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Abstract: Cyclooctatetraene (COT), the first@electron system to be studied, adopts an
inherently nonplanar tub-shaped geometryDofi symmetry with alternating single and
double bonds, and hence behaves as a nonarom#&genporather than an antiaromatic
compound. Recently, however, consideraliea8tiaromatic paratropicity has been shown
to be generated in planar COT rings even with thedbalternated,, structure. In this
review, we highlight recent theoretical and expermtal studies on the antiaromaticity of
hypothetical and actual planar COT. In additioreattetically predicted triplet aromaticity
and stacked aromaticity of planar COT are alsdllgrdescribed.
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1. Introduction

Cyclooctatetraene (COT) was first prepared by Watter in 1911 [1,2]. At that time, the special
stability of benzene was elusive and it was ofrggeto learn the reactivity of COT as the nexthkig
vinylogue of benzene. However, unlike benzene, @@% found to be highly reactive to electrophiles
just like other alkenes. This is because the grastate structure of COT is nonplanar tub-shaped
geometry oD,y symmetry with alternating single and double boj3dS]. The dihedral angle between
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vicinal double bonds is 56° in the crystal struet{8] so that thet bonds cannot conjugate well with
each other due to the absence of proper overlapekatthe neighboring orbitals.

After two decades of the historical synthesis offlCBuickel applied molecular orbital (MO) theory
to monocyclic conjugated system using theelectron approximation, and explained why cyclic
delocalization of (4n+2jtrelectron systems causes unusual stability [7]clwié now recognized as
aromaticity. The theory also predicted that thehbgl occupied MO of cycliccconjugated systems
with 4nreelectrons should consist of a pair of half-filleshd degenerate nonbonding orbitals.
Accordingly, cyclic conjugation of 4melectrons is considered to be energetically untve. In fact,
some 4me-electron systems such as cyclobutadiene [8,9fcsnldpropenyl anion [10,11] led to strong
destabilization of the compound in contrast to stebilization characteristic of aromatic compounds.
Breslow proposed the term of antiaromaticity tootié® such systems [12,13].

Based on Huckel MO theory,m&lectron system of COT with a planar and deloedliDg;,
structure is predicted to have a triplet groundestdlowever, ab initio complete-active-space self-
consistent-field (CASSCF) calculations showed tbpen-shell singlet state of COT with Rg,
structure is more stable than the triplet statd.[The violation of Hund’s rule was explained beth
“disjoint diradicals” [15,16]. On the other handplanar and bond alternat®d;, structure should have
a closed-shell singlet state where the degeneradyeo frontier orbitals for theDg, structure is
removed by a Jahn-Teller distortion. These sinDkgtandDgy structures are the presumable transition
states of double bond shift and ring inversion &fTC(Figure 1), although nonplanar crown- [17] and
saddle-like conformations [18-21] were discussedlternative transition state for the double bond
shift. Accordingly, the barriers for both doublendoshift and ring inversion should be related t® th
energetic aspect of antiaromaticity of COT. Theension barrier have been measured via various
methods and was found to be 10-13 kcal hjaR-25], while the barrier to bond shift was shoterbe
2-4 kcal mof* higher than the inversion barrier [22,23,26], etleough steric effects in substituted
COTs tend to increase the barrier for both bontt ahd ring inversion [27, 28] and steric effecksoa
reduce the difference between the two barriersuttipty substituted COTs [27]. Since the inner angl
of the planar COT (135°) is larger than the ideaidangle fosp® hybridized carbon (120°), there are
some strains in the planBg, andDy, transition states, and hence the antiaromatiabdiéziations in
both Dg, and D4, structures are at most several kcal tndh accord with this explanation, the
hydrogen transfer energy for the plarmag, COT going to cyclooctatriene was reported to be
—8 kcal mof (B3LYP/6-311+G*) and -9 kcal mdl (MP2/6-311+G*) [9], whereas isodesmic
(27.8 kcal mol MP2/6-31G*//HF/3-21G [29]; 28.4 kcal mbl MP4SDTQ/6-31G**//MP2/6-
31G**+ZPE(HF/6-31G*) [30]) and homodesmic (-28.4akenol” [30]) stabilization energies gave
rather different results.

