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A new organometallic approach to novel, functionalised, hel-
icene-like quinones and bisquinones has been developed
based on the chromium-templated [3+2+1] benzannulation
reaction. The [5]helicene-analogous monocarbene chromium
complexes 4, 5, 17 and 19, derived from dibromo-substituted
methylene- or silylene-tethered binaphthols 2 and 3, react
with various alkynes to give [6]helicene-like quinones 6-13
and 20-29 after oxidative work-up. A rare competition of
angular vs. linear annulation is observed for the incorpora-
tion of phenylacetylene that affords quinones 21/22 and 28/
29. Protection of the phenolic benzannulation product with
camphanic acid chloride 14, followed by chromatographic
separation, provides access to enantiopure [6]helicene-like

derivatives. Bidirectional benzannulation of helical biscar-
bene complexes 16 and 18 results in bisangular and angular-
linear bisquinones 30-36 after oxidative work-up. X-ray crys-
tal structures of the heterocyclic [5]-, [6]- and [7]helicene-
derivatives and the angular-linear annulation products indi-
cate an increasing distortion of the helical framework with
progressive annulation. The CD spectra of the methylene-
tethered biaryls (3, 9, 14, 36) reflect the different interactions
between the aryl chromophores; cyclovoltammetric studies
of bisangular bisquinones 30 and 33 reveal three reversible,
one-electron reduction steps.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Helicenes are screw-shaped benzologues of phenanthrene
consisting of ortho-fused aromatic rings,?! of which hexa-
helicene was the first example to be synthesised and op-
tically resolved by Newman and Lednicer in 1955.1 Re-
placement of a benzene ring by a heteroarene leads to het-
erohelicenest with different bond angles at the specific po-
sitions affecting the whole helical framework. An even
greater influence arises from the incorporation of larger
rings, for example seven-membered heterocycles,”™ which
reduce the helicene’s rigidity but restrict the conformational
flexibility of the parent axial-chiral biaryls.[®l Most repre-
sentatives of this class of compounds are metal-tethered or
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differently bridged binaphthyls, which have a wealth of ap-
plications in asymmetric catalysis.l”! Beyond that only a few
higher homologues are hitherto known.®] Recently, heli-
cenes have also encouraged intense studies on the use as
chiral ligands®™ for molecular recognition, asymmetric in-
duction, kinetic resolution or enantioselective catalysis, or
for inducing unusual chiroptical or electronic propertiest!‘l
in materials science.!'!)

The classical synthesis of helicenes provides only scarce
amounts of product because the key reaction step — the
oxidative photocyclisation of stilbene-type precursors!'? —
is restricted to very dilute solutions. Several new, non-pho-
tochemical routes have now emerged!!?! that rely, for exam-
ple, on the cross-coupling of condensed (hetero)aromatic
units followed by ring closure, or on the Diels—Alder cyclo-
addition of p-benzoquinone to divinyl arenes, as elaborated
by Katz and co-workers.'¥1 An enantioselective modifica-
tion has been developed by Carrefio et al.,l'>! who use (Ss)-
2-(p-tolylsulfinyl)-1,4-benzoquinone  and  vinyl  dihy-
drophenanthrenes to obtain enantio-enriched dihydro[S]hel-
icene quinones or bisquinones. Moreover, various synthetic
methodologies involving transition metals have been re-
ported,l'® in particular double or triple Co'-catalysed
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[2+2+2] cycloisomerisation reactions of aromatic hexa- or
nonaynes to heliphenes, Pd°-catalysed [2+2+2] cyclo-
trimerisation of arynes to double helicenes or Co%/Ni’-cata-
lysed [2+2+2] cycloisomerisation of aromatic triynes to tet-
rahydrohelicenes.

Here we report a novel organometallic approach based
on the chromium-templated [3+2+1] benzannulation reac-
tion'”! of Fischer-type carbene complexes.['8! So far, this
strategy has been restricted to small helicene derivatives like
allocolchicin'”! or TBDMS-protected hydroquinoid tri- or
tetracyclic (hetero)arenes.?”) We now present the formation
of extended heterocyclic helicene-like quinones derived
from the benzannulation of bridged binaphthyl carbene
complexes with different alkynes, followed by oxidative
work-up.

Results and Discussion

Bromo-Substituted [6]Helicene-Like Quinones

7,7'-Dibromo-2,2'-dihydroxy-1,1"-binaphthyl (1) was
prepared according to a literature procedurel!l starting
from 2,7-dihydroxynaphthalene, which was transformed
into 7-bromo-2-hydroxynaphthalene and oxidatively cou-
pled with CuCl,/tert-butylamine. Optical resolution of this
compound has been reported by chromatographic separa-
tion of the diastereomeric camphor sulfonates or the men-
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Scheme 1. Synthesis of monocarbene complexes 4 and 5; reagents
and conditions: a) tBu,SiCl,, NEt;, DMF, room temp., 12 h, 77%;
b) Ph,CCl,, 145 °C, 30 min, 68%; c) nBuLi, Cr(CO)s, Me;OBF,,
71% for 4, 75% for 5.
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thyl chloroformates. For the present work, binaphthyl 1
emerged as a suitable precursor for the construction of heli-
cal shapes as the 2,2"-position allows a facile bridging or
cyclisation to pentahelicene-like structures suited for adjust-
able conformation. Moreover, the bromo substituents allow
for a straightforward conversion into mono- or biscarbene
complexes, which in turn serve as starting materials for
homologisation of the parent helicenoids by benzannul-
ation.

Di-tert-butyldichlorosilane and  dichlorodiphenylme-
thane turned out to form appropriate linkers, as already
described for other systems.[*?l Advantageously, they with-
stand chromatographic conditions, subsequent lithiation or
oxidative work-up, and the bulky terz-butyl or phenyl
groups effectively shield the 3,3’-position and prevent unde-
sired lithiation, as reported for the preparation of 3,3'-bis-
carbene functionalised 2,2’-dimethoxy-1,1’-binaphthyl.[>3]

At first we focused on the incorporation of one metal
carbene moiety to study the feasibility of a monobenzan-
nulation and leave a bromo substituent for further modifi-
cations.l'*l A single metal-halogen exchange in racemic 2
or 3 with 1.1 equivalents of n-butyllithium was carried out
at —88 °C (to prevent Wurtz-like reactions), followed by ad-

2 3
C11)-C(12) 305 3.09
X - 0@/5) 1.66 143
0(3)-0(5) 266 235
0(3)—X - 0(5) 1066 110.1
C(2a/52)~ O(3/5)-X 121.1  115.0

Figure 1. Molecular structures of silylene- and methylene-tethered
binaphthols 2 and 3 with selected bond distances [A] and angles [°]
(average values for various independent molecules and the corre-
sponding parts in each molecule).
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dition of hexacarbonyl chromium to afford the pentacar-
bonyl acyl chromate, which underwent O-alkylation with
trimethyloxonium tetrafluoroborate to give helical (meth-
oxy)carbene complexes 4 and 5, respectively (Scheme 1).

X-ray studies of 2 and 3 (Figure 1) revealed a similar
dihedral angle along the biaryl axis (ca. 53.5°), compared
to 60° reported for other binaphthyl derivatives bearing the
same tethers,”* which suggests conformational flexibility.
The dihedral angle is twice as large as for substituted
[S]helicenes and derivatives doubly functionalised with
bulky diphenylphosphanyl groups at complementary posi-
tions C(10) and C(13) (25.5-31.4°).1231

A typical angular [3+2+1] benzannulation of the two ra-
cemic monocarbene complexes with various alkynes in
dichloromethane at 55 °C led, after oxidative work-up with
ceric ammonium nitrate (CAN), to the substituted [6]hel-
icene-like quinones 6-13 in moderate yields (Scheme 2).
Oxidative demetallation was applied to avoid a tedious
chromatographic purification of the air-sensitive mixture of
metal-coordinated and uncomplexed hydroquinones which
resist O-protection with zerz-butyldimethylsilyl chloride.

Optical Resolution of Heterocyclic Helicene Quinones by
Protection as the Camphanate Ester

Whilst searching for a chiral protective group we turned
our attention to camphanate ester, which has previously
been applied to the protection of naphthohydroquinone.?!
For the present work it is an eminently practical, one-pot
reaction to get the non-racemic annulation product after
chromatographic separation (Scheme 3), in comparison
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Scheme 2. Monodirectional benzannulation to [6]helicene-like qui-
nones 6-13.

with Katz’s access to analogous mono- or dicamphan-
ates.2”]

Since our preliminary studies showed good results for the
benzannulation of 5 with 3-hexyne, we extended this reac-
tion to obtain pure enantiomers of [6]helicene derivatives.
The phenolic group on the outer periphery is already meth-
ylated, leaving the more important one for optical resolu-
tion on the inside of the ring system for subsequent acyl-
ation with (1S5)-(—)-camphanoyl chloride in the presence of
triethylamine and DMAP. The latter is known to assist
acylation of sterically hindered phenols.?®! Moreover, it
nips off the shielding Cr(CO); moiety to form the isolated
by-product DMAP-Cr(CO)s, presumably with participation

(5)-9

Scheme 3. Angular benzannulation and preparation of non-racemic monoquinone 9; reagents and conditions: a) 3-hexyne, THF, 55 °C,
3 h; b) (15)-(-)-camphanoyl chloride, DMAP, NEts, room temp., 12 h, 19% yield of each diastereomer; c) KOH powder, then CAN, 82 %.
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of solvated carbon monoxide. A similar abstraction has
been previously observed for Cr(CO)s; carbene com-
plexes.l?!

The resulting diastereomers were separated by column
chromatography, with the (R)- or (M)-helicene derivative,
whose absolute configuration was determined by X-ray
crystallography, eluting first, followed by the (S)- or (P)-
counterpart. In helicen-1-ol (15)-camphanates, these differ-
ences of Ry are due to the variable O=CCO conformation,
which is antiperiplanar in (M)-helicene frameworks (Fig-
ure 2) and synperiplanar in the others.*% In the former the
lactone carbonyl points towards the helix, whereas it points
away in the latter.

Treatment with KOH powder and oxidation with CAN
converted the diastereomers of 14 into the enantiomerically
pure samples of heterocyclic [6]helicene-like quinone 9.

Synthesis of Helical Biscarbene Complexes

The synthesis of the racemic biscarbene complexes 16
and 18 followed the previously described Fischer route
using two equivalents of the respective reagents to afford
the bimetallated helicene derivatives along with monomet-
allated by-product 17 or 19, respectively (Scheme 4). The
problem of incomplete biscarbene functionalisation has

Figure 2. Molecular structure of camphanate (R)-14 (see Figure 3
for selected bond lengths and angles).

been previously reported for other (hetero)arenes.*!1 A feas-
ible route to metal monocarbenes is a dilithiation with sub-
sequent addition of only one equivalent of hexacarbonyl
chromium. The acyl chromate intermediate formed ham-
pers the second addition of Cr(CO)g, resulting in final hy-
drolysis during purification on silica gel.’?!

OO 1. nBuLi
2.Cr(CO)q4 (CO)sCr.
Br Q3. Me0BF, Q Q
X OMe X + X
/ OMe / OMe /
Br O (0] 0]
0 aeeitase
2 X = Si-Bu, 16 48% 17 33%
3 X =C-Ph, 18 49% 19 30%
Scheme 4. Synthesis of helical mono- and biscarbene complexes 16-19.
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19 X=C-Ph, 23 Et Et 51% Pr Ph
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28 Ph H 18% 29 Ph H 15%
25

Scheme 5. Angular vs. linear monobenzannulation of unsubstituted carbene complexes 17 and 19. [@ 1-NO,-substituted by-product.
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Angular vs. Linear Benzannulation of Helical Monocarbene
Complexes

A series of additional monobenzannulation reactions was
performed under the same conditions (Scheme 5) to study
the cycloaddition without the steric influence of the halide.
Apart from generally slightly better yields, the reaction with
phenylacetylene surprisingly afforded a unique example of
competing regioselectivity of benzannulation. This rare ob-
servation!®3 is unprecedented for the half counterpart,*¥
chromium 2-naphthylcarbene, which in principle also offers
two regiochemical alternatives but undergoes only angular
benzannulation. The angular regiopreference may be ra-
tionalised in terms of the higher electron density at C(1) of
the naphthalene skeleton compared with C(3), which con-
trols the electrophilic ring closure of the n*-vinyl ketene in-
termediate.l'73 Obviously, the regiodiversity reflects the en-
ergy difference between the two modes of electrocyclisation
(angular vs. linear), which is smaller for the vinyl carbene
moiety arising from insertion of phenylacetylene than from
the insertion of aliphatic alkynes. A possible reason is the
enhanced reactivity of the vinyl ketene for electrocyclic ring-
closure due to the larger electron withdrawal by the phenyl
ring compared with an alkyl chain, which reduces the re-
gioselectivity. However, bromo substitution of the naphthyl
unit seems to hamper the free rotation of the metallated
vinyl ketene unit, which significantly enlarges the regioselec-
tivity towards angular electrocyclisation and results in sup-
pression of the linear benzannulation product.

A similar competition of regiochemistry has been ob-
served for single photocyclisations of stilbene derivatives,
which depend on steric repulsions or electronic effects of
adjacent aromatic or heteroaromatic rings,*>! as well as for
the thermolysis of a naphthyl-2-cyclobutenone derivative.!

Oxidative work-up with CAN implies additional ni-
tration, 3”1 as exemplified for the incorporation of 4-octyne:
the resulting quinone shows a 1-NO,-substitution, as estab-
lished by X-ray analysis (Figure 3). Oxidation at 0 °C for
less than 2 h suppressed the aromatic nitration in the other
cases. Contrary to an earlier reported nitration of 1,1’-bi-
naphthyl 2,2’-ethers with nitric acid in glacial acetic acid*®]
where the positions 6,6" or 3 are substituted, this substitu-
tion occurs meta to the (sila)ketal moiety, thus suggesting a
completely different mechanism.

Bidirectional Benzannulation of Helical Biscarbene
Complexes

Finally, we applied the benzannulation to a bidirectional
route to more extended helical bisquinones. So far, only
rare examples of double and quadruple benzannulations”!
have been reported in general. We used similar reaction
conditions as for the monodirectional version but with
double the amount of alkyne and oxidizing agent. As ex-
pected, the helical biscarbene complexes reveal an even
more delicate regiochemistry. In addition to the electronic
or steric properties of the alkynes, the different biaryl brid-
ges reflect another potential parameter of influence:

Eur. J. Org. Chem. 2005, 1541-1560 WWW.eurjoc.org

(R-14 20 23 25

C(12)~C(15) 412 421 3.87 4.04
C(13)y-C(14)  3.18 337 3.16 3.11
0(13)-C(13¢e)  3.03  3.18 321 331
. 258 248 242 226
. 44 42 42 60
. 128 269 296 296

Figure 3. Molecular structures of [6]helicene-like quinones 20, 23
and 25. Selected transannular distances [A] and torsional angles ¢
[°] are also given (average values for various independent molecules;
see Figure4 for atom numbering.) ¢; = C(13), C(13a), C(13b),
C(13c); p, = O(10), C(10), C(9a), C(9); p3 = O(13), C(13), C(13a),
C(13b).

whereas bisannulation with 3-hexyne or 3,3-dimethyl-1-bu-
tyne yield the bisangular or the angular-linear products in-
dependently of the tether, 1-pentyne yields different re-
gioisomers that depend on the nature of the tether
(Scheme 6). We speculate that first one naphthyl undergoes
angular annulation and that steric effects are responsible
for the regiopreference of the second annulation, which af-
fords the benzo[n]hexahelicene*” derivatives 31, 32, 34 and
the bisangular annulation products 30, 33, 35 and 36. Sim-
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Scheme 6. Bidirectional benzannulation of helical biscarbene complexes 16 and 18.

ilar unsymmetrical cyclisation products have been encoun-
tered in other helicene syntheses by photochemical, radical
or Diels-Alder processes.[*!]

Comparative X-ray Structural Studies

A comparison between the X-ray structures of this series
of biaryl-substituted seven-membered heterocycles bearing
central, conformationally flexible 1,3-dioxepin and 1,3,2-di-
oxasilepin rings highlights the effect of increasing distortion
of the molecules with progressive annulation and also re-
flects the differences with the fully aromatic carbohelicenes,
where the torsion over the inner helical rim and the inner

pitch elevations quantify the molecules’ helicity. Carbohel-
icenes form a regular cylindrical helix, often with slightly
different torsions of the opposite sides resulting in a lack of
C,-symmetry. These torsional angles are even more conspic-
uous for the heterocyclic helicene-like quinones (Figure 4).
The wide diaryl dihedral angle p(CHD) (40.6-53.7°) con-
trasts the small angles in the direct neighbourhood [p(BCH)
and p(HDE) = 1.2-19.7°], which also partly differ among
each other, forming an irregular overall screw.

