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alternating single and double bonds where the number in
brackets denotes the number of contiguou$ sarbon
centers. By definition, cyclobutadiene is therefore considered
as [4]annulene, benzene as [6]annuleheRigure 1), etc.
Replacement of one or more of the double bonds with an
acetylene unit affords a dehydroannulene (e3d)., An
unfortunate side effect of installing triple bonds in the
hydrocarbon skeleton often is compound instability. On the
other hand, fusion of one or more benzene rings to furnish
a benzoannulene (e.@), or dehydrobenzoannulene (e 4).,
heightens macrocycle stability in general.
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strength of those ring currents. From the myriad of com-
pounds produced, the main conclusion was that ring currents
in these systems became progressively weaker upon benz-
annulation, by inclusion of triple bonds, and/or with increas-
ing ring size. While these studies validated theoretical
conclusions based on the“tkel rule for annulenes, it
became apparent that there needed to be additional impetus
for annulene research; thus, interest waned and the area
languished in the 1980s.

The last decade of the 20th century heralded a rebirth of
annulene chemistry. A number of synthetic discoveries, most
notably Pd-mediated cross-coupling reactions between sp and
sy carbon centerdyere adopted from other areas of organic
chemistry. These improvements made the previously labori-
ous task of macrocycle assembly now a quick and efficient
process. The ability to create new annulenes allowed chemists
to easily functionalize the hydrocarbon backbone and thus
tailor the chemical reactivity and physical properties of the
macrocycles. Recognition of potential materials applications
for thesem-electron-rich systems has driven most of the
annulene research conducted currently. Indeed, annulenes
have been shown to exhibit nonlinear optical behavior,
polymerize vyielding tubular polymers, and even explode
furnishing ordered carbon nanostructures (vide infra).

This review describes the numerous advances in the
chemistry and reactivity of annulenes, dehydroannulenes, and

Throughout the 1960s and 1970s, these four classes oftheir benzannelated analogues made over the lasy2ars’

closely related molecules were targets of intensive study. The
research groups of Nakagaw&taal?® and Sondheimetthe
principal protagonists of this era, prepared an impressive

array of annulenic structures and showed that these hydro-
carbons possess a fascinating wealth of chemistry, such as

Bergman cyclization of4 to give anthracene.The main

factor driving annulene research was the dominating question
of whether planar examples of such macrocycles were able
to sustain induced ring currents, and if so, what was the

For work prior to 1985, the reader is referred to the
outstanding three-volume book series by Balaban, Banciu,

o (Y O o
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Figure 1.
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and Ciorb& To avoid creating an equally expansive docu- H CH; H CHs
ment, a number of benzoannulenes and annulene-like struc- HCCH HCCH
tures, such as the smallest annulenes, cyclobutadiene and

benzene, have not been included. Other structures not O —_ @
included are the cyclic phenylenes, of which there are myriad

derivatives; biphenylenéstriphenylenes? and tetraphen-

ylened! all have been recently reviewed. Systems which are 8a 8b

homoconjugated or meta- (1,3-) arene-fused have been
excluded. Cross-conjugated annulelédgbius annulene¥

and annulenes with belt-shaped topolotfiés.g., cyclocar- ‘
bons, para- (1,4-) arene fusion) are covered by other authors é/ ‘ @
in this special issue o€hemical Reiews /) A A

2. Annulenes

2.1. [8]Annulenes

2.1.1. Aromaticity Probes

[8]Annulene 6, Figure 2), or cyclooctatetraene (COT),
was first isolated in 192% and caused a fair amount of
confusion when it failed to display benzene-like properties.

= = == 12 13
© M == @ Figure 3.

5 5a 5b and shown to adopt the tub shape, while the cation radical

Figure 2. of tetrakis(bicyclo[2.1.1]hexene)-fused [8]annuleh#) vas
planar. The planarity of the latter is attributed to the highly

This was prior to publication of Hikel's now-famous rule  strained bicyclohexene units. Similarly, perfluorinated tet-
that only conjugated systems wittn(4- 2) x electrons would rakis(cyclobuta)COT synthesized by Soulen et 22)3'2is
exhibit what is now called aromaticity . The (4) z-electron  planar, while perfluorinated tetrakis(cyclopenta)COT pre-
[8]annulene, on the other hand, exhibits higher reactiVity. pared by Gerson and W## (13) is tub-shaped. The former
[8JAnnulene exists in a tub conformation, which undergoes has shown powerful oxidizing properties, and its anion
rapid interconversion, and thus is considered nonaror#atic. radical can be generated simply by contact with Hg metal.

Much of the recent work that has been done with Calculations by Baldridge and Sieg€lon neutral, fused

[B]annulene involves the anion radicBk) and dianiori’sb'lg&h. . COT derivativesl0—13 showed that enforced planarization
both of which are planar and much more stable. The majority could lead to “directing” of the positions of the double bonds,

of work by Stevenson involves [8]annulene anion radical, i.e., endo or exo to the fused ring systems. For example, as

which has been shown to dimerize &pfollowed by ring debi g
. ; : on picted in Figure 310, 12, and13 show the double bonds
opening to [16]annulene anion radical, (Scheme 1): in the endo positions, while il they are exo. Theoretical
Scheme 1 calculations also suggest that correct choice of annelating
group can afford the desired form. Preparation of nedttal
- by Komatsu confirmed both its planarity and its preference
- { } — for exocyclic double bonds crystallographically.Effects
of annelation on the antiaromaticity of COT and other
phenomena have been well examid&dhnd it was recently
5¢c 6 7 found that paratropic ring current persists well into the
transition from the planar to the tub-shaped geometry and
Isotopic labeling experiments elucidated potential mecha- that a minor distortion from the fully tub-shaped geometry
nisms for the dimerization. This reaction represents an js enough to restore #f
improved route to the substituted [16]annulene anion radical,
since direct synthesis is laborious and low-yieldifitsotopic 2.1.2. -Stacking
labeling and electron paramagnetic resonance (EPR) spec-
troscopy have also been used to explain sterically induced Paquette and co-workers synthesized doubly stacked [8]-
ring puckering as well as automerization of the arfin.  annulene cyclophari4,2? which undergoes conformational
Intramoleculatz—s interaction results in transannular com-  equilibration involving bond-shift isomerization (Figure 4).
munication between the planar anion radicals of bis-COT The spectral data suggest that one isomer dominates, but no
systems (e.g8, Figure 3)*¢which is not seen with the tub-  distinction between them is possible. The tetraardibmwas
shaped neutral COT. Stevenson also recently prepared therepared, requiring considerably strong reducing conditions
highly strained, high-energy cycloprop[8]annule@g*"the at low temperatures. Interestingly, despite the strong Cou-
second known cyclopropannulene (cyclopropabenzene beingombic forces obviously present in the anion, homolytic
the first®. cleavage of one of the enthano bridges does not occur. The
The cation radical of tetrakis(bicyclo[2.2.2]octene)-fused authors observed bis-adducts from intramolecular cycload-
[8]annulene 10) was recently prepared by Komatsu et®l. dition upon heating, but the results were inconclusive.
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Figure 4.

2.2. [10]Annulenes

2.2.1. [10]Annulene

2.2.1.1. Aromaticity Probes.[10]Annulene (6, Figure
5), by the (4 + 2) rule, would be expected to be aromatic.

16 16e
Figure 5.

16¢

However, such aromaticity requires a planar all-cis confor-
mation, introducing significant bond angle distortion to 144
[L0]JAnnulene was first synthesized definitively in 1969 by
Masamune and Seidn&who demonstrated that it existed
in two distinct yet rapidly interconverting formisaand16b

to which they assigned an all-cis “boatlike” conformation
and a mono-trans “twist” conformation (Scheme 2). Both

<D=
16a
\A
“
H

17

Scheme 2

16b

18

isomers were shown to undergo thermal cyclization to
dihydronaphthalenek7 and 18 while retaining their respec-

Chemical Reviews, 2006, Vol. 106, No. 12 5347

of density functional theory (DFT) in predicting aromatic
structures. Indeed, several other structures have been calcu-
lated as only slightly higher or even lower in enerd$p¢-
€), revealing that further refinement of computational theories
and methods involved may be requirééli The most recent
computational investigations into the mechanisms of bond
shifting and automerization oll6 support the original
assignments of the two major isomersldma and 16b.24¢
2.2.1.2. Novel TopologiesTypically, planarization of an
annulenic backbone is induced via introduction of linear triple
bonds (a “dehydroannulene”, see section 3). Schleyer and
co-workers pointed out, however, that planarization can be
accomplished through fusion of one or more cyclopropyl,
cyclobutyl, or similar strained ring®&d This is computed by
DFT to reduce the ring strain in the molecules and cause
the planar geometry to occupy minima with, symmetry.
The geometries of three [10]annulenes (Figure 6) with two

A 2 .

7 9r
v 5=
19 20 21

Figure 6.

(19 and five Q) fused cyclopropyl rings and five cyclobutyl
rings 1) were calculated at the B3LYP/DZd level of theory.
All were found to satisfy various criteria for aromaticity and
are predicted to be more stable than the parent [10]annulene.
Synthesis of perfluorotetracyclobutaCOT),§* mentioned

in the previous section on [8]annulene, is pointed to as
evidence for the synthetic accessibility of these cycloalkyl-
fused annulene derivatives.

2.2.2. Bridged [10]Annulenes

2.2.2.1. Aromaticity Probes.The potential aromaticity of
[10]annulene is more readily illustrated by locking the
system into planarity, and thus, far more work has been done
with 1,6-methano-bridged [10]annulefe&2, first prepared
by Vogel in 1964) and related isomers (Figure 7). These

X X
Ao A g'e
X X
22 23aX =1 24 2 X =gt
23b X = Br 25¢ X = NH
23 X =TMS 25d X = SiH,
25e X = SiMe,
25f X = PH
259X =5
Figure 7.

structures exhibit aromatic character with delocalized bond
structures. The calculated relative stabilities of the localized
and delocalized structures can vary depending on the method

tive cis or trans character, as well as undergo hydrogenationand basis sets used, and the determined preference is typically
to cyclodecane. The lack of planarity and hence aromatic too small to be considered definitive. It has been shown that

stability in either of these conformations explains the
relatively high reactivity of [10Jannulene and implies sig-
nificant bond localization rather than delocalization. The

substitution anywhere in the system can disrupt the fa-
vorability of the “annulenic” forn?%2 For example, tetra-
iodination of 1,6-methano[10]annulen23@ results in a

originally reported structures have been refined through disruption of the aromatic character, leading to bond

computations over the yeatsising density functional theory

localization and thermal instability. In addition, fusion of a

and second-order perturbation theory. Comparison with cyclobutene unit onto 1,6-methano[10]annule?® bas been
experimental results has led to a reevaluation of the reliability shown to indicate a greater diatropic ring current than the
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parent compounéf It is believed that ring strain 24 is nonlinear optical susceptibilities. The azobenzene derivatives
relieved through enforced enlargement of the annulene ringalso provide promising candidates for new azo dyes.
by the cyclobutene unit. Hetero-bridged [10]annule@Bs The aromaticity and stability data on bridged annulenes

are particularly sensitive to bridging atom effects and can gained by computation and experiment allows more targeted
exhibit cyclic polyene, bisnorcaradien2g, or delocalized application toward fused-ring syntheses. Gellman and co-

aromatic 27) character (Figure 8. workerg¢® developed a method using a semi-benzylic Favor-
skii rearrangement to provide 1,6-methano[l0]Jannulene

/ / A derivates32 bearing substituents on both the bridge carbon

& = & = L’v, and the aromatic ring, thus greatly increasing the availability

of a wide variety of bridged annulenes. Another method

22a 26 27 affords enantiomerically pure 1,6-methano[10]annulene de-

Figure 8. rivatives @3, Figure 11)5¢ Both of these techniques have

In addition to the neutral bridged annulene systems, their CO,H R R
anion, cation, or radical analogues can serve as effective CbR Cb Cb C&
probes of bond theor§. Spin density, paratropism, and N X 7 N
conformational measurements of cation radicals and anions R
of bridged & systems have proven especially useful in
understanding the electronic effects of enforced planarity or 32 33 34 35
nonplanarity. Studies of the ions of bridged [10]Jannulene as Figure 11.
well as higher ring size @+ 2) systems display pronounced
paratropic character that is particularly sensitive to electronic demonstrated generality and efficiency. A more convenient
and geometric effects. Cations from solvolysis of 1- or but less general procedure allows synthesis of 2,5-disubsti-
2-chloromethyl-1,6-methano[10]annulerg8(Figure 9) ex- tuted 1,6-methano[10]annulerd3d from 1,6-diacetylcyclo-
hepta-1,3,5-trien#d A reactiveo-quinodimethane derivative,
M 1,6-methano[10]annulene-3,4-quinodimethadt),(has also
Z 7 been generated and trapped as various Biglder adducts®
X X providing a practical method for the preparation of six-
membered ring-fused [10]Jannulenes and a variety of theo-
retically and synthetically interesting compounds. It should
. 28 29 be noted that these highlights represent only a few examples
Figure 9. of the synthetic, computational, and spectroscopic work that

hibit particular stability upon formation, much greater than has been undertaken in recent yedrs.

that of corresponding naphthyl groups. On the other hand,
the 11-(1,6-methano[10]annulenyl) cati®fis destabilized 2.3. [12]Annulene
relative to cycloheptatrienyl cation with limited aromatic ring - 2.3.1. Aromaticity Probes
interaction?®

2.2.2.2. Electron Donor-Acceptor SystemsAs well as
serving as interesting aromaticity probes, bridged [10]-
annulene systems have demonstrated possible application
upon donor/acceptor functionalization. Pd-catalyzed coupling

of phenylacetylene units to dihalo-1,6-methano[10]annulene
and similar coupling of ethynyl-1,6-methano[10]annulene to
bromo-substituted azobenzene has yielded novel donor/

Although there has been some controversy regarding the
veracity of the preparation of the rfjf m-electron [12]-
annulene 6, Figure 12y it was first reported in 1970 by

acceptor structures (e.§Qand31, respectively, Figure 10Y. 36 36a
OMe Figure 12.
O & b Oth and co-worker& Low-temperature NMR spectroscopic
X analysis led the authors to conclude tB&was significantly

I I distorted from planarity due to steric crowding by the internal
protons 86a) and that it readily underwent cis/trans isomer-
Z b ization through intermediat&7 (Figure 13).
S O The isolated electrocyclic ring-closure produ88&and39
led the authors to hypothesize a very low (4415 kcal

N
| N mol~1) automerization energy barrier. Since the original
O experimental work there have been numerous computational
studies performed to determine what exactly is the most
NO, NO, stable conformation of [12]annulefe’*some of which yield
starkly contradicting results. Early work on the automeriza-
30 31 tion transition state suggested that Byesymmetric structure

(40, Figure 14) might be possible, but very recent results
support the original trtrans[12]annulene structure proposed
Optical properties compare well with their benzene ana- by Oth?*2and show that this automerization proceeds via a
logues, which have been shown to exhibit interesting one-step, bond-alternatiri@-symmetric transition state with

Figure 10.
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4.14.5 koalimol ™ SChemes@E . C@ .

/
N /

] 45
A Bridged [12]annulend6 (Figure 16), like bridged [10]-
hv 40 °C annulene, exhibits much greater stability than the parent
T>-70°C 100 °C 100 o;\ annulene. 1,7-Methano[12]annulene was first prepared by

Vogel in 1974" and found to be nonplanar with significant
bond length alternation. Its relative stability combined with

a weakened (but still significant) cyclic conjugation makes
it a good candidate for electron delocalization studfe=or

example, fusion of a benzene ring onto the Aelectron

_ 38 system to makd7 results in a reduction of the paramagnetic
Figure 13. ring current®
nominal Mtbius topology. Further computational work by
Castro and Karney on ttrans[12]annulene revealed that = = b
its facile configuration change (i.e36a — 37) could be \__~ 7

accounted for by bond shifting via a'Mius aromatic transi-
tion state 41), a mechanism referred to as “twist-coupled
bond shifting”$4* More complicated pericyclic reactions of 8 47
[12]annulene (e.g., to42) have also been investigated Figure 16.
computationally? and are believed to proceed through several
transition states. For more on Miois annulenes, the reader 2 4. [14]Annulene
is referred to the contribution of Herges in this isstie. .
2.4.1. Aromaticity Probes
[14]Annulene 48, Figure 17) was first synthesized in 1960
by Sondheimer and GaoffiComputational and experimental
studies performed since have consistently concluded that the
IlOl] molecule adopts a nonplanar conformation with a delocalized
st-bond structure in the solid crystalline st4t&lhe nonpla-
narity is ascribed primarily to nonbonding interactions
between the internal protons. Nearly equalized bond lengths
40 4 42 (~1.40 A) have been confirmed by calculation as well as
Figure 14. X-ray analysis and low-temperature UWis studiest¢ The
photoelectron spectrum of [14]annulétfeeveals a vertical
The anion radical of [12]Jannulend3, Figure 15) has been  ionization energy consistent with an aromatic system. This
shown to be stable enough for spectroscopic characterizastudy also concluded that of the three most-reported sym-
tion®® and can be generated from either exposure of neutralmetry states for [14]Jannulene&C4, D,, and Cy), the Cor-
[12]annulene to alkali metals or dehydrohalogenation of symmetric stat&t8awith w-bond delocalization is the most
1,2,5,6,9,10-hexabromocyclododecat® a fire retardant.  favored. In solution, [14]annulene exists in equilibrium
between theC,,-symmetric state and a minor (8%) tri-trans

Iy

- Br BF o configuration48b,*'2though some have asserted that local-
‘i B,m @@ ized structures of [14]annulene may not even eXist.
Although planarcis-[14]annulene is theoretical, isomeric
Br Br Br precursors such as the little studied “nonalternant hydrocar-
bons” (e.g.,49, Figure 18) have been synthesized and
43 44 43a correlated to calculated frontier molecular orbitals of the as-
Figure 15. yet unknown annulen®!
Octalene %0), another isomer, can be considered a
The anion assumes a “half-planar” conformatiof3d) perturbed [14]annulene with a zero-atom cross-link. That this

wherein seven carbons lie in plane and consequently containstructural variation does not preclude chemical similarity has
most of the spin density with the other five atoms twisted been shown by reductive methylation of octalene (Scheme
out of the plane with rapick(= 10°—10" s %) rearrangement  4)*19 Treatment of octalene with Li metal results in the
between degenerate conformatiod8t{and43c). Thermal dianion’51, which reacts with dimethyl sulfate to yield the
dehydrogenation collapses the anion into the heptalene aniordisubstituted annulerig&2. NMR spectroscopy dé2 indicates
radical45 (Scheme 3). a pyrene-like structure with four internal protons. Temper-
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ature dependence of the NMR signals also indicates equili- show sensitivity to the bridging groud Nonbonding inter-
bration between three configuratioré—c, Figure 19) that action between bridging groups in multiply bridged annulenes
(both syn and anti) can cause severe distortions of the
annulene ring?Table 1 illustrates just two of the parameters
Q‘C that can be affected by several different substitutions in
bridging pattern.
Dimethyldihydropyrene (DMDHP56, Figure 21) and its
49 numerous derivatives have been one of the most studied
Figure 18. classes of bridged [14]annulene systems known. The majority

8b
Figure 17.

allows inner and outer protons to be exchanged. The X-ray
structure shows a centrosymmetric crystalline configuration
that precludes bond alternation. The bond delocalization is

Scheme 4

Li
_THF (CH3)2304, Figure 21.
-80°C

of work in this area over the last 20 years has been
50 51 undertaken by Mitchell and co-workef¥&* It is only the
second annulene to have its enthalpy of formation (ca. 339
CHs kJ/mol) measuret?2 The planar, delocalized aromatic systém
CH, is complemented by the internal methyl units that reside
above and below the plane and thus present convenient
— handles for the probing of ring current effects from manipu-
CH, lation of the parent structure (most notably, from fusion of
aromatic ring&° or organometallic complex&¥ to the
CHs periphery, which can drastically and perhaps predictably
52 attenuate the diatropicity of the annulene). Fusions of
DMDHP units to each othé&¥ and into a cyclophane
retained even with significant (up to 2@orsional angles)  structuré® have been accomplished.
deviation from planarity. A promising application arises with Fusion of a DMDHP to a dehydroannulene (e.§7,
this substitution method, since direct treatment of the parentFigure 22) has been shown to cause a reduction in diatro-
[14]annulene with electrophilic reagents results in polym-
erization rather than substitution.

