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ABSTRACT: Although simple γ-lactones and γ-lactams have received consid-
erable attention from the synthetic community, particularly due to their relevance
in biological and medicinal contexts, stereoselective synthetic approaches to more
densely substituted derivatives remain scarce. The in-depth study presented
herein, showcasing a straightforward method for the stereocontrolled synthesis of
γ-lactones and γ-lactams, builds on and considerably expands the stereodivergent
synthesis of 1,4-dicarbonyl compounds by a ynamide/vinyl sulfoxide coupling. A
full mechanistic and computational study of the rearrangement was conducted,
uncovering the role of all of the reaction components and providing a rationale for
stereoselection. The broad applicability of the developed tools to streamlining
synthesis is demonstrated by concise enantioselective total syntheses of
(+)-nephrosteranic acid, (+)-rocellaric acid, and (+)-nephromopsinic acid.

■ INTRODUCTION
γ-Lactones and γ-lactams are common structural motifs in
bioactive compounds, including molecules with anticancer,
antiviral, or antibiotic activities, but also in a number of
fragrances.1−6 While they have raised significant interest from
the synthetic community, the stereodivergent synthesis of highly
substituted γ-lactones and γ-lactams still constitutes a
formidable challenge.7−15

In 2018, our group disclosed a strategy for the synthesis of
α,β-disubstituted 1,4-dicarbonyl compounds, allowing highly
stereoselective access to all four possible isomers (Figure 1A,
top).16,17 Mechanistically, we proposed initiation by forming
keteniminium ion III through protonation of the ynamide
reactant, followed by the addition of vinyl sulfoxide I. This
would generate an adduct (IV) that undergoes a key charge-
accelerated [3,3]-sigmatropic sulfonium rearrangement, ulti-
mately yielding the corresponding aldothionium ion inter-
mediate V in a stereoselective fashion.18−27 This resulting
species is hydrolyzed in situ to afford a 1,4-dicarbonyl
compound.
Experimentally, the enantio- and diastereoselectivities of the

process are determined exclusively by the vinyl sulfoxide partner
((S)- and (R)-I and II (Figure 1A, top)). Remarkably, the
geometry of the double bond of the vinyl sulfoxide determines
the relative configuration of the C2−C3 substituents, with (E)-

geometry providing the syn-configured product, while the (Z)-
olefin yields the anti-configured product. At the same time, the
chiral information at the stereogenic sulfur center governs the
enantioselectivity of the process. This sets the absolute
configuration of the products and allows, as a crowning
corollary, the efficient construction of all-carbon quaternary
centers.
However, several aspects of this selective and stereodivergent

process remain poorly understood. On the one hand, the precise
role of the two crucial additives, iso-butyraldehyde and water,
which drastically improved yields and, to a lesser extent,
stereoselectivity, was not elucidated. In particular, it appeared
paradoxical that water could benefit a transformation in which a
keteniminium ion is involved. On the other hand, the
dramatically different performances of different vinyl sulfoxides
remained unexplained. Particularly, it was found that the nature
of the nonreacting (“spectator”) sulfur substituent was crucial
for the performance of (E)-vinyl sulfoxides and (Z)-vinyl
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sulfoxides: a p-tolyl substituent was found to be optimal for (E)-
vinyl sulfoxides, while an aliphatic (n-octyl) substituent was
determined to be crucial for (Z)-vinyl sulfoxides.
Furthermore, from a synthetic perspective, a significant

potential application of 1,4-dicarbonyls is their ability to serve
as precursors for γ-lactones and γ-lactams upon treatment with
nucleophiles. We thus anticipated that the diastereoselective
addition of a range of nucleophiles to the 1,4-dicarbonyl could
yield highly substituted and valuable products (Figure 1B).
In this study, we present in-depth investigations and a better

understanding of themechanism of this transformation, aided by
experimental and computational studies. We furthermore
describe our efforts to rationalize the origin of stereoselectivity
of this method as well as its use for the synthesis of highly
substituted γ-lactones and γ-lactams, culminating in short
enantioselective total syntheses of three paraconic acids.

■ RESULTS AND DISCUSSION
The reaction leading to 1,4-dicarbonyl compounds was first
discovered by subjecting vinyl sulfoxide 2a to acidic conditions
[Tf2NH (35 mol %), CH2Cl2, 0 °C, 2.5 h] in the presence of

ynamide 1a (Figure 2). Initially, a mixture of products,
containing 1,4-dicarbonyl compound 3a, vinyl sulfide 4,

dithioketal 5, and the cyclized γ-S lactone 6 was obtained (the
latter two only in traces). Intriguingly, all of the observed species
could be mechanistically traced back to the initial formation of a
common aldothionium intermediate V.
In our attempts to funnel the aldothionium intermediate

toward a single, enantio- and diastereomerically enriched
product, we reasoned that the addition of reagents capable of
promoting the in situ hydrolysis of V would be beneficial. After
extensive optimization, we discovered that the key to reaching a
high yield of the 1,4-dicarbonyl compound was the addition of
water in combination with a sacrificial aldehyde (i-PrCHO) to
the reaction mixture (Figure 3, top result).28