The comparison reveals an inversely proportional rela-
tion between the number of fused rings and the resulting
dihedral angle about the chirality axis (53.2-44.8° for sila-
ketals and 53.7-40.6° for ketals). This is in agreement with

8§ 7
A B
A D
2 3 [(R-14 209 23 25 31 329 34® [ 30" 33 35 36
o(CHD) | 532 537 485 521 470 488 | 478 472 477 | 448 427 406 431
@©(BCH) | 100 58 | 22 74 55 116 | 24 115 12 | 144 95 197 150
oHDE) | 78 33| 95 95 108 104 | 19.6 132 153 | 144 93 169 151
©BHE) | 574 561 412 522 468 512 474 488 463 | 427 382 420 437
@(CHD)*| 553 47.51 481 570 491 506 | 547 565 489 | 61.0 503 532 53.0
©(CH) |120.0 123.5| 1241 1215 1232 1238|1189 1203 123.0|120.8 124.6 1222 1247
o(HD) (1199 1233| 1263 1224 1243 1234|1222 1213 1245|1208 1255 122.0 1245

Figure 4. Numbering scheme of the homologous helicene derivatives A-D along with torsional angles ¢ [°] and angles © [°] (bold printed
values symbolize the silaketals). @(XX), p(XXX): angle and torsional angle of the inner helix bonds of the respective rings A-F and H;
¢(CHD)*: torsional angle between the four aromatic carbons of the seven-membered ring. [ Average values for various independent

molecules
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the torsion values @(BHE) between C(10) and C(13) of
rings B and E (for system A and the same positions for
compounds B-D) and the biaryl bond (57.4-42.7° and
56.1-38.2°), which describe the out-of-plane bending of the
two respective aryl units more completely. This snap shut
motion towards higher homologues should be transmitted
over the axis to the biarylic minor groove. Instead, the
p(CHD)* angles increase (55.3-61.0° and 47.5-53.2°) ex-
cept for compounds C, thereby reflecting the puckering of
the flexible heterocyclic ring.

A comparison of silaketal 2 with its carbo analogue 3
indicates an increase of the C-O-X angle (121.1° vs. 115.0°)
and a decrease of the O-X-O angle (106.6° vs. 110.1°) for
the sila compounds, thus reflecting the longer Si-O bond
(1.66 vs. 1.43A for the ketal) and the non-bonding
O(3)+0(5) distance (2.66 vs. 2.35 A).

As a result of the steric strain imposed by the different
seven-membered rings, angles @(CH) and ©®(HD) between
the biaryl bond and the adjacent carbon atoms [C(11a),
C(11d) for A or C(13b), C(13e) for B-D, Figure 4 and Fig-
ure 5] are slightly larger than 120°. This is independent of
the degree of annulation and leads to a larger outward
bending of the methylene tether.

Ph Ph

Figure 5. Comparison of differing average angles.

The main structural features of the heterocyclic [6]hel-
icene quinones B (Figure 3) are the overlapping terminal
edges with a shortest C(13)--C(14) distance of 3.11-3.37 A,
which is in the range of the all-benzene analogues (2.94—
3.22 A).42 The O(13)-+C(13e) gap is even shorter (3.03—
3.31 A) and leads to a distortion of the quinone ring into a
boat shape. Thus, the inner carbonyl group is strikingly
twisted out of plane (p5: 26.9-29.6°); in contrast, the distor-
tion involving the inner alkoxy oxygen atom in camphanate
14 is far less pronounced (12.8°). The distortion of the outer
carbonyl groups is only marginal (¢,: 4.2-6.0°). Addition-
ally, the dihedral angles characterising the phenanthryl ring
(22.6-25.8°) or the biaryl axis (47.0-52.1°) are distinctly
larger than those reported for carbo[6]helicenes (11.7-18.8°
or 22.9-27.8°).1421

The overlapping terminal rings in the bridged biphenan-
thryl derivatives D (Figure 6) are separated by distances
that exceed the sum of the respective van der Waals radii
(4.01-5.25 A at the periphery of helix), although they come
into very close contact on the interior rim (3.16-3.56 A), as
observed for carbo[7]helicene bisquinone.?’®  Figure 6
shows the greatest through-space interaction of the pseu-
doortho arranged quinone units for the tetraethyl-substi-
tuted ketal 33 (3.16-3.18 A), which is similar to the all-ben-
zene analogue (3.11-3.13 A). The disubstituted bisquinones
35 and 36, as well as the silylene-tethered derivative 30, have

Eur. J. Org. Chem. 2005, 1541-1560 WWW.eurjoc.org

larger distances. The dihedral angles of the phenanthryl
rings (24.6-28.2°) or the biaryl axis (40.6-44.8°) are also
larger than the analogous dihedral angles of the [7]helicene
bisquinone (21.3°/23.2° or 23.8°). As already observed for
the monoquinone system B, the quinone rings reveal a
strong out-of-plane bending which can also be quantified
by the large torsional angle at the inwards pointing car-
bonyl groups (21.2-25.7°) with respect to the less-pro-
nounced distortion of the outer counterparts (1.8-6.2°).
These characteristics resemble the structural details ob-
served for carbo[7]helicene (average of 1.9° and 19.1°).127°]

The angular-linear benzannulation products C show a
similar close contact of the terminal edges [C(13)--C(14):
3.12-3.49 A]. The anthryl quinones are less distorted (0.3—
5.6°) than their phenanthryl quinone counterparts (4.0-5.8°
and 19.9-23.3°). The dihedral angles of the biaryl axis
(47.2-47.8°) lie between those of compounds B and D; the
phenanthryl unit shows the highest distortion of the studied
examples (26.5-29.9°) due to the embedded bulky zerz-butyl
group (Figure 7).

In conclusion, the X-ray data demonstrate that the mol-
ecular structures of the heterocyclic helicenes are deter-
mined by the nature and the conformational flexibility of
the central heterocyclic ring and by the degree of annu-
lation. These elements mainly determine the structural
parameters, such as the spreading of the biaryl dihedral and
bond angles, the twist of the terminal quinoid rings and the
out-of-plane bending of the biaryl halves. Some parameters
do not necessarily vary linearly with the number of fused
rings or the ketalic centre. They are also partly influenced
by the packing arrangement. The various weak intermo-
lecular C-H---O interactions play the most important role
for the crystal packing of compounds B-D. n-n Interac-
tions, which are common for (hetero)helicenes, are not ob-
served; instead, compound 33 shows an interesting C—H-*xt
interaction(*3 (2.95 A) between a clathrated dichlorometh-
ane and a phenyl group. The packing situation is different
for the dihalogenated compounds 2 and 3 due to domina-
ting C-H--Br interactions (3.04-3.12A for 2 vs. 2.95-
297 A for 3) or Br-Br interactions (3.51-3.87 A, with
3.72 A for the sum of the van der Waals radii)“¥ forming
a planar Bry square cluster.

Optical Resolution and Chiroptical Properties

In order to explore some chiroptical properties of the
heterocyclic helicenes we aimed at an enantioresolution of
the racemic mixtures by HPLC on a chiralcel OD column,
as has previously been reported for the separation of vari-
ous helical compounds.3! The recommended eluent (n-hex-
ane/2-propanol) turned out to be unsuitable for the dissol-
ution and for optical base-line separations of our heterocy-
clic helicene derivatives. However, the incorporation of two
long alkyl chains in bisquinone 36 increased the solubility
sufficiently and thus allowed an antipode separation.

Besides the diastereomeric camphanate pair 14 and the
enantiopure monoquinone 9 derived therefrom, non-race-
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Figure 6. Molecular structures of [7]helicene-like bisquinones 30, 33, 35 and 36, and selected transannular distances [A] and torsional
angles ¢ [°] (average values for various independent molecules; see Figure 4 for atom numbering). ¢; = C(13), C(13a), C(13b), C(13c);
p1a = C(13d), C(13e), C(13f), C(14); p, = O(10), C(10), C(9a), C(9); g2, = O(17), C(17), C(17°), C(18); p3 = O(13), C(13), C(13°), C(13b);

32 = O(14), C(14), C(13f), C(13e).

mic 3 could be obtained from the brominated (R)- or (S)-
BINOL 1, which was resolved according to the method
published by Diederich.[>!2]

The CD spectra obtained for each pair of isomers of 3,
14, 9 and 36 (Figure 8) are mirror images over the entire
spectra in all cases, thereby indicating that complete optical
resolution had occurred. The bridged binaphthyl (R)-3
shows an intense negative couplet centred at 231 nm, which
corresponds to the allowed, long-axis-polarized !B transi-
tion of the 2-naphthol chromophore. Following the analysis
of other methylene-tethered binaphthols,[#® this spectral
feature is indicative of a dihedral angle, 0, between the
naphthyl moieties of less than 110° for the (R)-configura-
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tion. This absolute configuration is corroborated by a dihe-
dral angle of 54° determined by X-ray analysis. Two ad-
ditional CD signals of opposite signs at 333 and 268 nm are
in the 'L, and 'L, spectral range; two other distinct ex-
trema found at 251 and 202 nm are of uncertain origin, al-
though they might be connected with a complex interaction
of the 'B naphthyl transition with the adjacent phenyl
groups. This situation hampers a proper estimation of the
dihedral angle from the A¢,,,, value of the low-energy com-
ponent at 230 nm.[*”]

The CD spectra of diastereomer (R)-14 and enantiomer
(R)-9, whose absolute configurations were established un-
ambiguously by X-ray diffraction, are dominated by a nega-
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31 32 34
C(12)-C(l4a) 450 4.11 44l
C(13)-C(14) 349 3.12 342
O(13)~C(13c) 338 333 335

o 27.7 265 299
© 58 41 40
o 199 233 208
o 03 48 56
s 20 24 31

Figure 7. Molecular structures of bisquinoid angular-linear
benzannulation products 31, 32 and 34, and selected transannular
distances [A] and torsional angles ¢ [°] (average values for various
independent molecules; see Figure 4 for atom numbering). ¢; =
C(13), C(13a), C(13b), C(13c); ¢, = O(10), C(10), C(9a), C(9); ¢,
= 0(13), C(13), C(13a), C(13b); ¢, = O(18), C(18), C(18a), C(19);
ps = O(15), C(15), C(14a), C(14).
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Figure 8. CD spectra of heterocyclic helicene derivatives 3, 14, 9
and 36 in n-hexane.
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tive couplet at 258 and 248 nm. The latter shows a simple
split-type Cotton effect with a shoulder at 280 nm and some
distinct CD signals in the long-wave range, whereas the for-
mer shows a stronger positive CD band which is broadened
and a smaller negative dichroic signal which merges into a
region of overlapping further signals of 'L, and 'L, transi-
tions. Both observations suggest that the two exitons in the
different biaryl moiety cannot be treated as being indepen-
dent because of strong but diverse interactions between
these two aryl units and an additional disturbance by the
diphenyl or camphanate group. Finally, these spectral fea-
tures are quite similar to those reported for the purely
methylene-bridged (R)-biaryl analogue.[*8]

The spectrum of the bridged (R)-4,4'-biphenanthrene-
3,3'-diol 36 exhibits a positive, single-signed band with a
maximum at 262 nm instead of a clear couplet, as reported
for some analogous compounds with an (R)-configura-
tion.[*! Apart from this pattern, which also indicates strong
interaction of the two chromophoric units due to the small
dihedral angle (ca. 43° from X-ray diffraction), a second
unusually intense positive CD signal is found in the region
of Ly, transitions at 320 nm.

Redox Properties of Bisquinones 30 and 33

The electrochemical properties of the two [7]helicene-like
bisquinones 30 and 33 were investigated by cyclic voltam-
metry to provide further information on the intramolecular
interaction. Both show the same electrochemical behaviour
with very similar voltammograms: three, distinctly separate
and reversible one-electron reduction steps, a pattern also
found for a bisquinoid [2.2](1,4)naphthalenophane.’® The
first two peaks correspond to the consecutive one-electron
reduction of each quinone moiety, which leads to the semi-
quinone species; the last broader peak corresponds to a
third one-electron reduction, which represents the forma-
tion of a radical trianion. Bisquinone 30 shows a further
small anodic wave around the first redox couple indicative
of slow decomposition of a reduced intermediate species.

Reduction potentials can sometimes be used to distin-
guish localised and delocalised electronic structures. If an
added electron occupies an orbital extending over both qui-
nones, more-positive first reduction potentials E;, are ob-
served. A comparison of some related E; values shows first
reduction potentials of about —1.1 V for a bianthrylic or
biphenanthrylic bisquinone anion radical®' having a local-
ised odd electron, and a potential of —0.56 V for the un-
doubtedly delocalised electron of the [7]helicene bisqui-
none.’?l This suggests that structures 30 and 33 (Figure 9),
characterised by E; values between —0.87 V and —-0.79 V, ex-
hibit intermediate behaviour.

A better estimation of the intramolecular interaction be-
tween both electrophores comes from a comparison of the
separation between the first two reduction potentials. The
large potential differences AE? of 30 (290 mV) and 33
(310 mV) suggest that the odd electron of the correspond-
ing radical anions should be delocalised over the whole
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Figure 9. Cyclic voltammograms of 30 and 33 in CH;CN/(Buy)
NBF, at 200 mVs! with potentials E° and potential differences
AE® = |E)® — E\% (E° is the average of the anodic and cathodic
peak potentials vs. SCE).

molecule, most probably even in a transannular manner ac-
ross the helical array’s extremities, which could be proved
for [7]helicene bisquinone (310 mV) and ruled out for the
linear 1,4,8,11-pentacenetetrone (160 mV).53! The small dif-
ferences of the £, and AE? values of 30 and 33 indicate a
slightly better delocalisation for the ketal-tethered binaph-
thyl 33. This view is supported by their crystal structures,
which show a better overlap for the pseudoortho orientation
of the latter quinone units (Figure 6) and a slightly smaller
dihedral angle for the biphenanthryl system (45° vs. 43°).

Conclusions

In summary, we present a novel synthetic non-photo-
chemical access to a broad series of helical scaffolds bearing
five, six and seven ortho-fused carbo- or heterocycles. The
syntheses are based on a progressive mono- and bidirec-
tional chromium-templated [3+2+1] benzannulation of ra-
cemic (sila)ketal-tethered binaphthyl carbene complexes
with various alkynes showing an unprecedented competi-
tion between bisangular and angular-linear bisannulation.
A practical enantiomeric resolution of a monobenzannul-
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ation product has been carried out by subsequent protec-
tion with camphanate.

The X-ray crystal structures indicate an increasing helical
distortion as a result of progressive annulation. The CD
spectra of ketal-tethered biaryls reflect various interactions
between the aryl chromophores, and CV studies of bisangu-
lar bisquinones reveal three one-electron reduction steps.

Experimental Section

General Remarks: All reactions were carried out under argon atmo-
sphere using standard Schlenk techniques. Solvents used for reac-
tions, crystallisations and chromatography were dried by distil-
lation from calcium hydride (petroleum ether, fBuOMe, CH,Cl,,
DMF) or sodium (NEt;) and saturated with argon. THF was
freshly distilled from potassium. All alkynes were degassed under
vacuum and saturated with argon prior to use. 7,7'-Dibromo-2,2’-
dihydroxy-1,1'-binaphthyl (1) was prepared according to a litera-
ture procedure.?! Column chromatography was performed with
degassed silica gel (Macherey—Nagel, type 60, 0.015-0.025 mm).

FT-IR spectra: Nicolet Magna 550. NMR spectra: Bruker DPX
300, AM 400 and DRX 500. MS and HR-MS: Kratos MS-50 and
Thermoquest MAT 95 XL. FAB-MS: Concept 1H (matrix: m-ni-
trobenzyl alcohol). CD spectrometer: Jasco J-720 and J-810. CV:
EG & G Princeton Applied Research potentiostat Model 173 at-
tached to an EG & G electrochemical microcell with a glassy car-
bon working electrode (3.55% 10°m?), SCE as reference electrode,
and a platinum wire counter electrode. The measurements were car-
ried out on degassed anhydrous acetonitrile solution containing the
sample (2.2-2.9 mm) and (Bu),NBF, (0.1 M) as supporting electro-
lyte at 296 K with a sweep rate of 200 mV's™!. Enantiomeric separa-
tion by HPLC: Knauer Wellchrom, column: Chiralcel OD,
10x250 mm (DAICEL).

(R,S)-10,13-Dibromo-4,4-di-tert-butyldinaphtho|2,1-d:1',2'-f][1,3,2]-
dioxasilepin (2): Triethylamine (3.3 mL, 23.4 mmol) and di-tert-
butyldichlorosilane (1.3 mL, 6.0 mmol) were added sequentially to
a solution of (R,S)-1 in DMF at room temperature. After 10 min
a yellow precipitate had formed and the reaction was completed
overnight. After addition of CH,Cl, and water (20 mL), the or-
ganic phase was washed with a saturated aqueous solution of
NaHCOj; (3x10 mL). The product was extracted with CH,Cl,,
dried with MgSO, and concentrated in vacuo. The residue was
purified by chromatography on silica gel (CH,CL/PE, 2:1, R; =
0.72) to give 2 as a colourless solid. Yield: 2.43 g (4.2 mmol, 77%).
'"H NMR (400 MHz, CDCls): 6 = 0.96 [s, 18 H, C(CHs3);], 7.12 (d,
“Jun = 1.9Hz 2 H, 11/12-H), 7.40 (d, 3Jy1 = 8.7 Hz, 2 H, 8/15-
H), 7.41 (dd, 3Jyu = 8.7, “Jun = 1.9 Hz, 2 H, 9/14-H), 7.70 (d,
3Jun = 8.3 Hz, 2 H), 7.83 (d, *Jyy.u = 8.3 Hz, 2 H) ppm. 3C NMR
(100 MHz, CDCls): ¢ = 21.3 [SiC(CH3)], 27.6 [SiC(CH3)], 118.8,
120.8, 122.8 (ArCH), 127.5 (ArCH), 128.5, 128.7 (ArCH), 129.8
(ArCH), 129.9 (ArCH), 134.9, 153.0 (2a/5a-C) ppm. MS (70 ¢V,
EI): m/z (%) = 584 (100) [M "], 528 (32) [M™* — C4Hg], 485 (96) [M* —
C4Hg — C3H/), 403 [M* - C,H,,08i], 361 (53) [M* — C;,H,,0Si —
C,H,0], 281 (75) [M* - C,,H,;,0Si — C,H,0 - Br], 202 (60) [M" —
C,0H;;0Si — C;H,0 — 2Br]. HR-MS (C,3H»5”°Br,0,Si): caled.
582.0225; found 582.0224.

