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ABSTRACT: A thermal rearrangement leading to dihydrofuropyridinones and related polycyclic ring systems from furanones and
cyclobutenones is described. A key feature of the reaction is the thermally induced hydride transfer from a 3°-amine to a conjugated

allene to trigger cyclisation.

Thermal rearrangements of alkynylcyclobutenones to quinones
and cyclopentenediones, e.g. 1 — 3 + 4, have been widely used
and studied since their introduction by Moore et al. in 1985
(Scheme 1).'® Reactions generally proceed via vinylketene 2
and favor quinone 4 formation.>” They are diverted toward cy-
clopentenedione 3 when the alkyne carries a radical stabilizing
group,'#® and toward furanone 6 when the cyclobutenone bears
large alkyl or 3°-amino residues.”® The formation of furanone
6 is also observed in the photochemical rearrangement of cyclo-
butenones 1,° with reactions proceeding via the less stable iso-
meric vinylketene 5. This switch of reaction course occurs when
the collapse of vinylketene 2 to quinone 4 and/or cyclopentene-
dione 3 is outpaced by its equilibration to vinylketene 5 and near
spontaneous collapse to furanone 6.’

Scheme 1. Thermal and photochemical rearrangements of
alkynylcyclobutenones
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During a study of alkynylcyclobutenone rearrangements lead-
ing to furanones,” we found the optimization of 1a — 6a to be
particularly sensitive to changes in reaction time and tempera-
ture. Thus, while furanone 6a was the major product formed on
thermolysis of a dioxane solution of 1a at 150 °C for 1 h under

continuous flow, prolonged reaction times and elevated temper-
atures produced dihydrofuropyridinone 7a as a significant by-
product. Indeed, when the solution was heated at 220 °C for 2
h, 7a was given in 60% yield (Scheme 2). Similarly, thermoly-
sis of furanone 6a in dioxane at 220 °C for 2 h gave 7a in an
improved 78% yield.

Scheme 2. Discovery of a new rearrangement pathway
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To demonstrate the generality of the method, the same condi-
tions were applied to various 4-amino-5-alkynylfuranones, 6b-
h. Each, on thermolysis at 220 °C in dioxane under flow, gave
the corresponding dihydrofuropyridinone 7b-h in good to ex-
cellent yield (Table 1, Figure 1). As expected, analogues with
an N,N-dimethylamino residue (6b,e) gave rise to a single prod-
uct, while higher homologues (6¢,d) and those bearing cyclic
3°-amines (6f-h) displayed useful diastereoselectivity.!

Figure 1. X-ray crystal structures of dihydrofuropyridinones 7f and
7i



Table 1. Further examples of the rearrangement high-
lighted in Scheme 1
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Next, an examination of substrates with differentially substi-
tuted 3°-amine residues (6i-m) showed that the reaction dis-
played excellent regioselectivity (Table 2). In each case stud-
ied, the newly created ring was formed to the residue bearing
the weakest CH bond such that insertion followed the sequence
Bn > 3°-alkyl > 2°-alkyl > 1°-alkyl > Me.

To better understand the mechanistic course of the reaction,
three isotope labeling experiments were conducted (Scheme 3).
In the first, tetradeuterated aminofuranone 6n (>99% isoto-
pomer) was heated in dioxane at 220 °C for 2 h and gave
tetradeuterated dihydrofuropyridinone 7n in 67% yield (>99%
isotopomer). In the second and third, dimethylaminofuranone
6a was heated for a limited time in dioxane doped respectively
with 20% D,0, and with a 1:1 mixture of H,O and D,0. Both
experiments gave the mono-deuterated dihydrofuropyridinone
8 and its isotopomer 7a in ratios of ~1:5 and ~7:1 respectively.
The isotope patterns observed in the products provided strong
evidence that the reaction involved alkyne to allene
isomerisation as the rate determining step,'' followed by hy-
dride transfer from the amine residue to the newly formed allene
(Figure 2)."2