CHs3
CHs
CH3
HsC Figure 22.
H;C
CHs
52a

picity of both units*®d The attenuation is used to infer a weak

52b 52c diatropic ring current associated with the dehydroannulene,
Figure 19. but the degree of change is too small for the relative
differences in aromaticity of the two units to be reliably

2.4.2. Bridged [14]Annulenes measured. Dehydroannulenes are discussed in more detail

in later sections.
2.4.2.2. Photochromic SwitchesA DMDHP derivative
has also found application as a photomeric swifh.
2 g Q2 Exposure of the annulene-fused cyclopentadi&®é& KH
C‘\\/\/@ AN\ or LICH,;SiMe; generates the [14]annulene-fused cyclopen-
X A A S tadienide anion59a (Scheme 5), causing a reduction in
& diatropicity and significant deshielding of the internal methyl
protons. The anion exhibits reversible photomeric opening

53 54 55 of the bond between the methine bridges to genesate
Figure 20. and it is concluded that the cyclopentadienide anion is acting

2.4.2.1. Aromaticity Probes.As in the case of bridged
[10]annulenes, bridged [14]annulends3{55, Figure 20)
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Table 1.4 Effect of Bridging Substituents on Carbon—Carbon Bond Lengths of 54 and 55

G2 G' G2-bridged C-C distance, A G'-bridged C-C distance, A
/H /H
N N 2.294 2.294
a /\ /\
4 i 2.290 2274
b N N ) )
/\ /\
HsC, CH
c N NS 2.279 2274
/\ /\
H H
d N N 2.325 2.356
/\ 7\
e A A 2.259 2.249
o o)
1 lCI:
f A A 2.470 2.472
H H H H
N/ N7
o
g X A 2.359 2.360
H H H
h o N
X N 2.340 2.326
i’r H\ /H \C/
o 2.278 2.341
/A H H
R F \/
j* ) X 2.502 2.440
/N F F

*anti-bridged annulene 55

in a manner chemically similar to benzene. Other derivatives antiaromatic character increasésDespite the classic hy-
of DMDHP have been preparéd# and several photochemi-  pothesis that () w-electron systems are inherently desta-

cal studies have been perfornfét. bilized relative to their acyclic analogues, recent work has
advanced the possibility that largeinj4ystems such as [16]-
Scheme 5 annulene are only slightly destabilized yelectron interac-
tions2¢
‘ base /" l \_
LI "
] s
60 60a

58 59a 59b
2.5. [16]Annulene =

2.5.1. Aromaticity Probes

The (4) -system [16]annulend(, Figure 23) was first
synthesized in 1961 by Sondheimer and G&bBince then,
a variety of conformations have been found to be stable, Stevenson and co-workers performed several isotopic
either through computation or X-ray crystallogragfi/>The perturbation studies on 95% deuterated [16]annulene il-
annulene exists predominantly in the alternating cis/trans lustrating the dramatic effects of ring planarity on ring
configuration with four internal protons that contribute to tropicity.*” The shorter length of the-€D bond relative to

60b 61

Figure 23.

the considerable distortion from planarit§0@. A minor the C—H bond results in decreased steric interactions on the
(12%) isomer60b with five internal protons is believed to interior of the ring, allowing the system to relax into a more
exist in equilibrium with the major isomer (Figure 283. planarized state. This causes a marked increase in paratro-
Recently, several new conformations, some withibids picity, with the NMR resonance of the internal protons

topography, have been predicted computationdfiyThe shifted downfield from 10.58 to 10.82 ppm upon deuteration.
geometry of the annulene shows significant temperature The external protons experience a similar upfield shift.
dependence in the NMR spectrum: as the temperature isCalculations predict decreased dihedral angles alongt@ C
decreased, the molecule becomes more planarized andonds of nearly one-half the annulene.
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As in the case of [8]annulene, the anion radical and dianion 2.6, [18]Annu|ene

species of [16]annulen& @nd61, respectively) have been o

easily made by reduction of the neutral molecules with alkali 2.6.1. Aromaticity Probes

65a 65b 65¢c

metals’®Later, it was found that the anion can be generated  [18]annulene 65, Figure 24) represents a unique target
by reduction of the [2+- 2] dimer of cyclooctatetraene (see  of study due to its status as not only ax(# 2) annulene
Scheme 1) or equimolar reaction of COT anion radical with pyt also a member of the aromatic subgroupp621) in
potential of anion radicatneutral molecule combination
reactions. Formation of the dianion creates a (4 2)
m-electron system that displays even greater diatropicity than
[18]annulene and is believed to be significantly more stable
than neutral [16]annulene. Isotopic perturbation studies of
posite the neutral molecule: deuteration causes a pronounced 65
increase in diatropicity, shifting the internal protons upfield Figure 24.
from —8.03 to —8.11 ppm. The shifting of the external
protons, however, is “not larger than experimental error”. Which the De-symmetric point group is allowed without
severe nonbonded interactiofi3.As annulene ring size

2.5.2. Novel Topologies

o } length alternation becomes more pronounced. An ongoing
~ The cyclization reaction of [16]annulene (Scheme 6) was depate has centered on the ring size at which polyolefin-
investigated experimentally in 1987and reported to proceed |ike, |ocalizedz-electron structures predominate over fully
from theCs-symmetric conformation (even though itis 31.4  ge|ocalized conjugation. Put simply, it is the question of the
kJ/mol less stable than the lowest energy conformation) to point at which drawing a closed circle inside the ring rather

propriate. Computational and theoretical estimates ranging

from [30]annuleng® all the way down to [10]annulere
have been put forward. More and more, the front lines of
this debate take root at or near [18]annulene.
Around the same time that Sondheimer and co-workers

neutral COT*® This last method shows the synthetic
SERcClaekl
the dianion of [16]annuleri& provide results directly op-
increases, aromatic stabilization energies drop off and bond
than alternating double and single bonds becomes inap-
first synthesize®5,°?2 Longuet-Higgins and Salem predicted

Scheme 6

60c 62 the diminishing aromatic stabilization of largen(4+ 2)
annulene$?* Even earlier, Mislow predicted the unlikelihood
of planarDen [18]annulene due to steric interactions between

O“ the internal proton¥c More recently, low-temperature NMR
OOO studies have yielded three conformations of nearly equal

energy?® with three internal protons above the plane and three
below in three possible arrangemer@s4—c). Furthermore,
upon synthesis, chemical evidence revealed reactivity typical

the tricyclic product with two bridgehead hydrogens pointing
in one direction §2) and the other two in another. It was
not known whether the cyclization occurred in a stepwise
or concerted manner. The cyclized product with all four
bridgehead hydrogens pointing in the same direct&s), (
however, was calculated to be thermodynamically more
stable33 The electrocyclic reactions of [16]annulene have
recently been investigated computationally using ab initio

of localized & bonds (addition rather than substitution),
behavior drastically different than benzene. It may be a bit
surprising then that the X-ray crystal structure6 first
determined in 1965} showed a nearly centrosymmetric
molecule distorted from planarity by 0.085 A andGCg;
symmetry only slightly distorted fronbg, symmetry. The
nonplanarity was explained by intermolecular nonbonded
repulsions and crystal-packing forces. The crystal structure

and density functional theory calculatiof¥sSeveral inter- was reevaluated in 199% and although an additional minor
mediates and transition states were determined, and it waform with slightly different geometry was found, [18]-
found that cyclization to the more stable product was likely annulene was confirmed by the authors as “having an
to be stepwise, with first one ring closure followed by the essentially planar aromatic structure in the crystal”. The 12
other from a bicyclic intermediaté4. The overall energy  ‘inner’ C—C bonds were determined to have lengths of 1.385
barrier was calculated as 131.0 kJ/mol, which is the relative A and the 6 ‘outer’ bonds lengths of 1.405 A, relatively close
energy of the first transition state. A viable concerted to the originally determined geometry. The authors also noted
transition state for the cyclization could not be found. The that the average €C length in65 is similar to benzene.
four computed stepwise mechanisms for cyclization to the The ring internal and reentrant angles are 124rtd 127.9,

less thermodynamically stable product were much more respectively.

complex: there were four transition states and three inter- Schleyer and co-workers recently challenged the essential
mediates, with the lowest overall energy barrier of about symmetry and planarity of [18]annulef®e,calling the
131.0 kJ/mol determined by the third transition state. This experimental data into question. It has been pointed out by
was exactly the same energy barrier as the cyclization to Shaik, Hiberty et a?® that adjacent overlapping bonds

the more stable product. On the basis of these barriers itprefer bond length alternation but that in small cyclic
was not possible to determine the dominant product of the conjugated systems it is the framework that enforces a
reaction. A concerted transition state for this reaction also regular geometry. Cyclic conjugation is only weakened, not
could not be determined. eliminated, by deviations from bond equalization. Thus, the
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Table 2. Bond Alternation of [18]Annulene in Various
Symmetry Point Groups?

point group level of theory Ar (A) OHinner OHouter
Dsn B3LYP 0.017 —-109to—11.0 11.511.6
Dsn KMLYP 0.015 -11.3to—11.5 11.2-114
Dan KMLYP 0.095 —4.9t0-5.0 9.3-9.8
Ds KMLYP 0.095 —4.2to—5.1 9.4-9.5
C, KMLYP 0.099 —23t0—2.6 8.9-9.0
Dsn BHLYP 0.015 —-11.2to—11.4 11.2-115
Dsn BHLYP 0.094 —49to-5.1 9.6-9.8
Ds BHLYP 0.095 —4.3t0—4.6 9.5-9.7
C, BHLYP 0.100 —2.7t0—2.9 9.0-94

exp 0.042 —2.99 9.3

a6-31+G** basis set used for optimization of all structurés; is
the distance between the shortest and longe<t Gond lengthsdHinner
anddHoyerare the GIAO-B3LYP/6-311G** *H NMR chemical shifts
in ppm relative to TMS.

bonds in benzene are equalized by thekeleton,not the
conjugatedr system. Since this equalization tendency is a
weaker force than the preference for alternation, benzene
is the exception to the norm rather than the prototype for
aromatic systems. Schleyer points out that tiisnduced
distortion is in no way inconsistent with aromatic character,
but it is important to determine the point at which the
competing forces ofd resistance ang distortivity” balance
completely®®2 To this end, Bl and Schleyer used GIAO-
B3LYP/6-31HG** methods to compute thiH NMR shifts

of various boranes, carboranes, carbocations, ajahfiu-
lenes and demonstrated that computed values matche
experimental values only when geometries were correct.
They then used this method to show that the shifts were in
good agreement only whesb did not haveDg, symmetry

(Table 2) and that the shifts computed using the geometry

derived from the X-ray data were in disagreement with the
experimental shifts. Finally, they found that only G
geometry gave acceptable results: at both the KMLYP and
BHLYP levels, C, [18]annulene is lower in single-point
energy.

Schleyer explains the contradictory crystal data in part by
static disorder, in which superposition of a lower symmetry
structure leads to an apparent higher symmetry. Although
the authors of the 1995 investigation ruled this possibility
out, they were using earlier geometry models that overesti-
mated ring diametetéwell beyond the computed deviations
between theC,, Dan, andDg, structures. Another issue with
the crystal data is dynamic disorder: the rapid interconver-
sion between twaC, structures passes throudbs, as a
transition state with a barrier of onty3 kcal mol?, which
would produce a time-averaged structure.

Ermer recently published a brief disputation of Schleyer
and co-workers’ assertiofgpffering that it may in fact be
possible to distinguish inversion disorder effects from true
single structures at currently attainable resolutions. In addi-

tion, he noted that computation regards molecules as being
in the gas phase and that the small barrier to symmetrization

could be overcome by— stacking and favorable crystal-
packing forces, i.e., “driving the molecules in the crystal
towards centrosymmetric forms with non-alternating char-
acter”. If bond alternation does indeed exist in [18]annulene
and then vanishes upon crystallization, it would be an
extremely unusual phenomenon with important implications
for solid-state NMR. Clearly, further computational efforts
are in order.

Chemical Reviews, 2006, Vol. 106, No. 12 5353

to [18]annulené?® Not surprisingly, the same effect, albeit
opposite due to the aromaticity 66 rather than antiaroma-
ticity, is observed. Upon deuteration, the external proton
NMR signals shift downfield from 9.17 to 9.20 ppm due to
reduced steric crowding by the smaller deuterium and more
effective r-orbital overlap, resulting in a more planarized
structure with a larger ring current. Similarly, the internal
protons experience an upfield shift from2.96 to —3.08
ppm, again consistent with increased diatropicity.

The anion radical of [18]annulenes& Figure 25) is
obtained via reduction by K metal and has been shown to

66

Figure 25.

undergo JahnTeller distortion to two different structures
when the odd electron occupies the degenerate antibonding
molecular orbitals D,, and Cy, symmetries$@ The anion

is not very stable but persists for nearly an hour at room
temperature. In contrast to tki®, anion radical of benzene,
rapid pseudorotation of the system is prevented by the
dwonplanarity of the radical, as evidenced by the complex EPR
spectrum. The anion is proposed to equilibrate between two
degenerateé,, conformations §6a and 66¢, Figure 26) in

.—& _"

Cop Dap Cap
66a 66b 66¢c
Figure 26.

which three internal protons are in the plane of the ring, two
are below and one is above, througlba transition state
66b in which all internal protons are in the plane. These
results imply that the disruptive effect of the odd electron
amplifies ther component to “overcome the symmetrizing
force of theo-framework”. It has been suggested that [18]-
annulene anion radical has the potential to represent a
superconducting materigfl:5

The dianion67 also adopts one of two equilibrating
nonplanar conformationsa(and b, Figure 27, 2.3:1 ratio)

2— 2—

b

67a
Figure 27.

67b

The same isotopic perturbation experiments undertakenwith antiaromatic character and bond alternation. The dianion
by Stevenson and co-workers for [16]annulene were appliedis also unstable relative to the neutral molecite.
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Scheme 7
68
+
A ||
s — > o < U — QO
69 71 72
: ®
o@=e
70
Table 3. Activation Parameters for Thermal Rearrangement of asymmetry, and conformational flexibility. All annulenes up
6510 72 to n = 30 (73, Figure 28) have been synthesized except
AH¥ AS AGH
reaction (kcal molt)2  (calmolFtK=%)  (kcal mol?)

65— 68—70 36.03+0.01 13.88+ 0.08 31.8%-0.01

68—70— 71+ 34.054+0.2 14.20+1.0 29.824-0.2
benzene

71— 72 32.904+0.21 14.22+0.13 28.56+ 0.21

aValues at 298.15K.

2.6.2. Novel Topologies

[18]Annulene has been shown to undergo thermal rear- 73
rangement (Scheme PAlthough scanning calorimetry was  Figure 28.
able to determine the thermodynamic factors some years
ago®2elucidation of the mechanism was achieved through 26 and 28. Most of the recent work has been computational
reinvestigation of the thermograms using an iterative method in nature and aims at understanding the complex interplay
of integration of the kinetic equations establisi&dThe between geometric, energetic, and magnetic properties.
CALIT-3 program is able to simulate thermograms observed Aromatic stabilization energies are greatly reduced in the
for successive first-order reactions: the three first-order larger systems, and it is believed that the mixing of low-
reactions [18]annulene>~ 68—70 — 71 + benzene and lying excited states and ground states leads to pseude-Jahn
71 — 72. Tetracyclic intermediate68—70 believed to be  Teller distortions’! The search for a discrete transition point
generated in this reaction all play the same role in the between delocalized and localized structures, mentioned in
mechanism and are therefore considered the same compound$e previous section, prompted a computational study by Choi
from a kinetic standpoint. Using complex calorimetric and Kertesz that investigated bond length alternation in large
methods in conjunction with the thermogram simulator annulenes up to = 66522Various levels of theory and basis
program, a detailed mechanistic picture of the thermal sets were sampled. While B3LYP/6-31G* acceptably pre-
rearrangement was deduced. The enthalpy of formation ofdicted bond lengths of known ring sizes and oligoenes,
[18]annulene (123.4- 3.7 kcal mot?! at 298.2 K), stabiliza-  Hartree-Fock methods consistently provided clearly incor-
tion energy 37.6+ 4.6 kcal moft?), andz-bond delocal- rect (and at times impossible) values. Using experimental
ization energy (ca—120.5 kcal motl) were determined.  measurements as guid®8,DFT calculations accurately
Activation enthalpy, entropy, and free energy for each step quantified the bond length alternatiod € Rsingis—Ruoubid
were also determined (summarized in Table 3). Interestingly, of the minimized structures of both rf¢ and (4 + 2)
the last step in the mechanism is believed to include two annulenes as a function of ring size (Table 4). In the
suprafacial 1,5-hydrogen shifts. The kinetic parameters progression of (4 + 2) annulenes, the data clearly show a
obtained are in good agreement with the thermograms,sharp increase ia for [30]Jannulene. Conversely, an enforced
showing the utility of this method in analyzing complex ¢ = 0 produced a local maximum for [30]annulef{€6]-

reaction mechanisms. annulene in the energy profiles. values for the lower
_ (4n + 2) annulenes ([14]-, [18]-, [22]-, and [26] annulenes)
2.7. Higher Annulenes are essentially zero and thus not reported.

