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The unknown Cj,-symmetric all-cis triscyclobutenocyclohex-
ane 1" is of fundamental interest as a key structure on which
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propa- and cyclobuta-fused cyclohexanes (“tris-0-homoben-
zenes”).'*? Thus, various examples of the cyclopropa-fused
derivatives undergo facile [0%40%+40%] retrocyclization
through aromatic transition states, whereas all-cis triscyclo-
butacyclohexane is deflected to a radical decomposition
pathway,® which is the result of unfavorable through-bond
interactions.?*¥ In contrast, the double bonds in 1 should not
only activate by introducing further strain,*! but also enable
additional orbital symmetry control in the form of stepwise
conrotatory cyclobutene ring openings, conflicting stereo-
chemically with a concerted all-disrotatory unraveling of the
cyclohexane ring. While conrotatory motion is seemingly
constrained in bicyclo[n.2.0]alkenes, leading to much spec-
ulation regarding the feasibility of forbidden disroratory
pathways in such systems,” cis-bicyclo[4.2.0]oct-7-ene, the
pertinent subunit of 1 (highlighted), chooses this option.
More generally, such cyclohexane cycloreversions constitute
one strategy for gaining access to the interior of fullerenes.”
In addition, triene 1 (and its derivatives) are of importance
structurally, because of their potential central-ring planarity,®
and synthetically, as new precursors to novel [12]annulene
isomers'”! and as new 6m-electron ligands for catalysis.""

We report the synthesis, structure, and thermal rearrange-
ment of the first example of structural motif 1, namely the
triply annelated hydrocarbon 2 and its congeners 3 and 4, and
compare their behavior to that of their common precursor,
the trisbenzo analogue 5, for which all-disrotatory retro-
[24242]cycloaddition has been proposed.!® To assist in the
interpretation of the results, DFT calculations were
employed. These calculations suggested an unexpected
switch-over in the mechanism of cyclohexane ring fissure
along the series.

Birch reduction!"” of 5!'"® could be controlled to give 6a,
either pure (93%), or admixed with varying amounts
(depending on the quantity of lithium used) of the mono-
(6b) and bisbenzo relatives (6¢), which were separated by
column chromatography.’® Selective dihydrogenation with
Wilkinson’s catalyst then furnished the targets 24, respec-
tively, in good yields. Inspection of the NMR spectroscopic
data of the series 2-5 reveals the trends expected for
progressive, peripheral aromatization. Noticeable are the
fairly invariant chemical shifts of the central cyclohexane
carbon atoms, namely 0 =43.3,42.3 (average), 41.5 (average),
and 40.6 ppm, respectively, and the small shielding trend,
reflecting that observed for the corresponding carbon atoms
in cyclobutene (0=31.4 ppm) and benzocyclobutene (6=
29.5 ppm). Because of their novelty, X-ray structural analyses
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were executed for 2-4 and 6a.”! The structure of 2 serves to
illustrate the salient features of these compounds (Figure 1).
The molecule was modeled with a crystallographic symmetry

f

Figure 1. ORTEP representation of 2; thermal ellipsoids are set at 50%
probability. The disorder around C12 and C13 is not shown. Selected
bond lengths [A] and angles [°]: C1-C6 1.315(4), C6-C7 1.518(4), C7-C8
1.580(4), C1-C8 1.526(4), C8-C9 1.525(4), C9-C10 1.524(4), C7-C7’
1.533(5), C10-C10' 1.327(5); C6-C1-C8 95.1(2), C1-C6-C7 94.6(2), C6-
C7-C8 85.42(19), C1-C8-C7 84.38(19), C7-C7-C8 120.12(13), C7-C8-C9
119.1(2), C8-C9-C9" 119.63 (14), C9'-C9-C10 84.66(14), C9-C10-C10’
95.34(14), C6-C1-C8-C7 5.4(2), C7-C7-C8-C9 —12.6(3).