While the reaction under only anhydrous conditions still led
to formation of the desired product in good yield (64%), albeit
with lower diastereoselectivity (3.0:1), in the absence of
sacrificial aldehyde, only a low amount of the 1,4-dicarbonyl
compound was obtained (31%), while the diastereoselectivity
remained unchanged (6.7:1) (Figure 3, entries 1, 2).
The observed trends in product distribution suggest that,

while water initially ensures that the highly electrophilic
thionium intermediate is quickly hydrolyzed, suppressing
pathways of elimination or epimerization in the α-position,
the sacrificial aldehyde likely scavenges the thiol byproduct
released upon hydrolysis, driving the reaction toward increased
product formation. Notably, alternative carbonyls such as
acetone were also found to be competent thiol scavengers
(Figure 3, entry 3), albeit leading to lower reaction yields, but
increased diastereoselectivity.
When considering different nonparticipating sulfoxide

substituents, other than alkyl groups, p-tolyl sulfoxides were at
once appealing. Their facile enantioselective synthesis takes
place from commercially available menthyl sulfinates29 under
established conditions. To our delight, even better diaster-
eoselectivity with comparable reaction yield was observed when
p-tolyl sulfoxide was employed (Figure 3, entry 4).
In an effort to achieve a diastereodivergent rearrangement in

which the geometry of the double bond dictates the
diastereoselective formation of 1,4-dicarbonyl, we turned our
focus to Z-vinyl sulfoxides to unlock anti-configured 1,4-
dicarbonyls. Indeed, we were able to obtain satisfactory results
for the desired anti-configured 1,4-dicarbonyl using n-octyl-
substituted sulfoxides (Figure 3, entry 5). To our surprise,
however, no significant diastereoselectivity could be achieved
with p-tolyl-substituted Z-vinyl sulfoxides (Figure 3, entry 6). In
addition, compared to n-octyl-substituted sulfoxides, a signifi-

Figure 1. Previous work and goals. (A) Diastereodivergent access to
1,4-dicarbonyl compounds via charge-accelerated [3,3]-sigmatropic
sulfonium rearrangement. (B) Our approach toward the synthesis of
highly substituted γ-lactones and γ-lactams. p-Tol = para-tolyl; DFT =
density functional theory.

Figure 2. First discovery of the reaction. Tf = triflyl.
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cantly lower reaction yield was observed along with the
formation of additional byproducts. This was attributed to, in
the presence of a Z-configured vinyl group, the occurrence of a
competing [3,3]-sigmatropic rearrangement onto the aromatic
moiety.30−32 This suspicion was further corroborated by NMR
analysis of the crude material, suggesting as much as a 32% yield
of the ortho-functionalized aryl vinyl sulfide 7a. We also
observed the occurrence of the undesired [3,3]-sigmatropic
rearrangement in β,β-disubstituted vinyl sulfoxides, albeit in
reduced quantities (17% for 7b, Figure 3, bottom). In this case,
the more electron-rich double bond might accelerate the
rearrangement onto the vinyl group, suppressing the reaction
onto the aryl moiety, compared with the disubstituted alkene in
7a.
The origin of this dramatic influence of the sulfur substituent

was then further investigated using density functional theory
(DFT) calculations, which are discussed in detail below (vide
inf ra, Figure 5).
Overall, the results above show that two different types of

sulfoxide moieties must be considered. These are: an aryl group
(p-tolyl) or an alkyl chain (n-Oct or Me; negligible difference
between the two was observed).28 While the p-tolyl group is well
suited for (E)-vinyl sulfoxides, which are easily accessible in
enantiopure form, enantiopure sulfoxides bearing an alkyl
substituent are necessary to obtain good results for (Z)-vinyl
sulfoxides and have also proven to be beneficial for β,β-
disubstituted vinyl sulfoxides. While the preparation of the latter
is less straightforward than the former, this empirical “rule of
thumb” proved helpful in our studies.16,33

Toward an Asymmetric Version. Striving for an
asymmetric version of the 1,4-dicarbonyl synthesis, we
considered three strategies: (1) the use of a chiral catalyst,
which would render the reaction enantioselective (Figure 4A);

(2) the use of a chiral auxiliary on the ynamide reaction partner,
which would render the reaction diastereoselective (and deliver
one enantiomer of the product after auxiliary cleavage) (Figure
4B); or (3) the use of a chiral sulfoxide, which would render the
reaction enantiospecific and traceless (Figure 4C).
The first option appeared attractive, especially given the body

of literature on chiral acid catalysis.34,35 In practice, such a
strategy typically relies on a highly acidic and, therefore, non-
nucleophilic, chiral acid. In previous reports,36 and in our hands,
even otherwise poorly nucleophilic (chiral) Brønsted acids
quickly resulted in covalent adducts of remarkable stability (see
the SI for details).
The second strategy is especially appealing due to the large

number of common oxazolidinone derivatives that are used as
chiral auxiliaries.37 When this approach was put to the test,
however, a mixture of diastereoisomers was observed (see the SI
for further details) with only a modest preference for a specific
isomer. This unusual result most likely stems from the
pronounced stereodetermining effect of the vinyl sulfoxide itself.
Gratifyingly, the third strategy�the use of a chiral

sulfoxide�immediately succeeded and proceeded with high-
level S-to-C chirality transfer, allowing 1,4-dicarbonyls to be
synthesized in essentially enantiopure form.16

Figure 3. Optimization studies: probing the influence of additives and
substitution. All yields were determined by 1H NMR analysis of the
crude reaction mixture using mesitylene as an internal standard. d.r. =
diastereoisomeric ratio; p-Tol = para-tolyl; and Tf = triflyl. a50 mol % of
Tf2NH + 2 equiv of 1a.