The other important criteria for the study of ardicity and antiaromaticity are related to the
magnetic properties of compounds. Aromatic compseusuistain diatropic ring currents with bond
length equalization, while antiaromatic compounaistain paratropic ring currents in spite of loocadiz
structures [31-34]. As a result, diatropic ringremts cause exaltations of diamagnetic suscepyibili
from the sum of that of acyclic reference compoui3#s36]. Also in NMR chemical shifts, shielding
and deshielding effects are observed inside argldmuaromatic rings, respectively, while antiaramat
paratropicity results in the opposite effects [32,3hese phenomena can be detected experimentally.
However, the comparable quantification may be clifti because the diamagnetic susceptibility
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exaltations depend on the references selected aeralibe many environmental factors affect NMR
chemical shifts. On the other hand, there have Iseseral approaches to estimate the ring current
intensities using theoretical calculations. Amohgn, nucleus independent chemical shift (NICS)
developed by Schleyeat al. [37,38] is one of the most used index becausehefsimplicity and
efficiency of the methods. The methods for the aiigation of ring currents such as CTOCD-DZ
(continuous transformation of origin of current digyn - diamagnetic zero) [39,40] have also been
developed recently. By using these methods, stuatigbie antiaromatic paratropicity of planar COTs
have progressed. In this review, we highlight récéoretical and experimental studies on the
antiaromaticity based on the magnetic propertiebypiothetical planar COT and related planarized
COT annelated with ring unifgd1]. In addition, theoretically predicted triplatomaticity and stacked
aromaticity of planar COT are also briefly descdbe

Figure 1. Schematic drawings of ring inversion and doubledoshift of D,q COT viaDyp
andDgp transition states, respectively.
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2. Unsubstituted COT

Since planar conformations of unsubstituted COTcargsidered to be the transition states of ring
inversion and bond shift, it is difficult to experentally investigate the planar COT [25] and most
studies have been performed with quantum chemialdulations. In this section, computational
studies of the aromaticity and antiaromaticity ¢dnar COT based on NICS and CTOCD-DZ are
summarized.

2.1. Computational Studies Based on NICS

The degrees of aromaticity of tub-shapzdg (singlet &)) and planaDg, (S) andDg, (open-shell
S and triplet Ty) states) COT that have been assessed using NiteBacare summarized in Table 1,
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together with the bond lengths of each optimizednuetries [38,42,43]. The NICS(0) value of tub-
shapedD,y COT is +3.0 at the GIAO/HF/6-31+G* level using tB8LYP/6-311+G** optimized
geometry [42]. The small value is in line with tBepected nonaromatic character due to the bent
structure. On the other hand, effect of bendinthefC=C—H angle directed toward the double bond in
D,q COT was investigated [44]. The bending of the CHGngle causes increase of NICS value with
increasing planarity of the COT ring and decreasitgMO-LUMO gap.

Table 1. C—C Bond lengths and NICS(0) values for &@andT, states of COT.

molecule state method Cc-C method NICS(0) ref.
(geometry) bond (magnetic properties) (ppm)
length
(A)
CeHs(D2y) S B3LYP/6-311+G** 1.340 GIAO/HF/6-31+G* +3.0 [42]
1.472
HF/6-31G** 1.344 GIAO/HF/6-311+G* +1.9 [43]
1.479
GIAO/CASSCF(8,8) +1.2 [43]
/6-311+G*
CeHs(Dan) S B3LYP/6-31G* N.R. GIAO/HF/6-31+G* +30.1 [38]
HF/6-31G** 1.351 GIAO/HF/6-311+G* +29.3 [43]
1.472
GIAO/CASSCF(8,8) +16.1 [43]
/6-311+G*
CeHs(Dgn) S CASSCF(8,8) 1.408 GIAO/CASSCF(8,8) +40.7 [43]
/6-31G** /6-311+G*
T B3LYP/6-311+G** 1.403 GIAO/HF/6-31+G* -12.4 [42]
CASSCF(8,8) 1.406 GIAO/HF/6-311+G* -12.1 [43]
/6-31G**
GIAO/CASSCF(8,8) -8.9 [43]
/6-311+G*

In addition, to investigate the relationships amtmgstrength of paratropicity, the HOMO-LUMO
gap, and the bent angteof the COT ring, the NICS values and the HOMO-LUM&ps of COT with
various bent angles were calculated at the GIAC3FH/1+G**//B3LYP/6-31G** level [45] and the
results are plotted in Figure 2. As the bent adglereases, the NICS value of the COT ring increases
(Figures 2a), with considerable narrowing of theNHOD-LUMO gap (Figure 2b).

