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Cycloaromatization of Open and Masked 1,3-Hexadien-5-ynes — Mechanistic
and Synthetic Aspects
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The discovery of the net-cyclization of 1,3-hexadien-5-yne to
benzene at temperatures around 250 °C was followed, par-
ticularly during the 1990s, by an increasing number of in-
vestigations of the ability of other compounds possessing a
1,3-hexadien-5-yne substructure to cycloaromatize. This has
led to remarkable syntheses of compounds with very inter-
esting molecular structures and, in particular, to pronounc-
edly bowl-shaped, nonalternating PAHs, the carbon skel-

etons of which represent fullerene subunits. Substantial in-
sights into the three mutually exclusive cycloaromatization
mechanisms, operating in distinct temperature ranges, are
presented in this paper, together with the development of the
method that has made it possible, when the temperature
range used results in competition between the entirely differ-
ent mechanisms, to analyze the complex reaction behavior.

1. Introduction

The formation of aromatic six-membered rings by ther-
mal cycloisomerization of 1,3-hexadien-5-ynes was first re-
ported by Hopf and Musso in 1969 (Scheme 1),!'! more
than 20 years prior to the start of an era in which a number
of highly strained, bowl-shaped PAHs were synthesized by
an analogous procedure.
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Scheme 1. Net-cycloaromatization of 1 into 2
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Stimulated by the spectacular high-temperature gas-
phase syntheses of medium-sized and large nonalternating
PAHs — such as, for example, of 4 from 3,13 6 from 5,1 or
8 from 71! (Scheme 2) — further, analogous cycloaromatiza-
tions of different 1,3-hexadien-5-ynes or of compounds in-
corporating such a substructure were studied at different
temperatures and in different reactor systems (ampoule,
flow and flash vacuum techniques).

The results clearly show that these thermal processes not
only allow scarcely conceived of routes to new compounds
like 28—311°1 (cf. Scheme 7), but they also provide insights
into the details of the mechanisms operating in such
reactions,l’ % and especially into the temperature depend-
ence of the mechanisms involved.!®!

We have been actively engaged in this research since 1989
and this Microreview summarizes selected syntheses of aro-
matic compounds by thermal conversion of various 1,3-
hexadien-5-ynes under different thermal conditions. The re-
sults obtained allow a clear differentiation to be made be-
tween the three types of mechanism.

Gerhard Zimmermann was born in 1930. He studied at the University of Leipzig and completed his
Ph.D. thesis on substitution reactions of alkanedioic acid derivatives under the supervision of Wilhelm
Treibs in 1957. After several years during which he was at Leuna-Werke as a researcher and manager,
he completed his “Habilitation” on the topic of Cope reactions of alkenylbicycloheptenes at the Univer-
sity of Leipzig in 1969. In the same year he received an honorary professorship at the Technical Univer-
sity of Merseburg. In 1974, he moved to the Academy of Sciences (Leipzig), and finally, in 1993, to the
University of Leipzig, where he has been the head of the department of High-Temperature Reactions at
the Institut fir Technische Chemie. The main emphasis of his research is in the field of organic gas
phase chemistry. Mechanistic studies using labeled compounds have been a major interest. More recen
research topics include high-temperature synthesis of planar and, particularly, bowl-shaped PAHs by
ring closures of compounds possessing 1,3-hexadien-5-yne substructures.

MICROREVIEWS: This feature introduces the readers to the authors' research through a concise overview of the
selected topic. Reference to important work from others in the field is included.

Eur. J. Org. Chem. 2001, 457—471 0 WILEY-VCH Verlag GmbH, 69451 Weinheim, 2001 1434—193X/01/0203—0457 $ 17.50+.50/0 457



MICROREVIEW

G. Zimmermann

Scheme 2. Examples of the thermal conversion of ethynylarenes
into fullerene fragments

2. Alternative Precedent Mechanisms

In the days when the thermal cycloaromatization of 1,3-
hexadien-5-ynes was discovered, with the simplest hydro-
carbon of this family,!'! the common state of knowledge in
this field was rather poor. The only conclusion that could
be drawn from the reported results was the fact that the
process requires a hydrogen shift either during or sub-
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sequent to the cyclization."''] Since then, three experiment-
ally verified mechanisms capable of rearranging the carbon
skeleton of a 1,3-hexadien-5-yne into aromatic ring systems
have been proposed (Scheme 3).

The type A mechanism involves the pericyclic formation
of intermediates with a 1,2,4-cyclohexatriene substructure
(also known as isobenzenes!'?! or six-membered enall-
enes!!3), while during the type B process, reversible genera-
tion of vinylidenecarbenes takes place by means of 1,2-R
shifts of the substituent R at the terminal carbon atom of
the C—C triple bond.['¥ Finally, the type C mechanism re-
quires the generation of vinyl-type radicals by addition of
chain-carrier radicals (preferably H atoms) to the C—-C
triple bond!®131 (see also ref.['%]).

