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ABSTRACT

OH

Efficient Alder-ene reactions of various arynes generated directly from bis-1,3-diynes are described. The reactivity of ene donors with different
tethers was examined under thermal and metal-catalyzed conditions, which indicates that both the formation of aryne intermediates and their ene

reactions are less sensitive to the catalyst than to the structural features of the substrates.

During the past decade, the chemistry of arynes has
witnessed explosive resurgence' probably because of the
availability of a relatively convenient method for their
generation starting from I-trimethylsilyl-2-aryl triflate
under mild conditions.” Due to the low-lying of LUMO
level relative to typical alkynes caused by distortion of the
bond angles of the alkyne moiety,> arynes are highly
reactive species that behave as an electrophilic reagent
toward a variety of electron-rich species. Recently, we took
advantage of the electrophilic nature of arynes for an
effective alkane C—H bond functionalization and fluor-
ination via their in situ generation directly from acyclic
alkyne precursors® under silver-catalyzed condition (eq 1
in Scheme 1). While expanding the scope of this C—H
functionalization reaction with various substrates, we ex-
amined the reactivity of bis-1,3-diyne substrate 1a that
contains an alkene moiety tethered to the 1,3-diyne subunit
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Scheme 1. Initial Unexpected Observations
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with a relatively long tether (Scheme 1). Under the typical
conditions for C—H functionalization, however, the ex-
pected product 2a was not formed, but only Alder-ene
reaction product 3a and triflate adduct 4a were isolated
in 37 and 9% yields, respectively. When the catalyst was
changed to a Grubbs second-generation ruthenium com-
plex, Alder-ene product 3a was isolated in 84% yield as the
sole product. With these initial observations, we decided

3a (37%) + 4a (9%)




to examine the relative reactivity of arynes toward C—H
insertion vs Alder-ene reaction® with diverse bis-1,3-diyne
substrates containing a tethered alkene moiety, and herein
we report the general reaction profiles of the Alder-ene
reaction of arynes® formed directly from bis-1,3-diynes.

First, we examined the Alder-ene reactions of unsymmet-
rical ynamide’-based substrates 1b—g under different
conditions with or without added silver triflate or Grubbs
ruthenium complex (Table 1).* Substrates 1b and 1c¢ that
contain an ene donor prenyl or genranyl group tethered via
either nitrogen or oxygen showed similar behavior to yield
the expected cyclization products 3b and 3¢ (entries 1 and 2).
Cyclic alkenes with different substituent patterns in sub-
strates 1d and 1le did not affect the efficiency of the ene
reaction, affording 3d and 3e in 90 and 94% yield, where
the former is a mixture of diastereomers (1.3:1) but the
latter is a single diastereomer (entries 3 and 4). Notably, the
tertiary alcohol did not interfere with the ene reaction
although potentially it can react with another aryne inter-
mediate in an intermolecular manner. The effect of the
tether sizes between the ene donor and the incipient aryne
moiety was examined with substrates 1f and 1g. Surpris-
ingly, their ene reactions to form 8- and 10-membered ring
products 3f and 3g were still the major reaction pathway,
providing 3f and 3g in 60 and 59% yields, respectively, as
mixtures of diastereomers (entries 5 and 6). To the best of
our knowledge, forming medium-sized rings via Alder-ene
reaction with arynes is unprecedented.

The two different modes of initial cyclization to the
respective aryne intermediates and their subsequent ene
reaction are expected to be affected by the position of
heteroatom (NTs) in the tether. The heteroatom effect in
the tether was examined with substrates 1Th—1j (Scheme 2).
Compared to the efficient ene reaction of 1h to generate
3h in 80% yield, that of 1i and 1j provided 3i in only 49%
yield and none of 3j. This significant discrepancy can be
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Table 1. Silver-Catalyzed and Thermal Ene Reaction of
Putative Aryne Intermediates

entry substrate R conditions® product yield (%)®
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“Conditions: A. AgOTf (5 mol %), toluene 90 °C, 6 h; B. Toluene
90 °C, 6 h. *Isolated yield after SiO, chromatography.

explained by the mode selectivity of the hexadehydro
Diels—Alder reaction®’ in the first step. From 1h, only a
single aryne intermediate I-1 was assumed to be generated,
which then underwent a facile ene reaction to deliver 3h,
whereas from 1i two intermediates I-2 and I-3 were gener-
ated where the former underwent ene reaction like I-1 to
afford 3h, but the latter polymerized. Similarly, substrate 1j
led selectively to the formation of a wrong regioisomeric
aryne intermediate I-4, which then polymerized, yielding
no Alder-ene product. This conclusion is further suppor-
ted by another reaction with 1k, which also can undergo
two different modes of initial aryne formation, but the
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Scheme 2. Mode Selectivity of Aryne Formation and Their
Fates in Thermal Conditions (toluene, 90 °C, 6 h)
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intermediate I-5 generated via Path-a could undergo an
Alder-ene reaction to deliver the final product 3k in 45%
yield. The other half of the material in Path-b was lost via
polymerization.