Figure 4. Three options toward an asymmetric version of the [3,3]-
sigmatropic sulfonium rearrangement. (A) Use of a chiral counter
anion. (B) Use of a chiral ynamide. (C) Use of chiral sulfoxides.
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Computational Studies. To gain a better understanding of
the reaction profile and, more specifically, the enantiodetermin-
ing step, we performed a computational analysis of the [3,3]-
sigmatropic rearrangement of ynamide sulfoxide adducts 8a−c
to thionium ions 9a−c (Figure 5).
Density functional theory (DFT) computations were

performed at the PBE0-D3(BJ)/def2-TZVP level of theory
(see the Supporting Information for details).38−44

It is worth noting that the complexity of elucidating
diastereoselectivity necessitated precise structure optimization,
exploiting the triple-ζ quality basis set def2-TZVP for relatively
large molecular systems (transition state complexes with
counterion).45 The commonly employed cost-effective ap-
proach of combining a double-ζ basis set for structural
optimization with a triple-ζ basis set for single-point energy
calculations proved to be unsatisfactory for this study.
Starting with 8a, arising from the addition of p-tolyl-

substituted, (R)-configured (E)-vinyl sulfoxide 2f to ynamide
1b, we analyzed the four possible transition state families of the
sigmatropic rearrangement. These are two chair- and boat-like
transition states with the nonparticipating sulfur substituent in a
pseudo-equatorial alignment, as well as the two analogous
structures where the substituent adopts a pseudo-axial
orientation, which we termed “inverted chair-like” and “inverted
boat-like” transition state, respectively (Figure 5, eq 1). As

expected, calculations showed the two inverted transition states
to be much higher in energy (TSIIIa, + 3.6 kcal/mol and TSIVa, +
4.9 kcal/mol, respectively, compared to the most stable
transition state TSIa) than their counterparts in which the
nonparticipating sulfur substituent adopts a pseudo-equatorial
orientation. Between chair-like and boat-like transition states
TSIa and TSIIa, the latter was found to be disfavored by 2.5 kcal/
mol. These results obtained for this model system correlated
well with the stereochemical outcome and the high stereo-
selectivity observed (theoretical d.r. = 99:1 at 0 °C for ΔΔG‡ =
2.5 kcal/mol). The hypothetical dearomative [3,3]-sigmatropic
rearrangement involving the p-tolyl group, toward an ortho-
functionalized product, was found to proceed with a relatively
high activation barrier (ΔΔG‡ = 3.8 kcal/mol) for (E)-vinyl
sulfoxide, aligning with the experimental findings, where no such
aromatic rearrangement was observed.
In agreement with our previous studies of sulfonium

sigmatropic rearrangements, all calculated structures were
found to be early transition states with a very short S−O bond
(dS−O = 2.04 vs dS−O = 1.66 Å in intermediate 8a) and a highly
elongated C−C bond (dC−C = 2.71 Å in TSIa vs dC−C = 1.55 Å in
product 9a).32,46

We next turned our attention toward (Z)-vinyl sulfoxides
(Figure 5, eq 2). First, we aimed to uncover the origin of the
different diastereoisomeric outcomes with n-alkyl and p-tolyl

Figure 5.Computational study for the use of chiral sulfoxides:ΔΔG‡ Gibbs free energy values relative to themost stabilized transition state (assigned a
reference value of 0.0 kcal/mol) for each applied sulfoxide at 273.15 K.
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sulfur substituents. As before, the inverted chair-like and
inverted boat-like transition states were found to be considerably
higher in energy and are therefore not shown (+6 to 9 kcal/mol,
see the Supporting Information). Surprisingly, in the case of p-
tolyl vinyl sulfoxide 2g, the boat-like transition stateTSIIb, giving
the (R,R)-1,4-dicarbonyl product (ergo a syn-1,4-dicarbonyl),
was found to be favored over the corresponding chair-like
transition state TSIb (+3.4 kcal/mol). Conversely, the sulfoxide
carrying an n-methyl group showed a preference of 0.7 kcal/mol
for chair-like transition state TSIc (Figure 5, eq 3), leading to the
(R,S)-1,4-dicarbonyl (i.e., an anti-1,4-dicarbonyl), being favored
over a boat-like transition state TSIIc, a result that is in good
agreement with the divergent stereochemical outcome ob-
served.
Notably, for (Z)-vinyl sulfoxide 2g, the barrier of the