When the cycloaromatization of 1 was first announced,!!
these three alternatives were not yet the subject of serious
debate. Today, however, we know that in the temperature
range up to approximately 550 °C, the cycloaromatization
of 1,3-hexadien-5-ynes takes place, almost without excep-
tion, by the distinct, two-stage type A mechanism. The first
step of this mechanism, the so-called Hopf cyclization, is
thought to be similar to the Bergman cyclization of cis-3-
hexene-1,5-diynes.['”]

If the simplest representatives of both hydrocarbon famil-
ies are considered together (Scheme 4), the cyclizations in
question have some things in common:

— the six-membered ring closure proceeds by a pericyclic
process at temperatures around 200/250 °C,

— the energies of activation have been determined to be
nearly the same (32 compared with 30 kcal mol~! [18]),

— the generated cyclic intermediates are either distinct
diradicals (1,4-benzenediyls) or at least compounds with a
strong diradical character,!'® and

3 e 0L

Scheme 3. Alternative mechanisms of formation of aromatic rings from 1,3-hexadien-5-ynes
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— both types of intermediates can be intercepted by trap-
ping reagents before their rapid stabilization by subsequent
reactions (cf. ref.l'® with ref.[f]).

Bergman cyclization:

Z : X
T = O] = )
A : Y
Hopf eyclization:
1 — L» 2

Scheme 4. Essential steps of the Bergman and the Hopf cyclization

Above the temperature boundary at approximately 550
°C, each of the three mechanisms may be involved in the
net-cycloaromatization process of compounds possessing a
1,3-hexadien-5-yne substructure if the necessary conditions
— such as the reversible rearrangement of terminal alkynes
to vinylidenecarbenes, %1929 and the formation of chain-
carrier radicals by thermal decomposition of the employed
starting compounds — are fulfilled.[7=%-1521]

The three competing mechanisms differ from one another
not only in the intermediates involved, but particularly in
their rate-determining steps. These are:

— the Hopf cyclization for the type A mechanism,

— the reversible generation of vinylidene-type carbenes
(type B), and

— the formation of chain-carrier radicals by destructive
adsorption of the employed hexadienynes at the externally
heated reactor walls (type C).

It is hence not very surprising that, above 550 °C, the
three mechanisms show completely different temperature
dependences (cf. Section 5 and ref®), resulting firstly in a
significant increase in importance of the type B mechanism
with increasing temperature. Since, simultaneously, the type
C mechanism gradually decreases in importance with in-
creasing temperature, because of the displacement of the
equilibrium according to R—C=C—-R + H* Z R—CH=
C*—R, to the disadvantage of the vinyl-type radicals, most
authors tend to interpret high-temperature cycloaromatiz-

ation processes in terms of the type B process (cf. Section
6).12:22.231
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3. Substrate Properties and Reaction Engineering
Aspects

Besides cycloaromatization, the hexadienynes so far
studied can form by-products by intermolecular reactions.
These side reactions occur to different extents, however.
Therefore, the substrates can be roughly subdivided into
three categories (Scheme 5).

Il (X = H,H; CH,, CR=CR; CH=CH)

Scheme 5. Categories of 1,3-hexadien-5-ynes of different structures

Hexadienynes of type I can be cycloaromatized in accept-
able yields only if the applied reaction conditions are suit-
able for repressing bimolecular reactions, since they other-
wise usually tend to behave like acyclic, conjugated dienes.
Thus, upon heating at 200 °C in an ampoule reactor, they
react to give cyclic di- and oligomers preferably, by [4+2]
cycloaddition.!® Hexadienynes of type II, on the other
hand, behave more or less like styrenes; they polymerize
within minutes when heated. The extent of these undesired
polymerizations, however, is limited, and the yields of cyclo-
aromatization products formed are reasonable.”?*] Unlike
hexadienynes of type I and II, those of type III can be
cycloaromatized in high yields when heated in closed vessels
(cf., for example, the conversion of compounds 12 to 15 in
Section 4). In general, however, hexadienynes of type I and
IT are best converted into products with a single or multiply
annelated aromatic ring system when monomolecular reac-
tion conditions (high dilution techniques) are used. There-
fore, in many cases, gas phase pyrolysis, either in flow sys-
tems [flow pyrolysis (FP); cf. ref.®!] or under reduced pres-
sure [flash vacuum pyrolysis (FVP)?22%], has proven to be
the most effective method for optimization of hexadienyne
cycloaromatizations.

4. Syntheses Based on 1,2,4-Cyclohexatriene
Intermediates

After many years of speculation concerning the struc-
tures of intermediates formed in the process of the cyclo-
aromatization of 1,3-hexadien-5-ynes under conditions sim-
ilar to those used by Hopf for the rearrangement of 1 into 2
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(Scheme 1),l1 Christl et al.['?2] were able to show that 1,2,4-
cyclohexatriene (9), the assumed intermediate in the conver-
sion of 1, is formed. This was done by treating the dibromo-
carbene adduct of 1,3-cyclopentadiene with methyllithium
at —30 °C. Simultaneously, they succeeded in identifying
this unstable hydrocarbon by the use of trapping reactions.
This immediately led to the question of whether 9 (and
other compounds with 1,2,4-cyclohexatriene substructures)
may also be detected in an analogous way when 1,3-
hexadien-5-ynes thermally rearrange into corresponding
aromatic hydrocarbons. It was indeed possible to substanti-
ate this, and thus we were able to show that 9 is formed
from 1 even at 200 °C, if the conversion is carried out in
the presence of styrene (Scheme 6).[

