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1. Introduction
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Dietmar Kuck was born in 1949 in Bad Grund/Harz (Germany). He studied
chemistry from 1968 to 1972 at the University of Hamburg. During the
work for his doctoral thesis, he moved to the newly founded University of
Bielefeld to become one of the very first chemists building up the
department of chemistry there. He received his doctoral degree from
Bielefeld University in 1976 with Hans-Friedrich Grlitzmacher. Maturing
with the young university, he was appointed Akademischer Rat in 1979,
Oberrat in 1984, and Direktor in 1985. Through his habilitation at the
University of Paderborn in 1995 he started teaching as a Privatdozent
there, fully returned to Bielefeld in 2000 through an “Umhabilitation”, and
became an Augerplanmagiger Professor in 2002. His research interests
include gas-phase ion chemistry (hydrogen-exchange and scrambling
processes, ion thermochemistry, and reactivity) as studied by mass
spectrometry. He was a guest scientist in Nico M. M. Nibbering's group
at the University of Amsterdam in 1983 and awarded the Mattauch-Herzog
Prize for Mass Spectrometry of the German Society for Mass Spectrometry
(DGMS) in 1988. Synthesis work for mass spectrometry has led him to
his second field of research, development of a family of novel, nonnatural
polycyclic aromatic hydrocarbons, the “centropolyindanes”, and investiga-
tion of their solid-state structural and supramolecular chemistry. He has
authored and coauthored numerous original publications, review articles,
and book chapters in both fields.

Chemistry itself. Although, or rather because, the principles
of bonding between carbon atoms are well established,
research into the real limitations set by these principles, the
experimental accessibility, and the properties of individual
novel molecular architectures has been a fruitful field of
chemistry for many decades. Several telling reports can be
found in the literature on adventures undertaken to create
novel molecular architecture, including great successes and
pitfalls. Sometimes the successes are that more striking that
the limits of experimental feasibility appear to vanish, as

Research into the synthesis, analysis, and understanding>&€bach mentioned some time ago in the introduction of a
of unusual molecular structures is as old as Organic review! On the other hand, rumor has it from time to time
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that the “science of organic synthesis” has become much
more comprehensive that great progress cannot be expected
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limits of inspiration, and in fact, the advent of new synthetic field.*®22 In this review, however, the structural features of
methods has repeatedly pushed molecular science to newthe centropolyindanes will be displayed in a systematic way
frontiers, opening fields of research that had never beenand their accessibility by, in several cases, independent
expected to emerge before. Wittig's “idyll” accessed through syntheses will be discussed. Moreover, the versatility of the
diyls and ylides was not only a game of wofdEhe present  synthesis routes and structural extension and functionalization
review will demonstrate that the combination of “conven- will be demonstrated including various recent examples. At
tional” and “modern” tools of synthesis has opened and will the beginning, however, the relations and contrasts of centro-
further open many fruitful seasons of organic chemistry, and polyindane chemistry to the chemistry of the nonbenzoanne-
it may add a fascinating facet to the wealth of novel lated analogues, the centropolyquinanes and centropoly-
molecular architecture, as documented in several recent bookgjuinacenes, will be outlined and some clues mentioned con-
and survey$:® cerning the peculiarities of the five-membered carbocycles
This review is focused on the development, properties, in geometrical and organic structures. At the end, in turn,
and potentials of a novel family of nonnatural compounds several perspectives and a first result will be presented which
based on an old structural motif of organic chemistry, viz. suggest that the centropolyindane chemistry could become
indane. On one hand, the indane unit has preserved a livelya starting point to completely novel supramolecular aggre-
role as an ubiquitous building block in various kinds of gates and supermolecular carbocyclic architectures.
natural and nonnatural organic structufe©n the other
hand, however, a very particular stimulus lies in the com- 2 Three-Dimensional Cyclopentanoid
bination of the two different moieties of the indane unit, viz. Hydrocarbons _A Retrospect
the cyclopentane ring with its peculiar 5-fold symmétry’
and the benzene ring with its strictly planar geometry, high ~ Numerous efforts and inspiring achievements were re-
stability, and chemical versatility, all this offering a high ported in the past four decades concerning the construction
potential for nonnatural molecular design. The basic concept Of polycyclic carbon frameworks containing two or several
is illustrated in Figure 1: Two or several indane units can mutually annelated cyclopentane or cyclopentene rings. The
motifs were manifold, and several extended reviews have
+z documented thig*2° The spirocyclic diquinane hydrocar-
bons, i.e., spiro[4.4]nonane and its derivatives, have attracted
g much attention as peculiarities in natural compounds and as
/ artificial frameworks of theoretical interest to study, for
example, spiroconjugation in spiro[4.4]nona-2,4,5,7-tet-
raene® Besides spiroannelation, fusion of two cyclopentane
-y rings at one common or about two commor-C bonds to
give the bicyclo[3.3.0]octane or, respectively, the bicyclo-
Z [2.2.1]heptane (norbornane) skeleton are long and well
N /\(/\ known?® It may be worth noting at this point that the strain
-x m \ +x energy difference between thes and trans isomers of
=~ \)\) bicyclo[3.3.0]octane was determined by experiment as early
as 1936'-32and that good accordance was found much later
by molecular mechanics calculatiofisDevelopment of
NS 4y propellane chemistry since Ginsburg’s pioneering work
comprised various studies on [3.3.3]propellatfeA. par-
/ \ ticular impact has been the first synthesis of triquinacene
reported by Woodward et & which triggered several long-
—+ standing efforts to provide improved syntheses of this proto-
typical triquinane tris(homotrienéy, 2 understand its elec-
. tronic nature’>4" and perform its dimerization to penta-

Figure 1. Principle of construction: Up to six indane units, aligned gon._dOdesg?gegrggf' the latter go_al having never b_een
pairwise in opposite orientation along the Cartesian axes, can be?Ch'evedZ- 120285344553 Other outstanding landmarks in this
mutually fused to give the family of centropolyindanes. field of polyquinanes and polyquinenes were the success-
ful syntheses of the parent alis-[5.5.5.5]fenestrane
be annealed at their purely alicyclic<€ bonds to gen-  (“staurane”}* 58 and the related altis-[5.5.5.5]fenestra-
erate various three-dimensional frameworks bearing the 2,5,8,11-tetraene and related staurane derivativésThe
aromatic rings stretched in different directions of the 3-space. most prominent motif for research into fenestranes has been
According to this concept, up to six indane units can be the challenge to flatten (“planarize”) the geometry of the
combined about a central carbon atom, or a neopentane coregentral, tetracoordinate carbon até#f Important variants
to form geometrically well-defined carbocyclic parent struc- of this theme comprised small-ring congeners, which have
tures: the centropolyindanes. As a consequence of the prin-become experimentally accessible down to [4.4.4.5]fenes-
ciple of construction, each of the aromatic rings is oriented tranes in the alkis serie§' 8 but also include the highly
into one of the six directions of the Cartesian coordinate strained cis,cis,cistrans stereoisomers of different ring
system and the spatial orientation of various functionalities, sizes?¢%
which can be attached to the parent scaffolds of the More highly but linearly fused polyquinanes represent
centropolyindanes, occupy well-defined parts of the 3-space.another variant of this extended the®é’-28The structural
The chemistry of the centropolyindane hydrocarbons has and thus chemical diversity is already rather complex by
been developed quite far, including their synthesis, and annealing a third cyclopentane ring to a bicyclo[3.3.0]octane
several reviews have appeared on particular aspects of thizunit.?2 The combination of constitutional and stereochemical




Three-Dimensional Hydrocarbon Cores: Centropolyindanes Chemical Reviews, 2006, Vol. 106, No. 12 4887

variability comes heavily into play herecis;endo,cis and turn, among the lower polygons, the pentagon represents the
cis;exqcis-triquinanes andcis;endo,cis;syn,engas- and closest building block by which the 2-D planar network of,
cis;exo,cis;syn,endais-tetraquinanes are only two combina- say, hexagons can be bent out of plane. Corannuléne (
tions of this complexity® Beyond the diverse derivatives Scheme 2}4 117 and the renaissance of its chemist¥ 122

of all-cis-fused polyquinanes, including pentaquinane-based

congener8* %8 the carbon framework of the linear aiis;all- Scheme 2. Threef]Circulenes: Corannulene (6), Coronene
endgsyn,anti,syn,syhexaquinand (Scheme 1), which has (7). and Pleiadannulene (8)

Scheme 1. Linear (1) and Some Cage Polyquinanes, 6 ‘l‘
Including the “Platonic” Congener, Dodecahedrane (5) | 0.0 0.0
2
6 7 8

: as well as the discovery ofeg; in particulart>'22and of the
. fullerene$?* and nanotubé® have put the geometrical
1 o peculiarity of the five-membered ring as a “bending block”
3 as the focus of attention. This means that introduction of

one single pentagon into the hexagonal network, or of one
single five-membered £Lnit into the graphitic plane of 3p

« hybidized carbon atoms, enforces the whole framework to
<ia = “ be bent out of plane. Corannulene represents the simplest
combination of five- and six-membered rings having this
5 4 property, and buckmisterfullerenesg"manifests the perfec-

tion of this principle, representing a closed, truly three-

been materialized in the form of a diketo¥eaepresents a dimensional framework. Thus, it is well known that 12
special case because it was envisaged as a most promisingentagons are required to close the scaffold of hexagons into
precursor of a straightforward route to dodecahedfaffe?® @ completely closed, “globular”, network. The transition from

Another variant of the polyquinane theme is polyquinane the truly two-dimensional system of mutually annealed
cage compounds. The variability of the cyclopentane ring is hexagons into the truly three-dimensional system of mutually
perplexing here as well: Four cyclopentane rings only make annealed pentagons and hexagons is comprised in Euler's
up the smallest carbon cage consisting exclusively of law (eq 1) of 17587 which interrelates the number of
cyclopentane rings: bisnoradamant&r{€sHi,).271°¢-18 The corners ), edgese), faces (x), and solids1fs) of polyhedra
isomeric [2.1.2.1]paddlan8 appears to have remained
hypothetical; apparently, it has never been made or dis- Ne—Net+tn—ng=1 1)
cussed specifically in the literatut& nevertheless, it would
represent another “smallest” cage tetraquinane, although itEuler's law can be transformed for the cases of polyhedra
contains a central cyclobutane ring. By contrast, trishomocu- containing the same or different polygons but bearing
bane4 (C11H14) is well known; with its six Cyc|opentane eXC|US|Ve|y “trivalent” corners, that IS, polyhedra in which
rings, it is the next larger and chiral congeAet:105198 The all of the vertexes have three and only three neighbors. The
best known of all cage po|yquinanes is pentagdndeca_ _Strlklng fOI’Imula which is valid for this SUbgrOUp of pOthedra
hedrane5 (CHz0). The syntheses of this largest Platonic is shown in eq 2
hydrocarbor-being the only “Platonic polyquinane’by
Paquette et dP° and Prinzbach et aF° represent a telling 3y +2n,+ng+0ng—n; =2z — ... =12 (2)
example of different and complementary approaches of total _ . . L
syntheses focused on targets of truly nonnatural compounds! Nis formuld®” applies to a tetrahedron, which is formed
chemistry. The chemistry of several highly interesting and from four triangles 6 = 4), the cube, consisting of six
likewise aesthetical subunits of the dodecahedrane cage, sucRauares s = 6), and the dodecahedron, containing 12

as the bowl-shaped;§, Cie-, and Gg-hexaquinanes, is also pentagonsrs = 12). It also comprises the prisms, being built
known in much detaf527.28 from two equal parallel polygonsi(= 2) and a number of

n, = i squares or rectangles. Moreover, it shows that a
: “ : ” heptagon fused within a globular framework must be
3. Cyclopentane Units as “Bending Blocks compensated by an additional pentagon to keep the sphere
Five-membered building blocks bear the mystics of 5-fold closed and that incorporation of an octagon requires the
symmetry*!! The mathematical peculiarity of the regular presence of two additional pentagons. Finally, eq 2 is quite
pentagon and its inherent beauty has always inspired mankindelling with respect to the role of the hexagons: Introduction
more than squares and regular hexagons have. One reasoof six-membered rings into a closed globular framework of
for this lies in the fact that pentagons cannot be annealedtrivalent corners does not spoil the closed structure, and in
within the two-dimensional plane to form a complete “pave- turn, even a very large number of hexagons can never be
ment”, whereas the regular triangle, square, and hexagon allbbent into a closed sphere without incorporation of 12
can be used to construct purely two-dimensional net- pentagons into the network. It is well known that the
works. By contrast, attempts to mutually “annelate” regular structures of the fullerenes illustrate this topology, with
pentagons within the plane leads to “frustratidf’as do = 20 for Gso andng = 30 for Gy but ns = 12 throughout
attempts to pack regular dodecahedra in the 3-spada. the whole family. Thus, returning to organic chemistry, the
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relevance of Euler's law to the topological aspects of 4, Centropo/yquinanes

the polyhedranes is obvious. The Platonic hydrocarbons, . L .
i.e., the tetrahedrane derivatives, cubane and its many On the basis of the fascination of the extremely wide

congeners, and the dodecahedranes all fall into this cate-variability of polycyclic architecture, a conceptual, systematic
gory. Not only cubane and its derivativés 3 but also the theoretical overview was pub_llshed by Gund and Gund in
other prismane¥2 142 such as pentaprismaiié (viz., 2n 1981;* focusing on polycyclic hydrocarbon frameworks
+ns =10+ 2 = 12), do as well as does diademap& containing a cgntral carpon atom which is shqred by.al! of
(Viz., 33 + ns + 0 ns = 9 + 3 = 12), to give only a few th_e mdw@ual rings. Obviously, and not surprisingly, within
examples. this mul_tltude of the “centropolycyclane_:s" the “cen-
Thus, the role of the pentagon, or the cyclopentane ring tropolyqumanes” represented the most versaple group (Scheme
in orgar’1ic frameworks, is that of a,“bending block” (Scheme 3). Different from the subclasses comprising polycyclanes

2). One Gring induces a bowl-type deformation of the plane Scheme 3. Regular Centropolyquinanes: Spiro[4.4]Jnonane
made up. by @units, and two or severalsCings perpetuate (9), fuso-Diquinane (10), themonofus, difuso- and
the growing of the bowl. Corannulen€)(the [S]circulene,  ifuso-Centrotriquinanes (11—13), the trifuso- and

and its higher congeners are the most lucid example of#his.  tetrafusoCentrotetraquinanes (14 and 15),

By contrast, coronen€’) is a perfectly flat structufé®-145 Centropentaquinane (16), and Centrohexaquinane (17)
and pleiadannulene) is a saddle-shaped polycyct&: 148 H H,
It is obvious that these threa]Eirculenes, 7, and8, stand Q/j CD C@ éj *%‘
as prototypical structures for the incremental effects of the b § J

Cs, Cs, and G rings, respectively, in closed polyhedra 10 " 12 H
consisting of trivalent vertexes (cf. eq 2). Thus, bowl- and
saddle-type out-of-plane deformation are opposite and comple-
mentary to each other. The single-crystal X-ray structures "
of 6 and 8117146 in comparison to that of7,'*3 clearly
document this.