plane bisecting C7—C7" and C9—C9'. The central cyclohexane
ring is almost planar; C7-C8-C9 define a plane at an angle of
10.9° to the plane defined by C7-C7-C9-C9’, leading to a
shallow boat conformation. The cyclobutene rings are
(nearly) planar and have interplanar angles of 54° (C1-C6-
C7-C8) and 65° (C9-C9'-C10-C10') relative to the central ring.
The slightly distorted planar cyclohexane motif is maintained
in 3, 4, and 6a. This finding contrasts with the structure of
5,11 with a planar core. There is strong bond alternation of
the central ring in all structures, increasing very slightly in the
order 2, 6a~4~3, and 5 (Xlong bonds—Yshort bonds =
0.187, 0.210, 0.220, 0.228, 0.264 A, respectively). Overall,
however, there is a remarkable structural similarity of
substructure 1 in these hydrocarbons, except for the expected
incrementally increased length of the double bonds as they
become benzenoid (see Supporting Information). B3LYP/6-
31G(d) optimized structures are in good agreement with
these data (see Experimental Section and Supporting Infor-
mation). For example, computed 2 (in threefold symmetry)
contains an almost flat-chair cyclohexane center (average
dihedral angles 6.6°), with a bond alternation of 0.195 A, and
the three cyclobutane moieties emanating at 56-57° angles.

Despite these structural similarities'¥ the thermal reor-
ganization of 2-5 shows some marked differences (Scheme 1).
Thus, along the series, 2 rearranges with the greatest facility
and directly to cage compound 8a."") With modestly increas-
ing difficulty, monobenzo 3 forms 8b regioselectively with
concomitant steady-state presence of all-cis triene 7b (moni-
tored by "H NMR spectroscopy and kinetically modeled with
the Gepasi 3.30 program).'” Bisbenzo analogue 4 generates
stable 7¢, which continues to 8¢ regioselectively only at
higher temperatures, and 5 stops at 7d.['' The relative rates of
disappearance at 140°C along the series are 88:28:8:1; the
measured activation parameters are compiled in Table 1. The
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Scheme 1. Thermal isomerizations of 2-5. The letters a-d in prod-
ucts 7-11 of this and subsequent Schemes refer to the respective
triscyclohexeno, mono-, bis-, and trisbenzo derivatives.

structures of 8 a—c, the genesis of which will be discussed later,
were confirmed by X-ray diffraction.!’¥ The stereochemistry
of 7b and 7c¢ followed from the characteristic 'H NMR
chemical shifts and coupling constants of the cis-alkene
units 1L13:17]

A cursory appraisal of the results would suggest a
common mechanism of the first step of these transformations,
namely all-disrotatory cyclohexane retro-
[242+2]cycloaddition to the corresponding all-cis [12]annu-
lenes 7, among which 7a could be rendered unobservable by
relatively fast further transformation to 8a. However, calcu-
lations of this pathway revealed a trend, if small, opposite to
that observed. In absolute terms, a AH® value for 2
(34.6 kcalmol ') deviates from that measured beyond likely
experimental™  and  computational™ ! uncertainty
(Table 1). On the other hand, probing the option of stepwise
cyclobutene ring rupture uncovered a conrotatory, energeti-
cally close-lying manifold. It not only provided an acceptable
AH™ value for 2 (opening of the first cyclobutene ring), but
followed the opposite trend,” ending in a AH* for 5 that is
too large to be reconcilable with the experimental data
(Table 1). In short, the theoretical data support the surprising
notion that, while 5 unravels in a concerted all-disrotatory
manner as originally reported,'™® 2 chooses the stepwise
conrotatory path (to furnish intermediate 9a, Scheme 2). The
corresponding values for 3 and 4 are too close to be of

www.angewandte.org

Chemie

6895


http://www.angewandte.org

Communications

6896

Table 1: Experimental activation parameters for the thermal ring-opening reactions of compounds 2-5
and calculated B3LYP/6-31G(d) activation (AH*) and reaction (AH) enthalpies for concerted all-

disrotatory versus stepwise conrotatory retrocyclization.”

which undergoes another electro-
cyclic closure to deliver a dimer of
benzene and ultimately benzene

Compound AH" AS e AH g (AH ) AH e (AHe) itself,™ syn-11a finds it easier
[kcal mol™'] [e.ul] concerted [kcal mol™] stepwise [kcal mol™'] (with a barrier of 21.5 kcalmol )
2 28.9(0.4) —2.5(1.1) 34.6 (—25.6) 32.5 (—43.9)" to undergo intramolecular Diels—
3 30.4(0.8) -1.1(2.2) 33.9 (—29.7) 32.7 (—22.9)" Alder addition to assemble 8a.
4 34.3(0.7) 5.9(1.7) 33.3 (-33.8) 33.4 (—42.0)0 This scheme explains why 2 ther-
5 34.1(1.0) 1.2(2.4) 32.6 (—38.0) 39.9 (—42.9)¢ molyzes directly to 8a.