1 = 9 il 2
]
Ph Ph
o O
10 11

Scheme 6. Trapping products of thermally generated 1,2,4-cyclo-
hexatriene (9)

Under the conditions used, 7-phenylbicyclo[4.2.0]-1,4-
octadiene (10) and 7-phenylbicyclo[4.2.0]-1,3-octadiene (11)
were formed, besides benzene (2) and large amounts of
higher boiling homo- and heterodimers and -trimers of 1
and styrene; this is considered to be consistent with the re-
sults of earlier investigations into the thermal conversion of
acyclic conjugated dienes.[?6~2%1 Although 10/11 and 2 were
formed in a total yield of less than 10%, the ratio of (10 +
11)/2 = 2 clearly indicated that there was a chance that
thermally generated compounds with 1,2.4-cyclohexatriene
substructures might be usable as participants in unusual
syntheses before they could rearrange into fully aromatic
compounds. In other words, the formation of 10 and 11
from 9 was considered to be merely a representative ex-
ample from a family of trapping reactions of other interme-
diates with such a substructure, in which 1,2,4-cyclohexatri-
ene derivatives may not only undergo [2+2] cycloadditions
with styrene but also with other compounds possessing at
least one activated C—C double bond (cf. also ref.[12b]),

A convincing illustration of this concept is provided by
the thermal conversion of the B-ethynyl-substituted styrene
derivatives 12—15 (Scheme 5). These belong to category III.
Therefore, the formation of di- and oligomers can virtually
be ignored when they are heated in neat form or dissolved
in an inactive solvent at 350 °C in an ampoule reactor. Un-
der these conditions, the Hopf cyclization becomes the cle-
arly dominating reaction.[®! In this manner, 12 gives the
fluoranthene 20 in a 70% yield, for example (Scheme 7),
although in this case the cyclization is impeded for thermo-
dynamic (incorporation of the terminal C—C double bond
into an aromatic ring system) and steric (space-filling
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phenyl group at the terminal carbon atom of the C—C
triple bond) reasons.
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Scheme 7. Steps in the thermal conversion of dibenzofulvenes

These disadvantages, however, can obviously be com-
pensated for by the reaction time, which inevitably must last
at least for minutes, since the ampoule technique is used.
Surprisingly, a quite different result was obtained when 12
was subjected to rearrangement conditions at only 250 °C.
In this case, the crowded hydrocarbon 28, a homodimer of
12, was formed as the main product (87%), while the yield
of 20 decreased to trace-level quantities. We therefore ar-
gued that 28 must be a subsequent product of 24, the ori-
ginal [2+2] cycloaddition product of 16. The dimer 24,
however, is obviously just as unstable as its precursor 16.
Consequently, we think rather that 24 must stabilize itself
by bond reorganization immediately after it is generated,
with initial breaking of the weakest C—C bonds (see wave
lines in 24). If compound 28 is heated at 350 °C, however,
it rearranges smoothly and gives 20 in an 80% yield.[°! In
view of this and of the analogous behavior of 13—15, there
is much evidence in favor of a so far insufficiently substanti-
ated hypothesis, according to which, thermally generated in-
termediates with 1,2,4-cyclohexatriene substructures might
be the compounds of choice for further syntheses of aro-
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Scheme 8. Rapid stabilization of bridged 1,3-hexadien-5-ynes

matic compounds with interesting molecular structures,
provided that the reaction conditions allow the interme-
diates to be trapped before they can dimerize or be stabil-
ized by 1,5-H-shifts.

Two special cases of the hexadienyne cycloaromatization
are the syntheses of benzocyclobutene (35) and the tetrahy-
dronaphthalene 39 from the non-isolable 1,3-hexadien-5-
ynes 3303% and 37,83Y respectively (Scheme 8).

The thermal fragmentation of the selenodiazole 32 be-
tween 140 and 180 °C actually generates 33, but it re-
arranges immediately into 35.39 Similar observations were
made by Hopf et al.’! for the McMurry reaction of the
dialdehyde 36, which gives not 37, but 39 as the sole detect-
able reaction product, even between 40 and 80 °C. This sur-
prisingly fast reaction is obviously facilitated by the oligo-
methylene bridge that spans C-1 and C-6 of the original
hexadienyne system and is thought to support the establish-
ment of the cis-configured isomer as the actual precursor
of the electrocyclic ring closure.

Relatively little attention has so far been paid to the
photolytic ring closure of 1,3-hexadien-5-ynes. However,
the photolytic conversion of some 1,4-diaryl-1-buten-3-ynes
into PAHs with an additional six-membered ring shows
(Scheme 9) that, even in such cases, cycloaromatization very
probably proceeds according to the type A mechanism.[3?

Scheme 9. Photolytic cyclization/cycloaromatization of 1,4-diaryl-
1-en-3-ynes
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The formation of 1,2,4-cyclohexatriene derivatives from
the singlet-state excited cis-isomers is also thought to be
the primary reaction step in the photocyclization. The Hopf
cyclization of 1,3-hexadien-5-ynes is apparently not re-
stricted to thermally initiated processes.

