Selectivity in the Formal [2 + 2 + 2] Cycloaromatization of Enyne-Allenes
Generated by the Alder-Ene Reaction from Triynes
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ABSTRACT: 1,3-Diynyl propiolates undergo the Alder-ene reaction to generate enyne-allenes, which participate in the Diels-

Alder reaction to provide products of a formal [2 + 2 + 2] cy-
cloaromatization of three alkynes. Without an external al-
kyne, the enyne-allene reacts with one of the alkyne moieties
of the 1,3-diynyl propiolate, whereas external alkynes can be
used to trap the enyne-allene to provide various arene prod-
ucts. The substituents on the dienophile alkynes have a pro-
found impact on their reactivity. In this Diels-Alder reaction,
1,3-diynes display higher reactivity than monoynes, an ex-
cess amount (4-5 equiv) of external monoynes needs to be
employed thus to get good product selectivity.
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The arene skeleton is ubiquitous in natural products,
pharmaceuticals, and functional molecules. Thus, numerous
synthetic methods for their construction relying on the
transition metal-catalyzed trimerization of alkynes have
been reported.! The thermal [4 + 2] cycloaddition of 1,3-
diyne and alkyne, the so-called hexadehydro Diels-Alder
(HDDA) reaction, is a versatile method for synthesizing het-
eroatom-functionalize arenes.?? While exploring HDDA re-
actions, we discovered a novel benzannulation reaction of
an ester-tethered 1,3,8-triyne A (Scheme 1). Initially, we ex-
pected heating A would induce an HDDA reaction to form a
benzyne intermediate, but the Alder-ene reaction** is more
favorable to generate enyne-allene B. In the presence of nu-
cleophiles, B could be trapped to yield C (eq 1).7 If the 1,3-
diyne moiety of B is terminal (R! = H) or aryl-substituted R!
= aryl), B undergoes a formal 1,7-H shift to form an alterna-
tive enyne-allene D, which participates in the Myers-Saito
cyclization’8 to provide final products via a diradical or
zwitterionic intermediate. In contrast, if the substituent R!
is a silyl or an alkyl group, a completely different reactivity
of enyne-allene B was revealed. Upon heating A at 110 °C in
toluene in the absence of nucleophiles, clean conversion of
A occurred to give product E, which is the consequence of
the Diels-Alder reaction between enyne-allene B and A (eq
2).

Danheiser reported a similar transformation whereby tri-
yne F generates arene product H via enyne-allene G (eq 3).°
In this reaction, electron-deficient external dienophiles
were employed, and the dimerization product of type E was
notobserved.'® In arelated reaction, Hoye observed that the
enallene J generated from I participated in a Diels-Alder di-
merization to provide K (eq 4).!! These reactions can be
considered as a thermal equivalent of the metal-catalyzed
reaction of the diyne L with external alkyne or alkene to
generate the cycloaddition products M.

Scheme 1. Various reactivities of ene-allenes
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Considering the favorable reactivity of enyne-allene B for a
thermal cycloaddition, we explored its reactivity for a
unique Diels-Alder reaction with the substrate A, and di-
verse external alkynes with steric and electronic variations
factors to examine the scope and detailed mechanism for
this reactivity. Herein, we report the reactivity and selectiv-
ity of the Diels-Alder reactions of triyne-based propiolate
derivatives.



We commenced our exploration with 1,3-diynyl tetrolate
1ain toluene under reflux, which led to the formation of di-
mer 2a in 76% yield (Table 1). Changing the methyl group
to bulkier groups such as propyl (1b), butyl (1c), and cyclo-
hexyl (1d) groups decreased the yield of the corresponding
products, yielding 2b (52%), 2¢ (54%), and 2d (28%), re-
spectively. Especially when a branched alkyl substituent at
the propargylic carbon (1d), the yield of dimerization prod-
uct (2d) drastically decreased. Substrates containing a ben-
zyloxy group on the propiolate and a trimethylsilyl or butyl
substituent on the 1,3-diyne moiety provided products 2e
(58%) and 2f (44%) in moderate yields. Substrates with a
butyl substituent on the 1,3-diyne moiety and a methyl (1g)
or butyl (1h) group generated products 2g (70%) and 2h
(53%). These results indicate that the bulky substituent on
the allene moiety hinders the Diels-Alder reaction, lowering
the efficiency of the reaction. On the other hand, substrates
with a bulky trimethylsilyl group on the 1,3-diyne gave
higher yields than those with a butyl group (2e vs. 2fand 2g
vs. 2h). Triynes containing an ether- or an NTs-tether dis-
played contrasting behaviors. The ether-tethered triynes
containing trimethylsilyl (1i) or a 4-methoxyphenyl group
(1K) provided good yields of products 2h (72%) and 2k
(74%).12 In contrast, the corresponding NTs-tethered tri-
ynes (1j and 11) did not give products 2j and 21 under iden-
tical conditions, and only the decomposition of the starting
materials was observed. We surmise that this is the conse-
quence of the steric interaction between the dienophile's
propargylic NTs group and the enyne-allene moiety in the
Diels-Alder transition state.!?

Table 1. Diels-Alder Dimerization of 1,3-diynyl propiolate
derivatives via Alder-ene reaction
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aJsolated yield. P The structures of dimers 2a and 2c were
confirmed by the synthesis procedure provided in the Sup-
porting information.

