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Abstract Since the concept of aromaticity has been proposed to be
generalizable to acetylenic rods (‘linear ring’ of [2]annulene), p-diiso-
propyl-tetraphenyl-carbo-benzene (C,5Hs,4) and an indenone-fused iso-
propyl-triphenyloctadehydro[14]annulene (C4,H,c0) can be regarded
as based on heptacyclic aromatic cores. The formation and X-ray crystal
structures of both products are described. The latter has been obtained
as a reductive rearrangement product of a transient isopropyl-penta-
oxy[5]pericyclyne devised as a putative precursor of a carbo-fulvene tar-
get. A mechanism accounting for this peculiar transformation is pro-
posed. Deviation from global planarity is measured by a 6° angle
between the mean plane of the indenone bicycle and that of 13 atoms
of the [14]annulenic macrocycle, forming dihedral angles with the local
plane of the isopropyl-substituted sp? vertex of 16° and 15°, respective-
ly. The magnetic aromaticity of the carbo-benzene and indeno-octade-
hydro[14]annulene products is evaluated by NICS calculations.

Key words alkyne, [14]annulene, aromaticity, carbo-benzene, inde-
none

1 Introduction

Beyond the equilibrium context, nonplanarity may be
appraised from the standpoint of flexibility, and the larger
the empty rings (fundamental circuits), the greater their
flexibility.! This is addressed below within the context of
carbo-mer chemistry,> from the carbo-benzene series.??
While the C4 ring of cyclohexane is nonplanar (with a chair-
chair interconversion barrier through the half-chair confor-
mation of ca. 10 kcal/mol),* the carbo-meric C;g ring of
[6]pericyclyne (Figure 1, a) was thus shown to be ‘almost

diisopropyl-carbo-benzene
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cross-conjugated pro-carbo-aromatic targets octadehydro[14]annulenoindanone

flat’ with quasi-isoenergetic chair, boat, and twist-boat
conformations, lying less than 2 kcal/mol above the totally
planar form, with interconversion barriers in the range of 1
kcal/mol and MM2-calculated strain energies below 0.2
kcal/mol.’ These results were later confirmed and analyzed
on the basis of DFT calculation results.® In the aromatic se-
ries, while the Cg ring of benzene is rigidly planar, the C;g
ring of carbo-benzene was also early recognized to exhibit a
planar equilibrium structure of Dg, symmetry, albeit in a
much more flexible manner allowed by a three-time weak-
er energetic aromaticity, defining its ‘carbo-aromatic’ na-
ture:2<7 this was first claimed on the basis of X-ray diffrac-
tion (XRD) analysis of the hexaphenyl derivative in the
crystal state (R'=Ph, i=1-6, with a maximum deviation
from the mean plane of merely 0.113(8) A)?8 then con-
firmed by geometry optimization at the DFT level.®

Within the family of aromatic systems, the carbo-ben-
zene core is actually more than a m-conjugated C;; ring: it
can indeed be considered as a fused ‘heptacycle’ (six C2 mi-
crocycles + one C18 macrocycle) by assigning a ‘generalized
aromatic character’ to triple or cumulenic sp-C-sp-C bonds
(Figure 1, b). This is naturally achieved by extension of the
[N]annulene series (N > 3) to the limiting case of acetylene
(N =2). Beyond the formal issue, the relevance of this gen-
eralization is not only established within the framework of
chemical (spectral) graph theory,!® but also supported by
common physicochemical features shared by classical
[4n+2]annulenes and acetylene (e.g., diatropic ring current
with outer magnetic deshielding effect decreasing with ring
size).2” Two kinds of ideal aromatic units can therefore be
distinguished: planar rings and linear rods, both kinds be-
ing condensed in the carbo-benzene core.
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Figure 1 Typology of ring carbo-mers (see main text): (a) nonaromatics, (b) aromatics, (c) pro-aromatics

Most of the carbo-benzenes reported to date bear aro-
matic substituents, and the sole alkyl-substituted example,
described by Ueda, Kuwatani et al., is an octupolar tris-tert-
butyl derivative, the X-ray crystal structure of which is,
however, missing. The challenge is hereafter first addressed
in the quadrupolar series with two isopropyl substituents.
After a recent report on difluorenylidene carbo-quinoids,!!
the disclosed results are spin-offs of the search for other
targets, that is, the diisopropylidene carbo-quinoid A and
carbo-fulvene B (Figure 1, ¢).!3

2 Results and Discussion

Conditions for the formation of two novel isopropyl-
substituted carbo-aromatics are hereafter described. Their
structures are discussed with emphasis on their pla-
nar/nonplanar characters, and their local aromatic charac-
ter appraised from DFT calculations of NICS.