The NICS(0) value of planar COT with bond alterda®, symmetry was reported in the first
paper of NICS [38]. The value is +30.1 at the GIABI6-31+G* level using the B3LYP/6-31G*
optimized geometry, suggesting that the considerabltiaromatic paratropicity is generated in the
planar COT ring even with the bond alternated stmec Similar result (+29.3) was obtained fy;,
COT at the GIAO/HF/6-311+G*//HF/6-31G** level [43However, the NICS(0) value was shown to
be considerably reduced when the CASSCF-GIAO metvelused. The value (+16.1)@f, COT at
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the CASSCF-GIAO level is almost half of that of KEFAO method. It is also much smaller than that
(+40.7) of Dg, COT at open-shelk, state by factor of 2.3 [43]. For the estimationNdCS value of
Dg, COT atS state, the use of CASSCF-GIAO is essential, amd¢disuch a large discrepancy is only
observed in the method. In any case, the NICS-bagadies showed that the antiaromatic
paratropicity of planar COT is highest for tbg, structure at open-shell, state and considerable
antiaromaticity is retained fdd4, structure despite of the small barriers for ringersion and bond
shift of COT ring.

Figure 2. Correlations between a) NICS(0) (GIAO/HF/6-311+GB3LYP/6-31G**) and
bent anglea and b) HOMO-LUMO gap (B3LYP/6-31G**) and bent amgh of
cyclooctatetraene.
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As concerns the lowedt state ofDg, COT, not antiaromaticity but rather aromaticityepected.
The idea that triplet 4melectron annulene is regarded as being aromatsconiginally suggested in
1972 [46] using its Dewar resonance energy. Othalies supported the aromaticity ofrdelectron
annulene [47,48]. The NICS calculations also suiggbthe aromaticity oDg, COT atT; state. The
NICS(0) value is —12.4 at the GIAO/HF/6-31+G*//B3B¥6-311+G** [42], which is, however, more
negative than that (-8.9) of CASSCF-GIAO method.[ABother study based on scanning NICS over
a distance and separating them into in-plane artebfoplane contributions also confirmed the
aromaticity ofDg, COT atT; state [49]. It is to be noted that the C—C bomdjlles ofDg, COT at both
S and T, states are almost identical irrespective of théaemmatic and aromatic characters,
respectively [43].

2.2. Computational Studies Based on CTOCD-DZ

In CTOCD-DZ, a point, at which the induced currdaetsity is calculated, is taken as the origin of
vector potential and the accumulated vectors yibice-dimensional induced molecular current
distributions. In addition, the current maps can dgressed as sums of the possible orbital
contributions. By taking advantage of the latteatdee, orbital contribution in the paratropic ring
current ofD4, COT was investigated [50,51]. As mentioned ab®g,COT has a pair of half-filled
and degenerate nonbonding orbitals, while the dagey is removed by a Jahn-Teller distortion in
Dsn COT (Figure 3). As a result, the HOMO-LUMO paitispito two non-degenerate components
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with a narrow HOMO-LUMO gap. This causes a rotaldransition with a small energy and thereby
produces a strong paramagnetic ring current. CT@Zxearly demonstrated that the paratropic ring
current inD4, COT is dominated by the HOMO-LUMO transition [S0,bmeaning the paratropicity
corresponds to circulation of only two-electrongha frontier orbitals.

Figure 3. T-Molecular orbitals and their orbital energy scherfw Dg, andD4, COT.

Furthermore, the paratropic ring currents in tubpgdD,y COT were also investigated by means
of CTOCD-DZ [52]. In the studyd (A) value is defined as the distance between thegs of the
upper and bottom four carbons of tub-shaped COQg. rifthe paratropic ring current was shown to
survive even in a tub-shaped COT ring whiga below 0.62 A. Sincd of the equilibrium structure of
tub-shaped COT is 0.76 A, the paratropic currentige until 80% of the geometric change.