(R,S)-10,13-Dibromo-4,4-diphenyldinaphtho[2,1-d:1',2'-f][1,3]dioxe-
pin (3): Dichlorodiphenylmethane (0.89 mL, 4.63 mmol) and (R,S)-
1 (1.87 g, 4.21 mmol) were stirred in CH,Cl, for a short time for
homogenisation. After removal of the solvent, the mixture was
heated in an oil bath at 145 °C for 30 min to generate HCI at about
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120 °C. The crude product was chromatographed on silica gel
(CH,CI,/PE, 1:1, R; = 0.88) to yield 3 as a colourless solid. Yield:
1.75 g (2.88 mmol, 68%). "H NMR (500 MHz, CD-Cl,): 6 = 6.96
(d, 3Jum = 8.7 Hz, 2 H), 7.32-7.30 (m, 6 H), 7.56-7.53 (m, 6 H),
7.67 (d, *Jyn = 1.8 Hz, 2 H, 11/12-H), 7.70 (d, 3Jyyu = 8.7 Hz, 2
H), 7.77 (d, 3Jy.u = 8.7 Hz, 2 H) ppm. 13C NMR(125 MHz,
CD,Cl,): 6 = 120.6, 123.6, 125.2, 127.1, 127.9, 128.5 (x2), 129.4,
130.2, 130.3, 133.0, 140.8, 151.2 (2a/5a-C) ppm. MS (70 eV, EI):
miz (%) = 608 (3) [M™*], 426 (4) [M™ — OC(C¢Hs),], 57 (100). HR-
MS (C;33H,5"°Br,0,): caled. 605.9830; found 605.9814.

General Procedure A. Synthesis of Monocarbene Complexes 4 and
5: nBuLi (1.6 M in hexane, 1.2 mL, 1.88 mmol) was slowly syringed
into a solution of 2,2'-bridged dibromo-1,1’-binaphthyl 2 (1.00 g,
1.71 mmol) or 3 (1.04 g, 1.71 mmol) in THF (30 mL) at —88 °C.
The mixture was stirred at —88 to —78 °C for 90 min, and hexacar-
bonyl chromium (0.56 g, 2.57 mmol) was then added. After stirring
for 30 min at this temperature and an additional 2 h while warming
to room temp., the solvent was removed in vacuo. The resulting
residue was dissolved in CH,Cl,, combined with trimethyloxonium
tetrafluoroborate (Meerwein’s reagent, 0.28 g, 1.88 mmol), and the
suspension was stirred for 90 min at room temperature. The solvent
was evaporated in vacuo and the crude product was purified by
column chromatography on silica gel to afford the monocarbene
complex 4 or 5 as a red solid.

(R,S)-10-[13-Bromo-4,4-di-tert-butyldinaphtho|2,1-d:1',2'-f][1,3,2]-
dioxasilepinyl](methoxycarbene)(pentacarbonyl)chromium (4): R; =
0.54 (CH,CIL,/PE, 1:4). Yield: 0.89 g (1.21 mmol, 71%). IR (petro-
leum ether): v(CO) = 2063 (m), 1988 (w), 1956 (vs), 1938 (sh) cm .
'H NMR (300 MHz, CD>Cl,): 6 = 0.99 [s, 9 H, C(CH3)3], 1.00 [s,
9 H, C(CH3)3], 4.40 (s, 3 H, OCH;), 6.77 (s, 1 H), 7.14 (s, 1 H),
7.28 (dd, 3y = 8.4, 4Jyu = 0.8 Hz, 1 H), 7.41 (dd, 3Jyyu = 8.p,
“un = 1.8 Hz, 1 H), 7.47 (d, 3Jgu = 8.9 Hz, 1 H), 7.52 (d, *Jun
=89Hz, | H), 7.73 (d, 3Jyn = 84 Hz, 1 H), 7.88 (d, 3Jyn =
8.9 Hz, 1 H), 7.94 (2d, 3Jy.u = 8.5 Hz, 2 H) ppm. !3C NMR
(75 MHz, CD,Cl,): 6 = 21.3 [SiC(CH3)], 27.4 [SiC(CH3)], 27.5
[SiC(CH3)], 67.2 (OCH53), 119.0, 120.1, 121.0, 121.0, 122.3, 122.9,
124.2, 126.5, 127.5, 128.3, 128.5, 128.6, 128.9, 130.0, 130.1, 130.2,
130.5, 132.9, 135.2, 151.3, 153.3, 153.4, 216.0 (cis-CO), 224.8
(trans-CO), 351.0 (C=Cr) ppm. MS (FAB): m/z (%) = 740 (1) [M™*],
600 (100) [M™* — 5CO], 520 (100) [M* — 5CO - Br], 505 (20) [M* —
5CO].

(R,S)-10-[13-Bromo-4,4-diphenyldinaphtho|2,1-d:1',2'-f][1,3]-dioxe-
pinyl](methoxycarbene)(pentacarbonyl)chromium (5): Ry = 0.32
(tBuOMe/PE, 1:3). Yield: 0.98 g (1.28 mmol, 75%). IR (petroleum
ether): v(CO) = 2063 (m), 1990 (w), 1956 (vs), 1940 (sh) cm!. 'H
NMR (300 MHz, CD,Cl,): 6 = 4.52 (s, 3 H, OCH3), 6.96 (d, 3Jyu
=8.7Hz, 1 H), 7.02 (d, 3Jyu = 8.7Hz, 1 H), 7.19 (s, 1 H), 7.35-
7.28 (m, 6 H), 7.47 (dd, 3Jyu = 8.6, *Jyun = 1.6 Hz, 1 H), 7.52
(dd, 3Jyu = 8.9, “Jyu = 2.1 Hz, 1 H), 7.61-7.54 (m, 4 H), 7.69 (d,
3Jyn = 8.9 Hz, 2 H), 7.74 (d, *Jyy = 8.7 Hz, 2 H), 7.95 (d, 3Jun
=8.5Hz, 1 H) ppm. '3C NMR (75 MHz, CD,Cl,): 6 = 67.5
(OCH3), 117.8, 118.8, 121.0, 123.0, 123.6 (ArCH), 124.8 (ArCH),
125.3, 126.6, 127.2 (PhCH), 127.5, 128.0 (2xXPhCH), 128.5
(ArCH), 128.6 (2xArCH), 128.7 (ArCH), 129.5 (ArCH), 128.9,
129.4 (ArCH), 129.5 (ArCH), 130.3 (ArCH), 131.0, 131.9, 132.3,
141.0 (%2), 150.3, 151.5, 216.1 (cis-CO), 224.7 (trans-CO), 350.6
(C=Cr) ppm. MS (FAB): m/z (%) = 764 (6) [M*], 708 (5) [M* —
2CO], 652 (18) [M* —4CO], 624 (100) [M* — 5CO], 544 (28) [M" —
5CO - Br], 442 (25) [M* — 5CO — OC(CgHs),].

General Procedure B. Benzannulation of Monocarbene Complexes
4 and 5 (and 17 and 19) with Oxidative Work-Up to Give Helical
Monoquinones 6-13 (and 20-29): A Schlenk tube fitted with a con-
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denser jacket and containing a solution of 1 mmol of carbene com-
plex and 4 mmol of alkyne in CH,Cl, (10 mL) was warmed in an
oil bath at 55 °C for 4 h. The reaction mixture was cooled in an ice
bath and a solution of ceric ammonium nitrate (3.84 g, 7 mmol) in
water (20 mL) was added. After stirring for 2 h at 0 °C, the organic
layer was separated, and the aqueous layer was extracted with
CH,Cl, (3x10 mL). The combined organic layers were sub-
sequently washed with brine (3x25mL) and dried with MgSO,.
Filtration, evaporation of the solvent and column chromatography
afforded the respective helical monoquinone as an orange solid.

(R,S)-15-Bromo-4,4-di-tert-butyl-11,12-diethylnaphtho[1,2-f]phen-
anthro|2,1-d][1,3,2]-dioxasilepin-10,13-dione (6): Benzannulation of
carbene complex 4 (0.74 g) with 3-hexyne (0.45 mL). Ry = 0.63
(CH,CI1,/PE, 1:1). Yield: 0.33 g (0.52 mmol, 52%). 'H NMR
(400 MHz, CDCl3): 6 = 0.60 (t, 3Jy.x = 7.5 Hz, 3 H, CHy), 0.94 (t,
3Jun = 7.5Hz, 3 H, CH3), 1.05 [s, 9 H, C(CH3);], 1.10 [s, 9 H,
C(CH3)3], 1.30 (dq, 2T = 12.9, 3Jgn = 7.5 Hz, 2 H, CH,), 1.72
(dq, 2Juyu = 129, 3Jynu = 7.5Hz, 1 H, CH,), 2.11 (dq, 2Jyyu =
12.9, 3Jgyu = 7.5Hz, 1 H, CH,), 2.53 (dq, *Jun = 12.9, 3y =
7.5Hz, 1 H, CH,), 6.43 (d, *Jyu = 1.9 Hz, 1 H, 14-H), 7.21 (dd,
3Jan = 8.6, “Jyn = 1.9Hz, 1 H, 16-H), 7.49 (d, 3Jun = 8.7 Hz,
1 H), 7.51 (d, 3Jyu = 8.7 Hz,, 1 H), 7.53 (d, 3Jyy = 8.6 Hz, 1 H),
7.71 (d, 3Jgu = 8.7Hz, 1 H), 7.92 (d, 3Juu = 8.7Hz, 1 H), 8.03
(d, 3Jun = 8.6 Hz, 1 H), 8.05 (d, 3Jyn = 8.6 Hz, 1| H) ppm. 'H
NMR (400 MHz, [Dglacetone): 6 = 0.64 (t, 3Jyy = 7.5Hz, 3 H,
CHs), 0.93 (t, 3Jun = 7.5 Hz, 3 H, CHj3), 1.08 [s, 9 H, C(CH3);],
1.13 [s, 9 H, C(CH3);), 1.30 (dq, 2Jyyuq = 12.7, 3Jyyu = 7.5Hz, 2
H, CH,), 1.30 (dq, 2J. = 12.7, 3y = 7.5Hz, 2 H, CH,), 1.76
(dq, 2y = 127, 3Jyu = 7.5Hz, 1 H, CH,), 2.14 (dq, 2Jyyu =
12.8, 3Jyu = 7.5Hz, 1 H, CH,), 2.53 (dq, 2Jp = 12.8, 3Jyy =
7.5Hz, 1 H, CH,), 6.40 (d, *Jy = 1.9 Hz, 1 H, H14), 7.31 (dd,
3an = 8.7, “Juyn = 1.9 Hz, 1 H, H16), 7.56 (d, 3Jy = 8.8 Hz, 1
H), 7.69 (d, 3Jyu = 8.7Hz, 1 H), 7.77 (d, 3Jyu = 8.7Hz, 1 H),
7.92 (d, 3Jyyu = 8.7 Hz, 1 H), 8.03 (d, 3/ = 8.3 Hz, 1 H), 8.18
(d, 3Jyn = 8.8 Hz, 1 H), 8.28 (d, 3Ji iy = 8.3 Hz, 1 H) ppm. 13C
NMR (100 MHz, CDCl;): 6 = 13.8 (2x CH,CH3), 19.1 (CH,CH3),
19.9 (CH,CHs;), 21.4 [SiC(CH3)], 21.6 [SiC(CH3)], 27.6 [SiC(CH53)],
27.8 [SiC(CH3)], 120.1, 120.2 (ArCH), 121.2, 123.1, 123.4 (ArCH),
124.8 (ArCH), 126.7 (ArCH), 129.2, 129.2 (ArCH), 129.3 (ArCH),
129.6 (ArCH), 130.4 (ArCH), 130.8, 132.0, 132.2, 132.7 (ArCH),
135.5 (X2), 144.5, 147.9, 152.7, 155.2, 184.7 (C=0), 185.9 (C=0)
ppm. MS (70 eV, EI): m/z (%) = 642 (100) [M™*], 586 (23) [M* —
C,4Hgl, 562 (33) [M* — Br]. HR-MS (C3¢H3,7°BrO,4Si): caled.
640.1644; found 640.1644.

(R,S)-15-Bromo-4,4,12-tri-tert-butylnaphtho|[1,2-f]phenanthro|2,1-
d]-[1,3,2]dioxasilepin-10,13-dione (7): Benzannulation of carbene
complex 4 (0.74 g) with 3,3-dimethyl-1-butyne (0.47 mL). Ry = 0.63
(tBuOMe/PE, 1:3). Yield: 0.31 g (0.49 mmol, 49%). 'H NMR
(300 MHz, CDCl;): 6 = 0.69 [s, 9 H, C(CH3)3], 1.05 [s, 9 H, C(CH3)
3], 1.09 [s, 9 H, C(CHa)3], 6.35 (d, *Jr = 1.9 Hz, 1 H, 14-H), 6.40
(s, 1 H, 11-H), 7.20 (d, 3Jyu = 8.7, *Jyu = 1.9 Hz, 1 H, 16-H),
743 (d, 3Jyp = 89Hz, 1 H), 749 (d, 3Jun = 8.7Hz, 2 H), 7.63
(d, 3Jun = 8.7Hz, 1 H), 791 (d, 3Jyu = 8.9 Hz, 1 H), 8.02 (d,
3Jyn = 8.4 Hz, 1 H), 8.08 (d, 3Jy. 11 = 8.4 Hz, 1 H) ppm. '3C NMR
(75 MHz, CDCl;): 6 = 21.4 [SiC(CH3)], 21.7 [SiC(CH3)], 27.6
[C(CH3)], 27.9 [C(CH3)], 29.2 [C(CH3)], 35.2 [C(CH3)], 119.9
(ArCH), 120.1, 121.8, 123.3 (ArCH), 125.0 (ArCH), 126.7 (ArCH),
128.7 (ArCH), 129.6, 129.6 (ArCH), 129.7 (ArCH), 130.1, 130.3
(ArCH), 130.6 (ArCH), 130.6 (ArCH), 131.7, 132.0, 132.2, 133.2,
133.3 (ArCH), 133.3 (ArCH), 135.4, 152.4 (2a/5a-C), 155.5 (2a/5a-
C), 159.5 (C-tBu), 184.2 (C=0), 186.0 (C=0) ppm. MS (70 eV, EI):
miz (%) = 642 (100) [M*], 586 (13) [M* — C4Hg], 562 (32) [M* —
Br]. HR-MS (C3¢H3,7°BrO,Si): caled. 640.1644; found 640.1641.
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(R,S)-15-Bromo-4,4-di-tert-butyl-12-phenylnaphtho|[1,2-f]phen-
anthro[2,1-d][1,3,2]-dioxasilepin-10,13-dione (8): Benzannulation of
carbene complex 4 (0.74 g) with phenylacetylene (0.44 mL). Ry =
0.24 (CH,Cl,). Yield: 0.24 g (0.36 mmol, 36%). '"H NMR
(300 MHz, CDCl3): 0 = 1.03 [s, 9 H, C(CH3)3], 1.07 [s, 9 H, C(CHj3)
3], 649 (d, “Juy = 1.9 Hz, 1 H, 14-H), 6.60 (s, 1 H, 11-H), 7.11
(dd, 3Jyu = 8.7, “Juyn = 1.9Hz, 1 H, 16-H), 7.32 (d, 3Jypu =
8.7Hz, 1 H), 7.32 (d, 3Jyu = 8.7 Hz, 1 H), 7.42 (d, 3Jy.;x = 8.9 Hz,
1 H), 7.50 (d, 3Ju = 8.7 Hz, 1 H), 7.55 (d, 3Jiz = 8.7 Hz, 1 H),
7.96 (d, *Jyu = 8.9 Hz, 1 H), 8.08 (d, 3/ iy = 8.5Hz, 1 H), 8.13
(d, 3Juu = 8.5Hz, 1 H) ppm. '*C NMR (75 MHz, CDCly): § =
21.4 [SiC(CHs3)], 21.7 [SiC(CH3)], 27.6 [C(CH3)], 27.8 [C(CH53)],
120.0 (ArCH), 120.3, 123.3 (ArCH), 125.2 (ArCH), 126.9 (ArCH),
127.6, 127.8 (2xPhCH), 128.7 (2xPhCH), 128.8 (ArCH), 129.3,
129.5 (ArCH), 129.8 (ArCH), 129.9 (ArCH), 130.0 (ArCH), 130.6
(ArCH), 131.3, 132.0, 132.1, 132.6, 133.1, 133.4 (ArCH), 135.7,
149.2, 152.7, 155.6, 162.3, 184.9 (C=0), 185.2 (C=0) ppm. MS
(70 eV, EX): m/z (%) = 662 (100) [M*], 606 (181) [M* — C4Hg], 563
(16) [M* - C4Hg - C3H,], 582 (8) [M* — Br]. HR-MS
(C3gH337°BrO,Si): caled. 660.1331; found 660.1334.