2.1 Diisopropyltetraphenyl-carbo-benzene

Following the unique strategy hitherto employed for the
synthesis of carbo-benzenes, the target 1 was envisaged by
reductive aromatization of a pericyclynediol precursor 2
(Scheme 1). The formation of the C;g ring of 2 was envis-

aged through a [11+7] cyclization process from the C;; di-
nucleophile 3 and the C; dielectrophile 4. The tetraynol 3
was prepared in two steps by reaction of two equivalents of
the known ether-diyne 5 with methyl isobutyrate,® giving
the tetraynol 6 in 93% yield, followed by protodesilylation
with K,CO3;/MeOH, here occurring in 91% yield. In a parallel
manner, the diketone 4 was obtained by reaction of two
equivalents of the dilithium salt of phenylethynylcarbinol 7
with methyl isobutyrate, giving the diynetriol 8 in 52%
yield, followed by IBX-mediated oxidation, occurring in 90%
yield. Incidentally, during unfruitful attempts at synthesiz-
ing the carbo-fulvene B, submitting 4 to O-mesylation-
elimination conditions led to the cross-conjugated ene-
di(ynone) 9 in 99% yield.!?

The cyclization step called for optimized conditions,
consisting in the treatment of the diketone 4 and tetraynol
3 in the presence of a large excess of LIHMDS. The use of
such a weak reversible base indeed allows preventing the
formation and precipitation of both the trianion of 3 and
tetraanion of 2 (or intermediate monoadduct). After treat-
ment with aqueous NH,Cl, the [6]pericyclynetetraol 2 was
thus isolated in 44% yield.

Ultimate treatment of 2 with the classical acidic-reduc-
ing system SnCl,/HCI afforded the target carbo-benzene 1,
which was purified by silica gel chromatography, and iso-
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Scheme 1 Synthesis of the diisopropyltetraphenyl-carbo-benzene 1 from the [6]pericyclynediol 2, obtained through a [11+7] cyclization route

lated as a dark violet solid in 40% yield. It is noteworthy that
the carbo-quinoid A, an a priori possible side product,!’ was
not detected.?

The structure was first indicated by high resolution
MALDI-ToF MS spectrometry (HRMS m/z=610.2661). The
extremely poor solubility of pure 1 prevented its character-
ization by 3C NMR spectroscopy, but tediously acquired 'H
NMR data are fully consistent with previous reports on car-
bo-benzenes.?3'4 In particular, the high magnetic aromatic-
ity of 1 is evidenced by a strong deshielding of both the or-
tho-'H nuclei of the phenyl rings (6 = 9.54 ppm, d, 3/ = 7.7
Hz), and the 'H nuclei of the Pr substituents (8 = 5.05 ppm

446
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010 551
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0gs 524

30000 400,00 50000 60000 20000

(sept.), 2.50 ppm (d), 3y = 6.9 Hz). The usually very high
extinction coefficient of carbo-benzenic chromophores
made also possible the recording of a UV-vis absorption
spectrum in a chloroform solution (Figure 2), giving a fur-
ther signature of the carbo-benzene structure (A, = 446
nm, with satellite peaks at 502, 524 and 551 nm).' A shoul-
der at A =435 nm is reminiscent of the one previously ob-
served at A =427 nm in the absorption spectrum of the tet-
raphenyl-carbo-benzene congener with the same quadru-
polar symmetry pattern without the Pr substituents
(R'=R4=H, R? =R3=R® = R = Ph, Figure 1, b).1s

a1

Figure 2 UV-vis absorption spectra of the carbo-benzene 1 in chloroform (left) and indeno-octadehydro[14]annulene 12 in toluene (right)
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Single crystals, deposited upon slow evaporation of a
highly diluted solution of 1 in CH,Cl,, were submitted to
XRD analysis, allowing definite confirmation of the global
structure (Figure 3).'6 Structural data are characteristic of
generic carbo-benzenes, with average sp?C-spC and spC-
spC bond lengths of 1.38 A and 1.23 A, respectively, and an
average angle at the C,g ring vertices of 119.5°. The two Pr
groups are not equivalent: with respect to the Cig ring
mean plane, the plane of the three C atoms is either quasi-
orthogonal (8 = 73.5°, allowing the proximal phenyl rings to
be nearly coplanar: §'=0.7°), or quasi-parallel (§=-5.1°,
inducing a larger torsional angles of the proximal phenyl
rings: 8" = 6.0°). This dissymmetry also induces a distortion
of the hexagonal shape of the C;5 ring, with an axial diame-
ter ‘PrC---CiPr = 7.68 A, 5% smaller than the lateral diameters
PhC--CPh = 8.12 A.

