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Intramolecular Formal Diels-Alder Reaction in Enyne Allenes.
A New Synthetic Route to Benzofluorenes and Indeno[1,2-g]quinolines’
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Abstract : Through the use of aryl substituents at the acetylene terminus in enyne allenes the
reaction mode may be changed from the Myers-Saito cyclization to a c’c’ cyclization
resulting in a net intramolecular Diels-Alder reaction. As a consequence, the thermal
cyclization of readily accessible acyclic enyne allenes allows for the synthesis of complex
benzofluorene and 10H-indeno[1,2-glquinoline derivatives.

The disclosure of the biradical mechanism in natural enediyne and enyne[3]cumulene antitumor
antibiotics® not only has spurted an intense search for simple model compounds to trigger DNA cleavage’ but
likewise has initiated investigations to exploit the Bergman and Myers-Saito cyclization protocol for the
synthesis of carbocyclic systems via subsequent radical cyclization reactions.* In this context we have very
recently disclosed a remarkable switch from the well known Myers-Saito C'-C°® cycloaromatization® to an
unprecedented c:-c* cyclization in the thermal reaction of masked® enyne allenes A affording benzofulvenes
C in high yield. This mode occurred when the hydrogen at the acetylene terminus was replaced by an aryl

7
group.

Scheme 1. Postulated mechanism of the novel thermal C*-C° cyclization of enyne allenes.”

A priori the reaction could have been easily explained by a concerted ene-reaction mechanism,® but we
have proposed, based on the remarkable ary] substituent effect, an hitherto unprecedented thermal biradical
cyclization (A — B1) being operative in these systems,7 since aryl groups are known to stabilize vinyl
radicals.” The occurrence of such a novel biradical cyclization'® should actually allow to devise a plethora of
useful synthetic schemes for the construction of carbocyclic systems. Herein, we would like to report on our
investigations indicating that the motif of benzofulvene formation may not only find synthetic application in
formal ene-reactions but likewise in formal Diels-Alder (DA) cyclizations.

In order to use a putative biradical of type Bl in a novel carbocyclization reaction, the phenyl substituted
enyne allene 1a was synthesized from the corresponding propargy! alcohol by the PCIPh,-method’ in 51%
yield, purified through chromatography and fully characterized."'
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R
PCIPh,
1a< a:R=R'= R"'=H, Ar=pTol 2a, 50%
b: R = Me, R'= H, R"= OMe, Ar = Ph; 2b, not isolated
c:R=H, R'=R"= Me, Ar=pTol. 2¢, 66%

Scheme 2

Rewardingly, when 2a was heated in toluene for 18 h at 60 - 70 °C in presence of an excess of 1,4-
cyclohexadiene the benzofluorene derivative 4a was formed in 63%." In absence of a hydrogen donor 4a was
afforded only in 20% yield, although formally hydrogen is not incorporated in the overall reaction. This
surprising outcome, however, may be easily explained assuming - after a formal DA reaction - the
intermediate formation of benzofulvene 3a, which must undergo an intermolecular H-addition /H-abstraction
in order to provide 4a. 13

2ac i. l
POPh,
a:R=R’= R"=H, Ar=pTol;
b: R = Me, R'=H, R"= OMe, Ar = Ph
c: R=H, R'=R"= Me, Ar =pTol. B2 3a<c 4a-b

Scheme 3

Likewise, we were able to obtain 4b in 44% yield, at this time, however, directly from propargyl alcohol
1b upon reaction with PCIPh,. In this case, allene 2b, which could not be isolated due to its thermal
instability, is only a reactive intermediate. The reason for the thermal instability of 2b may be rationalized on
the basis of back-strain effects and conformational equilibria already discussed in the context of our work on
the formal ene-reactions in enyne allenes.”

As a probe for the steric requirements of this reaction, enyne allene 2c¢ with the sterically demanding
mesityl group replacing the phenyl ring at the allene terminus was synthesized, again from the corresponding
propargyl alcohol in 66% yield. Astoundingly, upon heating of 2¢ in the presence of triethylamine to 60 - 70
°C for 18 h the same reaction was observed as with 2a, affording now in 82 % isolated yield the benzofulvene
3¢ as a mixture of two rotational isomers (in 50 % and 32 % vyield, respectively).14 The yield of 3¢ proved to
be independent of whether a hydrogen donor was added nor not, as no follow-up 1,5-hydrogen shift is
involved. Certainly, formation of the formal DA adduct 3¢ conveys additional evidence for the suggestion,
that benzofulvene 3a,b is indeed an intermediate in the reaction 2a,b — 4a,b.

Noticeably, this novel cyclization strategy may also find wide use for the synthesis of heterocyclic ring
systems, as exemplified with enyne allene 2d that could readily be isolated from the corresponding propargyl
alcohol 1d in 63% yield. After heating 2d at 40 - 50 °C for 18 hours we obtained the carbon-carbon



cyclization product 4d (analogous to 4a,b) and also the formal hetero DA adduct 5d in 42% overall yield.
However, the benzofulvene derivative Sd proved to be unstable at room temperature. In 85% yield it
rearranged to the 10H-indeno[1,2-g]quinoline 4d within 7 d.
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Scheme 4

The different reaction conditions indicate that cyclization of 2d is more rapid than the one of 2a,c. However,
we found that the cyclization of 2d was markedly slowed down upon addition of pyridine as base, while the
reaction proceeded much more rapidly in the presence of a proton source. For example, in the presence of d)-
trifluoroacetic acid (200 mol%) 2d was completely consumed within 10 s at - 30 °C affording the deuterated
products 4deD" and 5deD” in 42% yield. No thermal isomerization between the two isomers was observed.

200 mol% CF3CO0D
T T .
-30°C/10s

2d

4d-D*, 19 % sd-D* 23 %
i 25°C/3d |

Scheme 5

The acceleration of reaction 2d — 4d + Sd proposes that the ¢t cyclization is initiated by protonation
at the pyridine ring of 2d and proceeds via a polar intermediate. In contrast, no acid catalysis could be
detected for the thermal reaction of 2a making it much more difficult to formulate a mechanistic hypothesis.
Although any final conclusion has to await the outcome of our radical clock experiments, we favor a stepwise
over a concerted DA reaction. Certainly, the occurrence of biradical"® intermediate B'® is highly likely as it
would be very difficult to reconcile a concerted DA mechanism’’ with the formation of dc.

In conclusion, it can be stated that the simple exchange of a hydrogen at the alkyne terminus with an aryl
group'® redirects the thermal reaction mode in 2 from the well-known Myers-Saito rearrangement to a novel

DA cyclization in enyne allenes, thus constituting the second example of a C*-C® cyclization.
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