The very recently published electrophilic cyclization of
N-tert-butyl-substituted 2-(iminomethyl)diphenylacetylenes
into the corresponding isoquinolines (Scheme 10) makes
clear that there is no end in sight for the addition/cycliza-
tion reactions of compounds with 1,3-hexadien-5-yne struc-
tures as described above.[*3

O S +E* SN
—_—_—
- t-Bu* =
N ®
® E

Scheme 10. Electrophilic ring closure of (1-aza-)1,3-hexadien-5-
ynes

It demonstrates that even hetero-1,3-hexadien-5-ynes are
convertible into heteroaromatic compounds if electrophilic
reactants are available and if the nitrogen atom is substi-
tuted by suitable nucleofuges. In these cases, the interme-
diacy of aza-1,2,4-cyclohexatriene species appears less
likely.

The previously reported thermal, photoinduced, and
electrophile-assisted cyclization reactions of hexadienynes
clearly show that the potential of pericyclic ring closures of
compounds with 1,3-hexadien-5-yne substructures has yet
to be fully exploited. Apparently, no metal-catalyzed cyc-
lizations of the above type have been reported in the chem-
ical literature.

5. Cycloaromatization in the Range of
Competing Mechanisms

If the starting 1,3-hexadien-5-ynes are stable enough to
be used in the gas phase, flow pyrolysis techniques (FP)
in the presence of inert diluent gases are best suited for
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synthesizing aromatic compounds from these highly unsat-
urated precursors. Even thermally labile or hardly sublim-
able starting compounds can often successfully be used in
the streaming gas phase when special care and techniques
(sprayP# or solvent-assisted sublimation techniques!®) are
applied.

Because of the short reaction times (normally less than 2
s), reasonable degrees of conversion necessitate temper-

D
R ——
D
// 1
P — l —
Z Ph D
_—
42
Ph
type A @[
Ph Ph
& “
— I pon—
& Ph Ph
4 type B @\
Ph
45

Scheme 11. Cycloaromatization products from 1,6-disubstituted
1,3-hexadien-5-ynes

atures at least above 500 °C. Under these conditions, ben-
zene (2) was formed from 1 in a yield of only 17% at 500
°C (0.3 ), but at 630 °C the yield amounted to about
77%.21:361 As expected, [6-D]-1,3-hexadien-5-yne behaves
similarly, but as well as [D,]benzene, trace amounts of un-
deuterated benzene could be detected in the pyrolyzate, in-
dicating the beginning of accompanying radical reac-
tions.[1]

Further mechanistic details were revealed when doubly
substituted hexadienynes were examined. At 650 °C, [6-D]-
phenyl-1,3-hexadien-5-yne 40 gave a mixture of 41 and 42
in a ratio of about 1:2 (Scheme 11), as well as other prod-
ucts, the origin of which was based on reactions competing
with those by which the carbon atoms of the 1,3-hexadien-
5-yne skeleton were converted into the newly formed aro-
matic ring.[>!1

The substitution patterns of 41 and 42 were unequivoc-
ally predetermined by the cycloaromatization mechanisms,
which resulted in the formation of 41 in the type A mechan-
ism and of 42 in the type B one. Since the yield ratio of 41/
42 was determined to be roughly 1:2, the B mechanism
seemed to be clearly favored. Any contribution to this ratio
by products formed according to the type C mechanism
could be ruled out, since undeuterated biphenyl was de-
tected only in trace amounts. FP of 1,6-diphenyl-1,3-
hexadien-5-yne (43) showed a similar picture, but the yield
ratio of the expected 1,2- and 1,3-terphenyls (44 and 45)
was determined to be 1:10. In this case, cycloaromatization
according to the type A mechanism was clearly disfav-
ored.?'1 Apparently, the Hopf cyclization was impeded by
the bulky phenyl substituent at C-6.

FP also turned out to be effective in hexadienyne cyclo-
aromatization when one of the C—C double bonds of the

=
| - O, O, 0
— + +
=5 0" 0
46 47 (90%) 48 (9%) 49 (1%)
D
type A+C O type B+C
———— -
(15%) O (24%)
51
D D
D
Z I
| type B+C type A+C |
I e L A -—
(62%) O (28%)
52
50 53
type C type C
T 47 -—

(13%)
Scheme 12. Products from 46, 50, and 53
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dienyl skeleton was incorporated in a phenyl ring. Thus,
when the pyrolysis was carried out at 650 °C, the partially
“masked” 1-phenyl-1-buten-3-yne (46) gave naphthalene
(47) in a 90% yield, but 1-methylene-1H-indene (48) (9%)
and trace amounts of azulene (49) were also formed
(Scheme 12).1%1

Painstaking supplementary experiments!” revealed in ad-
dition that 48 was exclusively formed by radical pathways,
but 49 by the vinylidenecarbene route only (cf. Scheme 15
in Section 6).