dearomative [3,3]-sigmatropic rearrangement, leading to
arylated byproduct, becomes competitive. Indeed, it is
comparable to and even slightly lower than the alternative
pathway via chair-like TSIb (ΔΔG‡ ([3,3]) = 3.3 kcal/mol
relative to the most stable transition state TSIIb), making this
side reaction more feasible. This could explain the reduced
yields of the main product 9b when (Z)-configured vinyl
sulfoxides are used (the structures of the transition states for

these side reactions are not shown, see the Supporting
Information for details).
Synthesis of γ-C Lactones. Having explored the factors

governing the diastereoselectivity of our 1,4-dicarbonyl syn-
thesis,16 we were further intrigued by the possibility of
converting the oxazolidinone-bearing adducts of this trans-
formation into further valuable products.
While we previously showed that the direct reduction of

products such as 3 with sodium borohydride smoothly afforded
the corresponding γ-H lactone 10 with good stereoselectivity, a
feature that also proved useful for analytical purposes (Figure
6A, see the SI for details),16 we were eager to explore other
modes of functionalization. Here, the identification of mild
reaction conditions, suppressing epimerization of the acidified
stereocenters adjacent to the carbonyls, was crucial (Figure 6B).
Additionally, early attempts had revealed that the oxazolidinone
anion, released upon lactone or lactam cyclization, is also a
suitable nucleophile and could compete with, and even
outcompete, the desired nucleophile (Figure 6B).16

Focusing on carbon-centered nucleophiles,47,48 we com-
menced our studies by assessing the ability of common
organometallic reagents to induce lactone formation (Figure
6C).49

Figure 6. Synthesis of γ-H and γ-C lactones. (A) Reduction of 1,4-dicarbonyl compounds by in situ reaction with sodium borohydride. (B) Challenges
in lactone formation. (C) Scope for the reaction between 1,4-dicarbonyl compounds and organometallics. The red bar represents the
diastereoisomeric ratio of 1,4-dicarbonyl (the starting material for the cyclization); the green/blue bars represent the diastereoisomeric distribution of
the lactone after the cyclization.
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In light of the aforementioned challenges, initial experiments
with Grignard reagents in ethereal solvents quickly resulted in
complex product mixtures with only small amounts of the
desired lactone products (see the SI for further details). The
desired breakthrough was achieved only when DCM was
employed as a cosolvent, which simultaneously ensured good
diastereoselectivities and high yields. Furthermore, our opti-
mization studies revealed that the addition of AlCl3 provided a
slightly higher reaction yield compared to the additive-free
version, which could be explained by its Lewis acidity,
corresponding to its ability to activate the aldehyde/
oxazolidinone and/or to bind the released oxazolidone
anion.50,51

Under these reaction conditions, we were pleased to observe
that a syn-configured 1,4-dicarbonyl could be smoothly
converted to the trans/trans γ-C-substituted lactone 11a in
excellent yield (93%) and with good diastereoselectivity (d.r. =
81:17:2:nd).52 We further found that C(sp3)-, C(sp2)- and
C(sp)-hybridized Grignard reagents could be used as
nucleophiles, yielding γ-alkyl (11b, 11c), γ-vinyl (11d), γ-aryl
(11f), or γ-alkynyl (11e) lactones in moderate to excellent yields
and, notably, without detectable erosion of the diastereomeric
ratio.
Similarly, under the same reaction conditions, anti-configured

1,4-dicarbonyls led to the corresponding γ-substituted cis/trans-
γ-lactones (11g−11i) without a loss of diastereomeric excess.
Additionally, aldehydes featuring an adjacent quaternary center
yielded the β-quaternary lactones steroeoselectively (11j−11o),
with a preferred addition of the nucleophile from the same side
as the sterically less demanding substituent.53 While the reaction
was amenable to more encumbered C(sp2)-hybridized Grignard
reagents, such as aryl magnesium bromides, secondary C(sp3)-
Grignard reagents mainly afforded products of reduction via
competing hydride transfer from the organometallic reagent, a
common observation.54−56 We further considered organo-
indium reagents as desirable due to their tolerance for protic
media (such as water or alcohols; see conditions B in Figure
6C). Indeed, organoindium (in situ generated from allyl
bromide and elemental indium under Barbier conditions)
allylations proceeded smoothly with high selectivity. Compara-
bly to the previous method, both trans/trans and cis/trans γ-
lactones were accessible in moderate to excellent yields and with
good selectivities.
Synthesis of γ-O Lactones. Encouraged by the stereo-

selective introduction of carbon substituents, we additionally
explored the formation of γ-alkoxy lactones (Figure 7).
Gratifyingly, no epimerization of the dicarbonyl precursor was

observed under the basic conditions employed. Interestingly,
bicyclic lactones can be obtained through domino cyclization
when the vinyl sulfoxide partner (2i) carries a tethered protected
oxygen. In this case, the intermediate thionium ion was
intramolecularly captured by the tether, with bicyclic lactone
product 13 resulting after treatment with N-bromosuccinimide
(see the Supporting Information for a proposed mechanism).
Synthesis of γ-Lactams. Knowing that an aza-variant of the

previously described transformations would provide access to
the respective γ-lactams,57,58 we investigated different protocols
(Figure 8). In the event, two sets of suitable conditions were
identified: cyclization to a γ-hydroxy lactam prior to the addition
of a suitable reductant (conditions A) or direct reduction of the
imine with concomitant spontaneous cyclization (conditions
B).