- Another value investigated was the nucleus-independent
2.7.1. Aromaticity Probes chemical shift (NICS) parameter, which has proven an
The higher annulenesn (> 18) present less synthetic effective criterion for aromaticit§® NICS is the negative of
interest, mostly due to their significant bond alternation, the absolute magnetic shielding at the center of a ring current.
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Table 4. Calculated Bond Length Alternations in Various Kiran and Nguyeff calculated an enforced delocalization
Annulene$?A for [30]- and [42]annulene using symmetrically placed
n Cc—C (A C—C Ay d methylene bridges connecting adjacent internal carbons to
(4n) 20 1.442 1.361 0.081 create multiple cyclopentadiene units in the interior of the
24 1.432 1.363 0.069 structures (e.g.74, Figure 29). The induced ring strain is
(4n+2) 14

2 &
26
30 1.417 1.382 0.035 c O

42 1.425 1.374 0.051

54 0.427 1.371 0.056

66 1.427 1.371 0.056 @ Q
aCalculated at the B3LYP/6-31G** level of theory. Q

: - . 74
A negative value denotes aromaticity and positive value

antiaromaticity (e.g., benzene —11.5; cyclobutadiene=
28.8). A sharp decrease in magnitude of the NICS value for
[30]Jannulene was predicted, going froml5.9 in the case by structure in preference to the localize@hf) structure.

of [26]annulene to-12.4 for [30]annulene, with a further 1o yever, the same strategy fails in the cases of [54]- and
more gradual drop off at larger sizes. It is noted that this is [gg1annulene, which still prefer localized structures. The
still a large and negative value, implying that bond alternation higher annulenes experience less ring strain from the
is not necessarily correlated to antiaromaticity. The reason- methylene bridging. The lower symmetry structures all
able conclusion is that [30]annulene is the most likely eyherience less ring strain, with the higher annulenes
candidate for the “transition point” to a localized, yet still gy neriencing much less. This shows that delocalization and
aromatic, structure. Surprisingly, using these methods, thearomaticity are adjustable in much the same way that, for

calculated aromatic stabilization energies do not decreasegyample, the aromaticity of methano-bridged[10jannulene
with increasing ring size but increase up to [18]Jannulene and i enhanced (vide supra).

then converge to a limiting value of about 23 kcal niol Oth and de Ziicourt performed a detailed low-temperature
This provides further evidence that total delocalization is not 1y NVR spectrum analysis of the if# [24]annulene 75)°°
required for aromaticity. and deduced its conformations. As expected, the annulene

In the same work for whictDs, symmetry for [18]-  ghows significant bond alternation and a paramagnetic ring
annulene was discountéd, Schleyer and co-workers also  yrrent with aAd of 7.72 between the inner and outer

pointed to their computational comparison with experimental protons. In solution, a rapid equilibrium exists between the

chemical shifts of [22]annulene for which the crystal structure major and minor conformer&sa and 75b (Figure 30,K <
is not known. The large disagreement between the two sets '

of shifts led them to reject the report&d, symmetry and
assert bond alternation for [22]annulene which, by implica-
tion, “should be true of all the higher annulenes”. On the
other hand, Yoshizawa and co-workers performed vibrational
analyses on botls5 and 73**2 and concluded that the B
and B, vibrational modes of [30]annulene lead to equivalent
D3 global minima with eDgy transition state and an energetic
barrier of 2.3 kcal mol* or less depending on the level of 75a 75b
theory (_amployed. _ Figure 30.

Yoshizawa and co-workers also computed the electronic
structuréy* vibrational frequencies, and linear vibronic 0.05) with the resonance energy of the antiaromatic system
coupling constants of [30]Jannulene as well as its normal and estimated to be from-9 to —10 kcal mof™.
deuterated mono- and trianions to analyze the vibronic
interactions and their effects on Jahfeller distortions. They 3 Dehydroannulenes
found that the lowest & mode (38 cm?) affords unusually i )
large vibronic coupling constants and thus should play a From a synthetic standpoint, replacement of one or more
significant role in JahaTeller distortions of73. This low-  Of the double bonds of an annulene with triple bonds is a
frequency mode is typical of nanosized molecular systems fairly straightforward process. The resultant dehydroannulene
and in stark contrast to the cases of benzene, in which onlyoften is considerably less stable than its annulene counterpart
the highest g vibrational modes (1656 and 3184 cthplay and thus prone to undergo deleterious side reaction, decom-
a significant role in JahaTeller distortions, and [18]-  Position, etc.; nonetheless, the heightened reactivity also leads
annulene, where the lowesgffnodes at 116 and 405 csn ~ to some unusual observations (vide infra).
and the highest stretching frequency of 3201 tare most
important. This implies that the low-frequency modes 3.1. Dehydro[8Jannulenes
become more important in carbon ring distortions as the 3.1.1 Aromaticity Probes
annulene size increases. In both the mono- and trianion the” ~~ y
vibronic coupling constant of the 38 crhmode is altered Dehydro[8]annulene, or [8]annulyn&g, Figure 31), was
upon deuteration of the annulene and the vibronic coupling first prepared by Krebs in 1965%2°Huang and Sondheimer
constant of the 1513 cnmi mode is increased slightly. published a thorough review of work up to 1980,and

Figure 29.

enough in these cases to cause stabilization of the delocalized
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76a 76b 77
Figure 31.

recent work has focused mostly on the anion radital.
Wenthold and Lineberger measured the photoelectron spec
trum of GHs~ 82Pand reported that it very closely resembled
that of the COT anion (§Hs~) with similar structures. The
anion radical is obtained by reaction of @vith COT in a
liquid N,-cooled flowing afterglow apparatus. There are two
observed electronic states for [8]annulyne: the lowest
described as a singlet 1,3,5-cyclooctatrien-7-yrggl and

a higher triplet dehydrocyclooctatetraene statébj. The
electron affinity of neutral dehydro[8]annulene is 1.0#44
0.008 eV, and the alkyne stretching frequency is 2185%cm
which is expected for a strained triple bond in an eight-
membered ring. Both the neutral molecule and ion are

believed to be planar or pseudo planar, unlike the tub-shaped

COT.

Stevenson and co-workers developed a one-step entrap-

ment protocol for [8]annulyne anion radic&@7°8 using
dehydrohalogenation of BICOT byt-BuOK in THF solu-
tion containing an equimolar amount of 18-crown-6 (Scheme

Spitler et al.

to form a solid 81) that is insoluble in THF. Characterization
revealed extensive cross-linking, with the MALDI analysis
showing periodic peaks separated by 100 mass units up
thoughm/z = 10 000. The cross-linking is believed to take
place via suprafacial [2 2] cycloadditions of the cyclo-
butadiene units.

3.2. Dehydro[10]annulenes

3.2.1. Aromaticity Probes

Didehydro[10]annulene8@, Figure 33) has yet to be
isolated and structurally studied, but recent computational

o OO

82

i
S ENeS

84

8). The resulting solutions are characterized by EPR spec-

Scheme 8
KOt-Bu
18-crown-6
THF, -100 °C @
Br-COT 17+ O

troscopy. Neutral [8]annulyne is generated, and addition of
benzene anion radical immediately forms the [8]annulyne
anion radical, which is stable for several hours. Observation
of the uncomplexed anion radical is allowed by the presence
of the crown ether, which prevents spin delocalization into
the K cation. [8]Annulyne also undergoes {2 2] dimer-
ization when kept below 173 K without exposure to an

_ H(D)
N

H(D)
87 88

Figure 33.

result$® suggest that, with its @+ 2) x electrons, it should
exhibit aromaticity in the planar geometry. The bond-
localized configuration is expected to ha®gsymmetry with

a tub shape similar to COT. This conformation is found to
be more stable than the localized fl&,{ geometry, but

the energetic differences between the two are smaller than

electron source. Subsequent exposure also generates th®r COT, apparently due to aromatic stabilization. The ease

corresponding dimeric anion radic&8 (Figure 32). Several

O O,

78
Figure 32.

79

other similar experiments were carried out involving fusion

with which the bond angles are distorted reduces ring strain
in the planar geometry.

3.2.2. Novel Topologies

The first tetradehydro[10]annulen@3; Figure 33, various
representations) was synthesized in 1992 by Myers and
Finney’%The authors were interested in its potential thermal
rearrangement to the biradical 1,5-dehydronaphthalene and
noted previous attempts by Sondheimer and Staab to prepare
similar benzannelated hydrocarb8d, which instead lead

of cyclobutadiene units to [8]annulyne. The authors beI_ieve to zethrene §5), presumably through a zethrene biradical
these methods to be generally applicable to the synthesis an®g, Successful synthesis of tetradehydro[10]annulene pro-
storage of various annulyne, bisannulyne, and annulenoan-eeded from dehydration of the acetylenic alcobial The

nulene anion radicals.

3.1.2. Polymerization

sym[8]Annuldiyne 79 has also been prepafétusing the
same dehydrohalogenation method. Exposure to K metal in

annulene had “no appreciable lifetime abové0 °C”, and

any attempts to prepare it above this temperature led
immediately to the biradical. At90 °C, however, treatment

of the alcohol with trifluoromethanesulfonic anhydride and

triethylamine showed “clean and rapid conversion” to the

the presence of 18-crown-6 again leads to capture of its aniondesired product. Warming in deuterated solvents led to the

radical, inhibiting rapid equilibration between alternating
bond angle conformers induced by Jafireller distortion.

corresponding 1,5-dideuteronaphthal&8eThe kinetics for
cyclization were measured at51 °C and first order K =

Fusion to a cyclobutadiene unit leads to the benzannelated4.6 x 1074 s™1, AG¥ = 16.3 kcal mot?) with a cyclization

anion radical80, but the EPR signal for this compound is
weak. Under these conditions the annuldiyne preferentially
undergoes polymerization via extendedt{22] cycloaddition

half-life of ~25 min.
Indeed, soon after initial synthesis of the symmetric parent
dehydroannulene, Myers and Dragovich reported the enan-
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Scheme 9
O OTBS HSCHZCOZCH:,
[ )—=—""050,CH;
TBSO
SCH,CO,CH3
89 90
TBSO  SCH,CO,CH;
92 SCH,CO,CH;
+ 91
. OH
tBso«_ ] ] oTBS
HsCO,CH,CS
93
Scheme 10 Rearrangements of cyclic allenes (isonaphthalenes) have
o} recently been observed in the intramolecular Diddder
CVN\ 160 °C cyclizations of silyl-protected acetylen84a—c with phen-
S Vs ylacetylenes to selectively form eith®6 or 96 (Scheme
10).1&¢ |t is believed that cyclohexatriene intermedi&te
R can undergo either isomerization to berflispindol-1-one
94 95 (Scheme 11) or a six-electron electrocyclic ring-opening
process through a more stable transition state, yielding the
™S o TMS aromatic, bond-equalized dehydro[10]Jannuled& Upon
(o] R or cyN O R simultaneous rotation of two double bonds (between-C5
CV’N O C6 and C7C8), the annulene can then further isomerize to
a second cyclic allene, which affords berglifoindol-3-
9% 96 one produc6 upon rearomatization. The preference for each
9 pathway can be manipulated by varying solvent conditions.
R solvent product % Carrying out the reaction in triethylamine leads almost
H ELN o5 89 exclusively to the “linear” cyclized product, while reaction
2 OCH,4 Et:N 95 76 in toluene affords the “angular” product only. It is theorized
¢ NO, Et;N 95 74 that the base catalyzes the rearomatization of the initial cyclic
a H toluene 96 74 allene by proton abstraction. Echavarren and co-workers
b OCH; toluene 96 54 proposed a similar dehydro[10]annulene intermedigweth
¢ NO;  foluene 96 70 an all-cis configuration as well as a possible carbene
analogue.

tioselective synthesis of epoxy dienediyne structB@g® )
Ideally, 89 could undergo the same type of cyclization A thorough computational study of dehydro[10]annulene
following attack by a thiol to mak&0, with subsequent  and various cyclization transition states was recently reported
elimination of the methanesulfonate to generate dehydro- by Navarro-Vazquez and Schreiner in which the nearly planar
annulene9l (Scheme 9). The reaction cascade is initiated Ci “heart” geometryd9ais calculated to be more stable than
by exposure to excess methyl thioglycolate and triethylamine the potentially Mbius-like Co-symmetric “twist” configu-

in DMSO and THF at room temperature. The two expected ration 99b (Figure 34)’2 This is ascribed to the release of
isomeric naphthalene derivatives corresponding to biradicalsstrain energy caused by introduction of the alkyne moiety.
92 and93 were isolated in 67% and 20% yield, respectively, Degenerate interchange of this form proceeds throuGh a
showing the nondegeneracy of the cyclization pathways. transition state with a barrier of 13:87.4 kcal mof! and
These results represented the first step toward dehydronapheonversion to its enantiomer through a plagaitransition
thalene biradical DNA cleavage agents. state with a barrier of only 4:34.8 kcal mof1. Cyclization

Scheme 11

TMSGH
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(@] H R Qy4: R
3 S
97 1
l 98

95
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99a C; "heart" 99b C, "twist"
Figure 34.

H
100

of this form to a cyclic allenel(00 takes place through a
C; transition state (16.8 kcal mid)). [5,7]-Cyclization is
possible but not likely from the most stable “heart” form
due to a barrier of 23.3 kcal mdl [5,7]-Cyclization is
favored, however, from the “twist” form by 2.4 kcal mél
Rearomatization affords the final naphthalene (23.9 kcal
mol™Y). The authors conclude that this “should be taken as
the working mechanism for the reported isomerizations
during dehydro Diels Alder reactions of phenylacetylenes”.

3.3. Dehydro[12]annulenes

3.3.1. Aromaticity Probes

While the all-cis geometry of 1,2,5,6-tetradehydro[12]-
annulenelOlahas remained elusive, mono-trans structure
101b has been known since the early 1960s (Figure’35).

@ O

\
X

4

101a

101b

102a 102b

Figure 35.

1,2,7,8-Tetradehydro[12]annuled®2 is believed to adopt
a D-symmetric twist boat conformatioh02b based on the
NMR data. Compound02is calculateff to be 34.47 kcal

Scheme 12
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H
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mol~! more stable thati01, and their antiaromatic character
causes the energy of the planarized structures to be relatively
high. Additional calculations suggest that fusion of cyclo-
butadiene units onto hexadehydro[12]annulet®3| ef-
fectively destroys the antiaromaticity of the 12-membered
ring,”* in contrast to hexadehydrohexaethynyl[12]annulene
(104), which has only slightly attenuated antiaromaticity.

Stevenson and co-workers adapted the original syntheses
of 101-102 to prepare several isomers of didehydro[12]-
annulene (Scheme 1B Exposure of commercially available
1,5-hexadiyne 105 to t-BuOK generates monoanidr06,
two of which cyclize to form dianionl07. The dianion
undergoes “transannular hydrogen migration and electron
transfer” to cyclodecenetriynE08 which finally rearranges
in the presence afBuOK to an isomer of didehydro[12]-
annulenel09aor 109b. The conformations were assigned
based on a detailed analysis of the NMR signals. Exposure
of the annulenes to K metal in a THF/18-crown-6 solution
generates the anion radicals and eventually the dianions,
which exhibit aromatic signatures in tAel NMR spectra:
the internal protons resonate-a2.68 and—1.80 ppm, and
the external protons appear as far downfield as 7.53 and 7.51
ppm. Interestingly,L09 does not appear to readily undergo
self-condensation, persisting for weeks in solution without
any evidence for cycloaddition product formation.

Annulenel09 was also prepared by serial dehydrohalo-
genation of hexabromocyclododeca#¥ The target mol-
ecule was not detected by NMR spectroscopy, but upon
exposure of the solution to K metal, a strong, well-resolved
EPR signal from the anion radical was observed. The signal
was in good agreement with computation by DFT. Prolonged
exposure led to the dianion, which was observed in the NMR
spectrum. A new, less symmetric isoni€9cwas deduced,
with internal protons appearing as a multiplet betwe@nl5
and —0.35 ppm, and a surprisingly far downfield external
proton at+13.54 ppm. This is believed to be due to the
additive effect of the diatropicity and deshielding from the
K cation. The other dianions df09 do not experience this
effect, but there is not as much ring strain in their alkyne
units, which in109cmay be causing-orbital overlap with
o bonds on adjacent protonated carbons.

108
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Scheme 13
Cul, Pd(PPhg),Cl,,

Et,NH
L@\Br ;» L@\ + =
Br  R=-H Br < R
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113a: R = TMS, 23% 114a: R = TMS, 25%
113b: R = C(CH3),0H, 31% 114b: R = C(CH3),0H, 38%

1. KOH (aq), MeOH, THF
2. Cu(OAc),, pyr, MeOH,

o 110 (15%)
i1ag _ EEOTO%C 1839
15% 116 (3%)
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NaOH (aq), CeHe,

PhCH,NEt;"CI, y
Cul, Pd(PPhs), @Z 111 2%
—_— — o
113b Br 118 (9%)

116 117 118 2

Komatsu and co-workers prepared several dehydro[12]-, Table 5. Bridgehead NMR Shifts and Redox Potentials of
[18]-, [24]-, and [30]annulenes fused with bicyclo[2.2.2]- BcO-Fused Annulene®®
octene (BCO) frameworks to stabilize the corresponding
cations for investigation of the redox behaviors of these

compound  electron count O%(ppm)  Eeq VP Eox VP

compounds® Synthesis of dehydro[12]annulen2$0 and 110 1Z 1-72 ﬂ-g; +8-93
111 (Scheme 13) proceeded from BCO dibromidi&2 ﬁé i&r é}?u j'% il'g?
through stepwise assemblies of the acetylene linker Giits 116 24 268 —153 '

and 114 using Pd- and Cu-catalyzed chemistry. Unfortu- 117 307 2.75 —1.90 +1.07
nately,110is unstable and decomposes upon concentration 118 167 2.47 -196  +0.62
without deaeration, whilé11decomposes even in deaerated 2 127 -158  +1.17

solution over several days at room temperature. Dehydro- 214 NMR shift of bridgehead protort.Versus Ag/Ag-.
[16]-, [18]-, [24]-, and [30]annulene$15-118 were also
synthesized in the same reactions. Theand 3C NMR Cyclic voltammetry was also performed on the BCO-fused
spectra were taken (Table 5), and the BCO protons are showrannulenes. For reduction, all showed reversible waves
to be sensitive to the ring current effect. The signals for the between—1.5 and—2.0 V (Table 5) with the antiaromatic
bridgehead protons on the dehydro[12]annulenes are shiftedsystems at slightly less negative reduction potentials. Inter-
significantly upfield from their aromatic-fused counterparts estingly, during the oxidation process, reversible waves were
(e.g., '"H NMR 1.76 and 1.72 ppm forl10 and 111, observed only for annulenes with BCO units that were
respectively, vs 3.41 ppm for the 18-electron systElH). connected through just one acetylene spacer (sudijs
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R R
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2 Z == X
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119a R = TMS 120a R = TMS 33% 121aR =TMS 14%
119b R = TIPS 120b R = TIPS 27% 121b R= TIPS 12%
119dR = %@-NMez 120cR=H 0% 121cR=H quant.

120dR - ¢ ThNMe, 2% 1214 R = £()-NMe, 22%
Figure 36.

Compoundl11lis more easily oxidized thahl0 which is than121to the antiaromatic dianion. The electronic absorp-
more easily oxidized than the non-BCO-fused syst&m  tion spectra exhibit significant vibrational fine structure due
prepared for comparison. The authors assert that this mayto their rigid planarity. Annulen&20bexhibits a UV cutoff
indicate stabilization of the cationic systems by the BCO  around 480 nm, while the larger conjugated macroc$2feb
units, since such an effect might be attenuated by increasinghas absorptions that extend out to 660 nm. The indicated
the number of acetylenes per BCO unit. The authors also HOMO—-LUMO band gaps confirmed the essentially para-
concluded that annelation with BCO units rigidly holds the tropic and diatropic natures d20 and 121, respectively.

o framework and donates electron density via induction and  Recently, donor-functionalized analogue0dand121d
o—m conjugation’’ A plot of oxidation potential vs PM3-  were reported®®° Donor functionalization causes a batho-
calculated HOMO energy shows a good linear correlation, chromic shift in the electronic absorption spectrum, with
but a plot of reduction potential vs calculated LUMO levels strong, broad bands appearing in comparisoi20b and

is scattered. This indicates that the rapid equilibration of 121b, indicating intramolecular charge transfer from the
conformers in solution may give rise to a variety of FMO electron-rich aniline moieties to the annulenic cores. The
levels, whereas the calculated LUMO levels are associatedbands disappear upon acidification and are regenerated
with the energy-minimized structure. This study effectively completely with addition of base. Thig,ax Of both charge-
illustrates the electron-donating capability of the BCO group transfer bands is the same (518 nm), but surprisingly the

and its ability to stabilize some cationic systems. extinction coefficient is much higher in the aromatic system
(105200 vs 35100 M cm™1). While it could be expected
3.3.2. Substructures of Extended Networks that charge transfer ih20d would be more efficient, since

antiaromaticity is reduced upon electron absorption, the-UV
Vis results seem to suggest that this is not the case. Recently,
the electronic excitations ir120d and 121d have been
calculated using density functional thedf{f.In both cases

the lowest excited states were found to correspondite a*
transition involving intense intramolecular charge transfer
from the donor groups to the cores. In the aroméagdd
however, the transition proceeds from the ground state to a
'‘degenerate excited state dfdgmmetry. Since both of these

E' states contribute to the oscillator strength, the charge-
transfer band is theorized to be more intense in the UV
spectrum, which matches well with the experimental spectra
for both annulenes.