13
Partial or complete saturation of the otherwise fully 14

16 17
unsaturated carbon networks of thgcjrculenes has not

been studied systematically, and in fact, introduction of that contain four- and six-membered rings about the central
(formally) sp*-hybridized centers into the central ring of carhon atom (the “centropolyquadranes” and “centropoly-
these polycycles would increase not only the strain but sexanes®3), the molecular architecture of the centro-
also the variability of these systems. In contrast, efforts to polyquinanes benefits from the almost perfect steric fit of
(at least partially) saturate the molecular sphere @fe@d  flat, or nearly flat, cyclopentane rings fused into the C-C
its congeners have been performed in depth, and multi-triples of a neopentane unit. Obviously, this allows the
ple “exo” hydrogenation leads to variations in the bending formation of particularly low-strain centropolycyclic ar-
of the globular surfaceS?°? In turn, partially dehy-  yangements. In fact, besides the parepito- and ‘mono-
dro_genated dodecahedranes ha_ve been generated in fusd-diquinanes 9 and10), various ‘monofust, “ difusd-,
variety of ways>*"1%> and generation of fully unsaturated  and ‘“trifusg’-centrotriquinanesi(l, 12, and13, respectively),
Czo from highly or perbrominated dodecahedrane was mostly as derivatives of the parent hydrocarbons, are
achieved:>%1°7 known?42° To the best of our knowledge, there exists no
In general, use of cyclopentene and even cyclopentanereport on simple trifuso’-centrotetraquinanes of typ#4,
rings instead of fully unsaturatedsQ@nits in polycyclic whereas thetétrafusd-centrotetraquinane skeleto) is
carbon frameworks provides access to several variations ofknown very well. Of coursell represents the prototypical
the theme: Firstcis-hydrogenated five-membered rings member of the [3.3.3]propellané&?527 13 is the all€is-
increase the bending of the skeleton, and dodecahedrane anperhydrogenated parent of triquinacene and tafuso-
its fragments, such as;Ehexaquinane (peristylan&f Cy¢- centrotriquinane’-2"28and 15 constitutes the parent hydro-
hexaquinane, and their derivatives, are good examples of thiscarbon of alleis-[5.5.5.5]fenestrane¥: 5! The parent centro-
effect?>27Second, sphybridized carbons are indispensable polyquinane congeners beyond the isomerifuso- and
if it comes to a true extension of quasi-two-dimensional tetrafusecentrotetraquinanes, namely, centropentaquinane
networks into the third dimension. Third, chemical func- (16), and the largest member of the family, centrohexa-
tionalization of some or several inner atomic positions of quinane {7), have remained unknown by experiment.
the polycyclic framework is only possible via the corre-  Among the centrotriquinanes, the chemistry of triquinacene
sponding partially saturated derivatives. From this point of (18) and its derivatives is certainly developed most (Scheme
view, 15,16-dihydropyrenes may serve as probably the 4). Several syntheses of this parent hydrocarbon are
simplest example¥216°However, it appears that the most known3*42 The rigid, Cs,-symmetrical skeleton df8 with
striking application of the use of cyclopentene and cyclo- its three formally electronically isolated double bonds and
pentane rings as building blocks offering, at the same time, four bridgehead methyne groups has inspired many chemists
true extension of a quasi-two-dimensional polycyclic basis over the past four decades. As mentioned above, this started
into the 3-space and ample variability for functionalization with the early suggestion by Woodward et al. that dimer-
has materialized in the family of the centropolyquinanes and ization of 18 could offer a direct route to dodecahedr&he.
centropolyquinacenes. In this view, development of the Numerous efforts were invested to pursue this idea, including
centropolyindanes, i.e., the benzoannelated analogues of then approach by multiple aldol addition of tBg-symmetrical,
(“quintessential”) polycyclic hydrocarbons, is a logical and thus chiral, perhydroquinacenetridtieby Serratosa et
consequence of this concept, offering even more chemicalal.*® Besides the discussion on the long-assumed homocon-
potential. jugative interaction between the bonds of18%347 the
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Scheme 4. Some Derivatives dfifuso-Centrotriquinane and

tetrafusoCentrotetraquinane, Including Triquinacene (18)
and [5.5.5.5]Fenestratetraene (25), Respectively

R

20 (X = Ph)

Ko &

(o]

(cis,cis,cis,trans)

generation and properties of the triquinacene-10-yl cation
was put forward>16%162 Many bridgehead-functionalized
derivatives of triquinacene, such 48163168 3 few centro
substituted ones, e.@0,16%17%and peripherally functionalized
ones, e.g., the interesting @kohexaol22,'"* have been
described and studied, mainly with respect to their reactivity
toward complexation with metal carbonyl fragments, reduc-
tion, and elimination. The deprotonation/dehydrogenation
pathways ofl8 and some derivatives by use of superbases
have also been studied in great det&i’217® and the
existence of neutral acepentaleri&3)( having remained
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have been performed on the energetics and geometries of
the various even more strained stereoisomers in the [5.5.5.5]-
fenestrane seri€<;’® however, the parent hydrocarb@8

has remained elusive.

Synthesis of a cyclohexano-bridged tribenzotriquinacene,
29, and a cyclodecano analogue (“ellacene”) have been
reported, but in fact, thedeifuso-centrotetracyclanes have
remained among the very few in this group of simple
centropolycyclane$.42182.198.194t js highly remarkable that
centropentaquinanel§) and centrohexaquinan&®) have
remained unknown to date and that only one single derivative
of the former hydrocarbon is known, viz. centropentaquinanol
34 (Scheme 5%%° This alcohol was obtained in the course

Scheme 5. Some Precursors (30, 31, and 33) of the
“Simmons—Paquette Molecule” (35), Trispirane 32,
Hydroxycentropentaquinane 34 Obtained from 32, the
Elusive Centrohexaquinacene (36), and the Lowest
K5-Hydrocarbon Known, Benzocentrohexaquinane (37)

oW

30 (Cy,) 31 (Cy) 32 (C,) 33 (Cy)
OH ;t Q’§0):‘Q?
34 (C) 35 (Cy) 36 (Ty) 37 (o)

of considerable efforts to construct the parent centrohexa-
quinane 17, see below). Without any doubt, the centro-

elusive in condensed media, was demonstrated in the gadexacyclic framework ofL7 is the most elegant chemical

phas€el’” More recently, the azatriquinacenes, including the
parent, convex/concave heterocentropolyquinadehave

example for the topologically, or graph-theoretically, com-
plete and nonplanaKs graph, a network comprising five

attracted some attention because of the particularly exposeccompletely interconnected poiff%:2°7 Early molecular

basic nitrogen centéf8-180
Among the centrotetraquinanes, tie¢rafusoisomers are

mechanics calculatio?§ were focused on centrohexaquinane
17 and centrohexaquinace®®, and ab initio calculations

by far the most interesting compounds because of their have been reported @6 in connection with its hexabenzo
fenestrane-type molecular structure. Since the suggestion thaAnalogue, centrohexaindang7( see below§®® It may be

planarization or at least flattening of the valence geometry

noted here that synthetically accessible and highly annelated

of tetracoordinate carbon could possibly be achieved best atderivatives of centrohexaquinane and centrohexaquinacene,

the central carbon atom af.n.o.fjfenestranes, this particular

including a hexakis(cyclohexano)-annelated derivative of the

class of polycyclanes has gained much attention. Severallatter, will be described in the following sections.

syntheses of the parent, saturatedc&5.5.5.5]fenestrane
15 have been publisheéd;®® and the corresponding atis-
[5.5.5.5]fenestratetraers is also accessible by an elegant
route involving the Weiss reacticf.6* Remarkably, the
“trifuso-centrotriquinacenel8 and the tetrafusecentrotet-
raquinacene”25 reveal some interesting parallels: For

Before turning to the chemistry of the indane variants of
the centropolyquinanes, the centropolyindanes, representing
the focus of our own research, the enormous efforts to synthe-
size the parent centrohexaquinaf@)(should be highlighted
briefly (Scheme 5§%0.216-214 Attempted access to this com-
plex centrosymmetrical polycyclane was based on the inter-

example, the isomers bearing one of the three or, respectively esting [3.3.3]propellanetrion80, which was first prepared

four double bonds at a bridgehead position (“isotriquinacéhe”

by Conia et al. along a multistep rofé.218 Conversion of

and the corresponding higher congener, which may bethis 1,3,3-triketone via the related triskomethylene)

dubbed “isostauratetraeri@’ are both formed upon certain
elimination steps in their synthesis. Bridgehead functional-

derivative31 into the corresponding [3.3.3]propellane-tris-
(spirocyclopropaneB2 was feasible with good efficiency.

ization has been achieved not only with the lower congener Likewise, several (spirooxirane) analogues were synthe-

18 but also, albeit with less diversity, with the higher
congeneR5.182 An all-cis[5.5.5.5]fenestrane tetraketors(
“stauranetetrone”) is knowfr ! in analogy to triketon€1

in the triquinacene serig¢&*® to name only one of the
numerous derivatives of the homocyclic [5.5.5.5]fenes-
tranes'®19 The heterocyclic alkis-[5.5.5.5]-1-azafenes-
trane @7) has been synthesized recerifly Experimental
access to derivatives of the strairasl cis,cis,trang5.5.5.5]-
fenestrane28 has been reportéd® and extended studies

sized, including theCs-symmetrical triether33 and its

C, isomer?10-212.214 Unfortunately, the elegant concept to
smoothly induce skeletal isomerization of the [3.3.3]propel-
lane-tris(spirocyclopropanes) &2 and 33 to the centro-
hexacyclic frameworks turned out to be feasible only in
the case of the triethers, e.83, but not with the hydrocar-
bon32. Nevertheless, Lewis-acid (and Brgnsted acid) treat-
ment of 33 and its isomer enabled the first synthesis of a
graph-theoretically nonplanar organic compound having the
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Scheme 6. Regular Centropolyindanes: Lower Congeners, Including Triptindane (40), the Tribenzotriquinacenes (42 and 43),
and Fenestrindane (45), Are Presented as Cuttings of the Highest One, Centrohexaindane (47)

9 |
Co e By oo

Ks topology, viz. theCs-symmetrical trioxacentrohexaquinane centropolyindanes (cf. Figure 1). 23pirobiindane 38)22.22

35. With reference to the telling back-to-back communica- and its derivative®?-2*1 have been known for a long time
tions that appeared in 198%,24this unique, chiral triether ~ and are remarkable in the context of the centropolyindanes
has occasionally been called the “SimmeRaquette” for several reasons. Formally, and on average, that is, in
molecule. However, because of its unique role as a “math- thermal equilibrium, spiran@8 bears two benzene units
ematically interesting” hydrocarberand despite of its  arranged in a linear orientation along a common axis passing
preemptive reluctance to undergo ample and relevantthrough the central carbon and the middle of the outermost
derivatization—attempts to synthesize centrohexaquinine  peripheral arene €C bonds. Moreover, the planes of the
have not been completely abandoned. The closest approaclwo benzene rings lie at right angles with respect to each
to the parent hydrocarboh?, besides trietheB5, is the other. However, the conformational ground state88has
corresponding benzocentrohexaquin8mewhich was gen- a bent shape since both of the five-membered rings prefer
erated in subsequent, heavy-loss oxidative degradation stepan envelope form and force the benzene rings out-of-line
from the 3-fold benzoannelated congener (cf. Schemé'35). and out-of-plane with respect to the corresponding C
The elusive centrohexaquinace®®, being much more  moieties of the neopentane core. X-ray single-crystal struc-
interesting because of its six peripheral double bonds stickingtures of substituted 2 3pirobiindanes, such as the 1,1
out into 3-space in a rigorously orthogonal orientation, diketone o0f38, confirm this behavio??3

appears to be an even more challenging goal still. Similarly, monofusediindanes, such as the parent hydro-
carbon39, bear a conformationally flexible alicyclic frame-
5. Centropolyindanes work. The parent hydrocarbon has also been known for a

long time?#?including its solid-state molecular structi#g,
Conceptually, replacement of the saturated or unsaturatecbut not much attention has been paid to a geometrical
C; bridges in the centropolyquinanes and centropolyquinacenespeculiarity of its framework, which is in a way complemen-
by benzene units leads to the family of centropolyindanes tary to that of the 2,2spirobiindane framework of38
(Scheme 6). In fact, all chemical and mathematical featuresmentioned above. In fact, viewing the alternate possibility
that apply to the centropolyquinacenes, in particular, all thoseto bridge two G units of the neopentane core, it becomes
challenging ideas, are also valid for their benzoannelated obvious that, in the idealized structure, the two cyclopentene
analogs, the centropolyindanes. It is the author's hope thatrings and thus the two indane units3§ are mutually fused
the reader may appreciate this view at the end of this review. at right angles. Of course, in a realistic view, the two five-
membered rings both adopt envelope-type conformations by
5.1. Structural Aspects allowing for a partial turn about the common-C bond
(Figure 2a). Some repulsive interactions between the two
“Two” is not “several” and “oligo” is different from indane “wings” 0of39 may contribute to that distortion from
“poly”. Nevertheless, in this discussion of centropolyindane the ideal orthogonal orientation of the two indane moieties,
chemistry we start with the combination of two indane units and structure analyses &9 and its derivatives clearly
or by connecting two opposite pairs of methyl groups of the confirm this conformational behaviét324*Not surprisingly,
neopentane molecule, which represents the core motif of alla similar torsional effect is found in the corresponding
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complexes (see belo#w} but also by dynamic NMR
spectroscopy of several sterically hindered but form@ly
symmetrical triptindane derivativé®-253In the solid state,
the torsional angles of the-@&C—C—C units joined at the
central C-C bond of40 have been found to be in the range
of 23.4-24.2 2> thus clearly enhanced as compared to the
respective torsion around the central bonds in diindz®e
for which torsional G-C—C—C bond angles of 14°8and
16.5 about the central €C bond have been determin&d.
The marked increase of the torsion effect in the two
congener89and40is evident from a comparison of Figure
2a and 2b, which illustrates their molecular structures based
on the respective X-ray single-crystal structure anal§/Sés?

The so-called angular centrotriindangifusocentrotri-
indane41, was the first among all centropolyindanes syn-

Figure 2. Solid-state molecular struétures of the conformationally the5|zeq nour Iab(_)rator%?f‘Tms hydrocarbon is most easily
flexible centropolyindanes: (dyisodiindane 89, (b) triptindane ~ 2CCeSsible in multigram amounts, as are most of the other
(monofusecentrotriindane40), (c) difusocentrotriindane (angular ~ Centrotriindanes. Notably, several isomeric, irregular cen-
centrotriindane41), and (d) fenestrindanéstrafusecentrotetrain- trotriindanes with angularly fused indane wings had been
dane,45), as obtained from X-ray crystal structure analyses. The describeéP®>2%¢prior to our start into this field, which was
views along one of the central-€&C bonds are chosen such that triggered by an unexpected outcome of synthesis work per-
the similar degree of torsion about that axis in fbeodiindane  formed for model studies on gaseous radical cations by mass
s %y ) o ncreased orsion mOUSATINGANS  spectromeiny? <= Maybe ot surprisingly the same
idealized and realistic geometrical views hold for centrotri-
indane41 as those discussed for its ison#. Notably,41
contains one 2,2pirobiindane 38) and two monofuse
diindanes 89) at the same time. Thus, idealistically, the
parent hydrocarbon can be regarded as a T-shaped structure
%earing two benzene units fixed at a common axis and a
ird one at right angles to them. The real structurd bis
again distorted by the propensity of the three indane units
to adopt envelope conformations, giving rise to identical
torsion about the two common-€C bonds of the neopentane
core (Figure 2c). In fact, X-ray single-crystal structure
analysis of41revealed torsional angles in the range of 22.0
24.5 for the four inner G-C—C—C units at the two diindane
junctions (Figure 2¢3?° Again, it appears that fusion of three
rather than two indane units synergistically increases the
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“irregular” monofusediindane, that is, the formallg€,-sym-
metrical isomer of the formallZs-symmetrical hydrocarbon
39245246 The “irregular centropolyindanes” represent non-
regularly annelated relatives of the regular centropolyindanes
because at least one of the methyl carbons of the neopentan
core is part of a benzene unit. The simplest congeners of
the irregular centropolyindanes are the'ddnd 1,2-spiro-
biindaneg*’ Although we will not dwell further on the chem-
istry of the parent diindane members of the family of regular
centropolyindanes, it is worth noting that 2gpirobiindane
(38) and the regularmonofusediindane 89) represent
prototypical cases for building blocks that bear either a
formally linear and, respectively, &ormally orthogonal
combination of two benzene units within the same molecule. , .
These simple conformational features pertain in part to torsional effect on the central-€&C bonds in both of the
the regular centrotriindanes but, nota bene, not to all of them! centrotrindanesio and 41.
There are three regular centrotriindanes, and their chemistry The third congener among the centrotriindanes, tribenzo-
has been developed considerably during the past dec-triquinacene 42), is particular because it represents the
adest® 2123 The first regular centrotriindane is ti@&-sym- highest centropolyindane that can be constructed without
metrical tribenzo[3.3.3]propellané0, which was dubbed incorporating a complete neopentane core (cf. diindzfe
“triptindane” by H. W. Thompson, who described the first in contrast to spirobiindane8). Indirectly, this causes
synthesis of the parent hydrocarbon and some derivatives inproblems in the synthesis of this truly “parentifuso-
1966248249 Triptindane bears its three indane wings fused centrotriindane, which suffers from rather low efficiency (see
to only one of the four neopentane-C bonds. Nevertheless, below). However, theentromethyl derivative43 is much
from the idealized point of view, this way of mutual fusion more easily accessible and can be synthesized on a large
of three indane wings with the tetrahedral neopentane centerscale, but it is not only for this reason that its chemistry has
fixes the three benzene units along the three different axesbeen developed most among the centropolyindanes. The
of the Cartesian space. Again, it is obvious that in the X-ray molecular and crystal structures 426! and 4362
idealizedCs,-symmetrical conformation of the propellas@ reveal several interesting features: (1) Both of these unsub-
the planes of the three benzene rings are orientatetltb20  stitutedtrifuso-centrotriindanes exist as single, perfec@ly-
each other. It is less obvious but also a consequence of thesymmetrical conformers, and therefore, the three centr& C
construction principle of the centropolyindanes that, in the bonds are forced to adopt fully eclipsed conformations. (2)
idealized framework ofl0, the three indane axes cross each The Cs, symmetry of their molecular skeletons implies that
other at right angles. In reality, however, the three five- the vertical planes crossing the benzene rings and also the
membered rings ofl0 again perform identical synergistic three bridgehead-€H bonds are oriented 12@ each other.
distortions, resulting in a partial turn around the common (3) More interestingly, the X-ray analyses revealed that the
axis. Thus, in thermal equilibrium, triptindar® and its planes of the three remaining indane units of solid-si&e
derivatives exist in two conformational ground states, as form dihedral angles of 1F7 similar to those of42
confirmed by X-ray single-crystal structure analysis of the Accordingly, the three axes crossing both the central carbon
parent hydrocarbcP® and some chromiumtricarbonyl atom and the centers of the outer peripheral arer€cC
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bonds meet each other at the central carbon ati®he neopentane cores. According to the X-ray analysi44®’
case 0f43.262 This almost perfect orthogonal orientation of this does not give rise to a notable perturbation of the
the three indane units of the tribenzotriquinacene framework triquinacene geometry. Rather, the rigid tribenzotriquinacene
is illustrated on the basis of the X-ray structural data of the framework of44 forces the additional, bisecting indane unit
methyl derivative43 in Figure 3, which shows four views to adopt a planar conformation, leading to an ove@ll
symmetry of this centrotetraindane in the conformational