Furthermore, compounds 48 and 49 were proven to re-
arrange into 47 exclusively by radical-driven steps;!”! there-
fore the percentage contributions of the A, B, and C mech-
anisms to the formation of 47 so far remain shrouded in
mystery. Only the FP of [4-D]-1-phenyl-1-buten-3-yne (50)
shed any more light on this process (Scheme 12).8] The
formation of about 13% of 47 clearly indicates operation of
the type C mechanism, but the monodeuterated naph-
thalenes 51 and 52 that were also detected are also partially
formed by this mechanism, although not in a higher per-
centage than 47 (for more details, see ref.[)). Consequently,
the cycloaromatization of 50 is judged to proceed predom-
inantly according to the carbene route.

The monodeuterated ortho-ethynylstyrene 53 (Scheme 12)
differs from 50 inasmuch as the central double bond, rather
than the terminal one, is an integral part of a phenyl group.
This favors the Hopf cyclization, because there is no neces-
sity to overcome the phenyl resonance stabilization energy
during the key step of the C—C bond formation between C-
1 and C-6. The results, summarized in Scheme 12 (bottom),
confirm this assumption!® and show that the three mechan-
isms are able to compete successfully with one another.
From these experimental findings, we derive the following
mechanistic proposals.

Mechanistic Analysis — Fundamental Aspects and Results:
Assuming that [4-D]-1-phenyl-1-buten-3-yne (50) can serve
as an example for other disubstituted 1,3-hexadien-5-ynes
and that H atoms serve as chain-carrier radicals, Scheme 13
shows the interrelationships between the mechanisms that
lead to the formation of the cycloaromatization products
47, 51, and 52.

In this scheme, the reaction sequence r, represents the
pathway by which 51 is exclusively formed via 1,2,4-cyclo-
hexatriene (or isobenzene) intermediates. Similarly, rg de-
scribes the exclusive formation of 52 via carbene interme-
diates. Unlike these, the more complex reaction cascade r¢
(for details see ref.’)) starts only if radicals, particularly H
atoms, are available in the reactor volume, so that vinyl-
type radicals like 54/55 can be generated by addition to the
C—C triple bond. Under flow conditions, these prerequis-
ites are in general fulfilled at temperatures above 550
OC.[8’9’15‘19]

When, for example, 50 was treated at 700 °C in nitrogen
as diluent, the degree of conversion amounted to 42% and
the yield ratio of the cycloaromatization products 47, 51,
and 52 was determined to be ny;/nsi/ns, = 1:2:7. When,
however, nitrogen was proportionally replaced by toluene,
conversion decreased to about 25% and the yield ratio

Eur. J. Org. Chem. 2001, 457—471
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Scheme 13. Competing mechanisms for the cycloaromatization of
50 — a simplified portrait

changed significantly to ng/nsi/ns, =~ 1:3:20.18! Since the un-
imolecular formation of 51 by ra.; + ra.», and also of 52
via rg.; + rp.a, cannot in principle be influenced by the
nature of the diluent, the results show that the presence of
toluene causes a lowering of the steady state concentration
of the highly reactive chain-carrier radicals, thanks to their
partial conversion into less reactive, resonance-stabilized
benzyl radicals, in accordance with C¢Hs—CH; + H*(R")
2 C¢Hs—C'H, + Hy(RH).’! Hence a reduction of the
yield of 47 is observed, as well as of the proportion of 51
and 52 formed via radical intermediates. Although the
quantities of 47, 51, and 52 formed via radical interme-
diates essentially depend on the nature and concentration
of the chain-carrier radicals (see above), the corresponding
yield ratio ngs/nsi/ns, always remains constant at a given
temperature, for kinetic reasons.

As detailed in ref.!®] these facts have enabled us to calcu-
late the percentage values by which 50 reacts, in parallel, by
electrocyclization (r,), via the corresponding carbene (rg),
and via the vinyl-type radicals 54/55 (rc), by means of basic
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arithmetical methods from analytically determined pyrolys-
ate compositions.

In this way, we succeeded in showing (Table 1) that differ-
ently substituted 1-phenyl-1-buten-3-ynes (50, 56, 57) and
ortho-ethynylstyrenes (53, 58, 57) cyclize predominantly by
means of radical-driven reactions (r¢).

Table 1. The degrees (in percentages) to which mechanisms A, B,
and C are involved in the cycloaromatization of the phenylbut-
enynes 50, 56, and 57 at 700 °C and of the 2-ethynylstyrenes 53,
58, and 59 at 650 °C[®]

mechanism A B (o}

starting compounds:

R
Z 50 (R =D) 2 4 52
| 56 (R = Ph) 1 10 89
57(R=TMS) t® 16 g4M
= R 53 (R=D) 28 20 43
58 (R = Ph) 8 2 90
= 59(R=TMs) 78 2B g1

[a1 Values with a low level of accuracy caused by degrees of conver-
sion below 10%.