Diederich and co-workers synthesized and studied a variety
of perethynylated dehydroannulenes (e.g., Figure 36) as
precursors to extended carbon sheet netw6rkaxidative
Hay coupling of key bisalkynel1982 provided dimeric
dehydro[12]annulen&20 trimeric dehydro[18]Jannuleni2],
as well as higher oligomers (yields from precursor shown).
The TIPS-protected annulen&20b and 121b are soluble,
stable, and form deep red crystals and a yellow greasy solid
respectively. A crystal structure d20b revealed a planar
carbon backbone, with a mean deviation from the plane of
0.089 A. There is considerable strain in the molecule, with
the butadiyne moieties having bond angles as low as 164.5
and the inner €C=C angles compressed to ca. 118
Although the crystal is stable, uncrystallized solutions of
120bdecomposed upon concentration. TMS derivali28a 3.4. Dehydro[14]annulenes
is much less stable, with solutions turning from purple to 3.4.1. Aromaticity Probes
brown and to black insoluble material in the solid form, even
under cold 20 °C) and dark conditions. Attempted
desilylation with mild borax caused rapid decomposition
upon concentration of the product. Annuleh2ladecom-
posed slowly but nevertheless grew bright yellow crystals
over a period of 9 months suitable for diffraction. The )/ | \
aromatic dehydro[18]annulene is perfectly planar, with the
largest deviation from the plane of 0.074 A. The acetylene = = ==
segments adopt bond angles comparable to acyclic, strain-
free analogues. Deprotection i?1aafforded unstablé21c 122a 122b 123
in quantitative yield and thus provides a precursor to Figure 37.
oxidative couplings for the preparation of extended carbon
sheet networks. Not surprisinglit20 undergoes stepwise 122bis as yet unknown. Calculations suggest it adopts a
one-electron reductions to the aromatic dianion more readily tub-shaped conformation similar to didehydro[10]annulene

Although monotranshexadehydro[14]annulerd®2a(Fig-
ure 37) was prepared in the mid-1968she all-cis isomer
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82.5° Haley and Boydston synthesized the all-cis octadehydro- exhibit a unique structure, composed of two sets of p orbitals
[14]annulene123 and used'H NMR shifts to infer its which are orthogonal to each other, raising the intriguing
diatropicity®? This parent compound was compared to question of whether they obey then(4 2) rule. Since
various benzannelated analogues (see section 5.3.3), and ityclocarbons are belt-shaped compounds, the reader is
was found that fusion of benzene rings to the systems causeseferred in this issue to the contribution of Tobe and Tahara,
upfield shifts, implying a gradual reduction in diatropicity. which addresses this topic in detHilOur focus here is
This lends support to the computational results described inprimarily on the dehydroannulene precursors. Only salient
the previous section concerning fusion of cyclobutadiene cyclocarbon results will be discussed.

units to dehydro[12]annulene reducing its antiaromatitity. A very successful synthetic strategy toward accessing
cyclo[n]carbons has been cycloreversion of ring-fused de-
3.5. Dehydro[16]annulenes hydroannulene precursdis.For example, Tobe and co-
. workers$*ab ysed laser ablation to induce |2 2] cyclo-
3.5.1. Aromaticity Probes reversion of [4.3.2]propella-1,3,11-triene-fused dehydroannu-

There has been surprisingly little new work involving lenes to generate various sizes of cyclocarbon structures.
dehydro[16]annulene, perhaps because dehydro[12]annulen®€hydroannulene$28-132 were synthesized (Figure 39,
has been much more extensively studied, and there is not
believed to be a great deal of variation in structure and
reactivity between these twalf) annulenes. Furthermore,
the macrocycle geometry required to provide the correct
electron count does not lend itself well to the oxidative
coupling reactions typically employed in synthesis (e.g., the
low yield of tetramerl18in Scheme 13). In most cases,
synthesis of a dehydro[16]annulene represents one of a series
of annulenes prepared either systemati¢all§*cor as one
component of many in a one-pot intermolecular reactfon.

Ojima, Yamamoto, and co-workétsprepared several
unique methanodehydro[16]-, [20]-, and [24]annulenedione 128 n = 1 28% 130 n
structures 124—126, Figure 38) with an unusual 1,4- 129 n=228% 131n

n

Figure 39.

yields shown) and subjected to laser ablattdand laser
desorption-time-of-flight mass spectral analy$isPeaks
corresponding to the £ anion of the target cyclocarbon
were detected. Alternatively, irradiation with a low-pressure
Hg lamp was used to induce photochemical {2 2]
cycloreversion (e.g., of33to 134and 135 Scheme 14}°

Figure 38. Scheme 14

dichlorobutatriene moiety. A crystal structureld&f4revealed / 2+2] I

significant distortion from the expect&t geometry, believed cycloreversion

to be due to ring strain and transannular repulsion. The | I+ @O
system is “fairly planar”, but the dihedral angle between the = ll

two ring systems separated by the methano bridge deviates

from planarity by ca. 30 The *H NMR spectrum shows

that the inner protons of the annulenediones are shifted 133 134 135

upfield relative to their respective acyclic precursors, while ) _ ) )

the outer protons are shifted downfield. The methylene but yielded only indane and polymeric materials that could

protons are equivalent in the precursors but separate intonot be characterized. Attempted trapping of intermediates

upfield and downfield components upon cyclization. Interest- from the reaction using a furan matrix failed to afford the

ingly, these compounds actually exhibit diatropicity in CRCIl  various [4+ 2] cycloaddition products.

due to polarization of the carbonyl groups. The dications of

124-126 show enhanced diatropicity and delocalization 3.6. Dehydro[18Jannulenes

(formal 14, 18, and 22r-electron systems, respectively) in -

D,S0O,, which increases with ring size. This effect is so far 3.6.1. Aromaticity Probes

unprecedented in true annulenes. Although decidedly aromatic, unsubstituted dodecadehydro-
Small carbon clusters have been extensively investigated[18]annulenel 36® is unstable and potentially explosive. As

systems$? and there has been an impressive amount of work in the case of hexadehydro[12]annule@63 fusion of

devoted to the smallest {(Go) clusters. With the ever-  cyclobutadiene rings 137, Figure 40) is calculated to

increasing interest in fullerene chemistry, this is also true of interrupt the ring current, which destroys the aromati€ity,

larger (Go-s0) carbon system®. There has been compara- while fusion of ethynyl units1219 only slightly reduces it.

tively little study involved with the intermediate size range, In the case ofl37, however, it was calculated that the bond

Cio-24, Which are believed to exist as monocyclic rings. These lengths of the formal single bonds are significantly shortened

monocyclic clusters, known as cycijfarbons (e.g.127), to 1.34 A, as opposed to 1.39.43 A in the other molecules
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Scheme 15
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Figure 40.

studied, suggesting that the cyclobutadiene rings are “con-
nected by cumulative double bonds yielding an allene
structure”. Since synthesis of these higher annulenes typically
involves oxidative alkyne cyclooligomerization, several ring
sizes are generated in one pot, and so many studies
concerning dehydro[18]annulenes are also applied to those
of lower macrocycles, some of which have been described
previously (see sections 3-3.5).

The single crystal of the BCO-fused dodecadehydro[18]-
annulenel15synthesized (Scheme 13) by Komatsu and co-
workerg® for their redox study was found to have an almost
planar structure with a butadiyne bond angle of 17.7.4
Spectroscopic data fdrl5was the same in solution and in
the solid state. Comparison of thid NMR data among the
annulenes synthesized (Table 5) shows the diatropicity of the retro-Diels-Alder reaction is the dominant fragmentation
the macrocycle; the protons on the BCO units are the mostpathway. Bond-alternating acetylenic cyclo[18]cari@7a
downfield in each case. Similarly, the stability &5 is is also calculated to be more stable than the nonalternating
shown by its resistance to both oxidation and reduction. ~ allenic form127h

Indanyl-fused dehydro[18]annulefi@8was subjected to Ueda and co-workers accomplished the synthesis of several
the same laser ablation conditions as dehydro[16]annulenedehydro[18]annulenes of the unusual typ&l (Figure 42)

131 in an attempt to detect cyclo[18]carboh2{, Figure
ﬂ ﬂ — 0

138

139

140

41)8% Mass spectral analysis shows a peak corresponding

7 N\
I \:
N 4

127a 127b R!

Figure 41.

? R2 N _R? 142aR' = H, R? = p-£BuCgH,
to Cig= as the highest peak. The vibrational frequency 142b R' = RZ—(;SH5
deduced from the data collected is much lower for neutral | 142¢ R" = CgHs, R? = p-tBuCgH,4
Cig than for other clusters. This is explained by a possibly g1 R 142d R' = CgHs, R? = £-Bu
cumulenic structure for the (4+ 2) clusters rather than the Z
localized single and triple bonds deduced for tha) (4 R?
molecules (Figure 41). Figure 42.

Unlike the case ofL31, [2 + 2]cycloreversion of [18]-

annulenel 28in the presence of furan succeeded in furnishing having De, symmetry®® This architecture is based on the
trapped speciesl88-140 Scheme 15). In the absence of Sworski concept of insertion of an unsaturatedu@it into
furan only indane and uncharacterizable polymeric material each bond in benzeffeand is expected to increase the size
were obtained. While these results do not prove conclusively of the system while not affecting the conjugation, aromaticity,
formation of cyclop]carbons via this route, they do show or symmetry. An interesting question is what effect this
that elimination of an indene unit does take place by expansion might have on the physical and chemical proper-
cycloreversion to produce reactive dehydroannulene inter-ties. Thus, various permutations of hexasubstituted derivative
mediates. of 142 were assembled. All compounds are described as

Diederich et al. similarly reported generation of ions of
Cys from flash vacuum pyrolysis-induced cycloreversion of
anthracene-fused dehydro[18]annuleffésUltraviolet ir-
radiation under strong heating conditions followed im-
mediately by time-of-flight mass spectrometry revealedga C
fragment, while gentler heating conditions showed only

“quite stable”, with neither melting nor decomposition until
150-175°C, at which pointLl42acarbonizes, or 226250

°C, around which142b—d decompose. In the crystal
structure ofl142h each “side” of the central ring has two
“long” bonds, averaging 1.390 A, and one “short” bond in
between, averaging only 1.217 A. This bonding pattern is

anthracene fragments or the parent annulene, indicating thanhot properly described by either the acetylenic or the
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cumulenic model. The molecule does possess a planar Table 6. Geometric and Spectroscopic Comparisons between
system withDg, Symmetry in the solid state. The electronic Benzene and Carbomer 14%

absorption spectra d42show a pattern typical of @+ 2) parameter benzene 141
annulenes, with two principal absorptions between 400 and™  ¢_,c_ A 1.394
550 nm, each separated by about 50 nm, with hexaaryl- Ce—Csp A 1.239
substituted142b and 142c possessing slight bathochromic Cop—Cs, A 1.369
shifts for these peaks. gsp(Z()::ng*CériéZ), deg 120 11728276
Diederich and co-workers prepared seve_ral cyclqbuteno- NT"éS ('ESL?P)’%pm P 179
fused dehydro[18]annulenes, as well as higher oligomers, i (B3LYP), ppm 73 114
as potential precursors to cycid¢arbons’®@ The targets OH (expt), p,';,m 7.97 9.87

molecules were the cyclodutenedione-fused dehydroannu-

lenes as they could potentially undergo elimination of CO

via radiation or flash vacuum pyrolysis to the corresponding

cyclo[n]carbons. Since the cyclobutenediones were found to confirms that it is indeed a complex @27, with a nearly

be unstable, the molecules were initially prepared as ketalsplanar Gg ring, with the largest deviation from the plane of

143—-145 and bisketalsl46-148 by cyclooligomerization 0.19 A. The corner bond angles are 12hd 134, and the

of the corresponding diynes (Figure 43, yields from diynes smallest diyne bond angle is 166/\hile the next step to
127would be demetalation under mild oxidation conditions,
such attemp8° using ceric ammonium nitrate, 4-methyl-
morpholineN-oxide, and 4 have all proven unsuccessful,
yielding only polymeric material. It is likely that the stability
of the complex, as well as steric hindrance from the ligands,
prevents decomplexation. Although unambiguous evidence
for the transient generation of cyclocarbons and their ions
have been collected by various groups over the last 15 years,

n it is clear that isolation and characterization of these
synthetically intriguing structures from stable precursors is
far from trivial and may yet require development of new
techniques not currently available.

Dehydro[18]annulenek21prepared by Diederich and co-

workers are described along with related structdr28in
the section concerning dehydro[12]annulenes, since they are
synthesized at the same time. These systems are also
discussed within the broader context of general acetylene
chemistry in recent article’.

aValue for 142ataken in CDC}.

3.6.3. Novel Topologies

Chauvin and co-worket$computationally investigated a
variety of ring-expansion processes involving the unsaturated
C, unit insertion mentioned above (Figure 42). These so-
called “carbomers” have not been widely synthesized, but
the nonderivatized 41 has been the subject of calculations
aimed at finding out whether the physicochemical properties
of benzene, of whichl4l is the carbomer, are indeed

149 preserved in the larger structure, as would be predicted. An
Figure 43. important question is whether the orthogonal set of p orbitals
has an effect on the total aromaticity of the system (in-plane
shown). The protected dehydroannulenes were then subjectethomoaromaticity). Geometric parameters, magnetic shielding
to acid hydrolysis, and the dione products were observed in(including NICS values), and MO calculations have been
situ but not isolated. Low-temperature matrix isolation/laser employed in order to deduce these effects. Bond distances
desorption experiments provided circumstantial, but not in the carbomer (Table 6) are calculated to be slightly shorter
direct, evidence of CO loss from the cyclobutenedione-fusedthan in benzene due to the presence of the sp centers. The
annulenes upon irradiation via loss of the characteristic linear segments are slightly bowed outward, with corner bond
carbonyl peak at 1792 crhand the appearance of a new angles of 122.6vs 120, and acetylenic (or allenic) bond
band at 2115 crt. Cyclocarboril27should have only weak  angles of 178.7 In comparison to the geometries of the
IR absorptions due to the symmetry of the alkyne groups. dehydro[18]annulenes described above, the preservation of
The electronic absorption spectra showed only disappearancéenzene-like character is remarkable. Calculation of the NICS
of the long-wavelength bands upon irradiation with no new at B3LYP/6-3HG* predicts values 0f-8.0 and—17.9 ppm
bands generated. To date, all attempts to isdl2ehave for benzene and41, respectively, indicating that diatropicity
been unsuccessful. is not only preserved but enhanced.
362 0 tallic Svst Predicted chemical shifts for the protons of each show a
-b.2.-Urganometaliic oystems similar effect. The best experimental comparison comes from

Diederich also synthesized a stable hexacobalt complexthe triaryl derivative of141, 142 which shows a more

of cyclo[18]carbon 149, Figure 43)%° The crystal structure  moderate effect. The calculated resonance energy values of
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[nlannulenes vary with their carbomers in agreement with
the Hickel rule, indicating that thery, system in the
carbomer ring has little effect on the system. Comparison
of certain carbomers with only weakly homoaromatic
analogues (e.g150 and [5]pericyclynel51°* Figure 44)

HH__HH

150
Figure 44.

reveals that in-plane homoaromaticity exerts a weak influence
at best and is “qualitatively bystanding”. Thus, it is concluded

that carbomerization of an annulenic structure does indeed

Spitler et al.

22, 24, 26, 28, 30, 32, 34, 36, and 38. Each system was
studied in order to determine the upper limit of ring current
as a function of size. As noted earlier, the cutoff point for
diatropicity in annulenes has been postulated in one study
to occur around [30]annulene. In the case of dehydroannu-
lenes, the rigid acetylenic linkages, and in this case, 1,6-
methano bridging, will serve to draw out that boundary still
further. Indeed, hexadehydro[24]annulene had been one of
the largest (4) annulenes known to be paratrogtaQjima

and co-workers synthesized each annulene in the same
manner and used thel NMR shifts, as well as comparisons

to their respective acyclic analogues, to assign the annulene’s
character as diatropic, paratropic, or atropic. It was found
that diatropicity persists up to= 34 but paratropicity only

up ton = 28. Then = 32, 36, and 38 annulenes are found
to be atropic, with the conformational freedom that comes
with their size overcoming any aromatic stabilization or
antiaromatic destabilization.

preserve aromatic character. For more on carbomers, the

reader should consult the review of Chauvin and Maraval
in this issue’?

3.7. Higher Dehydroannulenes

3.7.1. Aromaticity Probes

With each increase in ring size, the structural diversity
attainable in the dehydmJannulenes grows exponentially.
The oxidative cyclooligomerization route currently employed
typically limits the isolability of higher annulenes from this
route, however, where yields of higher macrocycles drop off
quickly.”8888 On the other hand, the geometry of the
monomer unit can sometimes favor higher oligomers, as in
the case of compounds43—148 The bond angles of the
cyclobutene units cause ring strain upon formation of
dehydro[18]annulene trimedt3and 146 (the structures as
drawn), which is alleviated in the dehydro[24]annulene
tetramersl44 and 147, thus affording a higher yield. The

pentamers, however, are generated in smaller amounts. The

opposite case is seen in the organometallic compk
the tetramer of which is formed in very small amounts. It is
worth noting that larger macrocycles also suffer from greater
conformational freedom, which hinders planar, delocalized
structures. The diatropicity of dehydro[30]annulé, for
example, is highly reduced relative t47. Fusion of
sterically restrictive units, such as cyclobutenes, can help
enforce planarity and increase stabilization to a great degree
A very systematic effort was undertaken by Ojima and
co-worker§? to synthesize a series of 1,6-methanotetrade-
hydro[nJannulenes152—-162, Figure 45), where = 18, 20,

152m=n=1 18
153m=2,n=1 [20
154 m=n=2 22
155m=3,n=2 [24
156 m=n=3 26
157m=4,n=3 [28
1588 m=n=4 30
159 m=5n=4 [32
160m=n=5 34
161m=6,n=5 [36
162m=n=6 38

Figure 45.

4. Benzoannulenes

Interest in benzoannulenes originated in the latter half of
the 20th century as a means to simplify syntheses and
stabilize annulene cores; however, incorporation of arene
moieties into the cyclic structure enhanced bond localization
and decreased annulene ring tropiditys. Key pioneering
contributors Staab, Sondheimer, Nakagawa, and Wittig
produced a multitude of large benzannelated systems cul-
minating in the late 1970s and early 1980s. Since then, ortho-
fused benzoannulene production has been limited primarily
to Mitchell’s group with recent additions from lyoda and
Kuwatani.

