH,CH,Br

2) BuaSnCl
3) Cu(2-C4H3SCOy)

47%

syn-122 anti-122
cat. (PCy3),RuCl,=CHPh,
30% l CHy=CHj,
Y = )
—_—
-0

123 124

3. Sumanene

Sumanenel24) is another symmetric subunit ok&with
a bowl structure when expressed as its parent hydrocarbon
(C1H12). The FVP conditions are as of yet unknown for
obtaining this structuré Recently, Sakurai et al. provided
a new synthetic method to prepat@4 in solution under
mild conditions®” Similar to Lawton’s synthetic strategy for
corannulene, they first constructed the three-dimensional

suggested to be greater than its binding energy to benzendramework using tetrahedral3parbons and later aromatized

(ca. 37.8-44.7 kcal/mol§* but less than its binding energy
to cyclopentadiene (91 kcal/mdf Complexes M(GoH10)2™
should be a sandwich structure, and metal ion binds to
corannulene on the convex side in one of the oyfering
sites rather than on thg® interior site (cf 121in Chart 4).

2.8. Correlations between Structures and
Bowl-to-Bowl Inversion Energy ( AGHy)

The correlations between structures ahG,, can be
simply described as in Scheme 34 with a focus on bowl dept
being directly related to the height of the bowl inversion
barrier AG*,). Compounds of Class IA and Class IB (with
a benzene ring fused to a rim of corannulene), where the
bowl is more shallow than that found far lead in general
to a decrease oAG¥,, relative tol. In this class67cand
metalo-bonded derivatives of corannulene do not follow this
principle. In contrast, compounds of Class Il lead in general
to an increase oAG¥,, relative tol. As the distance between
two methylene groups in Class Il decreases, the additional
ring is more strained in the transition state to bowl inversion,
which in part explains the observation that the valuAGf,,
increases. Cyclopentacorannuleii8)(and acecorannulene
(75), with a direct connection between theri carbon atoms,
have the highestAG%,, within the simple annelated-
corannulene family. The lower values &fG*., for 1,2-
dihydrocyclopentdj,cldibenzofy,mcorannulene &8) and
indenocorannulene3? than 7375 can be also fitted to the
principle of Class I, i.e., the shallower bowl gives rise to
the lower inversion barrier.

In order to develop a quantitative structuienergy
relationship, Siegel and co-workers investigated the correla-
tion between bowl depth and barrier energy for some

h

corannulene derivatives and found that the relationship can

be empirically expressed as in eq 1. This simple quartic
equation provided a reasonable fit to the experimental
results!

[AG*inV = (bowl depth/0.87) x 11.5 kcal/mol] (1)

the structure oxidatively to obtain the designed product.
Trimerization of norbornadiene via an organotin compound
affordssyn andanti-122 (ratio 1:3) in a total yield of 47%
(Scheme 35). Treatment afyn122 with Cly(PCys).Ru=
CHPh under an atmospheric pressure of ethylene di28s
in 30% vyield by a ring-opening metathesis (ROM) and
subsequent ring-closing metathesis (RCM) reaction. Finally,
124 can be accessible frod23in 70% yield by oxidation
with DDQ.

Variable-temperature NMR of sumaneti&4in p-xylene-
dio solution reveals a barrier to inversisvG¥,,, of 19.6 kcal/
mol. The result suggests thaP4 is much more rigid than
corannulene. The molecular structurel@4 by X-ray crystal
structure analysis indicates significant bond alternation in
the hub six-membered ring to give the bond lengthslaf
andrib as 1.381 and 1.431 A, respectively (Table 21h

Table 11. Observed and Calculated Bond Lengths of 124

bond length crystal
A structure  B3LYP/6-31G**
rla 1.381 1.387
rib 1.431 1.433
r2 1.396 1.399
r3a 1.398 1.400
r3b 1.548 1.556
ra4 1.430 1.432

contrast, the bond lengths in the flank six-membered ring
(rla,r2, r3a) are almost identical except for a significantly
elongated rim bondr4). POAV analysis indicates that the
hub six carbons are pyramidalized to an extent of 9The
bowl depth is observed as 1.11 A. Molecule packing 24
is in a concaveconvex fashion to form a column, and every
column is present in the same direction. Each layer of the
column is stapled in a staggered fashion with a 3-fold axis.
Generation of mono-, di-, and trianions H24in THF-dg
depends on the amounts tBuLi used (Scheme 36¥.
Furthermore, the difference in chemical shifts betwerd
endo benzylic protons in124 is in the series dianiorr
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Scheme 36. Synthesis of Sumanene Derivative 125

