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Organocatalytic annulations between allenes and bisnucleophiles represent one of the most convenient
routes to various carbocycles and heterocycles. However, most examples are limited to the formation of
five- and six-membered rings, probably owing to relatively easy handling of short-chained
biselectrophiles. Here we report long-chained a-allyl allenoate-derived 1,6-biselectrophiles for the first
time, enabling a phosphine catalyzed [6 + 1] annulation with readily available 1,1-bisnucleophilic
reagents. The reaction proceeds via a tandem y-umpolung addition and &'-addition process, smoothly
constructing both seven-membered N-heterocycles and carbocycles with a broad scope of substrates,
high atom economy and excellent enantioselectivity (up to 99% yield and up to 96% ee). Mechanistic
experiments revealed a conversion of the 1,6-dipole into a 1,6-biselectrophilic intermediate through
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Introduction

Phosphine-catalyzed annulation of functionalized allenes and
bisnucleophiles represents a straightforward and efficient
strategy for the construction of cyclic compounds and has
garnered considerable and enduring interest since Lu's
groundbreaking research in 2002.*> The reaction proceeds via
two tandem nucleophilic additions of bisnucleophiles to alle-
noates. With various allene-derived biselectrophiles serving as
C1,? C2 (ref. 4) or C3 (ref. 4d and 5) synthons, a diverse range of
annulations have been realized through classical B-Michael
addition and a,y-umpolung addition, mainly providing a variety
of five- and six-membered rings in the presence of 1,n-bisele-
trophiles (n = 1-3), albeit with sporadic racemic examples on [2
+ 5] annulations.? To extend the chain-length in annulations,
the introduction of novel reaction sites into allenes has
emerged as a prevailing trend over the last two decades, and the
scatter plots mathematically show the annulation pattern of
such reactions (Scheme 1A).'%® Compared with those short-
chained allene-derived synthons, longer-chained synthons are
more difficult to handle in annulation reactions, because more
flexible allene-derived biselectrophiles may lead to more diffi-
cult control of reactivity and selectivity.
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Thus far, only two categories of allenes have been effectively
established as longer-chained biseletrophiles for C4 synthons
under phosphine-catalyzed conditions (Scheme 1B). In 2010,
Tong exquisitely introduced an acetate group at B’-position as
leaving group and generated phosphonium diene intermediates
as 1,4-biseletrophiles.” Racemic and enantiomerically enriched
[4 + 1] and [4 + 2] annulations were achieved via sequential -
umpolung addition and p’-addition with 1,1- and 1,2-bisnu-
cleophiles.®® In addition, another allene-derived 1,4-bisele-
trophile is also reported by Huang et al, who used B"-
oxazolidinyl-substituted allenyl imide as a C4 synthon,
achieving [4 + 1] annulations via tandem PB”-addition and vy-
addition.”™ On the basis of these two types of leaving group-
containing allenes, various other types of annulations have
been developed with different bisnucleophiles, generating 5- or
6-membered rings." Furthermore, although both the d-acetoxy-
substituted allenoate developed by Tong and the vy-alkenyl
allenoate developed by our group exhibited d-addition and
remote 1,7-addition reactivity,'” the construction of medium-
sized rings through the annulations of long-chained allene-
derived remote biselectrophiles still remains an elusive chal-
lenge," probably owing to unfavourable enthalpic and entropic
effects in the synthesis of medium-sized rings,' as well as the
limited  availability = of long-chained  allene-derived
biselectrophiles.