Using the first set of conditions (conditions A) proved to be
ideally suited for the synthesis of γ-lactams bearing α,β-trans-
substitution. We presume that putative equilibration via
acyliminium/enamide species leads to an enhancement of the

Figure 7. Synthesis of γ-O-lactones. See the Supporting Information for
the exact reaction conditions. aYields were determined by 1H NMR
analysis of the reaction crude using mesitylene as an internal standard.
Numbers in parentheses represent the NMR yield. d.r. = diastereoiso-
meric ratio; ee = enantiomeric excess; NBS = N-bromosuccinimide; p-
Tol = para-tolyl.

Figure 8. Synthesis of γ-lactams. aThe β-quaternary aldehyde was left to
react with the corresponding amine for 16 h; PMB = para-
methoxybenzyl.
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starting diastereomeric ratio, favoring the thermodynamic trans-
product (14a, 14c).59

Nonepimerizable β-quaternary aldehydes were also converted
to the corresponding β-quaternary γ-lactams under these
reaction conditions, affording the products with perfect
stereospecificity (14d, 14e). On the other hand, when targeting
α,β-cis-substitution, direct reductive amination conditions in
acidic media were superior and avoided the aforementioned
equilibration (conditions B). To this end, NaBH(OAc)3 and
acetic acid allowed the synthesis of cis-configured γ-lactams with
good yields and only a minor decrease in the diastereomeric

ratio (14f−14h). These conditions were also found to be
suitable for aniline, a far less nucleophilic nitrogen, and the
corresponding N-phenyllactam (14i) was obtained in good
yield.
Aiming to gain insight into the intermediates and side

products involved in this process, we performed the reaction in
the absence of hydride donors or nucleophiles (Figure 9A).
Interestingly, two different products were obtained, depending
on the nature of the substrate. For substrates lacking hydrogens
α-to the aldehyde (i.e., quaternary center), γ-hydroxy lactams
such as 15 were obtained in good yield and with moderate

Figure 9. Nonreductive lactam formation. (A) With benzylamines. (B) With tryptamine derivatives; PMB = para-methoxybenzyl.

Figure 10. Total synthesis of paraconic acids using charge-accelerated sulfonium rearrangement followed by lactone formation and elaboration. d.r. =
diastereoisomeric ratio. a[α]D20 = +24.7 (c = 0.4, CHCl3), lit. [α]D23 = +23.3 (c = 0.2, CHCl3 for 96% ee). b[α]D20 = +21.7 (c = 1.1, CHCl3), lit. [α]D20 =
+16.7 (c = 0.2, CHCl3 for 96% ee). c[α]D20 = −76.0 (c = 0.25, CHCl3), lit. [α]D23 = −85.7 (c = 0.5, CHCl3 for 95% ee); PMP = para-methoxyphenyl.
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diastereoselectivity on the additional hemiaminal stereocenter.
On the other hand, when an α-tertiary aldehyde was used, α,β-
unsaturated lactam 16 was obtained, likely formed through
elimination to an enamide followed by isomerization.
Eager to explore the reactivity of amines bearing an additional

tethered nucleophile, we found that tryptamine derivatives (17)
deliver β-carbolines (18) under acidic conditions (Figure 9B).
These tetracyclic compounds were obtained in excellent yields
(86−96%) and diastereoselectivities (single diastereoisomer
detected in all cases). The relative configuration of the products
was confirmed by single-crystal X-ray analysis of 18c.
Application�Total Synthesis of Paraconic Acids. To

further illustrate the potential of our strategy, we deployed it in
the enantioselective total syntheses of paraconic acids (Figure
10). Paraconic acids are natural products, isolated from lichens,
which possess antineoplastic and antibiotic properties, making
them desirable targets for synthesis.3,60−68 We set out to prepare
these compounds through an unconventional, divergent route.
The key 1,4-dicarbonyl compound 19 was smoothly obtained
with high enantioselectivity, but moderate diastereoselectivity,69

employing readily available starting materials (1b, 2j).70,71 This
intermediate could then be exposed to alkyl Grignard reagents,
using the lessons learned above, to give the corresponding γ-C-
lactones 20 and 21 in good yields and with excellent
enantiospecificity. Ultimately, 20 and 21a were subjected to a
ruthenium-catalyzed aromatic oxidation,63 providing (+)-neph-
rosteranic acid and (+)-rocellaric acid, as also confirmed by X-
ray structural determination.72,73 The minor isomer (21b),
obtained during the synthesis of 21a, could be oxidized to
another paraconic acid, (+)-nephromopsinic acid. This
constitutes a concise (4 steps in the longest linear sequence),
high-yielding, stereoselective, and divergent route toward these
targets.