SiMe,
Lit oLit aLi )
I T 0T e CED e,
.Oa QOG %@ MeBSi“‘ "'SiMeg
124 124-Li* 1242-2Li* 124%/3Li* 125
monoanion> free 124. On addition of 3 equiv otBulLi, crystals. Examples of type B include orthorhombic crystals
the trianion is considered to be generated and excess amountsf hemibuckminsterfullerenelR7, CsoH12),%? cyclopentac-
of Me;SiCl are introduced to the solution @24~/3Li* to orannulene 13, CyHig),%* twin corannulenel01% and

afford the tris(trimethylsilyl) derivativel25 as the sole  4,5,10,11-tetra(methoxycarbonyl)-9,12-diphenylindenocoran-
isomer. The trimethylsilyl group is introduced at tb&o nulene 05¢).%° Type C (not shown): Any of a number of
position with perfect selectivity, probably due to the steric arrangements devoid of columnar structure, some of which
demand. Three benzylic positions D24 are readily func- are polar but most not. Examples of type C include
tionalized via the corresponding carbanions to extend bowl- corannuleneX),%? 1,2-dihydrocyclopentéy,cdibenzof,m-

shape compounds. corannulened8),%> and pentakis(1,4-benzodithio)corannulene
(71d).4"
4. Molecular Packing of Bowls in the Solid State Consideration of the above classifications leads one to

, , ) . some speculations about how one might engineer crystal
Controlling the molecular stacking of polynucleic aromatic - forms within this family of bowl-shaped polynuclear aromat-
compounds in their crystal structures is an important topic ics, The molecule packing appears to depend on the size of
in supramolecular chemistfy. The 7—x interactions of  the powl surface area and the depth of the bowl with larger
planar aromatics have been well studied and anal§zed. 4ng deeper favoring types A and B. A large surface area

However, not as many crystal structures of bowl-shaped fayors types A and B due to strong-zx interactions. As

aromatic compounds are reported; therefore, the factorsghe aromatic molecule becomes smaller and smaller, the
necessary to form the bowl stacking are still not well known. mgjecule packing changes to Type C.

The molecule stacking and alignment of the bowl-shaped
aromatic compounds in the solid state affect the dipoles and5 Conclusions and Outlook
electronic propertie®d . . .

Summarizing the crystal structures of nine different curved  1he Synthesis, chemistry, and properties of polynuclear
aromatic compounds with regard to the possibility of bowl- aromatic molecular bo_wls are very interesting topics. Some
in-bowl stacking, one can classify them as belonging to three pf these compounds with strain structures have been prepared

different tvbes (Scheme 3P Tvoe A: bowl-in-bowl stacks N the solution phase. The most important advantages of this
ypes ( Typ synthetic technology rather than that with the FVP synthetic

Scheme 37. Schematic Presentations of Open Geodesic Bowl method are tolerances of functional groups and preparations

in Crystals on large scales. These great advances make a reasonable

N N N N N route to synthesize carbon tubes with homogeneous molec-

A2 A N N ular weight distributions. Additionally, modification of the

AN N N attached functional groups would easily change their physical

A A A, N A properties. Unlike planar aromatics, convex and concave
A B surfaces of molecule bowls provide different chemical and

physical environments. Control of crystal packing of mol-
where all columns are oriented toward the same direction ecule bowls to form perfect all bowlbowl stacking in the
resulting in polar crystals. Examples of type A include same direction will be another interesting topic in this field.
circumtrindene 126, CseH12, Chart 5§° and trigonal crystals It will be important for not only basic research in molecule
engineering, but also applications in materials science.

Chart 5
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