In consideration of widely-existing of chiral medium-sized
rings in natural products and bioactive molecules**™” (Scheme
1C), the development of long-chained allene-derived biselec-
trophiles to construct medium-sized rings, especially enantio-
selectively, would be in high demand. Herein, we report
a phosphine-catalyzed [6 + 1] annulation of a-allyl allenoates
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Scheme 1 Context of the work.

with 1,1-bisnucleophiles, achieving a general and economical
approach for the synthesis of seven-membered rings (Scheme
1D) which is different with the previous works through [4 + 3]
annulation.’ Notable features of this strategy include: (a) the
longest-chained allene-derived biselectrophile, acting as C6
synthon to enable the rarely-reported [6 + 1] annulation; (b)
both N-heterocycles and carbocycles produced with broad scope
and great efficiency (up to 99% yield and 96% ee); (c) high atom
economy without the need of leaving groups; (d) excellent
regioselectivity without observing potential a- and B-additions,
as well as competing self-cyclization.*

Results and discussion

Recently, a phosphine-catalyzed cycloaddition of a-allyl alle-
noates with 3-formylchromones was developed by our group.”®
Inspired by this success, we envisioned that the conversion of a-
allyl allenoate-derived 1,6-dipole into 1,6-biselectrophile
through proton abstraction may be feasible, thus facilitating
a distinct [6 + 1] annulation with readily accessible and cost-
effective  1,1-bisnucleophilic  reagents. Following this
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Table 1 Optimization of the [6 + 1] annulation conditions®

ﬁcoza R catalyst 30 mol%) SO0\ -
additive (130 mol%)

Z CO,Et solvent, T °C

13 21 EtO,C
Entry Catalyst (mol%) Additive Solvent yield? (%)
1 PBu, — CHCl, 61
2 PBu, K,CO;4 CHCl, 43
3 PBu, Cs,CO;4 CHCl, 24
4 PBu, 4 AMS CHCl, 56
5 PBu, H,0 CHCl, 62
6° PBu, — CHCl, 80
7¢ PBu, — DCE 77
8¢ PBu; — Toluene 64
9° PBu, — Et,0 56
104 PBu, — CHCl, 70
11¢ PBu, — CHCl, 81
12¢ DMAP — CHCl; NR
13°¢ (4-MeOCg¢H,);P — CHCIl, Trace
14° PCy; — CHCL, 47
15¢ — — CHCl, NR

“ Reaction conditions: 1-3 (0.2 mmol), 2-1 (0.24 mmol), catalyst
(30 mol%) and additives (130 mol%) in solvent (2.0 mL) at 25 °C for
24 hours. ? Isolated yields. ¢ 1-3 (0.4 mmol), 2-1 (0.2 mmol). ¢ 60 °C.
¢ 0 °C, 48 hours.

hypothesis, we commenced the study with the screening of a-
allyl allenoate 1-3 and p-toluenesulfonamide 2-1 in the presence
of tertiary phosphine catalysts (Table 1). To our delight, the use
of PBu; in CHCl; at 25 °C for 24 h provided the desired azepine
3 in 61% yield (entry 1), while the base additives such as K,CO3
or Cs,CO;z did not promote the reaction (entries 2 and 3),
probably because the addition of base inhibited the proton
transfer process, leading to more difficult formation of 1,6-
bielectrophilic intermediate.’® Notably, 4 A MS reduced the yield
while H,O slightly improved the yield (entries 4 and 5), sug-
gesting a water-tolerant reaction. When the ratio of 1-3 to 2-1
was changed from 1:1.2 to 2: 1, the yield of 3 was improved to
80% with a slightly prolonged reaction time (entry 6). Other
screened solvents provided unsatisfactory performances
(entries 7-9), and elevating the temperature also decreased the
yield. On the other hand, reducing the temperature to 0 °C led
to slightly higher yields, yet requiring a longer reaction time
(entries 10 and 11). Importantly, the structure of catalyst had
strong influence on the reactivity (entries 12-14), and other
phosphines or an amine catalyst were in general less effective.
In addition, control experiment showed that the absence of
PBu; resulted in no reactivity, further confirming a vital role of
phosphine catalyst in the [6 + 1] reaction (entry 15).

