COMMUNICATIONS

epoxide synthesis. A study of other ligands to expand the
scope of the process and enhance asymmetric induction, as
well as synthetic applications, is currently underway.

Experimental Section

Typical procedure for lithiation—electrophile trapping of cyclooctene
oxide (1) in the presence of a diamine:

The diamine (2.6 mmol) was added dropwise to a solution of RLi (1.4M,
2.5 mmol) in Et,0 (8 mL) at —90°C. This mixture was stirred for 1 h at
—90°C. A solution of cyclooctene oxide (1; 2.0 mmol) in Et,O (2 mL),
precooled to —90°C, was then added rapidly by cannula to the solution of
ligand/RLi and the reaction mixture was then stirred at —90°C for 3 h.
Neat electrophile (3.0 mmol) was added dropwise, and the mixture was
then allowed to warm to room temperature over 5 h. After quenching with
aqueous H;PO, (0.5M, 25mL), the organic phase was washed with
saturated aqueous NaHCO; (25 mL) and brine (25 mL). The aqueous
layers were extracted twice with Et,O (25 mL) and the combined organic
phases were dried (MgSO,) and evaporated under reduced pressure.
Purification of the residue by column chromatography (SiO,, Et,O, petrol)
gave the substituted epoxide.
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“Carbon-rich” defines an exciting area that spans the world
of large arenes to that of highly alkynylated structures
including carbon wires, peralkynylated m perimeters, graph-
diyne segments, dehydroannulenes, and cyclophane deriva-
tives.'"”l Carbon-rich organometallic compounds are less
explored than their organic counterparts, a tribute to the
considerably increased effort in their synthetic access.['*4
Aesthetic structures, exciting topologies on the nanometer
scale, and their modular synthesis, however, make carbon-rich
organometallic compounds attractive. Rewards are expected
in materials properties that differ from their organic counter-
parts, such as electroactivity and potential nonlinear optics
(NLO) activity. In addition, large carbon-rich organometallic
molecules are often surprisingly soluble and form single
crystals, which allows their structural characterization in the
solid state,[’] a feature that is often elusive for their organic
counterparts.

Herein we report the synthesis and structural character-
ization of three novel organometallic cyclynes!'®! with an
expanded bicyclo[1.1.0]butane (A) and a [2.1.0.0'*]pentane
(B) topology. In these structures, the C—C single bonds of the

1O

small rings are replaced by alkyne or butadiyne bridges, while
the carbon atoms are substituted by benzene rings, cyclo-
butadiene(cyclopentadienylcobalt) units, or ferrocene cen-
ters. Key steps in the synthesis of these targets are the
selective ortho-metalation of organometallic acetals,'¥ and
the conversion of aldehydes into alkynes by the Ohira
method.['3]

Pd-catalyzed coupling of 10l to the iodide 2a furnishes 3 in
23% (Scheme 1). The moderate yield of 3 is a result of the two
meta-positioned alkyne groups in 2a between which the
iodide is sandwiched. Only the active Hartwig catalyst

[*] Prof. Dr. U. H. F. Bunz, M. Laskoski, W. Steffen, J. G. M. Morton,
Dr. M. D. Smith
Department of Chemistry and Biochemistry
The University of South Carolina
Columbia, SC 29208 (USA)
Fax: (+1)803-777-929-0267
E-mail: bunz@mail.chem.sc.edu

[**] We thank the National Science Foundation for generous support
(CAREER award; CHE 99-81765).

O Supporting information for this article is available on the WWW under

http://www.angewandte.org or from the author.

1433-7851/02/4113-2378 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13



COMMUNICATIONS

C4Hg 7

Scheme 1. a) [Pd{P(o-tolyl;)},], Cul, NEt;, THF, 24°C, 12 h; b) p-toluenesulfonic acid,
THEF, 24°C, 12 h; ¢) K,CO;, 24°C, 8 h; d) [Pd(PPh;),CL,], Cul, piperidine, THF, 24°C, 12 h;

e) Bu,NF, THF, 24°C, 1 h; f) Cu(OAc),, CH;CN, 80°C, 8 h.

