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All-Carbon Molecules: Evidence for the Generation of
Cyclo[18]carbon from a Stable Organic Precursor
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The unambiguous structural characterization of a single-sized all-carbon molecule
requires its chemical synthesis. For cyclo[18]carbon, ab initio calculations predict a
relatively stable, cyclic Dy, ground state geometry with alternating C-C (1.36
angstroms) and C=C (1.20 angstroms) bonds. The synthesis and x-ray crystal structure
of a direct precursor to C;s3 are described. The analysis of laser flash heating
experiments on this precursor by time-of-flight mass spectroscopy shows a sequence of
retro-Diels-Alder reactions leading to C,s as the predominant fragmentation pattern.
Structural evidence is provided for the generation of an all-carbon molecule from a

well-characterized organic precursor.

LL-CARBON MOLECULES C, have
Afascinatcd researchers in a number

of fields (1) and have recently be-
come the subject of an increasing number of
experimental and theoretical studies (1-5).
Studies of all-carbon molecules of various
sizes are intended to show how the proper-
ties of carbon evolve as its structure changes
from molecular to bulk material. The rele-
vance of all-carbon molecules in combustion
processes has been demonstrated (6), and
they are believed to be present in the inter-
stellar dust (7). Laser vaporization of graph-
ite can be used to produce supersonic beams
containing compounds ranging from C, to
>Cgoo that can be studied with a variety of
molecular beam techniques (5, 8-11). For
the smaller molecules C, through Co, linear
chain structures, and, for compounds as
small as Cs, cyclic structures also have been
discussed (3). The theoretical consensus is
that the larger molecules C,o through Cy
should have monocyclic ring structures, and
experiments have been interpreted consis-
tently in this way (12-16). Special stability is
predicted for the neutral cycles with 41 + 2
atoms that are aromatic closed-shell species,
such as Cy4, Cig, or Cy;. Carbon molecules
in the range from Csg to Cyg are, by compar-
ison, very reactive (16). Above Cy9, more
stable even-numbered molecules begin to
dominate, and closed spheroidal structures
have been advanced (2, 4, 8). The exception-
al stability of Cg has been explained with
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the highly symmetrical truncated icosahe-
dral geometry characteristic of a soccer ball
(2).

Chemical synthesis of a single-sized all-
carbon molecule is required for the unam-
biguous determination of its chemistry and
physics. However, no polyatomic carbon
molecules have yet been prepared by a total
synthesis. We present a synthetic approach
to Cig (1), generated from a stable, well-
characterized precursor (Fig. 1). Compound
1 belongs to the class of monocyclic mole-
cules that we systematically name as the
cyclo[n]carbons. As in the [n]annulenes, n
defines the number of carbon atoms that are
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Fig. 1. Theoretical results for C;3 compounds.
Compound 1 (Dyy,) has C-C-C angles of 160° and
C~C and C=C bond lengths of 1.362 and 1.199
A, respectively. Compound 2 (Do) has alternat-
ing C-C-C angles of 170.4° and 149.6°, and a
C=C bond length of 1.271 A. Compound 3
(D1g) has C-C-C angles of 160° and a C=C bond
length of 1.265 A. Compound 4 (D..,,) has C=C
bond lengths that vary from 1.258 to 1.281 A.

Table 1. Relative energies (kilocalories per mole)
of optimized cyclo[18]carbon structures. For
bond lengths and bond angles, see captions to
Fig. 1. The AMI method (Austin Model 1) is
semi-empirical (32); STO-3G is a minimal basis
set of Gaussian functions; and 3-21G is a split-
valence basis set (33).

Compound
Method
1 2 3 4
AM1 0.0 539 56.3 1199

Ab initio (STO-3G) 0.0 85.8 105.0 177.9
Ab initio (3-21G) 0.0 376 53.8 1074

connected to form the monocyclic ring
structure. Cyclo[18]carbon could have a dis-
tinctive form of aromaticity since it pos-
sesses two perpendicular systems of w-orbi-
tals, one in-plane and one out-of-plane, with
4n + 2 m-electrons each. Both can stabilize
the molecule.

The choice of cyclo[18]carbon as a prime
synthetic target was based on evaluation of
its chemical stability and on the availability
of a suitable synthetic sequence. The struc-
tural details of Cig were studied by both
semi-empirical and ab initio molecular orbit-
al calculations (17). Geometry optimization
was performed within the given symmetry
constraints at the Hartree-Fock level of the-
ory. The energies (Table 1) of the optimized
planar monocyclic (1 to 3) and singlet acy-
clic (4) structures reveal that the monocyclic
structures are more stable than the singlet
acyclic structure. Even for cyclo[#]carbons

Fig. 2. Compounds 5 through 8.
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Fig. 3. X-ray crystal structure of the [18]annulene
5.