Furthermore, it follows from Table 1 that in the cases of
50, 56, and 57, the reaction sequence r4 via the 1,2,4-cyclo-
hexatriene intermediates is obviously involved only to an
almost negligible degree. This picture changes at least par-
tially, though, when the cycloaromatization of the ortho-
ethynylstyrenes 53, 58 and 59 is considered. The fact that
there is no necessity to overcome the phenyl resonance sta-
bilization energy in the actual cyclization step apparently
favors this mechanism, relative to the cases of phenylbut-
enyne cyclization. This advantage, however, is partly offset
once again by bulky substituents (cf. 58, 59), which are
thought to impede cyclization by r, thanks to steric hind-
rance.

A fact of greater importance than conversion in a small
temperature interval consists of the temperature depend-
ence of the degree (given as percentage contributions) to
which the different mechanisms compete with one another.
Figure 1 illustratively demonstrates this dependence for the
conversion of 50 into 47, 51, and 52 in the range between
625 and 750 °C.I%

As can be seen, the reaction sequences rg and rc change
significantly with changing temperature, while the sequence
ra does not. At 625 °C, route rc clearly dominates the
cycloaromatization event, but it gradually decreases in im-
portance as the temperature rises. In contrast, sequence rg
increases steadily in importance with increasing temper-
ature, and accounts for approximately 60% of cyclo-
aromatization at 750 °C. Extrapolation of these dependen-
cies to temperatures above 750 °C reveals clearly that, at
very high temperatures, cycloaromatization is almost ex-
clusively governed by the carbene mechanism (rg). Syn-
theses according to this pathway are the subject of the fol-
lowing section.

6. Cycloaromatizations Preferably Based on
Carbene Insertions

Two fundamental discoveries opened up the pathway for
the preparation of numerous cyclopenta- and cyclohexa-an-
nelated PAHs that previously had either been unknown or
could only be synthesized by extended routes:

— At higher temperatures, terminal alkynes equilibrate
with the corresponding isomeric vinylidenecarbenes,*®! and

— such carbenes stabilize themselves by intramolecular
1,x-C,H insertions if the necessary structural prerequisites
for such intramolecular ring closure are fulfilled.['4a]

While 1,5- and 1,6-C,H insertions have been proven to
occur experimentally (see the examples in Scheme 14,
top),l'4al it is still controversial whether 1,4-C,H insertions
have a real existence, although this seems to be the simplest
interpretation for the formation of benzo[ghi]fluoranthene
(61)from 8-ethynylfluorcenthene (60) during FVP at 1100
°C (Scheme 14, middle;1*! compare also ref.[*°]).

% 100

—_—

750
— temperature (°C)

Figure 1. Temperature dependence of the mechanisms competing in the cycloaromatization of 50 (X radical, n carbenic, u electrocyclic)
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- 64

62 1—D~=\\ .

Scheme 14. 1,x-C,H insertions of vinylidenecarbenes

The proposed mechanism involves not only 1,4-C,H in-
sertions, but also the reverse of this reaction. When, in a
painstaking experiment,*! we tried to find support for this
picture, we failed to find any indications that such a mech-
anism was indeed operating. Pyrolysis (FP and FVP) of [4-
D]-1-buten-3-yne (62) between 800 and 1000 °C resulted in
the formation neither of 63 nor of 64, which would have
been expected on the basis of the mechanism depicted in
Scheme 14 (bottom).

Leaving these mechanistic details out of consideration,
the remainder of this review is focussed only on the forma-
tion of aromatic ring systems from compounds with a 1,3-
hexadien-5-yne substructure. Therefore, the following re-
marks refer to 1,6-C,H insertions only as an outstanding
synthetic tool for the rearrangement of masked 1,3-
hexadien-5-ynes under FVP conditions (500—1100 °C, 0.3

Eur. J. Org. Chem. 2001, 457—471

s to 50 ms), while ignoring the also useful synthesis of
cyclopenta-annelated PAHs? (cf. also ref.3)).

Although, even under such conditions, the formation of
cycloaromatized products according to the type A and C
mechanisms cannot completely be ruled out!” (cf. also Fig-
ure 1), the majority of the reactions outlined in the follow-
ing section are considered to take place as carbene inser-
tions.

The first reported intramolecular carbene insertion was
the synthesis of phenanthrene (68) from the monoethynyl-
substituted biphenyl 65 (Scheme 15).[14a]

Benzazulene (69), formed in parallel from the same car-
bene 66, is considered to be a confirmation of the existence
of carbene intermediates rather than to call this into ques-
tion. It corresponds with the pattern of cyclopropane
formation by intermolecular [2+1] cycloaddition of carb-
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Scheme 15. Mechanism of formation of aromatic hydrocarbons and azulenes from vinylidenecarbenes

enes to olefinic and aromatic C—C double bonds.[*4

Wentrup, Zeller, and co-workers*! interpreted the forma-
tion of naphthalene (47) and azulene (49) from 46 in a man-
ner analogous to Brown et al.’s explanation of the forma-
tion of 68 and 69.

In the period following, the discovery of this principle
led to the development of an efficient synthetic tool for the
preparation of bowl-shaped PAHs, the enormous geometric
strain of which has to be built up during ring closure by
1,6-C,H insertion. This necessitated high-energy conditions,
which are provided in FVP only at high temperatures. Nu-
merous PAHs, up to that point unavailable or not effectively
accessible by conventional routes, have been prepared by
FVP of 1,3-hexadien-5-ynes possessing dienyl skeletons
completely incorporated in aromatic structures. The most
spectacular example of this was the short and convenient
synthesis of corannulene (4) from 7,10-diethynylfluoran-
thene (3) by Scott et al.’] (Scheme 16).