3. COTsPlanarized by Annelation
3.1. Attempted syntheses

In the initial synthetic study to realize planardnulene, triple bonds were introduced and
dibenzocyclooctadiene-3,7-diyn&) (and dibenzocyclooctatriene-7-yn2) (Figure 4) were prepared
[53-55]. X-ray studies of diyné& demonstrated that the [8]annulene core has a pkinasture [56].
However, the antiaromatic paratropicity bas well a2 is considerably attenuated judging from the
NICS(0) value ofl (+4.04 at the GIAO/B3LYP/6-31G* level) [57].

For the other methods without using triple bonéyd¢hare two strategies to constrain the inherently
non-planar COT ring to adopt a planarized confoiomatThey are the annelation of either small
membered rings or rigid planarsystems to the COT skeleton. In the former stmattonodification,
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the annelated small ring causes widening of theyoli bond angle which corresponds to the inner
angle of the COT ring. Since the average innereangloctagon (135°) is larger than the ideal bond
angle forsp? hybridized carbon (120°), the widening of the inargle of COT ring brings about some
planarization. By the use of this method, CC3¥s annelated with one three- or four-membered ring
(Figure 5) have been prepared.

Figure 4. Chemical structure of dibenzocyclooctadiene-3yhei () and
dibenzocyclooctatriene-7-yng)(

Figure 5. Chemical structure of cyclobuteno-CGC3J bicyclo[6.2.0]decapentaent and
cycloprop[8]annulen&. Calculated geometry, NICS(0) (GIAO/HF/6-311+GBBRLYP/6-
31G**) and HOMO-LUMO (H-L) gap (B3LYP/6-31G**) 08a, 4a, and5 are also shown.
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Among them, the parenBa readily polymerizes when concentrated [58,59] andsstuted
derivative 3b is the first example that the X-ray structure o€loputeno-COT has been determined
[60]. However, the effect of planarization by thenalation of cyclobutene ring is quite small as
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predicted by the molecular mechanics calculatiéi$. [One additional double bond 3avas shown to
be quite effective for planarization of the eightmbered ring and bicyclo[6.2.0]decapentaém§s2]
and its diphenyl derivativdb [63] were shown to have a nearly planar conforomtHowever, the
X-ray structural analysis [63] suggested thas not 8rantiaromatic COT but rather a #@romatic
system like azulene. CTOCD-DZ calculations suppmbttee conclusion [64]. Cycloprop[8]annulebe
has a planarized tub-conformation, and some papiatring current was found to be induced’gis
NMR chemical shifts of the protons in the eight-nbemed ring appears at3.6-3.7 ppm which is ca.
2 ppm upfield shifted from that of parent COY 5.68) [65]. CTOCD-DZ calculations supported the
presence of a paratropic ring currenbifb2]. Here, we also calculated NICS(0) value (GIANB/6-
311+G**//B3LYP/6-31G**) and HOMO-LUMO gap (B3LYP/81G**) of 3a, 4a, and5 (Figure 5),
and only5 showed a relatively large positive NICS value atad with the observed large upfield
shift of the ring protons.

Figure 6. Chemical structure of bis-cyclopropeno-C®@Tand bis-norborneno-COT.
Calculated geometry, NICS (0) (GIAO/HF/6-311+G**BBYP/6-31G**) and HOMO-
LUMO (H-L) gap (B3LYP/6-31G**) of6éa and7b are also shown.
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COTs6 and7 annelated with two cyclopropene ring or norbornenis (Figure 6) have also been
prepared. Concerning abdijta planar [8]annulene core was demonstratéth if56], but the NICS(0)
value of6a (+10.1) is considerably reduced due to the deformigtht-membered ring and/or the
annelation of benzene rings. As f@a, the author predicted that the COT ring could lamgrized by
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the annelation with the rigid small rings at C1, @& C4, C5 position [67]. However, the X-ray
structure of7b revealed that the COT ring is not planar [68] an@3{0) value offb (+2.9) is as small
as that oD,q COT at the ground state.

As the second strategy for the planarization of Gidg, the annelation of rigid plana¥systems to
COT ring has also been investigated. The first gptans COT annelated with biphenyle@¢69,70].
As shown in Figure 7, the COT ring is almost plamair considerably deformed. Thus, although some
upfield shift in'H NMR of the olefinic protons{4.62) was observed in comparison with those of
nonplanar biphenyl analogué §.82, 6.32) [71], the antiaromatic paratropicgynot so large judging
from the NICS(0) value. The reduced antiaromatinigy be caused by the deformed eight-membered
ring and/or the annelation of aromatic two benzenis. Similarly, COT annelated with fluore®e
[71] was prepared and some upfield shiftih NMR of the olefinic protonsd5.90, 5.68)was also
observed. However, the antiaromatic paratropicitymall due to the non planar COT ring.