■ CONCLUSIONS
In the first part of this work, we detail our comprehensive
investigation of various factors affecting the outcome of
sulfonium-accelerated rearrangements triggered by the combi-
nation of ynamides and enantioenriched vinyl sulfoxides and
retrace the development of a stereodivergent and highly efficient
synthesis of 1,4-dicarbonyl compounds. Through extensive
density functional theory (DFT) studies, we have clarified the
factors responsible for the (empirically observed) choice of the
nonparticipating substituent for both (E)- and (Z)-vinyl
sulfoxides. In the second part of our work, we describe a new
platform for the preparation of highly substituted γ-C-lactones,
γ-O-lactones, and γ-lactams from the 1,4-dicarbonyl products,
including domino processes (to obtain β-carbolines or bicyclic
lactones). These cyclizations exhibit high stereoselectivity under
mild and straightforward reaction conditions and pave the way
for a relevant case study: the enantioselective four-step total
syntheses of (+)-nephrosteranic acid, (+)-rocellaric acid, and
(+)-nephromopsinic acid.
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(10) Mao, B.; Fañanás-Mastral, M.; Feringa, B. L. Catalytic
Asymmetric Synthesis of Butenolides and Butyrolactones. Chem. Rev.
2017, 117 (15), 10502−10566.
(11) Pattawong, O.; Tan, D. Q.; Fettinger, J. C.; Shaw, J. T.; Cheong,
P. H.-Y. Stereocontrol in Asymmetric γ-Lactam Syntheses from Imines
and Cyanosuccinic Anhydrides. Org. Lett. 2013, 15 (19), 5130−5133.
(12) Tan, T.-D.; Ye, L.-W. Chiral γ-Lactam Synthesis via Asymmetric
C−H Amidation. Nat. Catal. 2019, 2 (3), 182−183.
(13) Panger, J. L.; Denmark, S. E. Enantioselective Synthesis of γ-
Lactams by Lewis Base Catalyzed Sulfenoamidation of Alkenes. Org.
Lett. 2020, 22 (7), 2501−2505.
(14) Yu, X.; Zhang, Z.; Dong, G. Catalytic Enantioselective Synthesis
of γ-Lactams with β-Quaternary Centers via Merging of C−C
Activation and Sulfonyl Radical Migration. J. Am. Chem. Soc. 2022,
144 (21), 9222−9228.
(15) Hua, Y.-Y.; Bin, H.-Y.; Wei, T.; Cheng, H.-A.; Lin, Z.-P.; Fu, X.-
F.; Li, Y.-Q.; Xie, J.-H.; Yan, P.-C.; Zhou, Q.-L. Iridium-Catalyzed
Asymmetric Hydrogenation of γ- and δ-Ketoacids for Enantioselective
Synthesis of γ- and δ-Lactones. Org. Lett. 2020, 22 (3), 818−822.
(16) Kaldre, D.; Klose, I.; Maulide, N. Stereodivergent Synthesis of
1,4-Dicarbonyls by Traceless Charge−Accelerated Sulfonium Rear-
rangement. Science 2018, 361 (6403), 664−667.
(17) Lemmerer, M.; Schupp, M.; Kaiser, D.; Maulide, N. Synthetic
Approaches to 1,4-Dicarbonyl Compounds. Nat. Synth. 2022, 1 (12),
923−935.
(18) Chen, Y.-B.; Qian, P.-C.; Ye, L.-W. Brønsted Acid-Mediated
Reactions of Ynamides. Chem. Soc. Rev. 2020, 49 (24), 8897−8909.