[a] For the structures of the transition states and the respective potential energy diagrams, see
Supporting Information. [b] The first conrotatory cyclobutane ring opening is rate determining; the
respective products are 9a (Scheme 2) and its monobenzo analogue 9b. [c] The first conrotatory
cyclobutane ring opening is rate determining; the expected all-trans bis-o-xylylene isomer 9c is not stable
with B3LYP/6-31(d) and optimizes to 1,2-trans-5,6-cis-9,10-trans-bisbenzo[12]annulene, formed during
the last ring opening by torsion of the double bonds and concomitant aromatization. [d] The third
conrotatory cyclobutane ring opening is rate determining; the expected all-trans tris-o-xylylene isomer 9d
is not stable with B3LYP/6-31(d) and optimizes to cis,trans,trans-trisbenzo[12]annulene.

Bond shift
—_—

AH*=-20.7

10a (-31.9)

syn-11a (-49.6) 8a (-63.4)

Scheme 2. Computed thermal isomerization of 2 to furnish 8a. AH™*
and (AH) values, calculated at the B3LYP/6-31G(d) level, are given
relative to 2 (kcalmol™).

predictive value, but the exclusive experimental observation
of intermediate trienes 7b and 7c indicates that these two
systems mimic the behavior of 5.

How and why are cage compounds 8 a—c formed, when 8d
is not, and what is the origin of the regioselectivity in the
construction of 8b and ¢? The answers give new insights into
the effect of incremental benzofusion on the dynamic
behavior of [12]annulene. Thus, as noted above, 2, after all-
conrotatory unstitching, generates 9a (Scheme 2). This mol-
ecule has a geometry that is identical to that of Schroder’s
parent [12]annulene.”” Experimentally,?* [12]annulene rear-
ranges at —40°C (AG*=17.4kcalmol™") to bicyclo-
[6.4.0]dodecapentaene (the core of 11a) via its di-trans
isomer (as embedded in 10a). Recent DFT calculations by
Castro et al. have corroborated this pathway and pinpointed a
Mobius aromatic transition state for bond shifting (AH™ =
18.0 kcalmol ™), followed by 6m-ring closure (AH" =
17.8 kcalmol™")."" We find such a pathway also for 9a
proceeding to 10a (AH*=23.2 kcalmol')* and, subse-
quently (AH* =12.1 kcalmol™'), to the more stable (by
17.7 kcalmol ™) syn-11a. Unlike the parent [12]annulene,
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At the other extreme lie § and
its stable thermal product 7d. In
this connection, it is revealing that,
while the cis,cis,trans and trans,-
trans,trans relatives of 7d are sim-
ilarly reluctant to rearrange, the
cis,trans,trans isomer 10d (the tris-
benzo analogue of 10a, Scheme 2)
undergoes rearrangement to cage

anti-11d (-33.8)

syn-11d (-35.3)

8d (-74.4)

Scheme 3. Computed thermal isomerization of 5 to furnish 8d. AH*
and (AH) values, calculated at the B3LYP/6-31G(d) level, are given
relative to 5 (kcalmol™).

product 8d at ambient temperatures."'>**1 The DFT data
in Scheme 3 provide a rationale. Specifically, mt-bond shift
transition states on the path to 10d could not be located for
7d, presumably because of the required extensive loss of
aromaticity of the benzene nuclei. Instead, a potential
trajectory from 7d to 11d was found that featured direct 65
ring closure to anti-11d, followed by fast ring-flip,” and
collapse to 8d. However, the first step in this sequence
requires o-xylylene formation and is energetically prohibitive
(AH* =44.6 kcalmol™!) and endothermic by 4.2 kcalmol™!
(from 7d), explaining our experimental findings. In contrast,
the presence of one and two cyclohexene rings in 7¢ and 7b,
respectively, changes the energetics of this step.”! Thus, 6x
electrocyclization of the diethenylcyclohexene portion of 7¢
is calculated to require only 32.1 kcalmol™ and to be
exothermic to anti-11¢ (—16.7 kcalmol ™' from 7¢), followed
by rapid ring-flip and regioselective creation of cage 8c in
which the cyclohexene ring is ortho-fused to the bridge of the
bicyclo[2.2.2]octane core [Eq.(1) in Scheme 4]. Kinetic
measurements of the rearrangement of 7¢ result in AH™ =
30.5(1.4) kcalmol !, AS* =—9.7(3.2) e.u., in excellent agree-
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4(0)——— > 7¢(-33.8) —» anti-11c (-50.5) ——» syn-11¢ (-51.7) ——» 8c (-70.6) (1)
AHE=33.3 AHF=-17 AH*=-39.3 AHF=-33.3