With the optimal reaction conditions in hand, we set out to
explore the generality of this [6 + 1] annulation. The scope was
first explored with various sulfonamides (Scheme 2). Various
sulfonamides with aryl rings bearing both electron-withdrawing
and electron-donating para-substituents were well tolerated,
affording 7-membered N-heterocycles with 61-81% yield (3-8).
The o-tolyl and phenyl-substituted sulfonamides also partici-
pated in the reaction smoothly (9 in 64% yield and 10 in 84%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Scope of 7-membered N-heterocycles. “Reactions of 1
(0.20 mmol) and 2 (0.40 mmol) were carried out in the presence of
PBus (0.06 mmol) in 2.0 mL of CHClz at 25 °C for 24 h. Isolated yields.
b20 eq. H,O was added.

yield). In addition, alkyl and heteroaryl sulfonamides provided
satisfactory yields (11 in 82% yield, 12 in 80% yield and 13 in
66% yield). Different allenoates were tolerated well in this
reaction, and the steric hindrance of the ester groups at both a-
and y'-positions had a small influence on the yield (14-19, 48-
79% yield). To our delight, valdecoxib and celecoxib were
successfully transformed into the corresponding cycloadducts
(20, 66% yield, and 21, 73% yield).

Given the wide availability of 1C,1C-bisnucleophilic
reagents, we then investigated the feasibility of the [6 + 1]
annulation in the synthesis of 7-membered carbocycles
(Scheme 3). We were pleased to find that this transformation
was indeed successful with readily available malononitrile and
malonate diesters, providing the corresponding cycloheptenes
with good efficiency under the standard conditions (22-25, 71—
88% yields). The steric hindrance of the ester groups at both a-
and y'-positions did not affect the yields (26-31, 83-90% yield).
In addition, the citronellol-derived malonate proceeded
smoothly to afford 32 in 71% "H NMR yield. Non-symmetrical
1C,1C-bisnucleophilic substrates also provided the desired
products (33-38, 61-90% yield, 1:1-3.8 : 1 dr), and the structure
of 34 was confirmed by single-crystal X-ray diffraction.*
Heterocyclic spiroheptenes were generated when cyclic 1C,1C-
bisnucleophilic reagents were employed. An array of benzofur-
anones bearing electron-withdrawing or electron-donating
substituents on the aryl rings were tolerated and delivered the
spiro products with high efficiency (39-48, 59-99% yield, 1: 1-
1.3:1 dr). Notably, compound 48 is a spiroapplanatumine
analogue.'” Other cyclic skeleton such as benzothiophene,
benzolactone, and indolone were also tolerated, providing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Scope of seven-membered carbocycles. “Reactions of 1
(0.20 mmol) and 2 (0.40 mmol) were carried out in the presence of
PBusz (0.06 mmol) in 2.0 mL of CHCl3z at 25 °C for 24 h. Isolated yields.
dr value determined by *H NMR. ©20 eq. H,O was added. °82% vield,
23% ee under (R)-SITCP catalysis.

desired products (49-52) in up to 95% yield, albeit with low
diastereoselectivity (1:1-3.2: 1 dr).

We then turned to explore the asymmetric version of [6 + 1]
annulation reaction (Scheme 4). Catalyst screening indicated
that (R)-SITCP was the most efficient catalyst among many
privileged chiral phosphines (see the ESIt), providing 53-55 in
55-71% yield with good enantioselectivities (81-86% ee).

Benzofuranone spiroheptenes were also smoothly generated
under the same reaction conditions, producing the desired
products 56-64 in 44-98% yields with good enantioselectivities
(mostly more than 90% ee). Asymmetric reaction of 1,3-dicar-
bonyl compound was also tested, albeit with low enantiose-
lectivity (A-30, 23% ee, see Scheme 3 and ESIf for details).

The synthetic utility of this [6 + 1] annulation was then
explored (Scheme 5). To our delight, the scale-up reactions gave
higher yields, providing N-heterocycle 5 and carbocycle 24 in

Chem. Sci., 2024, 15, 11515-11520 | 11517
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Scheme 4 Asymmetric substrate scope. Reactions of 1 (0.05 mmol)
and 2 (0.10 mmol) were carried out in the presence of (R)-SITCP (0.01
mmol) in 0.5 mL of CHClz at O °C for 24 h. Isolated yields. dr values
were determined by *H NMR. ee values were determined by HPLC.
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Scheme 5 Synthetic applications.