(R,S)-15-Bromo-11,12-diethyl-4,4-diphenylnaphtho[1,2-f]phen-
anthro[2,1-d][1,3]-dioxepin-10,13-dione (9): Benzannulation of car-
bene complex 5 (0.76 g) with 3-hexyne (0.45 mL). Ry = 0.52
(CH,CI,/PE, 1:1). Yield: 0.30 g (0.46 mmol, 46%). 'H NMR
(400 MHz, CDCl,): 6 = 0.41 (t, 3Jyy = 7.5Hz, 3 H, CH,CH;),
1.06 (t, 3Jgyu = 7.5Hz, 3 H, CH,CH;), 1.22 (dq, *Jgu = 12.8,
3Jun = 7.5Hz, 1 H, CH,CH3), 1.78 (dq, 2Jyu = 12.8, 3Jyn =
7.5Hz, 1 H, CH,CHs), 2.23 (dq, 2Jyp = 12.8, 3Juyy = 7.5Hz, 1
H, CH,CH;), 2.60 (dq, >Jy.u = 12.8, 3Jy.u = 7.5 Hz, 1 H,
CH,CH,), 6.97 (d, 3Jyu = 8.7Hz, 1 H), 7.03 (d, 3Ji = 8.7 Hz,
1 H), 7.09 (d, “Jy 15 = 1.5 Hz, 1 H, 14-H), 7.35-7.25 (m, 7 H), 7.63—
7.52 (m, 4 H), 7.71-7.66 (m, 2 H), 7.73 (d, 3Jy.u = 8.7 Hz, 1 H),
8.04 (d, 3Jyp = 8.5Hz, 1 H), 8.14 (d, 3Jy i = 8.5Hz, 1 H) ppm.
3C NMR (100 MHz, CDCl5): 6 = 13.3 (CH,CH3), 14.1 (CH,CH3),
19.4 (CH,CH3;), 19.8 (CH,CHs3), 116.6 (C4), 120.6, 121.2 (ArCH),
124.0 (ArCH), 125.9 (ArCH), 127.3, 127.3 (2xPhCH), 127.5
(2xPhCH), 127.6 (ArCH), 127.7 (ArCH), 127.8 (2xPhCH), 127.9
(2xPhCH), 128.3 (ArCH), 128.4 (ArCH), 128.5 (ArCH), 130.0
(ArCH), 130.1, 130.4 (ArCH), 131.5, 131.9, 133.4 (ArCH), 134.3,
134.9, 140.6, 141.0, 148.7, 149.8, 184.9 (C=0), 186.0 (C=0) ppm.
MS (70 eV, EI): m/z (%) = 666 (83) [M™*], 588 (92) [M* — C¢Hgl,
484 (48) [M* — OC(C¢Hs),], 404 (100) [M* — OC(C¢Hs), — Br].
HR-MS (C4H,9"°BrO,): caled. 664.1249; found 664.1225.

(R,S)-15-Bromo-12-tert-butyl-4,4-diphenylnaphtho[1,2-f]phen-
anthro[2,1-d][1,3]dioxepin-10,13-dione (10): Benzannulation of car-
bene complex 5 (0.76 g) with 3,3-dimethyl-1-butyne (0.47 mL). R
=0.62 (CH,CI/PE, 1:1). Yield: 0.29 g (0.44 mmol, 44%). '"H NMR
(400 MHz, CDCly): 0 = 0.58 [s, 9 H, C(CH3)3], 6.55 (s, 1 H, 11-H),
6.90 (d, *Jy = 8.7Hz, 1 H), 7.00 (d, 3Jyx = 8.6 Hz, 1 H), 7.04
(d, *Jgn = 1.9Hz, 1 H, 14-H), 7.34-7.25 (m, 7 H), 7.47 (d, 3Jun
=8.7Hz, 1 H), 7.54 (d, 3Jyyu = 8.7 Hz, 1 H), 7.60-7.56 (m, 2 H),
7.70-7.64 (m, 2 H), 7.72 (d, 3Jyu = 8.7 Hz, 1 H), 8.05 (d, 3Jyp =
8.6 Hz, 1 H), 8.11 (d, *Jy iy = 8.3 Hz, 1 H) ppm. 13C NMR
(100 MHz, CDCl3): 0 = 28.9 [C(CH3);], 35.2 [C(CH3)5], 116.5 (C4),
120.5, 120.7 (ArCH), 123.7 (ArCH), 126.0 (ArCH), 127.3 (X2),
127.3 (2 x PhCH), 127.5 (ArCH), 127.5 (2x PhCH), 127.7 (ArCH),
127.8 (4xPhCH), 128.3 (ArCH), 128.3 (ArCH), 128.5 (2 x ArCH),
129.1, 130.1 (ArCH), 130.5 (ArCH), 130.6 (ArCH), 133.7 (ArCH),
134.7, 135.6, 140.5, 140.9, 149.8, 152.6, 159.9, 184.6 (C=0), 185.8
(C=0) ppm. MS (70 eV, EI): m/z (%) = 666 (72) [M*], 586 (10)
[M* — C4Hgl, 484 (57) [M* — OC(C4Hjs),], 404 (25) [M™* —
OC(CgHs), — Br], 57 (100) [C4Ho*]. HR-MS (C41H297°BrO,): caled.
664.1249; found 664.1247.

WWW.eurjoc.org Eur. J. Org. Chem. 2005, 1541-1560



[6]- and [7]Helicene-Like Quinones via Chromium-Templated Benzannulation

FULL PAPER

(R,S)-15-Bromo-4,4-diphenyl-12-propylnaphthol[1,2-f]phenanthro-
[2,1-d][1,3]dioxepin-10,13-dione (11): Benzannulation of carbene
complex 5 (0.76 g) with 1-pentyne (0.39 mL). Ry = 0.48 (CH,Cl,/
PE, 1:1). Yield: 0.26 g (0.40 mmol, 40%). '"H NMR (400 MHz,
CDCl): 6 = 0.67 (t, 3Jyu = 7.3 Hz, 3 H, CH,CH,CH3), 0.67 (t,
3Ju.m = 7.3 Hz, 3 H, CH,CH,CH3;), 0.86-0.68 (m, 2 H,
CH,CH,CH3), 1.09 (dddd, 2Jyy 5 = 16.5, 3Jy i = 8.4, 3Jyu = 6.6,
“Jun = 1.7Hz, 1 H, CH,CH,CHj), 1.63 (dddd, 2Jyy 1 = 16.5, 31
=87, 3Jun = 6.5, Juu = 1.6 Hz, 1 H, CH,CH,CH3), 6.39 (t,
“Jun = 1.6 Hz, 1 H, 11-H), 6.98 (d, 3Ji 15 = 8.7 Hz, 1 H), 7.06 (d,
3Jun = 8.6 Hz, 1 H), 7.13 (d, “Jyx = 1.9 Hz, 1 H, 14-H), 7.33~
7.27 (m, 6 H), 7.35 (dd, 3Jyu = 8.7, *Juy = 1.9 Hz, 1 H, 16-H),
7.56 (d, 3Jyn = 8.3 Hz, 1 H), 7.60-7.57 (m, 2 H), 7.61 (d, 3Jyyp =
8.7Hz, 1 H), 7.70-7.67 (m, 2 H), 7.73 (d, 3Juu = 8.7Hz, 1 H),
8.06 (d, 3Juy = 8.6 Hz, 1 H), 8.11 (d, 3Ji; 1y = 8.3 Hz, 1 H) ppm.
13C NMR (100 MHz, CDCl;): 6 = 13.4 (CH,CH,CHj3), 19.5
(CH,CH,CH3), 30.0 (CH,CH,CH3), 116.6 (C4), 120.9, 120.9
(ArCH), 124.0 (ArCH), 126.1 (ArCH), 127.2 (2xPhCH), 127.4
(2xPhCH), 127.5 (ArCH), 127.8 (2xPhCH), 127.9 (ArCH), 127.9
(2xPhCH), 128.2, 128.4 (2x ArCH), 128.5 (ArCH), 128.9, 130.0
(x2), 130.0 (ArCH), 130.0 (ArCH), 130.1 (ArCH), 130.3 (ArCH),
131.5, 131.8, 132.4, 133.8 (ArCH), 134.4, 135.1, 140.5, 140.9, 149.9,
152.8, 153.9, 184.9 (C=0), 186.1 (C=0) ppm. MS (70 eV, EI): m/z
(%) = 652 (100) [M™*], 572 (19) [M* — Br], 470 (90) [M* — OC-
(C¢Hs),], 390 (30) [M* -~ OC(Cg¢Hs), — Br]. HR-MS
(C4oH»77°BrOy): caled. 650.1093; found 650.1094.

(R,S)-15-Bromo-12-octyl-4,4-diphenylnaphtho[1,2-f]phenanthro-
[2,1-d][1,3]dioxepin-10,13-dione (12): Benzannulation of carbene
complex 5 (0.76 g) with 1-decyne (0.72 mL). Ry = 0.46 (CH,Cl,/
PE, 1:1). Yield: 0.13 g (0.18 mmol, 18%). '"H NMR (400 MHz,
CDCl,): 6 = 0.86-0.78 (m, 1 H, CH,), 0.89 (t, 3Jyu = 7.1 Hz, 3 H,
CH,CH,CHj3), 1.08-0.98 (m, 2 H, CH,), 1.17-1.11 (m, 2 H, CH,),
1.35-1.19 (m, 8 H, CH,), 1.63 (dddd, Jyu = 16.4, 3Juu = 9.9,
3an = 5.2, #Jun = 1.5Hz, 1 H, CH,), 6.38 (t, *Jyy = 1.5Hz, 1
H, 11-H), 6.97 (d, 3Jyi = 8.7 Hz, 1 H), 6.97 (d, 3Jy i = 8.7 Hz, 1
H), 7.05 (d, 3Jyy = 8.6 Hz, 1 H), 7.11 (d, *Jyu = 1.9 Hz, | H, 14-
H), 7.32-7.26 (m, 6 H), 7.34 (dd, 3Jyy 11 = 8.7, “Jyuy = 1.9 Hz, 1 H,
16-H), 7.55 (d, 3Jyu = 8.7 Hz, 1 H), 7.60 (d, *Jyu = 8.7 Hz, 1 H),
7.60-7.55 (m, 2 H), 7.69-7.65 (m, 2 H), 7.74 (d, 3Jyu = 8.5 Hz, 1
H), 8.07 (d, 3Juy = 8.6 Hz, 1 H), 8.11 (d, 3Jy = 8.5Hz, 1 H)
ppm. 3C NMR (100 MHz, CDCls): 6 = 14.1 (CHj3), 22.6 (7CH,),
26.2, 28.2, 29.1, 29.2 (X2), 31.8, 114.0, 116.6, 120.8, 120.9 (ArCH),
124.0 (ArCH), 126.1 (ArCH), 127.2, 127.2 (2xPhCH), 127.4
(2xPhCH), 127.4 (2xPhCH), 127.5 (ArCH), 127.8 (2xPhCH),
127.9 (2xPhCH), 128.4 (2xArCH), 128.5 (ArCH), 128.9, 129.9
(ArCH), 130.0, 130.1 (ArCH), 130.4 (ArCH), 131.5, 131.8, 133.7
(ArCH), 134.4, 135.1, 140.5, 140.9, 143.9, 149.9, 152.8, 154.3, 184.9
(C=0), 186.1 (C=0) ppm. MS (70 eV, EI): m/z (%) = 722 (100)
[M*], 642 (9) [M* — Br], 540 (19) [M* — OC(C4Hs),]. HR-MS
(C4sH37,7°BrOy): caled. 720.1875; found 720.1806.

(R,S)-15-Bromo-4,4,12-triphenylnaphtho[1,2-f]phenanthro-
[2,1-d][1,3]dioxepin-10,13-dione (13): Benzannulation of carbene
complex 5 (0.76 g) with phenylacetylene (0.44 mL). Ry = 0.61
(CH,Cl,). Yield: 0.23 g (0.33 mmol, 33%). 'H NMR (300 MHz,
CDCl,): § = 6.64 (dd, 3Jyy = 8.6, *Jyu = 1.2 Hz, 1 H), 6.95 (d,
3Jun = 8.7Hz, 1 H), 6.78 (s, 1 H, 11-H), 7.07 (d, 3Jy.is = 8.7 Hz,
1 H), 7.13 (d, 3Jyu = 8.3Hz, 1 H), 7.18 (d, *Jyu = 1.9Hz, 1 H,
14-H), 7.25 (d, 3Jyu = 8.3 Hz, 1 H), 7.30 (d, 3Jyyu = 8.9 Hz, 1 H),
7.77 (d, 3Jgu = 8.7Hz, 1 H), 8.11 (d, 3Juu = 8.5Hz, 1 H), 8.17
(d, 3Jgu = 8.3 Hz, 1 H) ppm. 3*C NMR (100 MHz, CDCl;): § =
116.7 (C4), 120.8, 120.8 (ArCH), 124.1 (ArCH), 126.2 (ArCH),
127.3 (2xPhCH), 127.4 (2xPhCH), 127.7 (2xPhCH), 127.8
(2xPhCH), 127.9 (2xPhCH), 128.1 (ArCH), 128.3, 128.3 (ArCH),
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128.4 (2xPhCH), 128.5 (2x ArCH), 128.7, 129.7 (ArCH), 129.9
(ArCH), 130.0 (ArCH), 130.1 (ArCH), 130.2 (ArCH), 130.3, 131.1,
131.7, 132.2, 132.4, 133.9 (ArCH), 134.6, 135.8, 140.5, 149.5, 150.0,
152.9, 184.9 (C=0), 185.8 (C=0) ppm. MS (70 eV, EI): m/z (%) =
686 (100) [M*], 504 (31) [M* — OC(C¢Hs),], 423 (26) [M* —
OC(C¢Hs), — HBr]. HR-MS (C43H,57°BrOy): caled. 684.0936;
found 684.0933.

Resolution of Helical Monohydroquinone 9: A solution of racemic
carbene complex 5 (1.15 g, 1.5 mmol) and 3-hexyne (0.68 mL,
6 mmol) in THF (10 mL) was warmed to 55 °C for 3 h. The mix-
ture was cooled to —10 °C and combined with triethylamine
(0.31 mL, 2.25 mmol), (1S5)-(-)-camphanoyl chloride and 4-(di-
methylamino)pyridine (DMAP, 92 mg, 0.75 mmol). Stirring was
continued overnight whilst allowing the Schlenk tube to reach
room temperature. The solvent was removed, and the residue was
purified by column chromatography on silica gel (CH,CI,/PE, 1:1)
to yield the yellow monocamphanate esters (M)-14 and (P)-14
along with DMAP-Cr(CO)s 15 (R; = 0.35) as by-product.

Monocamphanate (M)-14: R; = 0.27 (CH,CI,/PE, 1:1). Yield: 0.25 g
(0.29 mmol, 38 % based on one diastereomer). "H NMR (400 MHz,
CDCls): 6 = 0.23 (t, 3Jyu = 7.5 Hz, 3 H, CH,CHs), 0.74 (s, 3 H,
CHs), 0.84 (s, 3 H, CH3), 1.04 (s, 3 H, CH3), 1.09 (t, *Jyy.s = 7.5 Hz,
3 H, CH,CH3), 1.77 (ddd, *Jyu = 13.1, 3Jyn = 8.9, 3y =
47Hz, 1 H, CH,), 1.80 (dq, 2Jyy = 14.2, 3Jyn = 7.5Hz, 1 H,
CH,CHs), 1.83 (ddd, 2Jy i = 13.1, 3y = 10.1, 3Jyu = 4.9 Hz,
1 H, CH>), 2.05 (ddd, 2Jy 1 = 13.4, 3Jy . = 10.1, 3Jyq = 4.9 Hz,
1 H, CH,), 2.17 (dq, 2Jyp = 14.2, 3Jy .z = 7.5 Hz, 1 H, CH,CH3),
2.56 (dq, 2Jyu = 13.7, 3Jyu = 7.5 Hz, 1 H, CH,CH3;), 2.60 (ddd,
2Jan = 134, 30y = 8.9, 3y = 4.7Hz, 1 H, CH,), 2.85 (dq,
2Jun = 13.7, 3y = 7.5 Hz, 1 H, CH,CH3;), 4.01 (s, 3 H, OCH3;),
6.41 (d, *Jn = 2.0 Hz, 1 H, 14-H), 7.06 (d, 3Jiz.x = 8.7 Hz, 1 H),
7.07 (dd, 3Jyy = 8.7, *Jyu = 2.0 Hz, 1 H, 16-H), 7.10 (d, 3Jy 1y =
8.5 Hz, 1 H), 7.20-7.16 (m, 3 H), 7.34-7.26 (m, 2 H), 7.48-7.42 (m,
3 H), 7.52 (d, 3Juu = 8.5Hz, 1 H), 7.60 (d, 3Juu = 8.7 Hz, 1 H),
7.69-7.66 (m, 2 H), 7.70 (d, *Jyyu = 8.5 Hz, 1 H), 7.89 (d, 3Jyy =
8.7 Hz, 1 H) ppm. '*C NMR (100 MHz, CDCl;): 6 = 9.6 [C(CH3)],
13.7 (CH,CH3), 15.3 (CH,CHs;), 16.6 [2C(CH3)], 20.0 (CH,CH3),
20.6 (CH,CH3), 29.1 (CH»), 31.5 (CH,), 54.8 [C(CH3)], 55.2
[C(CH3)], 63.4 (OCH,3), 90.1 (OCC=0), 117.0, 118.7, 119.9
(ArCH), 123.6 (ArCH), 124.4, 125.6 (ArCH), 126.1, 126.8 (ArCH),
127.1 (ArCH), 127.2 (4XPhCH), 127.6, 127.7 (4XPhCH), 127.9
(ArCH), 128.0, 128.2 (ArCH), 128.3 (ArCH), 128.4 (ArCH), 128.7
(ArCH), 129.0, 129.7 (ArCH), 130.4, 131.3, 133.4, 134.5, 140.8,
141.2, 142.1, 149.8, 150.3, 152.0, 167.2 (OC=0), 178.3 (OC=0)
ppm. MS (FAB): m/z (%) = 862 (100) [M*], 783 (10) [M* — Br],
681 (13) [M* - C;(H,303].