Finally, regarding the ‘vibrational nonplanarity’ issue in
the crystal state (regardless the esd values), the maximum
deviation from the mean plane of the C;3 macrocycle is =
0.04 A (with standard deviation =~ 0.01 A), so quite small but
greater than the maximum deviation of the more rigidly
planar phenyl rings (<<0.01 A, with a negligible standard
deviation).

2.2 An Indeno-octadehydro[14]annulene

Aiming first at the carbo-fulvene B, the [5]pericyclyne-
triol 10 was targeted through a [8+7] cyclization process
from the known Cg triyne 11 (Scheme 2)'7 and the C, dike-
tone 4 (above described, Scheme 1). The dilithium salt of 11
was thus reversibly generated in the presence of ten equiva-
lents of LIHMDS and reacted with 4 (Scheme 2), affording a

complex mixture of unidentified products, among which
the target 10 could be identified by 'H NMR spectroscopy
but not separated. The mixture was then sequentially sub-
mitted to mesylation-elimination conditions (MsCI/Et;N)
and to a reductive treatment with SnCl, (without addition
of HCl). Chromatography of the crude mixture over silica
gel did not allow detection of the carbo-fulvene B, but af-
forded a single pure product (in minute quantities) assigned
to the structure 12,'8 as determined by XRD analysis of or-
ange crystals deposited upon slow evaporation of a chloro-
form solution (Figure 4),'6 and thus isolated in a 6% yield
over four steps.

The unexpected product 12 is basically an inde-
no[14]annulene derivative with an indenone bicycle o,f3-
annelated to a octadehydro[14]annulene core. The cata-
condensed tricyclic core thus contains two (4n+2)-aromatic
fundamental m circuits, with 6 and 14 conjugated m elec-
trons, respectively. Regarding the octadehydro[14]annulene
core, XRD crystallographic data give average sp*>C-spC, spC-
spC, and sp?>C-sp?C bond lengths of 1.38 = 0.02 A,
1.22 +0.02 A, and 1.42 % 0.02 A, respectively (for details, see
Supporting Information). While the six bond angles at the

sp? vertices vary from 112.5° to 133.0° (with an average of

122.5°), the eight bond angles at the sp vertices vary from
165.5° to 176.0° (with an average of 170.7°), showing a sig-
nificant planar distortion of the C,, ring with respect to the
VSEPR rules.! The macrocyclic strain is also illustrated by a

short C4--14 transannular distance of 3.28 A (sum of

van der Waals radii = 3.36 A).19

The Cy indenone motif is basically planar, with a maxi-
mum deviation from the mean plane (P, ) of 0.04 A and a
standard deviation of 0.01 A (less planar than the Cs phenyl-

PPr__OH B _ o
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0 . O yytoummps | Ph 7 X Pn 2)(83'05 Ph Z
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Scheme 2 In situ [8+7] generation of the [5]pericyclynetriol 10 and reductive eliminative treatment thereof, leading to the indeno-octadehydro[14]-
annulene 12 (the a priori competing carbo-fulvene product B was not detected). The two internuclear distances shown on 12 correspond to crystallo-

graphic data.
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ene component, with negligible maximum and standard
deviations, <<0.01 A). The dehydro[14]annulene ring is sig-
nificantly puckered, especially at the level of the sp? vertex
(C3) bearing the Pr substituent: while the other 13 C atoms
remain relatively coplanar, with a maximum deviation from
the mean plane (P;3,,) of 0.07 A (and a standard deviation of
0.02 A), the C3 vertex and the secondary C atom of the Pr
substituent lie 0.25 A and 0.65 A above this plane, respec-
tively. This corresponds to a tilting angle of the C13-Pr
bond of 15.4°. The local plane of the Pr-substituted sp? ver-
tex thus also form an angle of 15.4° with P;3,,, and an angle
of 15.7° with Py,4. Finally, the global nonplanarity of the
tricyclic condensed core of 12 is measured by a 6.2° dihe-
dral angle between P;3,,, and Pg; 4.

