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Total Syntheses of Angular [7]-, [8]-, and
[9]Phenylene by Triple Cobalt-Catalyzed
Cycloisomerization: Remarkably Flexible
Heliphenes**

Sangdon Han, D. Ryan Anderson, Andrew D. Bond,
Hiufung V. Chu, Raymond L. Disch, Daniel Holmes,
Jerome M. Schulman, Simon J. Teat,

K. Peter C. Vollhardt,* and Glenn D. Whitener

We have reported on the total syntheses of the first helical
phenylenes (heliphenes), angular [6]- (1) and [7]phenylene
(2), by a double cobalt-catalyzed cyclotrimerization strategy.!!!
These hydrocarbons are the highest members of the, so far,
five angular phenylene systems and, with 2, match the current
size limit of all phenylenes.”! Their properties are intriguing,
including unusual mass spectrometric fragmentations for 1, a
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strongly attenuated bathochromic increment in the UV
spectrum of 2, shielding of the terminal rings in 2 as a result
of spatial overlap, alternating ring current intensities along
the angular frame, X-ray crystallographic data that detail the
helical and o-m distortive features, and, most surprisingly, an
unusually low barrier for the enantiomerization of 2, which
decreases on introduction of terminal substituents. To better
understand these results, the construction of even higher
members of the series was deemed imperative.

Here, we describe the total synthesis of angular [8]- (3a)
and [9]phenylene (4a) [nucleus-independent chemical shift

(NICS)(0) values are given inside the rings], together with
another assembly of [7]phenylene (2), by an unprecedented
triple cobalt-catalyzed cycloisomerization protocol, the X-ray
structure of 3a, and experiments addressing the conforma-
tional flexibility of the targets.

Retrosynthetic analysis of 3 and 4 along the lines used in the
formation of the lower benzocyclobutadienologues 1 and 20!
proved problematic because of the absence of suitably
functionalized angular [3]phenylene building blocks. As a
result, a challenging disconnection of three inner benzene
rings was contemplated. This approach would require the
stitching together of the corresponding nonayne precursors
and was first tested on a known final product, 2 (Scheme 1).
For this purpose, the scaffold of the crucial intermediate 7 was
put together by linking two units of 5! with a C, bridge in a
stepwise manner via 6.1 Gratifyingly, cobalt-catalyzed cycli-
zation of 7 gave 2. While the yield of this transformation is
modest, it should be viewed within the context of what it
accomplishes, namely the generation of the desired helical
topology by forming nine rings in one step, including all six of
the component cyclobutadienes with an associated estimated
strain of about 300 kcal mol !l

Encouraged by these results, we employed the same
strategy en route to 3 (Scheme 2) and 4 (Scheme 3). Triyne
801 and the requisite biphenylene reagents 11,11 12,[! and 16/°!
were known, allowing for the iterative Pd-catalyzed build-up
of the target nonaynes 10 and 15. Attempts to shorten the
sequences depicted (in particular, exploiting the symmetry
inherent in 7 and 15) were less effective.
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7 (37%) 2 (2%)
Scheme 1. a) Trimethylsilylethyne (2 equiv), 5% [Pd(PPh;),CL], 6% Cul,
Et;N, 85°C, 14h; b)K,CO; (0.5equiv), THF, MeOH, 30 min; c)6
(1 equiv), 8% [Pd(PPh;),CL,], 8% Cul, EtN, 65°C, 17 h; d) Bu,N*F-
(7 equiv), THF, 23°C, 1h; e) [CpCo(CO),] (5 equiv), m-xylene, hv, A,
1 h. R=DMTS =SiMe,(CMe,CHMe,) (dimethylthexylsilyl).