Table 2. Regioselectivity in respect of the amine substitu-
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Scheme 3. Deuterium labelling studies designed to shed light
on the mechanistic course of the rearrangement
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DEFT calculations were then performed to assess whether our
proposed mechanism for the rearrangement was reasonable.'®
They showed that the hydride transfer (10 — [11] — 12) and
ring closure (12 — [13] — 7a) steps had similar energy require-
ments,'” with both being lower than that for the alkyne to allene
isomerisation step (6a — 10)."" Computationally, the latter was
found to be prohibitive until water was made available to cata-
lyse proton transfer (Figure 2).'* Experimentally, reactions con-
ducted in dioxane that had been distilled from sodium or dried
over molecular sieves were slowed, but not prevented."
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Figure 2. Calculated energy barriers for the rearrangement of
5H-furanone 6a to dihydrofuropyridinone 7a using M062X/6-
311+g(d,p)

Importantly, the mechanism helps to explain the stereochemical
course of the rearrangement (Scheme 4) with hydride transfer
in allene 10 giving the lowest energy zwitterion, (£)-12. A dis-
rotatory 6m-electrocyclisation follows, providing dihydrofuro-
pyridinone 7 as the major diastereoisomer.

Scheme 4. Explaining the stereochemical course of the rear-
rangement
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Interestingly, the calculated transition state for hydride transfer,
11, showed significant pyramidalisation of its nitrogen atom
(Figure 2 and Supporting Information). Additionally, its ‘lone
pair’ showed minimal interaction with the o,B—unsaturated
carbonyl system, as evidenced by a calculated bond order of 1.1
for N-C4. Rather, it was aligned anti to the breaking CH bond.
The significance of that conformational preference was
evidenced when the rearrangement of fert-butylcyclo-
butenones 14 gave dihydrofuropyridinones 15 directly on
thermolysis at 150 °C (Scheme 5). Here, steric bulk at C3 in
the furanone intermediates 16 ensures that the C4 amino residue
is twisted out of conjugation with the o,3-unsaturated carbonyl.
This lessens the vinylogous carbamate character of 16 leading
to an acidification at C5 and acceleration of proton transfer to
17. Pyramidalization of the nitrogen atom in allene 17 then
serves to promote reactive conformers that are predisposed to
hydride transfer, lowering the energy required to form zwitter-
ion 18.

The steric effect was further evidenced in the rearrangements of
cyclobutenones (14c-e) to dihydrofuropyridinones (15c-e)
where direct conversion was again observed on thermolysis at
150 °C for 1 h. These experiments additionally showed that the
alkyne residue can carry aryl (e.g. 6f-n), heteroaryl (e.g. 14¢c-e),
alkyl (e.g. 6b) and vinyl (e.g. 6e) substituents.'®

Scheme S. Sterically induced rate enhancement including an
extension to heteroaromatic alkynyl substituents
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Extension of the steric effect to triisopropylsilylcyclobutenones
additionally gives access to dihydrofuropyridinones bearing a
proton or iodide at C3. This is a useful extension, as cyclobu-
tenone 19b gave rise to a complex product mixture on thermol-
ysis and iodonated cyclobutenones are difficult to prepare and
handle. Thus, thermolysis of cyclobutenone 19a at 150 °C in
dioxane gave dihydrofuropyridinone 20 directly in 64% yield
(Scheme 6, Figure 3). Its protonation with aq. HCI and its io-
dination with NIS each proceeded in high yield to give furo-
quinolizidines 22 and 23 respectively.'!” Interestingly, treatment
of 22 with LiAlH, led to reduction of the enol ether function,
producing 21 in good yield and with high diastereoselectivity.'®

Scheme 6. Using TIPS as a proton and halogen surrogate
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Figure 3. X-ray analysis of 20 and 21

In summary, 4-amino-5-alkynylfuranones and 3-amino-4-al-
kynylcyclobutenones undergo a hitherto unknown thermal rear-
rangement leading to dihydrofuropyridinones. The rearrange-
ment is initiated by an alkyne to allene isomerization, which in-
duces a hydride transfer from the proximal amino-substituent
and cyclisation of the resulting zwitterion.
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