1000 °C

—_—
1.1,6-C,H
2. repeat

Scheme 16. Scott’s first high-energy approach to corannulene (4)

This route to a hydrocarbon, possessing the minimal
structure of a Cs,-symmetrical fullerene subunit, was an in-
centive to prepare further PAHs of this kind, such as, for
example, the fullerene fragments 6, 85! (see Scheme 2),
70,1471 and 71981 (Scheme 17), albeit that 8 is a planar PAH.
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Yamamoto et al. found this last-mentioned hydrocarbon
was formed in a futile attempt to synthesize the corannu-
lene derivative 72 from 7. Instead of the bowl-shaped 72,
the nearly planar 8 was isolated in 20% yield and calculated
to be more stable than 72 by 28 kcal mol™! (Scheme 18,
top).’!

Similar observations were made by Rabideau et al.[*’!
Their unsuccessful efforts to synthesize the dimethylbenzco-
rannulene 74 from 73 at 1000 °C resulted predominantly in
the formation of the planar 75 (Scheme 18, bottom). Both
examples clearly show that the formation, by means of 1,6-
C,H insertions of vinylidenecarbenes, of highly strained
compounds with curved, bowl-like architecture only has a
chance of occurring if alternative cyclizations to more or
less planar cycloaromatization products can be precluded
by a lack of structural prerequisites.

It soon turned out that multiply ethynyl-substituted pre-
cursors, as required for the synthesis of large, bowl-shaped
PAHs, are relatively unstable on attempted sublimation and
that this phenomenon becomes gradually more significant,
the larger the size of such precursors becomes.l*’l The se-
arch for stable precursors that can be sublimed without un-
acceptable polymerization or decomposition in the sublima-
tion chamber, and attempts to convert these precursors into
the unprotected ethynylarenes only inside the reactor cham-
ber at the reaction temperature, resulted in the application
of precursor compounds differing from the parent ethynyl-
arenes in that their ethynyl groups were substituted with
modified acetylenic  substituents. As  such, 1-
chloroethenyl,#47:48:50=521 1_trimethylsilylethenyl ether,[*"]
and 2-trimethylsilylethynyl groupst™! turned out to be the
most effective (Scheme 19).
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Scheme 17. Further high-temperature syntheses of the fullerene
fragments 72, 74; PC: pre-parent compounds (see Scheme 19)

Although numerous PAHs could successfully be prepared
by FVP of compounds masked in such a way, the yields of
the target PAHs were comparatively low (2—40%). This is
essentially caused by two undesired radical reactions: the
formation of aryl- and vinyl-type radicals, respectively.
These were initiated by the chain-carrier radicals that are
unavoidably generated from any hydrocarbon species at the
overheated reactor walls. The aryl radicals are formed by
bimolecular radical H abstraction from the rim positions of
the polyaromatic fragments of the starting materials, as well
as the target compounds.’*>3 They contribute to the en-
largement of aromatic clusters, promoting the formation of
nonvolatile, coke-like material,l’®>” and hence to a de-
creased yield. Unlike the aryl radicals, the vinyl-type rad-
icals can cause a loss of ethynyl substituents by B(C—C)
scission of ethen-2-yl radicals (Scheme 20).

Eur. J. Org. Chem. 2001, 457—471

This side reaction also lowers the chances of forming the
target compounds in higher yields, and contributes to the
formation of further undesired aryl radicals.

7. Cycloaromatization Starting from
Trimethylsilyl-Protected Acetylenes

In a manner almost parallel to Faust’s ambitious, though
futile, approach to synthesizing C;-symmetric hemibuck-
minsterfullerene (78) from 1,3,5-tris(2’-ethynylphenyl)ben-
zene (77) (Scheme 21),5%1 we succeeded in preparing coran-
nulene (4) from the doubly trimethylsilyl-protected cyclo-
pentaphenanthrenepentadiyne 79.1%%

Although we could not obtain 80 by desilylation of 79,
for the same reason that Faust failed to prepare 77 from
76, we were able to show that the FP of 79 in the presence
of nitrogen gave 4 only in trace amounts, but that the re-
placement of nitrogen by hydrogen furnished 4 in 15% yield
at 900 °C (1.6 5).1331 As shown in Scheme 22, the trimethylsi-
lyl-substituted corannulenes 81 and 82, as well as the
benzo[ghi]fluoranthenes 83 and 84, were also formed, be-
sides 4 and some further PAHs considered to be products
of consecutive radical reactions.

In this experiment, the steady state concentration of the
chain-carrier radicals was deliberately increased by genera-
tion of additional H atoms through thermal dissociation of
molecular hydrogen.