Figure 7. Chemical structure of cyclooctigf]biphenylene8 and cycloocta]ef]fluorene.
Calculated geometry, NICS(0) (GIAO/HF/6-311+G**//B8P/6-31G**) and HOMO-
LUMO (H-L) gap (B3LYP/6-31G**) of8 and9 are also shown.
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On the other hand, the tetraphenylene completelygrized by four methylene and oxygen bridges
10 [72] and11 [73] (Figure 8) have a high&d,, symmetry. However, both NICS(0) values exhibit
smaller antiaromatic character in the central eflghtnbered ring than that 8f suggesting that the
paratropicity of the COT ring is weakened by thaeelation of aromatic benzene rings [45].

Thus, the design of complete planarization of tl@&TGing with substantial paratropicity has been
rather difficult and only several types of derivat have so far been known as summarized below.
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Figure 8. Chemical structure of bridged tetraphenyleb@snd11. Calculated geometry,
NICS(0) (GIAO/HF/6-311+G**//B3LYP/6-31G**) and HOMOGLUMO (H-L) gap
(B3LYP/6-31G**) of 10 and11 are also shown.

3.2. Planar COT Annelated with Four Cyclobutene Rings

Planar COT12 tetra-annelated with tetrafluorocyclobutene undés been synthesized by copper-
mediated coupling reaction of 3,3,4,4-tetrafluor@-diiodo-1-cyclobutene in the presence of 0.5 wt.%
of DMF (Figure 9) [74]. X-ray crystallography d2 demonstrated the planar and bond-alternated
COT structure with the shorter bonds endocycliahte cyclobutene rings [75] and the structural
features were reproduced by theoretical calculat[@6,77]. The position of the double bond4.inis
in contrast to the structure of hypothetical hydrbon analogud3 in which the shorter bonds are
theoretically predicted to be exocyclic to the ojltane rings [76].

The color of12 is deep red, suggesting th&t has a relatively narrow HOMO-LUMO gap and
hence a strong paratropic ring current. In factOCD-DZ calculations predicted tha2 as well asl3
have a strong paratropic ring current [78]. We alatculated the HOMO-LUMO gap (B3LYP/6-
31G**) and NICS(0) value (GIAO/HF/6-311+G**) and éhresults were 2.56 eV and +17.7 ppm.
These values are narrower and larger than thos&1df It is interesting to note thdi2 has an
extraordinarily low reduction potential ( +0.79 ¥ 8CE; +0.33 V vs Fc/Frowing to lowering of the
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LUMO level by planarization of COT ring and the apwlated electron-withdrawing effects of
sixteen fluorine atoms [79].

Figure 9. Synthetic scheme fot2 and chemical structure df3. Calculated geometry,
NICS(0) (GIAO/HF/6-311+G**//B3LYP/6-31G**) and HOMEGLUMO (H-L) gap
(B3LYP/6-31G**) of 12 are also shown.
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3.3. Planar COT Annelated with Plural Bicyclo[ 2.1.1] hexene Rings

Planar COT14 tetra-annelated with bicyclo[2.1.1]hexene units basn synthesized by copper-
mediated coupling reaction of 1,2-diiodobicyclo[2]bex-2-ene (Figure 10) [80]. X-ray
crystallography ofl4 demonstrated the planar and bond-alternated CQittste with the shorter
bonds exocyclic to the cyclobutene rings as preditty the theoretical calculations [76]. The bond-
alternation in14 (ARobs = Rengo— Rexo = 1.500(1) — 1.331(1) = 0.169 A) is much largartthat of12
(0bS: Rendo = 1.353(10),Rexo = 1.425(14) [75];ARcaic = Rexo — Rendo = 1.454 — 1.359 = 0.095 A
(B3LYP/6-31G**)), which would be caused by the alatien with highly strained
bicyclo[2.1.1]hexene units. The color Bt is red with weak absorption band at 459 nm @eg2.11),
indicating a relatively narrow HOMO-LUMO gap for @m-electron system. However, the NICS
value of14 (+10.6) at the GIAO/HF/6-31+G**//B3LYP/6-31G* lev§B0] is considerably reduced in
comparison with that dD,, COT (+27.2) at the same level, although CTOCD-REwations support
that 14 sustains a weak paratropic ring current [78]. Tdrgd bond alternation it is not the main
reason for the considerable decrease in antiarorpatiatropicity, since a much larger NICS value
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(+22.1) was calculated for a hypothetical planaMGf@ving exactly the same bond lengths as those in
14 [81]. As described in section 2.2, the HOMO-LUMa@risition dominates the totalring current in
planar COT and determines its paratropic naturg [Bus, the relatively larger HOMO-LUMO gap
(3.04 eV at the B3LYP/6-31G* level) for a planar TOn which the LUMO level is raised by the
orbital interaction with the annelated bicyclicgi(Figure 10), is considered to be the main redson
the reduced antiaromaticity it