[Pd{P(o-tolyl)s},]*"! with THF as cosol-
vent['®l is capable of coupling 1 to 2a.
The coupling product 3 was deketalized
and treated with the Ohira-Seyferth
reagent CH;C=OCN,P=0(OMe),™ to
give the pentayne 4 in 81% yield.
Coupling of 4 to 5 furnishes 6 in 70 %
yield. Desilylation of 6 proceeds with
Bu,NF in THF; the intermediate hep-
tayne was immediately utilized for the
coupling step to close the two cyclyne
rings to form 7 in 71 % yield. The six-step
synthesis (1 —7) occurs in a respectable
overall yield of 9%.

The ferrocene-containing “super-bicy-
clo[1.1.0]butane”(12) was targeted to
show the general applicability of the
method. Diyne 8 was treated with Sa
under Pd catalysis (Scheme 2) to furnish
9 in 79% yield. Deketalization with
para-toluenesulfonic acid (TsOH) fol-
lowed by Ohira alkynylation™! trans-
forms 9 into the pentayne 10 in 80%.
The critical step is the Pd-catalyzed
coupling of 10 to 2b that furnishes 11
in 24%. The yield of the coupling
reaction is only moderate, again as a

iodide 2b experiences as a consequence of being
positioned between two alkyne substituents. De-
protection of 11 and a double cyclization using
Cu(OAc), in acetonitrilel’* gives 12 in 61 % yield
as stable, dark-red needles.

It was of interest if a “super-tricyclic” structure
analogous to B was accessible by this method. A
retrosynthetic analysis suggests 13 as the starting
point for 17 (Scheme 3). Pd-catalyzed coupling of
13 to Sb gave 14 in 59 % yield. Deprotection by
TsOH and conversion of the two aldehyde groups
into alkyne units proceeded under standard con-
ditions!™ to give 15 in 80 %. The critical step is the
double Pd-catalyzed coupling of 15 to 2a that
provided 16 in 17 % yield after deprotection with
Bu,NF in THF. The last step in the reaction
sequence is the triple ring closure to give 17, which
proceeds in 25% yield. Significant amounts of
insoluble and infusible tan-colored solids are formed
as by-products. The relatively low yield of this
transformation is a consequence of the underlying
statistics of the ring-closing reaction. If the alkynes
of benzene rings 1 and 4 in 16 couple, 17 cannot
form. Instead cross-linking to form insoluble
materials prevails. If the ring-closing reaction
proceeds statistically, it is expected that 33 % of
16 will be lost to the unwanted cyclizations, hence,
the highest possible reaction yield is 67 %. The
actual yield of 25 % suggests that each ring forms

b, c

o]
W
MeO-P
MeO

result of the decreased reactivity the  Scheme 2. For reactants and conditions see Scheme 1.
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17,25 %

Scheme 3. For reactants and conditions see Scheme 1.

in a satisfactory yield of 72 %, if the unproductive coupling
pathways are corrected for by a simple statistical analysis.

The novel and intriguing structures of the organometallic
super-bicyclo[1.1.0]butanes 7 and 12 as well as the super-
tricyclo[2.1.0.0"%]pentane 17 mandated their single-crystal
structure analysis.'’"'] Suitable, coffin-shaped specimens were
obtained from mixtures of dichloromethane and hexanes.

ORTEP representations of 7, 12, and 17, and the packing
diagram of 12 are shown in Figures 1-3. The bond lengths and
bond angles in 7, 12, and 17 are in excellent agreement with
the reported values for alkynylated cyclobutadiene and
cyclopentadienyl complexes.['> 2]

The polyyne 7 forms a perfect half-wheel. The three radial
alkyne units attached to the cyclobutadiene complex are
linear. The butadiyne groupings are moderately bent to
accommodate the topological requirements of the structure
(Figure 1). The substituents (i.e., spokes and periphery of the
large hydrocarbon ligand) on the cyclobutadiene complex are
considerably less nonplanar than expected for multiply
ethynylated complexes of this type.'>2% This effect may be
a consequence of the direct interconnection of the three
alkyne substituents by a network of cyclyne rings.

