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Practical syntheses of the first six members of the ivyane (1,1-oligocyclopropane) family of fundamental
hydrocarbons have been achieved from the cross-conjugated polyenes known as dendralenes. Evidence
for helical conformations in both the solid state and in solution is presented. [6]Ivyane exhibits one of
the highest experimental heats of combustion recorded for a hydrocarbon. Ring-opening reactions of
ivyanes furnish new and interesting structures that are difficult to access by conventional means.

Hydrocarbons continue to provide science with important new
theories, structures, reactions and concepts.! Cyclopropane-
containing systems are particularly significant in this regard.? Of
the four fundamental hydrocarbon families comprising cyclo-
propanes (Fig. 1), the “acyclic” 1,1-linked systems are the least
well studied.

In fact, of the parent (ie. unsubstituted) 1,1-linked acyclic
oligocyclopropanes, only the tricyclopropane is known.
1,1-Dicyclopropylcyclopropane has been made by several
groups® and substituted analogues are also known.* Only one
publication, however, describes higher “cyclopropanologues™.
Thus, in an elegant application of the Matteson homologation,
de Mejiere recently reported an iterative approach that produces
mixtures of alcohol-substituted 1,l1-oligocyclopropanes.’
Unfortunately, an attempt to prepare the unsubstituted systems
from these substituted analogues was unsuccessful, with ring
opened products being formed. Very recently, we reported short
preparative syntheses of the first six members of the dendralene
family.¢ Herein we report the one-step synthesis of the first six
members of the unsubstituted 1,1-oligocyclopropanes from the
dendralenes. We disclose the physical and chemical properties of
these new compounds, which we term the ivyanes, and provide
evidence for their helical conformations in both the solid state
and in solution.

The dendralenes are the ideal precursors to the ivyanes since,
in principle, all that is required is the cyclopropanation of every
alkene in the dendralene framework. Encouraged by the reported
double cyclopropanation of 1,3-butadiene to bicyclopropyl” and
the single cyclopropanation of 1,1-dicyclopropylethylene to
[3livyane,*** we embarked upon a Simmons-Smith approach.
Whereas several different sets of conditions resulted in incom-
plete conversion and the generation of complex mixtures of
products,® Shi’s trifluoroacetic acid-activated zinc carbenoid
protocol® induced a smooth and complete conversion of the
complete series of [3]-[8]dendralenes (Scheme 1).
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Fig. 1 Selected fundamental hydrocarbon families based upon cyclo-
propanes. The sub-type under scrutiny is in a dashed box.
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Scheme 1 Practical syntheses of [3]-{8]ivyanes through cyclopropanation of
the dendralenes. Reagents and conditions: Et,Zn (1.2 mol equiv. per alkene),
CF;CO,H (1.2 mol equiv. per alkene), hexanes-CH,Cl,, 0 °C, 20 min, then
CHoI, (1.2 mol equiv. per alkene), 20 min, then add dendralene (1 mol equiv.),
0°Ctort,2h. 1.5mol equiv. of reagents per alkene used. * 18 h reaction time.
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As demonstrated in the Experimental section,'® the procedure
lends itself to the gram-scale synthesis of the ivyanes. The effi-
ciency of these reactions is best appreciated by considering the
conversion of [8]dendralene into [8]ivyane; the transformation
involves the formation of no less than 16 C—C bonds and affords
the product in an isolated yield of 81%. The ivyanes are sensitive
towards Brensted acid (a reaction with an acid is discussed later).
Interestingly, [3]ivyane appears to be the most acid-sensitive
member of the family, and this is reflected in the abnormally low
isolated yield of this hydrocarbon following flash column chro-
matography.

Despite their strain energy (a cyclopropane ring has strain
energy of ca. 115 kJ mol™')," the ivyanes are kinetically stable
to moderate temperatures. [8][vyane, for example, melts at
95 °C in air without significant decomposition and [6]ivyane is
kinetically stable to ca. 200 °C, as demonstrated from DSC
experiments.’” The experimental heat of combustion of
[6livyane was found to be 50.8 + 2.5 MJ kg™' (12.3 &+ 0.6 MJ
mol")," which is one of the highest reported for a hydro-
carbon,'? and is significantly higher than that of cubane.'* The
molar heat of combustion of [6]ivyane is roughly six times that
of cyclopropane (2.1 MJ mol')."> Furthermore, the heats of
combustion per kg for these two compounds are very similar
(cyclopropane = 49.7 MJ kg').!? Thus, the thermodynamic
strain energies in isolated and covalently connected cyclopro-
pane rings are comparable, and the connected nature of the
cyclopropane rings in the ivyane structure does not lead to
a decrease in kinetic stability.

[3]-[6]lvyanes are oils at ambient temperature but [7]- and
[8livyanes are solids. Crystals suitable for single-crystal X-ray
analysis were grown from n-pentane and the molecular structures
of [7]ivyane and [8]ivyane are depicted in Fig. 2.

These first X-ray crystal structures of parent ivyanes (see ESIt)
confirm the B3LYP/6-31G(d) predicted (gas phase) helical
conformations and are consistent with X-ray structures of
substituted [3]-, [4]- and [S]ivyanes reported by de Meijere.’ The
gauche conformation between adjacent cyclopropanes means
that one turn of the helix involves a five carbon chain. The
composition of each crystal studied is racemic, with unit cells
containing both enantiomeric structures.