Next, the ene reaction behaviors of symmetrical sub-
strates 11—s were examined under the same respective
conditions (Table 2). The geranyl- and neryl-substituted
substrates 11and 1m provided products 3l and 3m (entries 1
and 2). Similar to 3c (entry 3 in Table 1), 3l was obtained as
a mixture of E/Z-isomers (2:1), but 3m was isolated as a
single isomer. As elegantly proposed by Lautens and co-
workers,%¥ this contrasting outcome is the consequence of
selective participation of the allylic C—H bonds on the
carbon trans to the tether connecting the alkene to the
incipient aryne moiety. Tetra-substituted cyclic alkene-
tethered substrate 1n afforded quantitatively a single regio-
and stercoisomeric product 3m that contains a newly
formed all-carbon quaternary center (entry 3). Substrates
1o and 1p containing a tethered prenyl group as the ene
donor yielded 30 and 3p in 95 and 70% yields, respectively
(entries 4 and 5). It was expected that the gem-dimethyl
group in 1p would facilitate the ring closure,'® but the
heteroatom tether as in 1o seems to have a greater bene-
ficial effect. In line with this assumption, the gem-diester
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Table 2. Alder-Ene Reactions of Arynes Generated from
Symmetrical Substrates with and without Silver Catalyst

entry substra R conditions® product yield (%)°
Te
—R 0 R
TsN 11 /
1 \—\ // A\ A TsN 9 87
0 Fd e
P & 3 W) &
F N\ P

3 A 2:1 )\

== = e W G y
Ts 3m
N 2

—=—R R
TsN
5 \T\Om /0 c {ﬁ\o 8
7 //—W Ts ap |
{ e
' |
sal R NTs R
S| 1o /
i — /4 NTs
4 NTs N B TsN - ) 95
" g 3 |
e \z 9 A
——R
TsN 1p A
== 62
° .-// N © b 70

a7e

Lo%

\/

A -

/\,/!\\/\0
TsN || 56
Il 54
|

73

o>

3s

(

“Conditions: A. AgOTf (5 mol %), toluene, 90 °C, 6 h. B. Grubbs
second-generation complex (5 mol %), toluene, 90 °C, 6 h. C. Toluene,
90 °C, 6 h. D. CH;CN, 90 °C, 6 h. *Isolated yield after SiO, chromato-
graphy. “ At 120 °C for 6 h in toluene.

moiety in 1q did show somewhat different reactivity
compared to the corresponding heteroatom-tethered sub-
strates, providing ene product 3q in 87% yield but only at
120 °C rather than 90 °C under otherwise identical condi-
tions (entry 6). Substrate 1r containing a cyclic trisubsti-
tuted alkene connected to the 1,3-diyne moiety via an all-
carbon tether afforded a tetracyclic product 3r in 74%
yield (entry 7). The relatively diminished yield for 3r
compared to that of 3n/30 seems to be caused not only
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by the formation of the incipient 5S-membered ring instead
of a 6-membered ring during the ene cyclization, but also
by the all-carbon tether instead of NTs- or oxygen-based
tether.*>!! Finally, substrate 1s containing an alkyne'?
instead of an alkene as the ene donor could also undergo
ene reaction to deliver allene 3s but in only marginal yield
in toluene with AgOTf catalyst or without the catalystin 56
and 54% yield, respectively (entry 8). However, the yield of
a thermal reaction was significantly improved up to 73% in
CH;CN.

In conclusion, we have developed an efficient intramo-
lecular ene reaction of aryne intermediates that were
generated directly from the corresponding acyclic alkyne

(11) During the hydrovinylative cyclization of bis-1,3-diynes, it was
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An account of the aryne formation and their trapping with halogenated
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building blocks. Among various reactivities of arynes, the
ene reaction was demonstrated to be one of the most
favorable reactions if suitable alkene ene donors are
tethered to the incipient aryne moiety. The tether size that
connects the ene donor to the 1,3-diyne moiety and sub-
stituent patterns on the alkene significantly affects the
efficiency of the ring-closing ene process, but more im-
portantly the heteroatom in the tether connecting the two
1,3-diynes or the alkene and the 1,3-diyne seem to have
greatest impact on the reactivity of various substrates.
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