4.1. Benzo[14]annulenes
4.1.1. Aromaticity Probes

Over the past 25 years, Mitchell and co-workers prepared
a large library of benzannelated dimethyldihydropyrenes
(DMDHP) and investigated their use as aromaticity prébes.
Initial syntheses of the cycles focused on construction of a
bis(bromomethyl)arene, conversion to a dithiacyclophane,
and final elimination of MgS % Although this method proved
successful for isolating a multitude of new systems, the
lengthy route required a different bromoarene starting
material for each benzoannulene. Examples of the more
highly fused systems produced via this method inclié@-

165 (Figure 46)% In 1990, a new multipurpose route using
Diels—Alder addition of dihydropyrene cores containing a
reactive aryne functionality166) with furan-substituted
arenes followed by deoxygenation with Jf@0) was
introduced®” The alternate route enabled rapid production
of several extensively annelated cycles67-171) via
common arynel66.°7% The Mitchell group’s most recent
work in this area has focused on synthesis and comparison
of benzo-, naphtho-, and anthraceno-annelated systems
(172—174), where judicious use of bulky alkyl substituents
permitted preferential annelation in the] position?®

The internal methyl protons of the benzoannulenes were
found to be especially sensitive to ring current shielding but
almost invariant to external substitution of the annulene core
due to distanceX5 A). Dramatic chemical shift changes
(up to 5 ppm) from DMDHP § = —4.25), the direct result
of bond fixation and aromaticity of the annelating species,
have been observed for the group’s benzoannulene deriva-
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175a X = Cr(CO); CHOC
172n=0 175b X = Ru2*HMB %)
173n=1 176 syn or anti
174n=2

Figure 46.

Table 7. Internal Methyl Proton § Values for Benzoannulenes
163-178

parent
benzo- fusion benzoannulene

annulene  site 0 (Me) 0 (Me)
163+rans —4.24 N/A
1644rans —1.38 N/A
165 —4.08 N/A
167 a —0.44 N/A
168 a —0.896,—0.899 N/A
169 a —0.878,—0.882 N/A
170 a —-1.18,—1.19,—-1.21,—-1.22 N/A
171 a —1.58,-1.62 N/A
172 e —1.58 N/A
173 e -0.54 N/A
174 e 0 N/A
175& a —0.87,—0.98 —1.62
175 a —0.52,—-0.86 —-1.62
176anti a 0.64 0.02
176syn a 0.42,0.86 0.02
177 a 0.29, 0.69 0.02
178a e -0.83,-1.22 —1.58
1781F e -0.31,-0.77 —1.58

a Major isomer.P Representative isometAcetoneeds.

tives. While higher annelation resulted in upfield shifts (less
bond fixation) for g]-fused cycles, downfield shifts (in-
creased bond fixation) were observed for higlebahnelated

Cr(CO)3

g
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metallic complexes occurred in moderate to good yields-(50
80% for both isomers), but separation of isomeric analogues
proved difficult in some cases (e.d.75b). Downfield shifts

in 0 values for the exotopic methyl groups upon metal
complexation indicated more significant bond localization
in the organometallic complexes than the parent benzo[14]-
annulenes (Table 7). Ru complexes also possessed a slightly
greater €1 ppm) bond-fixing ability than analogous Cr(GO)
systems.

()
OO
J

t-Bu

178a X = Cr(CO)3
178b X = RuCp(PFg)

4.1.3. Photochromic Switches

In addition to service as an effective aromaticity probe,
DMDHP is a photochrome that converts to a metacyclo-
phanediene photoisomer upon irradiation with visible light
and thermally reverts back to the bridged annulene by UV
or heat (sed 79, Figure 47 for a representative benzannelated
example).° The complete conjugation and orbital overlap
of the annulene, which is disrupted by the stepped conforma-
tion of the metacyclophanediene, makes the annulene an ideal
photochromic switch. Inability of the photoisomers to readily
isomerize as well as lack of internal hydrogens, which can
be abstracted to promote aromatization, are key advantages
of the DMDHP systems over stilbene and dihydrophenan-
threne photochromes. Experimental analysis has shown the
DMDHP switches to be extraordinarily robust with no
detectable decomposition after repeated conversion by flash-

systems (Table 7). The collected data has allowed the grouping light. Comparison of cycles produced in the early 1980s
to develop an empirical method to describe aromaticity of showed that site-specific annelation of the DMDHP core at

the new cycles as well as annelating species.

4.1.2. Organometallic Assemblies

Mitchell's group reported the first mono-1758 and
dinuclear benzoannulene complexd§) in 1990 and

the [a] and [g] positions, respectively, increased and de-
creased the thermal return reaction to the benzoannulene,
the latter being the favored shift in rate for a photochromic
switch.

The Mitchell group’s recent efforts in this area include

19961 respectively, and has since prepared several ad-production of highly annelated DMDHP switcheds7@—174,
ditional Cr- and Ru-complexed organometallic analogues Figure 46;179, 180, Figure 474 as well as exploration of

(175h 177, 178 of previously reported benzannelated-
DMDHPs (Figure 46¥341920rganometallic complexes?5—
178 were obtained from the parent annulene by THF-
catalyzed ligand exchange reaction withy5-aphthal-
ene)Cr(COy, reflux with CpRu(CHCN)sPF;, or treatment
with [RuClL(HMB)], and AgBFR. Isolation of the organo-

multistate 7 switches {81—186, Figure 47)1040.105Com-
pound183 the group’s first three-way photochromic switch,
selectively differentiated the bispyrene (355 nm) and color-
less biscyclophane>(598 nm) from the thermodynamically
preferred monopyrenremonocyclophane isomer. Bispyrene
184 showed that two DMDHPs linked by a conjugated
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Figure 47.

diethynyl spacer did not affect the photochromism, in contrast mimics of larger conjugated systems¢@nd Gg) and cyclic

to previously reported dithienylethene photochrome systems.belts (see review of aromatic belts by Tobe et“pl.The
Trispyrene systemd85a and 185b, shown in the most  simplest system beyond dibenzocyclooctatetraene, benzo-
thermodynamically favored close@®pen-closed orientation,  [12]annulenel87, was obtained in 1988 from Ni-catalyzed
are the group’s newest multistateswitches. Three of the  trimerization of 1,2-dibromo-1,2-dihydrobenzocyclobutene
five possible isomeric states of switch85a exhibited followed by thermal ring openinty? The crown-like structure
sufficient lifetimes to be observed by NMR spectroscopy of cycle 187, which results in an orthogonal relationship
and laser flash photolysis. Previously discussed organome-between benzene and ethylene linkages, prevents conjugation
tallic analogues have also been examined for photochromicbetween arene rings. Due to interest in larger bemjzo[
properties. Although the Cr-based systems did not exhibit annulene systema(> 12), the group explored alternate
photochromism, Ru-basedi78b exhibited electrochemic  routes and developed a new versatile strategy that addition-
reversion to the pyrene in addition to photochromic and ally afforded 16- {88 and 20-membered annulen€s39)
thermochromic method§ Mitchell and co-workers ex-  in 200018 \//Zn-mediated intramolecular pinacol coupling
panded their investigations of the DMDHP photochrome by of bisaldehydel 90 resulted in a combination of threo and
incorporating it into larger porphyrin molecular triad systems erythro diol isomers, of which the former was converted to
(186) with either dihydroindolizine or fullerene photochromes  the erythro conformerl@1) via Swern oxidation and NaBH

to create molecular AND (produces an output of one when reduction (Scheme 16). Treatment with thiocarbonyldiim-
both inputs are one) and INHIBIT (an AND gate with an jdazole afforded the penultimate thiocarbon&82, which

additional event) gate’§® was subsequently placed under Cotdyinter reductive
dehydroxylation conditions to afford cycl&é87—189in 62—
4.2. Benzo[ njannulenes ( n = 12, 16, 20, 24) 84% vyields. Most recently the group produced the benzo-

[24]annulene analoguel®3 which displayed a unique

4.2.1. Substructures of Extended Systems benzene trimer substructure compared to the concave features
lyoda, Kuwatani, and co-workers reported the production of 187—-189° Cycles188and193both displayed temper-

of several concave benzoannulene systems with alternatingature dependence by NMR spectroscopy, while the frame-

arene and alkene functionalities, of interest as precursors oworks of 187 and 189, concluded to be, respectively, too
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Scheme 16 isolation of the fullerenéd® as well as several theoretical
a b cif studies that proposed unique thermal, optical, and electronic
Q Q O n=123 properties for highly unsaturated, nonnatural carbon allo-
Taifnea tropes such_as graphyn&94, Figure 48) an_d graphdiyne
OHC . CHO (195), for which benzocyclynes could be envisaged as model

= substructure$t®
190n=1,23,4 191n=156%
n=255%
n=358% 5.1. Dehydrobenzo[8]annulenes
n=470%

5.1.1. Substructures of Extended Systems

Cyclyne 196, the simplest member of the DBA family,
was first synthesized in 1974 by Sondheimer and co-workers
in 27—36% yield via bromination of dibenzocycloocatetraene
and subsequent dehalogenation WHBUOK 1! Interest in

187 n=184% this strained, anti-aromatic system continues due to the
192 n=178% }gg n- :2; %Z" significant angle distortion of the alkyne moietiesl55°)112
n=280% 193 n = 4 55% and possibility as a precursor for extended carbon-rich
=4 (2 steps) systemsX Two different groups published superior alternate
a Conditions: (a) VGYTHF)s, Zn, DMF, CHCh; (b) (COCI), DMSO, methods to the strained annulene in 2002 (Scheme 17). Otera

EtzN, CHxCly; (c) NaBH;, MeOH, CHCl,, 0 °C; (d) thiocarbonyldiimid-

azole, toluene, reflux; (e) 1,3-dimethyl-2-phenyl-1,3,2-diazaphospholidine, Scheme 17

benzene, reflux. 1. Li powder
2.NBS
rigid and too flexible, did not display significant structural 1. (Et0),P(0)CI 3. +BuOK
change with temperature variance. Although organometallic O LiHMDS _ g' tBEuOK Br
complexes ofl87—189 and 193 have been observed, only 2.LDA . OOO a
cycles188 and 189 formed complexes with the transition- 61% = 43%
metal cavitated inside the annulene cage. SO,Ph 196 Br
5. Dehydrobenzoannulenes and co-workers obtained the cycle in 61% yield via oxidative

dimerization of o-(phenylsulfonylmethyl)benzaldehyd¥,
Dehydrobenzoannulenes (DBAs), also referred to as ben-yhereas Wudl et al. utilized two distinct multistep routes,

zocyclynes, first appeared int.he chemical record in the 1960si,e more efficient (43% overall yield) and cost-effective
from the laboratories of Eglinton and Staab. Both groups starting witha,o’-dibromoo-xylenel1s

continued their work into the late 1970s in conjunction with
several other prominent chemists such as Nakagawa. Produc5.1.2. Organometallic Assemblies
tion of new cyclyne topologies in the early 1990s by Youngs

and Vollhardt marked a resurgence in DBA synthesis that
continues to this day. A key reason for this renaissance was

Three organometallic complexesifi6have been reported
since the DBA renaissance (Figure 49). Bis-Pt compj@x

,(:'iph3)2 (0C)3C0-Co(CO);

1 1
R R, _ 0 Rl _ R‘
- S
204

203aR', R? = CMe,

—-CoCp*

194 205R = OTBDMS
203bR', R?=C=0
1-R2=
(== )==+ OO — O|O
200n=0,X=C:C
7 N\ 7\ 7 N\ 201 ?1 =0, X = HC=CH
N\ 4 N\ /7 202n=1,X=C:C
== ==+ Yy== Figure 49.
4 N\ 7/ \ isolated in 1997 by Tanaka et al. during investigation of
silylation reactions of dehydro[8]annulenes, was obtained
195 guantitatively by reaction 0196 with two equivalents of

Figure 48. Pt(PPh),4 or Pt(CH=CH,)(PPh),.11¢ Complexation of both
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alkyne moieties with Pt resulted in enhanced air and thermal Tobe group’s report of highly strained dibenzocych2G8

stability with a decomposition temperaturel00 °C higher
than that reported fat96 (~110°C dec)*'! Both Otera and
Vollhardt reported Co complexes 965 years later. Otera’s
laboratory produced dinuclear compl&88 by treatment of
196 with Coy(CO).117 Although metal coordination to the
single ethynyl group altered-€C bond length (0.16 A) and
angle ¢-8°), the remaining alkyne moiety in Co-complex
198remained unchanged in angle and length. Alternatively,
Vollhardt and co-workers obtained (cyclobutadieno)diben-
zocyclooctatrienyne compledd9from photochemical treat-

almost 40 years later did a new triyne topology enter the
chemical record?

5.2.1. Octadehydrodibenzo[12]annulenes

5.2.1.1. Substructures of Extended NetworkdJtilizing
their new route for differentially protected hexaalkynylben-
zenes via Diels Alder cycloaddition of cyclopentadienones
with alkynes, Rubin and co-workers investigated formation
of larger graphyne substructures via Hay coupling in 1997.
The group successfully isolat@®9ain 25% yield from the

ment of a mononuclear metallacyclopentadiene(alkyne) final Cu-mediated homocoupling of 3,4,5,6-tetrakis¢-

complex precursor designed for angular [4]phenyléh€he
inherent strain iM99resulted in a trapezoidal distortion of
the cyclobutene moiety.

5.1.3. Novel Topologies

Wong's group prepared several analogu@80(202
2033 203h 204, Figure 49) of196in the early to mid-1990s.
Benzo-fused cyclyne®00—-202, isolated as intermediates and
characterized by high-resolution MS and/or NMR spectros-

copy, were reacted with furan or isobenzofuran to construct

benzo-fused tetraphenylen8& The group’s interest in

butylethynyl)-1,2-diethynylbenzene (Figure 51). Although

R! R!
o X
R3 = = R3
R! R!

209aR'=R?=R%=C:Ct-Bu
209b R' = H, R2 = R®= OOct
209¢R'=R2=R3®=F

209d R' = H, R? = R®= NHBOC
209e R' = R®=H, R?=Dec

strained dehydroannulenes, such as cycloocta-1,5-diene-3,7-

acetylene, led to production of annelated cy@@8g 203h,
and204.1% Introduction of fluorene units provided enhanced
stability and coplanar structures f@af3aand 203bt1%bin

contrast to the highly reactive, nonplanar parent tribenzo-

cyclooctene203¢ which exhibited a half-life of 30 min at
—60 °C in solution!?® The longevity of the fluorene
derivatives, both crystalline solids that exhibited mp values
>200°C, was attributed to removal of the four eclipsed arene
hydrogen atoms found i803c Conversely, the improved
stability (mp 183°C) of 204, obtained in two steps from
benzof]phenanthro[9,1@&]cyclooctene, was based on kinetic
protection of the alkyne groups from close proximity of

219a R =Ph
219b R =C:CTIPS

phenanthrene hydrogen atoms as well as decreased ring straiRigure 51.

of the central core from $gC bond elongatioA!®® More
recently, Youngs reported formation of tetrasilyl®@5from
intermolecular Pd-catalyzed cross coupling in low yield
(10%), the result of competitive formation of a more stable
indenoindene byproduct (67% yielt?:

5.2. Dehydrobenzo[12]annulenes

Prior to 2005, only two topologies existed for dehydrobenzo-
[12]annulene: the highly colored, dimeric dibenzoannulene
206, also known as the EglinterGalbraith dimer, and
tribenzocyclyne207 (Figure 50). Eglinton and co-workers

e —

0

= ==

206
Figure 50.

first isolated cycle206in 1960 via high-dilution oxidative
coupling of o-diethynylbenzené?? Production of tribenzo-
cyclyne207was subsequently reported in 1966 by Eglinton
via trimerization of the cuprous salt ofiodophenylacetylene
in pyridine!?® Staab and Graf simultaneously repor?

through a halogenation/dehalogenation of a didehydroben-

zoannulene obtained with Wittig chemistf.Only with the

produced in the same reaction, trimeric and tetrameric
analogues could not be separated and further characterized.
Octasubstitute@09ashowed notable stability over the parent
cyclyne, likely due to steric effects of the bulky alkyl groups
and interspersed solvent molecules observed in the crystalline
state.

Gallagher and Anthony reported the production of linearly
fused [12]annulene oligomer210 and 211, Figure 51),
referred to as acediynes, as well as tetraoctanoxy analogue
209bin 20011?7 Contrary to traditional intermolecular Hay
cyclization techniques, they constructed the extended struc-
tures stepwise via Pd-catalyzed homocoupling of alkoxy-
substituted benzene rings to a central dialkyl core followed
by intramolecular Hay coupling. The electronic absorption
spectra of the acediynes, which displayed increased batho-
chromic absorption with oligomer length, allowed calculation
of a saturation wavelength (625 nm) similar to linear
acetylene-based polymers. While b&hO and209b were
found to be readily soluble and stable systems, oliga2iér
exhibited poor solubility in organic solvents and was found
to decompose in nondeoxygenated solvents.