Whereas bicyclopropyl (i.e. [2]ivyane) has long been known to
exist as a roughly equimolar mixture of s-trans and gauche
conformers in the liquid and gas phase,'s to our knowledge, no
information relating to solution-phase conformations of ivyanes
has been reported. *C NMR spectra of [6]ivyane recorded at 25
and —80 °C are reproduced in Fig. 3. As might be expected from
a symmetrical structure, the higher temperature spectrum
contains six resonances (2 x C, 1 x CH, 3 x CH,). Nevertheless,
the broad methylene signal at ¢ 8.1 ppm betrays exchange on the
NMR timescale.

Indeed, at —80 °C, nine sharp carbon signals are resolved (2 x
C, 1 x CH, 6 x CH,), a result consistent with the presence of
a less symmetrical (i.e. helical) conformation.!® Interconversion
between the two enantiomeric helical conformations (Scheme 2)
results in an interchange of the environment of each cyclo-
propane’s pair of methylenes. At the higher temperature,
exchange is sufficiently rapid on the NMR timescale that a single
averaged methylene resonance is witnessed for each cyclopro-
pane.

Fig.2 Molecular structures of ivyanes based upon coordinates obtained
from single-crystal X-ray analyses: (top) molecular structure of [8]ivyane;
(bottom) molecular structure of [7]ivyane. Helical chains are highlighted
green.'

The unique nature of the ivyane structure prompts the ques-
tion of ring-opening transformations, and preliminary investi-
gations towards this end are depicted in Scheme 3. Thus,
regioselective hydrogenolysis of [6]ivyane gives the highly
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Fig. 3 Broad-band decoupled *C NMR spectra (125 MHz, CD,Cl,) of
[6]ivyane at +25 and —80 °C. Assignments from DEPT experiments.
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Scheme 2 Enantioisomerisation in ivyanes. Interconversion between the
two enantiomers is depicted for [6]ivyane, with the helical, six-carbon
chain highlighted in green. H atoms are omitted for clarity. Note the
interchange of environment for each cyclopropane’s pair of methylenes
(red tag)."
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Scheme 3 Ring-opening transformations of ivyanes. Reagents and
conditions: (a) PtO, (0.4 mol equiv.), CH;COOH, H, (1.6 atm),40°C, 12 h.
(b) (i) CF3COOH (6 mol equiv.), CH,Cly, rt, 6 h; (ii) KOH, MeOH, rt, 2 h.

substituted acyclic hydrocarbon 1, bearing four contiguous
quaternary centres. Effective routes to such compounds are
lacking in the literature.'”

On the other hand, treatment of [4]ivyane with trifluoroacetic
acid furnishes alcohol 2 after hydrolysis of the corresponding
trifluoroacetate.’® This last transformation demonstrates that
adjacent cyclopropane rings in the ivyanes can react in a coop-
erative manner.'®

Conclusions

In summary, the 1,1-linked acyclic oligocyclopropane family of
fundamental hydrocarbons have been synthesised for the first
time. Successful preparations of the first six members of the
family involve efficient per-cyclopropanation reactions of the
corresponding dendralenes. The ivyanes adopt chiral helical
conformations in both solid and solution phases. The simplicity
of this synthetic approach should lend itself to the construction
of related systems, perhaps including compounds with a barrier
towards interconversion that is sufficiently high to allow the
isolation of single enantiomeric helices at ambient temperature.
Given the importance of helical molecules in nature, ivyanes are
clearly worthy of further investigation.

Experimental section
Representative procedure: synthesis of [6]ivyane

To a two-neck round bottom flask containing dry dichloro-
methane (40 mL) at 0 °C under a nitrogen atmosphere was added
a 1 M solution of diethyl zinc in hexanes (47.6 mL, 47.6 mmol
7.2 mol equiv.). A solution of trifluoroacetic acid (3.67 mL,
47.6 mmol, 7.2 mol equiv.) in dry dichloromethane (20 mL) was
added dropwise and the resulting mixture was vigorously stirred
for 20 min. A solution of diiodomethane (3.83 mL, 47.6 mmol,
7.2 mol equiv.) in dichloromethane (20 mL) was added dropwise
and the resulting mixture was vigorously stirred for another
20 min. The reaction mixture was maintained at 0 °C during this
time. A solution of [6]dendralene (1.04 g, 6.6 mmol, 1.0 mol
equiv.) in dichloromethane (20 mL) was then added and the
reaction mixture was slowly warmed to rt and stirred for 5 h. The
reaction mixture was then quenched with a solution of saturated
aqueous NH4Cl (50 mL) and the organic and aqueous layers
were separated. The aqueous layer was extracted with more

dichloromethane (2 x 20 mL) and the combined organic extracts
were washed with water, saturated aqueous NaCl then dried over
anhydrous MgSO, and concentrated in vacuo (20 mbar, 0 °C) to
give an oil. The oil was purified by flash chromatography (40 g
Si0,, pentane) to give [6]ivyane (1.42 g, 89%) as a colourless oil:
R 0.60 (pentane); 6y (500 MHz, CDCly): 1.56 (2H, tt, J 8.0, 6.0),
0.33 (4H, m), 0.24 (8H, m), 0.19 (4H, br s), 0.02 (4H, br s), —0.09
(4H, m) ppm; ¢ (125 MHz, CDCl;): 25.4 (2 x C), 23.5(2 x C),
15.3(2 x CH), 8.9 (4 x CH,), 7.4 (4 x CH»,), 2.1 (4 x CH,) ppm;
Vmax (thin film)/cm~" 3079, 3008, 1469, 1018; m/z (40 eV, EI) 242
M*, 1%), 214 (M — C,Hy, 72), 185 (70), 91 (100), 79 (92);
HRMS: calc. for CgHye (M¥): 242.2035; found 242.2021.
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