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The synthesis of substituted benzoates from 1,3-dien-5-ynes that are readily accessed from 2-pyrones is
described. Highlighted is a 2-pyrone remodeling strategy in which a 3-alkynyl-2-pyrone is selectively
opened in a 1,6-fashion using sodium cyanide to provide dienynes that upon treatment with sub-stoi-
chiometric amounts of [Rh(C0),Cl], at elevated temperature furnish the desired benzoate.

© 2022 Elsevier Ltd. All rights reserved.

Introduction

2-Pyrones (1, Scheme 1a) have been exploited as substrates in
myriad annulative processes for almost a century. [ 1] Direct peri-
cyclic annulations of 2-pyrones, such as [4 + 2]-cycloadditions [2]
and 4rn electrocyclizations, [3] have proven to be effective tactics
for accessing synthetically versatile bicycles. Previously, we have
developed novel annulation reactions enabled by the nucleophilic
1,6- [4,5] or 1,2- [6] openings of 2-pyrones to access diverse ring
systems via intermediates 2 or 3, for example. Our continuing
efforts in this area have focused on expanding the scope of this ver-
satile pyrone remodeling strategy to build other scaffolds. Here, we
describe the synthesis of substituted benzoates from 2-pyrones by
taking advantage of a Hopf cyclization.

The Hopf cyclization was first reported in 1969, when the pyrol-
ysis of 1,3-hexadien-5-yne (4, Ry_s = H, Scheme 1b) was found to
give benzene (5, R;.s = H). [7] Under thermal conditions, 1,3-
dien-5-ynes are known to undergo E/Z-isomerization to the opti-
mal geometry for cyclization. The mechanistic studies with 1,3-
hexadien-5-yne that followed Hopf's initial report revealed that
at relatively low temperatures for these types of processes (using
flash vacuum pyrolysis; 200-400 TC), the aromatization proceeded
through an electrocyclization and two sequential 1,2 H-shifts to
furnish the aromatized product (5). [8-10] The thermal cycloarom-
atization of 1,3-dien-5-ynes has mostly found application in the
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synthesis of polycyclic aromatic hydrocarbons. [11,12] Likely, it
has not been more broadly applied because of the harsh conditions
that are required as well as the attendant limitations in scope since
many secondary products are formed. [13] Over the last 25 years,
several transition metal-catalyzed methods have emerged for
effecting the Hopf cyclization at much lower temperatures, often
producing excellent yields of the desired cycloaromatization prod-
ucts. [13,14].

We sought to combine 2-pyrone remodeling tactics developed
in our laboratory with the Hopf cyclization as a way to access sub-
stituted benzoates from alkynyl 2-pyrones. We envisioned that
site-selective cross-coupling of alkynes at the C3 position of 2-pyr-
ones [15] would provide access to compounds such as 8
(Scheme 1c). A selective 1,6-ring opening of 8 with NaCN would
then unveil a 1,3-dien-5-yne (9). Intermediates of this type could
then be further elaborated to substituted benzoates (10) under
transition metal-mediated Hopf cyclization conditions. However,
we anticipated several potential challenges with this transforma-
tion. First, all known Hopf cyclizations occur with substrates where
the dienyne is aligned for the cyclization step (i.e., no need for E/Z
isomerization). [14] Second, there are few practical examples of
Hopf cyclizations using a 1,3-dien-5-yne where neither of the
alkene groups is a part of an aromatic ring. [14] Finally, there are
few examples of 1,3-dien-5-yne annulation reactions that occur
with electron-withdrawing groups on the terminal alkene group
[16-18]. Merlic demonstrated that with an electron-rich terminal
alkene and an electron-poor ruthenium catalyst (RuCl(p-cymene)
PPh3) the desired cyclization product could be obtained via a
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Scheme 1. Combining the versatility of 2-pyrones with the Hopf cyclization to access substituted benzoates.