with n = 4, 6, 8, and 10, the cyclic singlet is
found to be more stable than the acyclic
ground-state triplet (18), and the same
should be true for Cig. The higher stability
of a monocyclic structure for cyclo[18]car-
bon had been predicted by semi-empirical
calculations (10, 13, 14). The cyclic Dy
structure 1 with alternating bonds is more
stable than the Dy, structure 2 or the Digy,
structure 3, which have uniform bond
lengths. The Dy, structure 1 is an energy
minimum on the potential energy surface as
characterized by the calculations of harmon-
ic vibrational frequencies, but structures 2
and 3 are not. Optimizations of structures
with lower symmetry led always to structure
1. According to group equivalents (19), the
alternating (acetylenic) structure 1 should
be at least 60 kcal/mol more stable than the
nonalternating 2, and the aromaticity-in-
duced driving force for bond length equal-
ization should be less than this value.

Strain in the monocyclic structures 1, 2,
and 3 results mainly from the distortion of
bond angles from the ideal value, 180°, to
~160°. This distortion of an acetylenic or
allenic angle requires about 4 kcal/mol, lead-
ing to a predicted total strain of 72 kcal/mol.
We also assessed the strain energy of struc-
ture 1 computationally. The energy change
for the following reaction is 76 kcal/mol,
which is far less than the energy of about
130 kcal/mol (19) required to cleave a C-C
single bond joining two acetylenes.

1 + 2HC=CH — HC=C-(C=C);-C=CH
+ HG=G-C=CH

Compound 5 was chosen as the direct
precursor to 1, since it contains the macro-
cyclic framework of 1 and can lose three
anthracenes in a retro-Diels-Alder reaction
under flash vacuum pyrolysis conditions to
give the cyclo[18]carbon molecule. With
the retro-Diels-Alder reaction, a well-estab-
lished route for the preparation of strained
acetylenes from bridged ethenoanthracenes
was chosen to interrelate structurally the
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formed Cyg with a fully characterized chemi-
cal precursor (20). In the synthesis of 5,
compound 7 [melting point (mp) 209° to
210°C, 87% yield] was obtained by alkyny-
lation of 6 (21) with trimethylsilylacetylene
in s-butylamine in the presence of
Pd(PPh;), and Cul (22) (Fig. 2). Deprotec-
tion of 7 in methanol with KOH gave 8 as
very unstable crystals [mp > 30°C, decom-
position (dec.); 98% vyield]. Oxidative cou-
pling of 8 under Eglinton-Glaser conditions
(23) afforded the cyclic trimer 5 as the only
product in 25% yield. Compound 5, ac-
cording to 'H nuclear magnetic resonance
(NMR) criteria (24), is aromatic and is
among the most stable [18]annulenes ever
reported (25). The parent compound
1,3,5,7,9,13,15-hexadehydro[ 18]annulene is
unstable in the solid state and explodes at
~85°C (26), whereas compound 5 can be
heated to 250°C in the solid state (sealed
tube) without decomposition and is perfect-
ly stable to air.

The structure of 5 was confirmed by x-ray
diffraction analysis on crystals obtained by
recrystallization from boiling pyridine (27).
The D3, geometry of 5 in the crystal is
shown in Fig. 3, and it is apparent that the
steric shielding provided by the six benzene
rings is at the origin of the unusual stability
with respect to bimolecular reactions and
polymerization of this planar [18]annulene
perimeter.

We have carried out a series of microsec-
ond laser flash-heating experiments to con-
firm that the retro-Diels-Alder elimination
sequence would be the predominant frag-
mentation pattern of 5. In these experi-
ments, we used 1078-s ultraviolet light
pulses to heat a thin film of 5 coated onto a
metal rod, which in turn was mounted in
vacuum within a pulsed He jet nozzle source
and molecular beam chamber (28). Under
gentle flash-heating conditions [15 m]J/cm?
or AT =~ 400 K estimated transient tem-
perature jump (29)], the parent molecule 5
is the dominant desorbed product, as detect-
ed by resonant two-photon ionization mass
spectrometry of the He-cooled desorption
cloud. A time-of-flight mass spectrum under
stronger heating conditions (30 mJ/cm?,
AT =~ 800 K) and identical ionization-de-
tection conditions (Fig. 4a) shows the par-
ent and fragments resulting from the loss of
one or two anthracenes. Very little indica-
tion of competing decomposition pathways
is evidenced, consistent with the picture that
the retro-Diels-Alder reaction channel is
dominant. At even stronger heating condi-
tions (>40 mJ/cm?, AT = 1000 K), addi-
tional fragmentation occurs (Fig. 4b), and
the fragment corresponding to Cyg (1) be-
comes visible. Although we have associated
these effects with the laser heating condi-