Monocamphanate (P)-14: R; = 0.12 (CH,CI/PE, 1:1). Yield: 0.25 g
(0.29 mmol, 38% based on one diastereomer). 'H NMR (400 MHz,
CDCl3): 6 = 0.26 (t, 3Jyn = 7.5 Hz, 3 H, CH,CHs), 0.69 (s, 3 H,
CHs), 0.74 (s, 3 H, CH3), 1.09 (t, 3Jyq = 7.5 Hz, 3 H, CH,CH,),
1.10 (s, 3 H, CHy3), 1.65 (ddd, 2Jyy 1y = 13.3, Iy = 8.3, 3Jun =
44Hz, 1 H, CH,), 1.71 (dq, 2Jyyu = 13.6, 3Jyu = 74 Hz, 1 H,
CH,CH3), 1.77 (ddd, 2Jy . = 13.3, 3y = 8.3, 3Jun = 44 Hz, 1
H, CH,), 1.97 (ddd, 2Jyu = 13.2, 3Juu = 8.3, 3Juu = 49 Hz, 1
H, CH,), 2.01 (ddd, 2Jyy = 13.2, 3Jpy = 8.3, 3Jun = 49 Hz, 1
H, CH,), 2.16 (dq, 2Jun = 14.3, 3Jyn = 7.3 Hz, 1 H, CH,CHj;),
2.54 (dq, 2y = 13.6, 3Jyu = 7.5Hz, 1 H, CH,CHj;), 2.85 (dq,
2Jum = 13.7, 3y = 74 Hz, 1 H, CH,CH3;), 4.02 (s, 3 H, OCH3),
6.39 (d, *Jyu = 1.8 Hz, 1 H, 14-H), 7.07 (dd, 3Jyyq = 8.7, Yy =
1.8 Hz, 1 H, 16-H), 7.16 (d, 3Jyy = 8.7 Hz, 1 H), 7.17 (d, 3Jyp =
8.2 Hz, 1 H), 7.20-7.14 (m, 3 H), 7.29-7.25 (m, 1 H), 7.33 (d, 3Ju.n
= 8.4Hz 1 H), 7.34 (dd, 3Jypu = 6.9, *Jyu = 1.4 Hz, 1 H), 7.41
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(d, 3y = 8.7Hz, 1 H), 7.47 (d, 3y = 8.7 Hz, 1 H), 7.54-7.50
(m, 2 H), 7.60 (d, 3Jyyy = 8.7 Hz, 1 H), 7.69 (d, /sy = 8.4 Hz, 1
H), 7.87 (d, 3y = 8.7 Hz, 1 H), 7.89-7.84 (m, 2 H) ppm. 1*C
NMR (100 MHz, CDCly): § = 9.7 [C(CH,)], 13.7 (CH,CHs), 15.3
(CH,CHs), 16.7 [C(CH5)], 16.8 [C(CH}3)], 19.9 (CH,CH3), 20.4
(CH,CH3), 29.1 (CH,), 30.7 (CH,), 54.1 [2x C(CH3)], 63.4
(OCH3;), 90.0 (OCC=0), 117.2, 118.7, 119.6 (ArCH), 123.7
(ArCH), 124.6, 125.9 (ArCH), 126.2, 126.9 (ArCH), 127.0 (ArCH),
127.2 (2 PhCH), 127.4, 127.5 (2x PhCH), 127.6 (2 x PhCH), 127.7
(2xPhCH), 127.8 (ArCH), 127.9 (ArCH), 128.0 (ArCH), 128.1
(ArCH), 128.2, 128.5 (ArCH), 129.0, 129.5 (ArCH), 129.5 (ArCH),
130.2, 130.6, 131.2, 132.7, 134.3, 141.1, 141.3, 142.3, 150.6, 150.8,
152.0, 166.7 (OC=0), 178.3 (OC=0) ppm. MS (FAB): m/z (%) =
862 (36) [M*], 783 (3) [M* — Br], 681 (9) [M* — C,oH,;05].

Preparation of Non-Racemic Monoquinone 9 from Monocamphan-
ates 14: KOH powder (0.43 g, 7.6 mmol) was added to a solution
of diastereomerically pure (M)-14 or (P)-14 (0.16 g, 0.19 mmol) in
methanol (20 mL) and the mixture was stirred at room temp. for
1 h. It was then quenched with 5M HCI (2 mL) and diluted with
water (20 mL). Extraction with EtOAc (3 x20 mL) and solvent ex-
change to CH,Cl, (20 mL) resulted in a yellow solution, which was
poured into a mixture of CAN (0.52 g, 0.95 mmol) in water
(20 mL) at 0 °C. After stirring for 1 h in an ice bath the organic
layer was separated, and the aqueous layer was extracted with
CH,Cl, (3x10 mL). The combined organic layers were washed
with brine (3x25 mL) and dried (MgSQOy,). The solvent was
stripped off, and the orange solid was chromatographed (CH,Cl,/
PE, 1:1, R; = 0.52) to give (M)-9 or (P)-9 (0.10 g, 0.16 mmol). The
'H and '3C NMR spectra were identical to those of racemic 9.

General Procedure C. Synthesis of Carbene Complexes 16-19: nBuLi
(1.6 M in hexane, 3.8 mL, 6.05 mmol) was slowly syringed into a
solution of 2.88 mmol of 2,2'-bridged dibromo-1,1'-binaphthyl 2
(1.68 g) or 3 (1.75 g) in THF (50 mL) at —88 °C. Stirring for 90 min
and warming to —78 °C led to a brownish mixture, to which hexa-
carbonyl chromium (1.9 g, 8.64 mmol) was added. After stirring
for 2.5 h the reaction mixture was allowed to reach room temp.,
and was subsequently concentrated in vacuo. The reddish brown
residue was dissolved in CH,Cl, (50 mL) and treated with
Me;O*BF, (0.93 g, 6.34 mmol). After stirring for 2 h at room
temp. the solvent was removed, and the deep-red residue was sub-
jected to column chromatography (1BuOMe/PE, 1:3), with the red
biscarbene complex 16 or 18 eluting first followed by the monocar-
bene complex 17 or 19 as a red by-product.

(R,S)-10,13-[4,4-Di-tert-butyldinaphtho[2,1-d:1',2'-f][1,3,2]-dioxa-
silepindiyl]bis(methoxycarbene)bis|(pentacarbonyl)chromium] (16):
Ry = 0.64. Yield: 1.23 g (1.38 mmol, 48%). IR (petroleum ether):
v(CO) = 2062 (m), 1992 (w), 1961 (vs), 1936 (sh) cm™'. 'H NMR
(300 MHz, CD,Cl,): 0 = 0.99 [s, 18 H, C(CH3)s], 4.58 (s, 6 H,
OCHs;), 7.09 (s, 2 H, 11/12-H), 7.16 (dd, 3Jy.u = 8.5, *Juu =
1.7Hz, 2 H, 9/14-H), 7.52 (d, 3Jyu = 8.9 Hz, 2 H), 7.84 (d, 3Ju.n
= 8.5Hz, 2 H, 8/15-H), 7.90 (d, 3Jyu = 8.9 Hz, 2 H) ppm. 13C
NMR (75 MHz, CD,Cl,): ¢ = 21.3 [SiC(CH3)], 27.4 [SiC(CH,)],
67.5 (OCH;), 118.2, 121.0, 123.1, 124.2, 128.4, 129.9, 131.0, 133.3,
152.3, 153.3, 216.0 (cis-CO), 224.8 (trans-CO), 350.8 (C=Cr) ppm.
MS (FAB): miz (%) = 894 (6) [M™], 838 (4) [M* — 2CQ], 754 (88)
[M* — 5CO], 670 (46) [M* — 8CQ], 642 (70) [M* — 9CO], 614 (78)
[M* — 10CO].

(R,S)-10-[4,4-Di-tert-butyldinaphtho[2,1-d:1',2'-f][1,3,2]-dioxa-
silepinyl](methoxycarbene)(pentacarbonyl)chromium (17): Ry = 0.46.
Yield: 0.63 g (0.95 mmol, 33%). IR (petroleum ether): v(CO) =
2063 (m), 1988 (w), 1956 (vs), 1940 (sh) cm ' — 'H NMR
(300 MHz, CD,Cl,): 6 = 0.98 [s, 9 H, C(CH3)3], 0.99 [s, 9 H,
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C(CH;)3], 440 (s, 3 H, OCHj), 6.82 (s, 1 H, 11-H), 7.00 (d, *Jyy 11
=8.5Hz, 1 H), 7.16 (ddd, 3Jyy 11 = 6.9, *Jyy4y = 8.4, ¥y 1y = 1.6 Hz,
1 H, 13/14-H), 7.25 (dd, 3y = 8.5, “4yy = 1.6 Hz, 1 H), 7.33
(ddd, 3y = 6.9, Wy = 8.2, s = 1.2 Hz, 1 H, 13/14-H), 7.44
(d, ¥y = 8.9Hz, 1 H), 7.50 (d, *Jyqq = 8.9 Hz, 1 H), 7.84 (d,
3Jin = 8.1 Hz, 1 H), 7.90 (d, 3y = 8.9 Hz, 1 H), 7.91 (2d, 3/ 1y
= 8.5 Hz, 2 H) ppm. '*C NMR (75 MHz, CD,Cl,): § = 21.3
[SiC(CHS)], 27.5 [SiC(CH3)], 67.2 (OCH3), 118.7, 119.4, 120.8,
122.3, 122.9, 124.1, 124.2, 126.5, 127.5, 128.3, 128.3, 128.5, 129.6,
130.3, 130.5, 133.3, 133.9, 151.7, 152.3, 153.3, 216.0 (cis-CO), 224.8
(trans-CO), 351.1 (C=Cr) ppm. MS (FAB): m/z (%) = 660 (1) [M*],
520 (100) [M* — 5CO].

(R,S)-10,13-|4,4-Diphenyldinaphtho|2,1-d:1',2'-f][1,3]-dioxepindiyl]-
bis(methoxycarbene)bis|[(pentacarbonyl)chromium] (18): R; = 0.48.
Yield: 1.29 g (1.41 mmol, 49%). IR (petroleum ether): v(CO) =
2063 (m), 1992 (w), 1961 (vs), 1936 (sh) cm™!. "TH NMR (400 MHz,
CD,Cl,): 6 = 4.66 (s, OCH3, 6 H), 7.03 (d, 3Jyn = 8.7 Hz, 2 H),
7.35-7.28 (m, 8 H), 7.60-7.50 (m, 6 H), 7.71 (d, 3Jy iy = 8.7 Hz, 2
H), 7.86 (d, 3Jy.u = 8.5 Hz, 2 H) ppm. '*C NMR (100 MHz,
CD,Cly): 0 = 67.7 (OCH3), 117.7, 119.9, 122.5, 124.8 (ArCH),
127.2 (PhCH), 127.2, 127.5, 128.0 (PhCH), 128.6 (3ArCH), 128.6,
129.1, 131.5, 132.2, 141.1, 151.2, 152.2, 216.1 (c¢is-CO), 224.6
(trans-CO), 350.4 (C=Cr) ppm. MS (FAB): m/z (%) = 919 (8) [M™],
779 (46) [M* — 5CQ], 695 (34) [M* - 8CO], 667 (100) [M* - 9CO],
639 (54) [M* - 10CO].

(R,S)-10-[4,4-Diphenyldinaphtho|2,1-d:1',2’-f][1,3]-dioxepinyl](meth-
oxycarbene)(pentacarbonyl)chromium (19): R; = 0.32. Yield: 0.59 g
(0.86 mmol, 30%). IR (petroleum ether): v(CO) = 2063 (m), 1988
(W), 1954 (vs), 1942 (sh) cm'. '"H NMR (300 MHz, CD,Cl,): 6 =
4.49 (s, OCHs, 3 H), 6.94 (d, 3Jy = 8.7Hz, 1 H), 7.02 (d, 3Jy.n
= 89Hz, 1 H), 7.34-7.24 (m, 8 H), 7.36 (ddd, 3Jypu = 7.1, 3Jun
=8.2,%Jyn = 1.2Hz, 1 H, 13/14-H), 7.45 (ddd, 3Jyu = 6.8, *Jun
=8.2, %y = 1.4Hz, 1 H, 13/14-H), 7.61-7.52 (m, 5 H), 7.71 (d,
3Jun = 8.7Hz, 1 H), 7.72 (d, 3Ju = 8.6 Hz, 1 H), 7.86 (d, 3Jun
= 7.5Hz, 1 H), 791 (d, 3Jyu = 8.5Hz, 1 H) ppm. *C NMR
(100 MHz, CD,Cl,): 0 = 67.4 (OCH53), 117.6, 120.0, 120.4, 123.0
(ArCH), 1249 (ArCH), 125.3 (ArCH), 125.8, 126.6 (2xArCH),
127.2 2% PhCH), 127.3 (ArCH), 128.0 (2x PhCH), 128.0 (ArCH),
128.5 (3ArCH), 128.7(ArCH), 129.0 (ArCH), 129.5 (ArCH), 131.3,
131.9, 132.2, 141.2 (X2), 150.4, 151.3, 216.1 (cis-CO), 224.7 (trans-
CO), 350.8 (C=Cr) ppm. MS (FAB): m/z (%) = 684 (5) [M*], 600
(10) [M™ - 3CQ], 572 (8) [M* — 4CQ], 544 (65) [M* — 5CO], 529
(19) [M* - 5CO — CH3j.

(R,S)-4,4-Di-tert-butyl-11,12-diethylnaphtho|1,2-f|]phenanthro|2,1-
d|[1,3,2]-dioxasilepin-10,13-dione (20): Procedure B. Benzannul-
ation of carbene complex 17 (0.66 g) with 3-hexyne (0.45 mL). Ry =
0.85 (tBuOMe/PE, 1:2). Yield: 0.30 g (0.54 mmol, 54%). '"H NMR
(400 MHz, CDCl): 6 = 0.55 (t, 3Jip = 7.6 Hz, 3 H, CH3), 0.86 (t,
3Jun = 7.5Hz, 3 H, CH3), 1.05 [s, 9 H, C(CH3);], 1.10 [s, 9 H,
C(CH,)3], 1.38 (dq, 2/ = 12.9, 3Jyyn = 7.5 Hz, 2 H, CH,), 1.76
(dq, 2Jgp = 129, 3Jyn = 7.6 Hz, 1 H, CH,), 2.12 (dq, *Jyy =
12.9, 3Jyu = 7.6 Hz, 1 H, CH,), 2.42 (dq, 2Jyu = 12.9, 3Jyu =
7.5Hz, 1 H, CH,), 6.29 (d, 3Ji 1 = 8.6 Hz, 1 H), 6.84 (ddd, 3Jy i
= 6.9, 3Jun = 8.6, Jyu = 1.4 Hz, 1 H), 7.12 (ddd, 3Jyu = 6.9,
3an = 8.1, 4y = 1.2Hz, 1 H), 749 (d, 3Jyn = 9.1 Hz, 1 H),
7.51 (d, 3Jgu = 9.1 Hz, 1 H), 7.66 (d, 3Jgu = 8.1 Hz, 1 H), 7.75
(d, 3Jun = 8.7Hz, 1 H), 7.89 (d, 3Jyu = 8.7Hz, 1 H), 7.99 (d,
3Jun = 8.4 Hz, 1 H), 8.01 (d, 3Jy.1r = 8.4 Hz, 1 H) ppm. 3C NMR
(100 MHz, CDCl;): 6 = 13.6 (2CH,CH3), 19.1 (CH,CH3), 19.8
(CH,CH3), 21.4 [SiC(CH3y)], 21.6 [SiC(CH3)], 27.7 [SiC(CH3)], 27.8
[SiC(CH3)], 120.1 (ArCH), 122.0, 122.7 (ArCH), 123.4 (ArCH),
123.7, 124.8 (ArCH), 125.4 (ArCH), 126.6 (ArCH), 128.0 (ArCH),
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129.3 (ArCH), 130.0 (ArCH), 131.0, 131.1, 131.4, 132.0, 132.4
(ArCH), 132.7, 136.0, 143.8, 148.5, 151.8, 155.1, 185.1 (C=0),
185.9 (C=0) ppm. MS (70 eV, EI): m/z (%) = 562 (100) [M*], 506
(17) [M* — C4Hg]. HR-MS (C3¢H330,Si): caled. 562.2539; found
562.2537.