10a, R? = H (64%)
10b, R? = CH,OCHj3 (54%)

3228 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3a, R?=H (2%)
3b, R? = CH,OCHj3 (3.5%)

Scheme 2. a) 12% [Pd(PPh;),CL], 9% Cul, E;N, 80°C, 16 h; b) K,CO; (3 equiv), Et,0,
MeOH, 23°C, 15 h; c) for 10a: 2-(DMTS-ethynyl)-1-iodobiphenylene (11, 1 equiv), 25%
[Pd(PPh;),Cl,], 18 % Cul, Et;N, 85°C, 20 h; for 10b: 1-iodo-2-(3-methoxy-1-propynyl)biphe-
nylene (12, 1equiv), 22% [Pd(PPh;),CL], 17% Cul, Et;N, 85°C, 16 h; d) Bu,N*F~ (12—
13 equiv), THF, 23°C, 1-2 h; e) [CpCo(CO),] (8-10 equiv), m-xylene, hv, A, 30 min.

0044-8249/02/4117-3228 $ 20.00+.50/0

Systems 3 and 4, the largest phenylenes known, are orange-
red solids, stable to air for one to two days (in solution for
several hours, requiring rapid column chromatography on
silica with hexane/CH,Cl, gradient), and moderately soluble
in common solvents.! The spectral data (Table 1) reflect the
novel topology and electronic features of the systems. Thus,
the mass spectra show the molecular ion as the base peak,
typical of polycyclic aromatic hydrocarbons,® but no discern-
ible M?* peaks or (for the parent compounds) significant
fragmentations. The electronic spectra continue to show the
typical patterns of the lower angular phenylenes, with a set of
high-intensity peaks at lower wavelengths, followed by a
corresponding group of weaker absorptions at higher wave-
lengths.»? Significantly, in light of the attenuated (from a
Al =20-22 nm in the lower analogues) incremental bath-
ochromic shift of the longest-wavelength band of 2 (Al=
12 nm), the corresponding data for 3 (AA~10nm) and 4
(A1 ~9 nm) seem to confirm a trend to smaller values. Indeed,
a plot of the corresponding 4,,,, values versus 1/(N + 0.5)11% for
N=2-9, where N is the number of six-membered rings,
provides a straight line (R?=0.9954) that extrapolates to
578 nm (2.14 eV), a possible measure of the solution band gap
for the hypothetical polyheliphene. A similar graph for the
helicenes gives 505 nm (3.24 eV), a clear reflection of the
relative electronic activation of the phenylenes.

The assignments of the '"H NMR spectra were consistent
with those made for the lower angular phenylenes!*! and with
calculated spectra,l'"121 and used the simplify-
ing effects of substitution in the alkylated
derivatives (Schemes 2 and 3). Nevertheless,
the correlations of the close-lying signals for
HS, H6, and H7 in 4a are tentative. As is
typical for the series,!") the terminal rings are
most diatropic (aromatic), the penultimate
ones the least (most cyclohexatrienic). Inter-
estingly, however, in comparing the spectrum
of 3a with that of 2, we note that the
resonances for H1, H2, and H3 have moved
slightly downfield, and those for H4, HS, and
H6 upfield. A possible rationale for this
behavior is found on inspection of the struc-
ture of 3a (Figure 1), in which the former
hydrogens are placed above the cyclohexa-
trienoid, and hence relatively less diatropic,
penultimate ring of the opposite helical
frame. Conversely, the latter hydrogens are
now located above and relatively closer to the
corresponding terminal ring, thus experienc-
ing relatively increased shielding. Notewor-
thy is also the position of the peak for the
internal hydrogens H9/H10 at higher field
than those of their neighbors H7 and HS, in
accord with the alternation of cyclohexatri-
enoid and aromatic character discussed pre-
viously, and nicely reproduced by the
NICS(0) data (see structural drawing).['l The
spectrum of 4a reveals similar trends, partic-
ularly in comparison to that of 3a, notably
pronounced relative shielding of H7 and HS,
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constant [averaged for twofold

15a, R? = H (52%)
15b, R2 = CH,0OCH3 (54%)

Scheme 3. a) 2-(DMTS-ethynyl)-1-ethynylbiphenylene (16) (1 equiv), 22 % [Pd(PPh;),CL,], 16 % Cul, Et;N,
75°C, 17 h; b) K,CO; (2 equiv), Et,0, MeOH, 23°C, 2 h; c) 8 (1 equiv), 25 % [Pd(PPh;),CL], 19 % Cul, Et;N,
80°C, 15 h; d) K,CO; (3 equiv), Et,0, MeOH, 23°C, 18 h; e) for 15a: 11 (1 equiv), 23 % [Pd(PPh;),CL,], 17 %
Cul, E;N, 85°C, 1.5 d; for 15b: 12 (1 equiv), 23 % [Pd(PPh;),CL], 18 % Cul, Et;N, 85°C, 1 d; f) Bu,N*F~ (12—
13 equiv), THF, 23°C, 1-2 h; g) [CpCo(CO),] (8-10 equiv), m-xylene, hv, A, 25 min.