(19) Huang, X.; Klimczyk, S.; Maulide, N. Charge-Accelerated
Sulfonium [3,3]-Sigmatropic Rearrangements. Synthesis 2011, 44 (02),
175−183.
(20) Kaiser, D.; Klose, I.; Oost, R.; Neuhaus, J.; Maulide, N. Bond-
Forming and -Breaking Reactions at Sulfur(IV): Sulfoxides, Sulfonium
Salts, Sulfur Ylides, and Sulfinate Salts. Chem. Rev. 2019, 119 (14),
8701−8780.
(21) Zhou, W.; Voituriez, A. Gold(I)-Catalyzed Synthesis of Highly
Substituted 1,4-Dicarbonyl Derivatives via Sulfonium [3,3]-Sigma-
tropic Rearrangement. Org. Lett. 2021, 23 (1), 247−252.
(22) Kagan, H. B. Asymmetric Synthesis of Chiral Sulfoxides. In
Organosulfur Chemistry in Asymmetric Synthesis; John Wiley & Sons,
Ltd, 2008; pp 1−29.
(23) Smith, L. H. S.; Coote, S. C.; Sneddon, H. F.; Procter, D. J.
Beyond the Pummerer Reaction: Recent Developments in Thionium
Ion Chemistry. Angew. Chem. Int. Ed. 2010, 49 (34), 5832−5844.
(24) Zhu, G.-Y.; Zhou, J.-J.; Liu, L.-G.; Li, X.; Zhu, X.-Q.; Lu, X.;
Zhou, J.-M.; Ye, L.-W. Catalyst-Dependent Stereospecific [3,3]-
Sigmatropic Rearrangement of Sulfoxide-Ynamides: Divergent Syn-
thesis of Chiral Medium-Sized N,S-Heterocycles. Angew. Chem. Int. Ed.
2022, 61 (28), No. e202204603.
(25) Liang, Y.; Peng, B. Revisiting Aromatic Claisen Rearrangement
Using Unstable Aryl Sulfonium/Iodonium Species: The Strategy of
Breaking Up the Whole into Parts. Acc. Chem. Res. 2022, 55 (15),
2103−2122.
(26) Zhou, W.; Voituriez, A. Synthesis of Cyclopentenones with C4-
Quaternary Stereocenters via Stereospecific [3,3]-Sigmatropic Rear-
rangement and Applications in Total Synthesis of Sesquiterpenoids. J.
Am. Chem. Soc. 2021, 143 (42), 17348−17353.
(27) Yorimitsu, H. Cascades of Interrupted Pummerer Reaction-
Sigmatropic Rearrangement. Chem. Rec. 2017, 17 (11), 1156−1167.
(28) During our investigations, we observed a relatively similar
behavior of methyl and octyl sulfoxides in charge-accelerated
rearrangement. For synthetic conveniance, racemic experiments were
mostly performed with methyl sulfoxides.
(29) Kosugi, H.; Kitaoka, M.; Tagami, K.; Takahashi, A.; Uda, H.
Simple and Stereocontrolled Preparation of Optically Pure (E)- and
(Z)-1-Alkenyl p-Tolyl Sulfoxides via 1-Alkynyl p-Tolyl Sulfoxides. J.
Org. Chem. 1987, 52 (6), 1078−1082.
(30) Kaiser, D.; Veiros, L. F.; Maulide, N. Redox-Neutral Arylations of
Vinyl Cation Intermediates. Adv. Synth. Catal. 2017, 359 (1), 64−77.
(31) Peng, B.; Huang, X.; Xie, L.-G.; Maulide, N. A Brønsted Acid
Catalyzed Redox Arylation.Angew. Chem. Int. Ed. 2014, 53 (33), 8718−
8721.
(32) Kaldre, D.; Maryasin, B.; Kaiser, D.; Gajsek, O.; González, L.;
Maulide, N. An Asymmetric Redox Arylation: Chirality Transfer from
Sulfur to Carbon through a Sulfonium [3,3]-Sigmatropic Rearrange-
ment. Angew. Chem. Int. Ed. 2017, 56 (8), 2212−2215.
(33) Fernandez, I.; Khiar, N.; Llera, J. M.; Alcudia, F. Asymmetric
Synthesis of Alkane- and Arenesulfinates of Diacetone-D-Glucose
(DAG): An Improved and General Route to Both Enantiomerically
Pure Sulfoxides. J. Org. Chem. 1992, 57 (25), 6789−6796.
(34) Akiyama, T. Stronger Brønsted Acids.Chem. Rev. 2007, 107 (12),
5744−5758.
(35) Kampen, D.; Reisinger, C. M.; List, B. Chiral Brønsted Acids for
Asymmetric Organocatalysis. Top. Curr. Chem. 2009, 291, 395−456.
(36) Yu, L.; Deng, Y.; Cao, J. Synthesis of Ketenaminals via Catalyst-
Free Hydroamination of Ynamides and Diphenylsulfonimide. Synthesis
2015, 47 (06), 783−788.
(37) Mourad, A. K.; Czekelius, C. Oxazolidinones and Related
Heterocycles as Chiral Auxiliaries/Evans and Post-Evans Auxiliaries. In
Heterocycles as Chiral Auxiliaries in Asymmetric Synthesis; Braun,M., Ed.;
Topics in Heterocyclic Chemistry; Springer International Publishing:
Cham, 2020; pp 113−156.
(38) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77 (18), 3865−
3868.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c01755
J. Am. Chem. Soc. 2024, 146, 13914−13923