3(0)——> 7b(-29.7) —» anti-11b (-48.2) —» syn-11b (-50.3) —» 8b (-68.2) 2)
AHE=33.9 AHt=—2.4 AH¥=_334 AHY=-314

Scheme 4. Computed thermal isomerizations of 3 and 4 to furnish 8b and c, respectively. AH* and (AH) values, calculated at the B3LYP/6-

31G(d) level, are given relative to starting materials (kcalmol™).

ment with theory. Similarly, 7b undergoes this closure with
AH ,.4=27.3 kcalmol ™', in qualitative agreement with its
observation as steady-state in the thermolysis of 3, to give
eventually only regioisomer 8b [Eq. (2) in Scheme 4].

In summary, with hydrocarbon 2, we have synthesized and
structurally characterized the first example of the long-sought
all-cis triscyclobutenocyclohexane framework, along with its
hexadehydro (6a) and benzofused analogues (3-5). Unlike 3—
5 and the tris-c-homobenzenes, which undergo [0’+0%407%]
cycloreversion, 2 appears to prefer stepwise conrotatory
cyclobutane ring openings as the mechanism of disassembly.
The barriers for both processes are close-lying, in particular
for the mixed systems 3 and 4. While this finding is of
fundamental importance, it may also shape synthetic strat-
egies aimed at using core-substituted derivatives of 2 as the
springboard for the generation of Mobius aromatic [12]annu-
lenes.””!

Experimental Section

2: colorless crystals; m.p. > 120°C (decomp); "H NMR spectroscopy
(300 MHz, CDCly): 6 =2.98 (s, 6H), 2.04 (m, 6H), 1.80 (m, 6H), 1.63
(m, 12H) ppm; ¥C NMR spectroscopy (100 MHz, C;Dy): 6 =144.9,
43.3,25.7,23.6 ppm; IR (KBr): 7 =2928, 2887, 2833, 2850, 1440, 1357,
1325,1263, 1218, 1161, 1128, 904, 840, 804 cm™*; MS (70 eV): m/z (% ):
318 (25) [M*], 199 (100),145 (15); high-resolution(HR) MS (electron
impact, EI): calcd for C,,Hjy: 318.2348; found: 318.2347. Elemental
analysis (% ) calcd for C,,Hz,: C 90.51, H 9.49; found: C 90.55, H 9.36.
8a: colorless crystals; m.p. 161-162°C; 'H NMR spectroscopy
(300 MHz, CDCl,): 6=2.97 (quin, /J=1.7 Hz, 2H), 2.08 (m, 4H),
1.98 (m, 8H), 1.75 (t, J=1.7Hz, 4H), 1.70-1.55 (m, 12H) ppm;
B3C NMR spectroscopy (100 MHz, C;Dy): 6 =144.9, 136.3, 62.7, 50.1,
27.7, 26.8, 23.92, 23.90 ppm; IR (KBr): #=2925, 2900, 2830, 1455,
1440, 1265, 1200, 1155, 1130, 867 cm™'; MS (70 eV): m/z (% ): 318 (66)
[M™], 275 (12), 261 (10), 223 (21), 199 (100); HRMS (EI): calcd for
C,4H;: 318.2348; found: 318.2342. Elemental analysis (%) calcd for
C,,H;y: C 90.51, H 9.49; found: C 90.15, H 9.32.

Computational procedure: Conformational searches were per-
formed using the MM2* force-field implemented in MacroModel
Version 7.1 to identify lowest energy intermediates. These species
were optimized at the B3LYP/6-31G(d) level of theory as imple-
mented in Gaussian 03.%% Critical points corresponding to reactants,
products, intermediates, and transition structures were fully opti-
mized. Vibrational frequencies were computed to confirm stationary
points and to verify that transition structures corresponded to
appropriate reaction coordinates. Unless otherwise noted, all energies
are reported as thermally corrected enthalpies at 298 K.
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