The structure of 12 was further characterized by mass
spectrometry (DCI/CH, HRMS m/z=546.1984 [M]),
TH NMR, and IR and UV-vis absorption spectroscopy (Figure
2, b). In particular, the C=0 stretching frequency value
(Vco = 1723 cm™) is slightly higher than those of 2,3-disub-
stituted indenones (1705 cm™),?° and even fluorenone
(1715 cm™),2! in accordance with a relatively high aromatic

OH
Ph N
HO OH MsCl, EtsN HO
—_—

\ / —Et3NeHCI
MeO — OMe

character of the annelated [14]annulene ring. In the elec-
tronic spectrum, the intense absorption band at A, = 421
nm is in the range of values recorded for isolated dialkynyl-
butatriene motifs,>? each Kekulé form of 12 containing one
such motif. With respect to 1 (A, =446 nm), the signifi-
cantly lower A, value of 12 suggests that the involved ex-
cited states are higher in energy, and that the highly dis-
symmetrized C;, m-conjugated ring of 12 is less aromatic
than the quasi-Dg,-symmetric C;g ring of carbo-benzenes.
Using the Firefly program,?* preliminary DFT calculations
also suggest that the main UV-vis transition involves non-
minimal excitations.?*

The redox level of the carbon skeleton of 12 (= 25) is
just two units lower than that of 10 ({ = 27),%> and thus cor-
responds to a reduction by a single equivalent of SnCl,. In
spite of a very low yield, the formation of the indenone ring,
a general challenge in preparative organic synthesis,?® is
here intriguing. A consistent mechanism for the transfor-
mation 10 — 12 can, however, be proposed (Scheme 3). It
takes into account the specific occurrence of the isopropyl
substituent of the macrocycle, making the stabilized elec-
trophilic intermediate I key for an intramolecular Friedel-

Y
SnCly Ph 7 ].]/
(HCI, Et3N) ) 12
)
== Ph
PH

Scheme 3 Possible mechanism, allowed by the putative intermediate I, for the transformation of 10 to 12 under the conditions shown in Scheme 2
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Figure 3 Molecular view of the crystallographic structure of the carbo-
benzene 1, with thermal ellipsoids drawn at the 50% probability level (for
clarity, the H atoms are omitted). Tetragonal space group (P42,m), with
one co-crystallized CH,Cl, molecule per motif of 1 (for more details, see
Supporting Information).'® Selected bond distances (A) and bond an-
gles (degrees): C1-C2, 1.37(1); C3-C4, 1.38(1); C4-C5, 1.40(1); C6-
C7,1.39(1); C7-C8, 1.38(1); C9-C10, 1.35(1); C10-C9A, 1.40(2); C2-
€3, 1.23(1); C5-C6, 1.22(1); C8-C9, 1.23(1); C1-C11, 1.55(1); C11-
€12, 1.45(2); C11-C13, 1.46(3); C10-C26, 1.52(1); C26-C27, 1.56(2);
C26-C28, 1.52(5); C2A-C1-C2, 120.4(6); C3-C4-C5, 118.3(4); C6-
C7-C8, 117.5(5); C9-C10-C9A, 121.6(6); C1-C2-C3, 177.1(5); C2-
C3-C4, 178.8(5); C4-C5-C6, 176.6(5); C5-C6-C7, 178.7(5); C7-C8-
€9, 179.1(6); C8-C9-C10, 176.8(6); C3-C4-C14-C15, -0.7; C6-C7-
C20-C21, 6.0; C9-C10-26-C28, -5.1; C2-C1-C11-C13, 73.5.
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Figure 4 Molecular view of the X-ray crystallographic structure of 12,
with thermal ellipsoids drawn at the 50% probability level (for clarity,
the H atoms are omitted). Monoclinic space group (P2,), without any
co-crystallized solvent molecule, final reliability factor (1> 2 ofl)):