13922

https://doi.org/10.1016/j.tet.2020.130984
https://doi.org/10.1016/j.tet.2020.130984
https://doi.org/10.1021/ol034630s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9RA04841C
https://doi.org/10.1039/C9RA04841C
https://doi.org/10.1039/C6OB01349J
https://doi.org/10.1039/C6OB01349J
https://doi.org/10.1021/ar500178n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500178n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500178n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-019-0387-3
https://doi.org/10.1038/s41929-019-0387-3
https://doi.org/10.1038/s41929-019-0387-3
https://doi.org/10.1021/jacsau.1c00547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol402561q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol402561q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-019-0236-4
https://doi.org/10.1038/s41929-019-0236-4
https://doi.org/10.1021/acs.orglett.9b04347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aat5883
https://doi.org/10.1126/science.aat5883
https://doi.org/10.1126/science.aat5883
https://doi.org/10.1038/s44160-022-00179-1
https://doi.org/10.1038/s44160-022-00179-1
https://doi.org/10.1039/D0CS00474J
https://doi.org/10.1039/D0CS00474J
https://doi.org/10.1055/s-0031-1289632
https://doi.org/10.1055/s-0031-1289632
https://doi.org/10.1021/acs.chemrev.9b00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c04023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c04023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c04023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201000517
https://doi.org/10.1002/anie.201000517
https://doi.org/10.1002/ange.202204603
https://doi.org/10.1002/ange.202204603
https://doi.org/10.1002/ange.202204603
https://doi.org/10.1021/acs.accounts.2c00263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/tcr.201700017
https://doi.org/10.1002/tcr.201700017
https://doi.org/10.1021/jo00382a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00382a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.201600860
https://doi.org/10.1002/adsc.201600860
https://doi.org/10.1002/anie.201310865
https://doi.org/10.1002/anie.201310865
https://doi.org/10.1002/anie.201610105
https://doi.org/10.1002/anie.201610105
https://doi.org/10.1002/anie.201610105
https://doi.org/10.1021/jo00051a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00051a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00051a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00051a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068374j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/128_2009_1
https://doi.org/10.1007/128_2009_1
https://doi.org/10.1055/s-0034-1379937
https://doi.org/10.1055/s-0034-1379937
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c01755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(39) Adamo, C.; Barone, V. Toward Reliable Density Functional
Methods without Adjustable Parameters: The PBE0Model. J. Chem.
Phys. 1999, 110 (13), 6158−6170.
(40) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping
Function in Dispersion Corrected Density Functional Theory. J.
Comput. Chem. 2011, 32 (7), 1456−1465.
(41) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297−3305.
(42) Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8 (9), 1057−1065.
(43) Cances̀, E.; Mennucci, B.; Tomasi, J. A New Integral Equation
Formalism for the Polarizable Continuum Model: Theoretical
Background and Applications to Isotropic and Anisotropic Dielectrics.
J. Chem. Phys. 1997, 107 (8), 3032−3041.
(44)Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal Solvation
Model Based on Solute Electron Density and on a ContinuumModel of
the Solvent Defined by the Bulk Dielectric Constant and Atomic
Surface Tensions. J. Phys. Chem. B 2009, 113 (18), 6378−6396.
(45) For computational study, triflimide was changed for its cyclic
analog, lithium 1,1,2,2,3,3-hexafluoropropane-1,3-disulfonimide, as it
reduced the number of available conformations.
(46) Maryasin, B.; Kaldre, D.; Galaverna, R.; Klose, I.; Ruider, S.;
Drescher, M.; Kählig, H.; González, L.; Eberlin, M. N.; Jurberg, I. D.;
Maulide, N. UnusualMechanisms in Claisen Rearrangements: An Ionic
Fragmentation Leading to a Meta-Selective Rearrangement. Chem. Sci.
2018, 9 (17), 4124−4131.
(47) Lin, H.; Xiao, L.-J.; Zhou, M.-J.; Yu, H.-M.; Xie, J.-H.; Zhou, Q.-
L. Enantioselective Approach to (−)-Hamigeran B and (−)-4-
Bromohamigeran B via Catalytic Asymmetric Hydrogenation of
Racemic Ketone To Assemble the Chiral Core Framework. Org. Lett.
2016, 18 (6), 1434−1437.
(48) Huang, H.; Wang, Y.; Zong, H.; Song, L. Catalytic Asymmetric
1,2-Addition/Lactonization Tandem Reactions for the Syntheses of
Chiral 3-Substituted Phthalides Using Organozinc Reagents. Appl.
Organomet. Chem. 2019, 33 (1), No. e4643.
(49) For Cyclization Studies, Reactions Were Performed with
Racemic Sulfoxides, except Otherwise Noted.
(50) Boireau, G.; Abenhaïm, D.; Henry-Basch, E. Asymmetric
Alkylation of Carbonyl Compounds with Lithium or Sodium
Tetraalkylaluminates Modified by Chiral Aminoalcohols. Tetrahedron
1979, 35 (11), 1457−1461.
(51) Boireau, G.; Abenhaim, D.; Henry-Basch, E. The Ate Complexes
of Aluminium: Reactivity and Stereoselectivity with Respect to
Epoxides and Carbonyl Compounds. Catalytic Activation by Salts of
Transition Metals. Tetrahedron 1980, 36 (20), 3061−3070.
(52) The stereochemical result (shown here for 11a) is best explained
by a chelate model in which the amide carbonyl and the carbonyl
oxygen are complexed by a metal (Mg2+ or Al3+). See the Supporting
Information for details.
(53) An explanation of why 11k has a higher d.r. value compared to

11l can be found in the Supporting Information.
(54) Whitmore, F. C.; George, R. S. Abnormal Grignard Reactions.
X.1 Enolizing and Reducing Action of Grignard Reagents upon
Diisopropyl Ketone. J. Am. Chem. Soc. 1942, 64 (6), 1239−1242.
(55) Blicke, F. F.; Powers, L. D. The reducing action of aliphatic
grignard reagents. J. Am. Chem. Soc. 1929, 51 (11), 3378−3383.
(56) Denolf, B.; Mangelinckx, S.; Törnroos, K. W.; De Kimpe, N. Use
of Alpha-Chlorinated N-(Tert-Butanesulfinyl)Imines in the Synthesis
of Chiral Aziridines. Org. Lett. 2006, 8 (14), 3129−3132.
(57) Si, C.-M.; Mao, Z.-Y.; Liu, Y.-W.; Du, Z.-T.; Wei, B.-G.; Lin, G.-
Q. Stereoselective Formation of Chiral Trans-4-Hydroxy-5-Substituted
2-Pyrrolidinones: Syntheses of Streptopyrrolidine and 3-Epi-Epohel-
min A. Org. Chem. Front. 2015, 2 (11), 1485−1499.
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