vinylidene intermediate in high yield (89%, Scheme 2a). [17] How- ably, after forming a vinylidene intermediate from the terminal
ever, for substrates bearing an electron-deficient alkene group, the alkyne and Rh(cod),OTf, pyridine-N-oxide oxidizes the vinylidene
yield decreased to 12% even after extended reaction times. In 2018, to a Rh-bound ketene, which undergoes the desired 6n electrocy-
Zi reported a rhodium-catalyzed oxidative cycloaromatization of clization to afford the cycloaromatized product. Notably, both the
dienynes with electron-deficient terminal alkenes to form phenols Merlic and Zi examples occur with substrates bearing terminal
and naphthols in 56-89% isolated yields (Scheme 2b). [18] Presum- alkyne groups whereas we sought to employ substrates that pos-
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Scheme 2. Existing 1,3-dien-5-yne cycloaromatizations with an electron-withdrawing group on terminal alkene.

sess internal alkyne groups. With these challenges in mind, we set
out to achieve the desired carbocyclization of 1,3-dien-5-ynes (i.e.,
9) which could be readily accessed from 2-pyrones.

Results and discussion

We commenced our investigations with the synthesis of diphe-
nyl dienyne 13 to explore the desired Hopf cyclization step. On the
basis of precedent from Cho and coworkers, [15] a Sonogashira
coupling between 3-Br-5-phenyl-2-pyrone (11) and pheny-
lacetylene proceeded smoothly to afford alkynyl pyrone 12 in
82% yield (Scheme 3). Next, 12 was subjected to cyanide ion-medi-
ated ring-opening [4,5] to furnish 13, setting the stage to explore
the key metal-mediated Hopf cyclization. Our initial investigations
focused on identifying metal complexes that efficiently effected

=—Ph

cyclization of dienyne 13. Several transition metal complexes were
surveyed (see the Supporting Information for more information) on
the basis of precedent for these transformations. [13,19-21,22]
However, most conditions led to non-specific decomposition and/
or partial recovery of starting material with some E/Z isomerization
occurring. We observed the desired benzoate (14) in 23% yield
using 10 mol % of [Rh(CO).Cl]>, building on the precedent of Dank-
wardt, [22] who demonstrated in 2001 that this Rh(I) complex
effects a 6-endo-dig cyclization of a silyl enol ether aryl alkyne pre-
cursor to form a silyl-protected naphthol at elevated temperatures.
Interestingly, when phenyl dienyne 15, which lacks a phenyl group
at C5 of the pyrone precursor was subjected to the same condi-
tions, we isolated the desired product (16) in 33% yield. Due to
the ease of accessing the phenyl dienyne intermediate (i.e., 15)
and the higher observed yield with this substrate, we decided to

i Pd(PPh3),Cly, Cul s 0 S 1
Br E3t32N z N NaCN N
I o] - I - ’ OMe
_ DMF J thenK,CO,, Mel _
DMF CN
Ph 82% Ph 82% Ph
11 12 13
Ph 2 Ph CO.M
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-
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CN
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Ph .
10 mol %, 23% yield
13 20 mol %, 22% yield 14

Scheme 3. Synthesis of diphenyl dienyne 13 and initial exploration of the key cyclization step.
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Table 1

Optimization of the annulation reaction with 15 and [Rh{CO)kCl]; to desired
substituted benzoate 16. ° Isolated yields. ® TFP = tri(2-furyl)phosphine. ¢ Reaction
was conducted at 80T,

o x [Rh(CO),CI], (x mol %) Ph COMe
 ome - > D’
/ solvent, additive, 105°C pg
15 N 16
entry mol % [Rh] solvent additive yield®
1 10mol%  PhMe (0.05 M) - 33%
2 10mol% PhMe(0.05M) COatm. 23%, 49% RSM
3 10mol%  PhMe (0.05 M) 10 mol % TFP? 6%, 30% RSM
4 10mol% PhMe (0.025 M) - 62%
5 20mol% PhMe (0.025 M) - 70%
6 5mol% PhMe (0.025 M) - SM
7  20mol%  PhCI(0.025 M) - 42%
8  20mol% p-xylene (0.025 M) - 49%
9 20mol%  PhH (0.025 M)° - 30%

continue optimizing the reaction conditions with 15 as our
substrate.