tions in the experiment, some fragmentation
following ionization cannot be entirely
ruled out. The presence of only a weak peak
originating from neutral C;g (Fig. 4b) is
consistent with the reported absence of reso-
nant two-photon ionization resonances in
experiments on polydisperse carbon cluster
beams generated by graphite vaporization
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Fig. 4. Time-of-flight mass spectra of the neutral
desorbed products of laser flash-heating of a thin
film of 5 coated on a tantalum rod. (&) Desorp-
tion was by a 30 mJ/cm? pulse from a XeCl laser
over a 0.01-cm? irradiated area, coincident with a
He pulse through the nozzle (stagnant pres-
sure = 7 atm). The products were ionized by a 5
m]/cm pulse from an ArF laser (193 nm) in the
ion-source region of the spectrometer. The identi-
fied peaks are coded P (parent 5) and A (anthra-
cene, Ci4Hyo). (b) Same as (a), except that the
desorpnon laser intensity was increased to =40
mJ/cm?. The asterisk marks a mass peak due to
contamination in the spectrometer. (€) Time-of-
flight mass spectrum, generated by simultaneous
desorption and ionization of a thin film of 5
coated on a quartz plate in the ion-source region
of the mass spectrometer. A single XeCl laser
pulse of 20 mJ/cm? accomplishes both heating
desorption and subsequent ionization. (Inset)
Quadrupole mass spectrum of ions generated by
simultaneous desorption and ionization of a thin
film of 5 coated on a tantalum rod followed by
cooling in a He pulse as described for Fig. 2.
Again, a single XeCl laser pulse of ~60 m]/cm
was used for both heating-desorption and ioniza-
tion. The peak of C;3'H,O results from contami-
nation during the preparation procedure.
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(30). A range of experiments revealed a
complicated bimolecular chemistry at higher
desorption laser fluences and is the subject
of continuing analysis.

That Cis (1) can be formed with high
efficiency through this process is indicated
by two other experiments: (i) detection of
the He-cooled ions produced directly by
ultraviolet radiation during the evaporation
process, and (i) same as (i) but without He
cooling gas (31). In the latter case (Fig. 4c),
both anthracene and C;g* ions are domi-
nant. In the former case (Fig. 4c, inset), the
Cis" ion (and Cy3" - H,O contaminant ion)
is actually dominant over a range of heating
and ionization conditions. We take these
results as strong evidence that Cig is the
terminal product of the dominant fragmen-
tation pathway. Besides supporting the pre-
cursor status of compound 5 in chemical
synthesis, these results also allow one to
envisage spectroscopic experiments on the
cooled C;g molecules in molecular beams. It
should be possible to isolate preparative
quantities of cyclo[18]carbon 1 from flash
vacuum pyrolysis reactions (32).
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Origin of Ancient Potash Evaporites: Clues from the
Modern Nonmarine Qaidam Basin of Western China

Tim K. LOWENSTEIN, RONALD J. SPENCER, ZHANG PENGXI

Modern potash salt deposits and associated brines of the Qaidam Basin, western
China, demonstrate that some anomalous marine evaporites may have formed from
nonmarine brines instead of seawater. Qaidam Basin brines are derived from meteoric
river inflow mixed with small amounts of CaCl spring inflow similar in composition to
many saline formation waters and hydrothermal brines. Evaporation of spring-
enriched inflow yields a predicted mineral sequence including carnallite, bischofite,
and tachyhydrite that is identical to several anomalous marine evaporites. Other
mixtures of river and spring inflow produce the salt assemblage expected from

evaporation of seawater.

VAPORITES ARE  SEDIMENTARY

rocks that have formed by precipita-

tion from waters at the earth’s sur-
face. Ancient evaporites have been used to
track the chemistry of ancient surface waters,
especially seawater (1, 2). Study of marine
evaporites has led to the general, but not
unanimous, consensus that the major ele-
ment chemistry of seawater has not changed
significantly during the Phanerozoic [the
last ~600 million years (2, 3)]. One major
problem, however, is that ancient evaporites
containing soluble potash salts fail to match
the mineralogical sequences predicted in the
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evaporation of modern seawater. For exam-
ple, more than half of 50 well-known Pha-
nerozoic potash-bearing evaporites have
been called “unusual” or “MgSO4-deficient”
marine evaporites because they are missing
MgSO, salts that are characteristic of a
normal seawater evaporation sequence (1, 4,
5). The discrepancy between predicted ver-
sus observed potash-bearing mineral se-
quences has been attributed either to depar-
tures of the parent waters from seawater
composition or to diagenetic alteration of
the original marine mineral sequence (1, 2,
4,6,7).

The origin of ancient potash evaporites,
in terms of parent waters (seawater versus
nonmarine inflow), depositional environ-
ments (deep versus shallow waters), and
timing of formation (primary precipitates
versus diagenetic alteration products) re-
mains controversial largely because no mod-
ern potash-bearing basins have been de-
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