Table 1. Selected physical data for 3a and 4a.(

3a: orange-red solid; MS (70eV): m/z (%): 596 ([M*], 100); '"H NMR
(400 MHz, CD,Cl,): 6=6.92 (d,J=6 Hz, 2H, H1), 6.69 (t,/=6.8 Hz, 4H,
H2, H3), 6.54 (d, /=6.4 Hz, 2H, H4), 6.49 (d, J=6.8 Hz, 2H, H7), 6.47 (d,
J=6.8 Hz, 2H, H8), 6.44 (s, 4H, H9, H10), 6.13 (d, J=6.4 Hz, 2H, H6),
5.98 ppm (d, /=72 Hz, 2H, H5); UV/Vis (CH,CL,): A, (Ige) =235 (4.81),
264 (4.81), 320 (4.83), 387 (4.10), 416 (4.01), 465 (3.64), 498 (3.42), 515 nm
(sh, 2.79). High-resolution MS calcd for C 5 Hy: 596.1565; found: 596.1559.

4a: orange-red solid; MS (70eV): m/z (%): 670 ([M*], 100); '"H NMR
(400 MHz, CD,Cl,): 6 =6.95 (d, J = 6.4 Hz, 2H, H1), 6.61 (m, 4H, H2, H3),
6.59 (m, 2H, H4), 6.43 (s,2H, H11), 6.39 (AB m, 4H, H9, H10), 6.23 (d,J =
6.8 Hz, 2H, H8), 6.06 (d, /=6.4 Hz, 2H, H7), 6.04 (d, J=6.4 Hz, 2H, H6),
5.99 ppm (d, J =6.4 Hz, 2H, H5); UV/Vis (CH,CL): .., (1ge) =240 (4.45),
273 (4.50), 315 (4.33), 408 (sh, 3.69), 460 (sh, 3.36), 507 (sh, 3.04), 524 nm
(sh, 2.72). High-resolution MS calcd for Cs,H,,: 670.1721; found: 670.1715.

[a] For the labeling of the protons see the structural formulae.

and the occurrence of the peak for the internal hydrogens
H11/H12 at lower field than that of their neighbors H9/H10.

The X-ray crystal structure of 3a-[CH,Cl,],s is depicted in
Figure 1.°1 The molecule is unsymmetrical (because of the
cocrystallizing CH,Cl,) and crystallizes as alternating enan-
tiomers. The bond parameters are in excellent agreement with
calculations.['"?] Unlike the lower analogues and not reflect-
ing the NMR data, the percent bond fixation!!! does not
alternate on proceeding from the least bond-alternated
terminal to the internal benzene rings, but remains essentially

Angew. Chem. Int. Ed. 2002, 41, No. 17

4a, R2=H (2%)
4b, R? = CH,OCHj3 (3.5%)
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symmetry: 29%, 54%, 52%,
54%:; shortest bond 1.344(6) A,
longest bond 1.459(6) A], perhaps
reflecting the limiting value for
polyheliphene. The closest intra-
molecular contact is between C37
and H5 [2.888 A (calculated!
3.043 A), numbering in Figure 1].
The terminal ring centroids are
separated by 4.41 A (5.49 A), and
the corresponding interplanar an-
gle is 23.6° (41.1°). The interplanar
angles between consecutive six-
and four-membered rings starting
from the terminus defined by Cl1-
C2-C3-C4-C5-C6 are 1.51, 1.60,
2.93, 6.02, 6.94, 5.99, 4.83, 4.76,
5.01, 5.15, 2.64, 2.98, 3.60, and
3.61°, describing an uneven and
unsymmetrical helical turn, pre-
sumably affected by the presence
of the solvating CH,Cl,. Taking the
central four-membered ring as a
reference, the inner helix climbs
3.35A (424 A) and turns in plane
by 393.0° (389.1°). Unfortunately,
crystals suitable for X-ray analysis
could not be obtained for 4a (or
4b). However, the calculated struc-
turel’?l gives an impression of its
molecular topology. As in 3a, the
inner six-membered rings maintain