o < ground state (Figure 4a). Similar arguments hold for the
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Figure 3. Solid-state molecular structure oéntromethyltriben-
zotriquinacene43). The conformational rigidity of the molecule .
and orthogonal orientation of the three indane wings are reflected g re 4. Solid-state molecular structures of (a ariyl tifuso-
by (a) a side view, (b) a top view, (c) an axial view along one of - centrotetraindanedé) and (b and B centropentaindanet6). The
the indane units, and (d) a side view on one of the indane units. contormational rigidity of44 and46 can be recognized from the
. . . . . orientation of a benzhydrylic and a benzylic H atom in the former

of this particular building block. In particular, Figure 3a and  and the two benzhydrylic H atoms in the latter structure, being
3b reflects the perfec@s, symmetry of the convexconcave strictly opposite to each other in both cases.
structure, and Figure 3c and 3d stresses the orthogonal
orientation of the three indane wings 48. Besides their remaining next higher centropolyindane congeners: The
highly regular molecular structures, the intermolecular pack- presence of aCs,-symmetrical tribenzotriquinacene sub-
ing of 42 and 43 in the solid state is remarkable. In both framework in centropentaindanég) and centrohexaindane
cases, X-ray crystal structure analyses revealed that thesé€47) renders those larger molecular frameworks particularly
homologues crystallize in the same space grdrgm) and rigid, thus enforcing singleC,,- and Tq-symmetrical con-
that the molecules form co-parallel, i.e., unidirectionally formations (Figures 4b and 5).
oriented stacks of molecules. In each stack the convex surface Fenestrindane, the alis-tetrafusecentrotetraindanetf),
of each molecule fits perfectly into the concave surface of is again different. Whereas its chemistry has been developed
the next one, without any turn along the common molecular quite far and revealed many parallels to that of the triben-
and crystallographi€s;, axis. The rapport between equivalent zotriquinacenes, the structural properties of fenestrindane
atoms of adjacent molecules within the stacks of the “methyl resemble those of the lower, conformationally flexible
hat”, compoundt3, was found to be ca. 6.0 A (0.60 nfAf¥, centrotriindaneg0 and41 (Figure 2d). Thus, fenestrindane
but it decreases to 4.8 A (0.48 nm) within the stacks of the forms two ground-state conformations havigather than
“nor hat”, parent compound2.2%! |t is obvious that this the formal idealized,q symmetry. This has been shown by
particularly tight three-dimensional packing is the main X-ray single-crystal structure analysis of the parent hydro-
reason for the extremely high melting point of the lower carbor?®® and those of some 4-fold bridgehead-substituted
homologue42, viz. 390-391 °C (decomp.f8 and for its derivatives, such as the tetrabromo- and tetramethylfenes-
morphological appearance. Much different from the higher trindanes95 and187 (see Schemes 18 and 34§5°In fact,
homologue43, the nor-hat42 forms very long, thin, and  the synergistic torsion about the junctior-C bonds of the
brittle needles upon crystallization from hot toluene or fuscdiindane39 is perpetuated in the fenestrane skeleton
xylenes. By contrast, the methyl compoutlalready melts  of 45, containing fourcis-annelated diindane subunits. The
at 244 °C, and the next higher homologues, such as the eight torsional G-C—C—C bond angles about the four
centraethyl compound, melt considerably lower still (154 central C-C bonds in fenestrindane are all in the range of
°C).283 Numerous other derivatives bearing substituents at 19.6—-21.1°,>2%8petween that of the corresponding torsional
either the bridgeheads, the arene periphery, or both have beeangles in the likewise conformationally flexible centrodiin-
synthesized, but to date, the unidirectional stackingt®df  dane39 on one hand and those of the flexible centrotriin-
and43 has not been encountered in those c&%e$%255|t danest0and41 on the other. Thus, triptindam, containing
is noted that the X-ray single-crystal structure of triquinacene three diindane units fused at one single Cbond, exerts a
(18) revealed the sam@s, molecular symmetry but that the  significantly higher torsion than the centrotetraindatte
molecules pack pairwise in tilted face-to-face orientation and since the synergistic effect is most pronounced if concen-
without any stacking®® trated to one single €C bond in amonofusetriindane.

trifuso-Centrotetraindand4, the chemistry of which is Notably, introduction of substituents at the four bridgehead
much less elaborated than that of its lower congeA2end positions of45is feasible but sterically nontrivial since even
43, contains an additional indane unit fused to one of the each bridgehead-€H bond closely faces that of the opposite
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bridgehead CH grouping, giving rise to mutual repulsion. “massive” annelation of six indane rings at the central
Nevertheless, various substituents have been introduced aheopentane core ofi7. (1) Different from the lower
the four bridgehead positions 45.27°276In turn, this makes ~ centropolyindanes, centrohexaindane has a topologically
the centropolycyclic framework of fenestrindane very inter- nonplanarKs-type framework, like those of the (mostly
esting in view of the “quest for planar tetracoordinate hypothetical) centrohexaquinanes discussed above. (2) Since
carbon™ (1) It has been found by experiment that the it contains a total of four intermingled tribenzotriquinacene
presence of four bulky bridgehead substituents strongly units, this hydrocarbon exists as only one single ground-
increases the torsion of the four central fenestrareCC  state conformer and the conformation about the four central
bonds and that, in addition and in line with predictions by C—C bonds is perfectly eclipsed. (3) The overall carbon
Keese et al”-"8based on semiempirical calculations on the framework has the highest possible molecular symmetry, viz.
“simple” [5.5.5.5]fenestranes, it gives rise to a small but Ty, rendering the six benzene rings equivalent. (4) This is
significant flattening of the geometry at the central, tetra- confirmed by X-ray single-crystal analyses 4,283 which
coordinate carbon atom. Thus, the two nonbridgedQC  show that the six central -©€C—C bond angles are 109.47
bond angles in tetrabromofenestrinde@tewere found to (£ 0.25¥, in perfect agreement with the value (2028)

be 121.8 and those of the tetramethyl analogl@? to be expected for a true, undisturbedt4pybridized carbon ator#.
only marginally lower?2%° Admittedly, this is far from the  (5) More important, however, is the fact that the perf&gt
flattening effect achieved in the small-ring [4.4.4.5]- and symmetry of centrohexaindane implies that its thre€-2,2
[4.4.5.5]-fenestranes prepared by Agosta et’af3 and a spirobiindane units are oriented orthogonally to each other
substantial increase of this effect appears to be difficult. (2) and perfectly aligned with the three axes of the Cartesian
In addition, the facile functionalization at the bridgeheads coordinate system if the central carborddfis placed at its

of fenestrindane4®) offers the possibility to generate more origin (Figure 5). As a consequence, the two benzene units
highly unsaturated [5.5.5.5]fenestranes, such as the hypo-

thetical “fenestrindene”195 (cf. Scheme 3632 containing @ (@)
a fully unsaturated albeit nonaromatieslectron perimeter. " de D s

The corresponding dications and dianioll9§ and 197) L.

would have aromatic 8 and 14r-electron cores. According v ;

to the hypotheses on the “classical” MO bonding model by R
Hoffmann et al8364 the stronglyz-electron-withdrawing 7.® ] ’-_m“ £ ..
dicationic perimeter 0196 should give rise to considerable 44 A4

flattening at the central carbon atom. Early calculations on
the simpler, nonbenzoannelated [5.5.5.5]fenestrenes and thei.
doubly charged ions have been published but indicate only Figure 5. Solid-state molecular structure of centrohexainda (
partial flattening?’’-27° On the other hand, as compared to The view s_IlghtIy diverges from that on thg lower congenéds
the simple fenestranes and fenestrenes, benzoannelation i@nd46 in Figure 4 because of a turn by ca.*@bout the vertical
3 (propellane) axes.

fenestrindane and its derivatives strongly increases the
potential for experimental studies in this field. within each of the 2,2spirobiindane units are oriented T80
Centropentaindane),28%.281the second highest member to each other (with a dihedral angle of 9between their
of the centropolyindane family, can be regarded as a planes), and two benzene units belonging to different 2,2
fenestrindane bearing an additional indane wing which is spirobiindane units are oriented 9® each other (with a
fused into one of the two open-C—C edges of the dihedral angle of 120 between their planedj® Thus,
neopentane core. This annelation generates two mutuallycentronexaindane4y) may be considered a “Cartesian
fused tribenzotriquinacene units and, as discussed abovehexabenzene®containing six electronically independent but
renders the whole polycyclic framework extremely rigid. In  spatially completely fixed arene units pointing toward the
fact, X-ray single-crystal structure analysis4ffhas shown  six directions of the three-dimensional space. (5) Finally,
that the molecules adopt an almost perf@gtsymmetrical all of the polycyclic surfaces of centrohexaindane are
ground-state conformatidi! Since the intrinsic flexibility =~ concave. Therefore, there is a strong propensityt bto
of the fenestrindane skeleton is suppressed, the two remainingnclose solvent molecules. Ironically, the best X-ray structure
bridgehead €H bonds of46 are now forced to face each analyses have been obtained only recently with single crystals
other, and introduction of bridgehead substituents is much containing triethylamine op-xylene (Figure 5§23
more critical than in the case db. Nevertheless, even two ]
bromine atoms can be introduced, but the stability of 5.2. Syntheses of the Parent Centropolyindanes
dibromocentropentaindar@ (cf. Scheme 18) is strongly In this section experimental access to the parent cen-
reduced. Several derivatives of centropentainddéeare tropolyindanes and some selected derivatives will be dis-
known, including some in which the nonbenzoannelated edgecyssed. Different from many polyquinanes and polyquinacenes,
is bridged by other &units, such as an ethano or 1,2- j,e|yding triquinacene and the alicyclic and olefinic [5.5.5.5]-
ethanedione bridge. X-ray structure analysis of this dione, fenestranes, the syntheses of most of the parent centropoly-
237(cf. Scheme 45), has been performed and revealed, againinganes are relatively short and efficient and can be

the presence of an almost perf€gi-symmetrical framework  performed on multigram scales. Owing to the presence of
bearing a nearly planais-1,2-dione unit, the torsion of the  zromatic building blocks, the centropolyindanes readily form
O=C~C=0 angle being only 7' crystals upon precipitation from various solvents and are
Being the highest congener of the centropolyindanes, thestable compounds on standing even at open air for extended
carbon framework of centrohexaindad&)¢’%-?71.28contains periods of time. Not only because of the structural relation-
those of all the lower members of this family as subunits. ship but also from these more practical aspects, the cen-
There are quite a number of consequences of the particularlytropolyindanes may be considered similar to other families
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Scheme 7. First Synthesis of Triptindane (40) by Thompson
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of araliphatic polycyclic compounds, such as the ipty- 5.2.2. fuso-Diindane
cenes#28many (low-strain) cyclophan&$288 including

the speriphane®?2%3the truxened* 2% and, within a wider
view, the benzoannelated annuled€g8 Thus, it appears
reasonable to add some new insights and experiences to th
overviews that have appeared on the chemistry of the
centropolyindanes in genet&'and on specific topics within
this field192022.23]t js emphasized here that, as a general
experience, the solubility of most of the parent centropoly-

indanes in common organic solvents is better than often viz. the parent tribenzotriquinacend2j. An interesting

aLnticipated by (f:hemicalI intuition. Thils is Icertair:cly due to doubly bridgehead pustpull-substituted derivative 089
the presence of several concave molecular surfaces, espe- ; . : .
cially in the higher congeners (cf. Figures 4 and 5). was synthesized and studied with respect to the electronic

310 i -
Accordingly, the parent tribenzotriquinaceAg has by far te;{aegsof S}éh@g?:éﬁfig brce)zgght i:r;ﬁer?e\{c?;?\egrco)irr;%gno-
the lowest solubility since the concave side of this triindane P y

_ali 45 i i i i i
can be filled best by the convex side of the neighboring [2,1-alindenesi* however, this isomeric diindane and its

. X derivatives have to be considered “irregular” centropolyin-
molecule in the molecular stacks, as discussed above'danesﬂ’?‘”

Moreover, several multiply functionalized centropolyindanes,

in particular those bearing polar functional groups at the 52 3 Triptindane (Cs,-Tribenzo[3.3.3]propellane,

molecular periphery in a highly symmetrical manner, were monofuso-Centrotriindane)

found to be poorly soluble, and it may be suspected that , i o

some peculiar experimental limitations encountered in the . 1hompson’s synthesis of the parent triptindarb)(
course of this research have to be traced to unfavorableinvolved 2,2-dibenzyl-1-indanonés, bearmgz one elec-
solvation of (otherwise) transient aggregates formed during tronically activated benzyl group (Scheme 2#)2° The

The chemistry of théusodiindanes was developed early,
and cyclodehydration or bicyclodehydration method-
logy9-396-309 was applied in several cases. Diind8% a
etrahydroindeno[1,2]indene, represents a regular cen-
tropolyindane and was described by Baker et al. as early
195742 and later by ug®® Interestingly, the first authors
considered the possibility to extend the diindane skeleton
by another indane unit to generate a next higher congener,

certain chemical conversions. dehydrative 2-fold cyclization (bicyclodehydratidnwas
performed by heating the ketone in polyphosphoric acid,
5.2.1. 2,2-Spirobiindane yielding a mixture of the two regioisomeric methoxytript-

indanes49a and49hb. Removal of the substituent from the

Some brief remarks on the lowest members of the major isomer49a was achieved in a three-step process
centropolyindane family should be given first. Synthesis of involving hydrogenolysis of the tetrazolyl ethB0 as the
2,2-spirobiindane38 and its derivatives is well estab- final step. A more highly activated 2,2-dibenzyl-1-indanone
lished??°-241 The corresponding 1'/tliketones are accessible was also used successfully, whereas, notably, the unsubsti-
by use of classical cyclization techniques from the corre- tuted 2,2-dibenzyl-1-indanon&1) did not undergo cycliza-
sponding dibenzyl malonates or related precurd®rg+ 230 tion. Nevertheless, Thompson's strategy based on the
The chemistry of the isomeric 1,3-diketone and its derivatives 1-indanones proved to be very successful, in our hands, to
spans almost one centui¥?:>“°The pronounced propensity prepare a large variety of multiply methoxy- and/or methyl-
of 2,2-spirobiindane-1,1diols to undergo Grob fragmenta- substituted triptindanes (see beloi#}?53
tion has become evideft?3® it occurs markedly more A considerably more useful synthesis of the parent
readily than the Grob fragmentation of 1,3-indanecié1§%* triptindane 40) was found when dibenzyl-1,3-indanediones
The isomeric 1,%tspirodiindanes can be easily prepared as were used instead of dibenzyl-1-indanofég his modifica-
well but represent “irregular” centropolyindari€&3®Whereas  tion of Thompson’'s synthesis allowed us to prepare various
“mixed” 1,2 -spirobiindanes are not known, the related9,9 triptindane derivatives bearing functionalities at the benzylic
spirobifluorene, the centropolycyclic parent of the ver- positions, opening the way to more extended centropolyin-
spirenes?3%is well known and its derivatives investigated dane frameworks including centrohexaindai) (Moreover,
extensively in material sciencés. a large variety of further arene-substituted triptindanes has
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Scheme 8. Syntheses of Triptindane (40) and 9,10,11-Triptindanetrione (55)
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Scheme 9. Synthesis difuso-Centrotriindane (41)

LiAIH,, THF

_

quant.