(R,S)-4,4-Di-tert-butyl-12-phenylnaphtho[1,2-f]phenanthro-
[2,1-d][1,3,2]-dioxasilepin-10,13-dione (21): Procedure B. Benzan-
nulation of carbene complex 17 (0.66 g) with phenylacetylene
(0.44 mL), product 1. R; = 0.57 (CH,Cl,). Yield: 0.14 g (0.24 mmol,
24%). '"H NMR (300 MHz, CDCls): 6 = 1.04 [s, 9 H, C(CH3)s],
1.07 [s, 9 H, C(CH3);], 6.35 (d, 3Jyzu = 8.7Hz, 1 H), 6.53 (s, 1 H,
11-H), 6.68 (dd, 3Juu = 8.4, “Juu = 1.0 Hz, 1 H), 6.69 (dd, 3Jy u
= 8.3, “Jun = 2.1 Hz, 1 H), 6.88 (ddd, Jyy = 6.9, 3Jyu = 8.7,
Unm = 1.5Hz, 1 H), 7.04 (ddd, 3Jy g = 6.9, 3y = 8.1, Vg =
1.2 Hz, 1 H), 7.24-7.17 (m, 2 H), 7.32 (dddd, *Jy 5 = 6.8, *Jyp =
8.1, *Jyu = 1.2 Hz, 1 H), 7.43 (d, 3Jyu = 8.7 Hz, 1 H), 7.47-7.37
(m, 1 H), 7.54 (d, 3Jyu = 8.7Hz, 1 H), 7.58 (d, 3Juu = 8.9 Hz, 1
H), 7.94 (d, 3Jyu = 89 Hz, 1 H), 8.04 (d, *Juu = 8.5Hz, 1 H),
8.10 (d, 3Jy = 8.5Hz, 1 H) ppm. '*C NMR (75 MHz, CDCl;): 6
= 21.4 [SiC(CH3)], 21.7 [SiC(CH3)], 27.7 [SIC(CH3)], 27.8
[SiC(CH3)], 119.8 (ArCH), 122.2, 122.8 (ArCH), 123.6 (ArCH),
125.2 (ArCH), 125.8 (ArCH), 126.1, 126.3 (ArCH), 127.7 (ArCH),
128.3 (ArCH), 128.8 (ArCH), 129.6 (ArCH), 129.8 (ArCH), 130.2
(ArCH), 130.8, 131.1, 131.8, 132.1, 132.7, 133.1, 133.1 (ArCH),
136.2, 149.5, 151.8, 155.5, 162.3, 185.1 (C=0), 185.2 (C=0) ppm.
MS (70 eV, EX): m/z (%) = 582 (100) [M*], 526 (11) [M* — C4Hg],
483 (14) [M* — C4Hg — C3H4]. HR-MS (C33H3404S1): caled.
582.2226; found 582.2231.

(R,S)-4,4-Di-tert-butyl-10-phenylanthra|2,1-dlnaphtho[1,2-/][1,3,2]-
dioxasilepin-9,12-dione (22): Procedure B. Benzannulation of car-
bene complex 17 (0.66 g) with phenylacetylene (0.44 mL), product
2. Ry = 0.32 (CH,Cl,). Yield: 0.13 g (0.22 mmol, 22%). '"H NMR
(400 MHz, CDCl3): 6 = 0.97 [s, 9 H, C(CH3)3], 0.98 [s, 9 H,
C(CHs);], 6.88 (d, *Jyu = 8.5Hz, 1 H), 6.96 (s, 1 H), 7.09 (ddd,
3an = 6.9, 3Jyn = 8.5, #yu = 1.4 Hz, 1 H), 7.31 (ddd, 3Jy i =
6.9, 3 = 8.0, “Jyy = 1.1 Hz, 1 H), 7.42 (d, 3Jy = 8.8 Hz, 1
H), 7.47-7.42 (m, 3 H), 7.59-7.52 (m, 2 H), 7.59 (d, 3/ u = 8.8 Hz,
1 H), 7.80 (s, 1 H), 7.86 (d, 3Jyix = 8.0 Hz, 1 H), 7.93 (d, 3Jyypp =
8.8 Hz, 1 H), 8.10 (d, *Jyyu = 8.8 Hz, 1 H), 8.71 (s, 1 H) ppm. 13C
NMR (100 MHz, CDCls): ¢ = 21.3 [SiC(CH3)], 21.4 [SiC(CH;)],
27.6 (2SiC(CH3)], 118.7, 122.2 (ArCH), 123.2, 124.2 (ArCH), 125.9
(ArCH), 126.1 (ArCH), 126.3 (ArCH), 127.3 (ArCH), 127.4, 128 4,
128.4 (PhCH), 128.5 (ArCH), 129.4 (PhCH), 129.4, 129.7 (ArCH),
129.9 (ArCH), 130.2, 130.8 (ArCH), 131.6, 131.7 (ArCH), 133.9,
136.2, 136.8 (ArCH), 149.1, 152.2, 155.3, 183.9 (C=0), 184.5
(C=0) ppm. MS (70 eV, EI): m/z (%) = 582 (100) [M*], 526 (16)
[M* — C4Hg], 483 (56) [M* — C4Hg — C3H;]. HR-MS (C33H340,4Si):
caled. 582.2226; found 582.2234.

(R,S)-11,12-Diethyl-4,4-diphenylnaphtho[1,2-f]phenanthro|2,1-d]-
[1,3]dioxepin-10,13-dione (23): Procedure B. Benzannulation of car-
bene complex 19 (0.68 g) with 3-hexyne (0.45 mL). Ry = 0.33
(CH,CI,/PE, 1:1). Yield: 0.30 g (0.51 mmol, 51%). 'H NMR
(400 MHz, CDCl,): 6 = 0.23 (t, 3Jyy = 7.5Hz, 3 H, CH,CH;),
0.89 (t, 3Juyu = 7.5Hz, 3 H, CH,CH;), 1.22 (dq, *Juyu = 13.0,
3Jun = 7.5Hz, 1 H, CH,CH3), 1.73 (dq, 2Jyu = 12.9, 3Jyn =
7.5Hz, 1 H, CH,CHs), 2.17 (dq, 2Jyu = 13.0, 3Jyu = 7.5Hz, 1
H, CH,CH;), 2.41 (dq, *Jy.u = 12.9, 3Jy.u = 7.5 Hz, 1 H,
CH,CH,), 6.86 (d, 3Jyu = 8.6 Hz, 1 H), 6.90 (d, 3Ji 5y = 8.7 Hz,
1 H), 6.95 (ddd, 3Jy 1 = 6.9, 3Jyu = 8.6, *Jyu = 1.4 Hz, 1 H),
6.96 (d, 3Jy i = 8.6 Hz, 1 H), 7.16 (ddd, 3Jyy 1 = 6.9, 3y = 8.1,
4Jun = 1.1 Hz, 1 H), 7.25-7.17 (m, 6 H), 7.50 (d, *Jyu = 8.7 Hz,
1 H), 7.55-7.48 (m, 2 H), 7.61 (d, 3Jyu = 8.7 Hz, 1 H), 7.67-7.59
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(m, 3 H), 7.93 (d, 3Ju = 8.6 Hz, 1 H), 8.03 (d, 3Jyzy = 8.6 Hz, 1
H) ppm. 13C NMR (100 MHz, CDCl): § = 12.9 (CH,CH3), 13.5
(CH,CH;), 19.2 (CH,CH3), 19.7 (CH,CH3), 116.3 (C4), 120.9
(ArCH), 123.3 (ArCH), 124.4 (ArCH), 125.0 (ArCH), 125.9
(ArCH), 126.0 (ArCH), 127.3 (2xPhCH), 127.5 (2xPhCH), 127.7
(2xPhCH), 127.8 (2xPhCH), 128.1, 128.3 (2x ArCH), 128.4
(ArCH), 128.8 (ArCH), 129.6 (ArCH), 129.7, 130.4, 131.8, 131.9,
133.1 (ArCH), 134.1, 134.1, 135.3, 140.9, 141.2, 143.6, 148.9, 149.2,
152.5, 185.2 (C=0), 186.1 (C=0) ppm. MS (70 eV, EI): m/z (%) =
586 (100) [M*], 404 (60) [M* — OC(C4Hs),]. HR-MS (C4;H300,):
calcd. 586.2144; found 586.2152.

(R,S)-4,4-Diphenyl-11,12-dipropylnaphtho[1,2-f]phenanthro-|2,1-d]-
[1,3]dioxepin-10,13-dione (24): Procedure B. Benzannulation of car-
bene complex 19 (0.68 g) with 4-octyne (0.59 mL), product 1. Ry =
0.55 (CH,CI/PE, 1:1). Yield: 0.19 g (0.31 mmol, 31%). '"H NMR
(300 MHz, CDCl;): 6 = 0.41-0.25 (m, 1 H, CH,CH,CHs), 0.57 (t,
3Jun = 74 Hz, 3 H, CH,CH,CHj3), 0.87 (t, 3Jyy = 7.4 Hz, 3 H,
CH,CH,CHs;), 1.45-1.20 (m, 4 H, CH,CH,CH3;), 1.90-1.76 (m, 1
H, CH,CH,CHs), 2.19 (ddd, 2Jyu = 12.7, 3Juu = 8.3, 3Juy =
7.2 Hz, 1 H, CH,CH,CHs), 2.47 (ddd, 2Jy 1y = 12.7, 3Jy = 8.5,
3Junu = 6.8 Hz, 1 H, CH,CH,CH3), 6.91 (dd, 3Jyyu = 8.7, *Jyu =
0.8 Hz, 1 H), 6.96 (d, 3Jy iy = 8.7 Hz, 1 H), 7.02 (ddd, 3Jyy iy = 6.7,
3ana = 84, 4Jyn = 1.7Hz, 1 H), 7.03 (d, 3Jgu = 8.7 Hz, 1 H),
7.23 (ddd, 3Jyy = 6.8, 3Juu = 8.1, Uy = 1.3Hz, 1 H), 7.37-
7.24 (m, 6 H), 7.63-7.55 (m, 3 H), 7.70 (d, 3Jy . = 8.5 Hz, 1 H),
7.72 (d, 3Juu = 8.7 Hz, 1 H), 7.76-7.66 (m, 2 H), 8.02 (d, 3Jyyu =
8.5Hz, 1 H), 8.10 (d, 3Jy.u = 8.5Hz, 1 H) ppm. 13C NMR
(100 MHz, CDCl3): 6 = 14.2 (CH,CH,CH3;), 14.3 (CH,CH,CH3),
21.7 (CH,CH,CH3), 22.4 (CH,CH,CHs;), 28.0 (CH,CH,CH,;),
28.7 (CH,CH,CHs;), 116.3 (C4), 121.0 (ArCH), 123.3 (ArCH),
124.5 (ArCH), 125.0 (ArCH), 125.9 (ArCH), 126.0 (ArCH), 127.3
(2xPhCH), 127.5 (2xPhCH), 127.8 (4xPhCH), 128.2, 128.2
(ArCH), 128.3 (2xArCH), 128.4, 128.7 (ArCH), 129.6 (ArCH),
129.8, 130.4, 131.9, 132.0, 133.1 (ArCH), 134.2, 135.3, 140.9, 141.2,
142.5, 148.6, 148.9, 152.5, 185.3 (C=0), 186.0 (C=0) ppm. MS
(70 eV, EX): m/z (%) = 614 (100) [M*], 432 (82) [M* — OC(C¢Hs),].
HR-MS (Cy3H340,): calcd. 614.2457; found 614.2456.

(R,S)-1-Nitro-4,4-diphenyl-11,12-dipropylnaphtho[1,2-f|phenanthro-
[2,1-d][1,3]-dioxepin-10,13-dione (25): Procedure B. Benzannulation
of carbene complex 19 (0.68 g) with 4-octyne (0.59 mL), product
2. Ry = 0.45 (CH,CIL,/PE, 1:1). Yield: 60 mg (90 umol, 9%). 'H
NMR (300 MHz, CDCl;): 6 = 0.40-0.25 (m, 1 H, CH,CH,CH,),
0.61 (t, 3Juu = 7.9 Hz, 3 H, CH,CH,CH3), 0.86 (t, *Jyu = 7.3 Hz,
3 H, CH,CH,CHs;), 1.43-1.21 (m, 4 H, CH,CH,CH3), 1.90 (ddd,
2Jan = 129,34 = 7.7, 3Juu = 7.2 Hz, 1 H, CH,CH,CH3), 2.23
(ddd, 2Ty = 12.9, 3y = 7.8, 3Jyu = 7.8 Hz, 1 H, CH,CH,CH3;),
2.46 (ddd, 2Jyu = 12.8,3Jyn = 6.9, 3Jyn = 8.2 Hz, 1 H,
CH,CH,CH3), 7.01 (d, 3Jy u = 8.3 Hz, 1 H), 7.03 (d, 3Ju.u =
8.7Hz, 1 H), 7.05 (d, 3Jy.u = 8.7 Hz, 1 H), 7.14 (ddd, 3Jyy 51 = 7.0,
3an = 8.5, “Jyn = 1.2Hz, 1 H), 7.38-7.32 (m, 3 H), 7.31-7.25
(m, 3 H), 7.46 (ddd, 3Jyy 1y = 7.1, 3Jyy = 8.6, *Jyy = 1.4 Hz, 1 H),
7.60-7.54 (m, 2 H), 7.68-7.62 (m, 2 H), 7.72 (s, 1 H, 6-H), 7.78 (d,
3Jun = 8.7Hz, 1 H), 8.06 (d, 3/ = 8.5Hz, 1 H), 8.14 (d, 3Jyn
= 8.5Hz, 1 H), 8.46 (d, 3Jyn = 8.7Hz, 1 H) ppm. 3C NMR
(75 MHz, CDCl,): 6 = 14.1 (CH,CH,CH3), 14.3 (CH,CH,CHs),
22.0 (CH,CH,CH3), 22.4 (CH,CH,CH3;), 28.1 (CH,CH,CH3;),
28.9 (CH,CH,CHs;), 116.9 (4-C), 121.5 (ArCH), 121.6 (ArCH),
123.6, 123.9 (ArCH), 125.8 (2x ArCH), 126.5, 127.0 (2xPhCH),
127.1 (ArCH), 127.4 (2xPhCH), 127.7 (ArCH), 128.0 (2 X PhCH),
128.2 (2xPhCH), 128.3, 128.7 (ArCH), 129.0 (ArCH), 131.0, 131.0
(ArCH), 132.5, 133.6 (ArCH), 134.0, 134.2, 137.4, 140.0, 140.1,
143.2, 145.4, 146.8, 148.3, 152.9, 185.0 (C=0), 186.2 (C=0) ppm.
MS (70 eV, EI): m/z (%) = 659 (100) [M™*], 477 (41) [M* -
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OC(C4Hs)s]. HR-MS (C43H33NOy): caled. 659.2308; found
659.2311.

(R,S)-12-tert-Butyl-4,4-diphenylnaphtho[1,2-f]phenanthro[2,1-d]-
[1,3]dioxepin-10,13-dione (26): Procedure B. Benzannulation of car-
bene complex 19 (0.68 g) with 3,3-dimethyl-1-butyne (0.47 mL). R
=0.71 (tBuOMe/PE, 1:2). Yield: 0.28 g (0.47 mmol, 47%). 'H
NMR (400 MHz, CDCl5): 6 = 0.54 [s, 9 H, C(CH3)s3], 6.45 (s, 1 H,
11-H), 6.86 (d, 3Jyyz = 8.0 Hz, 1 H), 6.88 (d, *Jyy s = 8.7 Hz, 1 H),
7.00 (d, 3Jy = 8.6 Hz, 1 H), 7.05 (ddd, 3Jy . = 7.0, 3y = 8.6,
“Jun = 1.4Hz, 1 H), 7.23 (ddd, 3Ty = 7.0, 3Jgpn = 8.1, 4ypu =
1.1 Hz, 1 H), 7.35-7.23 (m, 6 H), 7.50 (d, 3Jyu = 8.7 Hz, 1 H),
7.60-7.55 (m, 2 H), 7.69 (d, *Jy.p = 8.7 Hz, 1 H), 7.72-7.64 (m, 3
H), 8.03 (d, 3Jyn = 8.5Hz, 1 H), 8.07 (d, 3Jyu = 8.5Hz, 1 H)
ppm. 3C NMR (100 MHz, CDCl3): 6 = 28.9 [C(CH3)], 35.1
[C(CH3)], 116.2 (4-C), 120.5 (ArCH), 123.2 (ArCH), 124.4 (ArCH),
125.0 (ArCH), 126.0 (ArCH), 126.0, 127.4 (2XPhCH), 127.6
(2xPhCH), 127.7 (2xPhCH), 127.8 (2xPhCH), 128.4 (3ArCH),
128.5, 128.9 (ArCH), 129.0, 129.7, 129.7 (ArCH), 130.1, 130.3
(ArCH), 131.5, 132.5, 133.4 (ArCH), 134.6, 136.2, 140.7, 141.1,
149.0 (2a/5a-C), 152.5 (2a/5a-C), 160.3 (11-C), 184.8 (C=0), 186.1
(C=0) ppm. MS (70 eV, EI): m/z (%) = 586 (100) [M™*], 404 (42)
[M* — OC(C4Hs),]. HR-MS (C4;H300y4): caled. 586.2144; found
586.2146.