2380 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

The ferrocene-based cyclyne
12 (Figure 2) shows considerable
in-plane bending of the outer
two of the three radial alkyne
units, which leads to a slight
ruffling of the large hydrocarbon
ligand (Figure 2a), similar to
that observed in some porphyr-
ins.?!l This ruffling is caused by
the minor mismatch of the cir-
cumference of the perimeter
compared to the size of the radial
spokes, and bears testimony to
the way the outer m perimeter
adapts to the decreased bond
angles (72°) prevalent in the
ferrocene module relative to the
square cyclobutadiene com-
plexes. The packing of 12 is
remarkable and shown in Fig-
ure 2b. Six molecules of 12 form
a circular arrangement that re-
sults in a helical superstructure
not observed in the packing of 7.

The structures of the open
congeners of 17 and of the but-
terfly 18 have been described
recently.l™ In these species the
alkyne bridges are bent away
from the cyclobutadiene nucleus
to accommodate for the elec-
tronic influence of the {CpCo}
fragment. It was of interest
whether the same distortion was
visible in the polyyne 17. A
suitable specimen was ob-

Figure 1. ORTEP representation of the molecular structure of 7.

tained from dichloromethane/hexane mixtures and an
ORTEP representation of 17 is shown in Figure 3a. The
molecules of 17 are disordered in the crystal, but the large
hydrocarbon ligand is visibly flattened out (Figure 3b)
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Figure 2. a) ORTEP representation of 12. b) Packing diagram of 12. The sixfold axis in

which the single molecules of 12 are packed in the solid state is visible.
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Figure 3. a) ORTEP representation of 17. b) Side-view ORTEP represen- [11]
tation of 17. Substituents are removed for clarity.

compared to the structure of the butterfly-shaped
18.1% The flattening is particularly pronounced in
the back-side of the large ligand, where the third
ring is closed. The full wheel with the topology C
is expected to be planar, as a result of the
geometric relationship of the perimeter to the
length of the radial spokes.

In conclusion, a series of novel polycyclic
carbon-rich organometallic compounds (7, 12,
and 17) has been prepared by a combination of
Ohira alkynylations, Pd/Cu-catalyzed couplings,
and Cu(OAc),-mediated cyclizations. They rep-
resent nanoscale versions of A and B; they have
been subjected to single-crystal structure deter-
mination and show subtle differences in their
structures depending upon the central organo-
metallic core. We will report on the synthesis and
characterization of a full wheel with a nanoscale
topology of the unknown fenestrane type C
structure in the future.?> %!
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s-Block organometallic compounds are known to be
thermodynamically unstable with respect to oxidation or
hydrolysis (giving oxides or hydroxides). However, under
certain kinetic conditions such reactions may not reach
completion but instead stop at intermediate composite
structures containing metal cations, oxygen-based anions
(usually O?~ or OH"), and organic skeletons. This “oxygen
encapsulation” phenomenonl has probably existed since
these air- and moisture-sensitive compounds first appeared
about a century ago, but it is only relatively recently that its
detection has become routine (in suitably crystalline samples)
through X-ray crystallographic study. Inevitably the prolifer-
ation of such studies has meant more structures of this type
(mainly formed fortuitously rather than intentionally) coming
to light, though the complex factors controlling their forma-
tion remain largely in the dark. We are interested in a special
class of oxygen-encapsulated compound: inverse crown
ethers® are mixed alkali-metal magnesium (or zinc) amides,
the amido component of which is derived from the excep-
tionally bulky amines (2,2,6,6-tetramethylpiperidine (tmpH)
or 1,1,1,3,3,3-hexamethyldisilazane (hmds(H))). Their com-
mon structure is characterized by oc-

tagonal (NM'NM?), rings (e.g. 1) R\ 5
which act as square-planar tetrametal- Mg/N\M

lic hosts for the encapsulation of a R, /" \ 4R
single anion (either O?>~ or (0,)*). R'N\ /O\ N
Herein we describe a “super” variant M\N M

to these simple, two-dimensional in- A
verse crown ethers in a new class of

heterobimetallic amide, the novel 1

three-dimensional cage construction

of which includes multiple O*~ encapsulation. Moreover we

have traced the source of encapsulated O*  ions, often a

matter of puzzlement in examples reported previously, to the

cleavage of THF solvent molecules used in the reaction.
Originally we set out to synthesize hypothetical

[Na,Mg,(tmp),(0),(0,),], the missing entry in the series of
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