H,PO,, xylene

92%

52 56 4

become accessible by use of this modification, again includ- (40), the isomeric angular centrotriindadé can be used to
ing methoxy-substituted derivativés:313 construct the highest congeners of the centropolyindane

In fact, when the easily accessible 2,2-dibenzyl-1,3-indane- family, viz., Centropentaindane and Ce_ntrOhexaind46a(1_d
dione52is heated in polyphosphoric acid, triptindan-9-one 47, see below). Isomemtlfusocentrot_rundanes, synthesized
(53) is formed with high efficiency and isolated in excellent by Ten Hoeve and Wynbe#§>?**which have to be class-
yield (Scheme 8). It is assumed that electronic activation ified as irregular congeners due to reversed orientation of
operates this time within the electrophilic moiety of the the additional indane wings, have already been mentioned
precursor keton&2. Hydrogenolysis 063 yields the parent above.

triptindane 0) which, in the overall sequence starting from 5 2 5. Tribenzotriquinacenes (trifuso-Centrotriindanes)
1,3-indanedione, is readily accessible and on a relatively large . .
The Cs,-symmetrical skeleton of the parent tribenzo-

scale. Moreover, two-step oxidation 8, including benzylic o L
b g 4 triquinacene4?2, can be constructed in different waipg:34

bromination to54 and Kornblum oxidation of the product, ¢ v th iabl |
yields the corresponding triketone, 9,10,11-triptindanetrione Unfortunately, these are not very viable but probably more
so than the 3-fold benzoannelation of the parent cen-

(55), a highly interesting and versatile, nonenolizallg,-

symmetrical 1,3,3tricarbonyl compound of relatively low  roPolyquinacene 18—a reaction which has never been
solubility. reported in the literature whereas syntheses of the singly and

doubly benzoannelated triquinacenes h#9el° However,
5.2.4. Angular Centrotriindane (difuso-Centrotriindane) the first access to the parent tribenzotriquinacene is particu-
larly short (Scheme 1% In analogy to the synthesis of
Two-fold reduction of 2,2-dibenzyl-1,3-indanediob2to centrotriindanetl, 2-benzhydryl-1,3-indandionéT),320:321
the corresponding 1,3-indanediéb opens the way for  can easily be reduced to the corresponding 1,3-indanediol
another bicyclodehydration: By heati®@ with orthophos- 58. Again, exposure to dehydration conditions effects 2-fold
phoric acid in xylene, th&,-symmetricaldifuso-centrotri- cyclodehydration, giving the “nor-hat” hydrocarbd? in
indane 41 is formed in high efficiency and isolated in low yield. The major product, however, of this reaction is a
excellent yield (Scheme 954301 This 2-fold cyclodehydra-  singly cyclized isomet$3314which is probably formed due
tion appears to be straightforward but may be mechanistically to rapid 1,2-elimination of water frors8.
rather complex. Use of other acids as catalysts, such as An alternative route to the parent tribenzotriquinacet2 (
p-toluenesulfonic acid and Amberlyst 15, gives rise to starts from théusodiindanones9 (Scheme 11). This ketone
products which point to the intermediacy of a Grob frag- can be readily prepared in three steps from cinnamic acid,
mentation of the 1,3-diol groupir§*27+3%Use of HPO,, benzene, and benzaldehyde, as described by Bakefr%t al.
however, has proven highly advantageous not only in the These authors also reported that two isomeric but stereo-
case of the parent centrotriindarel but also in the chemically undefined alcohols were obtained from ketone
many related cases, including those in which the two benzyl 59 upon reduction. Interestingly, the authors also found that
groups are part of a spiroannelated cyclohexane ring andnone of these alcohols formed a symmetrical hydrocarbon
where the 2-fold cyclodehydration gives rise to a [5.5.5.6]- (the putative42) upon treatment with acidic catalysts, such
fenestrane (see below). Furthermore, similar to triptindane as copper(ll) sulfate. However, our later mass spectrometric
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Scheme 10. Synthesis of Tribenzotriquinacendr{fuso-Centrotriindane, 42)

OH H4PO,
H,, Raney-Ni O’ A, chlorobenzene
—_— —_—
50-70% 1%
on ()
57 58 (all-cis) 42

Scheme 11. Alternative Syntheses of Tribenzotriquinacenerifuso-Centrotriindane, 42)

O 1. LDA, PhSSPh
2. MCPBA

H 3. A, toluene

(38 % overall)
H

59 (rac)

[0}

LiAIH,, Et,0

o Ph,CHOH
PTSA, benzene
Me
90%

43

analysis of one of these diindanols, v&3, unequivocally

61 (rac)

60-83%

LiAlH,, dioxane
(2 steps)
H,PO,

A toluene @
57% O’ﬂo

62

H

xylenes
..... - .

30-33%
28

66a (cis,trans)

66b (all-cis)

68

AlMe;, toluene
hexane

94%

The first much shorter synthesis 42 has been used to

proved its stereochemistry: This isomer undergoes anprepare several tribenzotriquinacenes bearing alkyl groups
extremely facile water loss from the molecular radical cations at the central bridgehead. Besides the “methyl héd;

under electron ionization (EI) conditions, which is only
possible if the hydroxyl group is situated in andoand the
phenyl group in arexoposition of the diindane skeletdit:

Thus, the reason for the previously reported lack of cyclo-

dehydration of the two isomeric alcohols, i.63 and its

mentioned above and some of its higher homologues, the
benzyl and even benzhydryl analogues have been de-
scribed?®® Since thecentromethyl derivative, “10-methyl-
tribenzotriquinacene”43), and the tetramethyl derivative,
“1,4,7,10-tetramethyltribenzotriquinacesq), turned out to

epimer, became obvious. As a consequence, the stereochenbe of particular importance, synthesis of these special

istry of the benzhydrylic position of C-10 in diindanob8

centrotriindanes is displayed here (Scheme 12). The synthesis

had to be inverted. This was achieved by a dehydrogenation/of 43 follows the same line as that of the “nor-hat2:
rehydrogenation sequence involving a mixture of isomeric 2-Benzhydrylindanedioné5, obtained by condensation of

diindenones0aand60b (Scheme 113 Stepwise reduction

by joint hydrogenation of these isomers to the “inverted”

diindanone61, followed by alanate reduction gave a third,
previously unknown diindanol, viz2. In fact, this stere-

oisomer exhibited only minor water loss under EI conditions,

and subsequent cyclodehydratior6@ffurnished the desired
parent tribenzotriquinacend?, in useful overall yield$*

2-methyl-1,3-indanedione64)3?? and benzhydrol, is con-
verted to the corresponding benzhydrylindanediols, which
are obtained as a mixture of two diastereom@és and
66h.253 Cyclodehydration of these indanediols under standard
conditions gives the monomethyltribenzotriquinacdBén
moderate but highly useful yield. The bicyclodehydration
step can easily be performed on the 100-g scale and affords
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Scheme 13. Syntheses dfifuso-Centrotetraindane (44)

o 0 NaH, DMF H,PO,
PhCH,Br A, toluene
— ———
46% 67%
69 72
i CHO LiAIH,, THF | 81%
O H ‘ I (see text)
75 74
H,PO,
A, toluene
-
51%
61 76 44 73

the hydrocarbon as a nicely crystallizing material, which has and ironically, its feasibility stands in sharp contrast to
been subjected to a very large variety of derivatization the lack of bicyclodehydration of dibenzylindandiobé&
reactions. One of the most important transformations of the (cf. Scheme 7§23

“methyl hat” 43 is the bromination to give the tribromo )

derivative 67 in virtually quantitative yield’* Subsequent  9.2.7. Fenestrindane (Tetrabenzo[5.5.5.5]fenestrane,
quenching of the tribromide with trimethyl aluminum yields ~fetrafuso-Centrotetraindane)

tetrgmgthyl;riben.zotriquinacerﬁs, another highly versatile Synthesis of fenestrindandd), the formally Dog-sym-
derivative in which all of the otherwise very reactive metrical isomer ofrifuso-centrotriindanel4, comprises nine
benzhydrylic bridgehead positions are turned inert toward steps starting from 1,3-indanedion&7).2683°1 Although it
most reactions conditiort§? is one of the longest syntheses of the parent centropolyin-
. . danes, fenestrindane can be made in multigram amounts and
5.2.6. trifuso-Centrotetraindane represents a highly versatile key compound. Major parts of
Assembly of theC-symmetrical centrotetraindadd does the synthesis strategy have also been applied to the prep-
not suffer from low yields in certain steps but is, nevertheless, aration of various functionalized areno-annelated [5.5.5.6]-
somewhat lengthy and cumbersome. Two alternative routesfenestrane®> 327
have been developed which both start fréusodiindane The first spiro axis of the target fenestrindane is provided
derivatives (Scheme 133 Sequential introduction of a by the 2-fold Michael addition of 1,3-indanediong7) to
benzyl group and a phenyl group into diindanedié®ean dibenzylideneaceton&®). This reaction represents the key
interesting but somewhat delicate-to-prepare building block, to our fenestrane synthesis and was studied previously in
which was also described by Baker, McOmie et*aland depth by Freimanis et &2 3% and Ten Hoeve and Wyn-
later by Allen et al3?* via diketone70 gives the aldol-type  berg®®331.3%2in quite different contexts. Notably, the latter
diindaneketol71 containing all carbon atoms necessary to researchers devoted their work intensely to the progress along
construct the target centrotetraindade Remarkably, the  “the long and winding road to planar carbofi®.The early
corresponding diindanedidl4 derived from71 does not investigations revealed that ttrans-diphenylspirotriketone
undergo 2-fold cyclodehydration to the target centrotetrain- 79 is formed under kinetic control whereas tbis isomer
dane44. Rather, and again in contrast to the 1,3-indane- 80 is the product of thermodynamic control (Scheme 14).
diols 56, 58, and 66, it suffers Grob fragmentation under Because of its stereochemistry, the forrspiro-fused 1,3-
standard cyclodehydration conditions, yielding the indene- indanedione appeared particularly well suited for application
based benzaldehyd#s.322 Fortunately, however, stepwise of our double cyclodehydration (bicyclodehydration) meth-
conversion of ketol71 by single cyclodehydration to the odology described above. Lively suggestions to extend our

difusocentrotriindanoner2, followed by reduction to73 fenestrane syntheses on the basis of organocatalyzed and
and another (single) cyclodehydration, gdsi®uso-centro- enantioselective spiroannelation have been published re-
tetraindane44 in moderate yield. As an alternative to the cently333:334

first route via diindanolonerl, the “inverted” fusodiin- In fact, as depicted briefly in Scheme 15, reduction of the

danone6l discussed above (cf. Scheme 11) can be benzy-trans-diphenylspirotriketon&9 to the corresponding triols
lated and the resulting diindanoii@ subjected to bicyclo- 81, obtained as a mixture of stereoisomers, and subsequent
dehydration in polyphosphoric acid. This single-step reaction treatment of the latter spiro compounds with orthophosphoric
affords the target centrotetraindadd in moderate vyield, acid generates the [5.5.5.6]fenestrane framework in excellent
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Scheme 14. First Step of the Synthesis of Benzoannelated
[5.5.5.6]- and [5.5.5.5]Fenestranes: Kinetic and

Thermodynamic Control on the Synthesis oftrans- and
cis-Diphenylspirotriketones 79 and 80

O O
X %
+
HOAC I& 77 © 78 ‘lNaOMe

@

79 (trans) 80 (cis)

efficiency. Interestingly, the cyclohexanol functionality
present irB1 survives under the cyclodehydration conditions
and the respective tribenzo[5.5.5.6]fenestranol (not shown)
can be subsequently oxidized to give the [5.5.5.6]fenestra-
none 82 in high yield?68301 The same ketone is easily
obtained also by an alternative three-step synthesis, whic
also starts from triketon&9 but involves selective acetal-
ization of the cyclohexanone moiety followed by reduction
of the indanedione functionalities and combined 2-fold
cyclodehydration and deacetalization as the final teRing
contraction of the [5.5.5.6]fenestrano82is achieved with
high efficiency by o,a’-dibromination and subsequent
Favorskii rearrangement to give the tribenzo[5.5.5.5]fenes-
trene carboxylic acid83. Decarboxylation of the latter
compound to fenestrer@ is then followed by a two-step
benzoannelation procedure using Raasch’s redgeand
dissolving metal reducticf®37in the final step furnished

all-cis-fenestrindanel5 in good yields.

Ironically, it turned out later that thigans orientation of
the phenyl groups in the starting spirotriketof@es, in fact,

Kuck

also feasible by starting from the respectivis-diphenyl
isomers*8:339Thus, thecis-diphenylspirotriketon&0 can be
subjected to the same two alternative procedures described
above for79. This is illustrated by displaying the alternative
route involving acetalization (Scheme 16). Two-step ketal-
ization/reduction o0 furnishes the dispirodioB5, which
undergoes cyclodehydration and concomitant hydrolysis to
give the cis,cis,cis,trangribenzo[5.5.5.6]fenestranongs.
This and related strained fenestranone stereoisomers can be
epimerized to the more stable alknsfenestranones, such
as82, under various basic conditions. For example, Welff
Kishner reduction of keton86 under various conditions,
including decomposition of the correspondioig,cis,cis,-
transfenestrane hydrazone with KOtBu in DMSO at 2D,
yields the alleis-[5.5.5.6]fenestran88 as the single stere-
oisomer. Reduction of the corresponding dithiolane with
Raney nickel gives the same result. By contrast, Clemmensen
reduction of ketone86 as well as radical-induced reduc-
tion of its dithiolane derivative afford the stereospecific
conversion to theis,cis,cistrans[5.5.5.6]fenestran8&7 in
good yields (Scheme 16). As one consequence of these
findings, the synthesis of fenestrindanes has turned out to
be considerably more flexible with respect to the stereo-
chemistry of the startingspiro-triketones than assumed
pinitially. On the other hand, the simple accessibility of the
cis,cis,cis,trangribenzo[5.5.5.6]fenestrane framework has led
us to attempts to conquer the field of benzoannelated
cis,cis,cis,trang5.5.5.5]fenestranes by experiment. However,
all efforts to achieve contraction of the six-membered ring
in 86 and its analogues have proved to be unsuccessful to
date§26,327

The strained stereoisom87 is a particularly interesting
compound. Notably, one of itsenzylicbridgehead €H
bonds, that is, that at the “strained bridgehead”, was found
to be more acidic than the twaenzhydrylidridgehead €H
bonds of87. In fact, X-ray single-crystal structure analysis
of fenestraneB7 revealed a considerable flattening of the
geometry of both of the carbon atoms of tihensjunction,
leading to acidification of the benzylic €H bond and

not necessary. The second key step of the fenestraneopening of the central, nonbridged-C—C bond angle&833%°
synthesis, viz. 2-fold cyclodehydration of the diphenylspiro- Force-field and semiempirical calculations suggest that the

[cyclohexane-1,2indane]diol intermediates, such 8§, is

cis,cis,cigrans[5.5.5.5]fenestrane skeleton 87 is ca. 46

Scheme 15. Syntheses of FenestrindanetfafuscCentrotetraindane, 45)

79 (trans) 81

Cu, A

quinoline
—_—

35-50%

OH

1. H;PO,
A, xylene 1. Br,, AcOH
2. Cr(VI) 2. KOH, THF
p—— ——_ =
87% 60-72%
(2 steps) (2 steps)

75%
(2 steps)
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Scheme 16. Access to the Benzoannelateis,cis,cis,trang5.5.5.6]Fenestranes via theis-Diphenylspirotriketone 80, Facile
Isomerization to the All-cis Isomers, and the Hypothetical ‘epiFenestrindane” (89)

+ HO
1. DEG, H H,PO,
2. LIAIH,, THF 0 A, xylene
o B (0 A :
92% [e] 87%
(2 steps)
HO KOtBu, DMSO
20°C 74%
85 86 82
e.g., Zn/Hg, HCI e.g., N,H,-H,0
(see text) base (see text)
85% 73%
2 KOtBu, DMSO
) 20°C
86 _—
90%
89 "cis,cis,cis,trans- 87 (cis,cis,cis,trans) 88 (all-cis)

K fenestrindane" (hypothetical) /

Scheme 17. Syntheses of Centropentaindane (46)

AlBr;, benzene
25°C,7d

88%
(2 steps)

1. LIAIH,, THF
2. H;PO,
A, benzene
22%
(2 steps)
92 46
kJ mol? less stable than the atis isomer 88. The indanedione91, which is easily obtained from indanedione
corresponding energy difference between the hypothetical 77 or the halfway intermediaté7 (cf. Scheme 10) by use
cis,cis,cis,trandenestrindan@9 and allcis-fenestrindand5 of an excess of benzhydr Reduction of this overcrowded

was calculated to be ca. 145 kJ mbin favor of the latter diketone to the corresponding 1,3-indanediol (not shown)
and in accordance with previous calculations on simple takes place in very good yield, and subsequent bicyclode-
fenestrane$’"®Thus, it appears highly questionable whether hydration of the diol gives theentrosubstituted benzhy-

the challenge to genera8® will ever be mastered. dryltribenzotriquinacen®2 in (understandably) low yield
, (26%)2%3 In the final step, Pd-catalyzed 2-fold cyclodehy-
5.2.8. Centropentaindane drogenation of hydrocarbd®? at high temperature affords

The simplest, albeit somewhat delicate, synthesis of the target centropolyindanés in relatively good yield but
centropentaindandg) starts from thalifusocentrotrindane ~ admittedly, low amounts. Interestingly, the lability of the
41 (Scheme 1738%281The underlying strategy was adapted C*""*~CHPh of 92 bond is reflected by the probably
from the previously developed first synthesis of centro- radical-induced fragmentation followed by hydrogenation to
hexaindane 47, see below). Four-fold bromination afl give, eventually, diphenylmethane and tribenzotriquinacene
gives a mixture of stereoisomeric tetrabromi®&s which, (42) as byproduct§?-
despite their propensity to decompose, can be reacted with .
benzene at ambient temperature to give centropentaindane’,"-'z'g' Centrohexaindane
46, in excellent yield. An alternative route to the second-  The highest member of the centropolyindane family,
highest centropolyindane starts from 2,2-di(benzhydryl)-1,3- centrohexaindane4{), can be synthesized by three inde-
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Scheme 18. Syntheses of Centrohexaindane (47): Last Steps of (a) the “Propellane Route”, (b) the “Broken-Fenestrane Route”,
(c) the “Fenestrane Route”, and (d) the “Triquinacene Route” (see text)

(a)

0 00 PhLi

|
') A, Et,O/benzene
G0

55

benzene, AlBr,
25°C

57%
(2 steps)

80°C

(

d)
O benzene, AlBr, O Pd/C
Br. % Br 80 °C % 500 °C
—_— —_—
SO OO
Br O
96

67

47

pendent sequences: the “propellane route”, “fenestrane Thebroken-fenestrane rou{&cheme 18b) is by only one
route”, and “broken-fenestrane routé®.Beyond this there  single step less short than the propellane route. Its seven-
is a fourth approach, the *“triquinacene route”, which, step sequence starting from/ involves difusocentrot-
however, has not been viable so far on a preparative scaleriquinane 41), representing a broken fenestrane due to the

All these syntheses have been discussed in détdiljt the lack of one piece of the “window”, and centropentaindane
last and crucial steps of each will be presented and contrasted46), the syntheses of which have been described above.
in the order of their efficiency here (Scheme 18). Careful bromination of the latter congener at its two rigidly

The propellane routg Scheme 18a) provides the shortest fixed bridgehead positions yields the highly sensitive dibro-
access to centrohexaindane. Starting, once again, from 1,3mide 94 which, under similarly mild conditions as those
indanedione {7), it comprises only six steps. As discussed applied to the conversion of tetrabromiélé to centropen-
above, triptindane-9,10,11-trion85) can be prepared from  taindane, reacts with benzene in the presence of aluminum
77 in four steps and in multigram amounts. Still, it appears tribromide to give centrohexaindan&/] in 57% yield, which
striking that this triketone undergoes 3-fold addition of is quite satisfactory in view of the sensitivity of dibromide
nucleophiles, despite the crowded situation at the top of the 94.2* The total yield of the broken-fenestrane route is
[3.3.3]propellane skeleton and the otherwise fragile aldolate- considerably higher than that of the propellane route, viz.
type species that have to be formed as intermediates.40% starting from77.