(R,S)-4,4-Diphenyl-12-propylnaphtho|1,2-f]phenanthro|2,1-4][1,3]di-
oxepin-10,13-dione (27): Procedure B. Benzannulation of carbene
complex 19 (0.68 g) with 1-pentyne (0.39 mL). R; = 0.41 (CH,Cl,/
PE, 1:1). Yield: 0.22 g (0.39 mmol, 39%). '"H NMR (400 MHz,
CDCls): 6 = 0.55 (t, 3Jy.u = 7.3 Hz, 3 H, CH,CH,CHj3), 0.86-0.68
(m, 2 H, CH,CH,CHy), 1.05 (dddd, 2Jy 5 = 16.5, 3Jyy = 8.3,
3an = 6.6, *Jyu = 1.6 Hz, 1 H, CH,CH,CH3), 1.53 (dddd, 2/ i
=16.5,3Jyu=28.6,3Jynu=6.8,*Jgy=16Hz, 1 H,
CH,CH,CHy), 6.19 (t, “/Juu = 1.6 Hz, 2 H, 11-H), 6.87 (d, 3Jun
=8.5Hz, 1 H), 6.90 (d, 3Jy 1 = 8.7Hz, 1 H), 6.99 (ddd, 3Jy 1y =
6.9, 3Jupn = 84, *Jyu = 1.3Hz, 1 H), 6.99 (d, 3Juu = 8.7Hz, 1
H), 7.26-7.15 (m, 7 H), 7.52 (d, 3Jyy = 8.0 Hz, 1 H), 7.55-7.48
(m, 2 H), 7.63 (d, 3Jyn = 8.7Hz, 1 H), 7.64-7.58 (m, 2 H), 7.67
(d, 3Jun = 89Hz, 1 H), 7.96 (d, 3Jyu = 8.7 Hz, 1 H), 8.00 (d,
3Jyn = 8.5 Hz, 1 H) ppm. '3C NMR (100 MHz, CDCl;): 6 = 13.4
(CH,CH,CH3), 19.5 (CH,CH,CH3), 30.1 (CH,CH,CHs), 116.3
(C4), 120.7 (ArCH), 123.4 (ArCH), 124.6 (ArCH), 125.0 (ArCH),
126.1 (ArCH), 126.2 (ArCH), 127.3 (2xPhCH), 127.4 (2x PhCH),
127.8 (4xPhCH), 128.0, 128.3 (ArCH), 128.4 (ArCH), 128.4, 128.5
(ArCH), 128.7 (ArCH), 129.5, 129.7 (ArCH), 130.4, 131.8 (X2),
133.4 (ArCH), 134.3, 135.6, 140.8, 141.1, 149.1, 152.7, 154.5, 185.2
(C=0), 186.2 (C=0) ppm. MS (70 eV, EI): m/z (%) = 572 (72) [M*],
390 (75) [M™* — OC(C¢Hs),]. HR-MS (C4oH250,): caled. 572.1988;
found 572.1995.

(R,S)-4,4,12-Triphenylnaphtho[1,2-f]phenanthro|2,1-d][1,3]dioxepin-
10,13-dione (28): Procedure B. Benzannulation of carbene complex
19 (0.68 g) with phenylacetylene (0.44 mL), product 1. Ry = 0.56
(CH,Cl,). Yield: 0.11 g (0.18 mmol, 18%). '"H NMR (400 MHz,
CDCly): 6 = 6.40 (dd, 3Jyyp = 8.4, *Jyy = 1.2 Hz, 2 H), 6.70 (s, 1
H, 11-H), 6.96 (d, 3Jizx = 8.7 Hz, 1 H), 7.10 (d, 3J 11 = 8.5 Hz, 1
H), 7.05 (ddd, 3Jy g = 6.7, 3y = 8.4, *Jyu = 1.5 Hz, 1 H), 7.07
(d, 3Jum = 8.6 Hz, 1 H), 7.13-7.05 (m, 2 H), 7.12 (ddd, 3Jy =
6.7, 3Jn = 8.1, #Jgpy = 1.5Hz, 1 H), 7.28-7.22 (m, 4 H), 7.32-
7.28 (m, 3 H), 7.57 (d, *Jyu = 8.1 Hz, 1 H), 7.60-7.54 (m, 3 H),
7.69-7.64 (m, 2 H), 7.75 (d, 3J = 8.6 Hz, 1 H), 8.10 (d, 3Jpp =
8.5Hz, 1 H), 8.14 (d, *Jy.u = 8.5 Hz, 1 H) ppm. 3C NMR
(100 MHz, CDCl,): 6 = 116.4 (4-C), 120.7 (ArCH), 123.7 (ArCH),
124.9, 124.9 (ArCH), 126.2 (ArCH), 127.3 (2xPhCH), 127.5
(2xPhCH), 127.7 (2xPhCH), 127.8 (4 xPhCH), 128.2, 128.3
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(ArCH), 128.4 (2x ArCH), 128.6 (ArCH), 128.6 (2x PhCH), 128.8,
129.5, 129.5 (ArCH), 129.8 (ArCH), 129.9 (ArCH), 130.0, 131.9,
132.2, 132.3, 133.7 (ArCH), 134.5, 135.9, 140.8, 141.1, 149.2, 150.0,
152.8, 185.2 (C=0), 185.5 (C=0) ppm. MS (70 eV, El): m/z (%) =
606 (100) [M*], 424 (57) [M™ — OC(C¢Hs),]. HR-MS (C43H,604):
calcd. 606.1831; found 606.1830.

(R,S)-4,4,10-Triphenylanthra|2,1-d|naphtho|[1,2-f][1,3]-dioxepin-
9,12-dione (29): Procedure B. Benzannulation of carbene complex
19 (0.68 g) with phenylacetylene (0.44 mL), product 2. Ry = 0.32
(CH,Cl). Yield: 91 mg (0.15 mmol, 15%). '"H NMR (400 MHz,
CDCly): 6 = 6.86 (d, 3Jy i = 8.6 Hz, 1 H), 7.04 (d, 3Jyy.pp = 8.7 Hz,
1 H), 7.05 (s, 1 H), 7.31-7.24 (m, 6 H), 7.42 (d, 3Jyy = 8.2 Hz, 1
H), 7.42 (ddd, *Jy i = 6.9, Iy = 8.2, #Jn = 1.2 Hz, 1 H), 7.53~
7.45 (m, 8 H), 7.61-7.56 (m, 2 H), 7.72 (d, 3Jyu = 8.7Hz, 1 H),
7.87 (dd, 3Jy 1 = 8.8, #Jyyn = 1.3 Hz, 1 H), 7.90 (d, 3Jy1. 11 = 8.6 Hz,
1 H), 8.71 (s, 1 H), 8.34 (s, 1 H) ppm. '*C NMR (100 MHz,
CDCl5): 6 = 118.0 (C4-C), 122.9, 125.3, 125.7, 126.4, 126.9, 127.3
(2XPhCH), 127.4, 127.4 (2xPhCH), 127.7, 127.8 (4 x PhCH),
128.1, 128.3, 128.4 (2xPhCH), 128.5, 128.6, 128.7, 128.9, 129.4
(2xPhCH), 130.0 (x2), 130.1, 131.2, 131.8, 132.0, 133.1, 133.7,
134.1, 136.9, 140.5, 140.6, 149.3, 150.4, 153.3, 183.9 (C=0), 184.5
(C=0) ppm. MS (70 eV, EI): m/z (%) = 606 (61) [M™*], 424 (100)
[M* — OC(C4Hs),]. HR-MS (C43H»0,): caled. 606.1831; found
606.1843.

General Procedure D. Bidirectional Benzannulation of Biscarbene
Complexes 16 and 18 With Oxidative Work-up to Give Helical Bis-
quinones 30-36: A Schlenk tube fitted with a condenser jacket and
containing 1 mmol of biscarbene complex 16 (0.89g) or 18 (0.92 g)
and 8 mmol of alkyne dissolved in CH,Cl, (15 mL) was warmed in
an oil bath at 55°C for 4 h. The reaction mixture was cooled to
0°C, and a solution of CAN (7.67 g, 14 mmol) in water (40 mL)
was added. Stirring was continued for 2 h at this temperature, the
organic layer was separated and the aqueous layer was extracted
with CH,Cl, (3x 15 mL). The combined organic layers were
washed with brine (3 x 50 mL) and dried (MgSO,). Filtration, evap-
oration of the solvent and column chromatography afforded the
respective helical bisquinone as a red solid.

(R,S)-4,4-Di-tert-butyl-11,12,15,16-tetraethyldiphenanthro-|[3,4-
d:4',3'-1][1,3,2]-dioxasilepin-10,13,14,17-tetraone (30): Benzan-
nulation of carbene complex 16 (0.89 g) with 3-hexyne (0.90 mL).
Ry = 0.51 (CH,CL/PE, 2:1). Yield: 0.27 g (0.39 mmol, 39%). 'H
NMR (300 MHz, CDCly): 6 = 0.75 (t, 3Juu = 7.5 Hz, 6 H, CH3),
0.89 (t, 3Jyu = 7.5Hz, 6 H, CH3), 1.15 [s, 18 H, C(CH3)3], 1.31
(dq, 2Jgu = 12.7, 3Jynu = 7.5Hz, 2 H, CH,), 1.66 (dq, *Jyy =
12.7, 3Jyn = 7.5Hz, 2 H, CH,), 1.99 (dq, 2Jyn = 12.7, 3Jyn =
7.5Hz, 2 H, CH»), 2.49 (dq, 2Jyu = 12.7, 3Jun = 7.5Hz, 2 H,
CH,), 7.61 (d, *Jyu = 8.7 Hz, 2 H), 7.78 (d, 3Jy = 8.4 Hz, 2 H),
7.81 (d, 3Jy . = 8.7Hz, 2 H), 7.82 (d, 3Jyy = 8.4 Hz, 2 H) ppm.
13C NMR (75 MHz, CDCly): 6 = 13.5 (CH,CH,3), 14.4 (CH,CH,),
19.1 (CH,CH3), 20.6 (CH,CHs), 21.7 [SiC(CH5)], 27.8 [SiC(CH3)],
119.7 (ArCH), 125.5 (ArCH), 125.6, 129.0, 129.7 (ArCH), 131.5,
132.1 (ArCH), 133.7, 136.0, 144.8, 147.1, 155.3 (2a/5a-C), 184.0
(C=0), 185.1 (C=0) ppm. MS (70 eV, EI): m/z (%) = 698 (100)
[M™*]. HR-MS (C44H4604S1): caled. 698.3064; found 698.3037.

(R,S)-4,4,12,17-Tetra-tert-butylanthra|2,1-f]phenanthro|4,3-d]|-
[1,3,2]-dioxasilepin-10,13,15,18-tetraone (31): Benzannulation of
carbene complex 16 (0.89 g) with 3,3-dimethyl-1-butyne (0.97 mL).
R; = 0.66 (tBuOMe/PE, 1:3). Yield: 0.22 g (0.31 mmol, 31%). 'H
NMR (400 MHz, CDCl3): 6 = 0.69 [s, 9 H, C(CHs3)3], 1.04 [s, 9 H,
C(CH3)3], 1.11 [s, 9 H, C(CHs3)3], 1.31 [s, 9 H, C(CH3)3], 6.32 (s, 1
H), 6.64 (s, 1 H), 6.93 (s, 1 H), 7.50 (d, 3Jy;.x = 8.8 Hz, 1 H), 7.60
(d, 3Jun = 8.8Hz, 1 H), 7.88 (d, 3Jyu = 8.8 Hz, 1 H), 7.98 (d,
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3Jin = 8.8 Hz, 1 H), 8.03 (d, 3.y = 8.3 Hz, 1 H), 8.15 (d, 3y
=83 Hz | H), 8.39 (s, | H) ppm. '*C NMR (100 MHz, CDCL):
§=21.4[SiC(CH;)], 21.7 [SiC(CH3)], 27.6 [C(CH})], 27.9 [C(CHS)],
29.2 [C(CH5)], 29.3 [C(CH5)], 35.2 [C(CH5)], 35.7 [C(CHS)], 120.3
(ArCH), 121.2, 124.7 (ArCH), 126.1 (ArCH), 126.3 (ArCH), 126.7,
127.7 (2x), 129.2 (ArCH), 130.4 (ArCH), 131.2 (ArCH), 131.7
(ArCH), 132.1, 132.5, 132.6, 132.9, 133.3, 133.7 (ArCH), 134.5,
135.3 (ArCH), 154.5 (2a/5a-C), 155.4 (2a/5a-C), 159.1 (C-/Bu),
159.2 (C-1Bu), 184.4 (2 C=0), 184.7 (C=0), 186.0 (C=0) ppm. MS
(70 eV, EI): m/z (%) = 698 (100) [M*]. HR-MS (C44H,¢06Si): caled.
698.3064; found 698.3058.

(R,S)-4,4-Di-tert-butyl-12,17-dipropylanthra|2,1-f]phenanthro-
[4,3-d][1,3,2]dioxasilepin-10,13,15,18-tetraone (32): Benzannulation
of carbene complex 16 (0.89 g) with 1-pentyne (0.79 mL). Ry = 0.73
(tBuOMe/PE, 1:2). Yield: 0.17 g (0.26 mmol, 26%). '"H NMR
(300 MHz, CDCls): 6 = 0.63 (t, *Jyy.s = 7.3 Hz, 3 H, CH,CH,CH3),
0.96 (t, 3Jy.u = 7.4 Hz, 3 H, CH,CH,CHs), 1.04 [s, C(CH3)3, 9 H),
1.10 [s, C(CH3)3, 9 H), 1.38 (dddd, 2/ = 16.2, 3Jy i = 8.1, 3y
= 6.7, *Juu = 1.4 Hz, 1 H, CH,CH,CH,), 1.52 (t, 3Juu = 7.3 Hz,
2 H, CH,CH,CH3), 1.56 (tq, *Jy.u = 7.3 Hz, 2 H, CH,CH,CHs),
1.73 (dddd, 2Jg 1 = 16.0, 3Jyr = 8.6, 3y = 7.1, #Jgn = 1.4 Hz,
1 H, CH,CH,CH3), 2.46 (dddd, 2Jyyuq = 15.1, 3Jyu = 7.6, YJyyu =
1.2 Hz, 1 H, CH,CH,CH3), 2.52 (dddd, 2Jyy 5 = 15.1, 3Jyy iy = 7.9,
3an = 74, *Jun = 1.2 Hz, 1 H, CH,CH,CHy), 6.12 (t, *Jgpu =
1.2 Hz, 1 H), 6.59 (t, *Jyu = 1.2Hz, 1 H), 7.04 (s, 1 H), 7.54 (d,
3Jun = 8.7Hz, 1 H), 7.65 (d, 3Juyx = 8.7Hz, 1 H), 7.97 (d, 3Jun
= 8.7Hz, 1 H), 8.00 (d, 3Jyu = 8.7Hz, 1 H), 8.01 (d, 3Jyu =
8.5Hz, 1 H), 8.15 (d, 3Jy i = 8.5Hz, 1 H), 8.45 (s, 1 H) ppm. 13C
NMR (75 MHz, CDCl3): 6 = 13.5 (CH,CH,CH3;), 13.9
(CH,CH,CH3), 19.9 (CH,CH,CH;), 21.2 (CH,CH,CH3), 21.5
[SiC(CH3)], 21.7 [SiC(CH3)], 27.6 [C(CH3)], 27.7 [C(CH3)], 30.5
(CH,CH,CH3), 31.6 (CH,CH,CH3), 120.5 (ArCH), 120.6, 124.9
(ArCH), 126.4 (ArCH), 126.7 (2x), 126.9 (ArCH), 128.0, 128.8
(ArCH), 130.5 (ArCH), 131.2 (ArCH), 131.3 (ArCH), 131.6, 132.1,
132.7, 133.0, 133.1, 133.6 (ArCH), 134.2, 136.1 (ArCH), 152.7,
152.8, 154.8, 155.5, 183.9 (C=0), 184.5 (C=0), 184.7 (C=0), 185.8
(C=0) ppm. MS (70 eV, EI): m/z (%) = 670 (100) [M*], 614 (11)
[M* — C4Hg]. HR-MS (Cy4,H4,048Si): caled. 670.2751; found
670.2727.