Figure 10. Synthetic scheme fol4 and the HOMO and LUMO calculated at the
B3LYP/6-31G(d) level forl4 and forD4, COT together with orbital interaction diagrams
between the COT and puckered cyclobutane ringscgtln[2.1.1]hexene units.
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Planar COT14 has an unusually low oxidation potential (+0.07 & kc/FE) and gives a fairly
stable radical-cation salt [82]. This is ascribedhe raised HOMO level due to tleert conjugative
effects of bicyclic frameworks in addition to a rmwed HOMO-LUMO gap by the planarization of
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COT ring as shown in Figure 10. Interestingly, lihegest wavelength absorption (630 nm) of radical
cation of planarl4 is blue-shifted from that (745nm) of radical catioh tub-shaped COT fully
annelated with bicyclo[2.2.2]octene unit$ (Figure 11) [83], indicating the planarization sas
hypsochromic shift contrary to the common senseeftgctive Teconjugations. This is due to the
widening of the HOMO-SOMO gap caused by the raiS&MO (HOMO in neutral COT) and
lowered HOMO (HOMGO' in neutral COT) accompanying the flattening of @@T ring. The lower
HOMO™ level of planar neutral COT may be the principahttibutor to the small antiaromatic
destabilization for COT ring (See Introduction).

Another COT annelated with two bicyclo[2.1.1]hexeorits 16 (Figure 11) has also been
theoretically predicted to have a planar strucfui. In this compound, singlet diradicaloid stae
the minimum energy form just like open-shell singlate of COT with ®gy, structure [14].

Figure 11. Chemical structure of COTs fully annelated withylgio[2.2.2]octene unit§5
and annelated with two bicyclo[2.1.1]hexene uh@s

15 16

3.4. Planar COT Annelated with Porphyrin Rings

Directly fused tetrameric porphyrin sheé&&and their free base analogl#(Figure 12), which are
also calculated to have a planar COT core, have bgethesized [84,85]. The directly meso-meso
linked cyclic porphyrin tetramer which is the presor for17(Zn), was synthesized through a stepwise
coupling reaction sequence. Then the precursortieased with 30 equiv of DDQ and Sc(OFtp
give 17(Zn) as black solid. Free base sh&@twas obtained by demetallation bf [85]. As for the
paratropicity of the central COT ring, NICS caldidas were performed at the GIAO/B3LYP/6-
31G*//B3LYP/6-31G* level (LANL2DZ for zinc atom) a@hthe values were +61.7 fdi7(Zn) and
+21.7 forl8 (29.2 forD4n COT at the same level) [84]. The distance-dependéDS at the center of
the COT core fod7(Zn) was also performed [86], which was shown torelase monotonously with
increasing distance as shown in the case of cytaoene [87]. Furthermore, the complex1d{Zn)
with  1,4-bis(1-methylimidazol-2-ylethynyl)benzene r o 5,15-bis(1-methylimidazol-2-yl)-10,20-
dihexylporphyrin experimentally proved the paratcopng current of the central COT core [84].
However, in spite of the large difference betwdes WNICS values o17(Zn) and18, the absorption
spectra ofl7 and18 is quite similar [85], suggesting that the HOMO-MO gaps ofl7 and 18 are
almost identical.
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Figure 12. Chemical structure of directly fused tetramericpbyrin sheetd7 and its free
base analogu#s.