Phenyllithium adds thrice when the reaction is run in  Thefenestrane routéScheme 18c), which paved the way
nonpolar ether/benzene mixtures. Treatment of the crudeto centrohexaindane for the first tiM&is based on altis-
product mixture containing chiefly but not exclusively the fenestrindane 45) in its last two steps. Similar to the
Cs-symmetrical addition product, triptindanetri®B, with tribenzotriquinacene42 and43, fenestrindane can be readily
orthophosphoric acid in xylenes at reflux affords the target brominated at its four bridgehead positions to give another
centropolyindand?in 40% yield starting from triketong5 highly crowded centropolyindane, theadBh3,12kn, 16k5-

and in 25% overall yield based on 1,3-indanedion®.( tetrabromo derivativ®5 possessing altis-stereochemistry
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still. Owing to the conformational flexibility of the fenes- (a) (b) HE zuliz
traindane framework and in contrast to dibromi@é, .'o‘; / 'o»
tetrabromide5is a stable compound which can be converted Q ‘Q X O . Q

to a large number of derivatives (cf. Scheme 34), just one v

of which is centrohexaindand?). In fact, treatment 085 YoOYY (rac)

with aluminum tribromide in benzene affords a strikingly —# x=v=me 98 (x=v=0me) 101 (Z=OH) —=103 (Z=Ny)
high yield (80%) of this most symmetrical among the b fi::.’}i”émg 2 e-o a2y~

topologically nonplanar hydrocarbotf&’°Starting from 1,3-
indanedione?7, the fenestrane route comprises 11 steps in

all and gives a comparably low (ca. 8%) overall yield. & &

Nevertheless, the last two steps furnish gram amoumns of

without problems. a Py n ®
Finally, thetriquinacene route(Scheme 18d) has to be -8 Ty .'

commented on. The key intermediates of this synthesis are h b o a

tribenzotriquinacene derivatives, starting from the most “ & a e &

versatilecentramethyl derivative43 and its tribromo deriva-

tive 67. Similar to dibromocentropentainda®d and tetra- 1% o

: ; ) ~ ; Figure 6. Two different types ofC;,- or Cs-symmetrical triptindane
bromofenestrindan@s, Friedel-Craits-type G-C coupling derivatives and axial views on two isomeric trihydroxytriptindanes

of trlbromotnber_120tr|qumacen§7 with benzene and othe_r belonging to these groups: (a) tris(phentdPand (b) tris(benzyl
more electron-rich arenes proceeds more or less réédily alcohol) 101, as calculated by molecular mechanics (MM
and enables introduction of the three additional aromatic rings
required for construction of the framework @f. In the ~ danes97 and98 have to be mentioned (Figure 5:>>*By
triphenyl derivative96 obtained in this way the central ~Wway of the synthesis strategy used, three substituents were
methyl group is considerably shielded by three aromatic forced to interact in the cavity of the tribenzopropellane
groups, but under high-temperature conditions, it does skeleton, increasing the torsion of the centrat@ bond.
undergo Pd-catalyzed 3-fold cyclodehydrogenation to gener-According to force-field calculations (Hyperchem MiMsee
ate the last-required-€C bonds of7, in formal analogy to also ref 253), the hexamethyl deriv@@éexhibits the highest
conversion of92 to 46. However, the particularly stable —structural perturbation due to repulsion of the three substit-
methyl G-H bonds, the poor accessibility of those by the uents facing each other. The six centrat€-C—C torsional
catalyst, and the extremely harsh reaction conditions requiredangles were calculated to be 35.2s compared to 21°2
give rise to very low yields, which were found to be 5% in for the parent triptindane40 (cf. the comparable data from
most favorable cases. Nevertheless, despite its very lowX-ray analysis, 23.424.2, discussed above). Dynamic
efficiency, the triquinacene route may gain importance in NMR studies were performed with the set of four hexasub-
other cases in which the centrohexaindane skeleton cannostituted triptindanes. By adapting Thompson’s original
be accessed though the other routes described above.  synthesis and, in particular, his demethoxylation strategy,
hexamethoxytriptindan®8 was converted into the corre-
5.3. Functionalization and Extension of the sponding tris(resorcino)propellan@9, which was found to
Centropolyindanes undergo the expected regioselective defunctionalization of
) i _ ) the outer hydroxyl groups. The corresponding tris(phenol)
‘Owing to their geometrically highly regular three- 100could be used as a precursor for capped triptindanes or
indanes at either the bridgehead positions or the outer,cations at the central propellane axis. Implications of unusual
“peripheral” positions of the aromatic rings offers great triptindane derivatives including a hypothetical access to a
potential for creating a variety of derivatives that bear several trihenzobullvalene and a topologically nonplanaallyl
functional groups in well-defined spatial orientation. Intro- :ation have been made in earlier rep@ais.340
duction of both bridgehead and arene functionalities is also  another type of symmetrical triptindane derivative has
conceivable in many variants and has already been achievethecome accessible from the above-mentioned mono-, di-, and
!n some instances. Furthermorg, extension of the Cer_‘tr‘)p?'y'triketones derived from the parent hydrocarbth Some
indane frameworks by annelation of further aromatic units systematic studies have been devoted to the functionalization
represents a special challenge since this could give rise togng extension of the polycyclic framework, among which
polycyclic skeletons that contain several extendeglectron  ne 3-fold conversions, i.e., those involving all of the indane
systems fixed at well-defined angles within the same \ings, are of highest interest. For example, simple reduction
molecule. Graphite cuttings bearing bowl- and saddle-shapedqs triptindanetriones5 by lithium aluminum hydride gives
polyquinane-based curvature have been designed, and evethe correspondings-symmetrical triol101, which can be
nanosized cage compounds may become accessible on thgpnyerted to the likewis€s-symmetrical triaminotriptindane
basis of centropolyindane chemistry. Part of the progress 104 via the corresponding tribromidk02 and triazide103
made in this direction will be presented in this section. In (Figure 6 and Scheme 13134 Chiral trifunctionalized
addition, beyond these various possibilities of “unimolecular propellanes of this type may become useful as templates for
design”, supramolecular assemblies of suitably functionalized ¢onstructing three-stranded polyfunctionalized helices offer-
centropolyindanes start getting into focus, and first results jng a novel, artificial chiral environment for enantioselective
will be reported at the end of this review. host/guest interactions.

- o Conversion of triptindanetriong5 into the trioximel05
5.3.1. Triptindane Derivatives was found to provide access to the 3-fold ring-expanded
Among the simple triptindane derivatives, tlg,-sym- [4.4.4]propellane trilactam@&06 representing, at the same
metrically substituted hexamethyl- and hexamethoxytriptin- time, a very unusual orthoamide. The molecular skeleton of
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Scheme 19. Syntheses and Conformations of Propellanes 104 and 106 from 9,10,11-Triptindanetrione (55)

1. SOBr, benzene
2. NaN,
3. LIAIH,/THF

O 00
LiAIH,, THF

Q.!HQ

H,NOH, OH,OH
NaOH/EtOH | quant. hll o
PPA, 140 °C
. Iy
37%

53%
(comb'd yield)

X
R S (/)
MeO OMe

107 OMe 108 MeO 109 OMe

1a. O,
MeOH/CH,Cl, COOMe
1b. Me,S ." Zn, AcOH .’W
107 — -
61% \ COOMe 79% O Ay
COOMe COOMe
11
1a. O,
MeOH/CHZCIz MeOOC, FOOMe cooMe
1b. MeZS Zn AcOH
109
25% MeOOC COOMeCOOMe 1%
MeOOC COOMe MeOOC COOMe

COOMe COOMe

106 avoids the heavy bond angle strain by undergoing methoxytriptindand.09was subjected to ozonolysis to give

extreme torsion about the propellane axis, viz. by Shaked the tris(muconic acid diestef)12 subsequent reduction of

on X-ray structure analysis (and%48&ccording to PM3 calcu-  which yielded the correspondin@s,-symmetrical [3.3.3]-

lations), and it appears to exist in an equilibrium of two static, propellatriene-based hexaestkt3 (Scheme 20). Related

Cs-symmetrical enantiomeric conformers (Scheme3t9¥+4 oligomethoxytriptindanes bearing carbonyl functions at C-9,
Recently, several new triptindane derivatives were syn- C-10, and/or C-11 have been synthesized and studied as

thesized bearlng several veratrole units instead of the S|mpIeWeII 319,345

benzene rings, motivated by the pertainiris ‘problem”, Extended triptindane frameworks have been reported in
that is, the quest for experimental access to the parenttwo different but structurally related aspects. Formal anne-
centrohexaquinan€el?) and, eventually, the parent centro- lation of three acenaphthene units was achieved by Dyker
hexaquinacene3f).?° Thus, triptindane407, 108 and109 et al3*63%0 ysing palladium-catalyzed condensation of
were prepared, and ozonolysis of their electron-rich veratrole acenaphthylenel@4) and 1,8-diiodonaphthalene to give
units was studied (Scheme 208}:3%%In fact, this type of acenaphth[1,2]acenaphthylenel(5. Another Pd-catalyzed
oxidative degradation turned out to be relatively controll- condensation, this time with 1-iodonaphthalene, gives rise
able in the case of the triptindanes, in contrast to most to incorporation of a third acenaphthene wing, yielding the
of the other veratrole analogues of the centropolyindanestris(peri-naphtho-annelated) [3.3.3]propellah&6 (Scheme
studied so fa!® For example, dimethoxytriptindan&07 21). The X-ray crystal structure df16 revealed not only
afforded the propellane-annelated muconic acid didst6r extreme elongation of the central propellaneCbond but
which could be reduced to the dibenzo[3.3.3]propellene- also interesting packing effects in the solid stfe3>°
based diacetic acid diestet1in moderate overall yield. In  Previous attempts by Alder et &t to generate the same
analogy, but with considerably lower efficiency, hexa- Cs-symmetrical propellan&l6by 2-fold addition of 1-naph-
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Scheme 21. Dyker’s Synthesis of the Tris(naphtho) Analogue 116 of Triptindane and Alder’s Surprising Reaction Found upon

Attempts To Prepare 116 from Dione 117
I I

) oS
Pd(OAc), DMF ﬁ
KOy, nBuNBY . O’ ,O
’ O
116

Scheme 22. Synthesis of Phenanthro Analogues 121, 123, and 126 of Triptindane from Its Benzylidene Derivatives and
Formation of Elassovalene Derivative 124

& .
I,, benzene
A propylene oxide
o -

120 121
O / O |2 benzene
A propylene oxide
O’ @Q > 31%) .'w ’l"
122 123 (9%) 124 (22%)

PYALO,/Ti
310°C
18%
125 126
thylmagnesium bromide to acenaphthene quinch&?)( positions. Triptindane-9,10-dione (not shown in Scheme 22)

followed by 2-fold cyclodehydration, did not yield the desired and even triptindane-9,10,11-trioreb| undergo addition of
propellane framework. Remarkably, the related reaction of up to two and, respectively, three equivalents of benzylmag-
117 with (1,2-dialin-4-yl)lithium produced the unexpected nesium bromide, and the resulting triptindane alcohols were
T-shaped polycycld 19 via the diolate1183%1 converted to the corresponding di- and tribenzylidenetript-
Even more extended triptindanes became accessible byindanes122 and 125 Photoinduced cyclodehydrogenation
application of a conventional aufbau strategy comprising (Mallory reaction) of the simple benzylidenetriptindatiz0
addition/elimination/cyclodehydrogenation sequences (Schemegives the (dibenzo)(monophenanthro)-annelated [3.3.3]pro-
22)34335%2 Thuys, triptindan-9-one5@) reacts with benzyl-  pellane121 in excellent yield, whereas the dibenzylidene
magnesium bromide in the expected manner, and theanaloguel22is converted into a mixture of the (monobenzo)-
resulting alcohol can be easily dehydrated to the correspond-(diphenanthro)[3.3.3]propellan&23 and the unexpected
ing stereoisomeric benzylidenetriptindari&®. However, it isomerl24, representing a highly condensed derivative of a
is mentioned here that a completely unexpected condensationscarce centrotricyclic hydrocarbon, elassovalene (2a,8b-
dehydrogenation reaction takes place when benzyllithium/ dihydrocyclopentfdlazulene)?>2355362 |rradiation of the
TMEDA is used instead of the Grignard reagé®®>*The highest analogue of this series, tribenzylidenetriptinde2te
reaction of53 with the former reagent converts the ben- under similar conditions does not yield any product of
zylidene group into a dihydronaphthalene unit, leading to cyclodehydrogenation. However, catalytic cyclodehydroge-
“peri-bridging” of the triptindane at its C-9 and C-10 nation by use of a supported platinum/titanium catalyst was
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achieved at high temperatures, giving the tris(phenanthro)-tached to the central bridgehead positi&hBoth variants

[3.3.3]propellanel 26, albeit in low yield (Scheme 2252 have been explored to a different extent, as will be shown
. ) . below, and promise further exploration. Some examples are

5.3.2. Angular Centrotriindane (difuso-Centrotriindane) collected in Scheme 24. Three-fold bridgehead bromination

Denvatives of 42 furnishes the key intermediate33 from which a

The chemistry of functionalized or extended derivatives number of derivatives are accessible, such as @ae
of the angular centrotriindangl has not developed as far Symmetrical triaminé 34via the corresponding triazide (not
as that of the triptindanes. Introduction of functional groups Shown). Interestingly, ammonolysis #83 gives the unex-
at the benzhydrylic bridgehead positions, e.g., via bromina- pected Cs-symmetrical triaminel35 an isomer of134,
tion, is not very selective, and the benzylic methylene groups Whereas aminolyses df33with secondary amines, such as
react with similar ease. However, as discussed above, thedimethylamine and morpholine, yield the diamino-substituted
tetrabromo derivatived0 bearing one bromine at every dihydrotribenzoacepentalenes, such 186 [e.g., NR =
a-carbon atom of the neopentane core is well accessible andlimethylamino oN-morpholino]. The highly strained central
represents an interesting intermediate for further conversiondouble bonds of36are shielded by the dialkylamino groups
(cf. Scheme 17). A limited variety of derivatives and ana- but undergo addition of electrophiles and 1,3-dip&%3hus,
logues of centrotriindanél has been prepared by cyclode- addition of bromine and subsequent aminolysis gave the first
hydration reaction&’ including the monophenyl compound  4-fold heterofunctionalized tribenzotriquinacenes, such as the
1271232which represents a truly “broken fenestrane” and, bromotris(dimethylamino)tribenzotriquinaceh®7. A chal-
therefore, asecefenestrindane (Scheme 23). The 1,4-di- lenging task is conversion of the latter compound into other

tetrafunctionalized analogues, such as the hypothetical tet-

Scheme 23. Some Derivatives and Analogues of the Angular ~ raaminel38 which, owing to the rigidly and closely fixed
Triindane 41 and Its Irregular Centrotriindane Isomers amino groups, is expected to be an extremely strong proton
sponge. Addition of diazoalkanes 86 led to the first
tribenzotriquinacene, viZL39, bearing a 1-alkenyl group at
the central carbon atom, that is, a substituent which is prone
to be convertible to the related carboxylic acid. In fact,
introduction of a single functional group at the central carbon
atom is a synthetically difficult task but an important
challenge because this could offer a central point to connect
larger building blocks (e.g., acetylenic or dendritic groups
or linkers for surface connection). Likewise, tlcentro
aminotribenzotriquinacend 40 represents an interesting
derivative but still awaits synthesis, e.g., by regioselective
hydrogenolysis ofL35

Bridgehead-heterofunctionalized dehydrotribenzotriquin-
acenes (or dihydrotribenzoacepentalenes), such as compound
136 mentioned above, can also be prepared frbZnand
a relatedcentroalkyl-substituted tribenzotriquinacenes (e.g.,
54 43) by a completely independent route (Scheme?25},365367
@ which has found strikingly close parallels in the chemistry

of triquinacene 18).170:172.174176 Deprotonation of the three
130 131 132 bridgehead €H bonds of42 and43 by use of Lochmann
Schlosser bases gives rise to dipotassium dihydroacepental-
phenyl derivativel 28 (and related diphenyl- and tetraphenyl- enediide saltl41, which can be quenched by a variety of
[5.5.5.6]fenestranes) has been synthesfaas well as its  electrophiles, such as alkyl, phenylselenyl, and trialkylsilyl
isomer129255256the latter representing an irregutdifuso and -stannyl halide¥>**"The corresponding reaction with
centrotriindané!?4’ The phenalene analogue3®?®* and methyl chloroformate yields the highly strained diestép.
several G- and G-bridged congeners, such as the hydro- It is noteworthy that careful hydrolysis of the intermediate
carbonsl31and1323% belonging to the family of benzoan-  dipotassium dihydroacepentalenediltél at —78 °C gives
nelated [5.5.5.6]- and [5.5.5.5]fenestranes, have also beerfise to the parent dihydroacepentalddd which was found
reported. The former centrotetracyclanes and their derivativesto undergo Diels-Alder addition with anthracene to give
have been of interest in view of the strained, stereoisomeric 144 as well as with tetracyclone and 1,3-diphenylisobenzo-
cis,cis,cis,trandenestranes discussed above (cf. Scheme 16).furan. In the absence of dieneis}3 dimerizes by head-to-
] o o head [2 + 2]-cycloaddition, generating the truly three-
5.3.3. Tribenzotriquinacene Derivatives dimensional cyclobutane derivatid@ 5366367 Formation of