(R,S)-11,12,15,16-Tetraethyl-4,4-diphenyldiphenanthro-
[3,4-d:4',3'-f][1,3]dioxepin-10,13,14,17-tetraone (33): Benzannul-
ation of carbene complex 18 (0.92 g) with 3-hexyne (0.90 mL). R
=0.14 (CH,CL/PE, 1:1). Yield: 0.25 g (0.35 mmol, 35%). '"H NMR
(300 MHz, CDCl3): 6 = 0.70 (t, 3Jy .y = 7.5 Hz, 6 H, CH3), 0.91 (t,
3Juu = 7.5 Hz, 6 H, CH3), 1.12 (dq, 2Jyi = 12.6, 3Jyn = 7.5 Hz,
2 H, CH,), 1.61 (dq, 2Jyu = 12.6, *Jyu = 7.5 Hz, 2 H, CH,), 2.05
(dq, 2Jyu = 129, 3Jyu = 7.5Hz, 2 H, CH,), 2.47 (dq, 2Jyu =
12.9, 3Jyu = 7.5Hz, 2 H, CH,), 7.21 (d, 3Jyu = 8.5Hz, 2 H),
7.34-7.28 (m, 6 H), 7.68 (d, *Jy 1y = 8.5Hz, 2 H), 7.78-7.72 (m, 4
H), 7.88 (d, 3Jupu = 8.5Hz, 2 H), 7.92 (d, 3Jyn = 8.5Hz 2 H)
ppm. 3C NMR (75 MHz, CDCls): § = 13.7 (CH,CHj3), 14.2
(CH,CH3), 19.2 (CH,CHs), 20.5 (CH,CH3), 115.7, 120.2, 126.3,
126.8, 127.3 (2xPhCH), 127.9 (2xPhCH), 128.4, 129.1, 131.7,
131.9, 133.4, 134.0, 134.8 (ArCH), 141.0 (ArCH), 144.6 (ArCH),
147.9, 151.8, 184.3 (C=0), 185.9 (C=0) ppm. MS (70 eV, El): m/z
(%) = 722 (100) [M*], 694 (3) [M* — CO]. HR-MS (C4oH3304):
caled. 722.2668; found 722.2652.

(R,S)-12,17-Di-tert-butyl-4,4-diphenylanthra|2,1-f]phenanthro-
|4,3-d][1,3]-dioxepin-10,13,15,18-tetraone (34): Benzannulation of
carbene complex 18 (0.92 g) with 3,3-dimethyl-1-butyne (0.97 mL).
R; = 0.50 (tBuOMe/PE, 1:2). Yield: 0.19 g (0.26 mmol, 26%). 'H
NMR (400 MHz, CDCl3): 0 = 0.54 [s, 9 H, C(CH3)3], 1.33 [s, 9 H,
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C(CH;);], 6.42 (s, 1 H, 11/16-H), 6.71 (s, 1 H, 11/16-H), 7.02 (d,
3Jun = 8.7Hz, 1 H), 7.06 (d, 3Jy = 8.7 Hz, 1 H), 7.33-7.25 (m,
6 H), 7.58-7.53 (m, 2 H), 7.59 (s, 1 H), 7.70-7.64 (m, 2 H), 7.72
(d, 3Jgu = 8.5Hz, 1 H), 7.77 (d, 3Jyu = 8.5Hz, 1 H), 8.11 (d,
3Jyn = 8.5Hz, 1 H), 8.14 (d, 3Jyu = 8.5Hz, 1 H), 844 (s, 1 H)
ppm. '3C NMR (75 MHz, CDCl;): 6 = 29.0 [C(CH3)], 29.3
[C(CH3)], 35.1 [C(CH3)], 35.8 [C(CH3)], 117.0, 121.1 (ArCH), 124.9
(ArCH), 125.8 (ArCH), 126.9 (ArCH), 127.2, 127.2 (2xPhCH),
127.5 (2xPhCH), 127.8, 127.9 (4 xPhCH), 128.5, 128.7
(2x ArCH), 129.0, 129.9 (ArCH), 130.4 (ArCH), 130.7 (2 x ArCH),
131.6, 132.2, 132.9, 134.0, 134.0 (ArCH), 134.7 (2%), 134.8, 135.3
(ArCH), 140.2, 140.7, 151.8 (2a/5a-C), 152.5 (2a/5a-C), 159.3 (C-
tBu), 159.4 (C-tBu), 184.3 (C=0), 184.6 (C=0), 185.0 (C=0), 185.6
(C=0) ppm. MS (70 eV, EI): m/z (%) = 722 (100) [M*], 540 (40)
[M* — OC(C4Hs),]. HR-MS (C49H3305): caled. 722.2668; found
722.2671.

(R,S)-12,15-Dipropyl-4,4-diphenyldiphenanthro|3,4-4:4',3'-f][1,3]di-
oxepin-10,13,14,17-tetraone (35): Benzannulation of carbene com-
plex 18 (0.92 g) with 1-pentyne (0.79 mL). Ry = 0.61 (1BuOMe/PE,
1:2). Yield: 0.14 g (0.20 mmol, 20%). 'H NMR (400 MHz, CDCl;):
6 =0.78 (t, *Jyu = 7.3 Hz, 3 H, CH,CH,CH3), 0.94 (dddd, *Jy i
=17.0, 3%y q=10.0,3Jy yu =5.5, 4Jyu =1.5Hz, 2 H,
CH,CH,CH3), 1.15-1.03 (m, 2 H, CH,CH,CH3), 1.28-1.18 (m, 2
H, CH,CH,CH3), 1.58 (dddd, 2Jy i = 17.0, 3Jyy = 9.7, 3Jyn =
5.7, *Juu = 1.7 Hz, 2 H, CH,CH,CH3), 6.59 (t, “Jyz 1 = 1.6 Hz, 2
H, 11/16-H), 7.20 (d, 3Jyu = 8.7 Hz, 2 H), 7.34-7.29 (m, 6 H),
7.71 (d, 3Jyu = 8.7 Hz, 2 H), 7.74-7.68 (m, 4 H), 7.92 (d, 3Jyn =
8.3 Hz, 2 H), 7.99 (d, 3Jy.u = 8.3 Hz, 2 H) ppm. '3C NMR
(100 MHz, CDCly): 6 = 13.6 (CH,CH,CH3), 19.9 (CH,CH,CH,),
29.8 (CH,CH,CHs), 115.5 (4-C), 120.3 (ArCH), 126.7 (ArCH),
127.0, 127.4 (2xPhCH), 127.9 (2xPhCH), 128.5 (ArCH), 129.5
(ArCH), 130.1 (ArCH), 131.2, 132.1, 133.7, 134.0 (ArCH), 135.0,
140.7, 152.0, 153.0, 184.4 (C=0), 185.7 (C=0) ppm. MS (70 eV,
EI): m/z (%) = 694 (39) [M*], 512 (13) [M* — OC(C4Hs),], 91 (100)
[C;H;*]. HR-MS (C47H340¢): caled. 694.2355; found 694.2353.

(R,S)-12,15-Dioctyl-4,4-diphenyldiphenanthro|3,4-d:4',3'-f][1,3]di-
oxepin-10,13,14,17-tetraone (36): Benzannulation of carbene com-
plex 18 (0.92 g) with 1-decyne (1.44 mL). R, = 0.61 (CH,Cl,/PE,
1:2). Yield: 0.11 g (0.13 mmol, 13%). 'H NMR (400 MHz, CDCl;):
60 =0.78 (t, *Juu = 7.1 Hz, 6 H, CH3), 1.09-0.92 (m, 2 H, CH,),
1.34-1.09 (m, 24 H, CH,), 1.58 (dddd, 2Jy 5 = 16.6, 3Jyyp = 9.8,
3an = 5.0, ¥ug = 1.6 Hz, 2 H, ArCH,), 6.20 (t, *Jzn = 1.5 Hz,
2 H, 11/16-H), 7.19 (d, *Jyyu = 8.7 Hz, 2 H), 7.35-7.28 (m, 6 H),
7.70 (d, 3Jy = 8.7 Hz, 2 H), 7.74-7.70 (m, 4 H), 7.91 (d, 3Jgpn =
8.3Hz, 2 H), 797 (d, *Jyu = 8.3Hz, 2 H) ppm. 3C NMR
(100 MHz, CDCly): 6 = 14.1 (CH3), 22.6 (7CH,), 26.6, 27.9, 29.1,
29.2, 29.3, 31.8, 115.5 (C4), 120.2 (ArCH), 126.7 (ArCH), 127.0,
127.4 2xPhCH), 127.9 (2 xPhCH), 128.5 (ArCH), 129.4 (ArCH),
130.0 (ArCH), 131.2, 132.1, 133.7, 134.1 (ArCH), 135.0, 140.8,
152.0, 153.3, 184.4 (C=0), 185.8 (C=0) ppm. MS (FAB): m/z (%)
=836 (53) [M™].

X-ray Crystallographic Study: Orange to bright-red crystals of 20,
23, 25, 30, 31 and 33 were obtained by slow evaporation of concen-
trated solutions of each compound in dichloromethane/n-hexane
or of 32, 34, 35 and 36 in dichloromethane/n-heptane at 10 °C.
Pale-yellow crystals of 2 and 3 were collected from solvent mixtures
of dichloromethane with a small amount of methanol or from chlo-
roform/THF at the same temperature. Recrystallisation of the cam-
phanate (R)-14 from THF yielded a yellow clathrate with THF of
host-guest stoichiometry 1:1.

Crystallographic data were collected with a Nonius-Kappa CCD
diffractometer at 123 K. The molecular structures were solved by

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1557
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Table 1. Crystal data and details of the structure determination.!

(rac)-2 (X = SitBu,)

(rac)-3 (X = CPh,)

Formula
Formula mass
Crystal system
Space group
afA]

b[A]

c[A]

al’]

B

7 [°] )
Volume [A3]
Z

Dcalcd. [gcmi3]
# [mm™']

F(000)

Cryst. size [mm]
0 limits [°]
Index ranges

Total data
Unique data
Parameters/restr.
R (F) [ > 20(])
wR2 F? (all data)
GOF on F?
CCDC no.

ngHngszzsi
584.41
triclinic
P1 (no.2)
9.4278(1)
11.7999(2)
23.8838(4)
85.199(1)
80.045(1)
89.719(1)
2607.69(7)
4

1.489

3.177

1184
0.50%0.25%0.10
1.87-25.00
-11=h=11
-12=k=14
28=1/=28
34176

9046

595/0
0.0371
0.1001

1.022
250963

C33Ha0Br20,
608.31
triclinic

P1 (no.2)
8.3580(1)
11.9878(2)
13.8015(3)
98.550(1)
98.321(1)
106.089(1)
1288.50(4)

2

1.568

3.175

608
0.20x0.15%0.08
2.99-25.00
-9=h=9
~l4=k=14
-16=[=16
24306

4520

334/0
0.0245
0.0660

1.048
250964

[a] All measurements were performed at 123(2) K with a Nonius
Kappa-CCD diffractometer using Mo-K, graphite-monochro-
mated radiation (A = 0.71073 A).

Table 2. Crystal data and details of the structure determination.[®

direct methods (SHELXS-97) and Patterson methods (3), respec-
tively.’* The non-hydrogen atoms were refined anisotropically on
F? (SHELXL-97);531 hydrogen atoms were refined isotropically
using a riding model. An empirical absorption correction was ap-
plied for 2 and 3. The absolute configuration of 14 was determined
by refinement of Flack’s x-parameter [x = 0.007(5)].1*%] Details are
presented in Table 1, Table 2 and Table 3 along with the respective
CCDC numbers. CCDC-250963 to -250975 contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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(R)-14 (X = CPh,)

(rac)-20 (X = SitBu,)

(rac)-23 (X = CPh,)

(rac)-25 (X = CPh,)

(rac)-30 (X = SitBu,)

Formula
Formula mass
Crystal system
Space group
a[A]

bIA]

c[A]

a[°]

Bl

7 [°] )
Volume [A3]
Z

Dcalcd. [gcmi3]
u [mm']

F(000)

Cryst. size [mm]
0 limits [°]
Index ranges

Total data
Unique data
Parameters/restr.
R (F) [I > 20(])]
wR2 F? (all data)
GOF on F?
CCDC no.

C52H45Br07'C4HgO
933.89
orthorhombic
P2,2,2, (n0.19)
12.6180(2)
14.1703(2)
25.3307(5)

90

90

90

4529.15(13)

4

1.370

0.966

1952
0.35%0.25x%0.10
2.87-25.32
-15=h=15
-17=k=17
-30=/=30
33589

8219

586/6

0.0343

0.0770

0.961

250965

C;6H330,4S1
562.75
monoclinic
P2,/c (no.14)
17.7980(3)
13.1553(2)
39.1913(7)
90

100.548(2)
90

9021.1(3)
12

1.243

0.117

3600
0.60x0.20%0.20
2.92-27.48
23=h=20
-17=k=15
S50=/=42
41837
19800
1108/0
0.0453
0.0877
0.813
250966

C41H3004 C43H33NO; CusaHy606Si
586.65 659.70 698.90
monoclinic orthorhombic orthorhombic
P2,/c (no.14) Pben (n0.60) Pnna (no.52)
12.5661(2) 32.1074(10) 15.4273(2)
30.9857(4) 7.8587(2) 32.4780(5)
7.9474(1) 25.7312(6) 14.7764(2)
90 90 90
102.271(1) 90 90

90 90 90
3023.78(7) 6492.6(3) 7403.68(18)
4 8 8

1.289 1.350 1.254

0.082 0.090 0.112

1232 2768 2976
0.30%x0.25%0.20 0.40%0.20%0.02 0.50%0.30%0.20
2.70-25.01 2.99-25.00 2.76-25.00
-13=h=14 37=h=35 -l6=h=18
-36=k=36 8=k=6 -38=k=38
9=/=8 -16=1=30 -17=1=17
21864 23027 44756

5221 5062 6509

406/0 449/27 461/0

0.0584 0.0453 0.0517
0.1602 0.0923 0.1521

1.081 0.821 1.061

250967 250968 250969

[a] All measurements were performed at 123(2) K with a Nonius Kappa-CCD diffractometer using Mo-K, graphite-monochromated
radiation (2 = 0.71073 A).
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Table 3. Crystal data and details of the structure determination.[
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(rac)-31 (rac)-32 (rac)-33 (rac)-34 (rac)-35 (rac)-36
(X = SitBu,) (X = SirBu,) (X = CPhy) (X = CPhy) (X = CPh,) (X = CPhy)
Formula C44H4606Si0 Cy4oHyoOgSir C4oH330¢° C4oH330¢° C47H3406 Cs7Hs40¢°
C6H14 I/ZC7H16 CH2C]2' |/2C7H16 ]/2C7H16
/2CH 4
Formula mass  785.07 720.95 850.81 772.89 694.74 885.10
Crystal system triclinic triclinic triclinic triclinic monoclinic triclinic
Space group P1 (no.2) P1 (no.2) P1 (no.2) P1 (no.2) P2,/c (no.14) P1 (no.2)
a[A] 12.3246(5) 13.0956(2) 10.9344(1) 13.7489(2) 9.8045(2) 16.8101(4)
b [A] 12.6060(6) 17.8666(3) 13.7182(1) 14.1560(2) 34.8693(5) 17.8691(6)
¢ [A] 15.0743(8) 18.2785(3) 15.7120(2) 21.4580(3) 10.4006(2) 19.7898(6)
a [°] 78.910(2) 73.375(1) 70.379(1) 85.794(1) 90 63.165(2)
BI°] 77.094(2) 73.557(1) 86.829(1) 79.653(1) 100.994(1) 67.271(2)
7 [°] ) 83.199(2) 76.310(1) 75.365(1) 87.517(1) 90 82.381(2)
Volume [A3] 2233.23(18) 3873.51(11) 2146.80(4) 4095.44(10) 3490.46(11) 4886.1(2)
Z 2 4 2 4 4 4
Deareq. [gem ™3] 1,167 1.236 1.316 1.254 1.322 1.203
41 [mm] 0.100 0.109 0.204 0.081 0.087 0.076
F(000) 844 1540 894 1636 1456 1892
Cryst. size 0.25%0.15%0.08  0.50x0.40x0.30 0.25%0.20%0.15  0.60x0.30x0.10  0.40%x0.16%x0.08  0.50%0.30%0.10
[mm]
0 limits [°] 2.80-25.00 2.92-25.03 3.08-25.00 2.98-25.03 3.07-25.02 2.94-25.01
Index ranges -12=h=14 -15=h=15 -13=h=13 -16=h=16 -11=h=11 -19=h=19
-ld4=k=11 21=k=21 -l6=k=16 -l6=k=16 41=k=41 -18=k=21
-17=l=14 21=/=19 -18=/=18 -25=[=25 -12=/=12 -23=[=22
Total data 22039 35242 48983 32483 27027 42469
Unique data 7508 13631 7537 14419 6163 16168
Parameters/ 484/0 939/95 547/15 1054/0 478/0 1163/1737
restr.
R (F)[I > 0.0579 0.0509 0.0534 0.0401 0.0360 0.1268
20(1)]
wR2 F? (all 0.1468 0.1540 0.1707 0.0969 0.0855 0.4310
data)
GOF on F? 0.853 1.014 1.039 0.931 0.938 0.943
CCDC no. 250970 250971 250972 250973 250974 250975

[a] All measurements were performed at 123(2) K with a Nonius Kappa-CCD diffractometer using Mo-K, graphite-monochromated
radiation (4 = 0.71073 A).
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