This supports the formation of vinyl-type radicals ac-
cording to R-C=C-R’' + H* = R-C=CH-R'/
R—CH=C"—R’, as well as release of 80 by stepwise cleav-
age of the TMS substituents from the corresponding Mar-
kovnikov-type radicals. On the other hand, the anti-Mar-
kovnikov-type radicals also generated can cyclize by 1,6-
cycloaddition (resulting eventually in 81 and 82) and elim-
inate ethynyl substituents by B(C—C) scission. Taken to-
gether, these reactions can adequately explain the variety of
products formed in the hydropyrolysis of 79.

The results outlined above, together with those obtained
in Scott’s attempt to prepare 4 by FVP of 7,10-bis(2,2-di-
bromoethenyl)fluoranthene,>>%! clearly show that even vi-
nyl-type radicals can contribute valuably to the preparation
of PAHs from compounds with a 1,3-hexadien-5-yne sub-
structure, provided that the reaction conditions are adapted
to the problem to be addressed and the ethynyl substituents
of the starting compounds are suitably modified in each
case.

For syntheses of this kind, it is not decisive, but still
worth bearing in mind, that at temperatures above 550 °C
the carbon skeleton of 1,3-hexadien-5-ynes is subjected to
automerization involving 1,2-C switches. This could clearly
be shown by thorough studies with doubly labeled [4-'3C,4-
DJ-1-phenyl-1-buten-3-yne (85).['%2)) The automerization
of 85 gives 86 (Scheme 23).

This normally hidden process occurs prior to naph-
thalene formation by 1,6-C,H insertion, and involves not
only 1,2-D but also 1,2-styryl shifts.[!%
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top:
—_— 7
bottom:
r -
73

Scheme 18. Ring closures to the planar PAHs 8, 75 outperform those to the bowl-shaped PAHs 72 and 74, respectively

Cl

/ -HCI
Ar—C _
A\Y
CH,
LOTMS - [HOTMS] B
A—C, - Ar—C=CH
“CH,
+H,
Ar—C=C—TMS 2 |
_[HTMS]

Scheme 19. Masked ethynyl groups commonly used to effect 1,x-
C,H insertions of vinylidenecarbenes at high temperatures

+H N
Ar—C=CH(R) =—= + Ar+CH=CH(R)
— Ar* + HC=CH(R)

Scheme 20. From ethynylarenes to aryl radicals by ethyne elimina-
tion from anti-Markovnikov vinyl-type radicals
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8. Concluding Considerations

Compounds possessing a 1,3-hexadien-5-yne structure or
substructure are known to be present

— in natural products (e.g. prymnesins®), or they act
as intermediates

— in acetylene pyrolyses,[*! and

— in combustion processes, especially in fuel-rich flames
and the corresponding hot waste gases.[!>-34.62.63]

Additionally, hexadienynes of this type have been synthe-
sized and used as precursors for the thermal generation of
1,2,4-cyclohexatriene derivatives by the Hopf cyclization
(see Section 4) and high-temperature syntheses of specially
designed PAHs by FP and FVP techniques (see Sections
5—7). Finally, hexadienynes, as well as other enynes,*3
have been used as model compounds to develop building
blocks for kinetically based combustion models.[434-62-63]

The previously studied cycloaromatizations during which
the carbon skeleton of each considered 1,3-hexadien-5-yne
substructure is converted into members of the newly formed
aromatic six-membered ring, can essentially take place by

Eur. J. Org. Chem. 2001, 457—471
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Scheme 21. Faust’s unsuccessful approach to Cs-symmetric hemibuckminsterfullerene (78)
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Scheme 22. Corannulene (4) synthesis by hydropyrolysis of the cross-conjugated enediyne derivative 79
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/‘/30’ - C///
| FP, > 550 °C I
Pr—
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Scheme 23. Automerization within the enyne skeleton

the three alternative mechanisms A, B, and C (see
Scheme 3), which operate in distinct temperature ranges.
Two of them are pronouncedly endothermic,?”-0+631 and
proceed through unimolecular reactions (A, B). The third
(C) represents a cluster of radical reactions consisting of

Eur. J. Org. Chem. 2001, 457—471

exothermic, and slightly endothermic steps. To trigger such
reaction clusters, chain-carrier radicals from other sources
are needed. In the process of FP and FVP, they are un-
avoidably generated at reactor wall temperatures well above
550 °C.

Irrespective of exceptional cases, reactive radicals reduce
the yields of the aromatized target compounds.

For synthetic purposes, pathways by the A and B mech-
anisms are therefore at the center of interest. Both make it
possible to synthesize compounds which are either com-
pletely inaccessible by means of other strategies or only ac-
cessible by extended synthetic routes. Cycloaromatization at
temperatures below approximately 500 °C is now reason-
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ably well understood. The Hopf cyclization of 1,3-hexadien-
S-ynes to intermediates with a 1,2,4-cyclohexatriene (isob-
enzene or cyclic enallene) substructure is proposed as a ma-
jor means of access to the generation of such reactive mole-
cules. It also offers opportunities for the synthesis of novel
compounds, by using these intermediates as co-reactants in
the nascent state.

Unlike the synthesis by the type A mechanism, the FVP
of structurally well-designed and appropriately masked
ethynylarenes has proven to be the most useful tool for pre-
paring medium-sized and large, nonalternating PAHs rep-
resenting fullerene fragments.
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