The Cs,-symmetrical, convexconcave parentrifuso-  the [2+ 2]-dimer145is in telling contrast to the [4- 2]-cy-
centrotriindaneg2 and43 represent the synthetically most  ¢loaddition product formed upon dimerization of the d6|hy-
versatile congeners of the whole centropolyindane family. droacepentalene, the nonbenzoannelated analogi8éf
Only the fenestrindanes offer a comparably broad variability =~ Aromatic substitution of the parent tribenzotriquinacene
(see below). 42 has been explored very little. Three-fold nitration at the

In contrast to its rather cumbersome accessibility, the “nor- benzene nuclei 082 is feasible with high efficiency, and
hat” (42), can be easily converted into tribenzotriquinacenes incorporation of six peripheral methoxy groups irCa,-
bearing either three functionalities at the benzhydrylic symmetrical manner has also been performed, albeit in low
bridgeheads or four functionalities, another one being at- yield.2%° By contrast, modification of the arene units has been




Three-Dimensional Hydrocarbon Cores: Centropolyindanes Chemical Reviews, 2006, Vol. 106, No. 12 4905

Scheme 24. Four-fold Bridgehead Functionalization of Tribenzotriquinacene (42), Including the Hypothetical Access to the
Amines 138 and 140

1. Me,SiN,
SnCl,
2. LiAH,

42 133 134

1. Br,
2. HNR,
benzene, A R,N

136 (R = alkyl)
1. Me,CN,
? 2.hy
cyclohexane

139 140

Scheme 25. Superbase-Induced Conversion of Tribenzotriquinacene (42) to Dipotassium Dihydrotribenzoacepentalenediide
(141) and Selected Syntheses Based on This Process

O LiCH,CH(Et)(nBu)
. KOtPe CICOOMe
I l —_—— —_—
42 - 141 -
H,O/THF
-78°C
@ warm up
anthracene to 20°C
q \:I i -
144 - 143 - 145

explored in great detail for the bridgehead methyl-substituted the tetramethyl analogu&8is particularly facile, as already
analogues. mentioned above (cf. Scheme 12). Thus, blocking of the

Bridgehead functionalization of the much more easily otherwise highly reactive bridgehead positions provides a
accessibleentramethyl-substituted tribenzotriquinacef@ basis for studies on the multiple functionalization at the
is somewhat less versatile due to the blocked central peripheral arene positions of the tribenzotriquinacene skeleton
bridgehead position. However, numerous derivatives bearing(see below). Introduction of higher alkyl and alkenyl groups
three identical substituents at the benzhydrylic bridgeheadshas not been studied systematically to date. Treatment of
have been mad¥? Again, bromination at these positions tribromide 67 with ethylmagnesium bromide gives the
giving tribromide67 is the best entry to the series (Scheme tetraalkyl derivativel46in relatively low yield. By contrast,
26). Introduction of three additional methyl groups giving Lewis-acid-assisted condensation &7 with allylsilanes
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Scheme 26. Selected Bridgehead-Tetrasubstituted Tribenzotriquinacenes Prepared from Tribromide 67

O EtMgBr
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allows one to attach three allyl groups, givitig7in good introduction of substituents and functionalities of the broadest

yields. Furthermore, three electron-rich aryl groups, such asvariety. Besides partial bridgehead substitution, which is a
p-anisyl, as well as three cyano substituents can be incor-much more difficult task®? there is an interesting but
porated at the bridgehead positions to yield compour®s unexplored facet to introduce three different (achiral) groups
and 150 respectively. The examples given here foy;- at the three bridgeheads to generate intrinsically chiral
symmetrically substitutedentremethyltribenzotriquinacenes tribenzotriquinacenes. Furthermore, the potential to introduce
of this type represent interesting precursors for further, e.g., large substituents of any kind may become important with
3-fold, re-functionalization. It is also noted that the rigid and respect to solubility limitations that have to be reckoned with
convex surface of the tribenzotriquinacenes forces all four and have already been encountered when it comes to
substituents into fully eclipsed orientation, giving rise to extension of the aromatic parts of the rigid, conveoncave
considerable steric crowding, as reflected by line broadeningtribenzotriquinacene framework and use of tribenzotri-
in the'H NMR spectra, e.g., of the closely related tetraalkyl quinacenes as building blocks for even higher molecular
derivatives146 and 148262 scaffolds (see below).

Replacement of the three benzhydrylic bridgehead sub- Electrophilic aromatic substitution reactions take place
stituents in67 by other heteroatomic groups is particularly with high preference at the six equivalent outer positions of
facile in many cases and takes place in high yiéf@Simple the three benzene units of the tribenzotriquinacenes. Thus,
hydrolysis gives theC;,-symmetrical triol180 (cf. Scheme either 3- or 6-fold functionalization can be achieved,
32), which has also been generated by oxidation of the parentrepresenting an important basis for extension of the convex
hydrocarbon43 with dimethyldioxiranes$74276 A few ex- concave polycyclic framework into the 3-space. Some of the
amples for further solvolysis and similar condensation most promising results are presented below (Schemes 28
products are collected in Scheme 27. Simple but also 31). Nitration of tribenzotriquinacen&s, bearing unprotected
functionalized ether and acyloxy groups can be incorporatedbenzhydrylic bridgeheads, can be performed by use of
(cf. 157). Ammonia, primary and secondary amines and sodium nitrate in trifluoroacetic acid, giving a ca. 3:1 mixture
diamines (cf.152), as well as three azido groupk5Q) can of the C;- and theCs-symmetrical isomer§58and159 The
be introduced easily. Condensation &f with thiols and “nor hat” 42 reacts similarly but also undergoes very minor
dithiols is also feasible in excellent yield$54). Oxidation ortho-nitration37* Acetylation of43 proceeds in analogy to
of the otherwise labile tribenzotriquinacene tris(thioethers) nitration, giving the two racematel60 and 161 (Scheme
with dimethyloxirane was found to occur smoothly, giving 28)37?
the corresponding tris(sulfones}5. These polar derivatives Direct 6-fold nitration of the arene periphery of the
preferably exist irCs-symmetrical conformations, as evident tribenzotriquinacene skeleton requires blocking of the bridge-
from NMR spectrometry and single-crystal X-ray structure head positions but is particularly straightforward. Thus, by
analysis®®® Three-fold substitution of the bromines @i by use of a mixture of sulfuric acid (98%) and nitric acid
phosphonic acid ester groups has also been achieved, as i(100%), tetramethyltribenzotriquinacef8 is converted to
the case 0fl562%2 Finally, introduction of chiral auxiliary ~ the hexanitro derivativé62in excellent yield and isomeric
is possible, as shown for the case of the two enantiomers ofpurity (Scheme 29). Two analogous 6-fold functionalizations
tris(a-phenylethylamino)tribenzotriquinacefb7, in which of this type concern the bromination and iodination: The
each of the previously symmetrical benzene rings of the syntheses of the key intermediafie&3and165 respectively,
centrotriindane skeleton are desymmetrized. The X-ray have been achieved again in excellent or very good yields
single-crystal analysis df57 has also been performé&g:37° and without significant contamination by lower or isomeric

It is obvious that the three benzhydrylic bridgehead substitution product®?264 All three hexafunctionalized
positions of the tribenzotriquinacenes and of ttentro tetramethyltribenzotriquinacend$2, 163 and 165 repre-
methyl compound?7, in particular, can be used as bases for sent highly useful starting points for further functionalization
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Scheme 27. Selected Bridgehead-Trifunctionalized Tribenzotriquinacenes Prepared from Tribromide 67
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43 AcCI/AICI,

CH,Cl,
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ca. 90%

160 (C,, rac) ca. 3.5:11 161 (C,, rac)

and/or extension of the carbon framework into the three  The hexanitro derivativé62can be easily reduced to the
orthogonal directions of space. Recently, anotiy- corresponding 3-foldo-phenylenediaminel66 (Scheme
symmetrical, hexafunctionalized derivative 48, viz. the 30) 264 This compound is relatively stable in the solid state
hexamethoxy analogu&77 (cf. Scheme 32), was made in but readily oxidizable in solution; nevertheless, it is a
analogy to the synthesis of the parent hydrocarh8rbut valuable and promising intermediate for many kinds of
by starting from appropriately substituted veratrole-type extended tribenzotriquinacenes. For example, the hexamine
synthong®® Several related 6-fold thioethet§4 have been 166 undergoes 3-fold condensation with several 1,2-dike-
synthesized from the hexabromo derivatilg3262.264 tones, such as benzil (not showit)and phenanthroline
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Scheme 29. Six-fold Functionalization of Tetramethyltribenzotriquinacene 68 at Its Arene Periphery
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0-+-20°C/6h

90%

HslOg, KI, H,S0,
0—-20°C,20h

Br,
Fe/l,/CCl,
60°C, 24 h| 93%

RSCu
quinoline
pyridine
170°C,24 h

—_—

163

(R = alkyl)

Scheme 30. Six-fold Peripheral Extensions of the Tribenzotriquinacene Framework via the Hexanitro- and Hexaiodo
Derivatives 162 and 165
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quinone. The tris(quinoxalines) thus formed represent only cations appears to be a fruitful and an exciting field of
one entry into the series of largely unexplored heterocyclic research.

congeners of the tribenzotriquinacenes. Particularly chal- The hexaiodo compound65 has successfully been
lenging is the reaction af66 with phenanthroline quinone,  subjected to 6-fold Suzuki reactions with phenyl and 1-naph-
which leads, in moderate yield, to th&;,-symmetrical thylboronic acidg5226436%The former condensation leads to
triquinacene-based tris(phenanthrolink$7, a rigid and the hexaphenyl derivativé68 which undergoes a 3-fold
convex-concave structure bearing three metal coordination Mallory photocyclodehydrogenation to yield ti@,-sym-
sites pointing into three directions of the Cartesian space metrical tris(triphenyleno)triquinaced&9 (Scheme 30). This
(Scheme 303 Provided that the rather poor solubility of hydrocarbon represents the first of a potential series of
compoundl67 can be overcome in homologues containing triquinacenes bearing three polycondensed arene units, e.g.,
larger bridgehead alkyl groups, systematic investigation of three coronenes, again formally oriented at right angles into
the complexation behavior of such ligands with various metal the Cartesian space. If steric interaction between the three
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Scheme 31. Six-fold Arene-Substituted Tribenzotriquinacenes 17175 and 176 Synthesized from the Hexabromo- or Hexaiodo
Precursors, 163 and 165, Respectively

170 (R = Ph) o g 172 R=H) R
171 (R= TMS) 173 (R = Ph)
174 (R = COOMe)

176

extended arene wings dominates, generation of intrinsically bined, and this facet may become important for future

distorted Cs-symmetrical, and truly propeller-type molecular attempts to construct extended, polycyclic analogues of poor

shapes may be envisioned. solubility. To date, only a few bridgehead- and arene-
Another variant of this theme consists of the extension of Substituted tribenzotriquinacenes have been synthesized, but

the tribenzotriquinacene framework by 6-fold cross-coupling SOme appear to be interesting in different aspects. Two
reactions (Scheme 31). To this end, the hexabromo derivateexamples are depicted to illustrate the opposite preparative
163proved to be particularly versatile. Sonogashira coupling Strategies (Scheme 32). Hexamethoxytribenzotriquinacene
with phenylacetyler’é2264and trimethylsilylacetylerié2373 177, the synthesis of which was mentioned above, can easily
takes place easily, giving tH@s,-symmetrical product70 be converted into the corresponding bridgehead tribromide
and171, respectively, in excellent yields. The “hexatolane” 1782**This stable but nevertheless highly reactive compound
170has a starlike molecular shape bent into one hemispherecan be quenched with trimethylaluminum (not shown) in
of the 3-space. Interestingly, the compound was found to analogy to the synthesis 68 from 67, and it also undergoes

form gels upon standing in chloroform soluti&#4:3®Most hydrolysis to yield theCs,-symmetrical tri(veratrolo)tri-
recently, Heck-type €C coupling reactions were carried quinacene triol 792%> Complementarily, the bridgehead triol
out in extremely high efficiency betweet63and terminal 180 which can be easily prepared by hydrolysis of tribromide
olefins, such as styrenes and methyl acrylate, to give the67,°°> as mentioned above, can be subjected to 6-fold
hexastilbenel 73 and hexaacrylatd74, respectively¥’ In iodination at the peripheral arene positioresther directly

these cases, use of one dfiéta’s oxime-based cataly3ts376 or, in even higher yield, after conversion to the tris(tri-
proved to be most useful and enabled yietd80% for these ~ methylsilyl ethery-affording the hexaiodotrihydroxy deriva-
6-fold C—C coupling reactions. Moreover, the hexabromo- tive 181 Finally, re-functionalization of the latter compound
tribenzotriquinacend63 was found to undergo Stille cou- by use of phosphorus tribromide gives the first 9-fold
pling reactions. Thus, the 6-fold vinylated and allylated halogenated congener, tribromohexaiodotribenzotriquinacene
derivates172 and 175, respectively, became accessible in 1822522%4which, owing to the “orthogonal” reactivity of the
good yields¥”” All these results show that a large variety of arene and the bridgehead functionalities, offers a number of
“tentacula” compounds based on the hexafunctionalized possibilities for directed extension of the framework.

tribenzotriquinacenes can be prepared relatively easily. The Most recently, some hexafunctionalized tribenzotriquin-
83%-yield synthesis of the triquinacene-based tris(phthalo- acenes, bearing three bridgehead as well as three peripheral
dinitrile) 176 from the corresponding hexaiodotribenzo- functionalities, have also been synthesized (Scheme 33). In
triquinacenel65 represents another exciting facet. Com- fact, some of these novel derivatives gave very surprising
p_ound 176 or, more probably, its bndgehead-.sut_)sntuted results (see below:372 Three-fold bromination of the ca.
high-alkyl homologues could open the way to triquinacenes 3:1 mixture of theC;- andCs-symmetrical trinitro derivatives
bearing three phthalocyanine chromophores mutually ori- 158 and 159 leads to the corresponding mixture of the
ented at right angles in space within a common rigid molec- tripromotrinitro derivativesd83and184, once again in good
ular framework. yields. Hydrolysis of the benzhydrylic bridgehead function-
Bridgehead and peripheral substitution and/or functional- alities is strongly suppressed by the electron-withdrawing
ization at the tribenzotriquinacene framework can be com- character of the nitrobenzene nuclei. Therefore, exchange
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Scheme 32. Synthesis of Nine-fold-Functionalized Tribenzotriquinacenes Bearing Functional Groups at Both the Bridgehead

and the Peripheral Positions.
MeO OMe
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Scheme 33. Synthesis of Six-fold Functionalized Tribenzotriquinacenes Bearing Three Functional Groups at Both the
Bridgehead and the Peripheral Positions
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of the functional groups requires assistance by Lewis acids.indane 44, apart from a study on its deprotonation by
Thus, the 3:1 mixture of th€;- and theCs-racemates] 83 Lochmann-Schlosser bas®%36"This is due to the fact that
and 184, respectively, was converted to the corresponding the syntheses @f4 are much less straightforward than those
mixture of trichlorotrinitrotribenzotriquinacene485 and of the other centropolyindanes and that only two of the four
186 Most interestingly, however, is the finding that, in both benzene nuclei 044 are equivalent. Thus, directed introduc-
cases, th&s-symmetrical isomersl84 and 186, are much  tion of functional groups requires suitably functionalized
less soluble than th&; isomers and that the tribromo synthons at the early stages of the syntheses. On the other
compoundl84 precipitates as enantiomerically pure, cubic hand,trifuso-centrotetraindand4 comprises both the skel-
crystals (see below). By contrast, the trichloro compound etons of triptindane 40) and tribenzotriquinacene4®).
186 forms crystals containing a racemic mixture of both Therefore, polar substituents at the two benzhydrylic bridge-
enantiomerg?372 heads of44 and at the benzylic position could render such
. . . derivatives interesting as (possibly chiral) propellane-type
5.3.4. trifuso-Centrotetraindane Derivatives ligands bearing an additional concave molecular face. In turn,
There have been no attempts so far to functionalize or extension of the single indane wing lying in the molecular
extend theCs-symmetrical scaffold otrifuso-centrotetra- plane of symmetry would give rise to (possibly functional-
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ized) tribenzotriquinacenes bearing a molecular “wall” that 34)279-273 Similarly to the corresponding tribromotribenzo-
stands out perpendicularly from that tribenzotriquinacene triquinacenes, it can readily be quenched by trimethylalu-
basis (Figure 7). The synthesesddfdescribed above offer  minum to give tetramethylfenestrindab87. The tetraazide
188is also accessible in high yield, which has to be used as
an intermediate in the synthesis of the tetraamirg@®
because, surprisingly and in contrast to tribromotribenzo-
triquinacenes?, tetrabromofenestrinda®s does not undergo
a simple 4-fold ammonolysis. However, the corresponding
tetrol 190is readily formed by hydrolysis @5 in high yield.
This compound has also been prepared by direct oxygenation
of the parent fenestrindangs by use of trifluoromethyl-
methyldioxirane?’4276 Further Lewis- or Brgnsted-acid-
Figure 7. Two views ontrifuso-centrotetraindanedé), as calcu- ~ assisted substitution reactions @6 give the tetracyano-,
lated by molecular mechanics (M. tetrafluoro-, tetrachloro-, and tetra(methylthio)fenestrindanes
191-194in good to excellent yield&:272.273.378