To gain further insight into the chemo- and regioselectivity
of this Diels-Alder reaction, we explore the reactions of in-
ternal and terminal diynes (Table 2). The reaction of 1a
with sterically well-differentiated 1,3-diyne 3a provided
product 2aa with a 72% yield (entry 1). Also, 1,3-diyne 3b,
which contains sterically less differentiated hydroxymethyl
and butyl groups, provided high selectivity of single product
2ab in 73% yield (entry 2). In contrast, the reaction of 1,3-
diyne 3c containing 4-methoxyphenyl group formed only
dimer 2a (69%) (entry 3). The reason for this lower dieno-
philicity of 3c compared to 3a and 3b is not apparent. To
compare the dienophilicity of 1,3-diyne and monoyne, tri-
yne 3d was employed, which provided a 1:2 mixture of 2a
and 2ad with a 72% yield (entry 4). The reaction of mono-
substituted 1,3-diyne 3e selectively engaged the terminal
alkyne moiety to provide 2ae along with 2a (90%, 4:1) (en-
try 6). This result indicates that the sterically less hindered
terminal alkyne is more reactive than the internal alkyne of
the 1,3-diynes. The higher reactivity of 1,3-diyne was fur-
ther confirmed by a skipped diyne 3f, which gave a 4:1 mix-
ture (75%) of 2a and 2af even with 4 equivalents of 3f (en-
try 6). The reaction of alkynes containing a branched pro-
pargylic alcohol 3g gave only 2a (entry 7), whereas the re-
action with ketone 3h led to the decomposition of the start-
ing material (entry 8).

Table 2. Diels-Alder reaction of 1,3-diynyl tetrolate with ex-
ternal diynes
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Considering the reactivity and selectivity trend of the Diels-
Alder reaction between enyne-allenes and 1,3-diynes, we
further examined the reaction profile of terminal and inter-
nal mono-ynes (Table 3). Because mono-ynes are less reac-
tive than 1,3-diynes, the reactions employing lower stoichi-
ometry of mono-ynes!* generated a mixture of 2a and the
cross-Diels-Alder products. Thus, the reactions were car-
ried out with super-stoichiometric amounts (up to 5



equivalents) of dienophile alkynes. The reaction of 1a with
phenylacetylene (3i) and 3-butyn-1-ol (3j) provided prod-
ucts 2ai and 2aj in 82% and 44% yields (entries 1 and 2).
With trimethylsilyl acetylene (3k), a mixture of 2a:2ak
(70%) was obtained in a 1:1 ratio (entry 3). Similarly, the
reaction of 2-methylbut-3-yne-2-ol (31) gave 2a:2al (82%)
with a 1:1 ratio (entry 4). In contrast, the reaction with t-
butyl acetylene (3m) provided only 2a without any product
of 3m incorporation (entry 7). On the other hand, the reac-
tions with propargylic alcohols 3n-3p, with an internal al-
kyne moiety, regardless of the steric difference, provided
only 2a. Based on these observations, we concluded that, for
mono-ynes, only the terminal alkynes could participate in
the Diels-Alder reactions with enyne-allenes to generate the
corresponding arene products. In addition, the reactivity of
terminal alkynes depends differentially on the substituent's
steric factor, so adjusting their stoichiometry can control
the product distribution.

To gain insight into the selectivity of various Diels-Alder re-
action manifolds, we conducted DFT calculations focusing
on the reactivity of enyne-allene IN1-1a (generated from 1a
via the Alder ene reaction through TS0-1a with a barrier of
28.7 kcal/mol) (Scheme 2). Concerning the chemo- and re-
gioselectivity of the Diels-Alder reaction of enyne-allene
IN1-1a, we posit that the steric and electronic effects of the
substituents on the diene and dienophile play a crucial role.
We considered 3 alkyne dienophile components that inter-
act with the enyne-allene IN1-1a, leading to 6 different
transition states (TS1-TS6).1> Among the three alkyne moi-
eties in 1a, the sterically least hindered C1-C2 alkyne most
favorably participated in the reaction via TS1-1a (24.1
kcal/mol). Other transition states TS2-TS6 involving C3-
C4 and C5-C6 alkynes lead to the other isomers, including

2a-a and 2a-b, which have at least 2.4 kcal/mol higher en-
ergies than TS1-1a; thus, these isomers were not ob-
tained.’® The cycloaddition for the formation of IN2-1a is
highly exergonic by 50.5 kcal/mol. Calculations showed that
the aromatization of IN2-1a by a 1,5-H shift could be real-
ized if a three-water cluster as in TS7-1 is involved as a pro-
ton shuttle.17.18

Table 3. Diels-Alder reactions of 1,3-diynyl tetrolate with
external monoynes
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Scheme 2. DFT calculations for chemoselectivity and regioselectivity in the Diels-Alder reaction of enyne-allene IN1-1a
(Optimization: B3LYP/6-31G(d); Solvation: M06/6-311+G(d,p))
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In conclusion, we discovered new Diels-Alder heterodimer-
ization of the enyne-allenes generated via the Alder-ene re-
action of ester-tethered triynes. This dimerization process
could be diverted by employing external alkynes to gener-
ate cross-Diels-Alder reaction products. In terms of the re-
activity of alkyne dienophiles, terminal 1,3-diyne is more
reactive than internal 1,3-diyne, which is more reactive
than monoyne. In general, the reactivity of alkynes toward
the enyne-allene counterpart critically depends on steric
factors. However, the electronic effect of the substituent
cannot be neglected. For example, the 1,3-diyne containing
a 4-methoxyphenyl group (3c) is significantly less reactive
than the corresponding 1,3-diynes substituted with trime-
thylsilyl (3a) or butyl (3b) group, this reactivity difference
should result from an electronic rather than steric effect.
These sequential bond-forming processes to generate the
arene products can be considered formal [2+2+2] cycloaro-
matization, a thermal counterpart of the transition metal-
catalyzed process.
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