Optimization of the key annulation reaction with 15 and [Rh
(C0O),Cl]5, as shown in Table 1 below, commenced with an additive
screen. We wondered if the low yield and efficiency could be
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attributed to the instability of the Rh(I) complex under these con-
ditions. Therefore, we conducted the reaction under an atmosphere
of carbon monoxide (CO) using a balloon, or with the addition of
10 mol % of tri(2-furyl)phosphine (TFP) (entries 2 and 3), a ligand
known to bind to metal complexes similarly to CO, albeit with a
weaker m-acceptor ability than CO. [23-25] Our goal with these
reactions was to determine whether these ligand additives would
stabilize the Rh(I) complex. Conducting the reaction under these
conditions led to diminished yields. However, an increase in the
recovered starting material was observed, which we presume indi-
cates that the Rh(I) complex was stabilized by the additional
equivalents of ligand—at the expense of freeing a coordination site
that would be necessary for catalysis. We also hypothesized that
partly, the low efficiency and yield must arise from dimerization
or polymerization of the dienynes. In an attempt to inhibit unde-
sired intermolecular reactions and favor the desired intramolecular
cyclization, the reaction mixture was diluted to 0.025 M (entry 4).
Gratifyingly, an increased yield (from 33% to 62%) was observed
upon dilution. Diluting the reaction mixture may suppress unde-
sired intermolecular reactivity, which would otherwise lead to
non-specific decomposition products and decreased yield. Finally,
we found that increasing the Rh complex loading to 20 mol % led
to a slight increase in yield to 70% (entry 5). Although we chose
to continue our studies at this high loading of the Rh complex, this
reaction still proceeds at lower catalyst loadings. However, at
5 mol % loading no discernable conversion was observed (entry
6). An abbreviated solvent screen (entries 7-9) identified toluene
to be the optimal solvent for this transformation. A more detailed
optimization table is provided in the Supporting Information.
With optimized conditions in hand, we investigated the scope
of this operationally simple benzoate synthesis (Scheme 4). Alky-
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Scheme 4. Scope of the substituted benzoate synthesis. “ Reaction conducted at 120 T.
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Fig. 1. Proposed Lewis acid mechanism.

nyl-pyrone substrates with varied substitution patterns were read-
ily synthesized using Sonogashira couplings of various acetylenes
with 3-trifloxy-2-pyrone. Although 4 tolyl (17) and 3 methoxyphe-
nyl (21) bearing dienynes were tolerated well in this reaction, sub-
strates bearing an electron-donating (18) or electron-withdrawing
(19) group on the alkyne led to diminished yields. Additionally, for
non-aromatic alkynyl substituents, such as in a substrate bearing a
cyclohexenyl alkyne substituent, very little reactivity was observed
(6% of desired benzoate 22 was obtained at 120 ). In addition,
when we subjected diphenyl dienyne 13 to the optimized condi-
tions, we observed no reactivity under those conditions. The scope
of this methodology is limited to substrates where C5 of the alky-
nyl 2-pyrone precursor bears a H and the alkyne bears an aryl
group.

A proposed mechanism for the Rh(1}-mediated cycloaromatiza-
tion where the Rh(I) serves as a Lewis acid is shown in Fig. 1. The
Lewis acidic Rh(I) complex is hypothesized to bind to the alkyne
and enhance its electrophilicity. This coordination facilitates a 6-
endo-dig cyclization to generate intermediate 19; analogous to
the proposal by Dankwardt. [22] Notably, we were able to identify
conditions for this transformation with substrates bearing an elec-
tron-withdrawing cyano group at the terminus of the alkene group.
At this stage, it is unclear when E/Z isomerization occurs to afford
the desired alkene geometry for cyclization. Zwitterionic interme-
diate 25 could then undergo proton transfer to provide the ben-
zoate product (16) and regenerate the active Rh(l) complex,
which will re-enter the catalytic cycle. [26] We have not conducted
extensive studies to support this proposed mechanism.

Conclusion

In summary, we have developed a novel pyrone remodeling
strategy, which capitalizes on the 1,6-ring opening of 2-pyrones
followed by a Rh-mediated cyclization to construct diverse ben-

zoates. This key step was optimized for substrates bearing an elec-
tron-withdrawing group on the terminal alkene group. Notably,
neither alkene group of the Hopf cyclization substrate is embedded
in an aromatic ring system (unlike in previously reported systems),
and the 1,3-dien-5-yne subsirates studied here presumably
undergo E[Z isomerization prior to the key cycloaromatization
step, heightening the challenge in realizing the transformation
reported here. Future studies will seek to apply this transformation
in the total synthesis of natural products.
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