such a potential indeed, but this field has remained unex- While these reactions may appear to be trivial, it has to
plored to date. be noted that the 2-fold pairwise steric interaction of the
. . bridgehead substituents in the fenestrinde®®and 187—
5.3.5. Fenestrindane Derivates 194 should not be underestimated. NMR spectroscopy shows
Functionalization of fenestrindand®) is similar to that that, besides the parent hydrocarbts only a few deriva-
of the tribenzotriquinacenes but has not been explored quitetives, such ad90and192, exist in virtually rapid, dynamic
as much. There are several reasons: (i) synthesis of fenesequilibria in solution, involving the two equivalerfi-
trindane is much longer than that of the lower congeners; symmetrical conformer& and A’ (Scheme 35). The tet-
(i) there is considerable steric repulsion between the ramethylfenestrindan&87 still behaves dynamic, but the
bridgehead substituents 45, being pairwisesynoriented; tetrabromo, -amino, -cyano, -chloro, and -methylthio ana-
(iii) yields of the substitution reactions at the arene periphery logues95, 189 191, 193 and194, respectively, apparently
are sometimes only moderate, presumably due to relativelyform static conformersg andB’). Thus,*H and*C NMR
poor solubility of highly functionalized and, as compared to spectra of GD,Cl, solutions of 95 do not show any
the convex-concave tribenzotriquinacenes, more flattened propensity to coalesce even at 130D270272X-ray structure
fenestrindane skeleton. Nevertheless, many bridgehead- oanalyses 0B5 and187222%°reveal an extreme distortion of
periphery-substituted fenestrindanes have been synthesizedhe fenestrindane skeleton, which is reflected by a marked
some of which play a major role for construction of the increase of the two exocyclic centraHC—C bond angles
highest congener, centrohexainda#é,and its derivatives.  at the neopentane core from 116t50.2° in the parent
Again, the fully bridgehead brominated derivative, tetra- fenestrindane45%® to 121.4 + 0.5° in the tetrabromo
bromofenestrindang5, is the key compound (Scheme compoundd5, for example. Moreover, the four-&C bonds

(a) (b)

Scheme 34. Synthesis of Four-fold Bridgehead-Blocked Tetramethylfenestrindane 187 and Bridgehead-Functionalized
Fenestrindanes from Tetrabromofenestrindane 95

187 188 189 190

H,0

AlMe, Me,SiN, R

n-hexane/ SnCl, H,SO,/THF
toluene

Me,SiCN AgF, MeCN Me,SiSMe
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Scheme 35. Conformational Equilibria between the Two Possibly as a consequence of the steric effects, some
Equivalent S,-Symmetrical Conformers of Formally multiple bridgehead transformations wié#s were found to
Do¢-Symmetrical Fenestrindanes and Effect of Bridgehead occur slowly or only to a limited extent. Thus, partial
Substitution

bridgehead substitution reactions were reported under various
conditions?? In particular, use of dioxiranes has been probed
with fenestrindane, and mono-, di-, and tetrahydroxylation
was achieved depending on the reaction conditféhg’®
Also, 4b,8b-di(ethylthio)fenestrindane and 4b,12b-dibromo-
8b,16b-dicyanofenestrindane were obtained in moderate yield
when 95 was reacted with ethanethiol or trimethylsilyl
cyanide and aluminum trichloricf@:378

Substitution and functionalization reactions at the arene
periphery of the tetramethylfenestrindatt87 have been
achieved to a wide extent but not as far as with the
tribenzotriquinacenes. Recently, 4-fold nitration was per-
formed, leading to a nearly statistical mixture of the four
possible constitutional isomer§98—201 (Scheme 37), all
of which bear one single nitro group in each of the benzene
nuclei, in analogy to the trinitrotribenzotriquinacenes, e.g.,
158 and 159 Unfortunately, all attempts to afford the

B B “exhaustive” nitration at the eight peripheral positions, as a

parallel to the successful synthesis 162 (Scheme 29),

of the neopentane core 86 are elongated to 1564 0.9 proved to be unsuccessful. However, 8-fold bromination as
pm, i.e., by 1.7 pm as compared to those4) and the  well as 8-fold iodination of tetramethylfenestrindat®7 at
torsional C-C—C—C angles about these bonds within the jts molecular periphery occur readily, and these derivatives,
[5.5.5.5]fenestrane framework are increased by ca.THiese  having formalD,q Ssymmetry, were very useful intermediates
distortions and the flattening effect, in particular, are remark- for various G-C cross-coupling reactions, enabling the
able in view of the discussion on “planar” tetracoordinated synthesis of extended, fenestrane-based starlike structures
carbon??62-80.104.27#279 In the same vain, conversion of (Schemes 38 and 39}+377:370
suitably bridgehead-functionalized fenestrindanes to more
highly unsaturated “fenestrindenes” appears to be a challenge |
still. Thus, the hypothetical, fully unsaturated analog9é
and the likewise hypothetical aromatic fenestrindene dication
196and dianionl97 promise to give an experimental answer
to early calculations on the degree of flattening in the related
nonbenzoannelated [5.5.5.5]fenestrenes (Schem€&736Y

Dynamic equilibria
X=H,F, OH

Slow or static equilibria
X = Me, NH,, Br, Cl, SMe
//

Octabromofenestrindan202 is accessible in high yield
analogy to hexabromotribenzotriquinace&8. Exchange

of the eight bromines by eight additional methyl groups or

by eight alkylthio residues of various lengths has been

performed’® Recently, several Stille cross-coupling reactions

"were shown to occur in high yields as well, leading, for
example, to the corresponding octaallylfenestrind2mw®’”

Scheme 36. Three Hypothetical, “Flattened” Fenestranes: Eight-fold Heck-type C-C coupling reactions 0202 with
“Fenestrindene* 195 and the Aromatic Dication 196 and styrene giving the octastilber 08 (Scheme 39) and with
Dianion 197 Derived from It methyl acrylate giving, correspondingly, a [5.5.5.5]fenestrane
octa(cinnamic acid ester) (not shown) by use dfdx&s
O catalyst’>3"6were achieved in high yields, in analogy to the
synthesis of the hexastilbent73 and hexaested 74374
O O O O Exhaustive Sonogashira coupling occurred in moderate yield
" < when202was reacted with phenylacetylene under conditions
similar to those of the synthesis @70, giving the starlike
O structure 207 (Scheme 39¥7° In further analogy to the

tribenzotriquinacenes, viz. to the hexaiodo derivathés,
8-fold iodination 0f187 gives the octaiodofenestrindape3
O again in excellent yield. This fenestrane was found to under-
go 8-fold Suzuki cross-coupling, giving octaphenylfenes-
trindane 205 and reaction of203 with copper cyanide
O O furnished the octacyanofenestrinda?@6, which may be
= - considered a multiple phthalodinitrile stretching its di-
O functional groupings crosswise into four directions of the
Cartesian space. In some of the latter cases, yields of the
197 (14 C—C coupling reactions were found to be only moderate,
and poor solubility, encountered particularly in the case of
In contrast to the polyolefinic [5.5.5.5]fenestrenes, conversion 206 may be the major reason for these findings. In this
of which into the corresponding dication should be extremely context, it appears understandable that attempts to perform
difficult, the benzoannelated analogues offer at least a gooda 4-fold cyclodehyrogenation &05to generate a tetrakis-
chance to generate the electron-poor dicatl®®, which (triphenyleno)-[5.5.5.5]fenestrane failéd. However, de-
would provide an aromatic Ifelectron and electron- spite some limitations along these lines, extension of the
withdrawing periphery around the central (flattened or even fenestrindane core by multiple functionalization ane¢©
planarized) carbon atom. coupling has turned out to open viable routes to extended

195 196 (10 @)
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Scheme 37. Four-fold Nitration of Tetramethylfenestrindane 187 at Its Arene Periphery

NaNO,, TFA
40-50 °C

—_—

ca. 70%

187

200 (C,) 201 (Cp)

Scheme 38. Eight-fold Functionalization of Tetramethylfenestrindane 187 at Its Arene Periphery and Some-€C
Cross-Coupling Reactions of the Octabromo and Octaiodo Derivatives 202 and 203

Br,

Fell,/CCl, H510g, KI, H,SO,
60°C, 24 h 0—+20°C,12h
-— - .
90% 87%
187
PhB(OH),, Pd(dba),
nBu;SnCH,CHCH, KOH/PPh,/PhNO,/H,0 CUCN, pyridine

Pd(PPh,), 100°C, 24 h 29% 115°C,20h | 41%
CsF, THF 91%

204 205 206

and/or polyfunctionalized [5.5.5.5]fenestrane frameworks second substitution at the rigid skeletor26P (Scheme 40).
having saddle-like molecular shapes. Hydrolysis of the monobromid209to the monoalcohdt10
) o is straightforward, and FriedelCrafts condensation with
5.3.6. Centropentaindane Derivatives benzene and anisole occur readily as well. The products of
Only a few bridgehead conversions have been performedthe latter reactions, compoung$land212 are remarkable
with centropentaindane4€) and its derivatived/3.230.281 since rotation of the pending aryl group is sterically blocked,
Substitution reactions at the two types of nonequivalent arene@s reflected by the strong magnetic deshielding in‘tie
units have not yet been studied at all. Selective single NMR spectra of thessecacentrohexaindane$?2%t
bromination at a bridgehead position4tfis relatively facile, Despite the lower stability of the dibromid@4, this
probably owing to the strongly enhanced hindrance of the centropentaindane derivative also undergoes several conver-
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Scheme 39. Fenestrindane-Based Octatolane 207 and Octastilbene 208 Synthesized from Octabromide 202

n-hexane/
toluene

94 213 211 (R=H)

212 (R =OMe)

tBuOOH
AgBF,
CH,C,

214 215

sions in analogy to other bridgehead-brominated centropoly- 94 with elemental sulfur or, more surprisingly, to perform a
indanes (Scheme 48} Again, the quenching reaction with  Lewis-acid-catalyzed condensation hexamethyldisilthiane,
trimethylaluminum takes place readily, giving the dimeth- Me;SiSSiMe,.?8!

ylcentropentaindan213in moderate yield. Condensation of . .
94with benzene under FriedeCrafts conditions has already ~ >-3.7- Centrohexaindane Derivatives

been mentioned above as a part of the “broken-fenestrane The uniquely high degree of condensation of the six
route” to centrohexaindand?) (Scheme 18). By contrast, cyclopentane rings and their complete benzoannelation in
hydrolysis of dibromide94 to give the corresponding the G;H.4 core of centrohexaindand?) does not leave any
bridgehead dioR15 proved to be unsuccessful; however, functionalizable benzylic or benzhydrylic bridgeheads. There-
condensation d®4 with tert-butylhydroperoxide yielding the  fore, introduction of substituents and functional groups at
endoperoxide214 and subsequent reduction afforded the the arene units could appear to be an easy task, opening the
dihydroxycentropentaindarl5 in reasonable yielé' In way to polyfunctionalized centrohexaindanes which could
analogy to the peroxy bridge 214, a disulfide bridge can  be studied with respect to their supramolecular, 3D interac-
be fused into the remaining unbridged-C—C angle of the tion in the solid state. Unfortunately, some successful
conformationally blocked fenestrane unit of centropentain- multifunctionalization protocols developed for the lower
dane. To this end, it proved to be sufficient to react dibromide congeners of47 and, in particular, for the “bridgehead-
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Scheme 41. Nonviable Birch Reduction but Viable Benkeser
Reduction of Centrohexaindane (47)

Li (excess)
NH,/THF/tBuOH

-48°C

blocked” tribenzotriquinacen®&8 and fenestrindanel87

Li (excess)
MeNH,/DME

-30°C

70%
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tuted derivatives were formeé&® Similar results were
obtained in attempts to perform 12-fold bromination and
iodination 0f47.3%% Birch reduction of43 and45, leading to
tris- and tetrakis(1,4-cyclohexadieno)annelated triquinacenes
and [5.5.5.5]fenestranes, respectively, could not be success-
fully applied to the higher centropolyindanes, such as
fenestrindane and centrohexainda#@ (o give, in the latter
case, the desired centrohexaquinacene derivaligéScheme
41)380By contrast, Benkeser reduction, which can be carried
out at considerably higher temperatures than Birch reduction,
does take place with7 as well as with the lower congeners,
yielding the corresponding hexakis-cyclohexenocentro-
hexaquinacen217.3% These findings point to several limita-
tions of the reactivity of the centrohexaindane molecule due
to solubility problems, possibly less pertinent to the parent
hydrocarbon than to the more and more highly substituted
derivatives.

Introduction of only one electrophilic substituent per
benzene unit at the 12 peripheral positiongléfvas found
to be feasible in the case of nitration (Scheme 42). Thus,
instead of the desired dodecanitro derivat®2?, the four
possible hexanitrocentrohexaindad8—221are accessible

turned out to be inapplicable to the highest centropolyindane upon treatment of the parent hydrocarbon with sodium nitrate

congener. For example, 12-fold nitration 47, in analogy
to the 6-fold nitration of68, was unsuccessful (cR22

in trifluoroacetic acid, in analogy to nitration of the triben-
zotriquinacenes, e.g#3and68, and the fenestrindanes, e.g.,

Scheme 42); instead, mixtures of differently highly substi- 45 and187 (Scheme 4257 Two of these isomers hav@;

Scheme 42. Six-fold Nitration of Centrohexaindane 47 at Its Arene Periphery, Attempted 12-fold Nitration, and Some
Hypothetical Routes to the Hypothetical Dodecaaminocentrohexaindane 223

HNO, (100%)
H,S0, (98%)

N

NaNO,
CF,COOH
20°C/48h

221 (Cy)
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molecular symmetry; the other two haw@ symmetry; Scheme 44. Methoxy-Substituted Centrohexaindanes
interestingly, the relative yields of the four racemates thus Synthesized by the Fenestrane (229233) or Propellane
formed are also close to the 3:3:1:1 ratio expected for random Route (234)

attack at 6 of the 12 outer peripheral arene positioné7of
This finding points again to the lack of electronic interactions
between the aromatic-electron systems of centrohexaindane
and the centropolyindanes in general. The individual regio-
isomers218—221 have been identified by the highly syste-
matic shifts of their residual arene proton resonances in theMe®
IH NMR spectra®! Reduction of the individual isomers to
the corresponding hexaamino derivatives has not been
performed yet, but studies including reduction of the mixture
of 218-221 to give the mixture of four racemic hexa- 229 (R=H)(C,)
(anilines) @24a—d) followed by further 6-fold nitration via 230 (R=Me)(C,)
the corresponding four racemic nitranilir@®5a—d to yield, 231 (R=0Me)(S,)
eventually, theTg-symmetrical dodecaaminocentrohexain-
dane223 are currently underwa¥/?

Several multiply substituted centrohexaindanes were syn-
thesized by introducing the substituents in the course of the
aufbausequence by following either the fenestrane route or
the propellane route. Thus, thre&-symmetrical ortho-
methyl-substituted derivative®26—228 were prepared via
the corresponding dimethyl- and tetramethyltriptindanetriones
(Scheme 43), but the yields were found to be rather moderate

232 (Cy)

Scheme 43.ortho-Methyl-Substituted Centrohexaindanes
Synthesized by the Propellane Route

MeO OMe

234 (T,)

centrohexaindanég As a consequence, the yield of dimeth-
oxydimethylcentrohexaindar80is only moderate (30%),
whereas the yields of the purely methoxy-substituted cen-
trohexaindane derivative®29and231—233are significantly
higher or even excellent (5395%)3%3 It is obvious that the
fenestrane route allows us to incorporate substituents not only
at the outer periphery of the centrohexaindane framework
but also into the sterically unfavorable ortho positions.
(12—23%)32 This is not at all surprising since, in all three  |ndependently, the propellane route recently paved the way
cases, the methyl groups stick into the three-dimensionalto the first 12-fold functionalized derivative o047, the
cavities of the centrohexaindane skeleton and cause considerdodecamethoxycentrohexainda@84312 (The systematic
able steric repulsion both in the synthesis intermediates andname of this unique compound is 2,3,6,7,10,11,14,15,20,-
in the particularly rigid centrohexaindane products. 21,26,27-dodecamethoxy-4b,12h[1]:8b,16b[1’,2"']-

The syntheses of a number of multiply methoxy-substituted dibenzenodibenzalfldibenzo[2,3:4,5]pentaleno[1&pen-
centrohexaindaneg29-234, turned out to be much more  talene). Admittedly, only low yields have been achieved with
promising. These novel congeners have become accessiblgnjs novelT,-symmetrical centrohexaquinacene derivative to
by following the fenestrane route or, in the case of the 12- gate. However, it is conceivable that 12-fold functionalized
fold, Te-symmetrical methoxylated centrohexaind2B4, the centrohexaindanes bearing the safpsymmetry pattern of
propellane route (Scheme 44}°%In the cases o229~ substituents, such as the related dodecahydroxycentrohexain-
233 two electron-rich arenes including anisole, 2-methyl- gane, may become accessible and studied as a building block

anisole, and the three dimethoxybenzenes were condensegh sypramolecular, 3-D networks consisting of metal cations
with fenestrindanetetrdl90(cf. Scheme 34) under catalysis 5,4 “Cartesian” centrohexaindane linkers.

with hexafluorophosphoric aci Remarkably, electron-rich

alkylbenzenes, such as 2-methylanisole ang/lene, were 538 Miscellaneous

found to undergo partial intermolecular hydride transfer to

a bridgehead position of fenestrindane-derived carbenium ion A large variety of centropolyindane derivatives have been
intermediates, giving rise to formation of furtheece synthesized during the past two decades, and there are several
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Scheme 45. Syntheses of Partially Benzoannelated Centrohexaquinanes

benzene, AlBr,
25 °C, 8d

44% l

(2 steps) ©

W

N2H4 . HZO 236 (CZV)
KOH, DEG ?