17 18
(M = Zn, Cu)

3.5. Planar COT Annelated with Thiophene Rings.

Cyclic tetrathiophened9 planarized by dimethylsilyl, sulfur, and sulfoneidges bearing a
planarized COT core (Figure 13) have been syntaddiy homocoupling of the bridged bithiophene
precursors [45]. The bent angle of the central GDds of 19 can be finely adjusted by using the
small differences in the bond lengths between tiaging units and thiophene rings and the planarity
is enhanced in the order 83(S) > 19(SO,) > 19(SiMe,) (See X-ray structures 4B(S) andl9(SiMe,)
in Figure 13). From the comparisons of NICS val(i€%S): +17.4;19(S0,): +15.4;19(SiMe,): +12.7
(GIAO/HF/6-311+G**//B3LYP/6-31G**)) and calculatedHOMO-LUMO gaps 19(S): 2.62 eV,
19(SO,): 2.72 eV;19(SiMe,): 2.87 eV ) of the optimized structuresX®, similar enhancement of the
paratropicity and narrowing of the HOMO-LUMO gaphwdecreasing bent angle of the COT rings as
shown in Figure 2 were also demonstratedlfbrlt is interesting to note that the NICS valu€elg(S)
with highest planarity amontp is larger than those &11 and almost identical to that ©2.

The theoretically predicted relationships among teeatropicity, HOMO-LUMO gap, and
planarity of the COT ring shown in Figure 2 werscatjualitatively proved by means sf NMR and
UV-vis measurements df9. In comparison of théH NMR chemical shifts ofl9 with those of the
corresponding precursors, upfield shifts due tarmpopic ring current in the COT ring were obsdrve
and the degree of shift increased with increaslagapity of the COT ring. Furthermore the absonptio
maxima of19 showed bathochromic shifts with increasing plagasftthe COT ring.
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Figure 13. Synthetic scheme fol9 and X-ray structures ofi9(S) and 19(SiMe,).
Calculated geometry, NICS(0) (GIAO/HF/6-311+G**//BBP/6-31G**) and HOMO-
LUMO (H-L) gap (B3LYP/6-31G**) of19(S) are also shown.

S
)
|\

4. Stacking of Planar COT Rings

Recently, it has been shown using NICS calculatibas stacking of antiaromatic annulene rings
into superphane structure can reverse antiarortyafcid result in through-space three-dimensional
aromatic character [88]. As for the COT ring systétn(Figure 14),Dg, structure is minimum,
indicating that the stacked ring aromaticity caubesbond length equalization. The NICS(0) values o
the COT ring (—22.0 at the PW91/IGLOIII//B3LYP/6-B4G**) and superphane center of symmetry
(-35.5) predicts the strong diatropicity of theteys. From these results as well as the resultstfoar
ring size, the authors concluded that “stackingnglwith triplet [42] and Mdbius strategies [89,98]
the third way to render 4nelectron system aromatic.” CTOCD-DZ calculatiof4][supported the
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conclusion, whereas an analysis based on energétgcia using graph theory concluded that the
stacking of antiaromatic ring does not bring abatdmatic stabilization energy even though the
original antiaromaticity is reduced [92].

Figure 14. Chemical structure of COT superphd&te

20

5. Conclusions

Recent studies on aromaticity and antiaromaticitglanar unsubstituted COT based on NICS and
CTOCD-DZ calculations have been summarized in gecf. These studies have revealed the
paratropicity ofD4, and open-shell singl&g, COTs and diatropicity of triplddg, COT. Among these
types of COTs, synthetically accessible derivatikiase so far been limited to bond-alternaizg
type structure, and the antiaromaticity of COTsnpl&ed by annelation with various rigid rings has
been assessed by NICS values. For the most clagsi@aarized COTs, however, complete
planarization of the ring with substantial paratedy was not attained, and only a few compounds
showed that the NICS(0) value is comparable to»>meeds two-third (+17.7 at the GIAO/HF/6-
311+G**//B3LYP/6-31G** level) of that oD4, COT (+26.6). Among them, we have attained a planar
COT structure in19(S) without bulky substituents unlike the other nala COTs, and X-ray
crystallography showed a stacking structure [48lug] the structure d9(S) may be utilized for study
on an intermolecular antiaromatic-antiaromatic rnatéon [88] by controlling the stacking manner
with additional substituents at the side positidhisch experiments may also lead to these compounds
becoming unique candidates for efficient organectbnic devices, in which the use of antiaromatic
ring has not been tested.
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