5.2.1.2. Precursors for Polymerization and Intermo-
lecular Networks. The Swager group’s interest in precursors
for novel conjugated organic polymers led to the study of
dimerization reactions of-diethynylbenzene analogues in
199412 The penultimate diethynylbenzene derivative$dj
were prepared in good yield from eitherdichlorobenzene
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or catechol with Pd- and Ni-catalyzed cross-coupling reac- ization characteristics showed that despite suitable solid-state
tions, respectively (Scheme 18). Intermolecular Hay coupling orientation of the diyne bridges, cycB)9cwas stable to
of the diethynyl monomers io-dichlorobenzene afforded a topochemical polymerization. The cycle also exhibited
mixture of the dimer Z13) with larger macrocycles and  explosive decomposition at higher temperatures (12%b

°C) than206, a deactivating effect attributed to the electron-

Scheme 18 withdrawing octafluoro substitution.
1. RMgBr 5.2.1.3. Organometallic AssembliesA Ru-coordinated
e 2dppp) dehydrobenzo[12]annulene with exotopically fused diimine
H'2304,3|2 binding sites 214) was reported by Faust and Ott in 2004
CI]@ HOAc R | (Figure 52)**! The metallacycle was obtained in 21% yield
Cl R [ 4
R = alkyl 1. TMSA
AT Baan, cul RJ©<// o
1. RBr, K,CO FPNH - = (bpy),Ru’ "Ru(bpy)
acetone - 2. KOH R X N ’ ?
2. Hg(OAc), MeOH, THF 212 '
HO:© Iy, CH,Cly R]@(I
HO R I RS
R = alkoxide R?
2 2
O ¢ R sod
R = = R3 SN N_).(_N ] = R3
213aR=Bu Rz NN R?
213b R = Hex
213c R = Dec R?
213d R = Dodec 3
213e R = ODec R
. . . 1= 2 - 3 - = Ni
oligomeric/polymeric components. Cyclexl3b—e were :::: ';1 = g.?fﬁ R‘3E_)eoci3R )Z'_"ZX =Ni
isolated in 17-74% yields, while cycl€13aand the larger =Re=H,RT= 05, A=2n
macrocycles were analyzed as mixtures*bByNMR spec- (OC)sCo-
troscopy. Tetrasubstitution of the strained core enhanced NPO(CO)s
stability of the [12]cyclyne to several days at room temper- OOO
ature, in contrast to the rapid and pronounced decomposition =
of concentrated samples 806 The solid-state structure of (OC)3Co~Co(CO),
213adisplayed a staggered conformation with alternating 216

in and out of plane orientation for substituents, a structural gijgyre 52,
feature that prevented intermolecular interactions from
adjacent butadiyne linkages. Investigation of thermal behav-by 4-fold Schiff-base condensation of BOC-protected
ior by DSC showed polymerization between 100 and 125 tetraamino[12]annulern209dwith [(bpy).Ru(phenanthroline-
°C with very narrow transitionsf*? ~1.5°C). X-ray powder 5,6-dione)}"(PR"), in TFA and CHCN. The electron-
diffraction, cross polarization/magic angle spinning NMR accepting nature dt14was confirmed by CV experiments,
spectroscopy, ESR, and the intractable nature of the resultantvhich provided a similar reduction potential to that of the
polymeric materials all indicated that tetrasubstituted [12]- first reduction of the well-established electron acceptgr C
annulene13did not exhibit a well-defined topochemical Although responsible for a decreased excited-state lifetime
polymerization. by intramolecular quenching, the dehydroannulene core did
Bunz and Enkelmann further investigated the Eglinrton  provide electronic benefits of bathochromic absorption and
Galbraith dimer 206) in 1999, specifically focusing on the  emission spectra f@14 compared to acyclic Rupolypyr-
solid-state behavior and crystal packing of the octadehy- idyl model complexes.
droannulené?® Cocrystallization with hexafluorobenzene and ~ Cook and Heenéy? as well as Torres and co-workéts
tetracyanoquinodimethane resulted in formation of 1:1 mo- published reports in 2000 on phthalocyaninodehydroannu-
lecular complexes with guest molecules inserted between thelenes that differed only in arene substitution and transition-
stacked annulenic cores. Although concentrated samplesmetal identity (Figure 52). Both groups used intermolecular
would readily lose solvent and decompose, the solvent Cu-mediated homocoupling reactions of diethynylphthalo-
complexes were stable under ambient conditions if sealedcyanino monomers with different results. Cook and Heeney
in a capillary under partial pressure of solvent. obtained dimeR15ain 24% yield as well as an additional
Komatsu and co-workers prepared octafluoro analogue 18% yield of dimer/trimer mixture with Eglinton conditions.
209c in 2002 via Cu-mediated homocoupling of 1,2- Torres’ group found that similar Eglinton coupling of the
diethynyl-3,4,5,6-tetrafluorobenzene (Figure 5f)Use of diethynyl precursor resulted only in an inseparable mixture
preparative GPC allowed facile isolation 809cin 48% of 215b and trimer analogue while increased temperature
yield as well as the trimer in lower yield. Although UV (70°C) and higher concentration afforded cy2lE5bas the
Vis spectroscopy and DFT calculations indicated a compa- sole macrocyclic product in 51% yield. Although absorption
rable HOMO-LUMO with parent206, CV data indicated a  spectra were run in different solvent systems, both macro-
more electron-deficient cyclyne core and lower LUMO by cycles215aand215bexhibitedAcuor values>800 nm with
a less negative reduction peak. Investigation into polymer- a distinctive broadening and splitting of the Q band, ascribed
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to intramolecular coupling of the phthalocyanine groups via
the butadiyne linkages. Cook and Heeney further investigated

the propensity for mesophase behavior, which showed that gnyy  cyclization Precursor

215aentered a mobile phase at 110 with an associated
birefringence pattern. Heating 2f.5ain toluene above 220

°C resulted in drastic changes in the absorption spectrum
and the presence of higher molecular weight oligomers with
interspaced molecular weights @f.5a by matrix-assisted
laser desorption ionization time-of-flight MS.

The double-addition organometallic prod&16, which
displayed enhanced stability to several days in solution under
ambient conditions, was obtained by Adams and Bunz in
39% vyield via reaction 0f206 with Co(CO)s at room
temperature (Figure 52§ Co-complex incorporation was
found to occur on opposite sides of the carbon-rich skeleton
to minimize unfavorable steric interactions between metal
complexes.

5.2.1.4. Novel Topologiesln 2005, the Tobe group
reported production of triyn208 by photochemical [2+ 2]
cycloreversion of [4.3.2]propellatriene-annela®dd (Scheme
19) 125 The highly strained cyclyne could only be isolated

Scheme 19
Pd(PPhs)4
R O cul, PPhy
Vi | CH3N[(CH,);CH3]5Cl
NaOH, H,0 80 °C
+
Il T aon 1]
N I
R T

R = C(CHs),0OH

hv

ﬁ' 208
o

as a Diels-Alder adduct 218) with furan in 20% yield or
as an anti-dimeric adduct in THF in 18% yield. Spectroscopic
characterization (U¥Vis and FT-IR) of the new triyne
occurred only at low temperature in either a 2-methyltetra-
hydrofuran glass or Ar matrix. DFT geometry optimization
of 208 exhibited C,, symmetry with the most significant
distortion of the triyne moiety unevenly manifested in the
central ethynyl group (14721150.8).

Other novel substitutions of the benzo[12]cyclyne skeleton
include a dialkyl analogue209¢ prepared by Haley’s group
in 20045 and two new quinoxalinodehydroannuler2sqab)
reported by Ott and Faust (Figure 5%).Cycles219aand
219bwere obtained from a one-pot deprotection/condensa-
tion reaction 0f209d with 1,2-diphenylethane-1,2-dione or
1,6-bis-(triisopropylsilyl)hexa-1,5-diyne-3,4-dione in TFA
and HOAc, respectively. Tetraethynyl-substitut@d 9b

Spitler et al.

Table 8. Synthetic Routes to Hexadehydrotribenzo[12]annulene
(207)

Conditions Yield Ref
780 °C o
0.005 Torr 8% 142
OH
P Pd(PPh;), Cul,
NaOH, BTEACI, 36% 137
Br benzene, 85 °C
220
! acetylene, Cul,
3 @[l PACl,(PPhs), DMF, ~ 39% 138
piperidine, 60 °C
1. K,CO3 MeOH, THF
2. Mel, 120 °C
4 3. Pd(dba),, PPh; Cul, 69% 143
Et;N
Z (t-BusO)WC(t-Bu)
-DBUsj -BuU)3
5 N toluene, 80 °C S4% 141
(:(4 Cul, PPhy, DMF
ul, 3
6 | KoCO, 160-165°C 2o 139
CK Pd(PPhs)s, Cul
3)4, LU
7 | BMIMBF,, Et;N 37% 140
Table 9. Dehydrobenzo[12]annulenes 228&an
DBA R? R? R3 ref
228a H Dec H 144
228b H ODodec H 148
228c H OHexadec H 148
28d H OOctadec H 148
228e H ODec H 149
228f H OTetradec H 149
2289 OMe H OMe 155
228h H OHex H 156
228i H F H 138
228j H Br H 141
228k H Me H 138, 139, 141
228l H Bu H 139
228m H OMe H 139, 141
228n H OMe OMe 140

reported for tribenzo[12]annuler®97 since the pioneering

exhibited bathochromic absorption and emission spectra (18syntheses in 19683124 Table 8 provides a chronological

and 15 nm, respectively) compared to tetraph&ida the
result of limited z delocalization from sterically induced
twisting of the phenyl substituents.

5.2.2. Hexadehydrotribenzo[12]annulenes

5.2.2.1. Substructures of Extended NetworksSeveral
new routes, both inter- and intramolecular, have been

display of penultimate structure, reaction conditions, and
cyclization yield for reports issued in the last 25 years. In
addition to increased efficiency for the parent cyclyne, the
new routes specifically allow straightforward access and
tailored production of substituted analogues (Table 9), an
important facet for use of these carbon-rich cycles in
materials systems.
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The first significant intermolecular construction 207 nm) with addition of a strong absorption at 325 nm and
since Eglinton’s initial Cu-mediated route was provided in increase N (=460 nm) by ~50 nm. The broad,
1988 by Linstrumelle and Huynl/ who obtained the  exothermic decomposition ¢f23a above 300°C (W2 ~
benzocyclyne in 36% yield from an in situ alkyne depro- 30—40°C) clearly indicated a marked difference in thermal
tection/Pd-catalyzed cross-coupling of ar@2® (Table 8). properties associated with fusion of two tribenzo[12]cyclyne
Ten years later, lyoda and co-workers reported an expedientcores compared 207, which exhibited a distinct mp at 210
route to cycle207 via a one-step Pd-catalyzed reaction of °C.

o-diiodobenzene with acetylene (entry 3, Tablé®8)Two 5 2003, Vollhardt's group reported an identical overall
recent reports have presented new cyclization conditions withyie|q for bowtie223ain only three steps. Six-fold intermo-
o-ethynyliodobenzene as starting material (entries 6 and 7,jecylar metathesis of a 4:1 mixture of 1,2-dipropynylbenzene
Table 8): lyoda and co-workers utilized a Pd-free, Cu- and 1,2 4,5-tetrapropynylbenzene provi@28ain an amaz-
mediated route with PRhand K.CO; in DMF at high — jhg 69 yield4 Although not reported due to solubility
temperaturé? while Li et al. used a Sonogashira coupling - proplems in 2000, Vollhardt obtained thel NMR spectra

in ionic liquid, which afforded use of reduced amounts of of 223athat confirmed a weak paratropic ring current of
Cul to minimize homocoupling side reactiof$.In 2003, the anti-aromatic annulene core by a small upfield shift of
Vollhardt and co-workers reinvestigateeDBA production  the ANBB' multiplet. lyoda and co-workers more recently
with Schrock’s W-alkylidyne catalyst and isolatezZ7 in reported octabutyl-substituted analo@&8h, obtained from
54% yield by 3-fold intermolecular metathesis of 1,2- 5fo|d Cu-mediated coupling of 1,2,4,5-tetraiodobenzene with
dipropynylbenzene (entry 5, Table 8}.Two intramolecular g alkyl-substituted 2;2iethynyldiphenylacetylene in 1%
cyclization routes have also been reported Z07. Barton yield.13® The group was first to report the fluorescence
and Shepherd isolated the cycle in 8% yield from vacuum gyantum yield ¢ = 0.21) and an associated 190 nm Stokes
thermolysis of benzotricinnolin221in 1984142 and Haley shift for the graphyne bowtie.

and co-workers produced the cycle in 69% from Pd-catalyzed
cross-coupling of triyn@22 after triazene decomposition and
iodination with Mel*43

Additional single-molecule systems based on the graphyne
network include diamond-shaped cycly2&4and trefoil225
. . _ ) (Figure 53). Concurrent wit223a Haley and co-workers

A key interest in cycle207 arises from the theoretical and  first reported cyclyn@24a containing solubilizingert-butyl
as yet unattainable carbon-rich network graphyr@4 of groups based on the poor solubility 2233 by an intramo-
which 207 can be considered a subunit. Development of |oc 5y stepwise route similar to that used 26743 In 2004,
single-molecule systems based on the structural moB08f  14pe et al. reported24bby double cyclization of a didecyl-
has been explored for insight into properties of the extended g, pstituted 226,6-tetrabromodiphenylacetylene precursor
network. Cyclyne223a composed of two 12-membered it 4 5.didecyl-1,2-diethynylbenzene in 9% yield and noted
cycles fused to a central arene core, was first isolated by 5 gjgnificant improvement in solubility with addition of six
Haley and_ co-workers in 2000 in low overall yield (4%) via decyl groupg# Although the emission spectrum @24b
a lengthy intramolecular sequence (12 steps) concluded bygypinited resolved vibrational structure beyo@@7, the
2-fold intramolecular Pd-catalyzed cross-coupling (Figure quantum yield ® = 0.06) was inferior t®07 (® = 0.15)
53) !4 The electronic absorption spectra2#f3adisplayed  gn4223n Femtosecond Z scans 224bin CHC; resulted
th_e characteristic three-peak pattern associated with the, second-order hyperpolarizability values4 x 10-35 esu)
diphenylacetylene chromophore 207 (280, 290, and 300 |qyer than those predicted for the non-alkyl-substituted
parent 0f224c¢(5.49 x 10 % esu)!*> The Tobe group most
recently isolated the largest graphyne subunit, tre2a@,
from 3-fold pinacol coupling with Zn/VG(THF); followed
by chlorination/dehalogenation of the hexaethynyl precur-
sor14é

In 1997, Vollhardt's group prepared several substituted
hexaethynylbenzo[12]cyclyne syster@26a—c, Scheme 20)
from Cu-mediated trimerization of triyn227 in 20—36%
yields!#” Regioselective ethynylation of 1,2,3,4-tetrabro-

223aR=H ; _
223b R = Bu 224aR'=tBuy,R*=H mobenzene, which occurred at C1 and C4 with lower
224b R: = R; = Dec temperatures (3060 °C) and C3 at increased temperature
224cR' =R°=H (100°C), was used to construct the asymmetrically ethyn-

ylated skeleton 0227. Lithium—halogen exchange followed
by addition of } afforded trialkynyliodobenzen@27 to
facilitate a more successful 3-fold cross-coupling. Reaction
of 226awith BuyNF afforded the relatively stable hexaeth-
ynylbenzene226d in near quantitative yield. The crystal
structure of226d, which exhibited a slightly twisted defor-
mation from planarity of the arene moiety, displayed a
columnar supramolecular structure with alternating THF
disks resultant from chelating-€H--O H-bonding between
adjacent molecules. Distortion of the cyclyne core was more
apparent in the substituted analogu2®ga—c) due to steric
congestion. Absorption spectra of the hexaethynylbenzo[12]-
225R =t-Bu cyclynes exhibited lower intensity for—za* transition than
Figure 53. 207, attributed to the decreased rigidity of the conjugated
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Scheme 20
1. TMSC:CH
PdCl,(PPha),
RC:CH R Cul, EtN R
PdCL(PPhy), || 100°C i
Br Cul, EtsN 2.i. BuLi; . I
Br 2360°C Br 3. K,CO3z MeOH =z
i antne
Br Br |
B
' | I
R R
R = SiMe, Th 222’5’ 227
R o ©  R=SMe;Th  55%
R = CH,CgHy; 58% R = SMe s%
R= CHzceHH 56%
CuCl, NH,OH
pyridine, A

EtOH or DMSO

[ 226a R =SiMe,Th
226b R=Pr

20%
32%

226¢ R = CH,CgHyq 36%
L ,226dR=H

BuyNF, THF
CH5CN, 95%

core. The group further explored the use 2#6a—d as

precursors for radial phenylenes, such as antikekulene, via®

Co-mediated cyclotrimerizatioh.

5.2.2.2. Precursors for Polymerization and Intermo-
lecular Networks. In collaboration with De Schryver and
De Feyter, the Tobe laboratory observed self-assembly of
several polysubstituted benzo[12]cyclyne derivatives into
ordered two-dimensional networks at the ligugblid in-
terface via scanning tunneling microscopy (ST¥#).In
addition to224band2283'44 the group focused on several
new hexaalkoxy analogue248b—d, Table 9) of 207,
produced in 22-33% yield from 3-fold coupling of 4,5-di-
alkoxy-1-ethynyl-2-iodobenzene precursors by lyoda’s meth-
od*°as well as two hexaalkoxy-substituted cyclyr2aggf)
first reported by Youngs’' group as potential liquid crystal
precursord?® Analysis of cycle solutions in different solvents
on HOPG showed that conjugated core shape, length of
substituent chains, and solubility controlled identity, stability,
and extent of monolayer formation. For example, in 1,2,4-
trichlorobenzene, shorter chain@28ab,e predominately
displayed a circular honeycomb pattern whereas longer
alkoxy chained systems228c¢d,f) exhibited a linear ar-
rangement of the triangular-shaped cyclyne cores. Increas
in core size to diamoné24b afforded kinetic formation of
a linear monolayer that was replaced by a thermodynamically
preferred Kagorh@etwork.

5.2.2.3. Organometallic AssembliesSeveral different
organometallic complexes of cycly27 have been reported
by Youngs and co-workers since 1985 (Figure 54). Combi-
nation of the respective parent cyclynes with Ni(CQD)
benzene afforded Ni-complexe®29a—c, all exhibiting
internal cavitation of the metal and coordination to all three
ethynyl moieties#®*5°Mononuclear and trinuclear cofacial
Cu-complexe®30:°t and231*5?were obtained from diffusion
of saturated and stoichiometric benzene solutions of Cu
(OTM)(CsHe) and207, respectively. Sandwich compl@82
was obtained from a mixture ¢f07 with AgSO;CF; in a
3:1 ratio in THF followed by precipitation with hexan&s,

Spitler et al.

229aR=H
229b R = OMe
229¢ R = ODec

(00)300 0(CO),

Vi \Co’\\
S—F —
CO

233aR=H
233b R = ODec

Figure 54.

while 66-electron cluste233resulted from a mixture of the
hexadecylcyclyne with GOCO) in Et,0.14%1%4 All of the
transition-metal complexes were characterized by X-ray
crystallography excep229c and 233b, which were based
on FD-MS, IR spectroscopy, and/or elemental analysis. Of
note, complexe229aand 232 were, respectively, the first
transition-metal complex for the benzo[12]cyclyne and first
observation of a macrocyetanetal sandwich complex. lyoda
et al. also reported a 2:1 Ag complex of octabutyl-substituted
223hb, which was characterized by time-of-flight MS ahdl
NMR spectroscopy?®

5.2.2.4. Novel Topologies€ight additional novel substitu-
tion patternsZ28g—n, Table 9) have been reported 207.
Youngs et al. producep-dimethoxy-substituted tribenzo-
cyclyne228gin 1993 by 3-fold StephersCastro coupling
from a disubstituted-ethynyliodoarene in excellent yield
as well as in low yield from Pd-catalyzed cyclotrimeriza-
tion.1%°To explore the metal binding capability 228g the
group then treated the cycle with (NRHCe(NG)s and
converted a single dimethoxyarene substituent to a quinone
moiety. Cycle228hwas prepared recently by Moore’s group
with a precipitation-driven Me-amido metathesis catalyst
in 86% yield!® The group confirmed reversible formation
of 228hby a scrambling experiment, which involved addition
of a 1,3-dipropynylarene to the metathesis reaction and
observation of two additional cycle products by MS. Poly-
alkyl- and polyalkoxycycle228i—n were prepared from
substituted arene precursors by similar methods 2for
described in section 5.2.2.1 and will not be discussed further

e(see Table 9 for correlation to references).

Linstrumelle and Huynh simultaneously reported produc-
tion of monobenzo- and dibenzo[12]annule@84 and235
with the new route t&07in 1988 (Figure 55}3’ The novel

Figure 55.

monobenzannelated34 was isolated in 21% cyclization
yield, while cycle235was obtained in comparable cycliza-
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Table 10. Bis[14]cyclyne Electron Donot-Acceptor Systems and electron-accepting (N substituent$®? During the
239-242 macrocyclization of tetradonorg@39 and 240, the group
discovered selective ring formation based on reactions
conditions: Pd-catalyzed homocoupling favored formation
of bis[14]annulene®39-242 whereas Cu-mediated mac-
rocyclization selectively favored isomeric bis[15]annulenes
from common octayne precursdfd2Analysis of the broad,
low-energy charge-transfer absorption bands of the new
bowties indicated that linear charge-transfer pathways,
planarity, and large net dipoles were key factors for superior
DBA R1 R2 RS R electronic properties. The new doreaacceptor systems
displayed large Stokes shifts and exhibited a variety of

gig Bgﬁ ,\?gc Dec Dec emission colors, a direct result of a wide rangégfvalues

2 Uz NBu; NBu, X
241 NBU, NBu, NO, NO, (505-580 nm). Cycle41and242both displayed concen-
242 NBu, NO, NO;, NBu, tration dependence itH NMR spectroscopy, attributed to

self-association as a result of face-to-face stacking in solution.

tion yield (11%) with the first reported Cu-mediated route Analogous bis[15]annulene systems were also constructed

used by Staab (1096)7 but will not be discussed due to cross-conjugation of the
lyoda and co-workers produced tetradehydrobenzo[12]- C€ntral arene ring.

annulene236 in 20001%8 The crystal structure o236 .

exhibited a warped central core with tAealkene above the 5.3.3. Aromaticity Probes

plane of the diphenylacetylene moieties. Investigation of Haley’s laboratory reported several variably benzannelated

Bergman chemistry of enediyr236 afforded only theE octadehydro[14]annulene analogu@43-246, Figure 56)

isomer upon irradiation but the desired annelated cyclo-

octatetraene product after thermal treatment at°Z5€or 4

days. Exploration of metal complexation286resulted only

in a mixture of several interesting polycyclic aromatic

hydrocarbon products upon reaction with AuCl.