30%

(b)

Q 00 HCCLi, THF

|
»’» —-80to +20 °C
&S e

55

300°C,4h
decalin

N,H, - H,0O
KOH, DEG

21%

241 (C)

“open ends” in this field that appear worth to be pursued frameworks of the two possible tetrabenzocentrohexaquinanes,
further. Some of these goals will be mentioned in this short but this process was even less efficiéfit.
section as a collection of remarkable congeners of different A more interesting finding was made in our attempts to

types. approach the parent centrohexaquinihéScheme 4515}19282
One conceptual way leads back from the centropolyindanesAddition of acetylides, including ethynyllithium, to triptin-
to the centropolyquinanes, and some experimental steps havelanetriones5 led to theCs-symmetrical tris(enol ethe®38,
been undertaken to generate the elusive centrohexaquinaneather than to the expected tridf8. Remarkably, this
17 from benzoannelated precursors (Scheme *#8)3  compound, formed by 3-fold sequential nucleophilic and
Among these, a few partially benzoannelated derivatives of electrophilic addition of acetylide to a 1,3:Biketone,
the lower centropolyquinanes have been synthesized by therepresents a likewiseCs-symmetrical derivative of the
aufbaustrategy. The most facile among those is certainly Simmons-Paquette moleculedg). Thermal rearrangement
the tribenzo[5.5.5.5]fenestrad82 which is accessible from  of 238 yielded the more thermodynamically stable and
an intermediate of the fenestrindane synthesis, tribenzo-jikewise Cs-symmetrical triketone39, a congener of Ser-
[5.5.5.5]fenestrend4 (cf. Scheme 15§%39'Pentabenzocen-  ratosa’s perhydrotriquinacenetriod(cf. Scheme 4) studied
trohexaquinan@36, a higher congener df32and the highest  in the context of the synthesis of dodecahedr&rubse-
among the partially benzoannelated centrohexaquinanes, waguent Wolff-Kishner reduction 0239 furnished the tript-
prepared by applying the multiple FriedeCrafts condensa-  indane-type tribenzocentrohexaquina@40 in moderate
tion to the tetrabromo derivative35which, by standing at  vyields. Although access to this compound is rather cumber-
ambient temperature for 8 days, incorporated two additional some, it served as a basis for stepwise oxidative degradation
benzene units in surprisingly good yield (Scheme 458).  of the benzene units. In fact, sequential ozonolysis and
According to theabbauconcept, in contrast to threufbau Wolff —Kishner reduction led us, albeit with disappointingly
strategy, stepwise removal of the annelated benzene unitdarge losses of material, to the dibenzocentrohexaquipdhe
from centrohexaindanet{) would lead to pentabenzocen- and the monobenzocentrohexaquin&7en minute yields
trohexaquinan@36 as well and, subsequently, to the lower (Scheme 45). At that point, curiosity and ambition did not
members of the partially benzoannelated centrohexaquinanessuffice to undertake the last step to the still elusive parent
In fact, the hydrocarbo236 was also prepared, albeit in compound of centrohexaindane and all its derivatives that
very low yield, by oxidative degradation &f7 using either have been made since. However, it appears possible that a
ozone or ruthenium tetraoxidé® The intermediate 1,2- combination of the strategies outlined in the course of this
diketone 237 was isolated and characterized by X-ray review will eventually allow us to find experimental access
structure analysis. Further degradation 286 gave the to the elusive targd{s hydrocarbons, centrohexaquinat@)(
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Scheme 46. Birch Reduction of Centrotriindanes 40 and 43
and Stereo- and Regioselective Epoxidation of the
Corresponding Hexahydro Derivatives, 242 and 244

o

NH,/fBUOH ,
40 ———~ 7

=

242 (C,)

Li
NH,/tBUOH
43

93%

x
247 (C)

246 (C,)

(see text)

and centrohexaquinacen®6]. The experience gained with

Kuck

polyolefins, as well as those obtained by the corresponding
Benkeser reductions of most of the centropolyindafe¥>

can be subjected to various epoxidation reactions. The major
reactions of the formallyCs,-symmetrical hexahydrotriptin-
dane242 and the de-fact@s,-symmetrical (as revealed by
X-ray structure analysi8) hexahydrotribenzotriquinacene
244is shown in Scheme 485 Epoxidation of the propellane-
type hexaene242 with m-chloroperbenzoic acid occurs
preferably at the inner double bonds and iGsssymmetrical
manner, leading to the triepoxid243 in good yield. In
analogy, the triquinacene double bonds2d# react faster
than the peripheral ones, but this time Bgsymmetrical
orientation is avoided. Rather, ti-symmetricalsyn,syn,-
anti-triepoxide 245 is formed, and stepwise epoxidation
shows that this orientation is already determined in the
second oxygenation step, leading preferably to the corre-
spondingsynanti-diepoxide. Interestingly, however, use of
iodine/silver(l) oxide as an epoxidation reagent gives rise to
preferred epoxidation at the peripheral, less-electron rich
double bonds, and the major product of this reaction was
found to be &Cs,-symmetrical triepoxide-with high likeli-
hood being theanti,anti,antisterecisomer246—the C.-
symmetricalnti,anti,synisomer247being the minor product
(Scheme 46586

Finally, the stereochemistry of metal carbonyl complexes
of the centropolyindanes reflects a similar diversity (Scheme
47) and may be considered an extension of previous studies
on the Cr(CO) complexes of 2,2spirobiindane 3822
Triptindane 40) forms a mono- and two bis(chromiumtri-
carbonyl) complexes and a singl€s;-symmetrical tris-

the highly methoxy-substituted triptindanes mentioned earlier (chromiumtricarbonyl) complex, vi2482°! It appears that
in this review might play an important role in this adventure this complex gains intrinsic stabilization owing to the

to solve the Ks problem”.

particular interaction of each of the complexed arene units

Another group of interesting centropolyindane derivatives with the Cr(CO} groups attached to the next one. An even
is the products of their Birch reduction. As mentioned above, greater variety of complexes was observed with methyl-
the lower centropolyindanes undergo the respective partialtribenzotriquinacend3.3” Two mono-, two bis-, and two
hydrogenation reactions, whereas the highest member of theris-complexes were isolated, and one of each sort was found

family, 47, does no8® Thus, the hexahydro derivatives of
centrotriindane<t0 and 43 were prepared without loss of

to contain one and only one Cr(CQJ)nit attached to the
concave side of the tribenzotriquinacene ligand. The two tris-

the molecular symmetry of the aromatic precursors. These (chromiumtricarbonyl) complexes, the akoisomer249and

Scheme 47. Tris(chromiumtricarbonyl) Complexes of Centrotriindanes 40 and 43 and Manganesetricarbonyl Tetrafluoroborate
Complexes ofcentro-Methyltribenzotriquinacene (43) and Fenestrindane (45)

nucleophilic
attack

252 (C,)
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the endgexgexaisomer 250, are depicted in Scheme 47. Scheme 48. Sketches of Multiply Bridging of the 3-D Bays
These and similar studies on the Cr(GOymplexes of the of the Tribenzotriquinacene and Fenestrindane Frameworks
Cesymmetrical diindan8®* and the respectiv€,-sym- by C, Unit_s (I and_ II)_and for C_oupling of the Arene Units
metrical isome¥* confirm the finding that the concave side  ©f Two Tribenzotriquinacenes in a Bent or Planar Manner
of the tribenzotriquinacene framework is well suited to host El;” a0r|1d IV)t o waFe_ Edgeioof iu&ermolecu!_ar |

metal carbonyl units. A related study on cationic manganese ondensates (cf. Figures 10 an , respectively)
tricarbonyl complexes of tribenzotriquinace#@and fenes-
trindane ¢5) was also performet? Interestingly, the
[Mn(CO)s]* complex251was found to undergo addition of
nucleophiles not only at the peripheral positions but also at
the ortho positions of the complexed benzene ring, opening
one of the few possibilities to introduce substituents at these
sterically hindered sites. In the case of the corresponding
fenestrindane comple®52, the ortho attack of a hydride
nucleophile was even found to be the predominant path-
way 388

6. Outlook: Centropolyindanes as Building
Blocks for Supermolecular Architectures and
Supramolecular Assemblies and Networks

In the preceding sections the strict geometrical concept
of the centropolyindanes, based on the high regularity of the
mutual fusion of up to six cyclopentane rings or, more
specifically, six indane units at the central neopentane core,
and the great potential for diverse functionalization at the
bridgehead and/or arene positions have been outlined. It is
evident that there is a large variety of extensions of this
chemistry awaiting exploration. Notably, beyond extension
of the individual centropolyindane units of different com-
plexity, parts of which have been presented above, there are
novel possibilities to combine functionalized centropolyin-  Owing to the particular bent structure of the tribenzo-
danes to construct “supermolecular”, i.e., covalently bound, triquinacene framework, the three pairsatho positions
networks consisting of several centropolyindane building are geometrically well suited for being bridged by diatomic
blocks. Furthermore, there are many possibilities to generateunits, such as 1,2-vinylidene and 1,2-phenylene units.
supramolecular networks from suitably functionalized cen- Although it has become evident thattho substitution is
tropolyindanes in three dimensions. At the end of this review difficult in the tribenzotriquinacenes, attachment of sugh C
some particularly challenging ideas and an encouragingunits appears to be a very interesting goal (¢fScheme
observation will be presented. 48). In fact, this type of extension would generate up to three

The triptindanes are of particular interest because they offerse€ven-membered rings which, according to considerations
a chiral tripod if the benzylic positions at C-9, C-10, and Pased on Euler's law quoted in the beginning, would largely
C-11 are functionalized appropriately. TBe-symmetrical ~ compensate for the bending implemented by the three five-
triketone55 and theCs-symmetrical triols and triamines that membered rings. Further annelation of benzene rings would
are accessible from this key propellane, such@kand104  then lead to multiply fused polycondensed aromatielec-
(cf. Scheme 19), may represent a basis to construct chiraltron systems containing an alicyclicCs,-symmetrical
structures that bear three intermingled tentacula or dendritictriquinacene core. Figure 8 illustrates two hypothetical
residues forming an intrinsically chiral medium. For example, Structures of this type.
three polyglycine strands could be attached to the triptindane A similar design applies to the fenestrindanes, which bear
basis, and the properties of such 3-fold helices could be four bays arranged around a saddle-shaped central motif.
studied in detail. Again, the geometrical preconditions are favorable to intro-

The tribenzotriquinacene motif appears to be most versatile duce, in this case, up to four diatomic bridges. With 1,2-
in terms of super- and supramolecular architecture. This is Phenylene bridges and further benzoannelation (kf.
coincident with the particularly large variability in function- ~ Scheme 48) about the fenestrindane core, this structural con-
alization of the tribenzotriquinacenes, as described in the cept would lead to large [5.5.5.5]fenestrane-centered graphite
preceding sections of this review. Besides various novel cuttings, a hypothetical example of which is illustrated in
cyclophane-type “dimeric” derivatives of these centrotriin- Figure 9. In the case of the fenestrane-type cuttings, it appears
danes, three different types of highly unusual structures havePossible (and tempting from the flattened tetracoordinate
been envisaged to date on the basis of the tribenzotri-carbon point of view!) to remove the saturation from the
core, (2) three-dimensional covalently bound container trindene-based analogues (&85 Scheme 36).
molecules, such as tetrahedral and cubic oligocondensates The most exciting and truly three-dimensional target
derived from tribenzotriquinacenes, and (3) supramolecular architectures based completely on the tribenzotriquinacene
aggregates consisting of multiply functionalized tribenzo- motif concern construction of covalently bound container
triquinacenes. molecules bearing the tribenzotriquinacene units at the four
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Figure 10. Hypothetical covalently bound “supermolecular”
tetrahedron containing fowentromethyltribenzotriquinacene43)

at its tips, as calculated by molecular mechanics (MM (a) view
along theCs;, axis of a tribenzotriquinacene unit;'d@op view on

one of the six bent 9,10-dihydroanthracene “edges” (cf. Scheme
48, 111 ) connecting the triquinacene units at the tips.

A

Figure 8. Two hypothetical extensions afentromethyltriben-
zotriquinacene 43), as calculated by molecular mechanics
(MM+): (a and § top and side views on the derivative envisaged
by 3-fold bridging of theortho positions 0f43 (cf. Scheme 48l)

by 1,2-benzeno units; (b and)bespective views on a more highly
extended analogue, on way to bowl-shaped graphite cuttings.

(a)

(a)

Figure 11. Hypothetical covalently bound “supermolecular” cube
containing eightentramethyltribenzotriquinacene4d) at its tips,
as calculated by molecular mechanics (MM (a) Side view of

S the cube; (9 view along theCs, axis of a tribenzotriquinacene
Figure 9. Hypothetical extension of fenestrindarb) (cf. Scheme unit; (d') top view on one of the 12 anthracene edges (cf. Scheme
48,11, as calculated by molecular mechanics (MM (a) top and 48,1V) connecting the triquinacene units at the tip$;&op view
(@) side views on a more highly extended analogue, on way to on one of the 6 squares of the cube.
saddle-shaped graphite cuttings (cf. Figure 8b arijl 8b

rise to an almost ideal preorientation. A presentation of the
tips of a supermolecular tetrahedron and at the eight tips of hypothetical “giant nanocub#”is reproduced in Figure 11.
a supermolecular culé.These ideas are certainly most Besides covalently bound molecular scaffolds consisting
difficult to materialize, but all steps toward these goals will of suitable centropolyindanes, supramolecular aggregates
lead to novel fields of polycyclic chemistry. From a geo- may be envisaged. Provided that the suitable functionalities
metrical point of view, formation of a tetrahedral structure are attached in suitable positions of the carbon frameworks,
containing, in total, four tribenzotriquinacenes should become aggregation of such centropolyindanes may follow the same
possible when four suitably functionalized tribenzotriquin- three-dimensional orientation as the supermolecular con-
acenes are linked together pairwise through saturated bridgestructs discussed above, or even others, which may come as
(cf. Il , Scheme 48). Thus, six of such 9,10-dihydroan- a surprise once the research has reached a favorable moment
thracene units, each containing teyrroriented triquinacene  in time. We recently did encounter such a point, including
corners at opposite ends, could form the edges of a superserendipity, and it encouraged us to pursue the great
tetrahedron without significant accumulation of strain. A challenges outlined above and the underlying strategies
model of such an all-carbon tetrahedron generated bydeveloped so far. As mentioned above, we found that the
molecular mechanics calculation is displayed in Figure 10. Cs-symmetrical tribromotrinitrotribenzotriquinaceh84 (cf.

A closely related design relies on the use of flat anthracene Scheme 33) crystallizes with high selectivity from solutions
units, rather than the bent dihydroanthracene units, bearingcontaining its racemate and that of the corresponding
again two dibenzotriquinacenes fused isyaorientation at symmetrical isomet83, the latter being present even as the
its opposite ends (cflV, Scheme 48). Such elements can major component. To our great surprise, X-ray crystal
be viewed as linear edges of an all-carbon supercubestructure analysis af84revealed that each of the cubic or
containing a total of 12 such elements. Again, the overall flattened-cube crystals consists of only one enantiomer, and
construction of such a large scaffold consisting of eyt the elementary cell was found to consist of eight tribenzo-
oriented tribenzotriquinacene units at the eight tips of the triquinacene molecules of the same absolute configuration
cube should contain little strain energy because the mutual(Figure 12)338% Obviously, at least in this case, ti@&-
annelation of the three indane wings at each of the tips gives symmetrical orientation of the three nitro groups at each of
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= functionalized centropolyindanes appears to be possible, as
very recent results have shown. In this respect, the triben-
zotriquinacenes derived frodB8 and68 have been found to

be most versatile and promising. However, functionalized
triptindanes, fenestrindanes, and centrohexaindanes derived
from the parent congenew0, 45, and 47, respectively,
appear to offer many new possibilities to create unusual,
three-dimensional carbon scaffolds and supramolecular ar-
rangements. The author is confident that many more steps
into this challenging field of molecular architecture will
follow.
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