Ry =7.7% (for more details, see Supporting Information).'® Selected
bond distances (A) and bond angles (degrees): 01-C1, 1.199(10); C1-
€21, 1.475(11); C1-C2, 1.520(11); C2-C3, 1.393(10); C2-C15,
1.438(10); C3-C4, 1.383(11); C3-C22, 1.528(11); C4-C5, 1.237(11);
C5-C6, 1.391(11); C6-C7, 1.379(12); C6-C25, 1.486(11); C7-C8,
1.214(12); €8-C9, 1.377(12); C9-C10, 1.398(11); C9-C31, 1.457(11);
C10-C11, 1.201(11); C11-C12, 1.398(12); C12-C13, 1.383(12); C12-
C37, 1.469(11); C13-C14, 1.240(12); C14-C15, 1.364(12); C15-C16,
1.499(10); C16-C21, 1.387(11); C22-C23, 1.523(12); C22-C24,
1.524(10); 01-C1-C21, 125.8(8); 01-C1-C2, 128.1(8); C21-C1-C2,
106.1(8); C3-C2-C15, 130.7(8); C3-C2-C1, 122.3(8); C15-C2-C1,
106.9(7); C4-C3-C2, 125.2(8); C4-C3-C22, 113.5(7); C2-C3-C22,
121.3(7); C5-C4-C3, 165.9(9); C4-C5-C6, 175.6(9); C7-C6-C5,
117.5(7); C7-C6-C25, 120.5(8); C5-C6-C25, 122.0(8); C8-C7-C6,
174.4(10); C7-C8-C9, 165.5(9); C8-C9-C10, 112.5(8); C8-C9-C31,
123.2(7); C10-C9-C31, 124.4(8); C11-C10-C9, 166.2(10); C10-C11-
C12, 176.0(10); C13-C12-C11, 115.9(8); C13-C12-C37, 123.7(8);
C11-C12-C37, 120.5(8); C14-C13-C12, 174.6(9); C13-C14-C15,
167.0(9); C14-C15-C2, 133.0(7); C14-C15-C16, 118.9(8); C2-C15-
C16, 108.0(7); C17-C16-C15, 130.8(8); C21-C16-C15, 108.9(7);
C20-C21-C16, 121.8(8); C20-C21-C1, 128.1(8); C16-C21-C1,
109.9(7); C23-C22-C24, 110.4(7); C23-C22-C3, 109.8(7); C24-C22-
€3, 112.7(7).
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Figure 5 NICS(1),, values, in ppm, for benzene (a), unsubstituted carbo-benzene (b), diisopropyl-tetraphenyl-carbo-benzene 1 (c), and indeno-octa-
dehydro[14]annulene. In parentheses, NICS(0) values for C,5 and C,, rings (see more details and data in Supporting Information).
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Craft process, followed by a 4 — 5 ring extension. The last
but one step is actually naturally suggested by the short
Me,C-H---0=C nonbonding distance of 2.23 A, deduced from
XRD crystallographic data of 12 (Figure 5).

2.3 Magnetic aromatic Character of the Diisopro-
pyl-carbo-benzene 1 and Indeno-octadehy-
dro[14]annulene 12

Using Gaussian09,” at the same B3PW91/6-31G(d,p)
level of theory as above (see Supporting Information),?* lo-
cal aromatic characters in 1 and 12 have been evaluated ac-
cording to the magnetic criterion by calculation of nucleus-
independent chemical-shift (NICS) values as proposed by
Schleyer and co-workers,?® with the gauge-including atom-
ic orbital (GIAO) method.?® The NICS is defined as the nega-
tive of the absolute magnetic shielding computed at specific
points around the molecular system, in particular at a ring
center (NICS(0) value), or 1 A apart on the normal to the
ring mean plane (NICS(1) value).3® The smaller the NICS
value (i.e., the more negative or the more diatropic the ring
current), the more aromatic the ring. Whatever the ring en-
vironment, the NICS(1) values on both sides of the ring
(NICS(1),yy and NICS(1);,) are considered to reflect the m-
electron aromaticity more accurately than the NICS(0) val-
ue does.! Calculated NICS(1) values for all the rings, along
with NICS(0) values for the 18- and 14-membered macro-
cycles, are collected in Figure 5, where values for nonsubsti-
tuted benzene (CgHg) and carbo-benzene (C,sHg) are given
as references (see Supporting Information for other NICS in-
dices).3? According to any NICS index, the magnetic aroma-
ticity of a Cg or C;5 ring decreases with substitution: the
NICS(1) value of the C;3 macrocycle decreases by 3.1 ppm
from the nonsubstituted carbo-benzene (-16.5 ppm) to the
substituted derivative 1 (-13.4 ppm). This is parallel to the
NICS(1) decrease by at least 2.6 ppm (and up 4.8 ppm)
when going from benzene to phenyl substituents of 1 and
12. As expected from general considerations, the magnetic
aromaticity of the C;, ring of 12 is significantly weaker
(NICS(1) = -9.4 ppm) than that of the C;g rings of 1 (-13.4
ppm). Finally, as expected as well, the cyclopentadienone
ring of 12 appears definitely antiaromatic (NICS(1) = +6.6
ppm, positive value induced by a significantly paratropic
ring current).

3 Conclusion

Around the way to carbo-quinoids and carbo-fulvenes,
the carbo-benzene 1 and 12 address the issue of nonplanar
aromaticity from a peculiar standpoint on peculiar exam-
ples. The disclosed results, however, illustrate the versatility
- and unexpectedness - of the correlation between struc-
ture and reactivity in the carbo-aromatic series. Although
‘linear is not planar’ may sound quite formal, the flexibility

induced by (spC), ‘aromatic rods’ (acetylenic or cumulenic)
in t-conjugated organic molecules is a source of dynamic or
thermodynamic nonplanarity that may provide unique
chromophoric, supramolecular, or other properties to
alkyne-containing organic materials.
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