5.3. Dehydrobenzo[14]annulenes

5.3.1. Precursors for Polymerization and Intermolecular
Networks

Vollhardt and Youngs reported the first synthesis of
octadehydrotribenzo[14]annule@87in 1995 from Glaser
coupling of tetrayne238 previously prepared by Youngs'’
group (Scheme 22§° X-ray crystallography provided pack-

Scheme 21
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ing diagrams which supported proper orientation for topo-

chemical polymerization of the butadiyne linkages to form jn 2000 and 2001 and investigated the bond-fixing ability
an ene-yne polymer®* Polymerization of the strained  of benzene on the parent annulef@3) with spectroscopy
diphenyldiyne monomeric subunit was explored after ob- and NICS calculation®:'63Incorporation of successive arene
servation that exposure @B7to light rapidly changed the  rings into 123 resulted in an upfield shift of alkene proton
crystalline material to a surface with metallic, violet luster. yesonances by 0.67 and 0.38 ppm, respectively. Comparison
The insoluble polymeric material, also available with ap- of arene protons ortho to the diacetylene bridge between
plication of direct pressure (20 000 psi) to crystals?8f7,  mono-, di-, and tribenzo[14]cyclynes also displayed upfield
was analyzed with high-energy laser desorption time-of-flight shifts (A6 0.19-0.25) upon higher benzannelation. The
MS, which indicated the presence of oligomers upte 9. decreased aromaticity indicated by the continued upfield shift
upon benzannelation was ascribed to competing ring currents.
5.3.2. Electron Donor-Acceptor Systems This consistent and rather sensitive effect on proton reso-
Haley’s group investigated intramolecular charge transfer nances for both alkene and arene protons248-246
in 2005 with a series of novel bis[14]cyclyne bowti@89— provides further support for use of this methodology as a
242, Table 10) consisting of electron-donating (alkyl, NBu  qualitative aromaticity probe.
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252¢ Ry = H, Ry = i-Pr S
252d R, = H, R, = NBu,

252e R, = R, = OMe 253aR=H
252f Ry = R, = Hex 253b R = {-Bu

257aR'=H,R?=tBu
257b R' = R?= OMe

Figure 57.

The Haley group expanded on this aromaticity study by the cyclobutadiene complex’s tetragonal geometry, a phe-
collaboration with Mitchell and Hopf in 2001 and 2005, nomenon that suggested the potential for an extended

respectively’39-164 Both mono- 247, 248 and bis[14]- network of covalently linked all-cyclobutadiene wheel
cyclynes @49 fused to a DMDHP core were initially  substructures. A comparison &fl NMR spectroscopi@
produced, and subsequent investigationtHyNMR spec- values of the various substituted monocycle analogues

troscopy and NICS calculations confirmed the existence of indicated that both organometallic complexes were more
weak diatropic ring currents for the ortho-fused systems. aromatic than benzene by ring-current criteria, with cyclo-
Cyclophane system®50 and 251 were most recently  butadiene(cyclopentadienylcobalt) superior to cyclopentadi-
prepared via cross-coupling of 4,5-diethynyl[2.2]paracy- enylferrocene.

clophane with either 1-iodo-2-(trimethylsilylethynyl)benzene )

or (2)—(4-chloro-3-buten-1-ynyl)trimethylsilane. The dia- 9.3.5. Novel Topologies

tropic ring current o250and251was confirmed by changes  Two unique [14]annulene topologies, including either
in the chemical shift of cyclophane hydrogen atoms directly cumulene or triyne motifs, have been reported by Japanese

above the Cy-Cle core, with a |argel’ effect observed for the research groups in the last 10 years (Figure 58) Kuwatani
more aromati@51

5.3.4. Organometallic Assemblies

Through a series of articles initiated in 2001, Bunz reported
a multitude of organometallic cycles with either a cyclo-
butadiene(cyclopentadienylcobal?52—256) or a cyclo-
pentadienylferrocene comple257—258) incorporated into

the [14]annulene skeleton (Figure 3% Pd-catalyzed cross ggg; ';: ';h
coupling of iodoarenes to diethynyl-metalated cores followed 259¢ R = 4-+-BuCgH,
by alkynylation and deprotection furnished the penultimate 259d R = OSiMe,t-Bu

polyynes for monocycle252 and 257. Production of the

larger asymmetric systems required a combination of acetal

protecting groups and OhitdBestmann alkynylations to

control substitution of the central organometallic cycle. Final —
macrocyclization by homocoupling under §tte conditions Z A
afforded the monocycles (1®3% yields) and fused systems Q O
(25—94% yields). The group conducted a detailed analysis ==

of the solid-state structures of the new metallacyclynes. 260
Although the majority of the CpCo-monocycles crystallized

in different space groups, all lacked close proximity of

butadiynyl moieties, a possible reason for observed melting gigyre 58.

transitions instead of solid-state polymerizationsZ62b—

f. Seco-wheel255 exhibited a distinct flattening of the and Ueda produced a new Sworski-type octadehydro[14]-
hydrocarbon ligand beyond the nonlinear distortion of the annulene 2594 as well as derivatized analogu259b—d

less constrained butterf353h which suggested a full wheel in 1995156 The 14-membered ring was constructed with
analogue would be highly planar. Cy@&3balso displayed methodology used for the bennjdnnulenes (section 4.2.1)
an interesting grid-like supramolecular ordering that repeated prior to introduction of the cumulene functionalities by three
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different routes dependent on R group substitution. The multistep intramolecular route (Figure 595.Tetrakis(4,5-
aromatic enediynes showed limited stability, with o259b dialkoxyphenyl)tetrayne263b and263cwere produced by
and259cstable upon concentration. The absencé@NMR Youngs et al. in 1216% cyclization yield as coproducts
spectroscopy resonances in the characteristic region of alkyneduring the Cu-mediated intermolecular synthesis of triynes
or cumulenic sp-hybridized carbons suggested the signifi- 228eand 228f.14°
cance of the two nonequivalent resonance contributors of
259 5.5. Dehydrobenzo[18]annulenes

Tobe et al. synthesized dibenzo[14]cycly2860 via
elimination of indane from a pentayne analogue of [4.3.2]- 9-9-1. Substructures of Extended Networks
propellatriene217.12°In contrast to highly reactive0s§ triyne Tribenzo[18]annulen@6s, first targeted by Eglinton and
260 was sufficiently stable in solution for spectroscopic Galbraith in 1960 via intermolecular coupling ofdiethyn-
characterization. The presence of two new resonancesylbenzené??was not isolated until 40 years later by Haley’s
downfield from the propellatriene precursor were in agree- |aboratory® Cycle 265was obtained in 35% yield via Cu-
ment with calculated values as well as the diatropic current mediated intramolecular homocoupling of hexay?&6
of [14]cyclynes. The lower yields of the intramolecular and following desilylation (Scheme 22). The key triethynyl arene
furan [4+ 2] adducts oR60suggested decreased reactivity
of the central alkyne group, a factor confirmed by decreased scheme 22

angle distortion from DFT calculations (15165). 1. TMSC=CC=CH

Wheel-shaped fenestrar251, consisting of complete PdCIy(PPhs), 1 2-diiodobenzene
fusion of two 14- and two 15-membered benzocyclynes to Cul, Et;N PdCl,(PPhs),
a central arene core, was produced in 2004 by Marsden, gagf’ﬁ%hcg* =z Pd(PPhs)g, Cul
O’Connor, and Haley (Figure 58% Cycle 261, calculated I Cul, étsN %2 & $SFH H20, EtsN
to possess a slightly concave distortion, displayed enhance _— —_—
solubility beyond its planar bisannulene substruc28@as Br 79% S 1%
well as a bathochromideur and broadened absorption 267 TIPS

patterns due to more complex conjugated circuits.

5.4. Dehydrobenzo[16]annulenes
1. BuyNF, EtOH, THF
2. Cu(OAc),, pyridine
MeOH

—_—

35%

5.4.1. Organometallic Assemblies

Tetracobalt comple262 (Figure 59) was obtained in 70%
yield'®” from reaction of the parent tetrabenzo[16]annulene
(2639, first reported in 1966 by Eglinton and co-workéf,

intermediate267, produced from selective, successive alkyn-
ylations of 2-bromoiodobenzene, was reacted with 1,2-
diiodobenzene under in situ deprotection/alkynkylation con-
ditions, a procedure the group developed to overcome the
inherent instability of terminal phenylbutadiyne moietié.
Incorporation of two decyl groups int®65 was found to
improve the yield of the final step (56%) as well as cycle
solubility. Diatropicity of the [18]cyclyne was confirmed by
a small but distinct downfield shifd6 = 0.2—0.25) of the
arene protons upon cyclization. A slight hypsochromic shift
in absorption €19 nm) for the tribenzo derivativ@65
compared to [18]annulend36) indicated limited electronic
effect from benzannelation.

Due to lack of feasible synthetic routes to graphdiyne,

(OC)sCo;
(OC)5Co

263aR=H substructures based on cy@@5, which could be considered
gggg E = 8‘?eet(r:adec a core structure for the extended network, have been
. - produced to gain insight into materials properties of the bulk
Figure 59. nonnatural allotrope. The Haley group expanded their initial

) ) ) synthesis 0f265 to produce several macrocyclic systems
with two equivalents of C4CO)s in THF at room temper- composed of two268-270),16% three R71—273), 169172 and
ature._H|gher concentrations of 5]:_6(_))8 affordeql only262 four (274-276 " fused dehydrobenzo[18]annulenes (Figure
a steric factor due to close proximity of CO ligands to the 60). Macrocyclization of the smaller system268—272,
uncomplexed alkyne groups. The tetranucte@o complex  g_ggo yields) was accomplished with a combination of both
exhibited enhanced solubility beyond the bowl-shaped parentcy(j)- and Cu(ll)-mediated homocoupling in pyridine and
cyclyne. MeOH, while both Pd- and Cu-mediated homocoupling
. techniques were used for constructior2@B3—276 (1—49%
5.4.2. Novel Topologies yields). Comparison of the UVVis spectra of the allotropic

Haley and co-workers introduced a new tribenzo[16]- substructures indicated that chromophore length instead of
cyclyne topology in 1997 with the production 264 via a overall conjugation dominated electronic absorption. Specif-
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2 2
R 272 R

R' = Dec
R2 = Dec or t-Bu
R3 = 3,5di(t-Bu)Ph
R* = Dec or Bu or
3,5-di(t-Bu)Ph

Figure 60.
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Table 11. Dehydrobenzo[18]annulenes 277 Table 12. Dehydrobenzo[18]annulene Electron DonetAcceptor
Systems 278aw

DBA R? R2 ref

DBA R! R2 RS R4 R RO
277a Dec H 128,172,178 2785 Dec Dec m m m m
277b ODec H 128,172
278b OMe OMe H H H H
277c ODodec H 172
278c  OOct OOct H H H H
277d OTetradec H 172
278d H H H NO, NO; H
277e OHexadec H 172
277f = E 130 278e Dec Dec H NQ NO; H
2774 Hex H 128 278f OMe OMe H NG NO; H
277h Bu H 178 278g OOct OOct H NQ NO; H
278h  NBuw, H H H H H
278 H H H NBu; NBu, H
ically, bowtie 268 (Amax = 413, 431 nm), which contains g;gjk ng HBUZ : : : HBUZ
two linear diphenylbutadiyne chromophoric pathways, ex- 7g  NO, H H NBu, H H
hibited bathochromic absorption beyond the constitutional 278m NO, NBuU, H NO, NBu, H
isomer270 (Amax = 404, 420 nm), which contains only one  278n  NO; NBu, H NBu, NO, H
linear tetrayne pathway, and the more highly conjugated half- 2780  OH NO; H NBu; NBu, H
wheel 271 (Amax = 411, 426 nm). Substructur276, the 278p  —O(CHCHO)— H H H H
largest carbon-rich single molecule's nm) based on the 2r8q  NO. NBuz - NO, NBuz  NO NBu,
gest gie mol : 278r  NO, NBu,  NO, NBu, NBu,  NO,
graphdiyne network, exhibited electronic absorption 278s NHBu NO, H NO, NBU H
(log € = 5.59; Amax = 462 nm) that fell only 23 nm short of 278t NHBu NO, H CN NO, H
a calculated saturation wavelength for graphdiyne. The new 278u  CN CN H NBw NBu, H
substructures all exhibited exothermic decomposition above 278V Dec Dec H CN  CN H

@]

278w COMe H oMe H Co;Me H

200°C with broader or more disordered transitions associated
with the larger system2{2—276). Although several dif-
ferent solubilizing groups were explored, the largest sub- andCstopologies, a pronounced deficiency of intermolecular
structures suffered from poor solubility predicted for the cyclotrimerization. UV-Vis spectroscopy, specifically the
parent network; specifically275 and 276 could not be effects on the four characteristic—* absorption bands of

characterized by NMR spectroscopy. the [18]cyclyne core, was used to investigate the strueture
property relationships of the new doreacceptor systems.

5.5.2. Precursors for Polymerization and Intermolecular The alkoxy system={78hc,p) exhibited a bathochromic shift

Networks and broadening of the low-energy absorption but retained

the annulenic core pattern, suggestive of electron localization
in the cyclyne core. Incorporation of stronger donor or
acceptor functionalities (e.g., NBUNOy) resulted in broad-
ened absorption pattern, increased molar absorptivity, and
bathochromicloif Values. The greatest low-energy absorp-
tion (Amax = 422 nm,e = 57 300 M* cm™1) was observed
in cycle278n composed of strong donors and acceptors as
well as a linear conjugation pathway between the substitu-
ents. Further study of conjugation pathway between denor
acceptor substituents showed that linear relations&ip3rj
provided enhanced charge transfer compared to cross-
conjugated isomers. Four of the systerdgg§—m) and a
new hexasubstituted analog®¥8q were further analyzed
for second-order NLO susceptibility in 206%.Cycle 278;,
which possessed a dipolar solid-state structure, exhibited the
largest second-order NLO response as well as supgrior
values compared to 4-(dimethylamind}#itrostilbene. Sys-
tems 278r—w were more recently produced to explore
alternate donor (NHBuU) and acceptor (CN, M) groups.’™

In 2004, Komatsu's group published a series f

On the basis of the group’s successful approach@ benzoquinone-fused hexadehydro[18]annule2&8+281)
Pak and Haley reported a series of novel site-specific as well as hexadono282'7® Synthesis began with Pd-
electron-donor- and/or -acceptor-functionalized [18]annu- catalyzed cross coupling of dihaloare@83 and TMSA
lenes R78a—p, Table 12) in 199973 A stepwise intramo-  (Scheme 23). Desilylation of the resultant diy284) with
lecular synthesis starting with functionalized 1,2-dihaloarenes KOH and use of oxidative Eglinton conditions afforded the
allowed access to previously inaccessible asymmelsic [18]annulene282in 38% yield. Different electron-donor and/

A recent collaboration between the Haley and Tobe
laboratories resulted in isolation of tribenzo[18]cyclynes
277a—e(Table 11) and investigation of self-assembly of the
derivatized molecules via STH? The cyclynes, obtained
by Hay coupling in CHCI, in 8—15% vyield, required
recycling GPC purification to remove homocoupling byprod-
ucts. Although Swager report@¥7aand277bin 1994, the
cycles were analyzed only as a mixture with tetrameric and
oligomeric components bYH NMR spectroscopy?® Use of
Pd-catalyzed homocoupling ifP,NH and THF surprisingly
produced trimeric and tetrameric analogues without dimeric
octadehydrodibenzoannulene byproducts. Initial STM studies
elucidated formation of quadratic monolayers for shorter
chained system<{7b) but linear monolayers for cyclynes
with R = ODodec R77c-€), a factor attributed to less
efficient substituent chain interdigitation resultant from the
lengthened butadiyne spacer.

5.5.3. Electron Donor—Acceptor Systems
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Scheme 23
1. KOH, MeOH, (NH,)2Ce(NO3)s
1. TMSC:CH THF (1520 eq.) o o
OMe  Pd(PPhj), OMe __TMS 2. Cu(OAc),, Et,0 CHClIz, CH3CN
Br Cul, piperidine Z4 pyridine, MeOH 0.5-1h
—_— —_— —_—
Br 83% X 38% MeO OMe 48% MeO OMe
OMe OMe ~TMS
283 284
OMe MeO OMe MeO
282 279
(NH,;),Ce(NO3)s (NH4),Ce(NO3)s (80 eq.)
(15-20 eq.) CHClI3, CH5CN

CH5CN, CHCl,

281

or -acceptor systems were obtained by sequential oxidativeincrease diatropicity of the [18]cyclyne core due to the
replacement of dimethoxyarene rings with electron-accepting enhanced double-bond character at the site of ring fusion.
p-benzoquinone moieties. Treatment 282 with 15—20

equivalents of CAN owvel h afforded279 while increased  5.5.4. Aromaticity Probes

reaction time (12 h) produce&2BQ0 Trisquinone syster@81 . .
required 24 h with 80 equivalents of CAN. The intramo- ~ Bowtie 285 represents the sole [18]annulene dimeth-
lecular charge transfer @79and280, which was confirmed  Yldihydropyrene probe produced in Haley and Mitchell's
with DFT calculations, resulted in superior absorption spectra collaboration (Figure 61£% The downfield shift of arene
(Aeuoi = 600 nm) and broadened low-energy bands comparedproton resonances upon cyclization was attributed to through-
to trisdonor282and trisaccepta?81 The solvatochromism  space deshielding caused by an interior annulene ring current.
exhibited by279 and 280 was very limited, a combination  The larger changes in chemical shift for hyl2isb compared

of poor solubility of the cyclynes and delocalization of the to benzocyclyne analogu#68 agreed with previous asser-
HOMO—-LUMO over the entire cyclyner system. Incor- tions that DMDHP is less aromatic than benzene and hence
poration of p-benzoquinone moieties was also found to less able to bond fix a fused arene.

FeCp

285 R 288ar=H R
286aR'=TMS,R?2=R3=H 288b R = j-Pr
286bR'=R2=H,R® = i-Pr 288c R = +-Bu

286¢c R' = TMS, R2=H, R® = t-Bu
286d R' = TMS,R2=R% =Bu
286e R'=R?=H,R%=tBu

FeCp

287a R =Bu
287bR = j-Pr 289

Figure 61.
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5.5.5. Organometallic Assemblies

Concurrent with isolation of the [14]annulenes described
in section 5.3.4, Bunz and co-workers prepared several
organometallic [18]annulene analogu28G—289, Figure 61)
as well as a hybrid bowtie system consisting of 14- and 18-
membered cycles fused to a central cyclobutadiedeCp
complex 90).165¢4.17"Transmission electron microscopy of
the HCl-treated soot from explosive decompositior288a

showed a variety of onion-shaped carbon nanostructures

which became increasingly ordered upon annealing up to
900 °C. Preorganization of the butadiyne moieties was
concluded as a key factor for explosive decomposition, which
occurred only with crystalline samples instead of precipitated
powders. Additionally, cycl€88aexhibited a unique dif-

ference in solid-state structure from the other organometallic
systems that possibly accounted for the propensity to form
ordered carbon-rich structures: the diyne units of adjacent

systems possessed several close contacts, i.e., the bonds were

within the sum of the van der Waals radii (3.6 A) for sp-C
atoms.