79% and 87% yield, respectively. Consequently, these products
can be easily converted into various 7-membered ring
compounds. The Pd/C-catalyzed hydrogenation of internal
alkenes afforded 65 in 61% and 68 in 89% yield. In addition, the
internal alkenes were able to converted into bicyclo[5.3.0]
skeleton 66 in 91% and 69 in 50% yield via TFA-mediated [3 + 2]
annulation, and dihydroxylated 67 in 62% yield via RuCls/
NalO,-catalyzed oxidation.

To gain mechanistic insight into this [6 + 1] reaction,
a deuterium-labeling experiment was first performed (Scheme
6A). With the addition of 20 eq. D,O, the corresponding product
70 was obtained in 99% yield, with the B- and <y'-positions
deuterated in ratios of 66% and 35%, respectively, suggesting
a D,0O-assisted proton transfer process.”” The efficiency of y-
umpolung addition reaction of TsNH, (2-1) to a-methyl alleo-
nate was tested under the standard conditions (Scheme 6B).
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Scheme 6 Mechanistic investigations.

The yield of product 71 (39%) was much lower than that of [6
+ 1] annulation (3, 81% yield), indicating that the y-umpolung
addition alone was not as smooth as the two tandem additions
towards annulation. Both crossover experiments with
substrates 2-39 or 2-38 furnished only the non-crossover cyclo-
adduct 14 (Scheme 6C). TsNH, did not undergo Michael addi-
tion with the o-allyl-like substrate 2-39, implying that the
alkenyl phosphonium fragment is favoured over the acrylate
fragment for the first nucleophilic addition. Interestingly, no
products generated from only y-umpolung addition were
detected in the presence of 2-38, which may be attributed to the
fact that the &'-addition towards facilitating the current [6 + 1]
reaction did not undergo in the reverse y-addition. To comfirm
the key intermediates, the reaction mixture of allenoate 1-2 and
indolone 2-37 in the presence of PPh; under the standard
conditions (0.5 h) was analyzed by high-resolution mass spec-
trometry (ESI-HRMS). Two major ion signals at 459.1725 and
692.2774 suggested the formation of zwitterionic species int 1
and phosphonium int 3, and carbanionic int 4 to int 6 (Fig. 1).

Based on these results, a plausible catalytic cycle was out-
lined in Fig. 2. Initially, the nucleophilic addition of the phos-
phine catalyst to allenoate 2-3 leads to the generation of 1,6-
dipole with a chair conformation that was stabilized by a five-
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Fig.1 HRMS analysis of the reaction system.
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Fig. 2 Plausible reaction mechanism.

membered P-O ring (int 1).** This species forms 1,6-biselec-
trophilic int 3 after hydrogen abstraction from the 1,1-bisnu-
cleophilic reagent. Addition of the nucleophilic int 2 to the -
position of int 3 then provides the carbanionic int 4, which is
consistent with the deuterium labeling results. The subsequent
1,3-H shift generates int 5, which undergoes intramolecular &'-
addition to give the carbanionic int 6. Finally, the second 1,3-H
shift and elimination of the phosphine catalyst afforded the [6 +
1] cycloadduct 70.

Conclusions

In summary, we have developed an unprecedented phosphine-
catalyzed [6 + 1] annulation using o-allyl allenoate as a long-
chained C6 synthon with various readily available 1,1-bisnu-
cleophiles, providing both 7-membered N-heterocycles and
carbocycles with broad scope, high atom economy, excellent
regioselectivity, and great efficiency. High enantioselectivity can
be achieved by employing (R)-SITCP as the chiral catalyst. The
synthetic utility including scale-up synthesis and facile trans-
formation into bicyclo[5.3.0] products, has also been well
demonstrated. Mechanistic experiments suggested the forma-
tion of key remote 1,6-biselectrophilic intermediate and the
plausible catalytic cycle. Our investigations on the formation of
other medium-sized rings through the newly designed Cé-
biselectrophiles are under the way in the laboratory.
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