Figure 1. Structure of 3a-[CH,CL]ys (from CH,Cl,) in the crystal: views
from above (top) and the side (bottom). Solvent of crystallization has been
omitted for clarity.
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approximately the same level of bond fixation (23 %, 53 %,
48%, 48%, 49%, shortest bond 1.358 A, longest bond
1.456 A). The interplanar angles between consecutive six-
and four-membered rings starting from the terminus are 1.31,
2.98, 3.61, 4.67, 3.84, 547, 4.50, and 4.99°, a smoother
progression than that of 3a, likely due to the absence of
crystal lattice forces.'¥ The closest contact is between H1 and
C22f (2.99 A), the terminal ring centroids are separated by
748 A, with an interplanar angle of 33.2°. Taking the central
six-membered ring as a reference, the inner helix climbs
5.07 A and turns in plane by 415.7°.

Are heliphenes 3 and 4 sufficiently extended to render their
enantiomers amenable to resolution? The answer is provided
by variable-temperature NMR experiments carried out on
derivatives 3b and 4b. Remarkably, decoalescence of the
potentially diastereotopic methylene hydrogens of the sub-
stituent in 3b occurred only on cooling, providing AG*,,,.=
13.440.4 kcalmol~! (400 MHz, Av,, =12.6 Hz, [Dgltolu-
ene). This value is less than 1 kcalmol~! higher than that of
the corresponding [7]heliphene 2.1 To our further surprise,
[9]heliphene 4b did not show any change in the shape of the
corresponding methylene singlet signal down to the (solubil-
ity) limiting temperature of —45°C (400 MHz, [Dg]toluene),
suggesting a lower barrier to enantiomerization, less than
around 12 kcalmol~'. As proposed previously,[-'! it appears
that steric activation of the helical ground state toward
unwinding the helix is responsible for the observed dynamic
behavior. Structural elements, such as additional stereocen-
ters biasing the helix or steric blockers locking it, will have to
be introduced to render the heliphene frame configurationally
robust. Finally, it is evident that extensions of the “stitching”
procedures outlined in Schemes 1-3 should provide access to
even higher members of the heliphene series. Such is the focus
of future research.
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A New Pd’-Cu’' Bimetallic Catalyst for the
Synthesis of Indoles from Isocyanates and Allyl
Carbonates**

Shin Kamijo and Yoshinori Yamamoto*

In the research field of transition-metal-catalyzed organic
synthesis, one of the modern trends is to use a bimetallic
catalyst system to explore not only more efficient but also
entirely new transformations. Representative examples of
such bimetallic catalysis in palladium-catalyzed reactionsl']
are the following: 1) cat.Pd%Cu! in the Sonogashira coupling
reaction, in which a catalytic amount of Cusalts activate
terminal acetylenes to form copper-acetylide species;?? 2) cat
Pd’/Cu' in the Stille coupling reaction, in which organo-
stannanes are transmetalated to give organocoppers which

[*] Prof. Dr. Y. Yamamoto, Dr. S. Kamijo

Department of Chemistry
Graduate School of Science, Tohoku University
Sendai 980-8578 (Japan)
Fax: (+81)22-217-6784
E-mail: yoshi@yamamotol.chem.tohoku.ac.jp

[**] We thank faculties in the Instrumental Analysis Center, Department
of Chemistry at Tohoku University, for measurement of mass spectra
and elemental analysis. SK. is also thankful for fellowship support
from the Japan Society of Promotion of Science for Young Scientists.

Supporting information for this article is available on the WWW under
http://www.angewandte.org or from the author.

0044-8249/02/4117-3230 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 17