5.5.6. Novel Topologies

Komatsu’'s octafluoro-trimeric cyclyn@77f and two
hexaalkyl [18]cyclynesZ77gh) obtained independently by

Swager and Baranovic's groups have also been reported®

(Table 11). Polyfluorinate@77f, obtained as a coproduct
with dimeric 209¢ from homocoupling of 1,2-diethynyl-

3,4,5,6-tetrafluorobenzene, underwent exothermic decom-

position at 221°C, almost 11°C lower than the parent
[18]annulenéP Although several different alkyl- (Bu, Dec,
Dodec) and alkoxy-substituted (ODec) analogues were
characterized as mixtures in NMR spectroscopy, c2@lég
was effectively isolated from tetrameric and oligomeric
components during Swager’s investigation in 19¥Bara-
novic and co-workers recently published a detailed vibra-
tional spectroscopy study oB77a and 277h as well as
several theoretical hexasubstituted analogue265f.7®

5.6. Dehydrobenzo[20]annulenes

5.6.1. Precursors for Polymerization and Intermolecular
Networks

Boese, Matzger, and Vollhardt produced the first tetrabenzo-
[20]annulene 2918 in 1997 by Eglinton coupling of bis-
(2-ethynylphenyl)ethyne in low yield (Figure 62¥. The
twisted D,-symmetric confirmation of cycl@91aas shown
by X-ray crystallography was not susceptible to UV-light-
induced topochemical polymerization liR87, however, the
system exploded violently under vacuum at 2€5to afford
ordered onion- and tube-type nanostructures. C3@ldowas
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| |

R O T Q R
291aR=H
291b R = i-Pr

(CO);(CO)3
Co:Co

(OC)5Co;
C)3Co

294a X = C=C
294b X = (E) HC=CH

Figure 62.

5.6.2. Organometallic Assemblies

Production and thermal decomposition of hexanuclear Co-
omplex293 (Figure 62) was published 2 years after the
report of cycle291a'®n contrast to the carbon-rich system,
the organometallic analogue decomposed below’20@ith
the release of CO. Thermal treatment up to 8CG0esulted
in formation of carbon onions and multiwalled nanotubes
with metal composition concentrated amorphously or coating
the tubes and onions.

5.6.3. Novel Topologies

A single tribenzo[20]heptayn@94g and partially reduced
analogue 294b) have also been prepared by Haley's
groupl68.181|n agreement with an anti-aromaticsystem,
the new [20]cyclynes exhibited either weakly paratropic or
atropic behavior compared tortho-diethynylbenzene in
NMR spectroscopy. The unrestrained rotation of the isolated
alkene bond was clearly demonstrated when the vinyl protons
of 294b did not resolve into discreet resonances in low-
temperature NMR spectroscopy -a80 °C.

5.7. Higher Dehydrobenzo[ n]annulene Systems
(n > 20)

Four dehydrobenzo[22]annulene296, 296, Figure 63)
have been reported to date, all produced in 1997 and 1998
by Haley’'s group'®®181Cycle 2964 of note as one the first
two triacetylenic annulenes (see af@®4g section 5.6.3),
was obtained in a near identical fashion 265 with a

subsequently produced to explore the possible enantiomerphenylhexatriyne synthon instead of butadiyne-substituted
ization of the chiral, twisted solid-state structure. Low- 267 (Scheme 22). Although cycle®96a—c all exhibited
temperature NMR spectroscopy @01b (AGF = 9 kcal diatropic shifts upon cyclization, the proximah§ 0.05—
mol~Y) showed an enhanced interconversion rate not only 0.08) and distal46 0.02—0.05) arene protons of the systems
beyond tetrabenzocyclooctatetraengt > 45 kcal mot™) containing either one or twg-alkene bonds were paratro-
but cyclooctatetraene as well. Haley and co-workers simul- pically shifted compared to benzocycly@86a The more

taneously reported an isomeric [20]cyclyne topolog923)
which displayed a saddle-like distortion and generated 50
kJ mol* more energy upon decomposition ttzgtaas well

as an alternate synthesisa$lavia their in situ deprotection/
alkynylation route'®® The enhanced energy of decomposition
of 292 was attributed to a combination of greater alkyne
distortion and difference in solid-state packing.

constrained topologies @96b and296cresulted in larger
interconversion ratesAG* = 18.9-19.1 kcal mot?) and
temperaturesT; = 94—115 °C) for alkene moieties com-
pared to294b as well as [18]annulene.
Hexadecadehydrotetrabenzo[24]annul@8&a was first
reported in 1994 by Youngs and co-workers (Figure'63).
Similar to Sondheimer’s route to [24]annulene in 19%0,
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Dec

N
Na)‘R
R

R 299aR=Ph
299b R = C:CTIPS

Figure 63.

intermolecular Glaser homocoupling of bis(2-diethynylphen-
yl)ethyne afforded the parent cyclyne in 50% yield. The
crystal structure oR97adisplayed a characteristic saddle-
like distortion, suggestive of localized-electron density,
and limited ethynyl distortion (0:66°). In the same year,
Youngs' group introduced an additional hexabenzo[24]-
cyclyne topology 298), which exhibited more significant
ethynyl distortion (1.2-8.1°) as well as a distorted boat
conformation withD, symmetry instead of the expected boat
conformationt®” An alternate intramolecular route #97a
using triyne267was published in 1997 by Halé$? Several
substituted analogues @97ahave also been reported by
Swager 297b),'?® Haley 2979,'%° and FaustZ993b).136

Macrocycle300, an unusual topology containing a [24]-
cyclyne and two [12]cyclyne cores, was isolated by Haley’s
group in 2004 from a key polyyne intermediate used for
fenestrane261 (Figure 63)!% Treatment of (2,26'6'-
tetraethynyl)diphenyl-2,4-butadiyne with Cu(OA&and CucCl
in pyridine at 50 °C resulted in initial intramolecular
homocoupling, which formed the [12]cyclyne core, followed
by intermolecular cyclization to afford the [24]cyclyne ring.
The electronic absorption spectra3ii0 exhibited a 75 nm
red-shiftedicuorr and 35 Nm greateimax than297cand209¢
respectively.

Tetrabenzo[32]cyclynes301la and 301b (Figure 63),
reported in 1997 by Haley et al. via Cu-catalyzed cyclization
in 51-64% yield, were the first reported DBAs containing
tetrayne linkage&* The tetrayne moiety was constructed by
in situ desilylation and dimerization of butadiynyltrimeth-
ylsilane groups via addition of £O; to Eglinton homo-
coupling conditions. In contrast to smaller cycles, cyclization
of 301aand 301b exhibited very minimal €2 nm) batho-

297aR'=R2=R3=R4=H
297b R' = R% = H, R? = R3 = Hex
297¢ R'=R%®=R*=H, R2 = Dec

Spitler et al.

R1

R2

R
301aR
301b R

H
t-Bu

several weeks in solution or the solid state, was only slightly
red shifted €20 nm) beyond the characteristic pattern of
1,8-diphenyloctatetrayne.

Youngs and co-workers’ interest in carbon-rich cycle
precursors for rigid-rod polymers and fullerene tubules
resulted in isolation of dehydrobenzo[40]annule3@2 in
1993169 The large DBA was produced by 2-fold intermo-
lecular cross coupling of phenylacetylene oligomers. The
crystal structure exhibited a highly distorted, compact
structure, the result of—zx interaction between two non-
adjacent phenyl ring$® Further investigation of the cycliza-
tion reaction by time-of-flight secondary ion MS showed
higher analoguesn(= 17, 27, 37, and 47) from the
intermolecular coupling; however, onB03was isolated as
a discreet product from the higher homologues. Vollhardt’s
group was also able to isolate large macrocyclic byproducts
during production o0291a namely, [30]annulen804in 5%
yield as well as trace amounts of a pentameric [50]annulene
characterized by NMR spectroscopy and MS.

6. Other Arene-Fused Annulenes

6.1. Naphtho-Fused Systems

Komatsu et al. reported a series of 2,3-annelated 1,4-
dimethoxynaphthalene cycle805—-310) in 1998 (Figure
64)18¢ Alkynylation of 2,3-dibromo-1,4-dimethoxynaphtha-
lene followed by desilylation with KF and Eglinton homo-
coupling conditions afforded cycle&05—-309in low yield
with [18]annulene306 as the prevalent species (31% yield).
Pd-catalyzed cross coupling of 2-methyl-3-butyn-2-ol with
2,3-dibromo-1,4-dimethoxynaphthalene followed by in situ

chromic absorption compared to the hexayne precursor, adeprotection/3-fold cyclotrimerization produced trinaphtho-
factor attributed to the large size and nonplanar structure.[12]cyclyne 310 in 25% yield. Comparison ofH NMR

The electronic absorption spectra of the remarkably stable spectra showed very little difference between the new cycles,
dodecayne system, which exhibited no decomposition over attributed to rapid conformational changes for the nonplanar
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Figure 64.

systems 307—309 and lack of ring current in the central
annulene core. The atropicity of the naphttemnulenes was
confirmed with the crystal structure 8f.0, which indicated
increased bond length-0.03 A) of the 2,3-naphtho fusion
site. Minimal variance in redox potentials between anti-
aromatic 805 and aromatic system8@6) provided further

evidence that the systems were better attributed as naphtha-

lene moieties connected by alkyne bonds instead of DBAs.
An additional trinaphthocyclyne3(1) with fusion at the 1,2-

positions was recently reported by She and Pan and co-

workers®While use of THF as solvent afforded only trace

amounts of product, the group’s previously discussed use

of an ionic liquid as solvent afforded the cycle in-181%
yield.

6.2. Azuleno-Fused Systems

Qjima, Yasunami, and co-workers prepared both dehydro-
[14]- and [16]annulenes fused with azulene rind%4and
313).187 Their chemical shifts were then compared to benzo-
fused annulene814 and 315to determine effects on ring
tropicity (Table 13):8 The roughly analogous internal and
external protons iB12are consistently upfield and downfield
from those in314 respectively. BetweeB13 and 315, the
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Table 13. Azuleno-Fused Systems 312 and 313 ppm

H 312 314 313 315
A 3.81 4.99 9.89 1.70
A’ 6.83 6.55 5.94
B 8.10 7.44 6.35 5.73
B’ 4.70 10.00 6.07
C 7.36 7.08 8.75 9.42
c 7.74 6.11 6.07
D 7.11 5.73
E 5.90 5.94
Me 2.55 2.36 1.66 1.70
Me' 2.48 1.65

cent quenching sensory response for Pd(ll) and also pre-
cipitated as a coordination polymer upon high Ag(l) con-
centrations.

7.2. S-Based Heteroannulenes

7.2.1. Dehydrothieno[12]annulenes

Youngs reported the first thienocyclyngl@ Figure 65)
in 1990 from cyclotrimerization of 3-ethynyl-2-iodothiophene
via Stephens Castro conditions in 20% yiel#° The initial
route for the 2,3-thieno-fused cycle from trimerization of
isomeric 2-ethynyl-3-iodothiophene starting material pro-
duced only insoluble orange material. Interest in the cycle
originated from successful metal complexatior26¥ and a
calculated larger internal cavity foB18 anticipated to
cavitate Pd or Pt atoms. An organometallic comple8D38

trend is the opposite. Taking these shifts as an evaluation ofwas isolated 4 years later; however, the tetranuclear Co

aromaticity, it is clear that fusion to an azulene system causescomplex exhibited significant distortion of the cyclyne core
much less attenuation of diatropic/paratropic character. Thiswith Co complexation of only two alkyne group¥®

gives rise to the possibility of using the “strength” of a

Several additional 3,4-thienofused cyclyne analogues

particular system, fused to an annulene, in suppressing(319a—d, Figure 65) were published by Youngs’ group in

tropicity to quantify that system’s aromaticity itself.

7. Heterocycle-Fused Annulenes

7.1. Pyrido-Annulenes

Baxter and Dali-Youcef recently synthesized the first all
nitrogen heterocyclio-fused dehydroannulene316, 3173
Figure 65) as well as an additional hybrid cycle containing
both pyridine and benzene ring81(7h).8° [20]Annulene
systems317a and 317b were constructed in a stepwise
intramolecular fashion by selective alkynylation of 3-bromo-
4-iodopyridine, whereas tripyrido[12]cyclyr#l6 was ob-
tained via intermolecular 3-fold coupling of 4-ethynyl-3-
iodopyridine. Cycle316possessed a selective photolumines-

1999 while investigating liquid crystallinity of substituted
cyclynes!*® The new systems were prepared from sequential,
selective alkynylation of tetraiodothiophene and cyclized with
Pd(0) in 1-25% yields. The cyclotriynes gradually decom-
posed under ambient conditions and did not display liquid
crystallinity. The crystal structures showed thats interac-
tions between cyclyne cores were prevented by intermolecu-
lar attractions of substituent chains and conjugated cores,
thus precluding columnar or slipped stacked arrangements
exhibited by other known liquid crystalline systems.

lyoda and co-workers produced the first parent thieno-
[12]annulene with fusion in the 3,4-position310e Figure
65) in 2004 by Pd-catalyzed 6-fold coupling of 3,4-
diiodothiophene with acetylene gas in 37%The group
noted a significant increase in reaction rate for the diiodo-
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319a R = C:CTMS

3M7aX=N 319b R = CzC(CH,)sCH,

3M7bX=C 319¢ R = C=C(CHa);,CHs
319d R = C=C(CHa),0OH
319e R=H

331
Figure 65.

thiophene starting material compared to arene systems. Ain distance, was predicted for the two-electron oxidation of

2:1 sandwich complex d319ewith Ag was proposed as a 321 based on DFT calculations. The associated inversion

staggered conformation based on minimal changefHin  barrier (9.7 kcal mol') was calculated to be less than the

NMR spectra, a contrast with lack of shielding expected for parent tetra(2,3-thienylene), which bodes well for the group’s

an eclipsed conformation. target of actuating electromechanical stimuli through re-

Investigation of single-molecule electromechanical actua- giospecific homopolymers.

tors and molecular muscles by Marsella’s group afforded

additional octa- and tetrathiophene topologs2® and 321 7.2.2. Tetrathiafulvalenof12]annulenes

in 2000 and 2002, respectivel§t Synthesis began with

5-alkyl-2-bromothiophened22, obtained from the corre- Mono- (327), bis- (328), and tristetrathiofulvalenylacety-

sponding alkylthiophene via bromination (Scheme 24). |ene 29 macrocycles were reported by lyoda et al. in 2004

Conversion of322to aGrlgnard '|ntermed|ate W|th BulLi and (Figure 65)12 The z-amphoteric systems, the result of

MgBr, and subse_queng Ni-mediated homocoupling provided ietrathiafulvalene (TTF) donor and [12]cyclyne acceptor

bithiophene323 in 84% yield. Bromination of the 33 iaties were constructed with stoichiometric Pd and Cu

positions followed by lithiation and iodination provid8@4 ... <15’ inder Krause’s conditions in moderate to low yields

in slightly lower vyield. Cyclization precursoB25 was 17-53%). Th lid-state struct 8p7a displaved

obtained in 52-74% vyield by Pd-catalyzed cross coupling ( ; 0). € solid-state structure adisplayed a
slipped-stack dimeric association with a staggered cofacial

of TMSA followed by desilylation with weak base. Four- : o . -
fold Pd-catalyzed cross coupling 825b with previously array in addition to boat conformations for the TTF moieties.

reported tetraiodotetrathienyle86 afforded the octa-aryl ~ CV Studies indicated a four-step redox process for the hybrid
double helix320in 28% yield. Key intermediat825awas cycles 327 and 328 with oxidation potentials suitable for
more recently reacted with diiodobithiopher&24a to service as conducting radical salts. The hybrid cycles also
produce the diyne macrocyck21in comparable cyclization ~ formed sandwich complexes with Ag salts, both assigned
yield. A large redox-induced conformational change between as staggered conformations from upfield shiftshthNMR
twisted and planar topologies, associated with an 18% changespectroscopy.
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Scheme 24
1. BuLi, MgBr, 1.NBS
1 equiv 322 2. BuLi
R—S._pr NiClx(dppp) R R 3.1
Xy — S -z .

O

322 323a R = Me 84%
323b R = Bu 84%
1. TMSC=CH
PACI,(PPhs),
Cul, i-Pr,NH 324a, PPhy
2. K,COs R Pdz(dba)s,
R_s s R MeOH THF s R cul, i-Pr,NH
Wan\ \ |

324a R = Me 58%
324aR=Bu79%

325a R = Me 74%
325b R = Bu 52%

23%

326
Pd,(dba)s, Cul
(2,4,6-triMePh)sP
Bu,NI, i-Pr,NH, DMF

28%

R

320 R = Bu
7.2.3. Dehydrothieno[14]annulenes

Over the past 5 years the Haley group has prepared a large

collection of novel thioannelated octadehydro[14]annulenes
(330341, Figure 65). Monothiophene syste®®0and331,
which readily polymerized upon concentration to afford an
insoluble material, were found to survive for several weeks
in dilute solutions at-20 °C, a sufficient time to characterize
the systems with MS and NMR/UWis spectroscopy?®
Asymmetric cyclyne830was found to be more aromatic by
ring current criterion thad31 due to an increased double-
bond character at the site of ring fusion. CycB22—341

have recently been prepared by the group, and electronic

absorption and CV studies are currently underd#dy.

7.2.4. Dehydrothienof18]annulenes

In an analogous route 165 Sarkar and Haley isolated
regioisomeric dehydrothieno[18]annulerdz®—344in 2000
via a thieno analogue of intermedia?67 (Figure 65)°*
Although longer than traditional 3-fold intermolecular tri-
merization routes for [18]cyclynes, the intramolecular route
provides the only route to asymmeti@, and Cs isomers.
Cycles342and343displayed enhanced electronic absorption
spectra{max = 428 nm) compared to the 3,4-fused trithieno-
cyclyne344, a factor attributed to the enhanced double-bond
character of 2,3-fusion and more efficient overall conjugation.
The three macrocycles were transformed to insoluble black
material above 150C over a narrow temperature range in
DSC measurements. Under TGA, a minimal weight loss

(<5%) at the corresponding DSC exotherm suggested a

solid-state polymerization reaction for cy@d2

8. Conclusions

This review illustrates the complex diversity of structures
and wide variety of uses of annulenic molecules. No longer
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are these aesthetically pleasing compounds purely the realm
of physical organic chemists. Besides traditional application
as probes for ring currents, annulenes now have demonstrated
potential as DNA cleaving agents, optoelectronic materials,
molecular actuators, and sources for novel carbon allotropes.
Such new uses, coupled with modern techniques for their
synthesis, have truly heralded a renaissance in annulene
chemistry, a renaissance that should continue for some
considerable time.
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10. Note Added after ASAP Publication

This paper was posted ASAP on September 19, 2006.
Changes were made to the second paragraph of section 2.3.1,
and ref 34b was added. The paper was reposted on October
23, 2006.
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